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Abstract
As climate change accelerates, it may significantly alter species distributions and endanger many species. The 
use of species distribution modeling (SDM) has become increasingly vital for assessing the likely effects of 
climatic changes on biodiversity. This approach is especially relevant as our understanding of environmental 
shifts and their ecological implications deepens. SDMs are frequently employed to forecast future shifts in species’ 
geographic ranges, estimate extinction risks, evaluate the effectiveness of existing conservation areas, and prioritize 
conservation efforts. The urgency of these assessments is highlighted by the fact that the Mediterranean area 
is heating up 20% quicker than the universal average. Given that species have varying ecological tolerances 
and attributes, their biological responses to environmental changes are likely to differ significantly. This study 
aimed to assess the potential future distribution of three native Mediterranean species— Thymelaea hirsuta (L.) 
Endl., Ononis vaginalis Vahl, and Limoniastrum monopetalum (L.) Boiss.—under two GCMs of HadGEM3-GC31-LL 
and IPSL-CM6A-LR for the periods of 2060s and 2080s and two Shared Socioeconomic Pathway (SSP 1-2.6 and 
SSP5-8.5), comparing the use of MaxEnt and ensemble modelling techniques in predicting the impact of future 
climatic changes on these species’ distribution. The results indicated that there are high similarities and agreement 
between MaxEnt and the ensemble models’ outputs. The two modelling techniques exhibited excellent fits 
and performance. The distribution range of T. hirsuta and O. vaginalis will expand and migrate to the northwest 
direction of the Mediterranean coast of Egypt, while L. monopetalum will contract. The insights gained from species 
distribution modeling could guide future conservation efforts and promote the sustainable use of the studied 
species in the arid coastal environments of the Mediterranean region.
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Introduction
Extreme weather conditions, including drought and heat 
waves that are probably brought on by climate change, 
frequently have a profound impact on plant species and 
ecosystems. Variations in species’ ecological tolerance 
and attributes are likely the underlying factors causing 
different biological responses to these environmental 
changes [1].

Climatic changes have led to increased temperatures 
and more frequent droughts in various regions world-
wide [2]. The climate change of the Mediterranean region 
and its sub-regions exhibits a continued increase in air 
and sea surface temperature, as well as projected changes 
in rainfall pattern [3]. If the combination of climate 
change and other human-induced changes (e.g., land use, 
pollution, and resources overexploitation) continues, the 
resilience of various ecosystems will be surpassed [2], 
altering their structure and function [4]. Climate change 
might affect the potential geographic spread of many 
plant species due to fluctuations in temperature and rain-
fall regimes [5].

Species distribution models (SDMs) have been widely 
employed for predicting shifts in species distribution due 
to climatic changes; and for creating ecological suitabil-
ity mapping under existing and future conditions [6, 7]. 
SDMs are frequently applied for forecasting the change 
in the species geographic distribution of under different 
climatic conditions. Using different bioclimatic, topo-
graphic, edaphic, and habitat variables can dependably 
estimate the species ecological niche and predict species 
range changes under different climatic conditions [8].

MaxEnt is amongst the most widely used SDM 
approaches. The advantage of using MaxEnt is that it 
can be trained on presence-only data and works well 
with low-size samples [9, 10]. However, the employ-
ment of ensemble models is recommended over relying 
on a single modeling approach to evaluate the role of cli-
matic changes in causing changes in species geographic 
extent [11, 12]. Additionally, ensemble modeling tech-
niques, which combine results from multiple models, are 
recommended for assessing species range shifts under 
climate change scenarios [11, 12]. The use of ensemble 
modelling techniques was preferred over the use of the 
outcomes from a single modelling approach to evaluate 
the impact of climate changes on the range shift of spe-
cies. The ensemble modelling techniques provide more 
robust and accurate results and avoid overfitting of the 
model [11]. Besides, they minimize the prediction gen-
eralization errors and reduce overfitting when modelling 
rare species. Ensemble modelling is considered a better 
alternative to single models for future climate projection 
modelling with large numbers of species [13]. Research 
has demonstrated that ensemble techniques offer sig-
nificant advantages compared to using a single algorithm 

[11, 14, 15]. The utilization of the ensemble modelling is 
believed to lower the uncertainty and enhance robust-
ness, while avoiding model overfitting [14, 16, 17].

Three perennial plant species namely Thymelaea hir-
suta (L.) Endl. (Family Thymelaeaceae), Limoniastrum 
monopetalum (L.) Boiss (Family Plumbaginaceae) and 
Ononis vaginalis Vahl (Family Fabaceae) are native to the 
Mediterranean region. The Egyptian Mediterranean coast 
stretches for 970  km along the Mediterranean Sea. The 
western Mediterranean coastal region is characterized by 
several types of ecosystems, entirely covering the north-
ern territory of Egypt from El-Sallum eastward to Rafah. 
It is considered among the lengthiest Mediterranean 
shorelines in North Africa [18, 19]. Climatically, it is the 
least arid belt in Egypt. The region has the highest species 
richness in Egypt [20] and is characterized by landforms 
that vary in edaphic and topographic characteristics such 
as oolitic dunes, saline depressions, salt marshes, rocky 
ridges, sand formations, and sand flat sheets or plains. 
Drought, salinity, soil erosion, and anthropogenic dis-
turbances including urban development, agriculture, and 
quarrying pose major threats to the natural vegetation of 
the western Mediterranean coast [19, 21]. Halmy (2019) 
has recorded a decline in species richness and an increase 
in anthropogenic factors that affect species abundance as 
the main trend associated with the changes in land use/
cover of the region [22].

Hence, the present study sought to evaluate the poten-
tial effect of climatic changes, based on two shared 
socio-economic pathways (SSPs), on the projected suit-
able habitat and potential geographic extent of the inves-
tigated species. This assessment was conducted under 
both full and restricted dispersal scenarios, utilizing mul-
tiple modeling techniques, including MaxEnt and ensem-
ble models.

Materials and methods
Study area and studied species
This study was conducted along the northern coastline of 
Egypt’s western Mediterranean region (Fig.  1), which is 
situated in the country’s least arid zone, between latitudes 
29.57 and 31.67 N and longitudes 24.71 and 31.85 E. The 
study area covers 175,018 km2 of total area of Egypt. This 
area is recognized as the region with the highest species 
richness in Egypt [20] and is distinguished by diverse 
landforms with varying edaphic and topographic charac-
teristics. Climatically, the western Mediterranean coastal 
land is part of the dry arid climatic zone of Koppen’s 
(1931) [23], with a mean annual precipitation that ranges 
between 100 and150 mm/year [24]. The rainy season is 
short, and occurs mostly during winter from Novem-
ber to April, but may extend to May. Little precipitation 
occurs during the rest of the year [25]. The annual mean 
maximum temperature ranges from 23.8  °C to 25.3  °C, 
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while the annual mean minimum temperature ranges 
from 13.3 °C to 15.1 °C [26]. The study area encompasses 
the distribution regions of three Mediterranean endemic 
species that serve as key indicators of the major habitats 
in Egypt’s coastal deserts. Thymelaea hirsuta (L.) Endl. 
(Family: Thymelaeaceae), Ononis vaginalis Vahl (Family: 
Fabaceae), and Limoniastrum monopetalum (L.) Boiss 
(Family: Plumbaginaceae). The three species are threat-
ened by the reduction in their populations, in addition 
to the exponential loss and degradation of their natural 
habitats brought on by recent human activities such as 
urban development, pollution, and deforestation [21, 22]. 
The field work follows a latitudinal transect of the Medi-
terranean coast western section that extends for nearly 
550 km from Abu Qir to El-Sallum (29.57°-31.67° N and 
24.71°-31.85° E) crossing different types of ecosystems. 
Thus, the field survey covers a wide range of habitats and 
vegetation types including sand dunes (coastal calcareous 
and inland siliceous); rocky ridges, inland plateau, non-
saline depressions, and saline depressions; and wadis 
[26]. Besides these habitats, two more habitats were 
described by Batanouny (1973), namely the uncultivated 
desert areas and the sand plains [27].

Data showing the location of the existing protected 
area in the north part of Egypt were obtained from the 
Protected planet database [28]. These data comprise the 

boundaries of protected areas. The obtained data com-
prise 11 protected areas meeting the Protected Area 
Management Categories I–VI of the IUCN [29], with a 
total area of approximately 8984 km2 (Fig. 1).

