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A B S T R A C T

Habitat loss and fragmentation are major threats to global biodiversity. Felids, among the many taxa experi-
encing population declines and range contraction around the world, are known as ecologically and politically
powerful levers in conservation programs. Many felids are wide-ranging, and therefore, identifying and con-
serving their core habitat patches and corridors is essential for developing an umbrella strategy for protecting co-
existing species. We employed a multi-scale, multi-species approach to model habitat suitability and connectivity
for six felids across Iran. We identified potential core habitats and corridors of movement. We also quantified the
spatial niche overlap to estimate the most important variables of habitat selection within the guild. We evaluated
the effectiveness of conservation areas in conserving habitats and connectivity. Our findings revealed that each
species' habitat use was influenced in a scale-dependent manner by different sets of environmental variables.
Core habitats of felids were mostly located in conservation areas. We identified a number of small core habitats
for most felids outside conservation areas. Maintaining corridors and stepping stone habitat patches along
corridors may be needed to facilitate movement of individuals, especially between habitat remnants in un-
protected areas. Our study highlights the importance of considering multiple spatial scales in management and
conservation of carnivores. Our analysis shows that habitat selection and connectivity predictions are both very
sensitive to scale, and incorrect scale of analysis can result in incorrect inferences that may lead to dramatically
inefficient or ineffective conservation actions.

1. Introduction

Mammalian carnivores are among the most threatened taxonomic
groups. They require large and interconnected habitat with abundant
prey for long-term persistence and viability (Ripple et al., 2014;
Ashrafzadeh et al., 2018). Habitat protection through a network of
designated conservation areas (CAs) is a widely used approach towards
biological conservation (Coetzee, 2017). However, the effectiveness of
CAs in maintaining viable populations and core habitats is often un-
verified. Moreover, in a landscape where habitat patches are frag-
mented or isolated, individuals often persist in a meta-population, in
which connectivity among subpopulations is crucial for regional via-
bility (Wiens, 2001; Habibzadeh and Ashrafzadeh, 2018). Therefore,
identifying and maintaining linkages between habitat patches both

among and within CAs is critical in effective conservation of carnivores
(Cushman et al., 2018).

Spatial niche partitioning in sympatric species plays a key role in
shaping the distribution of carnivore species (Hearn et al., 2018).
Quantifying the spatial niche overlap of carnivores is critical to un-
derstanding ecological processes, such as competition, prey-predator
dynamics and coexistence (Roemer et al., 2009). Felids share similar
morphological, phylogenic, and behavioral traits, and are frequently
strong intra-guild competitors (Davis et al., 2018; Hearn et al., 2018).
The potential for competition between coexisting felids for the same
resources is highly influenced by the extent of spatial overlap in their
occurrence patterns (Grassel et al., 2015). In highly heterogeneous
landscapes where there is a mosaic of habitat patches of different en-
vironmental conditions and resources are not limiting for each species,
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spatial niche partitioning can facilitate coexistence at broad scales
(Wereszczuk and Zalewski, 2015). In a recent study, different spatial
patterns of habitat selection were identified among five felids in Central
Iran, implying potential spatial niche partitioning (Hemami et al.,
2018). While interspecific competition can lead to spatial niche parti-
tioning from fine to broad scales (Lewis et al., 2015), little is known
about spatial niche overlap in felids and the environmental variables
that may result in niche divergence (e.g. Hearn et al., 2018).

Iranian felids have experienced significant declines over the past
century due to multiple factors such as habitat loss and fragmentation,
direct persecution, loss of prey, and illegal hunting (Moqanaki et al.,
2010; Karami et al., 2016; Farashi et al., 2017; Farhadinia et al., 2018a;
Ashrafzadeh et al., 2019). Determining species spatial distribution and
habitat requirements is key to prioritize areas for conservation and
protection. Animals select different habitat components at multiple
hierarchical levels and over a range of spatial and temporal scales
(McGarigal et al., 2016). Ecological niche models, which characterize
relationships between environmental variables and species occurrences,
are widely used to identify regions of high conservation priority (Kabir
et al., 2017). When developing ecological niche models, it is crucial to
use the appropriate variables and scales (Holland et al., 2004; Araújo
and Peterson, 2012; Fournier et al., 2017). However, despite wide-
spread recognition of the importance of scale in geographical, biolo-
gical, and ecological processes, habitat selection studies often do not
incorporate a multi-scale approach (McGarigal et al., 2016; Klaassen
and Broekhuis, 2018). Developing multi-scale predictors is essential for
increasing the accuracy and performance of ecological niche models
and for providing useful inferences for management and conservation
planning (Fournier et al., 2017).

