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The Persian leopard (Panthera pardus saxicolor), the largest felid in the Middle

East, is an endangered subspecies persisting in fragmentedmountainous habitats

across Iran, where it faces escalating threats from habitat degradation, poaching,

and human–wildlife conflict. Bamu National Park (BNP), located in the southern

Zagros Mountains, serves as one of the species’ last strongholds and ecological

hotspot in southern Iran, yet its habitat suitability remains poorly quantified. In

this study, we used a maximum entropy (MaxEnt) model to identify suitable

habitat and the key environmental and anthropogenic drivers shaping the spatial

distribution of Persian leopards in BNP. Presence data were derived from 42

verified leopard occurrence records collected between 2015 and 2017. Twelve

predictor variables were retained out of an initial set of fifteen after

multicollinearity screening, selected based on ecological theory, previous

research, and expert consultation. These included topographic factors (slope,

aspect, ruggedness), climatic variables (mean annual temperature and

precipitation), vegetation and rangeland types, prey availability (Ovis orientalis),

and human disturbance (proximity to water troughs, ranger stations, roads, and

the oil refinery plant). The MaxEnt model exhibited excellent predictive

performance (mean AUC = 0.959; TSS = 0.84; OR = 0.06). Distance to artificial

water troughs was the most influential variable, contributing over 50% to the

model’s explanatory power, followed by vegetation type and rangeland

classification. Terrain ruggedness, prey availability, slope, and aspect were also

important, confirming the Persian leopard’s preference for rugged, shrub-

dominated landscapes with reliable prey resources. These results highlight

clear conservation priorities within BNP, including the protection and careful

management of core habitats surrounding anthropogenic water sources,

restricting road expansion in high-suitability zones, and managing rangeland
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and vegetation types that support key prey populations. Beyond BNP, this study

provides a replicable modeling framework to guide conservation of large

carnivores in other mountainous and fragmented landscapes where apex

predators face similar ecological and anthropogenic constraints.
KEYWORDS

habitat suitability modeling, MaxEnt, endangered carnivores, Zagros Mountains,
anthropogenic disturbance, conservation planning
1 Introduction

Habitat loss and fragmentation are among the leading drivers of

biodiversity decline worldwide, threatening the persistence of wide-

ranging carnivores that require large, connected landscapes for

survival (Yuan et al., 2024). The Persian leopard (Panthera

pardus saxicolor), the largest subspecies of leopard, is listed as

endangered on the International Union for Conservation of Nature

(IUCN) Red List (Sanei et al., 2020; Ghoddousi and Khorozyan,

2024; Moradi et al., 2024). Once widespread across West and

Central Asia, its population has undergone a dramatic decline

due to habitat fragmentation, illegal hunting and poaching for

pelts and other body parts (e.g., bones, claws, teeth, and whiskers)

traded in regional and international markets (Parchizadeh and

Adibi, 2019), retaliatory killings, and human–wildlife conflict

arising from livestock depredation (Soofi et al., 2019; Khorozyan

et al., 2020). The depletion of native ungulate prey, including large

and medium-sized herbivores, has further exacerbated conflict by

forcing leopards to hunt domestic animals and even livestock

guarding dogs. This prey depletion has intensified these pressures

(Shams et al., 2019; Moradi et al., 2024). In Iran, which harbors the

core population of this subspecies, rapid habitat degradation, prey

depletion, and expanding human activities have severely

fragmented the leopard’s range, increasing local extirpation risk

(Sanei et al., 2020; Jamali et al., 2024). Because these threats are

spatially structured, understanding where suitable habitats persist

and how they connect across human-modified landscapes is critical

for long-term species conservation (Morrison and Mathewson,

2015; Almasieh et al., 2019).

Habitat suitability models (HSMs) provide a powerful

framework to address this challenge by translating ecological

relationships into spatially explicit conservation priorities. They

produce decision-ready, map-based predictions of suitable areas,

enabling managers to identify core habitats, safeguard movement

corridors, and anticipate zones of potential human–wildlife overlap

(Ahmadi et al., 2020; Mwaniki et al., 2025). By integrating

environmental and anthropogenic variables, HSMs support

evidence-based decisions on habitat protection, restoration, and

the potential reintroduction of species into suitable landscapes

(Jamali et al., 2024; Serva et al., 2025). For threatened felids,

HSMs offer a cost-effective tool to target conservation where it is
02
most likely to succeed (Lamichhane et al., 2024; Roshani et al.,

2024). In recent years, such modeling approaches have increasingly

been used to understand Persian leopard distribution, generating a

growing body of knowledge on its ecological preferences

and threats.

Across Iran, these studies consistently demonstrate that Persian

leopard habitat suitability is shaped by a combination of

topographic, climatic, and anthropogenic factors, including slope,

ruggedness, water availability, vegetation structure, and human

disturbance (Ebrahimi et al., 2017; Kaboodvandpour et al., 2021;

Moradi et al., 2022; Jamali et al., 2024; Tavakoli et al., 2024). Rather

than detailing province-specific findings, these results collectively

reveal a recurring pattern: suitable habitats are patchy, rugged, and

increasingly fragmented by infrastructure and settlement. However,

despite this growing understanding at regional scales, fine-

resolution assessments remain scarce for some of Iran’s most

important leopard refuges.

One of such area is Bamu National Park (BNP), a major

stronghold in southern Iran, have not yet been subject to detailed,

spatially explicit habitat suitability assessments. BNP, designated as

an ecological hotspot, supports one of the most significant

remaining populations of the Persian leopard (Ghoddousi et al.,

2008, 2010; Ahmed and Majeed, 2023). BNP’s rugged mountainous

terrain, diverse vegetation mosaics, and relatively high prey

densities make it a critical stronghold for the species. However, it

is increasingly threatened by habitat fragmentation, overgrazing,

infrastructure development, and human–wildlife conflict.

Quantifying habitat suitability and the relative influence of

ecological versus anthropogenic drivers within BNP is therefore

essential to guide conservation priorities, identify conflict-prone

areas, and sustain viable Persian leopard populations.

The Persian leopard is distributed across mountainous habitats in

the Caucasus, Southwest Asia, and parts of Central Asia, spanning 11

countries (Karami et al., 2016). Iran harbors the largest remaining

population and the most extensive contiguous habitat of this

subspecies. The Persian leopard has become the apex felid

following the regional extinction of the Asiatic lion (P. leo persica)

and the Caspian tiger (P. tigris virgata) over the past seven decades

(Jamali et al., 2024). However, during the last 25 years, the Persian

leopard has been extirpated from many parts of its historical range,

and populations elsewhere have sharply declined due to human–
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wildlife conflict, road mortality, prey depletion, and poaching (Soofi

et al., 2022; Jamali et al., 2024; Almasieh and Mohammadi, 2025).

Understanding the ecological and anthropogenic factors that drive its

habitat use within strongholds like BNP is thus fundamental to

regional conservation planning. To address this gap, the present

study applies the maximum entropy (MaxEnt) model to predict

habitat suitability for the Persian leopard in BNP, integrating

topographic, climatic, ecological, and anthropogenic variables.