The conservation status of these species according to 
The IUCN Red List of Threatened Species has not been 
assessed; therefore, their global conservation status is 
currently unknown. Their conservation status in Egypt 
is also not known, though they have been reported as 
highly threatened due to habitat loss caused by human 
activities, including the establishment of tourist resorts 
and quarrying activities (Bidak et al., 2015).All proce-
dures involving field research and plant collection were 
conducted in full compliance with the institutional, 
national, and international regulations.

Identification of the plant material used in the study 
was performed by Prof. Dr./ Loutfy Mohsen Hassan 
professor of plant ecology and flora at Faculty of Sci-
ence- Helwan University – Botany and Microbiology 
department. Some of the collected samples were kept 
in Helwan University Herbarium (HEU) (vouchers no 
0111064 to 0111079 five vouchers for each species).

Species occurrence data collection
A total of 449 occurrence records for the three species 
were collected during field surveys conducted from July 

Fig. 1 The surveyed study area illustrating the locations of the collected occurrence records of the investigated species (a) Thymelaea hirsuta, (b) Ononis 
vaginalis and (c) Limoniastrum monopetalum, the study area covers 175,018 km2 of total area of Egypt
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to September 2021. Each observation was georeferenced 
using a Global Positioning System (Garmin GPSMAP 
64sx), capturing both latitude and longitude coordinates. 
The coordinates of these points were included in the 
geographic information system (GIS) domain and made 
ready for use in the subsequent analysis. The field surveys 
covered the main habitats in the western sector of the 
Mediterranean coastal region, where plots were selected 
randomly to represent the major physiographic varia-
tions. Most of the records, 310 occurrence points (69%), 
were for T. hirsuta, while 65 occurrence points (15%) 
were for O. vaginalis, and 74 occurrence points (16%) 
were for L. monopetalum (Fig. 1).

Environmental data
A total of 35 environmental variables representing fac-
tors important for plant distribution were initially 
selected (Supplementary Material Table S1). The primary 
variables used in the distribution models of the studied 
species can be categorized into four main groups: (1) 
bioclimatic that were acquired from the World Climate 
Database [30] ( h t t p  : / /  w o r l  d c  l i m  . o r  g / v e  r s  i o n 2) version 
2.1 at 30 arc-seconds (1  km) spatial resolution, (2) top-
ographic that is represented by elevation data that was 
downloaded from the USGS Dataset [31]  (   h t t p s : / / w w w . 
u s g s . g o v     ) , (3) edaphic that were represented by nine soil 
variables from the SoilGrids dataset [32]  (   h t t p s : / / s o i l g r i d 
s . o r g     ) , and (4) Habitat-type data were developed accord-
ing to the habitat classification scheme of Egypt prepared 
by Harhash et al. (2015) [33]. To account for maritime 
influences due to proximity to the sea the distance to the 
coast was also included as a factor. The proximity to sea 
was found to influence the distribution of the species in 
the region. The distance from the coast reflect the varia-
tion in favorable microclimatic conditions, moisture 
availability, and even human-mediated disturbances in 
the region (e.g., resorts, roads), which can influence the 
establishment and spread of species [21]. Finally, all these 
data layers representing the environmental variables 
were maintained at 30 arc-second (~ 1  km) resolutions 
and were cropped to the spatial extent of the investigated 
area (Fig. 1). The forecasting of the species distributional 
shifts investigated was conducted under the two GCMs 
of HadGEM3-GC31-LL and IPSL-CM6A-LR for the peri-
ods of 2060s (average of 2041 to 2060) and 2080s (average 
of 2061–2080) and two Shared Socio-economic Path-
ways (the SSP1-2.6 and SSP5-8.5). This was performed 
to depict the variations in the projections by the GCMs 
and to have insights into the potential chances of range 
shift for the investigated species under different emission 
scenarios both in the short-term and the long-term. The 
two global climate models were obtained from the most 
recent sixth level of the Coupled Model Intercomparison 

Project (CMIP6) ( h t t p  s : /  / w w w  . w  o r l  d c l  i m . o  r g  / d a  t a /  c m i p  6 
/  c m i p 6 _ c l i m 3 0 s . h t m l).

Preparative exploratory data analyses, including a nor-
mality test, correlation analysis, and multicollinearity 
statistics, were carried out to inspect the relevance of the 
environmental attributes. To detect the multicollinearity 
and identify the influential variables to be used in model-
ling the distributional extent of the investigated species, 
variance inflation factors (VIFs) were calculated. Vari-
ables with a VIF more than five were neglected as their 
contributions were negligible [34]. VIF was implemented 
using “usdm” package [35]. The two algorithms vifcor 
and vifstep of the usdm R package were used within the 
framework of R 4.2.1[36, 37].

The geographical extent of the investigated species 
was modelled under current climate conditions with 
a reduced set of variables of the initial set of variables 
(Supplementary Material Table S2) after accounting for 
the collinearity by applying Variance Inflation Factor 
analysis.

Ecological niche modelling and evaluation
Species occurrences and environmental variables were 
used to model the geographic distribution of the studied 
species using MaxEnt version 3.4.4 [9] and an ensem-
ble modeling approach. MaxEnt is a machine learning 
method that estimates the suitability of an area through 
assessing the probability distribution of maximum 
entropy. An ensemble of three modelling algorithms 
were chosen for constructing the ensemble species dis-
tribution model. The modelling algorithms included 
the generalized linear model (GLM: [38]) as paramet-
ric technique, the Boosting Regression Trees (BRT: [39, 
40]) and the random forests (RF: [41, 42]) as non-para-
metric machine-learning techniques. The selected model 
approaches are characterized by high stability and trans-
ferability compared to other models [13, 43–46]. Further-
more, GLM and RF behave best on both cross-validation 
and external validation [13]. About 70% of the occur-
rence records for each species were selected at random 
to calibrate the models, while the remaining 30% were 
used for accuracy assessment and performance evalu-
ation [47]. Model performance was assessed using the 
area under the receiver operating characteristic curve 
metric (AUC) [48]. Several accuracy metrics were also 
estimated to assess model performance, including over-
all accuracy, sensitivity, specificity, and true skill statistics 
(TSS). Additionally, the Area Under the Curve (AUC) of 
the Receiver Operating Characteristic was a key metric 
for performance evaluation.

Geospatial analysis
The prediction of the established models represents the 
species probability of occurrence, with values from 0 to 

http://worldclim.org/version2
https://www.usgs.gov
https://www.usgs.gov
https://soilgrids.org
https://soilgrids.org
https://www.worldclim.org/data/cmip6/cmip6_clim30s.html
https://www.worldclim.org/data/cmip6/cmip6_clim30s.html
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1, where 0 indicates the unsuitable area for the species 
and 1 indicates the optimal area for the occurrence of 
the modeled species. To obtain maps of existence areas 
for the studied species, the continuous probability maps 
produced as outputs of the established models were con-
verted to binary maps representing the potential pres-
ence and absence areas for the investigated species.

Additionally, to classify the study area with regard to 
its suitability for the investigated species, the probability 
maps produced as outputs of the established models were 
classified based on the values of the probability of occur-
rence into four levels of habitat suitability, high, medium, 
low, and unsuitable (Table  1). The reclassification func-
tion in the Spatial Analyst Tools withing the framework 
of ArcGIS 10.2 (Environmental Systems Research Insti-
tute 2013) was used for conducting the classification.

To assess changes in the geographic extent of suit-
able habitat as loss, gain, or persistence under future 
scenarios, the “Map Algebra” functions within ArcGIS 
10.2 were applied to the binary maps generated from 
the transformed present and future habitat suitability 
probability maps. The estimation of the shifts in suitable 
habitat distribution between present and future scenarios 
for the investigated time intervals were calculated using 
SDM Toolbox v.2.5 within the ArcGIS 10.2 framework. 
This process produced potential change maps for each 
time interval under the different scenarios. By analyzing 
the changes in the potential habitat distributional extent 
using binary maps for the studied species under various 
climate scenarios, the tendency for geographical shifts in 
each species distribution was examined.

Results
Model performance and evaluation
The geographical extent of the investigated species were 
modelled with a reduced set of variables of the initial set 
of variables (Table S2 and S3) after accounting for the 
collinearity by applying Variance Inflation Factor analy-
sis. The study assessed the predictive power of the Max-
Ent and ensemble models in modelling the distributional 
extent of the investigated species. The outcomes of the 
two modeling techniques demonstrated high predictive 
accuracy, with a mean AUC value exceeding 0.98 and 
mean TSS value lager than 0.85 for all models of all spe-
cies (Table 2).