Due to limited data on the spatial pattern of habitat and population
connectivity for nearly all felids in Iran, and given the widespread
fragmentation and isolation of their habitat, it is critical to obtain re-
liable knowledge about spatial patterns of remaining core habitat areas
and the connectivity between them (e.g. Ahmadi et al., 2017; Cushman
et al., 2018). Further, it is important to inventory how well these core
areas and corridors are protected under current policies. The objective
of this study was to model and quantitatively compare landscape con-
nectivity and spatial niche overlap of six felids of high conservation
importance in Iran. Using the largest database of felid presence across
Iran, we employed a multi-scale optimization approach to describe
spatial patterns of core habitats and biological corridors among them,
measure spatial niche overlap, and evaluate the importance of CAs in
maintaining populations and suitable habitat of Iranian felids. Our re-
sults provide key information to assist wildlife managers and policy
makers in prioritizing core habitats and efforts for conservation and
management.

2. Materials and methods

2.1. Study area

Iran is situated at the crossroad of three zoogeographic regions
(Palearctic, Oriental and Afrotropical) and serves as a transition zone
between hot to cold and xeric to mesic ecosystems (Yusefi et al., 2019).
The country is characterized by a central plateau that is surrounded by
mountains, semi-steppes, steppes, and deserts (Fig. 1). A detailed de-
scription of the study area is given in Text S1 in Online Resource 1.

2.2. Study species and occurrence data

This study includes six of eight native felids in Iran, including the
Asiatic cheetah (Acinonyx jubatus venaticus), Persian leopard (Panthera
pardus saxicolor), caracal (Caracal caracal), Eurasian lynx (Lynx lynx),
Pallas's cat (Otocolobus manul), and wildcat (Felis silvestris). A detailed
description of the studied species is given in Text S1 in Online Resource
1. We collected presence data of the six felids from 2007 to 2018. The

data set contains 948 observations, including 624 direct field observa-
tions and 324 camera trap records compiled by our team, Iranian
Cheetah Society (ICS) and provincial offices of Iranian Department of
Environment (DoE). We used only occurrences that were verified by our
team, and other experts at ICS and DoE. See Tables S1 and S2 for details
about the number of presences for each species. We evaluated spatial
autocorrelation of our data by calculating Moran's I, and used the home
range size of each species as a spatial filter to reduce spatial dependence
(Brown, 2014). However, no presence locality was needed to be re-
moved because of low spatial autocorrelation and even the closest
presences had a separating distance greater than the species home
range.

2.3. Predictor variables

We selected a priori 17 variables in five categories, including to-
pography, climate, protection, anthropogenic impact, and land cover,
to predict the habitat suitability of study species. These variables have
shown to be important to several of the study species (Moqanaki and
Cushman, 2017; Khosravi et al., 2018; Hemami et al., 2018). Topo-
graphic variables included elevation, slope position, topographic
roughness, and compound topographic index (CTI). Elevation was ob-
tained from the Shuttle Radar Topography Mission (SRTM) elevation
model (http://srtm.csi.cgiar.org) and other topographic variables were
calculated with the Geomorphometry and Gradient Metrics Toolbox
(Evans et al., 2014). Climatic variables included Worldclim bioclimatic
variables (http://www.worldclim.org/bioclim). Due to high correla-
tions among the variables, we only retained mean annual temperature
(Bio1), mean annul precipitation (Bio12), temperature seasonality
(Bio4), and precipitation seasonality (Bio15) in the analysis. To con-
sider the importance of CAs in providing suitable habitats for felids, we
included a variable that represented the level of habitat protection.
There are four types of CAs established for wildlife conservation in Iran,
including national park, wildlife refuge, protected area, and no-hunting
area. We assigned a value to each region (i.e., national park = 100;
wildlife refuge = 80, protected area = 60, and no-hunting area = 40)
with higher values representing higher level of legal protection afforded
to habitat. For anthropogenic impact, we used the WCS human foot-
print layer (https://wcshumanfootprint.org/; Sanderson et al., 2002).
For land cover, we included seven land use and land cover classes
(LULC) including forest, shrubland, grassland–scrubland with a density
of ≥25%, sparse rangeland with a density of ≤20%, cropland, urban
area, and bareland that is composed of sand dunes and salty lands. We
obtained these LULC from the Iranian Forests, Rangeland and Wa-
tershed Management Organization (https://frw.ir/02/Fa/default.aspx).

