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ABSTRACT
The assessment of landscape‐level connectivity patterns is vital for wildlife conservation, particularly highly mobile carnivores

such as the snow leopard (Panthera uncia), whose protection requires linking core populations beyond protected area

boundaries. We evaluated the effectiveness of Qilianshan National Park (China), spanning Gansu and Qinghai provinces, in

conserving key snow leopard habitats and dispersal routes. Using resistant kernel, graph‐based, and factorial least‐cost path
analyses, we identified core habitat areas and major connecting corridors, comparing two resistance surfaces derived from

habitat and genetic models. We ranked modeled core areas and corridors based on their contribution to overall connectivity and

predicted snow leopard movement intensity. Results show that a substantial portion of core habitat patches and most modeled

corridors are located outside the current park boundaries. The kernel analyses identified critical yet unprotected areas essential

to range‐wide connectivity. We identified core patches that form the backbone of the snow leopard habitat, as well as stepping‐
stone patches and corridors that maintain structural and functional landscape connectivity. Based on these findings, we give

recommendations for the prioritization of certain management actions. While Qilianshan National Park safeguards some key

snow leopard habitats, its current extent is insufficient to cover many critical areas and linkages. To support metapopulation

persistence and gene flow across this pivotal region—potentially linking the Tibetan Plateau and southern Mongolia—
conservation efforts for the Qilianshan National Park should prioritize the expansion of existing protections or the designation

of new protected areas in strategic locations to conserve a greater number of core habitat areas and provide connectivity

linkages among them.
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cited.
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1 | Introduction

The home range requirements and dispersal abilities of apex
predators are central considerations in their conservation and
population management. These species often traverse vast areas,
with their dispersal routes spanning a range of topographic, land
cover, and land use conditions (Fattebert et al. 2013; Andersen
et al. 2015; Janecka et al. 2017; Johansson et al. 2024). These routes
may differ markedly from the specific habitat preferences associated
with their home ranges (Palomares et al. 2000; Elliot et al. 2014;
Johansson et al. 2016, 2024). Assessing the functional connectivity
of such landscapes is therefore vital for understanding how en-
vironmental heterogeneity influences species dispersal (Tischendorf
and Fahrig 2000; Saura and Torné 2009; Diniz et al. 2020). Land-
scapes that facilitate connectivity promote metapopulation stability
and gene flow, thereby bolstering resilience to anthropogenic dis-
turbances and climate change (Frankham 2005; Cushman
et al. 2006; Baguette et al. 2013; Li et al. 2016; Hacker et al. 2023).
Conversely, fragmentation can isolate populations, leading to

reduced genetic diversity and increased extinction risk (Gilpin and
Soule 1986; Frankham 2005; Cushman et al. 2006).

Protected areas such as national parks are widely considered es-
sential tools for habitat and population conservation. Conservation
outcomes are more often successful within protected areas,
where habitat quality, prey availability, predator protection, and
protection from human disturbance are typically higher (Stoner
et al. 2007; Gray et al. 2016; Van der Weyde et al. 2018; Wang
et al. 2023). However, conservation planning must consider ex-
tending beyond park boundaries if it helps ensure functional con-
nectivity within and around defined protected areas to support
animal movement. A variety of synoptic connectivity modeling
methods can be employed to guide this decision process. Resistant
kernel analysis, for example, estimates expected movement density
across landscapes and has been shown to outperform alternative
strategies in recent simulation studies (Compton et al. 2007;
Cushman, McRae, et al. 2013; Diniz et al. 2020; Unnithan Kumar
and Cushman 2022; Lumia et al. 2023; Lumia, Modica,
Cushman 2024; Lumia, Modica, Praticò et al. 2024). Factorial least‐
cost path (LCP) analysis (Cushman et al. 2009) can complement
this by identifying potential movement routes across landscapes.
These approaches have proven effective in identifying core habitat
areas vital for population viability, as well as ecological corridors
critical for dispersal (Cushman, Landguth, et al. 2013; Cushman
et al. 2016; Kaszta, Cushman, Htun, et al. 2020; Kaszta, Cushman,
Macdonald, et al. 2020; Haidir et al. 2021; Loveridge et al. 2022).
Further refinement in habitat prioritization can be achieved
through spatial graph theory. Metrics such as the integral index of
connectivity (IIC) enable the ranking of habitat patches and corri-
dors based on their contribution to overall landscape connectivity
(Pascual‐Hortal and Saura 2006; Saura and Pascual‐Hortal 2007;
Saura and Torné 2009; Saura and Rubio 2010). When combined,
these methodologies offer a powerful toolset for identifying con-
servation priorities that include both core habitats and connecting
elements (e.g., Rudnick et al. 2012; Crouzeilles et al. 2013;
Cushman et al. 2014; Diniz et al. 2017; Macdonald et al. 2018;
Kaszta et al. 2020b).