Projected distribution of suitable habitats under future 
climate scenarios
The projected distribution of T. hirsuta, under two Shared 
Socio-economic Pathways (SSP1-2.6 and SSP5-8.5) of the 
HadGEM3-GC31-LL general climate model for the near 
and far future (2060s and 2080) was compared to the cur-
rent distribution. MaxEnt modeling estimated that the 
suitable habitat would increase in near and far future, 
particularly under SSP1-2.6, reaching 7,940  km² (4.54% 
of study area) by the 2060s and 9,894 km² (5.65% of the 
total study area) by 2080. Conversely, predictions under 
the IPSL-CM6A-LR GCM climate scenario indicated a 
reduction in suitable habitat by 2060s, predicting a shrink 
of the area to 3,758 km² (2.15% of the study area) under 
SSP1-2.6 and 2,800  km² (1.31%) under SSP5-8.5. In the 
far future (2080s), however, the model projected a rise 
in suitable habitat to 5,048 km² (2.88%) for SSP1-2.6 and 
5,100 km² (2.91%) for SSP5-8.5 (Fig. 2; Table 3).

Ensemble model projections for T. hirsuta showed an 
overall increase in suitable habitat across both scenarios 
and time periods. In the far future (2080s) the increase 
projected to be more pronounced, with suitable habitat 
expanding by 23,891 km² (13.65%) under SSP1-2.6 and by 
21,733 km² (12.42%) under SSP5-8.5. The model of IPSL-
CM6A-LR scenario predicted habitat increases across all 
SSPs for the far and near future, with significant increase 
of 21,744  km² (12.44%) in the 2060s and 22,110  km² 
(12.63%) in the 2080s (Fig. 2; Table 3).

For O. vaginalis, projections under the Had-
GEM3-GC31-LL climate scenario (CCSM6) for the 

Table 1 Habitat suitability classes and the probability of 
occurrence range for the investigated species
Species Suitability Class

Unsuitable Low Moderate High
Thymelaea hirsuta < 0.16 0.161-0.30 0.301-0.60 > 0.601
Ononis vaginalis < 0.10 0.101–0.35 0.351–0.65 > 0.651
Limoniastrum 
monopetalum

< 0.10 0.101–0.35 0.351–0.65 > 0.651

Table 2 Accuracy measures used for the evaluation of the models of the potential distributional extent of the investigated species
Species Model Overall Accuracy (%) Sensitivity

(%)
Specificity
(%)

TSS AUC

T. hirsuta MaxEnt 97 ± 0. 000 99 ± 0.006 97 ± 0.000 0.96 ± 0.006 0.98 ± 0.001
Ensemble average 95 ± 0.016 99 ± 0.060 95 ± 0.050 0.93 ± 0.014 0.99 ± 0.004

O. vaginalis MaxEnt 97 ± 0. 00 88 ± 0.13 97 ± 0.00 0.85 ± 0.12 0.98 ± 0.01
Ensemble average 95 ± 0.01 96 ± 0.01 94 ± 0.01 0. 90 ± 0.05 0.98 ± 0.01

L. monopetalum MaxEnt 96 ± 0.003 98 ± 0.034 96 ± 0.003 0.94 ± 0.036 0.98 ± 0.001
Ensemble average 98 ± 0.010 98 ± 0.030 96 ± 0.010 0.94 ± 0.024 0.98 ± 0.010



Page 6 of 19Mahmoud et al. BMC Plant Biology          (2025) 25:644 

near (2060s) and far (2080s) future showed a progres-
sive increase in the suitable habitat compared to current 
distribution (Fig. 3; Table 3). At both emission scenarios 
(SSP1-2.6 and SSP5-8.5), habitat suitability increased with 
climate warming. By the 2060s, suitable habitat would 

increase by 5,806 km² under SSP1-2.6 and by 5,640 km² 
under SSP5-8.5. A similar pattern was observed for the 
2080s, with a rise of 5,389 km² at SSP1-2.6 and 5,889 km² 
at SSP5-8.5. Predictions under the SSP1-2.6 scenario of 
the IPSL-CM6A-LR GCM model for the 2060s projected 

Fig. 2 Predicted distribution of Thymelaea hirsuta by MaxEnt and Ensemble model based on two warming scenarios, SSP1-2.6 (A, B, E, F, I, J, M & N) and 
SSP5-8.5 (C, D, G, H, K, L, O & P) of the HadGEM3-GC31-LL and the IPSL-CM6A-LR general climate model by the period 2041–2060 (A, B, C, D, I, J, K & L) 
and 2061–2080 (E, F, G, H, M, N, O & P)
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a reduction in suitable habitat to 4,820 km², but by 2080, 
it was expected to increase to 5,878  km². Under SSP5-
8.5, suitable habitat would decrease to 4,662 km² by the 
2060s, followed by an expansion to 5,444  km² by 2080. 
Long-term projections indicated a reduction in low and 
moderate suitability areas, but high suitability areas 
would expand relative to the current distribution.

Ensemble models for O. vaginalis under the Had-
GEM3-GC31-LL climate scenario also projected 
increases in suitable habitat under the two SSP scenarios. 
In the far future (2080s), suitable habitat would reach 
8,699  km² under SSP1-2.6 and 10,677  km² under SSP5-
8.5. The IPSL-CM6A-LR scenario projected a continu-
ous increase in suitable habitat, reaching 10,644 km² by 
the 2060s under SSP1-2.6, with further increases across 
all suitability categories by 2080 (11,021  km²). Under 
SSP5-8.5, the suitable area was projected to increase to 
12,479  km² by 2080, showing expansions across high, 
moderate, and low suitability areas (Fig. 3; Table 3).

For L. monopetalum, MaxEnt projections under 
the HadGEM3-GC31-LL climate scenario for SSP1-
2.6 showed a decline in the suitable habitat compared 
to current predictions, with reductions of 2,680  km² 
by the 2060s and 2,732  km² in the far future (2080s). 
Under SSP5-8.5, suitable habitat would decrease to 

2,555  km² by the 2060s and 840  km² in the far future 
(2080s). Predictions under the IPSL-CM6A-LR GCM for 
SSP1-2.6 revealed a projected reduction in suitable hab-
itat to 3,169  km² by the 2060s, with a slight increase to 
4,171 km² by 2080. However, the majority of the remain-
ing areas would have low suitability.

Ensemble modeling for L. monopetalum under the 
HadGEM3-GC31-LL scenario showed a continued 
decrease in suitable habitat across both SSP1-2.6 and 
SSP5-8.5, with total suitable areas shrinking to 652 km² 
by the 2060s and 1,779 km² by the 2080s under SSP1-2.6, 
and to 1,231 km² by the 2060s and 977 km² by in the far 
future (2080s) under SSP5-8.5. Under the IPSL-CM6A-
LR GCM model, the suitable extent for L. monopetalum 
would decrease to 628  km² by the 2060s and 571  km² 
by 2080 under SSP1-2.6, while under SSP5-8.5, the area 
would increase to 1,333 km² by 2080 (Fig. 4; Table 3).