Because different environmental predictors may be related to ha-
bitat selection of species at different spatial scales (Wiens, 2001), multi-
scale optimization is a useful approach to identify the appropriate scale
(McGarigal et al., 2016). In this approach, a range of scales is tested for
relationships between the response and predictor variables. We calcu-
lated the focal mean values of all variables described above using a
moving-window with a circular neighborhood of seven different radii:
1, 2, 3, 4, 5, 6, and 7-km. These scales correspond to areas ranging from
3.5 to 150 km2, which were more than sufficient to capture the home
range of each study species. We used Multiscale Maxent Toolbox
(Bellamy et al., 2013) to conduct the focal mean analysis across the
spatial scales described above.

2.4. Species niche modeling with random forest

Briefly, we conducted random forest in two steps. In the first step,
we ran initial univariate models at each spatial scale described above to
identify the scale that showed the strongest relationship between spe-
cies occurrences and each variable. This approach is robust for opti-
mizing scales and works well with random forest (McGarigal et al.,
2016; Cushman and Wasserman, 2018). We ran a total of 119
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univariate models per species (17 variables at 7 scales) and used Model
Improvement Ratio (MIR; Murphy et al., 2010) to measure the relative
predictive performance of each variable at each scale. We retained
variables at the scale that had the highest MIR values for further mul-
tivariate modeling.

In the second step, we ran a multivariate random forest model using
a suite of scale-optimized variables and used MIR to select the best
combination of variables in predicting occurrences. The scale-optimized
variables were subset using 0.10 increments of MIR value and then
random forest model was run using each subset (Murphy et al., 2010).
We selected the model that showed the lowest total out-of-bag (OOB)
error rate and lowest maximum within-class error as the best variable
combination for predicting occurrences of each species. We produced
locally weighted smoothing scatterplots (LOWESS) using the top vari-
ables for each study species to examine relationships between each
predictor variable in the model and predicted outcome. Finally, we
created a map of predicted probability of distribution for each species
using a matrix of the ratio of majority votes across all bootstrap trees
and R package GridAsciiPredict (Crookston and Finley, 2008). We used
area under the Total Operating Characteristic curve (Pontius Jr et al.,
2007) to assess the performance of the predictions. We used the median
value of habitat suitability for presence points to define the highly
suitable habitats for each species (Khosravi et al., 2018). All random
forest models were conducted using the randomForest R package (Liaw
and Wiener, 2002).

2.5. Resistance to movement surface

We converted the random-forest-derived habitat suitability maps
into resistance surfaces using an exponential decay function following
Wan et al. (2019), because past research has shown that resistance to
movement (Keeley et al., 2016) or gene flow (Mateo-Sánchez et al.,

2015) is often a negative exponential function of habitat suitability.
Resistance values were then rescaled to a range between 1 (for HS = 1)
and 10 (for HS = 0) using linear interpolation. The exponential decay
function gives low resistance values to most of pixels and only areas
with low habitat suitability receive high resistance values.

