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Abstract
Predicting the effects of global environmental changes on species distribution is a top 
conservation priority, particularly for large carnivores, that contribute to regulating 
and maintaining ecosystems. As the most widespread and adaptable large felid, rang-
ing across Africa and Asia, leopards are crucial to many ecosystems as both keystone 
and umbrella species, yet they are threatened across their ranges. We used intraspe-
cific species distribution models (SDMs) to predict changes in range suitability for 
leopards under future climate and land-use change and identify conservation gaps 
and opportunities. We generated intraspecific SDMs for the three western leopard 
subspecies, the African, Panthera pardus pardus; Arabian, Panthera pardus nimr; and 
Persian, Panthera pardus tulliana, leopards, and overlapped predictions with protected 
areas (PAs) coverage. We show that leopard subspecies differ in their environmental 
associations and vulnerability to future changes. The African and Arabian leopards 
are predicted to lose ~25% and ~14% of their currently suitable range, respectively, 
while the Persian leopard is predicted to experience ~12% range gains. We found that 
most areas predicted to be suitable were not protected, with only 4%–16% of the 
subspecies' ranges falling inside PAs, and that these proportions will decrease in the 
future. The highly variable responses we found between leopard subspecies highlight 
the importance of considering intraspecific variation when modelling vulnerability to 
climate and land-use changes. The predicted decrease in proportion of suitable ranges 
falling inside PAs threatens global capacity to effectively conserve leopards because 
survival rates are substantially lower outside PAs due to persecution. Hence, it is im-
portant to work with local communities to address negative human-wildlife interac-
tions and to restore habitats to retain landscape connectivity where PA coverage is 
low. On the other hand, the predicted increase in range suitability across southern 
Europe presents opportunities for expansion outside of their contemporary range, 
capitalising on European rewilding schemes.
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1  |  INTRODUC TION

Climate change is a major threat to biodiversity, which interacts 
with ongoing anthropogenic land-use change and its associated risks 
(IPCC, 2022). Species are already shifting their distributions to track 
suitable conditions (Parmesan & Yohe, 2003) and range shifts are 
projected to accelerate in the future (Pecl et al., 2017). Species un-
able to move away from or adapt to these changes risk extinction 
(Araújo et al., 2019). Hence, predicting the effects of these global 
environmental changes on species distribution is a top conservation 
priority (Thuiller et al., 2008).

Apex predators have significant roles in maintaining ecosys-
tems, supporting ecosystem health and influencing lower trophic 
levels (Atkins et al., 2019; Tshabalala et al., 2021). Their decline or 
extirpation often causes ecosystem-wide biodiversity and species 
richness declines (Hollings et  al., 2014). Despite their ecological 
importance, large terrestrial carnivores have experienced steep 
declines in both population size and geographic range over the 
past century, needing urgent conservation intervention (Abade 
et al., 2014). Large carnivore populations are primarily threatened 
by habitat loss and fragmentation, exacerbated by prey depletion 
and persecution (Ripple et  al., 2014). These species are particu-
larly vulnerable due to their small population sizes, high energy 
requirements, slow reproductive rates and wide roaming be-
haviour, which brings them into conflict with domestic livestock 
and humans (Cardillo et  al.,  2004; Ripple et  al.,  2014; Wolf & 
Ripple, 2016).

Leopards, Panthera pardus, are the most widespread and adapt-
able large felid, ranging across most of Africa and Asia, inhabiting 
various biomes, from tropical forests and savannas to alpine habitats 
and deserts (Jacobson et al., 2016). They can traverse and survive 
in highly transformed anthropogenic landscapes, including agri-
cultural lands and urban fringes (Athreya et al., 2016; Braczkowski 
et al., 2018; Stein et al., 2011), where many are killed in retaliation to 
their real or perceived threat to livestock (Al-Johany, 2007; Ebrahimi 
et al., 2017; Naude et al., 2020). Leopards have one of the broadest 
diets among carnivores (Hayward et al., 2006), feeding opportunisti-
cally on insects, reptiles, birds, small mammals and larger ungulates, 
depending on prey availability and pressure from competitors (Al-
Johany,  2007; Sari,  2022; Uphyrkina et  al.,  2001). Understanding 
future leopard distribution under predicted climate change is 
key to developing effective conservation strategies (Farashi & 
Shariati, 2018) in an increasingly human-dominated landscape (Di 
Minin et al., 2016).

While behavioural plasticity allows leopards to persist where 
other big cats often cannot, this adaptability and wide geo-
graphic distribution has not protected them against the multi-
tude of threats they face, having suffered global range declines of 

63%–75%, exceeding the average of 53% large carnivore range loss 
(Jacobson et al., 2016). Leopards are classified as Vulnerable by the 
International Union for Conservation of Nature (IUCN; Stein, 2020) 
due to habitat loss, fragmentation, prey depletion, conflict with hu-
mans, unsustainable trophy hunting, poaching for body parts and 
indiscriminate killing (Jacobson et al., 2016). However, the status of 
the nine recognised subspecies ranges from Critically Endangered 
to Near Threatened (Stein, 2020). Leopards now occupy 25%–37% 
of their historic range, but 97% of this is occupied by the African 
(P. p. pardus), Indian (P. p. fusca) and Persian (P. p. tulliana) leopard sub-
species, while Arabian (P. p. nimr) and Amur (P. p. orientalis) leopards 
have lost up to 98% of their former range (Jacobson et al., 2016) and 
remaining suitable habitats are predicted to decrease further (Zeng 
et al., 2022). Climate change poses a growing threat to leopards be-
cause its impacts on vegetation cover and prey availability will likely 
translate into individual fitness costs (Ebrahimi et  al., 2017; Zeng 
et al., 2022). These impacts are likely to be exacerbated by changes 
to human distribution and activities due to climate change, which 
can further affect prey and habitat availability for leopards.

As highly ubiquitous and free-roaming top carnivores (Tshabalala 
et al., 2021), leopards are crucial to many ecosystems as both key-
stone and umbrella species (Atkins et  al.,  2019; Hebblewhite 
et  al.,  2011). While leopard survival rates are often significantly 
higher in protected areas (PAs; Swanepoel et  al.,  2015; Thorn 
et  al.,  2012), such areas constitute only 17% of their remaining 
range (Jacobson et al., 2016). Thus, understanding how leopards re-
spond to predicted climate and land-use change is crucial to their 
conservation management and policy development (Asongu, 2013; 
Stein, 2020).

Species distribution models (SDMs), also referred to as ecologi-
cal niche models when modelling species' environmental suitability 
(Peterson & Soberón, 2012), are one of the most common classes 
of biodiversity modelling, used to understand factors underpinning 
ecological patterns and forecast changes in potential species dis-
tributions under climate and land-use changes (Araújo et al., 2019). 
SDMs are commonly applied in studies of biogeography, conser-
vation biology, ecology, palaeoecology and wildlife management 
(Araújo & Guisan,  2006), across terrestrial, freshwater and ma-
rine environments and across spatial and temporal scales (Elith & 
Leathwick,  2009). SDMs can help inform long-term conservation 
action by predicting potential future suitable areas and possible loss 
of present habitats (Schwartz, 2012). However, for species that are 
composed of separate subspecies or distinct evolutionary lineages, 
models generated for the species as a whole ignore local environ-
mental adaptations and assume that current distributions reflect 
the entire set of suitable conditions (Razgour et  al.,  2019; Smith 
et al., 2019). Hence, models developed for individual subspecies or 
lineages can be more informative and produce more reliable and 
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accurate predictions of change with meaningful conservation impli-
cations (Gonzalez et al., 2011).

In this study, we use SDMs to predict changes in range suitability 
for leopard subspecies under future climate and land-use change to 
identify putative conservation gaps and opportunities. We gener-
ated intraspecific models for three leopard subspecies, the African, 
Panthera pardus pardus; Persian, Panthera pardus tulliana; and 
Arabian, Panthera pardus nimr, leopards. By overlapping predictions 
with protected areas coverage, this study aims to identify future 
changes in the proportion of protected potential suitable leopard 
range.

2  |  METHODS

2.1  |  Study species

African leopards are considered to have given rise to eight Middle 
Eastern (i.e., Arabian and Persian) and Asian (Indian; Sri Lankan, 
P. p. kotiya; Indochinese, P. p. delacouri; North-Chinese, P. p. japonen-
sis; Amur; and Javan, P. p. melas) leopard subspecies around 500–600 
thousand years ago (Paijmans et  al., 2021). African leopards once 
occurred across most of the African continent apart from the hyper-
arid interiors of the Sahara and Namib deserts but are now virtually 
extinct in North Africa, extremely rare throughout the West African 
coastal belt, and continue to decline outside of PAs across much 
of East and southern Africa, with only 33% of their historic habi-
tat remaining (Jacobson et al., 2016). Leopard populations outside 
of Africa have fared little better, with the Arabian subspecies being 
limited to an estimated 100–250 individuals distributed across the 
remaining 2% of their habitat in the Middle Eastern states of Yemen, 
Oman and possibly the United Arab Emirates (Al-Johany,  2007; 
Jacobson et al., 2016). No Arabian leopards remain in Saudi Arabia 
(Dunford et  al., 2024). Leopard numbers have also experienced a 
significant reduction outside national parks across South-East Asia 
with limited suitable habitat remaining across their historic range 
(Persian: 16%, Indian: 28%, Sri Lankan: 37%, Amur: 2%, Chinese: 2%, 
Indochinese: 4% and Javan: 16% (Jacobson et al., 2016)). In addition 
to the direct threat of vastly reduced habitat across their range, re-
maining leopard populations are becoming increasingly isolated by 
habitat fragmentation and the loss of connectivity. Here we mod-
elled environmental suitability and then derived potential distribu-
tion for the three western leopard subspecies, African, Arabian and 
Persian, using the SDM algorithm Maxent (Phillips et al., 2006).

2.2  |  Location records

Models were fitted with location records from 1970 onwards ob-
tained from the online database GBIF (www.​gbif.​org/​). To reduce 
spatial biases associated with under-sampled areas and variation 
in data sharing (Beck et  al.,  2014), we also searched the scien-
tific and grey literature to obtain additional location records from 

under-represented areas (Data  S2 for literature sources) and ob-
tained unpublished location records from researchers. However, it 
is difficult to completely avoid all spatial bias, as bias is also apparent 
in research efforts. Visser et al. (2023) highlight this issue in African 
lions and the same is likely true for leopards. To correct for uneven 
sampling and clustering, records were thinned using the R package 
spThin (Aiello-Lammens et al., 2015) to a distance of 10 km. We re-
tained 1653 location records, 1271 for African, 163 for Arabian and 
219 for Persian leopards (Figure 1; Dataset S1).

2.3  |  Environmental variables

Selection of environmental layers to include in the models was based 
on the published ecological requirements of the leopard subspecies 
and availability of future projections. Our SDMs included a com-
bination of climatic (downloaded for 1981–2010 and 2041–2060 
from Chelsa-climate, https://​chels​a-​clima​te.​org/​, at 30 arc sec, ~1 km 
resolution), land cover (Globio4 land cover map for 2015 and 2050; 
Schipper et  al.  (2020); at 10 arc sec, ~300 m resolution) and topo-
graphic (Worldclim, https://​www.​world​clim.​org/​, at 30 arc sec, ~1 km 
resolution) variables (Table  S1). We used the General Circulation 
Model GFDL-ESM4 with the more severe climate change scenario, 
ssp585. We reclassified the land cover map to 10 main categories 
relevant for leopards (Table  S1). We used the R package raster 
(Hijmans, 2023) to test for collinearity among environmental varia-
bles, using Pearson correlations, and removed highly correlated vari-
ables (r > |.75|), retaining the variable with stronger contribution to 
model gain. The final models included 15 variables for the African 
leopard, 14 variables for the Arabian leopard and 13 variables for 
the Persian leopard.