Projected effects of Climatic changes
MaxEnt model outcomes revealed that the geographic 
extent of T. hirsuta is projected to shift under differ-
ent climate models and Shared Socio-economic Path-
ways (SSPs) in both the near and far future. Under the 
HadGEM3-GC31-LL model, for the periods 2041–
2060 and 2061–2080, expansion is expected west of 

Table 3 The area (in km2) of the suitable habitat for the explored species currently and under future climate scenarios using MaxEnt 
and ensemble models predictions
Species Model Suitability class Current HadGEM3-GC31-LL IPSL-CM6A-LR

2041–2060 2061–2080 2041–2060 2061–2080

SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5
T. hirsuta MaxEnt Unsuitable 170,189 167,078 168,642 165,124 169,149 171,260 172,718 169,970 169,918

Low 1898 5904 4797 7960 4520 3040 1901 3961 3864
Moderate 2379 1820 1460 1848 895 621 287 825 829
High 552 216 119 86 454 97 112 262 407

Ensemble Unsuitable 169,476 153,604 153,254 151,127 153,285 158,304 153,274 154,410 152,908
Low 3217 14,388 12,581 13,754 13,739 11,417 14,011 13,935 13,986
Moderate 1192 6159 7174 7781 6282 4560 6913 6094 5795
High 1133 867 2009 2356 1712 737 820 579 2329

O. vaginalis MaxEnt Unsuitable 169,484 169,212 169,378 169,620 169,129 170,198 170,356 169,140 169,574
Low 3843 3773 4225 3466 3940 3385 3265 3872 3257
Moderate 1279 1600 415 718 741 1121 493 578 577
High 412 433 1000 1214 1208 314 904 1428 1610

Ensemble Unsuitable 170,641 161,607 164,387 166,328 164,341 164,374 163,412 163,997 162,539
Low 2929 10,231 5253 4438 4802 7627 6393 7891 7123
Moderate 1139 2318 3744 2790 3314 2156 4288 2248 3459
High 309 862 1634 1462 2561 861 925 882 1897

L. monopetalum MaxEnt Unsuitable 168,489 172,338 172,463 172,286 174,178 171,849 172,718 170,847 173,943
Low 4626 1798 2025 2150 682 2386 1901 3134 857
Moderate 1455 627 387 439 142 578 287 786 203
High 448 255 143 143 16 205 112 251 15

Ensemble Unsuitable 170,068 174,366 173,787 173,529 174,041 174,390 174,426 174,447 173,685
Low 3532 537 1127 1652 884 516 511 471 1232
Moderate 1153 115 104 127 93 112 81 100 101
High 265 0 0 0 0 0 0 0 0
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the investigated area, with contractions in the middle 
and eastern regions. Specifically, by 2060, the range 
is expected to shrink by 2,178  km² under SSP1-2.6 and 
3,166 km² under SSP5-8.5, while expansions of 5,289 km² 
and 4,714  km² are projected in the northwest. By 2080, 

further contraction is projected, but with expansions of 
6,660 km² and 4,562 km² under the two SSPs (Fig. 5, and 
8).

Similarly, the IPSL-CM6A-LR model also predicts 
both contractions and expansions for T. hirsuta. By 2060, 

Fig. 3 Predicted distribution of Ononis vaginalis by MaxEnt and Ensemble model based on two warming scenarios, SSP1-2.6 (A, B, E, F, I, J, M & N) and 
SSP5-8.5 (C, D, G, H, K, L, O & P) of the HadGEM3-GC31-LL and the IPSL-CM6A-LR general climate model by the period 2041–2060 (A, B, C, D, I, J, K & L) 
and 2061–2080 (E, F, G, H, M, N, O & P)
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contraction is expected across 2,775  km² to 3,201  km², 
while expansions between 1,704  km² and 4,448  km² are 
projected. By 2080, contraction will continue, but expan-
sions by about 4,003 km² are also predicted.

The ensemble models confirm these general trends, 
with more expansion predicted in the east and south in 
the investigated area. Contraction in the central region 
and expansion in the northwestern region is consistent 
across both models. By 2080, under HadGEM3-GC31-LL, 

Fig. 4 Predicted distribution of Limoniastrum monopetalum by MaxEnt and Ensemble model based on two warming scenarios, SSP1-2.6 (A, B, E, F, I, J, M 
& N) and SSP5-8.5 (C, D, G, H, K, L, O & P) of the HadGEM3-GC31-LL and the IPSL-CM6A-LR general climate model by the period 2041–2060 (A, B, C, D, I, 
J, K & L) and 2061–2080 (E, F, G, H, M, N, O & P)
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expansion could reach 18,428 km² under SSP1-2.6, with 
less contraction than in earlier periods.

For O. vaginalis, the distribution pattern is also pro-
jected to change, showing contraction in the suit-
able extent compared to current conditions. Under 

HadGEM3-GC31-LL, by 2060, the species is anticipated 
to lose 555  km² (SSP1-2.6) and 1,205  km² (SSP5-8.5) of 
its current habitat, but expansion will occur in the north-
westerly by 828  km² and 1,311  km², respectively. This 
trend highlights a range shift, balancing both contraction 

Fig. 5 Predicted range expansion/contraction of Thymelaea hirsuta under the investigated warming scenarios resulting from the MaxEnt and Ensemble 
models. The change in distribution between current and future climate of the HadGEM3-GC31-LL and the IPSL-CM6A-LR general climate model under 
SSP1-2.6 (A, B, E, F, I, J, M and N) and SSP5-8.5 (C, D, G, H, K, L, O and P) scenarios by the period 2041–2060 and 2061–2080
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and expansion under the investigated climate scenarios 
(Fig. 6, and 8).

By 2080, a contraction in the species range of O. vagi-
nalis is projected, with 639 km² and 307 km² under SSP1-
2.6 and SSP5-8.5 scenarios, respectively. Expansion is 

expected in the northwest, estimated at 504  km² under 
SSP1-2.6 and 662 km² under SSP5-8.5, with larger expan-
sion under SSP5-8.5. Overall, more contraction is antici-
pated under SSP5-8.5 by 2060, while expansion is more 
substantial by 2060 than 2080 under both scenarios.

Fig. 6 Predicted range expansion/contraction of Ononis vaginalis under the investigated warming scenarios resulting from the MaxEnt and Ensemble 
models. The change in distribution between current and future climate of the HadGEM3-GC31-LL and the IPSL-CM6A-LR general climate model under 
SSP1-2.6 (A, B, E, F, I, J, M and N) and SSP5-8.5 (C, D, G, H, K, L, O and P) scenarios by the period 2041–2060 and 2061–2080
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The IPSL-CM6A-LR model projects a contraction of 
906, 1,148, 391, and 1,001 km² under SSP1-2.6 and SSP5-
8.5 for 2041–2060 and 2061–2080, respectively. Expan-
sion is expected at 193, 276, 735, and 911  km², mostly 
toward the northwest. SSP5-8.5 shows greater contrac-
tion and expansion compared to SSP1-2.6, with expan-
sion increasing over time.

For L. monopetalum, a general contraction is predicted, 
particularly near the Mediterranean shoreline, in its suit-
able habitat. Under the HadGEM3-GC31-LL model, 
contraction by 3,877 and 3,983 km² is predicted for 2060 
under SSP1-2.6 and SSP5-8.5, with slight to no expansion. 
By 2080, contraction is estimated at 3,799 and 5,689 km², 
with little to no expansion expected (Fig. 7, and 8).

The trends reveal that investigated scenarios will likely 
result in more habitat contraction, though some areas 
might experience expansion, especially under SSP5-8.5.

The probable range shift of the species under the two 
Shared Socio-economic Pathways (SSP1-2.6 and SSP5-
8.5) of the IPSL-CM6A-LR general circulation model by 
2060 and 2080 (Figs.  7 and 8) revealed that the current 
distribution area will contract by 3,388  km², 4,229  km², 
2,395  km², and 5,454  km² under SSP1-2.6 (2041–2060), 
SSP5-8.5 (2041–2060), SSP1-2.6 (2061–2080), and SSP5-
8.5 (2061–2080), respectively. In contrast, expansion will 
be minimal, with increases of 28 km², 0 km², 37 km², and 
0 km² under these scenarios respectively.

Both the HadGEM3-GC31-LL and IPSL-CM6A-LR 
models suggest negligible to no expansion in suitable 
areas under various scenarios in both the short and long 
terms. Any potential expansion is probable to be north-
ward. The contraction rate is anticipated to rise over 
time, reaching 83–87% of the present suitability area.

The ensemble model projections for L. monopetalum 
align with that of the MaxEnt model, showing a general 
trend of contraction in suitable areas relative to the cur-
rent distribution pattern across different climate models 
and SSP scenarios.

For the HadGEM3-GC31-LL model, the current dis-
tribution area will contract by 3,463 km² and 2,621 km² 
under SSP1-2.6 and SSP5-8.5 by 2060, respectively, pri-
marily south of the current extent. Expansion will be 
slight under both SSP1-2.6 and 179  km² under SSP5-
8.5. By 2080, contraction is projected at 2,261  km² and 
3,002  km² under SSP1-2.6 and SSP5-8.5, respectively, 
with minor expansions of 289  km² under SSP1-2.6 and 
26 km² under SSP5-8.5.

The IPSL-CM6A-LR model predicts a contraction of 
the existing distribution area by 3,428  km², 3,533  km², 
3,540  km², and 2,567  km² under SSP1-2.6 (2041–2060), 
SSP5-8.5 (2041–2060), SSP1-2.6 (2061–2080), and SSP5-
8.5 (2061–2080), respectively, with minor expansions of 
2  km² and 155  km² under SSP5-8.5 by 2060 and 2080, 
respectively.