Specifically, we aim to: (1) identify the spatial distribution of

suitable Persian leopard habitats, (2) quantify the relative

importance of key environmental predictors, and (3) provide

spatially explicit recommendations for conservation management.

The results aim to inform evidence-based conservation planning,

highlight core habitats, and support targeted management

interventions to mitigate human–leopard conflict in this nationally

important refuge.
2 Materials and methods

2.1 Study area

BNP, located approximately 10 km northeast of Shiraz in Fars

Province, southern Iran, covers an area of 48,594 ha. Its geographic
Frontiers in Conservation Science 03
extent lies between 29°35′12″ to 29°36′24″N latitude and 52°29′37″
to 52°54′12″ E longitude. Situated within the Zagros Mountain

range, BNP features a rugged topography, with its highest elevation

at Mount Bamu (2,660 m above sea level) and the lowest elevations

ranging between 1,500 in the foothills to 2,660 m at Mount Bam, the

park’s highest peak. The area experiences a temperate semi-arid

continental climate, with an average annual precipitation of

210 mm and a mean annual temperature of 16°C (Ranjbar et al.,

2016). The area vegetation is dominated by dry shrubland

communities, primarily composed of almond species (Amygdalus

spp.) and thorny shrubs (Crataegus spp.), interspersed with patches

of steppe vegetation. BNP harbors a rich assemblage of wildlife,

including goitered gazelle (Gazella subgutturosa), wild sheep (Ovis

orientalis), wild goat (Capra aegagrus), and the endangered Persian

leopard (P. pardus saxicolor) (Ghoddousi et al., 2008). This

ecological diversity, coupled with the park’s relatively high prey

densities and rugged terrain, makes it a critical refuge for the

Persian leopard in southern Iran. Historically, BNP was first

designated as a protected area in 1959, expanded in 1971 to

100,000 ha, and later reclassified as a national park in 1974. Due

to increasing human settlement and land-use pressure near Shiraz,

the park’s area was gradually reduced to its current extent of 48,594

ha (Hushmand et al., 2022). Figure 1 illustrates the geographical

location of the study area.
FIGURE 1

Geographical location of Bamu National Park (BNP), southern Iran. The park, located approximately 10 km northeast of Shiraz in Fars Province,
covers 48,594 ha within the southern Zagros Mountains (1,500–2,660 m a.s.l.). The map shows Persian leopard presence points (green circles) and
main roads across the park.
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2.2 Methodology

2.2.1 Determining species presence points
Previous studies suggest that at least 30 occurrence points are

required to achieve reliable model performance in MaxEnt

(Hemami et al., 2015; Hosseini et al., 2025). To meet this

requirement, Persian leopard presence records were compiled in

BNP between 2015 to 2017, combining confirmed historical

detections (2015–2016) with intensive field surveys conducted in

all seasons of 2017 for validation and spatial confirmation.

Occurrence points were identified using multiple sources: (i)

direct visual observations reported by park rangers and visitors,

(ii) confirmed camera-trap photographs, and (iii) indirect evidence

such as scat, tracks, and scratch marks. The geographic coordinates

of each confirmed presence were recorded using GPS during the

2017 field campaigns. To ensure data reliability, all 42 occurrence

records were cross-validated using ranger patrol logs, camera-trap

timestamps, and GPS coordinates. Records collected within 500 m

or during the same 24-hour period were screened to remove spatial

or temporal duplication. Duplicate records within the same 100 ×

100 m grid cell (matching the spatial resolution of the

environmental layers) were also excluded. To reduce spatial

sampling bias, the dataset was spatially thinned using the spThin

package in R (Aiello-Lammens et al., 2015), retaining only one

presence record per 1 km radius to ensure even spatial

representation. Each verified point was georeferenced in ArcGIS

with field-validated coordinates. The spatial resolution of 100 ×

100 m was selected as an optimal scale that balances the positional

accuracy of GPS- and camera-derived data (± 30 m) with the

ecological grain of leopard habitat use. This resolution minimizes

spatial uncertainty while capturing fine-scale environmental

heterogeneity relevant to terrain, vegetation, and anthropogenic

features (Jacobson et al., 2016; Farhadinia et al., 2018). Additional

field information—such as elevation, topographic roughness,

proximity to water resources, and presence of other wildlife—was

documented for each occurrence site. In total, 42 independent

occurrence points were compiled for use in the SDM. To ensure

the spatial independence of the dataset, global spatial

autocorrelation index Moran’s I (Tiefelsdorf and Boots, 1997) was

applied to assess the spatial autocorrelation of occurrence points.

Following this quality check, all 42 occurrence points were retained

as reliable inputs for the MaxEnt modeling. These data were

collected as part of a long-term monitoring program aimed at

documenting the Persian leopard’s spatial distribution across all

potential habitats in BNP.

2.2.2 Habitat modeling using MaxEnt software
Habitat suitability was modeled using MaxEnt version 3.4.4,

which applies the Maximum Entropy principle to predict species

distributions based on presence-only data (Phillips et al., 2006).

MaxEnt has been widely recognized as one of the most robust SDM

approaches, particularly when working with limited presence

records (Elith et al., 2011; Comia-Geneta et al., 2024).

The software estimates habitat suitability by contrasting

environmental conditions at species occurrence locations with
Frontiers in Conservation Science 04
those available across the study area, thereby generating a

probability surface of suitable habitat. To assess the relative

contribution of each environmental predictor, a Jackknife test was

performed (Phillips et al., 2006; Baldwin, 2009), allowing the

identification of the most influential variables shaping Persian

leopard distribution. MaxEnt determines the optimal probability

distribution between species occurrence points and predictor

variables under the constraint of maximum entropy and

generalizes this relationship across the entire study area to

produce a continuous habitat suitability map (Ahmadi et al., 2023).

In this study, 70% of the occurrence points were randomly

assigned for model training, while the remaining 30% were reserved

for independent testing, following common SDM validation

procedures (Vesali et al., 2017). Model performance was

evaluated using the Receiver Operating Characteristic (ROC)

curve and the Area Under the Curve (AUC) metric (Omidi et al.,

2010; Shams et al., 2019). An AUC value of 0.5 indicates random

model performance, while values between 0.7–0.8 suggest a good

model, 0.8–0.9 indicate excellent performance, and values above 0.9

reflect outstanding predictive capacity (Farhadinia and Akbari,

2007). The final habitat suitability map ranged from 0

(unsuitable) to 1 (highly suitable), where higher values denote

greater suitability for the Persian leopard (Karami et al., 2016).

Additionally, composite layers of prey species distributions were

integrated to calculate distances to key ecological resources,

ensuring that both environmental and biotic factors were

incorporated into the modeling framework.