2.6. Landscape connectivity and corridor network simulation

We conducted cumulative resistant kernel (Compton et al., 2007)
and factorial least-cost path (Cushman et al., 2009) analyses in UNICOR
(Landguth et al., 2012) to map core habitat patches and corridors for
each species. The least-cost paths are buffered based on kernel density
estimations using a Gaussian function. The resistance kernels sur-
rounding all individuals are combined through summation to produce
an expected density map of dispersing individuals (Compton et al.,
2007). Because of scarcity of data regarding maximum dispersal
movements of felids in Iran, we tested a range of dispersal abilities on
the resistance surfaces in UNICOR (i.e., edge distance = 50,000,
100,000, 150,000, 200,000, 250,000, and 300,000) reflecting dispersal
abilities ranging from 50 to 300 km in optimal habitat for each species.
It is important to understand that the maximum dispersal distance of
species varies depending on many factors, such as limiting factors, re-
source availability, seasonal patterns, habitat quality, landscape con-
figuration and composition, and behavioral and demographic factors.
Using a range of dispersal distances in the analysis allows us to cope
with such uncertainty while producing conservative estimates. Further,
the dispersal distances described above circumscribe and are compar-
able to known dispersal distances from empirical studies (e.g., caracal:
95 km (Hamidi et al., 2011), Asiatic cheetah: 217 km (Farhadinia et al.,
2016a), Persian leopard: 82 km (Farhadinia et al., 2018c), and Eurasian
lynx: 148 km (Samelius et al., 2012)). We simulated a connectivity map
at each dispersal ability for each species, depicting the spatial variation

Fig. 1. Location of the study area. Brown-yellow background color represents elevational gradient. Colored filled circles, squares and triangles display the felids'
presence localities. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Landscape resistance surfaces across the study area for (a) Asiatic cheetah, (b) Persian leopard, (c) Eurasian lynx, (d) Pallas's cat, (e) caracal, and (f) wildcat
based on exponential decay function. Higher resistance values indicate less probability of dispersing individuals.
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in expected densities of dispersers and distribution of connected corri-
dors and core habitat patches. We used the connectivity maps to
identify core habitats for each species. We defined core habitat patches
as contiguous patches with resistant kernel values> 10% of the highest
recorded for the species (as in Cushman et al., 2013). We intersected the
predicted core habitats of all study species to identify areas that are
important to multi-species (Cushman et al., 2013).

2.7. Spatial niche overlap

We quantified the spatial niche overlap among study species using
the analytical framework proposed by Broennimann et al. (2012)
available in the R package ecospat (Di Cola et al., 2017). We used
Principal Component Analysis (PCA) to summarize the environmental
predictors into a reduced number of uncorrelated principal components
(PCs). The first two axes of the PCA were used to represent the spatial
niche for each species. The reduced space for each species was defined
in a grid of cells. Then, the density of occurrence of each species and
also cells with particular environmental conditions was calculated for
each cell of the environmental space. Finally, the position of a kernel
density of presence points along the principal components for each
species was calculated to reflect species spatial ecological niche.
Schoener D metric was computed as a niche overlap index for pairwise
comparison between species.

2.8. Effectiveness of CAs

To assess the effectiveness of CAs in providing connectivity for felids
in Iran, we quantified the extent and percentage of protected areas and
corridors for each species that were within CAs.

3. Results

3.1. Univariate scaling

Our univariate scaling analyses revealed that optimized scales vary
among study species for a given variable, and among variables for a
given study species (Fig. S1; Table S3). There was a relatively broad
range of spatial scales selected across all predictors for each species.
Univariate scaling revealed that most predictors were strongly related
to the species distributions at broad spatial scales (5–7 km; 88% for
Asiatic cheetah, 48% for Persian leopard, 42% for Eurasian lynx, 47%
for caracal, 53% for Pallas's cat, and 35% for wildcat).

3.2. Multivariate random forest modeling

The final multivariate model included different sets of variables for
each species (Figs. S1 and S2). The performance of random forest
models varied by species (AUC ranged between 0.62 and 0.82; and OOB
error rates ranged between 0.01 and 0.04; Table S1). The most im-
portant variables for all study species were bioclimatic variables,

Fig. 3. Resistant kernel connectivity simulations of the six felids under 200-km dispersal ability scenario for (a) Asiatic cheetah, and (b) Persian leopard, under 150-
km dispersal ability scenario for (c) Eurasian lynx, and under 100-km dispersal ability senario for (d) caracal, (e) Pallas's cat, and (f) wildcat. The blue and green lines
show dispersal corridors, with dark green corresponding to areas that were predicted to be the strongest corridors. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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topographic variables, and level of protection (Figs. S2 and S3). The
extent of predicted high suitability habitat varied among species. The
greatest extent of highly suitable habitat was predicted for the Persian
leopard (6.41%) and the lowest was predicted for wildcat (2.88%;Fig.
S4). Highly suitable habitats for Persian leopard, caracal, and wildcat
were more widely distributed across Iran (Fig. S4). A detailed de-
scription of the most important variables for predicting the occurrence
of each species and the species response to each variable is given in Text
S2 in Online Resource 1.