Overall, for L. monopetalum, the contraction will sur-
pass any expansion, predominantly affecting the parts 
south of the existing distribution. If expansion does 
occur, it will likely be a northward shift.

Projected changes within protected areas
The MaxEnt predictions revealed that the potential habi-
tats for T. hirsuta within protected areas in the inves-
tigated coastal region are expected to increase from 
1,066 km² currently to 1,312–1,983 km² under the Had-
GEM3-GC31-LL model and 1,154–1,669 km² under the 
IPSL-CM6A-LR model. The ensemble model predic-
tions are in accordance with that of MaxEnt, showing an 
increase in habitat suitability within protected areas from 
12.23  km² currently to 2,375  km² and 2,379  km² under 
the HadGEM3-GC31-LL and IPSL-CM6A-LR models, 
respectively (Table 4).

For O. vaginalis, MaxEnt predictions under the Had-
GEM3-GC31-LL model exhibited a slight increase in 
suitable habitat within reserves, with suitability ris-
ing from 1,014  km² currently to 1,099  km² by 2080 
under SSP5-8.5. The IPSL-CM6A-LR model predicts a 
decline in suitable habitat at 2060 (998 km² under lower 
and 703  km² under higher emission scenarios), but an 
increase by 1,295 km² and 1,031 km² under SSP1-2.6 and 
SSP5-8.5, respectively, by 2080. Ensemble models show a 
rise in suitable habitat under HadGEM3-GC31-LL, ris-
ing from 969  km² currently to 2,409  km² under SSP1-
2.6 by 2060, and under IPSL-CM6A-LR, increasing by 
2,164 km² under SSP5-8.5 by 2060 (Table 4).

For L. monopetalum, MaxEnt predicts a decline in suit-
able habitat within protected areas from 1,101 km² cur-
rently, with a decline of 350  km² and 466  km² by 2080 
under SSP5-8.5 for HadGEM3-GC31-LL and IPSL-
CM6A-LR, respectively. Ensemble model predictions 
corroborate this decrease in suitable extent (Table 4).

Summary of projected habitat distribution and climate 
effects
Climate projections under various models and socio-eco-
nomic pathways (SSP1-2.6 and SSP5-8.5) suggest varying 
impacts on the future distribution of suitable habitats for 
T. hirsuta, O. vaginalis, and L. monopetalum.

T. hirsuta
MaxEnt and ensemble models predict an overall increase 
in suitable habitat, particularly under SSP1-2.6, with 
expansions most prominent in the northwest. However, 
some contractions are expected in the central and east-
ern parts of its current range. By 2080, ensemble models 
project increases of up to 23,891 km². Within protected 
areas, suitable habitat is expected to rise significantly 
under both climate models.
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O. vaginalis
Future projections indicate a moderate increase in 
suitable habitat, with both contraction and expansion 
occurring—mainly shifting northward. Ensemble mod-
els under both GCMs show growth in habitat extent, 

especially under SSP5-8.5, reaching up to 12,479 km² by 
2080. Within protected areas, predictions vary slightly 
but generally show a positive trend by 2080, especially 
under ensemble models.

Fig. 7 Predicted range expansion/contraction of Limoniastrum monopetalum under the investigated warming scenarios resulting from the MaxEnt 
and Ensemble models. The change in distribution between current and future climate of the HadGEM3-GC31-LL and the IPSL-CM6A-LR general climate 
model under SSP1-2.6 (A, B, E, F, I, J, M and N) and SSP5-8.5 (C, D, G, H, K, L, O and P) scenarios by the period 2041–2060 and 2061–2080
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Fig. 8 Percentage of the studied species range persistence, expansion, and contraction as predicted by MaxEnt ((a), (c) and (e)) and ensemble model 
((b), (d) and (f)) under the scenarios SSP1-2.6 and SSP5-8.5 based of the HadGEM3-GC31-LL and IPSLCM6A-LR general climate model during the period 
2041–2060 and 2060–2080

 



Page 15 of 19Mahmoud et al. BMC Plant Biology          (2025) 25:644 

L. monopetalum
In contrast, L. monopetalum is projected to experience 
significant habitat contraction under all scenarios and 
models, with the greatest losses near its current coastal 
range. Although minimal northward expansion may 
occur, the overall trend indicates a loss of 83–87% of suit-
able area by 2080. This contraction is mirrored in pro-
tected areas, where habitat extent is expected to decline 
consistently.

Overall trends
Expansion is most likely for T. hirsuta and O. vagina-
lis, particularly under SSP1-2.6 of the ensemble model 
outputs.
Contraction is a dominant trend for L. monopetalum, 
signaling a need for urgent conservation attention
Protected areas will remain important refuges, with 
models indicating varying degrees of future suitability 
across species.

Discussion
Model performance and evaluation
The outcomes of the ensemble model obtained in the cur-
rent study were very accurate as indicated by all the mea-
sures recommended for assessing models’ performance. 

Nevertheless, the results demonstrated that MaxEnt per-
formed and predicted well comparative to the ensemble 
approach in identifying important areas for the studied 
Egyptian wild species. These findings do not basically 
infer that MaxEnt is a more reliable modelling method 
comparative to the other techniques [17]. Nonetheless, it 
can be suggested that MaxEnt be recognized among the 
highly consistent and robust techniques for species distri-
butions modelling, particularly in cases of limited occur-
rence records [43, 44, 49]. It could be simply applied to 
support in the identification and proposing of important 
conservation sites for key species.

It is worth noting that suggesting MaxEnt as a more 
reliable alternative to the ensemble approach is not 
intended to be inferred here. The ensemble model 
attained high accuracy in the present study, however 
MaxEnt produced consistent results across the inves-
tigated climate scenarios, where the outcomes of the 
investigated scenarios attained a similarity index that 
exceeded 0.90. Therefore, MaxEnt is deemed as a compe-
tent option comparative to the other complex, computa-
tionally intensive ‘black box’ approaches. Moreover, it is 
highly recommended for studies based on presence-only 
data, particularly for areas where the systematic survey 
through which obtaining species presence/absence data 

Table 4 The area (in km2) of the protected area that regard suitable habitat for the studied species currently and under future climate 
scenarios based on MaxEnt and ensemble models predictions
Species Model Suitability class Current HadGEM3-GC31-LL IPSL-CM6A-LR

2041–2060 2061–2080 2041–2060 2061–2080

SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5 SSP1-2.6 SSP5-8.5
T. hirsuta MaxEnt Unsuitable 7918 7672 7042 7001 7383 7830 7476 7678 7315

Low 138 743 1101 1055 980 665 926 791 972
Moderate 503 375 632 724 445 367 453 373 502
High 425 194 209 204 176 122 129 142 195

Ensemble Unsuitable 7885 6711 6609 6675 6641 7090 6682 6672 6605
Low 295 1047 1079 1158 1271 629 980 920 1322
Moderate 130 792 856 615 710 899 1035 1077 647
High 674 434 440 536 362 366 287 315 410

O. vaginalis MaxEnt Unsuitable 7970 7954 7969 7951 7885 7986 8281 7689 7953
Low 465 375 634 377 482 486 587 475 420
Moderate 424 520 105 209 196 400 49 97 127
High 125 135 276 447 421 112 67 723 484

Ensemble Unsuitable 8015 6575 7414 7894 7196 7610 6821 7529 7770
Low 453 1711 684 327 969 714 1348 787 401
Moderate 411 403 417 336 281 389 556 391 407
High 105 295 469 427 538 271 259 277 406

L. monopetalum MaxEnt Unsuitable 7883 8143 8203 8164 8634 8148 8304 8050 8518
Low 526 408 492 515 289 464 535 506 367
Moderate 374 321 236 244 61 286 115 315 99
High 201 112 53 61 0 86 30 113 0

Ensemble Unsuitable 7872 8788 8729 8703 8745 8791 8816 8802 8725
Low 652 150 211 231 202 152 139 142 221
Moderate 382 46 44 50 37 41 29 40 38
High 78 0 0 0 0 0 0 0 0
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may not be always possible for logistical reasons. So, it is 
thought that in such circumstances MaxEnt can help in 
the promotion of the measures intended for rational and 
effective conservation actions.