2.2.3 Environmental variables
A total of 15 environmental variables were selected for modeling

Persian leopard habitat suitability in BNP. The selection was based on

ecological theory, findings from previous studies, and consultation

with 19 experts, each holding at least a Master of Science degree and

possessing an average of 15 years of professional experience in

Persian leopard ecology, wildlife management, or conservation

biology (Table 1). These variables encompassed topographic

features, climatic conditions, vegetation characteristics, prey

availability, and anthropogenic disturbance factors, ensuring a

comprehensive representation of both environmental and human

influences on Persian leopard habitat suitability.

Topographic variables (Table 1), including slope, aspect, and

topographic ruggedness factor (TRF), were derived from a 1:50,000

digital elevation model (DEM) provided by the National

Cartographic Center of Iran and processed using ArcMap 10.8.

Four bioclimatic variables—mean annual temperature (bio1),

isothermality (bio3), annual temperature range (bio7), and annual

precipitation (bio12)—were obtained from the WorldClim database

(Fick, 2017). Land use and land cover were mapped using datasets

from the Department of the Environment of Fars Province, based

on 2016 satellite imagery, which corresponds closely to the 2015–

2017 period of Persian leopard occurrence records. Using the 2016

dataset minimized temporal discrepancies and ensured that land

cover conditions were representative of the landscape during the

monitoring period. These data identified 28 distinct vegetation

types (Table 2, Figure 2) and six rangeland covers (Table 3,
frontiersin.org
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TABLE 1 Environmental variables used for Persian leopard habitat suitability modeling in Bamu National Park (BNP).

Category *Variable Unit Source Key References

Topography Topographic
Ruggedness Factor
(TRF)

No unit National Cartographic Center of Iran Vesali et al. (2017); Jafari et al. (2018);
Khosravi et al. (2021);
Kaboodvandpour et al. (2021);
Shahsavarzadeh et al. (2023); Almasieh
and Mohammadi (2025)

Slope % National Cartographic Center of Iran Erfanian et al. (2013); Ebrahimi et al.
(2017); Ashrafzadeh et al. (2018);
Farashi and Shariati (2018);
Ashrafzadeh et al. (2020); Poursalem
et al. (2021); Moradi et al. (2022);
Majeed et al. (2023); Jamali et al.
(2024)

Aspect Degree National Cartographic Center of Iran Erfanian et al. (2013); Ashrafzadeh
et al. (2018); Moradi et al. (2022)

Bioclimate Mean annual
temperature

°C WorldClim database Farhadinia and Akbari (2007);
Farhadinia et al. (2015); Ebrahimi et al.
(2017); Ashrafzadeh et al. (2020);
Khosravi et al. (2021)

Isothermality % WorldClim database Khorozyan (2014); Jianhui et al. (2023)

Temperature annual
range

°C WorldClim database Ashrafzadeh et al. (2018);
Kaboodvandpour et al. (2021)

Annual precipitation Millimeter WorldClim database Farhadinia et al. (2015); Ashrafzadeh
et al. (2018); Khosravi et al. (2018);
Hosseini et al. (2019); Khosravi et al.
(2019); Ashrafzadeh et al. (2020);
Kaboodvandpour et al. (2021)

Land cover/vegetation Vegetation types No unit Department of the Environment of Fars
Province

Farhadinia and Akbari (2007);
Ashrafzadeh et al. (2018); Ashrafzadeh
et al. (2020); Poursalem et al. (2021);
Tavakoli et al. (2024)

Rangeland covers No unit Department of the Environment of Fars
Province

Ashrafzadeh et al. (2018); Majeed et al.
(2023); Tavakoli et al. (2024)

Prey availability Ovis orientalis habitat
suitability

No unit (habitat
suitability index 0–1)

Department of the Environment of Fars
Province; species sighting reports combined
with prey habitat suitability maps

Ebrahimi et al. (2017); Ashrafzadeh
et al. (2018); Farashi and Shariati
(2018); Khosravi et al. (2018);
Ashrafzadeh et al. (2020); Ahmadi
et al. (2020); Khosravi et al. (2021);
Moradi et al. (2022)

Water resources Distance to springs Meter Field survey and Department of the
Environment of Fars Province

Erfanian et al. (2013); Poursalem et al.
(2021); Kaboodvandpour et al. (2021);
Moradi et al. (2022)

Anthropogenic
disturbance

Distance to
environmental
protection stations

Meter Department of the Environment of Fars
Province

Ashrafzadeh et al. (2020); Ghoddousi
et al. (2020); Moradi et al. (2022)

Distance to roads Meter Road Administration and Transportation
Organization

Erfanian et al. (2013); Jafari et al.
(2018); Ashrafzadeh et al. (2018);
Hosseini et al. (2019); Poursalem et al.
(2021); Tavakoli et al. (2024)

Distance to refinery
plant

Meter Department of the Environment of Fars
Province

Farhadinia and Akbari (2007)

Distance to water
troughs

Meter Field survey and Department of the
Environment of Fars Province

Sanei et al. (2012); Ranjbar et al.
(2016); Sarhangzadeh et al. (2018)
F
rontiers in Conservation
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*Variables were selected based on ecological relevance, literature review, and expert knowledge.
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Figure 3) within the study area. Although minor local land-use

changes may have occurred after 2017 (e.g., expansion of grazing

lands or small-scale development), their effect on model
Frontiers in Conservation Science 06
performance is likely negligible given the limited extent of such

modifications in BNP. Prey availability (Table 1) was represented by

a habitat suitability layer for wild sheep (Ovis orientalis), the

principal natural prey of the Persian leopard in BNP. Other

potential prey species such as wild goat (Capra aegagrus) or

goitered gazelle (Gazella subgutturosa) were excluded because

consistent spatial data on their distributions were unavailable for

the study area. The wild sheep layer was selected due to its broad

spatial coverage and ecological representativeness as a key prey

species across the park. The layer was constructed by combining

field-based sighting records collected by the Department of the

Environment of Fars Province between 2015 and 2017 with an

independently developed MaxEnt-based prey suitability map using

topographic, vegetation, and water proximity variables. The

resulting raster layer represented continuous prey suitability

values ranging from 0 (unsuitable) to 1 (highly suitable) and was

used as a biotic predictor in the leopard habitat model. Locations of

springs (natural water sources) and artificial water troughs

(anthropogenic sources) were mapped through direct field

surveys, while the locations of environmental protection stations,

an oil refinery plant, and roads were obtained from the Department

of the Environment and Iran’s Road Administration and

Transportation Organization. Euclidean distance layers were then

generated for all anthropogenic features using ArcMap (Ver. 10.8)

to quantify their proximity to Persian leopard presence points.
2.3 Multicollinearity assessment and model
configuration

To address potential multicollinearity among environmental

predictors, pairwise Pearson correlation analysis was conducted.