Model resolution was set to 10 km to reflect the vast-ranging be-
haviour of leopards. Study extent varied between the three subspe-
cies to reflect their present distribution and potential future extent 
of suitable conditions. The African leopard model spanned Africa, 
Madagascar, most of Asia and Europe up to a latitude of 60° N. 
Madagascar was included as a theoretical exercise to investigate 
whether conditions are already or will become suitable there.

The Arabian leopard model spanned the Mediterranean (includ-
ing southern Europe and North Africa) to the Arabian Peninsula and 
Southern Iran. The Persian leopard model spanned Europe, including 
southern Scandinavia, and Asia, including Iran, up to the Indus River 
and Himalayas on the east (Figure 2).

2.4  |  Modelling procedures

SDMs were generated with Maxent (v3.4.4; Phillips et al., 2006). 
Following the recommendations in Merow et al.  (2013), we used 
the R package ENMEval (Kass et al., 2021) to optimise model pa-
rameters, setting regularisation multiplier values between 1 and 
5 and including the Linear, Quadratic, Product and Hinge fea-
tures. The best fit model selected based on AIC scores (Warren 

 20457758, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.11391 by T

est, W
iley O

nline L
ibrary on [24/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.gbif.org/
https://chelsa-climate.org/
https://www.worldclim.org/


4 of 16  |     MITCHELL et al.

& Seifert, 2011) included all features and regularisation 1 for the 
African leopard, LQH features and regularisation 1 for the Arabian 
leopard, and all features and regularisation 2 for the Persian leop-
ard. A larger regularisation multiplier results in a more diffused, 

less localised prediction of distribution compared to a smaller 
regularisation parameter. Models were generated with 10,000 
background data points and 10 cross-validations using the Cloglog 
output. Model performance was determined based on area under 

F I G U R E  1 Current distributions of location records of the three western leopard subspecies included in this study (blue – Arabian 
leopard; green – African leopard; red – Persian leopard). Background map: ESRI World Topo.
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the receiver operator curve (AUC) test scores. AUC test scores 
>0.8 are generally regarded as good model discrimination ability 
(Thuiller et  al.,  2005). We generated multivariate environmental 
similarity surfaces (MESS) plots to identify areas where future 
variable projections fall outside their contemporary ranges. We 
used the thresholding method that maximises training sensitivity 
plus specificity to generate binary maps (unsuitable vs. suitable 
areas). This method is suitable for presence only data and has a 
good discriminatory power (Liu et al., 2013).

2.5  |  Spatial analysis of model outputs

We used the raster calculator function in ArcGIS (v10.6; ESRI) to over-
lap the thresholded present and future modelling outputs and cal-
culate the percent of range change for each leopard subspecies. We 
downloaded the Protected Areas map, WDPA_Feb2023, from the 
World Database on Protected Areas (UNEP-WCMC, 2023), a compre-
hensive global database of marine and terrestrial PAs. We calculated 
the percent of predicted suitable areas falling inside PAs under cur-
rent and future conditions for each subspecies and calculated percent 

differences in coverage between the two time periods. Model predic-
tions were clipped to the known distribution for each subspecies based 
on the IUCN Red List of threatened species (downloaded from https://​
www.​iucnr​edlist.​org/​speci​es/​15954/​​21519​5554).

3  |  RESULTS

All models performed well with high discrimination ability (average 
test AUC scores ranged between 0.859 ± 0.007 and 0.978 ± 0.007; 
Table 1). Models were not affected by variables outside their train-
ing range because areas impacted did not fall within predicted 
suitable ranges (Figure  S1). Across all subspecies, temperature 
seasonality was a key variable affecting environmental suitability. 
Topographic ruggedness was important for Arabian and Persian 
leopards. Land use variable contribution differed between sub-
species, but key variables included broadleaf forest cover, pasture 
(land covered with grass and other low plants suitable for graz-
ing) and shrub (Table  1). Both African and Arabian leopards had 
similar responses to temperature seasonality, with higher occur-
rence probability at lower values and low occurrence probability 

F I G U R E  2 Changes in range suitability between present and future (2050) conditions based on species distribution modelling predictions 
for the (a) African, (b) Arabian and (c) Persian leopards (grey – unsuitable areas; pink – areas suitable under present conditions predicted to 
become unsuitable in the future; green – areas unsuitable under present conditions predicted to become suitable in the future; blue – areas 
predicted to remain suitable under present and future conditions).
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at medium values, particularly for African leopards. In contrast, 
Persian leopards had high occurrence probability at medium val-
ues. Environmental suitability for African leopards also increased 
with maximum temperatures of the warmest month (BIO5; 29.5–
30.7°C), while for Persian leopards it increased with mean tem-
peratures of the driest quarter, peaking at 29.5°C. Topographic 
ruggedness was important for Persian and Arabian leopards, which 
favoured areas with medium-high ruggedness. Shrub and pasture 
had a positive impact on environmental suitability for African and 
Arabian leopards, respectively (Figures S2–S4).

3.1  |  Current suitable range predictions

Predicted suitable areas for the African leopard spanned across the 
majority of Sub-Saharan Africa and Madagascar, as well as coastal 
parts of the Arabian Peninsula and the west coast of North Africa 
(Figure S5). For the Arabian leopard, suitable areas are predicted 
mostly in Western Saudi Arabia and Yemen, as well as along the 
Mediterranean coast of North Africa and Southern Iran (Figure S6). 
For the Persian leopard, predicted suitable areas spanned across 
Turkey, Iraq, and Iran, some parts of south-eastern Europe and 
continued east to Pakistan and the Himalayas (Figure S7).

3.2  |  Future range change predictions

Under future climate and land-use change scenarios, African and 
Arabian leopards are predicted to experience suitable range con-
tractions, whereas Persian leopards are predicted to experience 
expansion of suitable range (Table  2). The African leopard is pre-
dicted to experience reduced environmental suitability and in-
creased fragmentation in western and central Africa, particularly in 
the Democratic Republic of Congo and the Central African Republic. 
Southern suitable range contractions are predicted in Namibia 
and Botswana. In eastern Africa, suitable range contractions are 
predicted in Kenya. However, new suitable areas are predicted in 
Europe (Figure 2). Present and 2050 predictions had 71.40% over-
lap, but predicted suitable range decreased by 24.81% (Table 2). The 
Arabian leopard is predicted to experience slightly lower suitable 
range contraction (13.98%) primarily in Northern Africa, parts of 
Turkey, Greece, Syria, Jordan and Saudi Arabia. Suitable range gains 
are predicted in North Africa, particularly Morocco, some European 
countries and very limited in Saudi Arabia (Figure 2). In contrast, the 
Persian leopard is predicted to experience 11.81% suitable range 
gains and maintain a high suitable range overlap with present suit-
able range (94.59%). Suitable range gains are predicted in Saudi 
Arabia and southern Europe (Italy and Spain), while eastern parts 

Panthera pardus 
pardus

Panthera pardus 
nimr

Panthera pardus 
tulliana

Test AUC scores 0.859 ± 0.01 0.978 ± 0.01 0.930 ± 0.02

Temperature seasonality 41.1 25.8 14.2

Maximum temperature of 
warmest month

9.7 0.8 NA

Mean temperature of 
wettest quarter

2.3 1.4 4.7

Mean temperature of driest 
quarter

8.1 1.8 4.9

Annual precipitation NA 2.9 NA

Precipitation of wettest 
month

1.5 NA 0.1

Precipitation seasonality 1.3 2.9 3.4

Precipitation of driest 
quarter

1.4 NA 0.8

Snow cover days 2.7 1.9 1.2

Ruggedness 3.4 41.9 61.5

Arable cover NA 2 4

Broadleaf forest cover 0.3 6.5 NA

Coniferous forest cover NA 1.7 NA

Grassland cover 0.1 1.9 NA

Pasture cover 1.9 6.4 1.4

Riparian cover NA NA 1.3

Shrub cover 21.5 NA 2.3

Sparse vegetation cover 3.7 2.2 NA

Urban cover 1 NA NA

Water cover NA NA 0.2

TA B L E  1 Model evaluation and 
environmental layers included in the 
models for each subspecies and their 
percent contribution to the models (NA, 
not included in the model).
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of the range are predicted to experience slight loss of suitable range 
(Figure  2). When subspecies maps were clipped to their current 
known distribution, the overlap between current distribution and 
future predictions increased in the African leopard to 89.57% and 
decreased in Arabian and Persian leopards to 42.45% and 25.52%, 
respectively (Table 2).

3.3  |  Gap analysis: overlap with protected areas

Only a small percentage of the predicted current suitable leopard 
range falls inside PAs, 4.13% for the Persian leopard, 6.35% for 
Arabian and 16.58% for the African leopard (Figure 3). Overlap with 
PAs is predicted to decrease under future conditions for all subspe-
cies, ranging from 20.85% decrease in the African leopard to 3.02% 
decrease in the Persian leopard (Table 3). Losses of predicted suit-
able range falling inside PAs are particularly evident in West Africa 
for the African leopard and northern parts of the distribution of the 
Arabian leopard (Figure 3).

4  |  DISCUSSION

We identified climate and land cover variables that contribute to 
range suitability for three leopard subspecies (African, Persian and 
Arabian) and included these variables to predict future range suit-
ability for the subspecies. We show that subspecies differ in their 
environmental associations and vulnerability to climate and land-
use change. Most concerningly, we found that the majority of areas 
predicted to be suitable for leopards were not protected despite 
the threatened conservation status of some leopard subspecies. 
Moreover, the proportion of suitable range inside PAs is predicted 
to decrease under climate and land-use change, threatening global 
capacity to effectively conserve leopards across these regions.

4.1  |  Leopard subspecies differ in their 
environmental associations

Range suitability was governed by different variables for each sub-
species, highlighting the importance of intraspecific modelling. 
Yet, some variables were important for all leopard subspecies. All 
subspecies had a low probability of occurrence at high levels of 

temperature seasonality, conditions common in continental temper-
ate zones that have high fluctuations between summer and winter 
(Mosbrugger et al., 2005). This could explain why most leopards are 
found in tropical or subtropical zones. For example, African leop-
ards have the highest probability of occurrence in tropical rainforest 
and savanna biomes, where temperatures remain relatively con-
stant throughout the year (Alberts et al., 2009; Wesche et al., 2016). 
These habitats contain preferred land cover types, such as shrubs, 
forests and grassland, that provide optimal conditions for stalk hunt-
ing, concealment and refuge (Loveridge, Sousa, Seymour-Smith, 
et al., 2022). However, suitable areas for the Persian leopard are pre-
dicted in more northerly latitudes, across southern Europe, linked 
to their association with medium levels of temperature seasonality. 
This demonstrates that certain subspecies may be suited to a range 
of environments that we may not currently associate with leopards, 
and highlights that areas suitable for one species will not necessarily 
be suitable for all.

Temperature was identified as an important variable in pre-
vious leopard and other large carnivore modelling studies, partic-
ularly maximum temperatures combined with rainfall (Farhadinia 
et al., 2015; Hosseini et  al., 2019; Jones et  al., 2016), likely linked 
to the effect of droughts on vegetation cover and prey abundance. 
Maximum temperature and rainfall affect environmental moisture 
content, which can lead to the evolution of distinct melanistic phe-
notypes in different leopard subspecies in areas with higher levels of 
moisture, likely due to an evolutionary advantage of this phenotype 
in dense vegetation cover (da Silva et al., 2017). In our study, rainfall 
variables had a weaker effect than temperature variables on model 
predictions, though their effect was stronger in the Arabian leopard, 
possibly linked to restricted water availability and the relationship 
between rainfall and increased vegetation cover in arid environ-
ments (Dunford et al., 2022; Olmos-Trujillo et al., 2020).