Overall, the ensemble model showed higher AUC val-
ues compared to MaxEnt model in the present study. 
Both the single algorithm model and the ensemble model 
showed high accuracy and prediction performance. Gen-
erally, the ensemble and MaxEnt models exhibited alike 
trends in predicting the future distribution for the three 
studied species, T. hirsuta, L. monopetalum, and O. vagi-
nalis. The ensemble model showed promising outcomes 
based on the the accuracy measures values comparative 
to the MaxEnt model. Both the MaxEnt and the ensem-
ble models show high accuracy and performance, and 
similar trends in the predicting O. vaginalis distribution.

Climatic changes potential effects on the mediterranean 
species
Ecological niche and SDMs are primal to climate change 
biology [50] through facilitating the studies of the poten-
tial effect of climatic changes on species distribution and 
geographic ranges [50–52]. Especially when data from 
reliable climatic models are integrated with informa-
tion on land-use changes to assess the collective poten-
tial effects of these changes on species distribution [52]. 
With the development in the GCMs and the associ-
ated improvement in the scenarios of climatic changes, 
clearer depiction of the influence on species distribution 
can be obtained [53]. The assessment of models’ perfor-
mance and the realization of their limitations are neces-
sary to prevent misuse of models’ outcomes and avoid 
oversights in habitat prioritization for conservation and 
reserve design [54]. Plants vary in their reaction to cli-
mate changes depending mainly on their physiological or 
phenological characteristics [55]. The impacts of climatic 
changes are being remarked in the form of shift and 
change in species ranges [56].

The prediction of the explored species under current 
climatic conditions was investigated by Mahmoud et al. 
(2024) [57], and the summary of the outcomes related to 
the current potential distribution of these species are pro-
vided as supplementary material. The geographic extent 
of T. hirsuta is expected to respond differently under the 
diverse climatic change scenarios. Under the future con-
dition the predicted distribution area of T. hirsuta in each 
of the studied timeframe changed among different future 
periods and SSPs comparative to the current distribu-
tion pattern. The MaxEnt predictions for the two climatic 
scenarios, HadGEM3-GC31-LL and IPSL-CM6A-LR, of 
the potential change in habitat suitability followed the 
same trend under the two SSPs scenarios (SSPs126 and 
SSPs585). The prediction revealed that the geographic 
spread of T. hirsuta will increase compared to current 

predictions by the time, the expansion of suitability area 
tends to the Libyan Desert into the northwest direction, 
and the expansion average will increase, and the contrac-
tion average will increase too. The trend of habitat range 
shifts due to climatic changes was also reported for other 
mountain plant species in North Africa and in the moun-
tainous area in the Mediterranean [58–60]. Changes in 
climatic environmental variables such as bio8, bio9, bio1 
and bio19 drive the change in the suitable area and distri-
bution pattern of T. hirsuta.

According to the ensemble modelling outcomes of 
HadGEM3-GC31-LL and IPSL-CM6A-LR model, the 
potential changes in habitat suitability followed the same 
trend under the two emissions scenarios SSPs126 and 
SSPs585 during the two timeframes, 2041–2060 and 
2061–2080, and all dispersal scenarios assessed. For T. 
hirsuta species, climatically suitability area will expand 
entirely under SSPs126 and SSPs585 emissions scenarios 
of all periods and full and limited dispersal scenarios. The 
spread of the suitability area tends to the northwest to 
Libyan Desert direction. The contraction of the suitabil-
ity area will occur but with little rate. It seems that the 
unsuitable areas will be characterized by high tempera-
ture and low precipitation in the future. Both MaxEnt 
and the Ensemble models showed the same trends and 
same results. The prediction under the two general cli-
mate model scenarios forecast comparatively close out-
comes as both show expansion of T. hirsuta suitable area 
distribution in the Libyan Desert direction.

The suitable habitat for O. vaginalis is estimated 
to increase in the near (2041–2060) and far future 
(2061–2080) predictions obtained by both MaxEnt 
and ensemble models under the scenarios of the Had-
GEM3-GC31-LL climate model. However, more expan-
sion is projected by the ensemble model relative to that 
predicted by the MaxEnt model. Although under the 
scenarios of the IPSL-CM6A-LR GCM, the suitable areas 
are projected to decrease during the 2041–2060 period, a 
slight increase is projected on the long term (2061–2080 
period) based on the MaxEnt predictions. Consistent 
projections were obtained by the ensemble model under 
the scenarios of the two general climate models revealing 
predicted expansion in the suitable distribution to north-
west part of the Libyan desert.

Overall, under all climate scenarios a geographic shift 
in the distribution in the suitability area would slightly 
shift to the northwest direction, where the expansion rate 
is larger than the contraction rate of the suitability area 
under all future climatic scenarios.

Plants react to the fluctuation in the climate by chang-
ing their distribution through either migrating to 
higher latitudes or higher altitudes or combination of 
that in their quest for suitable environment conditions 
[61, 62]. The projected shifts in the suitable area of L. 
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monopetalum under the SSP1-2.6 and SSP5-8.5 sce-
narios of the two general climate models over the short 
(2041–2060) and long term (2061–2080) and based on 
MaxEnt and ensemble models predictions revealed that 
the geographic distribution of L. monopetalum would 
shrink under the future conditions. The projected rise in 
temperature and decline in precipitation under these sce-
narios appears to be the most significant drivers leading 
to the future shrinkage of the species distribution range.

The loss of suitable habitats might have adverse conse-
quences on species extent. Extreme drought and habitat 
loss tend to challenge the survival of L. monopetalum 
species, and this might be translated into negative rates 
of population expansion in the worst scenarios. Low 
growth rate and high death rate may lead to local extinc-
tions [52, 63]. The warming in the Mediterranean area is 
anticipated to surpass the global rates by 25%, indicating 
that conservation priority should be given for the species 
inhabiting the arid sections of the Mediterranean area 
[64]. It was demonstrated that variations in precipitation 
levels resulting from future climate changes significantly 
influence the potential distribution and the habitat suit-
ability of plant species worldwide [65]. Studies on the 
influence of the climatic changes in North Africa project 
that annual precipitation is probably to decrease by the 
end of the 21st century [66, 67], which was supported by 
the REMO regional model that under the SRES A1B sce-
nario predicted a potential decrease by more than 10% 
in rainfall in the area by 2050 [68]. Given that precipita-
tion was revealed in the present study as the main factor 
influencing L. monopetalum distribution, proactive mea-
sures should be taken for the conservation of the remain-
ing habitats of this species.

However, depending on their morphological and physi-
ological features, plants may develop different responses 
and adaptation mechanisms to acclimatize to climatic 
changes [55]. According to Khanum et al. (2013), spe-
cies with large ecological niche are assumed to be more 
adaptable to environmental changes than those exhibit-
ing limited ecological range [69]. L. monopetalum can be 
recognized as a species with a narrow geographical niche 
and dispersal ability, which might reduce its capability 
to face climate change consequences, especially if the 
human-induced habitat fragmentation will provide barri-
ers to its dispersal ability.

Egypt currently boasts a considerable and fairly rep-
resentative protected area system, consisting of 50 pro-
tected areas [28]. However, the future effectiveness of 
these protected areas is highly dependent on how well 
species can adjust to the changing climate. Ensuring 
the continued representativeness of the studied spe-
cies within the reserves over time will require an under-
standing of species’ reactions to climatic changes and 

proactive management to address emerging conservation 
challenges.

Based on the modelled distribution and key environ-
mental drivers identified, targeted conservation strategies 
should focus on protecting habitats within high-suitabil-
ity areas, particularly those influenced by coastal proxim-
ity and stable microclimates. Priority should be given to 
mitigating habitat loss from coastal development, pre-
serving ecological corridors for dispersal, and monitor-
ing populations in vulnerable fringe zones. Integrating 
these strategies into regional planning could significantly 
enhance the long-term viability of the species.

Conservation efforts should prioritize habitat resto-
ration in degraded but high-potential areas, especially 
those near the coast where maritime influences create 
favorable conditions. Establishing protected areas or buf-
fer zones in these regions could help minimize human 
disturbance. Additionally, engaging local communities in 
conservation activities and raising awareness about the 
species’ ecological role may foster long-term steward-
ship. Incorporating climate resilience into management 
plans will also be essential, given the species’ sensitivity 
to environmental changes.