3.3. Resistance surface

Areas of low resistance to movement for Asiatic cheetah and caracal
were concentrated mostly in the northeastern and central parts of Iran.
For the wildcat, areas of low resistance were patchier and broadly
distributed across study area. For Persian leopard, Eurasian lynx and
Pallas's cat, areas of low resistance were mainly concentrated in the
northern and northeastern regions (Fig. 2).

3.4. Connectivity network modeling

We present connectivity simulation result for Persian leopard and
Asiatic cheetah at the 200-km dispersal ability scenario, for Eurasian
lynx at 150-km dispersal ability, and for caracal, Pallas's cat and wildcat
at 100-km dispersal ability (Fig. 3). All other scenarios are presented in
Figs. S5–S10. Dispersal ability showed a large effect on landscape
connectivity strength for all species especially Asiatic cheetah, caracal,
Eurasian lynx, and Pallas's cat, with the high dispersal ability producing
a much broader connected area than the low dispersal scenarios
(Fig. 3). Patterns of landscape connectivity for Persian leopard and
wildcat were relatively similar among all dispersal scenarios, with
slightly broader extent of landscape connectivity for the high dispersal
scenarios.

Under the high dispersal ability scenario (200-km), which was the
closest to the empirical dispersal distance (217-km) reported by
Farhadinia et al. (2016a) for Asiatic cheetah, central Iran was identified
to have an extensive area of high connectivity. Areas of high con-
nectivity were concentrated in three regions, one in the northeast and
the other two in central Iran (Fig. 3a). Core habitat of Asiatic cheetah
was predicted to be a single large connected patch with high intensity
of internal corridors. With low dispersal ability (i.e., 50-km; Fig. S5a),
populations were predicted to be broken up into several smaller and
isolated patches.

Under the 100-km dispersal ability scenario, which was the closest
to the empirical dispersal distance (82-km) reported by Farhadinia et al.
(2018c) for Persian leopard, northern Iran was predicted to provide
important connectivity for the species (Fig. S6b). Also for Eurasian lynx
(Fig. 3c) and Pallas's cat (Fig. 3e), northern Iran was predicted to pro-
vide important connectivity under the high dispersal scenarios. The
predicted Eurasian lynx core habitat at 150-km dispersal ability was
relatively widespread across northern, northwestern, and western Iran,
with three large core habitat patches. However, the northwestern and
western core habitat patches were predicted to have weak internal
migration rates due to the low number of species occurrence location
records from those areas. Connected populations of Pallas's cat were
concentrated in northern and northeastern Iran. Most predicted core
patches for this species in northern Iran were highly interconnected,
with a few apparently isolated satellite subpopulations in northeastern
Iran. There were also several small and isolated Pallas's cat core patches
in west-central Iran.

For caracal, under the 100-km dispersal ability scenario, which was
comparable to the empirical dispersal distance (95-km) reported by
Hamidi et al. (2011), our model predicted highly concentrated con-
nectivity in central Iran (Fig. 3d, Figs. S5–S10). This region was pre-
dicted to provide important connectivity for the species under higher
dispersal movement scenarios. The predicted caracal core habitats at

dispersal abilities greater than100-km were predicted to be largely
connected into a single large patch containing several core habitat
patches with high migration rates among them. However, the con-
nected area was predicted to be broken up into several isolated patches
under the low dispersal scenarios. Connectivity in other parts of Iran
was predicted to be weak for this species. Finally, there were several
isolated wildcat core patches scattered throughout Iran (Fig. 3f).

3.5. Niche overlap

There was a relatively broad range of species-pair spatial niche si-
milarity ranging from low to moderate niche overlap (Table S4). Asiatic
cheetah and caracal showed the greatest (D = 0.56) and Eurasian lynx
and caracal showed the least spatial niche overlap (D = 0.06).
Asiatic cheetah and Persian leopard showed spatial niche overlap of
0.12.