For Persian and Arabian leopards, ruggedness most strongly 
influenced range suitability. Steep hillside habitats provide ref-
uge from anthropogenic disturbance, reduced competition with 
humans and other competitors, and increased prey abundance 
(Khosravi et al., 2019; Sari, 2022). Ruggedness was identified as a 
key variable in previous modelling studies (Farhadinia et al., 2015; 
Kaboodvandpour et  al.,  2021; Loveridge, Sousa, Seymour-Smith, 
et al., 2022). Given that leopards benefit from higher elevations in 
both rangelands and protected areas (Drouilly et al., 2018), conser-
vation efforts should focus on rugged, mountainous areas. Dunford 
et  al.  (2022) found slope and ruggedness to be highly correlated 

TA B L E  2 Predicted changes in suitable range for the three western leopard subspecies, including the percent of the study area predicted 
to be suitable under present and future (2050, rcp8.5) conditions, percent change in range suitability and percent range overlap between 
conditions.

% present % future (2050) % change % range change % range overlap
% overlap future with 
known distribution

P. p. pardus 24.43 18.37 −6.06 −24.81 71.4 89.57

P. p. nimr 7.08 6.09 −0.99 −13.98 77.64 42.45

P. p. tulliana 17.27 19.31 2.04 11.81 94.59 25.52
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and discussed the benefits of intermediate slopes and elevations. 
Intermediate slopes provide refuge from human disturbance and 
have lower associated energetic costs than steeper slopes (Dunford 
et al., 2022). Hence, it is not just the steepest terrains that should be 
considered viable habitat but also intermittent slopes and elevations 
that reduce energy expenditure.

The leopard subspecies differ in their land cover associations. 
African leopards are associated with areas with high shrub cover, 
likely due to better cover for hunting, increased prey availability 
and potential avoidance of other large carnivores, which may be 
more strongly associated with open landscapes (Loveridge, Sousa, 
Seymour-Smith, et al., 2022). In contrast, Arabian leopards are as-
sociated with sparse vegetation and low forest cover, characteris-
tics of arid and low human density environments. In arid landscapes 
people and livestock often gather in areas close to water sources 
reducing vegetation cover (Goirán et al., 2012) and pushing large 
carnivores away (Dunford et  al., 2022). They are also associated 
with areas with high cover of grasslands suitable for pasture, which 
have higher forage quality and consequently increased prey, but 
also increased risk of human-wildlife conflict due to predation on 
livestock (Bagheriyan et  al., 2023). The Persian leopard model is 
less affected by land cover variables, and instead more influenced 
by ruggedness, indicating that this subspecies may be more flexible 
in its habitat use or may be more strongly affected by competi-
tion for prey or persecution in more accessible terrains. Despite 
these differences, the probability of occurrence of all subspecies 
declines with arable cover. Increasingly, land is being converted to 
agriculture, increasing fragmentation, reducing habitat quality and 
threatening wildlife populations, including prey (Foley et al., 2005). 
Although not a key contributor in this study, the threat will likely 
grow in the future due to growing economies and increasing food 
demands with expanding human populations (Tilman et al., 2001), 
leading to range losses among already threatened carnivores (Di 
Minin et al., 2016).

4.2  |  Leopard subspecies differ in their 
vulnerability to climate and land-use changes

The African leopard is projected to experience the greatest suit-
able range reduction followed by the Arabian leopard, while the 
suitable range of the Persian leopard is predicted to increase under 
our model conditions. With Africa projected to experience above-
average climate change in the 21st century (Simmons et al., 2004), 
it is unsurprising that the African leopard is predicted to experi-
ence the greatest decline in range suitability. Temperature increases 
and longer, more intense dry seasons in tropical forests are caus-
ing increased droughts, wildfire risk and tree mortality (Wigneron 
et  al.,  2020). Reduced vegetation can negatively impact leopards, 
through increasing fragmentation and reducing herbivore prey 
availability.

The most prominent contributing factor to range suitability for 
the Persian leopard at 61.5% is ruggedness. Because this environ-
mental factor will not change in the near future, the range of this 
species is likely to remain suitable. A previous study has also pre-
dicted range expansion for this species (Ebrahimi et al., 2021). Whilst 
the Persian leopard is predicted to gain suitable range under climate 
change, only a quarter of its current realised range overlaps with fu-
ture suitable areas. Reintroductions and assisted migration through 
translocations and meta-population management may be needed to 
help sustain the subspecies. However, high connectivity between 
currently occupied patches and historic regions appropriate for pop-
ulation recovery (Bleyhl et al., 2022) suggests leopards may not need 
human intervention to recolonise their historic ranges if connectiv-
ity can be maintained.

Leopards are not the only species to experience range contrac-
tions. Other large carnivores, such as lions (Panthera leo) and tigers 
(Panthera tigris), are predicted to experience similar range losses 
(Ebrahimi et al., 2021; Kc et al., 2020; Loveridge, Sousa, Seymour-
Smith, et al., 2022). Decreased connectivity is causing loss of genetic 
diversity and increasing isolation of populations (Loveridge, Sousa, 
Cushman, et al., 2022). Consequences are affecting whole commu-
nities, with reduced species ranges, changes in abundance, richness 
and diversity and reduced juvenile survival (Kupika et al., 2018).

Actual range losses could be less than projected as leopards have 
high adaptability and conservation efforts may help maintain leopard 
range (CMS, 2022). However, range loss could also be greater than 
projected because leopards are unlikely to occupy their full predicted 
future range due to missing or incompatible biotic interactions and 
dispersal limitations. Biotic factors, such as prey abundance, compe-
tition with other large carnivores and negative interactions with hu-
mans will also have a strong impact on distribution changes, but their 

F I G U R E  3 Overlap between predicted suitable range and protected areas under present (a, c, e) and future (2050; b, d, f) conditions for 
the African leopard (a, b), Arabian leopard (c, d), and Persian leopard (e, f). Model predictions were clipped to the current known range for 
each subspecies based on IUCN. Maps show predicted unsuitable areas in dark grey, suitable areas inside protected areas in yellow and 
suitable areas outside protected areas in pink.

TA B L E  3 Percent of predicted leopard suitable areas under 
present and future (2050, rcp8.5) conditions falling within 
protected areas and percent change in overlap with protected 
areas between present and future conditions when clipped to the 
known distributions of the three subspecies based on the IUCN 
(Stein, 2020).

% present 
overlap

% future 
overlap % change

P. p. pardus 16.58 17.70 −20.85

P. p. nimr 6.35 5.61 −19.28

P. p. tulliana 4.13 4.03 −3.02
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importance may vary between the subspecies. The African leopard 
could experience increased competition with other, more domi-
nant carnivores, such as lions and hyenas (Hyaenidae spp.), whereas 
Arabian and Persian leopards are considered apex predators across 
their range (Hebblewhite et  al., 2011; Zafar-ul Islam et  al., 2021). 
Previous large carnivore models have incorporated the distribu-
tion of relevant prey species (Ebrahimi et al., 2017). However, this 
may be challenging for leopards due to their broad, generalist diet. 
Mechanistic models (Jarvie & Svenning, 2018) can provide more ac-
curate range change projections because they take species physiol-
ogy, demography and dispersal behaviour into consideration, but the 
detailed life history and functional trait data they require are missing 
for most species (Urban et al., 2016). Model predictive ability may be 
further limited by location data bias (Beck et al., 2014) and limited 
data availability from under-sampled areas, such as west and central 
African rainforest regions.

Variable responses between subspecies are not uncommon; 
however, this study highlights how drastic these differences can be, 
thus reiterating the importance of considering intraspecific varia-
tion when modelling vulnerability to climate and land-use changes. 
Similar differences in model projections are found between sub-
species of large mammals, birds and locusts (Meynard et al., 2017; 
Vásquez-Aguilar et al., 2021; Wan et al., 2019). Historically all sub-
species of leopards have experienced different range changes. The 
Arabian leopard is currently occupying only 2% of its historic range, 
having experienced the greatest range loss of all subspecies, yet the 
African leopard has been extirpated from the greatest number of lo-
cations (Jacobson et al., 2016). Identified differences in vulnerability 
to future climate and land-use changes support the need to manage 
and assess these subspecies separately. Furthermore, populations of 
subspecies distributed over large geographic areas that experience 
different climatic and land-use conditions would also benefit from 
being assessed separately. For example, African leopard populations 
in southern, central, eastern and west Africa.

4.3  |  Conservation gaps

This study highlights the small proportion of the suitable realised 
range of the Arabian and Persian leopards within PAs (ca. 4%–6%) 
partly due to limited PA coverage in the Middle East (Omari, 2011). 
Higher overlap (17%) identified in previous assessments consider-
ing the species as a whole (Jacobson et al., 2016), further supports 
our call for intraspecific assessment and conservation management. 
Limited PA coverage is concerning given that PAs are considered the 
last strongholds for many threatened mammals (Pacifici et al., 2020). 
We show that the proportion of suitable range falling inside PAs will 
likely decrease for the three subspecies over the coming decades, 
highlighting the importance of conserving leopards in the wider 
landscape outside PAs (Di Minin et al., 2016).

Leopards require larger habitat patches to cover their large home 
ranges and better-connected patches to ensure genetic exchange 
and sustain larger populations that are less sensitive to extirpations 

(Bleyhl et  al., 2021). For African leopards, habitat restoration and 
improvement outside PAs in eastern Africa, where models predict 
maintained range suitability, and north-western Africa, where po-
tential range gains are predicted, is needed to increase landscape 
connectivity and facilitate gene flow between isolated populations. 
The Arabian leopard is divided into multiple small subpopulations, 
further increasing the risk of inbreeding and extirpation (Jacobson 
et  al., 2016). The subspecies is currently at high risk of becoming 
Critically Endangered with population estimates of 100–250 adults 
remaining in the wild (Al-Johany, 2007) and no individuals left in 
Saudi Arabia (Dunford et al., 2024).

Large carnivore persecution is a major cause of population de-
cline (Bleyhl et al., 2021). Survival rates for leopards are significantly 
higher in PAs (Swanepoel et  al.,  2015), with most deaths outside 
of PAs attributed to deliberate killings by humans for body parts, 
conflict with livestock or due to them being perceived to be dan-
gerous (Bleyhl et  al.,  2021; Swanepoel et  al.,  2015). Persecution 
can be reduced through implementing conflict mitigation measures 
and promoting alternative husbandry methods to prevent live-
stock depredation (Balme et  al., 2009). Depletion of leopard prey, 
such as gazelles and ibex, through hunting by humans outside PAs 
(Stein, 2020) poses an indirect threat (Wolf & Ripple,  2016) forc-
ing leopards to increase their home ranges and causing population 
declines (Hayward et  al., 2007). Leopards might respond by prey-
ing on livestock, leading to them being perceived as pests, hunted 
or poisoned (Al-Johany, 2007; Drouilly et al., 2023; Parchizadeh & 
Belant, 2021; Soofi et al., 2022). A strong reduction in persecution 
alongside prey restoration can restore leopard populations by giving 
them the chance to recolonise patches. However, in the absence of 
conservation strategies, local populations became extinct despite 
reduced persecution (Bleyhl et al., 2021). It is important that conser-
vation efforts span across both private and public land and integrate 
conservation actions with other land uses, such as farming, through 
working together with different stakeholders (Norton, 2000).

4.4  |  Conservation opportunities

Our models predict that large areas of Europe could become climati-
cally suitable for leopards by 2050, particularly for the Persian leop-
ard. During the Pleistocene, several large carnivores were found in 
Europe, including wolves, Canis lupus, bears, Ursus spelaeus and Ursus 
arctos, leopards, Panthera pardus, lions, Panthera fossilis and Panthera 
spelaea, and hyena, Crocuta crocuta spelaea (Masseti & Mazza, 2013; 
Paijmans et al., 2018). The little-known European Ice-Age leopard, 
P. p. spelaea, occurred across Europe until 17,000 years ago, southern 
Europe until ~11,000 ya and in the Balkans until 9000 ya (Sommer 
& Benecke,  2006). The occurrence of these extinctions millennia 
after the Last Glacial Maximum, despite abundant habitat and prey 
availability, points to humans as a likely cause of these extinctions 
(Sommer & Benecke, 2006).