Conclusion
It could be concluded from the present study that the 
habitat preferences of the investigated species could 
be used for any future conservation or restoration pro-
gram. The MaxEnt model and the ensemble models 
showed excellent performance and agreement in pre-
dicting potential future distribution of the investigated 
species. The projections developed in this study indi-
cate that Limoniastrum monopetalum will experience a 
continuous decline in suitable habitat areas, increasing 
its danger of extinction under various climatic change 
scenarios. Therefore, immediate conservation and man-
agement strategies are recommended to safeguard this 
species. The distribution extent of Thymelaea hirsuta and 
Ononis vaginalis range is forecasted to shift northwest-
wardly. It is recommended to develop conservation and 
management plans for the investigated species along the 
Mediterranean coast to protect them from local risks and 
anthropogenic activities.

Supplementary Information
The online version contains supplementary material available at  h t t p  s : /  / d o i  . o  r 
g /  1 0 .  1 1 8 6  / s  1 2 8 7 0 - 0 2 5 - 0 6 6 3 0 - 7.

Supplementary Material 1

Author contributions
E.A. F. and M.W.A.H.: Conceptualization, data curation, original draft 
preparation, Writing- Reviewing and Editing Data. L.M.H.: Writing- Reviewing 
and Editing the original draft. A.R.M.: Data analysis, field work, data curation, 
original draft preparation, Writing- Reviewing and Editing Data.

https://doi.org/10.1186/s12870-025-06630-7
https://doi.org/10.1186/s12870-025-06630-7


Page 18 of 19Mahmoud et al. BMC Plant Biology          (2025) 25:644 

Funding
Open access funding provided by The Science, Technology & Innovation 
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank 
(EKB).
The authors declare that no funds, grants, or other support were received 
during the preparation of this manuscript.

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

Declarations

Compliance with ethical standards
This work was conducted according to the international and Egyptian 
legislation.

Ethics approval and consent to participate
The authors asked for permission from the local respondents and authorities 
regarding data collection and publication of the study results.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 12 March 2025 / Accepted: 28 April 2025

References
1. Handmer J, Honda Y, Kundzewicz ZW, Arnell N, Benito G, Hatfield J, Yamano 

H. Changes in impacts of climate extremes: human systems and ecosystems. 
Managing the risks of extreme events and disasters to advance climate 
change adaptation special report of the intergovernmental panel on climate 
change. Cambridge, UK, and New York, NY, USA: Cambridge University Press; 
2012. pp. 231–90.

2. IPCC Summary for Policymakers. In. the context of strengthening the global 
response to the threat of climate change, Sustainable Development, and 
Efforts to Eradicate Poverty. Geneva, Switzerland: World Meteorological Orga-
nization; 2018. p. 32. Global warming of 1.5°C. An IPCC Special Report on the 
impacts of global warming of 1.5°C above pre-industrial levels and related 
global greenhouse gas emission pathways.

3. Azzopardi B, Balzan MV, Cherif S, Doblas-Miranda E, dos Santos M, Dobrinski 
P, Xoplaki E. Climate and environmental change in the mediterranean basin–
current situation and risks for the future. First Mediterranean assessment 
report; 2020.

4. Lloret F, de la Riva EG, Pérez-Ramos IM. Climatic events inducing die-off in 
mediterranean shrublands: are species’ responses related to their functional 
traits? Oecologia. 2016;180:961–73.

5. Breslin PB, Wojciechowski MF, Albuquerque F. Projected climate change 
threatens significant range contraction of Cochemiea halei (Cactaceae), an 
Island endemic, serpentine-adapted plant species at risk of extinction. Ecol 
Evol. 2020;10(23):13211–24.

6. Fyllas NM, Koufaki T, Sazeides CI, Spyroglou G, Theodorou K. Potential impacts 
of climate change on the habitat suitability of the dominant tree species in 
Greece. Plants. 2022;11(12):1616.

7. Yebeyen D, Nemomissa S, Hailu BT, Zewdie W, Sileshi GW, Rodríguez RL, 
Woldie TM. Modelling and mapping habitat suitability of Highland bamboo 
under climate change in Ethiopia. Forests. 2022;13(6):859.

8. Catalano GA, Maci F, D’Urso PR, Arcidiacono C. GIS and SDM-Based method-
ology for resource optimisation: feasibility study for Citrus in mediterranean 
area. Agronomy. 2023;13(2):549.

9. Phillips SJ, Anderson RP, Schapire RE. Maximum entropy modelling of species 
geographic distributions. Ecol Model. 2006;190(3–4):231–59.

10. Elith J, Phillips SJ, Hastie T, Dudík M, Chee YE, Yates CJ. A statistical explanation 
of maxent for ecologists. Divers Distrib. 2011;17(1):43–57.

11. Della Rocca F, Bogliani G, Breiner FT, Milanesi P. Identifying hotspots for rare 
species under climate change scenarios: improving saproxylic beetle conser-
vation in Italy. Biodivers Conserv. 2019;28:433–49.

12. Ahmadi M, Hemami MR, Kaboli M, Malekian M, Zimmermann NE. Extinction 
risks of a mediterranean neo-endemism complex of mountain Vipers trig-
gered by climate change. Sci Rep. 2019;9(1):6332.

13. 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(4):549–58.

14. Araújo MB, New M. Ensemble forecasting of species distributions. Trends Ecol 
Evol. 2017;22(1):42–7.

15. Shabani F, Kumar L, Ahmadi M. A comparison of absolute performance 
of different correlative and mechanistic species distribution models in an 
independent area. Ecol Evol. 2016;6(16):5973–86.

16. Marmion M, Parviainen M, Luoto M, Heikkinen RK, Thuiller W. Evaluation 
of consensus methods in predictive species distribution modelling. Divers 
Distribution. 2009;15:59–69.

17. Guillera-Arroita G, Lahoz‐Monfort JJ, Elith J. MaxEnt is not a pres-
ence–absence method: a comment on Thibaud. Methods Ecol Evol. 
2014;5(11):1192–7.

18. Zahran MA, Willis AJ. The vegetation of Egypt. vol. 2. Springer Science and 
Business Media; 2009.

19. Ahmed DA, Shaltout KH, Kamal SA. Mediterranean sand dunes in Egypt: 
threatened habitat and endangered flora. Life Sci J. 2014;11:946–56.

20. Heneidy SZ, Bidak LM. Potential uses of plant species of the coastal mediter-
ranean region, Egypt. Pak J Biol Sci. 2004;7(6):1010–23.

21. Halmy MW, Gessler PE, Heneidy SZ. Implications of human induced changes 
on the distribution of important plant species in the Northwestern coastal 
desert of Egypt. Renew Energy Sustainable Dev. 2016;1(2):243–63.

22. Halmy MWA. Assessing the impact of anthropogenic activities on the 
ecological quality of arid mediterranean ecosystems (case study from the 
Northwestern Coast of Egypt). Ecol Ind. 2019;101:992–1003.

23. Koppen W. Grundriss der Klimakunde.W. Berlin: de Gruyter; 1931.
24. Bornkamm R, Kehl H. Landscape ecology of the Western desert of Egypt. J 

Arid Environ. 1989;7(2):271–7.
25. Ayyad MA, Ghabbour SI, Goodall DW. Hot deserts of Egypt and the Sudan. 

Ecosyst World. 1986;12:149–202.
26. Ayyad MA, Ammar MY. Vegetation and environment of the Western 

mediterranean coastal land of Egypt. L I. The habitat of inland ridges. J Ecol. 
1974;62:509523.

27. Batanouny KH. Habitat features and vegetation of deserts and semi-deserts 
in Egypt. Vegetatio. 1973; 27:181–99.

28. UNEP-WCMC and IUCN. Protected Planet. The World Database on Protected 
Areas (WDPA) [Online], Cambridge, UK: UNEP-WCMC and IUCN. Available at: 
www.protectedplanet.net [Accessed 1 July 2024]. 2024.

29. Dudley N, editor. Guidelines for applying protected area management 
categories. IUCN. 2008.

30. Fick SE, Hijmans RJ. WorldClim 2: new 1-km Spatial resolution climate surfaces 
for global land areas. Int J Climatol. 2019;37(12):4302–15.

31. Geological Survey US. 2022, at URL  h t t p s :   /  / e a r t h  e x p  l o r  e  r .  u s  g  s . g o v
32. Batjes NH, Ribeiro E, van Oostrum AJM. Standardized soil profile data for the 

world (WoSIS snapshot – September 2019), ISRIC WDC-Soils. 2019.
33. Harhash KA, El-Henawy MT, Fattah HFA, Antar MS. Conservation oriented 

habitat classification scheming and mapping of Egypt. Environ Syst Res. 
2015;4:1–7.