3.6. Multi-species core habitat

There was nearly no core habitat that was shared by all six species.
Specifically, < 0.002% of the total extent of predicted core habitats
included all six species. Also, 0.44%, 1.87%, 5.43%, and 11.03% of the
extent provided core habitats for five, four, three and two of the six
species respectively (Fig. 4a). Predicted connectivity for multiple spe-
cies was high in northern and central Iran, which confirms the im-
portance of these two parts of the country in providing habitats and
corridors for felids (Fig. 4b).

3.7. Effectiveness of CAs

The extent and percentage of protected core habitat and corridors
differed among species (Fig. S11; Table 1). CAs were fairly effective in
protecting core habitat patches but less effective in protecting corridors.
Core habitats of Asiatic cheetah, caracal, and wildcat were the most
protected (72–88%), whereas Persian leopard, Eurasian lynx, and Pal-
las's cat received less protection (56–58%). Protection of movement
corridors was generally poor, ranging from 26 to 33% for 5 of 6 studied
species. Only cheetah had>50% protection on its corridors (Fig. 4b;
Table 1).

4. Discussion

4.1. The effect of scale on spatial niche of felids

Consistent with previous multi-scale habitat selection studies of
carnivores, we found that felids in Iran select different resources at
multiple scales (e.g. Mateo-Sánchez et al., 2014; Hearn et al., 2018).
Previous studies have shown that felids often correlate most strongly to
human activities at relatively broad scales, whereas factors that affect
resting and foraging typically are most important at finer scales (Mateo-
Sánchez et al., 2014; Hearn et al., 2018). Although our results generally
support these previous findings, we observed variation in optimal scales
of each predictor variable across the study species (Fig. S1). For ex-
ample, Eurasian lynx, Pallas's cat, and Persian leopard exhibited similar
patterns of spatial scales in habitat selection for some variables (e.g.
annual precipitation and degree of habitat protection), but most vari-
ables had different optimized spatial scales between the species.

The differentiation in spatial scale of habitat selection could be an
important factor that facilitates coexistence of sympatric species
(Larroque et al., 2017). Based on our findings, caracals exhibit broad-
scale spatial overlap with Asiatic cheetahs, but variation in fine scale
selection may allow them to avoid habitats that Asiatic cheetahs pre-
dominately select (Moqanaki et al., 2016; Moqanaki and Cushman,
2017). Both caracals and Asiatic cheetahs select relatively low elevation
desert habitats, and also show negative correlations with highly dis-
turbed habitats by anthropogenic activities (Moqanaki et al., 2016;
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Ahmadi et al., 2017; Cheraghi et al., 2019) at broad scales.
Asiatic cheetahs are mostly diurnal, inhabit mainly in lowlands covered
by sparse vegetation and prey on small to medium-sized ungulates
(Farhadinia and Hemami, 2010; Ahmadi et al., 2017), but caracals are
predominantly nocturnal, occur in different habitats from flatland to
mountains and feed on a variety of birds and small mammals
(Moqanaki et al., 2016). In short, differences in prey selection allow
them to coexist in the same habitat. Prey availability is often cited as an
important determinant of felid space-use (Santos et al., 2019;
Macdonald et al., 2019), but we do not have access to prey species data.
Nevertheless, vegetation structure used in this study can be considered
as a proxy for food availability and shelter (Hemami et al., 2018).
Competition for similar prey species and interference competition are
often primarily influenced by the relative body sizes of predators
(Hearn et al., 2018). Given that prey preference varies with body sizes,
these species could be able to partition trophic niches even when oc-
cupying similar habitat niches. The main prey of the Eurasian lynx
consists mostly of small ungulates and lagomorphs (Moqanaki et al.,
2010; Soyumert et al., 2019), whereas Pallas's cat and Persian leopard
feed on smaller and larger animals respectively (e.g. Farhadinia et al.,
2016b; Farhadinia et al., 2018b).

In accordance with our study, Khosravi et al. (2018) found low
overlap between potential distribution of Asiatic cheetah and Persian
leopard in the central Iranian plateau. In contrast, Hemami et al. (2018)
and Cheraghi et al. (2019) found the relatively high levels of niche
overlap between Asiatic cheetah and Persian leopard at the local scales

in the central Iranian plateau. Although the niche overlap between
Asiatic cheetah, caracal, and Persian leopard has widely been recorded
(Hemami et al., 2018), they vary in finer-scale preferences of habitat
components (Khosravi et al., 2018) as well as temporal activity pat-
terns.