This likely increase in climatic suitability throughout Europe, 
in combination with projected suitable range losses in other parts 
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of the current leopard range, especially for the Persian leopard, 
may open up opportunities for expansion outside of their contem-
porary range. Although lack of connectivity may limit colonisa-
tion of newly suitable areas, there are initiatives experimenting 
with large-scale translocations to restore ecological roles, which 
were previously lost due to local extinctions (e.g. Briers-Louw 
et al., 2019). Rewilding has recently emerged as a paradigm shift 
in the way conservation and nature are viewed, emphasising com-
plete, functional and robust ecosystems, and restoring natural 
cycles of water, nutrients and energy (Pereira & Navarro, 2015). 
Pleistocene rewilding aims to address the disproportionate loss 
of ecologically dominant and influential keystone megafauna fol-
lowing human expansion across the globe through reintroduc-
tions or translocations of species that perform similar ecological 
functions to previously present large fauna (Donlan et al., 2006; 
Zimov,  2005). European rewilding currently focuses on restor-
ing large herbivore populations, but establishing prey bases also 
provides an opportunity for the return of carnivores, popularised 
by the success of wolf reintroduction to America's Yellowstone 
National Park (Ripple & Beschta, 2012). For example, the Eurasian 
lynx has been reintroduced across Europe (Linnell et  al.,  2009) 
to Poland (Skorupski et al., 2022) and Slovenia, from where they 
were extirpated in the early 20th century (Kos et al., 2012). There 
is also discussion about reintroducing lynx to its former range in 
Scotland (Bavin et al., 2023; Ovenden et al., 2019). However, carni-
vore translocations can face challenges, primarily due to reported 
anthropogenically caused mortality (Stepkovitch et  al.,  2022), 
stressing the importance of considering implications for farm-
ers, hunters and the forestry sector (Drouilly & O'Riain,  2021). 
The perception of lynx, wolves and other carnivores varies be-
tween stakeholders (Van Heel et al., 2017) and can change rapidly 
(Niemiec et  al.,  2022), illustrating the complexities of carnivore 
return and reintroductions. However, with proper stakeholder 
involvement and increasing rural depopulation, Europe could, at 
least theoretically, provide possible sites for range expansion of 
the Persian leopard in areas identified by our models as suitable 
under future conditions.

Among large felids, leopards may be the best candidate for 
expansion into Europe, despite lions persisting in Europe for lon-
ger (Masseti & Mazza, 2013). Leopards are solitary, with a wide 
niche breadth and are highly adaptable, even in human-dominated 
landscapes (Athreya et  al., 2016; Braczkowski et al., 2018; Stein 
et al., 2011). Whilst the presence of other large carnivores could 
potentially negatively affect leopard densities, the major chal-
lenges facing European expansion may include human acceptance, 
connectivity and prey availability (Ebrahimi et al., 2017). As seen 
in the Eurasian lynx, illegal killings, road collisions and low genetic 
diversity due to a lack of connectivity and small founder popu-
lations may also prove challenging (Iannella et al., 2024; Sindičić 
et al., 2013; Skorupski et al., 2022). The Persian leopard is in par-
ticular need of finding new suitable areas to ensure its long-term 
survival. Only a quarter of its current range overlaps with pre-
dicted future suitable areas and only 4% of that range falls within 

PAs. Under such projected range changes, one approach would 
be to explore opportunities for assisted translocations outside 
the current range to safeguard leopard populations for the future. 
However, people are more likely to accept leopards in Europe if 
they recolonised naturally without human intervention (Lüchtrath 
& Schraml, 2015), though this may vary between social groups and 
sectors (Whiley & Tzanopoulos, 2024). Hence, efforts to increase 
prey availability and connectivity to encourage leopard recoloni-
sation of habitats will likely be more successful than human-led 
translocations.

4.5  |  Limitations

Whilst our models highlight areas that would potentially benefit 
from conservation efforts it is important to acknowledge that it is 
unlikely leopards will range across the full predicted range. This is 
due to future changes in biotic interactions and additional biotic 
and abiotic factors not considered in the models. SDMs assume that 
any predicted suitable habitat can be occupied, which is unrealis-
tic. Model predictions can be improved by integrating dispersal and 
dispersal pathways (Araújo & Guisan, 2006); however, these are dif-
ficult to predict (Elith & Leathwick, 2009).

In addition, our models do not consider one of the biggest 
challenges facing leopards, the human dimension (Drouilly & 
O'Riain, 2021). The growing human population will have substantial 
impacts on biodiversity due to expanding human settlements and 
agriculture (Pacifici et al., 2015). Moreover, human perception and 
acceptance will influence the success of large carnivore recovery 
and range expansion (Drouilly & O'Riain, 2021). As with all carni-
vores, human conflict should be a main consideration when assess-
ing conservation actions (Bodasing,  2022; Fernández-Sepúlveda 
& Martín, 2022; Johnson et  al.,  2023; Ripple et  al.,  2014), and in 
the leopard's case, prey availability will influence rate of attacks 
on livestock, and consequently leopard-human conflict (Jacobson 
et al., 2016).

5  |  CONCLUSIONS

Our study highlights the importance of considering intraspecific 
variation when assessing the predicted impacts of climate and land-
use change. Through modelling range suitability for three leopard 
subspecies, we show that subspecies differ not only in their environ-
mental associations but also in their relative vulnerability to future 
changes. The inclusion of biotic interactions, dispersal behaviour, 
evolutionary adaptations and the human dimension may further im-
prove model performance.

Leopards are classed as Vulnerable (Stein, 2020); yet, our study 
shows that only a small percentage of their suitable ranges fall within 
PAs, especially for Arabian and Persian leopards. The planned ex-
pansion of PAs can help reduce conflict with humans, as long as they 
involve local communities in their design and management (Farashi & 
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Shariati, 2018). The possibility of European rewilding offers a further 
avenue for leopard conservation in a changing world. However, con-
servation efforts should focus on working with local communities 
across leopard ranges to convey the importance of apex predators 
and develop mitigation strategies based on local context. Examples 
include compensation schemes for those affected by leopards to 
reduce human-wildlife conflict (Zeng et al., 2022), though the suc-
cess of these schemes varies. Most importantly mitigation strategies 
should be specific to local needs and considered on a case-by-case 
basis.

Implementing conservation strategies for large carnivores is 
challenging and costly as protection must cover large, interna-
tional and highly variable landscapes, requiring conservation in-
terventions to be well-planned and targeted (Bleyhl et al., 2021). 
Our models can help inform where to optimally allocate limited 
available conservation resources for maximum impact and identify 
populations at greatest risk. Based on our results, conservation ef-
forts should focus on increasing native vegetation cover in Africa 
and protecting mountainous habitats for Persian and Arabian 
leopards. Habitat restoration and improvement outside PAs to in-
crease landscape connectivity is particularly important across the 
ranges of the Arabian and Persian leopards, where PA coverage is 
low. Additionally, it is important to consider the human dimension 
and how human perceptions and conflict will influence the success 
of conservation actions.

AUTHOR CONTRIBUTIONS
Charlotte Mitchell: Conceptualization (equal); formal analysis 
(lead); writing – original draft (lead). Jamie Bolam: Conceptualization 
(equal); data curation (lead); formal analysis (supporting); method-
ology (equal); writing – original draft (supporting); writing – review 
and editing (equal). Laura D. Bertola: Data curation (supporting); 
resources (equal); supervision (supporting); writing – review and 
editing (equal). Vincent N. Naude: Resources (equal); writing – 
review and editing (equal). Lucas Gonçalves da Silva: Resources 
(equal); writing – review and editing (equal). Orly Razgour: 
Conceptualization (equal); formal analysis (supporting); meth-
odology (equal); project administration (lead); supervision (lead); 
writing – original draft (supporting); writing – review and editing 
(equal).

ACKNOWLEDG EMENTS
We thank the University of Exeter for supporting the project. We 
are grateful to two anonymous reviewers for their contribution to 
improving the manuscript.

CONFLIC T OF INTERE S T S TATEMENT
Authors declare no conflict of interest.

DATA AVAIL ABILIT Y S TATEMENT
Location records used in the modelling are available as Supporting 
Data file Data  S1. Data sources are listed in the Supplementary 
Materials.

ORCID
Vincent N. Naude   https://orcid.org/0000-0002-0275-1727 
Orly Razgour   https://orcid.org/0000-0003-3186-0313 

R E FE R E N C E S
Abade, L., Macdonald, D. W., & Dickman, A. J. (2014). Using land-

scape and bioclimatic features to predict the distribution of lions, 
leopards and spotted hyaenas in Tanzania's Ruaha landscape. 
PLoS ONE, 9(5), e96261. https://​doi.​org/​10.​1371/​journ​al.​pone.​
0096261

Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B., & 
Anderson, R. P. (2015). spThin: An R package for spatial thinning 
of species occurrence records for use in ecological niche models. 
Ecography, 38(5), 541–545. https://​doi.​org/​10.​1111/​ecog.​01132​

Alberts, S. C., Hollister-Smith, J. A., Mututua, R. S., Sayialel, S. N., 
Muruthi, P. M., Warutere, J. K., & Altmann, J. (2009). Seasonality 
and long-term change in a savanna environment. In D. K. Brockman 
& C. P. van Schaik (Eds.), Seasonality in primates (pp. 157–196). 
Cambridge University Press. https://​doi.​org/​10.​1017/​cbo97​80511​
542343.​007

Al-Johany, A. M. H. (2007). Distribution and conservation of the Arabian 
leopard Panthera pardus nimr in Saudi Arabia. Journal of Arid 
Environments, 68(1), 20–30. https://​doi.​org/​10.​1016/j.​jarid​env.​
2006.​04.​002

Araújo, M. B., Anderson, R. P., Márcia Barbosa, A., Beale, C. M., Dormann, 
C. F., Early, R., Garcia, R. A., Guisan, A., Maiorano, L., Naimi, B., & 
O'Hara, R. B. (2019). Standards for distribution models in biodiver-
sity assessments. Science Advances, 5(1), eaat4858. https://​doi.​org/​
10.​1126/​sciadv.​aat4858

Araújo, M. B., & Guisan, A. (2006). Five (or so) challenges for species 
distribution modelling. Journal of Biogeography, 33(10), 1677–1688. 
https://​doi.​org/​10.​1111/j.​1365-​2699.​2006.​01584.​x

Asongu, S. A. (2013). How would population growth affect investment in 
the future? Asymmetric panel causality evidence for Africa. African 
Development Review, 25(1), 14–29. https://​doi.​org/​10.​1111/j.​1467-​
8268.​2013.​12010.​x

Athreya, V., Odden, M., Linnell, J. D. C., Krishnaswamy, J., & Karanth, K. 
U. (2016). A cat among the dogs: Leopard Panthera pardus diet in a 
human-dominated landscape in western Maharashtra, India. Oryx, 
50(1), 156–162. https://​doi.​org/​10.​1017/​S0030​60531​4000106

Atkins, J. L., Long, R. A., Pansu, J., Daskin, J. H., Potter, A. B., Stalmans, M. 
E., Tarnita, C. E., & Pringle, R. M. (2019). Cascading impacts of large-
carnivore extirpation in an African ecosystem. Science, 364(6436), 
173–177.