Three variable pairs showed high correlation coefficients (r > 0.7):

bio1 vs. bio12, bio3 vs. bio7, and distance to environmental

protection stations vs. distance to water troughs. To reduce

redundancy and ensure statistical independence among variables,

bio1, bio7, and distance to environmental protection stations were

excluded from the final analysis. All environmental layers were

resampled to a spatial resolution of 100 × 100 m and imported into

MaxEnt alongside the species occurrence data. Following best

practices, 70% of the presence points were randomly selected for

model training, while the remaining 30% were used for model

testing and validation (Elith et al., 2011). The MaxEnt algorithm

was selected because it is well-suited to presence-only data and

small sample sizes (Hernandez et al., 2006; Elith et al., 2006; Pearson

et al., 2007; Wang et al., 2025). Comparative studies show it often

performs favorably or similarly to regression-based (GLM) and

machine‐learning (Random Forest) approaches when appropriately

tuned (e.g., Luna-Aranguré and Vázquez-Domı ́nguez, 2021;

Hosseini et al., 2022); however, algorithm performance ultimately

depends on data conditions and modeling context.

We acknowledge that MaxEnt can be sensitive to sampling bias

and spatial autocorrelation, which may artificially inflate model

accuracy if left uncorrected (Kramer-Schadt et al., 2013; Phillips,

2017). To minimize this potential bias, we applied spatial thinning
TABLE 2 Vegetation types identified in Bamu National Park (BNP) based
on dominant species composition.

No. Vegetation type

1 Astragalus spp. - Artemisia aucheri

2 Astragalus spp. - Artemisia aucheri - Ebenus stellata -Acantholimon spp.

3
Astragalus spp. - Stipa hohenackeriana - Ebenus stellata - Acantholimon
spp.

4
Astragalus spp. - Ebenus stellata - Stipa hohenackeriana - Helicherysum
leucocephalum - Scariola orientalis

5
Astragalus spp. - Ebenus stellata - Scariola orientalis - Achillea eriophora
- Centaurea intricata

6 Astragalus spp. - Ebenus stellata - Amygdalus spp.

7 Astragalus spp. - Scariola orientalis - Helicherysum leucocephalum

8 Astragalus spp. - Ebenus stellata - Helicherysum leucocephalum

9
Astragalus spp. - Ebenus stellata - Amygdalus spp. - Artemisia aucheri -
Acantholimon spp. - Ficus johannis – Convolvulus leiocalycinus

10 Astragalus spp. - Ebenus stellata - Artemisia aucheri - Acantholimon spp.

11 Astragalus spp. - Ebenus stellata

12 Astragalus spp. - Ebenus stellata - Stipa spp.

13 Astragalus spp. - Artemisia aucheri - Acantholimon spp.

14
Astragalus spp. - Stipa hohenackeriana - Artemisia aucheri -
Acantholimon spp. - Cousinia spp.

15
Astragalus spp. - Ebenus stellata - Stipa hohenackeriana - Artemtsia
aucheri - Acantholimon spp.

16
Astragalus spp. -Ebenus stellata - Stipa hohenackeriana - Artemisia
aucheri - Acantholimon spp.

17 Astragalus spp. - Stipa hohenackeriana - Acantholimon

18 Astragalus spp. - Stipa hohenackeriana - Ebenus stellata

19 Astragalus spp. - Acantholimon spp.

20
Astragalts spp. - Ebenus stallata - Stipa hohenackeriana - Acantholimon
spp.

21
Astragalus spp. - Artemisia aucheri - Stipa hohenackeriama -
Helichrysum leucocephalum

22
Astragalus spp. - Ebenus stellata - Stipa hohenackeriana - Acantholimon
spp.

23 Astragalus spp. - Stipa hohenackeriana - Acantholimon spp.

24
Astragalus spp. - Ebenus stellata - Stipa hohenackeriana - Acantholimon
spp.

25 Astragalus spp. - Stipa hohenackeriana

26
Astragalus spp. - Ebenus stellata - Stipa hohenackeriana - Acantholimon
spp. - Amygdalus spp.

27 Astragalus spp. - Ebenus stellata

28 Centaurea intricata - Scariola orientalis - Achillea eriophora

29 Helichrysum leucocephalum - Cousinia spp. - Stipa hohenackeriana
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of occurrence data (1 km radius) and excluded background points

overlapping presence locations, ensuring balanced environmental

representation across the study area.

The MaxEnt model was configured to run for a maximum of 500

iterations, using 1,000 background points, and was repeated 100

times to ensure robustness and account for variability in predictions

(Elith et al., 2011; Merow et al., 2013; Phillips, 2017). The 1,000

background points were randomly generated within the boundary of

Bamu National Park to represent the full range of available

environmental conditions. Because the occurrence data were

collected systematically across the park through a well-distributed

monitoring program, restricting background points by survey effort

was not necessary. To ensure spatial independence, background
Frontiers in Conservation Science 07
points located within grid cells containing presence records

were excluded prior to model calibration. Model settings

included a regularization multiplier of 1.0 and five feature classes

(linear, quadratic, product, threshold, and hinge), following

recommendations by Phillips and Dudıḱ (2008) and Merow et al.

(2013). These default parameters were retained because they provide

a balanced trade-off between model complexity and predictive

performance when sample sizes are moderate (Elith et al., 2011).

Model convergence was confirmed through preliminary testing of

multiple runs with different random seeds, which yielded consistent

response patterns. To classify habitat suitability, the 10th percentile

training presence threshold was applied to the continuous MaxEnt

output. This thresholding method is widely used in presence-only

models to minimize overprediction while accounting for potential

location uncertainty in a small number of training records (Liu et al.,

2005; Pearson et al., 2007). In addition to the AUC, the model’s

predictive performance was evaluated using the True Skill Statistic

(TSS) and the omission rate (OR), both calculated from the test

dataset (Allouche et al., 2006). TSS was computed as sensitivity +

specificity – 1, and OR as the proportion of known presences

incorrectly predicted as unsuitable. To improve model

generalization and minimize potential bias from a single random

split, a k-fold cross-validation approach (k = 5) was applied. In each

iteration, 80% of the occurrence data were used for training and 20%

for testing. Mean AUC, TSS, and omission rate across folds were used

to evaluate model robustness and ensure consistent predictive

performance (Roberts et al., 2017).
FIGURE 2

Vegetation types identified in Bamu National Park (BNP), southern Iran. The map illustrates 29 vegetation types classified based on dominant species
composition (see Table 2 for details).
TABLE 3 Rangeland cover classes identified in Bamu National Park
(BNP).

No. Rangeland class description

1 Sparse wooded rangelands on massive rocky mountain

2 Sparse wooded rangelands on exposed rocky mountain

3 Poor rangelands on massive rocky hills

4 Poor rangelands on exposed rocky hills

5 Poor rangelands on gravelly colluvium with 30% canopy cover

6 Poor rangelands on gravelly colluvium with 40% canopy cover
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3 Results

3.1 Model evaluation

The MaxEnt model demonstrated consistently strong predictive

performance across all five cross-validation folds. Mean evaluation

metrics indicated excellent model reliability, with an average AUC of

0.959 (p = 0.01), a TSS of 0.84, and an OR of 0.06, collectively

indicating high discrimination ability and no evidence of overfitting.