4.2. Habitat connectivity and corridor network

Our landscape connectivity analysis showed that landscape con-
nectivity for all species strictly depends on the dispersal distance used
for the analysis. These differences in results have been seen in a number
of other studies (e.g. Cushman et al., 2013). Indeed, Cushman and
Landguth (2012a) argued that dispersal ability often has a substantially
larger effect on connectivity predictions than variation in habitat pat-
tern or resistance, and highlights the importance of improving knowl-
edge of the functional dispersal ability and dispersal behavior of the
species, given the large differences in predicted core areas and con-
nectivity as a function of dispersal ability.

Our projected distribution models provide key information to assist
wildlife managers in identifying highly suitable core habitats and es-
sential connectivity corridors for dispersal and mating among core
habitats for felid conservation. Consistent with Farhadinia et al.
(2016a) who reported extensive movements (up to 217 km) of Asiatic
cheetah, our predicted landscape connectivity for Asiatic cheetah at the
200-km dispersal distance suggests that central Iran has an extensive
area of connectivity for the species (Fig. 3a). Such finding was also

Fig. 4. Intersection map for (a) predicted core habitats and (b) corridors. The colors depict different species combinations. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 1
The extent and percent of core habitats and corridors covered by conservation areas (CAs) for six felids in Iran. The median value of habitat suitability for presence
points was used as threshold to define the highly suitable habitats.

Species Extent of core habitats
(km2)

Extent of protected core
habitats (km2)

% of protected core
habitats

Extent of corridors
(km2)

Extent of protected
corridors (km2)

% of protected
corridors

Asiatic cheetah 61,563 44,327 72% 38,984 22,353 57%
Persian leopard 104,028 60,873 58% 347,103 88,541 26%
Eurasian lynx 73,091 41,227 56% 76,433 25,234 33%
Caracal 59,246 48,410 81% 169,804 50,644 30%
Pallas's cat 58,940 33,635 57% 192,102 55,618 29%
Wildcat 46,734 41,410 88% 271,296 76,879 28%
Overall 246,331 136,022 55% 720,045 161,854 22%
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consistent with Ahmadi et al. (2017), who reported high connectivity
between northern and southern populations even when core habitats
appeared to be separated by a large distance. Moreover, Moqanaki and
Cushman (2017) suggested that the Iranian populations of
Asiatic cheetah are divided into the three habitat patches that are
fragmented even at large dispersal ability scenarios (200 to 300-km),
which is generally supported by our findings. Our analyses at the low
dispersal ability (e.g. 50-km) suggested that the central populations
would be broken up into seven relatively isolated patches, whereas
there will be a strong interconnection between the northern popula-
tions. Because cheetah may exhibit different dispersal distances and
patterns to cope with unpredictable spatiotemporal dispersion of re-
sources (Farhadinia et al., (2016a)), our dispersal scenarios provide a
comprehensive picture of potential variations in habitat connectivity
resulting from these differences. Also, our results suggest that habitat
fragmentation could seriously threaten the populations of other meso-
carnivores such as Pallas's cat (Farhadinia et al., 2016b) due to its ex-
tensive spatial requirements (Ross et al., 2012). Thus, it is likely that
protection of very large areas is necessary to support viable populations
of the species (Ross et al., 2012). Finally, our connectivity maps exhibit
areas that may maintain infrequent, but critical, movements among
populations of the felid species across Iran. These regions were pre-
dicted to provide important landscape connectivity for the felids (for a
detailed description see Text S3 in Online Resource 1).

4.3. Effectiveness of CAs in multispecies spatial niche assessment

This study highlights the value of using a multi-species approach in
species distribution and connectivity modeling (e.g. Cushman and
Landguth, 2012b; Cushman et al., 2013). We were able to identify a
number of habitat patches in central and northeastern Iran that provide
support for≥4 felid species (Fig. 4a). These areas are rare (< 2% of the
total area of the country) and have high ecological importance and
conservation value. Similarly, Cushman et al. (2013) evaluated core
area and corridor intersection for three species of conservation concern
across the American Great Plains, and found limited overlap of corri-
dors or core areas, while Cushman and Landguth (2012b), in an eva-
luation of connectivity intersection among 144 species found that
overlap was highly dependent on the interaction of dispersal ability and
habitat niche.