Bagheriyan, E., Karimi, A., & Yazdandad, H. (2023). Assessing spatio-
temporal patterns of human-wildlife conflicts in a human-
dominated landscape: A case study from Iran. Biodiversity and 
Conservation, 32(13), 4239–4257. https://​doi.​org/​10.​1007/​s1053​
1-​023-​02685​-​w

Balme, G. A., Slotow, R., & Hunter, L. T. B. (2009). Impact of conserva-
tion interventions on the dynamics and persistence of a perse-
cuted leopard (Panthera pardus) population. Biological Conservation, 
142(11), 2681–2690. https://​doi.​org/​10.​1016/j.​biocon.​2009.​06.​
020

Bavin, D., MacPherson, J., Crowley, S. L., & McDonald, R. A. (2023). 
Stakeholder perspectives on the prospect of lynx Lynx lynx reintro-
duction in Scotland. People and Nature, 5(3), 950–967. https://​doi.​
org/​10.​1002/​pan3.​10465​

Beck, J., Böller, M., Erhardt, A., & Schwanghart, W. (2014). Spatial bias in 
the GBIF database and its effect on modeling species' geographic 
distributions. Ecological Informatics, 19, 10–15. https://​doi.​org/​10.​
1016/j.​ecoinf.​2013.​11.​002

Bleyhl, B., Gerngross, P., Askerov, E., Farhadinia, M. S., Ghoddousi, A., 
Heidelberg, A., Khorozyan, I., Manvelyan, K., Mengüllüoglu, D., 

 20457758, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.11391 by T

est, W
iley O

nline L
ibrary on [24/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-0275-1727
https://orcid.org/0000-0002-0275-1727
https://orcid.org/0000-0003-3186-0313
https://orcid.org/0000-0003-3186-0313
https://doi.org/10.1371/journal.pone.0096261
https://doi.org/10.1371/journal.pone.0096261
https://doi.org/10.1111/ecog.01132
https://doi.org/10.1017/cbo9780511542343.007
https://doi.org/10.1017/cbo9780511542343.007
https://doi.org/10.1016/j.jaridenv.2006.04.002
https://doi.org/10.1016/j.jaridenv.2006.04.002
https://doi.org/10.1126/sciadv.aat4858
https://doi.org/10.1126/sciadv.aat4858
https://doi.org/10.1111/j.1365-2699.2006.01584.x
https://doi.org/10.1111/j.1467-8268.2013.12010.x
https://doi.org/10.1111/j.1467-8268.2013.12010.x
https://doi.org/10.1017/S0030605314000106
https://doi.org/10.1007/s10531-023-02685-w
https://doi.org/10.1007/s10531-023-02685-w
https://doi.org/10.1016/j.biocon.2009.06.020
https://doi.org/10.1016/j.biocon.2009.06.020
https://doi.org/10.1002/pan3.10465
https://doi.org/10.1002/pan3.10465
https://doi.org/10.1016/j.ecoinf.2013.11.002
https://doi.org/10.1016/j.ecoinf.2013.11.002


    |  13 of 16MITCHELL et al.

Ostrowski, S., Rosen, T., Rozhnov, V. V., Soofi, M., Yachmennikova, 
A., & Kuemmerle, T. (2022). Mapping the distribution and habitat 
of Persian leopard across its historical range. Cat News, 15, 9–18.

Bleyhl, B., Ghoddousi, A., Askerov, E., Bocedi, G., Breitenmoser, U., 
Manvelyan, K., Palmer, S. C. F., Soofi, M., Weinberg, P., Zazanashvili, 
N., Shmunk, V., Zurell, D., & Kuemmerle, T. (2021). Reducing perse-
cution is more effective for restoring large carnivores than restor-
ing their prey. Ecological Applications, 31(5), e02338. https://​doi.​
org/​10.​1002/​eap.​2338

Bodasing, T. (2022). The decline of large carnivores in Africa and oppor-
tunities for change. Biological Conservation, 274, 109724. https://​
doi.​org/​10.​1016/j.​biocon.​2022.​109724

Braczkowski, A. R., O'Bryan, C. J., Stringer, M. J., Watson, J. E. M., 
Possingham, H. P., & Beyer, H. L. (2018). Leopards provide pub-
lic health benefits in Mumbai, India. Frontiers in Ecology and the 
Environment, 16(3), 176–182. https://​doi.​org/​10.​1002/​fee.​1776

Briers-Louw, W. D., Verschueren, S., & Leslie, A. J. (2019). Big cats return 
to Majete wildlife reserve, Malawi: Evaluating reintroduction suc-
cess. African Journal of Wildlife Research, 49(1), 34–50. https://​hdl.​
handle.​net/​10520/​​EJC-​130fa​58b1b​

Cardillo, M., Purvis, A., Sechrest, W., Gittleman, J. L., Bielby, J., & Mace, 
G. M. (2004). Human population density and extinction risk in the 
world's carnivores. PLoS Biology, 2, e197. https://​doi.​org/​10.​1371/​
journ​al.​pbio.​0020197

CMS. (2022). Range wide strategy for the conservation of the Persian leop-
ard. First Range State Meeting for the Persian Leopard. Convention on 
the Conservation of Migratory Species of Wild Animals. https://​www.​
cms.​int/​sharks/​en/​docum​ent/​range​-​wide-​strat​egy-​conse​rvati​on-​
persi​an-​leopard

da Silva, L. G., Kawanishi, K., Henschel, P., Kittle, A., Sanei, A., Reebin, 
A., Miquelle, D., Stein, A. B., Watson, A., Kekule, L. B., & Machado, 
R. B. (2017). Mapping black panthers: Macroecological modeling of 
melanism in leopards (Panthera pardus). PLoS ONE, 12(4), e0170378. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​0170378

Di Minin, E., Slotow, R., Hunter, L. T. B., Montesino Pouzols, F., Toivonen, 
T., Verburg, P. H., Leader-Williams, N., Petracca, L., & Moilanen, A. 
(2016). Global priorities for national carnivore conservation under 
land use change. Scientific Reports, 6, 23814. https://​doi.​org/​10.​
1038/​srep2​3814

Donlan, C. J., Berger, J., Bock, C. E., Bock, J. H., Burney, D. A., Estes, J. 
A., Foreman, D., Martin, P. S., Roemer, G. W., Smith, F. A., Soulé, 
M. E., & Greene, H. W. (2006). Pleistocene rewilding: An optimis-
tic agenda for twenty-first century conservation. The American 
Naturalist, 168(5), 660–681. https://​doi.​org/​10.​1086/​508027

Drouilly, M., Clark, A., & O'Riain, M. J. (2018). Multi-species occupancy 
modelling of mammal and ground bird communities in range-
land in the Karoo: A case for dryland systems globally. Biological 
Conservation, 224, 16–25. https://​doi.​org/​10.​1016/j.​biocon.​2018.​
05.​013

Drouilly, M., Nattrass, N., & O'Riain, M. J. (2023). Small-livestock farm-
ers' perceived effectiveness of predation control methods and the 
correlates of reported illegal poison use in the south African Karoo. 
Ambio, 52(10), 1635–1649. https://​doi.​org/​10.​1007/​s1328​0-​023-​
01892​-​7

Drouilly, M., & O'Riain, M. J. (2021). Rewilding the world's large carni-
vores without neglecting the human dimension: A response to re-
introducing the Eurasian lynx to southern Scotland, England and 
Wales. Biodiversity and Conservation, 30(3), 917–923. https://​doi.​
org/​10.​1007/​s1053​1-​021-​02112​-​y

Dunford, C. E., Faure, J. P. B., Ross, M. D., Spalton, J. A., Drouilly, M., 
Pryce-Fitchen, K. J., De Bruin, R., Botha, A. E., Alshehri, A., Le Roex, 
N., & Balme, G. (2024). Searching for spots: A comprehensive sur-
vey for the Arabian leopard Panthera pardus nimr in Saudi Arabia. 
Oryx. Published online 2023. https://​doi.​org/​10.​1017/​S0030​60532​
3000807

Dunford, C. E., Martins, Q. E., Mann, G. K., Spalton, J. A., Al Hikmani, H., 
Robinson, N. P., Almalki, A., Gallacher, E., Balme, G. A., & Robinson, 
H. S. (2022). Modelling potential habitat suitability for critically en-
dangered Arabian leopards (Panthera pardus nimr) across their his-
torical range in Saudi Arabia. Journal for Nature Conservation, 68, 
126233.

Ebrahimi, A., Farashi, A., & Rashki, A. (2017). Habitat suitability of Persian 
leopard (Panthera pardus saxicolor) in Iran in future. Environmental 
Earth Sciences, 76(20), 1–10. https://​doi.​org/​10.​1007/​s1266​
5-​017-​7040-​8

Ebrahimi, E., Sayahnia, R., Ranjbaran, Y., Vaissi, S., & Ahmadzadeh, F. 
(2021). Dynamics of threatened mammalian distribution in Iran's 
protected areas under climate change. Mammalian Biology, 101(6), 
759–774. https://​doi.​org/​10.​1007/​s4299​1-​021-​00136​-​z

Elith, J., & Leathwick, J. R. (2009). Species distribution models: Ecological 
explanation and prediction across space and time. Annual Review of 
Ecology, Evolution, and Systematics, 40, 677–697. https://​doi.​org/​10.​
1146/​annur​ev.​ecols​ys.​110308.​120159

Farashi, A., & Shariati, M. (2018). Evaluation of the role of the national 
parks for Persian leopard (Panther pardus saxicolor, Pocock 1927) 
habitat conservation (case study: Tandooreh National Park, Iran). 
Mammal Research, 63(4), 425–432. https://​doi.​org/​10.​1007/​s1336​
4-​018-​0370-​4

Farhadinia, M. S., Ahmadi, M., Sharbafi, E., Khosravi, S., Alinezhad, H., 
& Macdonald, D. W. (2015). Leveraging trans-boundary conserva-
tion partnerships: Persistence of Persian leopard (Panthera pardus 
saxicolor) in the Iranian Caucasus. Biological Conservation, 191, 770–
778. https://​doi.​org/​10.​1016/j.​biocon.​2015.​08.​027

Fernández-Sepúlveda, J., & Martín, C. A. (2022). Conservation status 
of the world's carnivorous mammals (order carnivora). Mammalian 
Biology, 102(5), 1911–1925. https://​doi.​org/​10.​1007/​s4299​1-​022-​
00305​-​8

Foley, J. A., DeFries, R., Asner, G. P., Barford, C., Bonan, G., Carpenter, S. 
R., Chapin, F. S., Coe, M. T., Daily, G. C., Gibbs, H. K., & Helkowski, 
J. H. (2005). Global consequences of land use. Science, 309(5734), 
570–574. https://​doi.​org/​10.​1126/​scien​ce.​1111772

Goirán, S. B., Aranibar, J. N., & Gomez, M. L. (2012). Heterogeneous 
spatial distribution of traditional livestock settlements and 
their effects on vegetation cover in arid groundwater coupled 
ecosystems in the Monte Desert (Argentina). Journal of Arid 
Environments, 87, 188–197. https://​doi.​org/​10.​1016/j.​jarid​env.​
2012.​07.​011

Gonzalez, S. C., Soto-Centeno, J. A., & Reed, D. L. (2011). Population dis-
tribution models: Species distributions are better modeled using bi-
ologically relevant data partitions. BMC Ecology, 11(1), 1–10. https://​
doi.​org/​10.​1186/​1472-​6785-​11-​20

Hayward, M. W., Henschel, P., O'Brien, J., Hofmeyr, M., Balme, G., & 
Kerley, G. I. (2006). Prey preferences of the leopard (Panthera par-
dus). Journal of Zoology, 270(2), 298–313. https://​doi.​org/​10.​1111/j.​
1469-​7998.​2006.​00139.​x

Hayward, M. W., O'Brien, J., & Kerley, G. I. H. (2007). Carrying capac-
ity of large African predators: Predictions and tests. Biological 
Conservation, 139(1–2), 219–229. https://​doi.​org/​10.​1016/j.​biocon.​
2007.​06.​018