This result confirms the model’s strong discriminatory power, with a

high level of agreement between predicted suitability and species

presence. The high consistency among cross-validation folds further

supports the robustness and stability of the model prediction

(Figure 4). Table 4 presents the percent contribution of each

environmental variable to the model. The most influential predictor

was distance to water troughs, followed by vegetation type, rangeland

class, aspect, and the habitat suitability of Ovis orientalis. Together,

distance to water troughs and vegetation type accounted for 64.4% of

the total variable contribution, indicating their dominant role in

shaping Persian leopard habitat distribution within the park.

Additional predictors such as TRF, rangeland classification, and

prey availability, highlighting the combined influence of

topography, vegetation structure, and biotic interactions in

determining suitable habitats for this endangered carnivore.

The importance of environmental variables in developing the

Persian leopard distribution model was evaluated using the
Frontiers in Conservation Science 08
Jackknife test (Figure 5). The results, based on AUC values

derived from the test data, are presented in Figure 5. In the

figure, blue bars indicate the model’s AUC when trained using

each variable individually, reflecting the independent predictive

power of each variable. The results show that distance to water

troughs had the highest AUC when used alone, suggesting it

provides the most informative and independently valuable

contribution to the model. Green bars represent the model’s AUC

when all variables except the one in question are included. The

removal of distance to water troughs led to the largest decline in

model performance, indicating that this variable contains unique

information not captured by others. Thus, distance to water troughs

was identified as the most influential environmental variable in

predicting Persian leopard habitat suitability.

In the present study, species response curves to environmental

variables were also examined (Figure 6). These curves illustrate how

the predicted probability of species presence changes as individual

variables vary, while all other variables are held at their mean values.

The y-axis represents the probability of suitable conditions, based

on the logistic output of the model, and the x-axis indicates the

range of values for each variable. The red curve denotes the average

response across all model runs, while the blue shading (or two-tone

shading for categorical variables) represents one standard deviation

from the mean. Among the environmental variables analyzed,

distance to water troughs had the strongest influence on predicted

habitat suitability. Suitability sharply declined with increasing
FIGURE 3

Rangeland cover classes identified in Bamu National Park (BNP), southern Iran. The map illustrates six rangeland classes based on physiographic and
canopy characteristics (see Table 3 for descriptions).
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distance, with the highest probability of occurrence found within

2,000 meters. Isothermality (bio3) exhibited a unimodal response:

suitability peaked at intermediate values around 39%, with lower

suitability observed at both extremes. For vegetation types,

categories 9, 11, and 15 were associated with the highest

predicted suitability, suggesting these vegetation communities

offer favorable structural or ecological conditions for Persian
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leopards. The response to distance from roads showed a

consistent positive trend, with suitability increasing as distance

increased—peaking beyond 5,000 meters. The distance to springs

response followed a three-phase pattern: a decline in suitability with

increasing distance up to ~1,000 m, a brief peak between 1,000 and

2,500 m, and a subsequent decline beyond 3,000 m. Regarding

rangeland cover, units 3 and 4—defined as poor rangelands on

massive rocky hills and exposed rocky slopes, respectively—showed

the highest predicted suitability. In contrast, unit 1 (sparsely

wooded rangelands on massive rocky mountains) exhibited the

lowest predicted suitability for Persian leopard occurrence.
3.2 Habitat suitability map

Following the identification of key environmental variables and

analysis of species response curves, a habitat suitability map for the

Persian leopard in BNP was generated (Figure 7). The map illustrates

the spatial variation in predicted suitability, with a color gradient

ranging from low (dark blue) to high (bright yellow). High-suitability

habitats are concentrated along the central and southeastern

ridgelines and upper valleys of BNP, particularly in rugged terrain

characterized by steep slopes and proximity to artificial water troughs

and prey-rich rangelands. These areas represent optimal

environmental conditions for leopard presence, providing cover,

prey accessibility, and reduced human disturbance. In contrast,

low-suitability zones are mainly distributed in the northwestern

and peripheral lowlands of the park, where flatter terrain, sparse

vegetation, and greater proximity to roads or human activity reduce

habitat quality. This spatial pattern emphasizes the ecological

importance of the park’s central mountainous core as a

conservation priority for sustaining the Persian leopard population.
FIGURE 4

Receiver Operating Characteristic (ROC) curve and Area Under the Curve (AUC) value for the MaxEnt model predicting Persian leopard (Panthera
pardus saxicolor) habitat suitability in Bamu National Park (BNP). The mean AUC value of 0.959 (shown in red) indicates excellent model
performance. Blue shading represents the standard deviation across 100 replicates, and the black diagonal line denotes random prediction.
TABLE 4 Percent contribution and permutation importance of
environmental variables used in the MaxEnt model for predicting Persian
leopard (P. pardus saxicolor) habitat suitability in Bamu National Park
(BNP).

Variable Percent
contribution

Permutation
importance

Distance to water troughs 37.1 52.5

Vegetation type 20.8 11.9

Rangeland type 11.3 7.6

Aspect 7.0 4.3

Presence of Ovis orientalis 4.5 4.4

Topographic Ruggedness
Factor (TRF)

4.2 5.0

Distance to roads 4.2 2.5

Slope 3.6 2.8

Isothermality (bio3) 2.7 2.4

Distance to springs 1.9 1.8

Distance to refinery plant 1.8 3.4

Annual precipitation
(bio12)

0.9 1.4
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4 Discussion

4.1 Model evaluation

The distribution of animal species in natural ecosystems is

shaped by a combination of environmental factors aligned with

their ecological requirements and tolerance ranges. Identifying the

key drivers of species distributions is essential not only for locating

suitable habitats but also for informing restoration efforts and

conservation planning (Sun et al., 2024; Thammanu et al., 2021).

The high AUC value obtained from the MaxEnt model indicates

excellent predictive performance for identifying suitable habitats for

the Persian leopard in the study area. These results demonstrate the

model’s strong ability to discriminate between favorable and

unfavorable areas for the species. Moreover, the substantial

overlap between the training and test datasets further supports

the reliability of the model’s predictions. These findings are

consistent with previous studies (Ebrahimi et al., 2017; Jafari

et al., 2018; Rozhnov et al., 2020; Majeed et al., 2023;

Shahsavarzadeh et al., 2023; Jamali et al., 2024), which also

reported strong performance of MaxEnt in modeling Persian

leopard distribution. The results affirm that MaxEnt is well-suited

for modeling this species’ habitat preferences and aligns closely with

observed ecological patterns. Similarly, Majeed et al. (2023) found

that MaxEnt reliably predicted the potential effects of climate

change on the Persian leopard’s distribution in Iran, reinforcing

the model’s applicability for conservation planning under changing

environmental conditions.