This study emphasizes that CAs are essential to provide extensive
and contiguous habitat that is required for conserving Iranian felids
(e.g. Farhadinia et al., 2018a). Prey species such as ungulates are more
abundant in CAs and rarely seen in unprotected areas. CAs are also
important because carnivores are sensitive to human disturbance and
require large home ranges (Cheraghi et al., 2019; Baker and Leberg,
2018). Consistent with previous findings, unprotected areas in Iran
exhibit high resistance to movement and result in isolated habitat
patches for most felids (Moqanaki and Cushman, 2017). Recent studies
(Farhadinia et al., 2018c; Cheraghi et al., 2019) suggest that Iranian
felids such as Asiatic cheetah and Persian leopard have larger home
range requirements than their counterparts in other countries. The high
habitat area requirements of these species in Iran suggests that pro-
tection of core habitats, and the linkages among them, should be the
main conservation strategy for Iranian felids (e.g. Cushman et al.,
2018).

Unfortunately, poaching within CAs is posing an immediate threat
(Ghoddousi et al., 2019). Thus, we encourage increased law enforce-
ment and international cooperation to protect the CAs from poaching
and other illegal human activities. Additionally, our findings show that
movement corridors receive relatively poor protection under the cur-
rent design of CAs (Table 1). This problem has been discussed for
Asiatic cheetahs (Ahmadi et al., 2017, Moqanaki and Cushman, 2017)
and Persian leopards (Farhadinia et al., 2015; Ashrafzadeh et al., 2019;
Hosseini et al., 2019) in Iran. We have also identified small and isolated
habitat patches outside current CAs (Fig. S11) that may play a critical

role as stepping stones for supporting connectivity between CAs
(Ahmadi et al., 2017; Khosravi et al., 2019). There is an urgent need to
prioritize conservation efforts in protecting these corridors and isolated
habitat patches as parts of a composite strategy built on protecting and
potentially expanding core populations and linking them with stepping
stones and linkage corridors.

4.4. Implications for conservation

This study provides important implications for conservation. First, it
can serve as a baseline assessment of core habitats and landscape
connectivity for Iranian felids (e.g. Cushman et al., 2018). Protecting
viable populations of felid species requires conserving large and inter-
connected core habitats, and our analysis provides quantitative as-
sessment and mapping of species-specific core areas and corridors, as
well as multi-species intersection and union of core and corridor ha-
bitats across the full extent of Iran. This information can serve as a
foundation for prioritization to increase CAs extent and/or improve
management outside of CAs to conserve core or movement habitat (e.g.
Cushman et al., 2018). In addition, this baseline assessment provides a
foundation for evaluating alternative development and conservation
scenarios, which is critical to identify the most effective and efficient
ways to conserve habitat quality and connectivity of carnivores (e.g.
Cushman et al., 2016; Kaszta et al., 2019).

Because of their large habitat requirements, conserving the felids
can potentially provide an umbrella for protecting other co-existing
species. Furthermore, charismatic species, in particular felids, can be
effective ambassadors for conserving broader biodiversity (Macdonald
et al., 2017). Our study also highlights the importance of considering
multiple spatial scales in management and conservation of Iranian
carnivores. Our analysis shows that habitat selection and connectivity
predictions are both very sensitive to scale, and incorrect scale of
analysis can very readily result in incorrect inferences that may lead to
dramatically inefficient or ineffective conservation actions.

Importantly, we found that CAs play a major role in providing core
habitat and connectivity for felids in Iran, confirming the importance of
setting aside lands exclusively for wildlife, and suggesting the future
conservation evaluations formally explore increasing the number, ex-
tent and protection status of CAs, particularly in areas we identify as
important core and connectivity habitat for multiple species or the
union of core and connectivity habitat for a collection of focal species,
such as the felid guild. Our analysis also identified habitat patches
outside the CAs and a large majority of predicted corridors were outside
areas receiving any formal protection. In addition to expanding con-
servation networks to increase coverage of these areas, conservation
efforts should also work to improve habitat and population protection
in the lands that are not formally protected, particularly those that are
in strategic locations between key core areas or along key corridor
routes (e.g. Cushman et al., 2018).

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.biocon.2020.108523.
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