Hebblewhite, M., Miquelle, D. G., Murzin, A. A., Aramilev, V. V., & 
Pikunov, D. G. (2011). Predicting potential habitat and population 
size for reintroduction of the far eastern leopards in the Russian Far 
East. Biological Conservation, 144(10), 2403–2413. https://​doi.​org/​
10.​1016/j.​biocon.​2011.​03.​020

Hijmans, R. (2023). raster: Geographic data analysis and modeling. R pack-
age version 3.6-21. https://​rspat​ial.​org/​raster

Hollings, T., Jones, M., Mooney, N., & Mccallum, H. (2014). Trophic cas-
cades following the disease-induced decline of an apex predator, 
the Tasmanian devil. Conservation Biology, 28(1), 63–75. https://​doi.​
org/​10.​1111/​cobi.​12152​

 20457758, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.11391 by T

est, W
iley O

nline L
ibrary on [24/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/eap.2338
https://doi.org/10.1002/eap.2338
https://doi.org/10.1016/j.biocon.2022.109724
https://doi.org/10.1016/j.biocon.2022.109724
https://doi.org/10.1002/fee.1776
https://hdl.handle.net/10520/EJC-130fa58b1b
https://hdl.handle.net/10520/EJC-130fa58b1b
https://doi.org/10.1371/journal.pbio.0020197
https://doi.org/10.1371/journal.pbio.0020197
https://www.cms.int/sharks/en/document/range-wide-strategy-conservation-persian-leopard
https://www.cms.int/sharks/en/document/range-wide-strategy-conservation-persian-leopard
https://www.cms.int/sharks/en/document/range-wide-strategy-conservation-persian-leopard
https://doi.org/10.1371/journal.pone.0170378
https://doi.org/10.1038/srep23814
https://doi.org/10.1038/srep23814
https://doi.org/10.1086/508027
https://doi.org/10.1016/j.biocon.2018.05.013
https://doi.org/10.1016/j.biocon.2018.05.013
https://doi.org/10.1007/s13280-023-01892-7
https://doi.org/10.1007/s13280-023-01892-7
https://doi.org/10.1007/s10531-021-02112-y
https://doi.org/10.1007/s10531-021-02112-y
https://doi.org/10.1017/S0030605323000807
https://doi.org/10.1017/S0030605323000807
https://doi.org/10.1007/s12665-017-7040-8
https://doi.org/10.1007/s12665-017-7040-8
https://doi.org/10.1007/s42991-021-00136-z
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1146/annurev.ecolsys.110308.120159
https://doi.org/10.1007/s13364-018-0370-4
https://doi.org/10.1007/s13364-018-0370-4
https://doi.org/10.1016/j.biocon.2015.08.027
https://doi.org/10.1007/s42991-022-00305-8
https://doi.org/10.1007/s42991-022-00305-8
https://doi.org/10.1126/science.1111772
https://doi.org/10.1016/j.jaridenv.2012.07.011
https://doi.org/10.1016/j.jaridenv.2012.07.011
https://doi.org/10.1186/1472-6785-11-20
https://doi.org/10.1186/1472-6785-11-20
https://doi.org/10.1111/j.1469-7998.2006.00139.x
https://doi.org/10.1111/j.1469-7998.2006.00139.x
https://doi.org/10.1016/j.biocon.2007.06.018
https://doi.org/10.1016/j.biocon.2007.06.018
https://doi.org/10.1016/j.biocon.2011.03.020
https://doi.org/10.1016/j.biocon.2011.03.020
https://rspatial.org/raster
https://doi.org/10.1111/cobi.12152
https://doi.org/10.1111/cobi.12152


14 of 16  |     MITCHELL et al.

Hosseini, M., Farashi, A., Khani, A., & Farhadinia, M. S. (2019). 
Landscape connectivity for mammalian megafauna along the 
Iran-Turkmenistan-Afghanistan borderland. Journal for Nature 
Conservation, 52, 125735. https://​doi.​org/​10.​1016/j.​jnc.​2019.​
125735

Iannella, M., Biondi, M., & Serva, D. (2024). Functional connectivity and 
the current arrangement of protected areas show multiple, poorly 
protected dispersal corridors for the Eurasian lynx. Biological 
Conservation, 291, 110498. https://​doi.​org/​10.​1016/j.​biocon.​2024.​
110498

IPCC. (2022). Climate change 2022: Impacts, adaptation, and vulnera-
bility. In H.-O. Pörtner, D. C. Roberts, M. Tignor, E. S. Poloczanska, 
K. Mintenbeck, A. Alegría, M. Craig, S. Langsdorf, S. Löschke, V. 
Möller, A. Okem, & B. Rama (Eds.), Contribution of working group II to 
the sixth assessment report of the intergovernmental panel on climate 
change (p. 3056). Cambridge University Press. https://​doi.​org/​10.​
1017/​97810​09325844

Jacobson, A. P., Gerngross, P., Lemeris, J. R., Schoonover, R. F., Anco, 
C., Breitenmoser-Würsten, C., Durant, S. M., Farhadinia, M. S., 
Henschel, P., Kamler, J. F., Laguardia, A., Rostro-García, S., Stein, 
A. B., & Dollar, L. (2016). Leopard (Panthera pardus) status, distri-
bution, and the research efforts across its range. PeerJ, 4, e1974. 
https://​doi.​org/​10.​7717/​peerj.​1974

Jarvie, S., & Svenning, J. C. (2018). Using species distribution model-
ling to determine opportunities for trophic rewilding under future 
scenarios of climate change. Philosophical Transactions of the Royal 
Society, B: Biological Sciences, 373, 1761. https://​doi.​org/​10.​1098/​
rstb.​2017.​0446

Johnson, T. F., Isaac, N. J., Paviolo, A., & González-Suárez, M. (2023). 
Socioeconomic factors predict population changes of large 
carnivores better than climate change or habitat loss. Nature 
Communications, 14(1), 74. https://​doi.​org/​10.​1038/​s4146​7-​022-​
35665​-​9

Jones, M., Bertola, L. D., & Razgour, O. (2016). Predicting the effect 
of interspecific competition on habitat suitability for the en-
dangered african wild dog under future climate and land cover 
changes. Hystrix, 27(1), 1–8. https://​doi.​org/​10.​4404/​hystr​ix-​27.​
1-​11678​

Kaboodvandpour, S., Almasieh, K., & Zamani, N. (2021). Habitat suit-
ability and connectivity implications for the conservation of the 
Persian leopard along the Iran–Iraq border. Ecology and Evolution, 
11(19), 13464–13474. https://​doi.​org/​10.​1002/​ece3.​8069

Kass, J. M., Muscarella, R., Galante, P. J., Bohl, C. L., Pinilla-Buitrago, G. E., 
Boria, R. A., Soley-Guardia, M., & Anderson, R. P. (2021). ENMeval 
2.0: Redesigned for customizable and reproducible modeling of 
species' niches and distributions. Methods in Ecology and Evolution, 
12(9), 1602–1608. https://​doi.​org/​10.​1111/​2041-​210X.​13628​

Kc, K., Bhumpakhpan, N., Trisurat, Y., Mainmit, N., Ghimire, K., & Subedi, 
M. (2020). Analysis of potential distribution of tiger habitat using 
MaxEnt in Chitwan National Park, Nepal. Journal of Remote Sensing 
and GIS Association of Thailand, 21(3), 1–15.

Khosravi, R., Hemami, M. R., & Cushman, S. A. (2019). Multi-scale niche 
modeling of three sympatric felids of conservation importance in 
central Iran. Landscape Ecology, 34(10), 2451–2467. https://​doi.​org/​
10.​1007/​s1098​0-​019-​00900​-​0

Kos, I., Koren, I., Potočnik, H., & Krofel, M. (2012). Status and distribution 
of Eurasian lynx (Lynx lynx) in Slovenia from 2005 to 2009. Acta 
Biologica Slovenica, 55(2), 49–63. https://​doi.​org/​10.​14720/​​abs.​
55.2.​15535​

Kupika, O. L., Gandiwa, E., Kativu, S., & Nhamo, G. (2018). Impacts of cli-
mate change and climate variability on wildlife resources in south-
ern Africa: Experience from selected protected areas in Zimbabwe, 
In B. Şen, & O. Grillo (Eds.), Selected Studies in Biodiversity (pp. 1–24). 
Intechopen Limited.

Linnell, J. D. C., Breitenmoser, U., Breitenmoser-Würsten, C., Odden, J., & 
von Arx, M. (2009). Chapter 4: Recovery of Eurasian lynx in Europe: 

What part has reintroduction played? In M. W. Hayward & M. J. 
Somers (Eds.), Reintroduction of top-order predators (pp. 72–91). 
Blackwell Publishing Ltd.

Liu, C., White, M., & Newell, G. (2013). Selecting thresholds for the pre-
diction of species occurrence with presence-only data. Journal of 
Biogeography, 40(4), 778–789. https://​doi.​org/​10.​1111/​jbi.​12058​

Loveridge, A. J., Sousa, L. L., Cushman, S., Kaszta, Ż., & Macdonald, D. 
W. (2022). Where have all the lions gone? Establishing realistic 
baselines to assess decline and recovery of African lions. Diversity 
and Distributions, 28(11), 2388–2402. https://​doi.​org/​10.​1111/​ddi.​
13637​

Loveridge, A. J., Sousa, L. L., Seymour-Smith, J. L., Mandisodza-
Chikerema, R., & Macdonald, D. W. (2022). Environmental and an-
thropogenic drivers of African leopard Panthera pardus population 
density. Biological Conservation, 272, 109641. https://​doi.​org/​10.​
1016/j.​biocon.​2022.​109641

Lüchtrath, A., & Schraml, U. (2015). The missing lynx—Understanding 
hunters' opposition to large carnivores. Wildlife Biology, 21(2), 110–
119. https://​doi.​org/​10.​2981/​wlb.​00068​

Masseti, M., & Mazza, P. P. A. (2013). Western European quaternary 
lions: New working hypotheses. Biological Journal of the Linnean 
Society, 109(1), 66–77. https://​acade​mic.​oup.​com/​bioli​nnean/​​artic​
le/​109/1/​66/​2415711

Merow, C., Smith, M. J., & Silander, J. A., Jr. (2013). A practical guide to 
MaxEnt for modeling species' distributions: What it does, and why 
inputs and settings matter. Ecography, 36(10), 1058–1069. https://​
doi.​org/​10.​1111/j.​1600-​0587.​2013.​07872.​x

Meynard, C. N., Gay, P. E., Lecoq, M., Foucart, A., Piou, C., & Chapuis, 
M. P. (2017). Climate-driven geographic distribution of the desert 
locust during recession periods: Subspecies' niche differentia-
tion and relative risks under scenarios of climate change. Global 
Change Biology, 23(11), 4739–4749. https://​doi.​org/​10.​1111/​gcb.​
13739​

Mosbrugger, V., Utescher, T., & Dilcher, D. L. (2005). Cenozoic continen-
tal climatic evolution of Central Europe. Proceedings of the National 
Academy of Sciences of the United States of America, 102(42), 14964–
14969. https://​doi.​org/​10.​1073/​pnas.​05052​67102​

Naude, V. N. (2020). Scale and impact of the illegal leopard skin trade 
for traditional use in southern Africa. PhD thesis, submitted to 
the University of Cape town, South Africa. https://​hdl.​handle.​net/​
11427/​​32936​

Niemiec, R., Berl, R. E., Gonzalez, M., Teel, T., Salerno, J., Breck, S., 
Camara, C., Collins, M., Schultz, C., Hoag, D., & Crooks, K. (2022). 
Rapid changes in public perception toward a conservation initiative. 
Conservation Science and Practice, 4(4), e12632. https://​doi.​org/​10.​
1111/​csp2.​12632​

Norton, D. A. (2000). Conservation biology and private land: Shifting the 
focus. Conservation Biology, 14(5), 1221–1223. https://​doi.​org/​10.​
1046/j.​1523-​1739.​2000.​01451.​x