Beyond felids, MaxEnt has also demonstrated strong

performance in modeling habitat suitability for other mammals,

including the goitered gazelle (Gazella subgutturosa; Khosravi et al.,

2016), tiger (Panthera tigris; Agrawal and Awasthi, 2024), North-

Chinese leopard (Panthera pardus japonensis; Yang et al., 2025),
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Himalayan brown bear (Ursus arctos isabellinus; Hosseini et al.,

2022), brown bear (Ursus arctos; Acarer, 2024), and Asian elephant

(Elephas maximus; Budhathoki et al., 2023). These studies

collectively confirm the model’s versatility across taxa,

underscoring its reliability for large-mammal conservation under

diverse ecological settings.
4.2 Environmental determinants of Persian
leopard habitat

Among the environmental variables analyzed, distance to water

troughs emerged as the most influential predictor of Persian leopard

distribution, contributing more than one-third of the total model

gain and causing the largest drop in AUC when excluded in the

Jackknife test. This strong effect suggests that artificial water sources

serve as critical attractants for both the Persian leopard and its prey,

particularly in arid and semi-arid landscapes such as BNP. The

observed decline in habitat suitability with increasing distance from

water troughs—most notably beyond 2,000 m—highlights the

species’ reliance on areas with proximate, reliable water access.

This finding is consistent with broader regional studies. Almasieh

and Mohammadi (2025) also identified distance to water resources

as the most significant factor influencing leopard distribution in the

central plains of Iran, where limited rainfall and the scarcity of

permanent rivers force leopards to depend more on artificial

water points.

Similarly, Poursalem et al. (2021) reported distance to water as

the second most important predictor of habitat suitability for the

species in southwestern Iran, which shares similar climatic

conditions with our study area. Likewise, natural water bodies

perform a comparable ecological function in our landscape.

Rivers not only provide drinking water but also enhance hunting
FIGURE 5

Results of the Jackknife test showing the relative importance of environmental variables in the Persian leopard habitat suitability model. Bars represent the
model performance (AUC) when each variable is used in isolation (blue), omitted from the model (red), or included with all variables (gray).
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opportunities due to higher prey abundance and diversity along

riparian corridors (Kaboodvandpour et al., 2021). Therefore,

whether artificial (water troughs) or natural (river systems),

proximity to consistent water resources is a key determinant of

Persian leopard habitat selection, underscoring the species’

dependence on water-associated habitats for survival and

successful predation.

This relationship can be further understood by considering the

hydrographic and management context of BNP. BNP lies within the

southern Zagros Mountains and experiences a semi-arid climate

with a mean annual rainfall of approximately 250 mm (Attarod

et al., 2016), resulting in limited permanent surface water. Most

streams in the park are ephemeral, flowing only after seasonal rains

during winter and spring. A few perennial springs—such as Tang-e-

Hana, Tang-e-Bostanak, and Garmab—provide year-round water

in central and southeastern valleys. To offset seasonal shortages, the

Department of the Environment has installed several artificial water

troughs across the park since the early 2000s. These troughs,

constructed of concrete or metal and supplied by groundwater or

piped storage tanks, are mainly located near ranger stations and

mid-elevation valleys, both inside and along the park boundary.

They serve as critical dry-season water sources for wildlife,

attracting herbivores and, consequently, large predators such as

the Persian leopard. However, their proximity to managed or grazed

areas may also increase the potential for human–wildlife

interactions. Regular maintenance and seasonal refilling of these

troughs are currently part of BNP’s management strategy to sustain

wildlife populations during prolonged droughts. From a

conservation perspective, optimizing the spatial placement and
Frontiers in Conservation Science 11
monitoring of these artificial sources is crucial to balance their

ecological benefits with the risk of conflict or overdependence

by wildlife.

The strong influence of artificial water troughs on habitat

suitability may, however, partially reflect the spatial clustering of

ranger patrol routes and camera traps around these accessible

locations, introducing potential sampling bias. Nevertheless, water

availability remains a genuine ecological driver in arid ecosystems,

where both natural and artificial sources act as focal points for prey

concentration and thermoregulation, thereby indirectly increasing

predator activity (Farhadinia et al., 2018). The observed response

likely represents an interaction of both ecological dependence and

sampling proximity. Future research should aim to disentangle

these effects through systematic camera placement across different

habitat types and independent validation using telemetry data.

Beyond Iran, similar environmental determinants have been

reported across leopard populations in both Asia and Africa. In

the Indian subcontinent, leopards often concentrate in rugged

terrain near reliable water sources and prey-rich zones, while

avoiding areas of intense human disturbance (Odden et al., 2014;

Gupta et al., 2021). Comparable patterns have been observed in

Nepal, where proximity to natural water bodies and moderate

vegetation cover enhances leopard occurrence, underscoring the

species’ dependence on both prey and cover for successful hunting

(Maharjan, 2016). In African savannas and semi-arid systems, water

and prey availability remain equally important, but anthropogenic

pressures—particularly roads, poaching, and livestock presence—

emerge as primary constraints on leopard persistence (Jacobson

et al., 2016; Swanepoel et al., 2013). Collectively, these studies
FIGURE 6

Response curves showing the effect of environmental variables on the predicted habitat suitability for the Persian leopard (Panthera pardus
saxicolor). The red line represents the mean response across all MaxEnt model replicates, while the blue shading indicates one standard deviation.
For continuous variables, the x-axis shows the range of variable values; for categorical variables, bars represent different vegetation and rangeland
classes. These curves illustrate the species’ sensitivity to key variables such as distance to water troughs, vegetation type, isothermality, and distance
to roads.
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highlight the remarkable ecological flexibility of leopards across

their range; nevertheless, they consistently emphasize that prey

accessibility, water proximity, and low human disturbance are

universal prerequisites for maintaining viable populations. The

results from BNP thus align with global evidence, illustrating how

even adaptable carnivores remain vulnerable to resource limitation

and human encroachment.

Vegetation type was the second most important variable, with the

highest suitability associated with vegetation classes 9, 11, and 15.

These communities, dominated by plant species such as Astragalus,

Amygdalus–Artemisia aucheri, and Stipa hohenackeriana, likely

support favorable structural conditions and forage resources for key

prey species like Ovis orientalis and Capra aegagrus. This indirect

association reinforces the idea that Persian leopard presence is tightly

coupled with prey availability, which in turn is shaped by specific

vegetation assemblages. The combined explanatory power of

“distance to water troughs” and “vegetation type” accounted for

64.4% of the model’s predictive contribution, indicating that a mix of

anthropogenic and ecological drivers governs habitat suitability in

BNP. These findings are consistent with studies from other parts of

the Persian leopard’s range (e.g., Thakur, 2024; Moradi et al., 2022),

emphasizing the central role of water availability and habitat

structure in shaping the spatial ecology of this endangered

carnivore. Importantly, the strong influence of water troughs—an

anthropogenic feature—suggests that human-modified elements of

the landscape may inadvertently support Persian leopard habitat use,

but also highlight the need to manage such features carefully to

balance wildlife support and conflict mitigation. The significance of
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vegetation type as the second most influential predictor also provides

actionable guidance for habitat restoration and management in BNP.