34. Hair JF, Black WC, Babin BJ, Anderson RE, Tatham RL. Multivariate data analysis 
6th Edition. 2006.

35. Naimi B, Araújo MB. Sdm: a reproducible and extensible R platform for spe-
cies distribution modelling. Ecography. 2016;39(4):368–75.

36. Naimi B. usdm: uncertainty analysis for species distribution models. R pack-
age version 1.1–15. R Documentation. 2015.

37. Core Team R. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. URL  h t t p s : / / w w w . R - p r o 
j e c t . o r g /     . 2022.

38. McCullough P, Nelder JA. Generalized linear models chapman and hall. New 
York. 1989.

39. Friedman JH. Greedy function approximation: A gradient boosting machine. 
Ann Stat. 2001;29:1189–232.

40. Elith J, Leathwick JR, Hastie T. A working guide to boosted regression trees. J 
Anim Ecol. 2008;77(4):802–13.

41. Breiman L. Random forests. Mach Learn. 2001;45:5–32.

https://earthexplorer.usgs.gov
https://www.R-project.org/
https://www.R-project.org/


Page 19 of 19Mahmoud et al. BMC Plant Biology          (2025) 25:644 

42. Cutler DR, Edwards TC Jr, Beard KH, Cutler A, Hess KT, Gibson J, Lawler JJ. 
Random forests for classification in ecology. Ecology. 2007;88(11):2783–92.

43. Abdelaal M, Fois M, Fenu G, Bacchetta G. Using MaxEnt modelling to predict 
the potential distribution of the endemic plant Rosa Arabica Crép. Egypt Ecol 
Inf. 2019;50:68–75. 

44. Fois M, Cuena-Lombraña A, Fenu G, Bacchetta G. Using species distribution 
models at local scale to guide the search of poorly known species: review, 
methodological issues and future directions. Ecol Model. 2018;385:124–32.

45. Mateo RG, Gastón A, Aroca-Fernández MJ, Broennimann O, Guisan A, Saura S, 
García‐Viñas JI. Hierarchical species distribution models in support of vegeta-
tion conservation at the landscape scale. J Veg Sci. 2019;30(2):386–96.

46. Thuiller W, Guéguen M, Renaud J, Karger DN, Zimmermann NE. Uncertainty 
in ensembles of global biodiversity scenarios. Nat Commun. 2019;10(1):1446.

47. Hoveka LN, Bezeng BS, Yessoufou K, Boatwright JS, Van der Bank M. Effects of 
climate change on the future distributions of the top five freshwater invasive 
plants in South Africa. South Afr J Bot. 2016;102:33–8.

48. Hanley JA, McNeil BJ. The meaning and use of the area under a receiver 
operating characteristic (ROC) curve. Radiology. 1982;143(1):29–36.

49. Kaky E, Gilbert F. Assessment of the extinction risks of medicinal plants in 
Egypt under climate change by integrating species distribution models and 
IUCN red list criteria. J Arid Environ. 2019;170:103988.

50. Urban MC. Projecting biological impacts from climate change like a climate 
scientist. Wiley Interdisciplinary Reviews: Clim Change. 2019;10(4):e585.

51. Kou X, Li Q, Liu S. Quantifying species’ range shifts In relation to climate 
change: A case study of Abies spp. In China. PLoS ONE. 2011;6(8):e23115.

52. Agudelo-Hz WJ, Urbina-Cardona N, Armenteras-Pascual D. Critical shifts on 
Spatial traits and the risk of extinction of Andean anurans: an assessment of 
the combined effects of climate and land-use change in Colombia. Perspect 
Ecol Conserv. 2019;17(4):206–19.

53. Harris RMB, Grose MR, Lee G, Bindoff NL, Porfirio LL, Fox-Hughes P. Climate 
projections for ecologists. Wiley Interdisciplinary Reviews: Clim Change. 
2014;5(5):621–37.

54. Gogol-Prokurat M. Predicting habitat suitability for rare plants at local Spatial 
scales using a species distribution model. Ecol Appl. 2011;21(1):33–47.

55. Zhao Q, Li R, Gao Y, Yao Q, Guo X, Wang W. Modelling impacts of climate 
change on the geographic distribution of medicinal plant Fritillaria cir-
rhosa D. Don. Plant Biosystems-An Int J Dealing all Aspects Plant Biology. 
2018;152(3):349–55.

56. Su J, Aryal A, Nan Z, Ji W. Climate change-induced range expansion of a 
subterranean rodent: implications for rangeland management in Qinghai-
Tibetan plateau. PLoS ONE. 2015;10(9):e0138969.

57. Mahmoud AR, Farahat EA, Hassan LM, Halmy MWA. Towards optimizing 
conservation planning: A performance evaluation of modeling techniques 
for predicting mediterranean native species distribution. J Nat Conserv. 
2024;82:126733.

58. Al-Qaddi N, Vessella F, Stephan J, Al-Eisawi D, Schirone B. Current and future 
suitability areas of kermes oak (Quercus coccifera L.) in the levant under 
climate change. Reg Envriron Chang. 2017;17(1):143–56.

59. Fois M, Cuena-Lombrana A, Fenu G, Cogoni D, Bacchetta G. The reliability 
of conservation status assessments at regional level: past, present and 
future perspectives on Gentiana lutea L. Ssp. lutea in Sardinia. J Nat Conserv. 
2016;33:1–9.

60. López-Tirado J, Vessella F, Schirone B, Hidalgo PJ. Trends in evergreen oak suit-
ability from assembled species distribution models: assessing climate change 
in south-western Europe. New Forest. 2018;49:471–87.

61. Yi YJ, Cheng X, Yang ZF, Zhang SH. MaxEnt modelling for predicting the 
potential distribution of endangered medicinal plant (H. riparia Lour) in Yun-
nan, China. Ecol Eng. 2016;92:260–9.

62. Qin A, Liu B, Guo Q, Bussmann RW, Ma F, Jian Z, Pei S. MaxEnt modelling for 
predicting impacts of climate change on the potential distribution of Thuja 
sutchuenensis franch., an extremely endangered conifer from Southwestern 
China. Global Ecol Conserv. 2017;10:139–46.

63. Selwood KE, McGeoch MA, Mac Nally R. The effects of climate change and 
land-use change on demographic rates and population viability. Biol Rev. 
2015;90(3):837–53.

64. Cramer W, Guiot J, Fader M, Garrabou J, Gattuso JP, Iglesias A, Xoplaki E. 
Climate change and interconnected risks to sustainable development in the 
mediterranean. Nat Clim Change. 2018;8(11):972–80.

65. Wei B, Wang R, Hou K, Wang X, Wu W. Predicting the current and future culti-
vation regions of Carthamus tinctorius L. using maxent model under climate 
change in China. Global Ecol Conserv. 2018;16:1–12. e00477.

66. Giorgi F, Bi X. Updated regional precipitation and temperature changes for 
the 21st century from ensembles of recent AOGCM simulations. Geophys Res 
Lett. 2005;32:21.

67. Rowell DP. A scenario of European climate change for the late twenty-
first century: seasonal means and interannual variability. Clim Dyn. 
2005;25(7–8):837–49.

68. Paeth H, Born K, Girmes R, Podzun R, Jacob D. Regional climate change 
in tropical and Northern Africa due to greenhouse forcing and land use 
changes. J Clim. 2009;22(1):114–32.

69. Khanum R, Mumtaz AS, Kumar S. Predicting impacts of climate change 
on medicinal asclepiads of Pakistan using maxent modelling. Acta Oecol. 
2013;49:23–31.

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


	Predicting the future impact of climate change on the distribution of species in Egypt’s mediterranean ecosystems
	Abstract
	Introduction
	Materials and methods
	Study area and studied species
	Species occurrence data collection
	Environmental data
	Ecological niche modelling and evaluation
	Geospatial analysis

	Results
	Model performance and evaluation
	Projected distribution of suitable habitats under future climate scenarios
	Projected effects of Climatic changes
	Projected changes within protected areas
	Summary of projected habitat distribution and climate effects
	T. hirsuta
	O. vaginalis
	L. monopetalum
	Overall trends


	Discussion