Olmos-Trujillo, E., González-Trinidad, J., Júnez-Ferreira, H., Pacheco-
Guerrero, A., Bautista-Capetillo, C., Avila-Sandoval, C., & Galván-
Tejada, E. (2020). Spatio-temporal response of vegetation indices 
to rainfall and temperature in a semiarid region. Sustainability, 12(5), 
1939. https://​doi.​org/​10.​3390/​su120​51939​

Omari, K. A. (2011). Protected areas in the Arabian peninsula. Zoology 
in the Middle East, 54, 21–26. https://​doi.​org/​10.​1080/​09397​140.​
2011.​10648897

Ovenden, T. S., Palmer, S. C., Travis, J. M., & Healey, J. R. (2019). Improving 
reintroduction success in large carnivores through individual-based 
modelling: How to reintroduce Eurasian lynx (Lynx lynx) to Scotland. 
Biological Conservation, 234, 140–153. https://​doi.​org/​10.​1016/j.​
biocon.​2019.​03.​035

Pacifici, M., Di Marco, M., & Watson, J. E. (2020). Protected areas are 
now the last strongholds for many imperilled mammal species. 
Conservation Letters, 13(6), e12748. https://​doi.​org/​10.​1111/​conl.​
12748​

 20457758, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.11391 by T

est, W
iley O

nline L
ibrary on [24/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1016/j.jnc.2019.125735
https://doi.org/10.1016/j.jnc.2019.125735
https://doi.org/10.1016/j.biocon.2024.110498
https://doi.org/10.1016/j.biocon.2024.110498
https://doi.org/10.1017/9781009325844
https://doi.org/10.1017/9781009325844
https://doi.org/10.7717/peerj.1974
https://doi.org/10.1098/rstb.2017.0446
https://doi.org/10.1098/rstb.2017.0446
https://doi.org/10.1038/s41467-022-35665-9
https://doi.org/10.1038/s41467-022-35665-9
https://doi.org/10.4404/hystrix-27.1-11678
https://doi.org/10.4404/hystrix-27.1-11678
https://doi.org/10.1002/ece3.8069
https://doi.org/10.1111/2041-210X.13628
https://doi.org/10.1007/s10980-019-00900-0
https://doi.org/10.1007/s10980-019-00900-0
https://doi.org/10.14720/abs.55.2.15535
https://doi.org/10.14720/abs.55.2.15535
https://doi.org/10.1111/jbi.12058
https://doi.org/10.1111/ddi.13637
https://doi.org/10.1111/ddi.13637
https://doi.org/10.1016/j.biocon.2022.109641
https://doi.org/10.1016/j.biocon.2022.109641
https://doi.org/10.2981/wlb.00068
https://academic.oup.com/biolinnean/article/109/1/66/2415711
https://academic.oup.com/biolinnean/article/109/1/66/2415711
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1111/j.1600-0587.2013.07872.x
https://doi.org/10.1111/gcb.13739
https://doi.org/10.1111/gcb.13739
https://doi.org/10.1073/pnas.0505267102
https://hdl.handle.net/11427/32936
https://hdl.handle.net/11427/32936
https://doi.org/10.1111/csp2.12632
https://doi.org/10.1111/csp2.12632
https://doi.org/10.1046/j.1523-1739.2000.01451.x
https://doi.org/10.1046/j.1523-1739.2000.01451.x
https://doi.org/10.3390/su12051939
https://doi.org/10.1080/09397140.2011.10648897
https://doi.org/10.1080/09397140.2011.10648897
https://doi.org/10.1016/j.biocon.2019.03.035
https://doi.org/10.1016/j.biocon.2019.03.035
https://doi.org/10.1111/conl.12748
https://doi.org/10.1111/conl.12748


    |  15 of 16MITCHELL et al.

Pacifici, M., Foden, W. B., Visconti, P., Watson, J. E., Butchart, S. H., 
Kovacs, K. M., Scheffers, B. R., Hole, D. G., Martin, T. G., Akçakaya, 
H. R., & Corlett, R. T. (2015). Assessing species vulnerability to cli-
mate change. Nature Climate Change, 5(3), 215–224. https://​doi.​
org/​10.​1038/​nclim​ate2448

Paijmans, J. L. A., Barlow, A., Becker, M. S., Cahill, J. A., Fickel, J., Förster, 
D. W. G., Gries, K., Hartmann, S., Havmøller, R. W., Henneberger, 
K., Kern, C., Kitchener, A. C., Lorenzen, E. D., Mayer, F., OBrien, S. J., 
von Seth, J., Sinding, M. H. S., Spong, G., Uphyrkina, O., … Hofreiter, 
M. (2021). African and Asian leopards are highly differentiated at 
the genomic level. Current Biology, 31(9), 1872–1882.e5. https://​doi.​
org/​10.​1016/j.​cub.​2021.​03.​084

Paijmans, J. L. A., Barlow, A., Förster, D. W., Henneberger, K., Meyer, 
M., Nickel, B., Nagel, D., Worsøe Havmøller, R., Baryshnikov, G. F., 
Joger, U., Rosendahl, W., & Hofreiter, M. (2018). Historical bioge-
ography of the leopard (Panthera pardus) and its extinct Eurasian 
populations. BMC Evolutionary Biology, 18(1), 156. https://​doi.​org/​
10.​1186/​s1286​2-​018-​1268-​0

Parchizadeh, J., & Belant, J. L. (2021). Human-caused mortality of 
large carnivores in Iran during 1980–2021. Global Ecology and 
Conservation, 27, e01618. https://​doi.​org/​10.​1016/j.​gecco.​2021.​
e01618

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421(6918), 
37–42. https://​doi.​org/​10.​1038/​natur​e01286

Pecl, G. T., Araújo, M. B., Bell, J. D., Blanchard, J., Bonebrake, T. C., Chen, 
I. C., Clark, T. D., Colwell, R. K., Danielsen, F., Evengård, B., Falconi, 
L., Ferrier, S., Frusher, S., Garcia, R. A., Griffis, R. B., Hobday, A. J., 
Janion-Scheepers, C., Jarzyna, M. A., Jennings, S., … Williams, S. E. 
(2017). Biodiversity redistribution under climate change: Impacts 
on ecosystems and human well-being. Science, 355, 6332. https://​
doi.​org/​10.​1126/​scien​ce.​aai9214

Pereira, H. M., & Navarro, L. M. (2015). Rewilding European landscapes. 
Springer International Publishing. https://​doi.​org/​10.​1007/​978-​3-​
319-​12039​-​3

Peterson, A., & Soberón, J. (2012). Species distribution modeling and 
ecological niche modeling: Getting the concepts right. Natureza e 
Conservação, 10, 1–6. https://​doi.​org/​10.​4322/​natco​n2012.​019

Phillips, S. B., Aneja, V. P., Kang, D., & Arya, S. P. (2006). Maximum en-
tropy modelling of species geographic distributions. International 
Journal of Global Environmental Issues, 6(2–3), 231–252. https://​doi.​
org/​10.​1016/j.​ecolm​odel.​2005.​03.​026

Razgour, O., Forester, B., Taggart, J. B., Bekaert, M., Juste, J., Ibáñez, C., 
Puechmaille, S. J., Novella-Fernandez, R., Alberdi, A., & Manel, S. 
(2019). Considering adaptive genetic variation in climate change 
vulnerability assessment reduces species range loss projections. 
Proceedings of the National Academy of Sciences of the United States 
of America, 116(21), 10418–10423. https://​doi.​org/​10.​1073/​pnas.​
18206​63116​

Ripple, W. J., & Beschta, R. L. (2012). Trophic cascades in Yellowstone: 
The first 15 years after wolf reintroduction. Biological Conservation, 
145(1), 205–213. https://​doi.​org/​10.​1016/j.​biocon.​2011.​11.​005

Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G., 
Hebblewhite, M., Berger, J., Elmhagen, B., Letnic, M., Nelson, M. P., 
Schmitz, O. J., Smith, D. W., Wallach, A. D., & Wirsing, A. J. (2014). 
Status and ecological effects of the world's largest carnivores. 
Science, 343, 6167. https://​doi.​org/​10.​1126/​scien​ce.​1241484

Sari, A. (2022). Maximum entropy niche-based predicting of poten-
tial habitat for the Anatolian leopard (Panthera pardus tulliana, 
Valenciennes, 1856) in Turkiye. Sumarski List, 146(7–8), 345–355. 
https://​doi.​org/​10.​31298/​​sl.​146.​7-​8.​6

Schipper, A. M., Hilbers, J. P., Meijer, J. R., Antão, L. H., Benítez-López, 
A., de Jonge, M. M., Leemans, L. H., Scheper, E., Alkemade, R., 
Doelman, J. C., & Mylius, S. (2020). Projecting terrestrial biodiver-
sity intactness with GLOBIO 4. Global Change Biology, 26(2), 760–
771. https://​doi.​org/​10.​1111/​gcb.​14848​

Schwartz, M. W. (2012). Using niche models with climate projec-
tions to inform conservation management decisions. Biological 
Conservation, 155, 149–156. https://​doi.​org/​10.​1016/j.​biocon.​
2012.​06.​011

Simmons, R. E., Barnard, P., Dean, W. R. J., Midgley, G. F., Thuiller, W., 
& Hughes, G. (2004). Climate change and birds: Perspectives and 
prospects from southern Africa. Ostrich, 75(4), 295–308. https://​
doi.​org/​10.​2989/​00306​52040​9485458

Sindičić, M., Polanc, P., Gomerčić, T., Jelenčič, M., Huber, Đ., Trontelj, P., & 
Skrbinšek, T. (2013). Genetic data confirm critical status of the rein-
troduced Dinaric population of Eurasian lynx. Conservation Genetics, 
14, 1009–1018. https://​doi.​org/​10.​1007/​s1059​2-​013-​0491-​x

Skorupski, J., Tracz, M., Tracz, M., & Śmietana, P. (2022). Assessment of 
Eurasian lynx reintroduction success and mortality risk in north-
west Poland. Scientific Reports, 12(1), 12366. https://​doi.​org/​10.​
1038/​s4159​8-​022-​16589​-​2

Smith, A. B., Godsoe, W., Rodríguez-Sánchez, F., Wang, H. H., & Warren, 
D. (2019). Niche estimation above and below the species level. 
Trends in Ecology & Evolution, 34(3), 260–273. https://​doi.​org/​10.​
1016/j.​tree.​2018.​10.​012

Sommer, R. S., & Benecke, N. (2006). Late Pleistocene and Holocene de-
velopment of the felid fauna (Felidae) of Europe: A review. Journal 
of Zoology, 269, 7–19. https://​doi.​org/​10.​1111/j.​1469-​7998.​2005.​
00040.​x

Soofi, M., Qashqaei, A. T., Mousavi, M., Hadipour, E., Filla, M., Kiabi, B. 
H., Bleyhl, B., Ghoddousi, A., Balkenhol, N., Royle, A., & Pavey, C. 
R. (2022). Quantifying the relationship between prey density, live-
stock and illegal killing of leopards. Journal of Applied Ecology, 59(6), 
1536–1547. https://​doi.​org/​10.​1111/​1365-​2664.​14163​

Stein, A. B. (2020). The IUCN Red List of threatened species. https://​doi.​
org/​10.​2305/​IUCN.​UK.​2020-​1.​RLTS.​T1595​4A163​991139.​en

Stein, A. B., Fuller, T. K., Destefano, S., & Marker, L. L. (2011). Leopard 
population and home range estimates in north-central Namibia. 
African Journal of Ecology, 49, 383–387.