Vegetation classes associated with higher suitability—particularly

those dominated by Amygdalus–Artemisia aucheri and Stipa

hohenackeriana—should be prioritized for conservation and

rehabilitation, as these communities support the forage base of key

prey species (Ovis orientalis and Capra aegagrus). Restoration

strategies should focus on controlling overgrazing, reducing

shrubland degradation, and promoting native shrub–grass

assemblages that enhance both prey availability and structural

cover for ambush hunting. Similar terrestrial carnivore studies have

emphasized vegetation structure as a critical determinant of predator

distribution (e.g., Heck and Crowder, 1991; Ismaili et al., 2024).

Comparable findings have been reported for large mammals, where

heterogeneous shrub–grass mosaics promote coexistence between

large predators and their prey (Rather et al., 2020). Aligning

BNP’s vegetation management with these ecological principles

could simultaneously restore degraded rangelands, increase prey

densities, and support the long-term persistence of the Persian

leopard population.

Rangeland cover emerged as the third most influential factor

shaping Persian leopard habitat suitability. The MaxEnt model

revealed that units 3 and 4—classified as poor rangelands on

massive rocky hills and exposed rocky slopes—had the highest

predicted suitability. These rugged, remote landscapes likely offer

reduced human disturbance and support higher densities of wild

prey such as Capra aegagrus and Ovis orientalis (Farhadinia and

Akbari, 2007), thereby increasing their attractiveness to Persian
FIGURE 7

Predicted habitat suitability map for the Persian leopard (Panthera pardus saxicolor) in Bamu National Park (BNP), southern Iran.
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leopards. In contrast, unit 1 (sparsely wooded rangelands on

massive Rocky Mountains) showed the lowest suitability, which

may reflect lower prey availability or greater exposure to

human activity.

Similarly, Khosravi et al. (2019) reported that rangelands—

particularly grassland habitats—were the second most influential

predictor of Persian leopard suitability in central Iran, underscoring

the species’ strong association with open, rugged landscapes that

combine prey availability with limited human disturbance.

Ecologically, this pattern illustrates the Persian leopard’s adaptive

use of semi-arid, structurally heterogeneous rangelands as

functional refugia, where topographic complexity and patchy

shrub cover provide both concealment and visibility essential for

ambush predation (Hayward and Kerley, 2008). Such areas also

allow individuals to reduce direct encounters with humans and

livestock-guarding dogs, facilitating their persistence even in

human-modified environments (Jacobson et al., 2016; Farhadinia

et al., 2018). This adaptability highlights the ecological flexibility of

the Persian leopard, enabling its continued occupancy across Iran’s

fragmented rangeland ecosystems where forest habitats have

declined or become heavily disturbed.

In this study, prey availability was also identified as an

important variable influencing habitat suitability. The primary

prey species for the Persian leopard include Capra aegagrus, Ovis

vignei, and Ovis orientalis (Karami et al., 2016). Our results indicate

a positive correlation between habitat suitability and the presence of

Ovis orientalis, consistent with the findings of Farashi and Shariati

(2018). This relationship also implicitly supports the results of Jafari

et al. (2018), who reported a decline in habitat suitability as the

distance to prey increased. Similarly, Khosravi et al. (2021) found

that prey availability was the most influential predictor of Persian

leopard distribution in Isfahan and Yazd provinces in central Iran.

Ebrahimi et al. (2017) reported comparable results at the national

scale, highlighting the central role of prey abundance in

determining Persian leopard habitat suitability across Iran.

Collectively, these findings suggest that leopard distribution is

strongly shaped by bottom-up ecological processes, where the

spatial availability of prey governs habitat use, movement

patterns, and ultimately, the persistence of the species in human-

dominated landscapes.

TRF also ranked among the most influential predictors,

reinforcing the importance of topographic complexity for Persian

leopard persistence. This finding is consistent with previous studies

that used various roughness indices—such as vector ruggedness

measure (VRM), topographic ruggedness index (TRI), and

elevation variance—and consistently identified rugged terrain as

critical for Persian leopard habitat (e.g., Vesali et al., 2017;

Kaboodvandpour et al., 2021; Khosravi et al., 2021; Shoaee et al.,

2017). Rugged areas may offer better cover, hunting opportunities,

and lower risk of human encounter. Our results confirm that Persian

leopards favor topographically complex landscapes, where ecological

conditions align with both their behavioral ecology and prey

availability. From an ecological perspective, such terrain functions

as a natural refuge—reducing hunting pressure and human

accessibility—while simultaneously enhancing ambush success and
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prey encounter rates, making topographic heterogeneity a key

prerequisite for long-term population persistence.

Suitability increased consistently with distance from roads,

reaching maximum values beyond 5,000 m—indicating that

Persian leopards actively avoid road-adjacent areas, likely due to

elevated disturbance and mortality risks. This pattern was evident in

BNP, where aside from a major highway bisecting the park’s

western corridor, roads are primarily concentrated along the

northeastern and southeastern margins. The species’ apparent

avoidance of these areas underscores the importance of road-free

zones for conservation planning. This avoidance behavior reflects

both direct threats—such as vehicle collisions (Naderi et al., 2018)

and poaching access (Farhadinia et al., 2009)—and indirect impacts

including habitat fragmentation, altered prey movement, and

increased human presence, emphasizing that road expansion

without proper mitigation could severely compromise leopard

movement, genetic exchange, and long-term survival.

Anthropogenic features such as artificial water troughs and

roads create a complex ecological trade-off for Persian leopards,

acting simultaneously as attractants and risk-prone habitats. Water

troughs enhance prey aggregation and provide essential hydration

in arid environments but may also increase the likelihood of

human–wildlife encounters near managed sites. Similarly, while

certain roads can facilitate movement along landscape edges, they

primarily elevate mortality risk through vehicle collisions, poaching

access, and habitat fragmentation. These contrasting effects

highlight the need for strategic landscape planning—maintaining

water access for wildlife while minimizing road expansion and

disturbance in key habitats (Clements et al., 2014; Naderi

et al., 2018).

The response to distance from springs followed a nonlinear,

three-phase curve: initial suitability declined with increasing

distance, followed by a brief peak between ~1,000 and 2,500 m,

and a subsequent decline beyond 3,000 m. This suggests that

Persian leopards may favor intermediate distances from springs—

balancing access to natural water sources with reduced exposure to

human activity, which is often concentrated near springs.

Ecologically, this pattern reflects an adaptive trade-off in leopard

spatial behavior, where individuals remain close enough to springs

to access water and prey, yet far enough to minimize encounters

with pastoralists, livestock, and potential persecution—highlighting

springs as both ecological hotspots and potential conflict zones

within arid landscapes.

The results indicated that steep slopes play a significant role in

determining suitable habitats for the Persian leopard, primarily due

to the species’ preference for rugged and mountainous terrain.