Stepkovitch, B., Kingsford, R. T., & Moseby, K. E. (2022). A compre-
hensive review of mammalian carnivore translocations. Mammal 
Review, 52(4), 554–572. https://​doi.​org/​10.​1111/​mam.​12304​

Swanepoel, L. H., Somers, M. J., Van Hoven, W., Schiess-Meier, M., Owen, 
C., Snyman, A., Martins, Q., Senekal, C., Camacho, G., Boshoff, W., 
& Dalerum, F. (2015). Survival rates and causes of mortality of 
leopards Panthera pardus in southern Africa. Oryx, 49(4), 595–603. 
https://​doi.​org/​10.​1017/​S0030​60531​3001282

Thorn, M., Green, M., Dalerum, F., Bateman, P. W., & Scott, D. M. (2012). 
What drives human-carnivore conflict in the north West Province 
of South Africa? Biological Conservation, 150(1), 23–32. https://​doi.​
org/​10.​1016/j.​biocon.​2012.​02.​017

Thuiller, W., Albert, C., Araújo, M. B., Berry, P. M., Cabeza, M., Guisan, 
A., Hickler, T., Midgley, G. F., Paterson, J., Schurr, F. M., Sykes, M. T., 
& Zimmermann, N. E. (2008). Predicting global change impacts on 
plant species' distributions: Future challenges. Perspectives in Plant 
Ecology, Evolution and Systematics, 9(3–4), 137–152. https://​doi.​org/​
10.​1016/j.​ppees.​2007.​09.​004

Thuiller, W., Lavorel, S., & Araújo, M. B. (2005). Niche properties and 
geographical extent as predictors of species sensitivity to climate 
change. Global Ecology and Biogeography, 14(4), 347–357. https://​
doi.​org/​10.​1111/j.​1466-​822X.​2005.​00162.​x

Tilman, D., Fargione, J., Wolff, B., D'antonio, C., Dobson, A., Howarth, 
R., Schindler, D., Schlesinger, W. H., Simberloff, D., & Swackhamer, 
D. (2001). Forecasting agriculturally driven global environmental 
change. Science, 292(5515), 281–284. https://​doi.​org/​10.​1126/​
scien​ce.​1057544

Tshabalala, T., McManus, J., Treves, A., Masocha, V., Faulconbridge, S., 
Schurch, M., Goets, S., & Smuts, B. (2021). Leopards and meso-
predators as indicators of mammalian species richness across di-
verse landscapes of South Africa. Ecological Indicators, 121, 107201. 
https://​doi.​org/​10.​1016/j.​ecoli​nd.​2020.​107201

 20457758, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.11391 by T

est, W
iley O

nline L
ibrary on [24/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/nclimate2448
https://doi.org/10.1038/nclimate2448
https://doi.org/10.1016/j.cub.2021.03.084
https://doi.org/10.1016/j.cub.2021.03.084
https://doi.org/10.1186/s12862-018-1268-0
https://doi.org/10.1186/s12862-018-1268-0
https://doi.org/10.1016/j.gecco.2021.e01618
https://doi.org/10.1016/j.gecco.2021.e01618
https://doi.org/10.1038/nature01286
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1126/science.aai9214
https://doi.org/10.1007/978-3-319-12039-3
https://doi.org/10.1007/978-3-319-12039-3
https://doi.org/10.4322/natcon2012.019
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1073/pnas.1820663116
https://doi.org/10.1073/pnas.1820663116
https://doi.org/10.1016/j.biocon.2011.11.005
https://doi.org/10.1126/science.1241484
https://doi.org/10.31298/sl.146.7-8.6
https://doi.org/10.1111/gcb.14848
https://doi.org/10.1016/j.biocon.2012.06.011
https://doi.org/10.1016/j.biocon.2012.06.011
https://doi.org/10.2989/00306520409485458
https://doi.org/10.2989/00306520409485458
https://doi.org/10.1007/s10592-013-0491-x
https://doi.org/10.1038/s41598-022-16589-2
https://doi.org/10.1038/s41598-022-16589-2
https://doi.org/10.1016/j.tree.2018.10.012
https://doi.org/10.1016/j.tree.2018.10.012
https://doi.org/10.1111/j.1469-7998.2005.00040.x
https://doi.org/10.1111/j.1469-7998.2005.00040.x
https://doi.org/10.1111/1365-2664.14163
https://doi.org/10.2305/IUCN.UK.2020-1.RLTS.T15954A163991139.en
https://doi.org/10.2305/IUCN.UK.2020-1.RLTS.T15954A163991139.en
https://doi.org/10.1111/mam.12304
https://doi.org/10.1017/S0030605313001282
https://doi.org/10.1016/j.biocon.2012.02.017
https://doi.org/10.1016/j.biocon.2012.02.017
https://doi.org/10.1016/j.ppees.2007.09.004
https://doi.org/10.1016/j.ppees.2007.09.004
https://doi.org/10.1111/j.1466-822X.2005.00162.x
https://doi.org/10.1111/j.1466-822X.2005.00162.x
https://doi.org/10.1126/science.1057544
https://doi.org/10.1126/science.1057544
https://doi.org/10.1016/j.ecolind.2020.107201


16 of 16  |     MITCHELL et al.

UNEP-WCMC and IUCN. (2023). Protected planet: The world database on 
protected areas (WDPA). UNEP-WCMC and IUCN. www.​prote​ctedp​
lanet.​net

Uphyrkina, O., Johnson, W. E., Quigley, H., Miquelle, D., Marker, L., Bush, 
M., & O'Brian, S. J. (2001). Phylogenetics, genome diversity and or-
igin of modern leopard, Panthera pardus. Molecular Ecology, 10(11), 
2617–2633. https://​doi.​org/​10.​1046/j.​0962-​1083.​2001.​01350.​x

Urban, M. C., Bocedi, G., Hendry, A. P., Mihoub, J. B., Pe'er, G., Singer, A., 
Bridle, J. R., Crozier, L. G., De Meester, L., Godsoe, W., Gonzalez, A., 
Hellmann, J. J., Holt, R. D., Huth, A., Johst, K., Krug, C. B., Leadley, P. 
W., Palmer, S. C. F., Pantel, J. H., … Travis, J. M. J. (2016). Improving 
the forecast for biodiversity under climate change. Science, 353, 
6304. https://​doi.​org/​10.​1126/​scien​ce.​aad8466

Van Heel, B. F., Boerboom, A. M., Fliervoet, J. M., Lenders, H. J. R., & 
Van den Born, R. J. G. (2017). Analysing stakeholders' percep-
tions of wolf, lynx and fox in a Dutch riverine area. Biodiversity 
and Conservation, 26, 1723–1743. https://​doi.​org/​10.​1007/​s1053​
1-​017-​1329-​5

Vásquez-Aguilar, A. A., Ornelas, J. F., Rodríguez-Gómez, F., & Cristina 
MacSwiney, G. M. (2021). Modeling future potential distribution 
of buff-bellied hummingbird (Amazilia yucatanensis) under climate 
change: Species vs. subspecies. Tropical Conservation Science, 
25, 194008292110308. https://​doi.​org/​10.​1177/​19400​82921​
1030834

Visser, F., Drouilly, M., Moodley, Y., Michaux, J. R., & Somers, M. J. (2023). 
Mismatch between conservation needs and actual representation 
of lions from west and Central Africa in in situ and ex situ conserva-
tion. Conservation Letters, 16(2), e12949. https://​doi.​org/​10.​1111/​
conl.​12949​

Wan, H. Y., Cushman, S. A., & Ganey, J. L. (2019). Recent and projected 
future wildfire trends across the ranges of three spotted owl sub-
species under climate change. Frontiers in Ecology and Evolution, 7, 
37. https://​doi.​org/​10.​3389/​fevo.​2019.​00037​

Warren, D. L., & Seifert, S. N. (2011). Ecological niche modeling in 
Maxent: The importance of model complexity and the performance 
of model selection criteria. Ecological Applications, 21(2), 335–342. 
https://​doi.​org/​10.​1890/​10-​1171.​1

Wesche, K., Ambarlı, D., Kamp, J., Török, P., Treiber, J., & Dengler, J. 
(2016). The Palaearctic steppe biome: A new synthesis. Biodiversity 
and Conservation, 25(12), 2197–2231. https://​doi.​org/​10.​1007/​
s1053​1-​016-​1214-​7

Whiley, F. L., & Tzanopoulos, J. (2024). Public acceptance of Eurasian lynx 
(Lynx lynx) in Germany. Journal for Nature Conservation, 77, 126535. 
https://​doi.​org/​10.​1016/j.​jnc.​2023.​126535

Wigneron, J.-P., Fan, L., Ciais, P., Bastos, A., Brandt, M., Chave, J., Saatchi, 
S., Baccini, A., & Fensholt, R. (2020). Tropical forests did not re-
cover from the strong 2015–2016 El Nino event. Science Advances, 
6, eaay4603. https://​www.​scien​ce.​org

Wolf, C., & Ripple, W. J. (2016). Prey depletion as a threat to the world's 
large carnivores. Royal Society Open Science, 3(8), 160252. https://​
doi.​org/​10.​1098/​rsos.​160252

Zafar-ul Islam, M., Gavashelishvili, A., Kokiashvili, L., al Boug, A., & Shehri, 
A. (2021). Modeling the distribution and movement intensity of the 
Arabian leopard Panthera pardus nimr (Mammalia: Felidae). Zoology 
in the Middle East, 67(2), 106–118. https://​doi.​org/​10.​1080/​09397​
140.​2021.​1908506

Zeng, J., Hu, J., Shi, Y., Li, Y., Guo, Z., Wang, S., & Song, S. (2022). Effects 
of climate change on the habitat of the leopard (Panthera pardus) in 
the Liupanshan National Nature Reserve of China. Animals, 12(14), 
1866. https://​doi.​org/​10.​3390/​ani12​141866

Zimov, S. A. (2005). Pleistocene park: Return of the mammoth's eco-
system. Science, 308, 796–798. https://​doi.​org/​10.​1126/​scien​ce.​
1113442

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

How to cite this article: Mitchell, C., Bolam, J., Bertola, L. D., 
Naude, V. N., Gonçalves da Silva, L., & Razgour, O. (2024). 
Leopard subspecies conservation under climate and land-use 
change. Ecology and Evolution, 14, e11391. https://doi.
org/10.1002/ece3.11391

 20457758, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.11391 by T

est, W
iley O

nline L
ibrary on [24/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.protectedplanet.net
http://www.protectedplanet.net
https://doi.org/10.1046/j.0962-1083.2001.01350.x
https://doi.org/10.1126/science.aad8466
https://doi.org/10.1007/s10531-017-1329-5
https://doi.org/10.1007/s10531-017-1329-5
https://doi.org/10.1177/19400829211030834
https://doi.org/10.1177/19400829211030834
https://doi.org/10.1111/conl.12949
https://doi.org/10.1111/conl.12949
https://doi.org/10.3389/fevo.2019.00037
https://doi.org/10.1890/10-1171.1
https://doi.org/10.1007/s10531-016-1214-7
https://doi.org/10.1007/s10531-016-1214-7
https://doi.org/10.1016/j.jnc.2023.126535
https://www.science.org
https://doi.org/10.1098/rsos.160252
https://doi.org/10.1098/rsos.160252
https://doi.org/10.1080/09397140.2021.1908506
https://doi.org/10.1080/09397140.2021.1908506
https://doi.org/10.3390/ani12141866
https://doi.org/10.1126/science.1113442
https://doi.org/10.1126/science.1113442
https://doi.org/10.1002/ece3.11391
https://doi.org/10.1002/ece3.11391

	Leopard subspecies conservation under climate and land-­use change
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Study species
	2.2|Location records
	2.3|Environmental variables
	2.4|Modelling procedures
	2.5|Spatial analysis of model outputs

	3|RESULTS
	3.1|Current suitable range predictions
	3.2|Future range change predictions
	3.3|Gap analysis: overlap with protected areas

	4|DISCUSSION
	4.1|Leopard subspecies differ in their environmental associations
	4.2|Leopard subspecies differ in their vulnerability to climate and land-­use changes
	4.3|Conservation gaps
	4.4|Conservation opportunities
	4.5|Limitations

	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