Topography (particularly slope) strongly influences the distribution

of both predator and prey species, making it a key ecological factor

shaping wildlife presence. This is especially relevant for the Persian

leopard, as many of its primary prey species, including Ovis

orientalis, occupy steep, mountainous regions. Consequently, the

Persian leopard’s dependence on these prey species enhances the

desirability of such habitats, highlighting slope as a critical variable

in modeling habitat suitability. Beyond prey availability, steep

landscapes may also provide reduced human accessibility,
frontiersin.org

https://doi.org/10.3389/fcosc.2025.1697904
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org


Shahidinejad et al. 10.3389/fcosc.2025.1697904
enhanced stalking cover, and elevated vantage points—factors that

collectively improve hunting success and lower mortality risk. This

suggests that slope functions not merely as a physical attribute but

as a multifunctional ecological refuge that supports both predator

survival and hunting efficiency (Jacobson et al., 2016; Farhadinia

et al., 2018).

Isothermality exhibited a unimodal relationship with habitat

suitability, peaking at approximately 39%, with reduced suitability

observed at both lower and higher values. This pattern suggests that

Persian leopards may favor thermally stable environments

characterized by moderate diurnal temperature ranges. Such

conditions likely optimize energetic efficiency for both leopards

and their prey, reducing thermal stress while maintaining sufficient

daily temperature variation to support diverse vegetation and prey

communities, thereby enhancing overall habitat quality.

Model predictions highlight several priority zones within BNP

that warrant focused conservation attention. The northeastern and

southeastern sectors—particularly the Tang-e-Hana, Tang-e-

Bostanak, and Garmab rangelands—showed the highest habitat

suitability for the Persian leopard, corresponding to areas of high

prey availability and stable water access. These regions are also

characterized by relatively low human density and limited road

intrusion, making them suitable for targeted conservation action.

Management efforts should prioritize these zones for intensified

anti-poaching patrols, installation of remote monitoring systems,

and protection of key water resources to reduce conflict and

maintain ecological connectivity between core habitats.

While artificial water troughs play an important role in

sustaining wildlife populations during prolonged dry periods, they

also present a management dilemma. Concentrating prey and

predators around artificial water points may increase the

likelihood of livestock depredation and human–wildlife conflict

near grazing areas and ranger stations. These artificial features

can act as ecological attractants but also as conflict hotspots when

located near pastoral zones. To balance these trade-offs, water

provisioning should be spatially planned—favoring placement in

core conservation zones while limiting access in human-dominated

areas—and coupled with community-based monitoring and conflict

mitigation programs (Valeix et al., 2010; Stein et al., 2020).
4.3 Research limitations and future
directions

Although this study applied a rigorous modeling framework,

several limitations should be acknowledged. First, the relatively

small number of verified occurrence records (n = 42) may constrain

model generalization; however, this limitation was addressed

through spatial thinning using the spThin package (Aiello-

Lammens et al., 2015), k-fold cross-validation (k = 5), and

multiple evaluation metrics (AUC, TSS, and OR), all of which

minimized sampling bias and overfitting. Second, a potential source

of circularity may arise from partial overlap between the

environmental variables used in the Persian leopard model and

those used to generate the prey suitability layer for Ovis orientalis.
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Although the prey layer was based on an independent dataset of

field-verified observations, shared predictors such as vegetation

type, elevation, and slope could have introduced minor bias.

Future work should incorporate direct prey occurrence or

abundance data from field surveys, camera traps, or distance

sampling to avoid this issue. Third, the environmental variables

were static and represent long-term averages, which may not fully

capture temporal variability in vegetation, resource availability, or

anthropogenic disturbance. While this is a common simplification

in species distribution modeling, incorporating dynamic time-series

data (e.g., NDVI or seasonal productivity indices) could provide

deeper insight into temporal habitat dynamics and seasonal

movements. Beyond these limitations, future studies should also

integrate dynamic environmental drivers such as climate variability

and land-use change to project habitat shifts and optimize adaptive

management. The strong influence of water availability observed in

this study suggests that managing both artificial and natural water

sources can serve as a critical conservation lever. Incorporating

these spatially explicit findings into regional conservation policy

will help enhance ecological connectivity, reduce conflict risk, and

strengthen the long-term persistence of the Persian leopard in Iran’s

fragmented landscapes.

Despite these constraints, the methodological safeguards

applied in this study—particularly spatial bias correction, cross-

validation, and multi-metric evaluation—enhance confidence in the

robustness and ecological validity of the results.
5 Conclusions

Our MaxEnt modeling of Persian leopard (P. pardus saxicolor)

habitat suitability in BNP revealed that water accessibility,

vegetation type, and terrain features are the most influential

factors shaping the species’ distribution. Specifically, distance to

water troughs and vegetation type jointly accounted for over 64% of

the model’s predictive contribution. This finding highlights the

importance of maintaining water sources and structurally diverse

vegetation communities—particularly types 9, 11, and 15 (Table 2,

Figure 2), which support preferred prey such as Ovis orientalis and

Capra aegagrus. Additional predictors such as topographic

ruggedness, distance from roads, and rangeland units with rocky,

less accessible substrates further show the Persian leopard’s reliance

on undisturbed, topographically complex environments. These

spatial patterns affirm the species’ ecological dependence on

remote, prey-rich habitats, and provide fine-scale insights that

improve upon earlier regional-scale models.

From a conservation planning perspective, our results provide a

practical framework to guide site-specific management actions in

and around BNP. High-suitability zones identified in this study

should be prioritized for protection, particularly those with limited

anthropogenic pressure and strong connectivity potential. Because

Persian leopards regularly range beyond the protected area, effective

coexistence with nearby communities is critical. Management

strategies should therefore include community engagement

initiatives, such as improved livestock husbandry practices (e.g.,
frontiersin.org

https://doi.org/10.3389/fcosc.2025.1697904
https://www.frontiersin.org/journals/conservation-science
https://www.frontiersin.org


Shahidinejad et al. 10.3389/fcosc.2025.1697904
predator-proof corrals), compensation or insurance schemes for

depredation losses, and early-warning or rapid-response systems to

mitigate conflict. Linking the spatial predictions from this study

with the distribution of surrounding settlements and their

dominant land uses will further enable targeted intervention and

long-term coexistence planning.
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding authors.
Ethics statement

The animal study was approved by Research Ethics committees

of Lorestan University. The study was conducted in accordance

with the local legislation and institutional requirements.
Author contributions

FS: Formal analysis, Writing – original draft, Investigation. AF:

Investigation, Writing – original draft. PS: Visualization, Data

curation, Writing – original draft, Conceptualization, Methodology.

GGM: Writing – original draft, Conceptualization. AD: Writing –

review & editing, Supervision, Conceptualization. MVM: Writing

– review & editing, Conceptualization. SMMS: Supervision, Writing –

original draft, Writing – review & editing, Conceptualization.
Frontiers in Conservation Science 15
Funding

The author(s) declare that no financial support was received for

the research and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
Acarer, A. (2024). Brown bear (Ursus arctos L.) distribution model in Europe.
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