The snow leopard (Panthera uncia), an iconic species of Asia's high
mountain ecosystems, is emblematic of their ecological and con-
servation value (McCarthy et al. 2017). Despite its symbolic
importance, significant research gaps remain, especially concerning
landscape connectivity (Robinson and Weckworth 2016; Riordan
et al. 2016; Li et al. 2020). To address these gaps, recent studies
have examined both broad and regional connectivity patterns.
Riordan et al. (2016) identified key linkages and barriers across the
species' range. Li et al. (2020) defined and mapped connectivity
among proposed “landscape conservation units (LCUs).” Region-
ally, Hameed et al. (2020) modeled habitat and connectivity in
Pakistan, Shrestha and Kindlmann (2020) identified corridors
between snow leopard sightings in Nepal, and Li et al. (2021) ex-
amined potential changes to snow leopard habitats in Qinghai,
China, due to climate change, identifying areas of potential sta-
bility. In Qilianshan, Li et al. (2022) also analyzed the influence of
infrastructure on habitat connectivity, focusing on critical habitats
and intermediary pathways. However, with the exception of Li
et al. (2020, 2021), few studies have adopted a systematic approach
to identify, assess, or rank core habitat zones and ecological cor-
ridors as specific conservation targets (Cushman, Landguth,
et al. 2013; Cushman et al. 2018; Kaszta et al. 2020b). To design

Summary

• Evaluating habitat connectivity is important for the
conservation management of wildlife species, especially
wide‐ranging carnivores like the snow leopard, which
often venture beyond protected area boundaries.

• We investigated the effectiveness of Qilianshan National
Park in China in providing protection for snow leopard
habitat and routes for movement.

• By combining several modeling techniques and analy-
ses, we produced a comprehensive picture of habitat
quality and connectivity, and ranked areas and paths on
their importance for supporting connectivity and snow
leopard movement.

• Our results show that many high‐quality habitats and key
movement paths fall outside the current national park
boundaries. We identify areas that are critical to overall
connectivity and offer recommendations on where and
how conservation actions should be prioritized.

• Expanding protection to include these areas could
strengthen snow leopard habitat conservation and sup-
port healthy populations across a wider region.

• Conservation managers should consider enlarging the
national park or designating new protected areas to
safeguard more of the species' essential habitat.

• Practitioner points
◦ Qilianshan National Park currently covers approxi-

mately 40% of core snow leopard habitat patches and
50% of key movement corridors between patches;
expanding park boundaries to include additional
high‐value areas should be considered.

◦ Qilianshan National Park sits at a pivotal bio-
geographic juncture between snow leopard popula-
tions in China and Mongolia and may serve as a
climate refugium for the species.

◦ Integrating multiple modeling methods in a compre-
hensive evaluation of habitat suitability and connec-
tivity yields more robust and reliable results.
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informed management strategies, is it essential to evaluate and
compare the relative importance of core areas and dispersal path-
ways (Puyravaud et al. 2017; Cushman et al. 2018; Kaszta
et al. 2019; Kaszta, Cushman, Htun, et al. 2020; Kaszta, Cushman,
Macdonald, et al. 2020), thereby enabling more effective
connectivity‐based conservation planning.

In this study, we assess the newly designated Qilianshan
National Park in central China, which spans the provinces of
Gansu and Qinghai at the northeastern edge of the Qinghai‐
Tibetan Plateau, and give recommendations for future improve-
ment. We use this park as a case study to evaluate its effective-
ness in protecting snow leopard habitat and supporting
landscape connectivity. Our analysis is based on spatially opti-
mized habitat and landscape genetics models developed for the
region (Atzeni et al. 2020, 2023), and employs empirically
grounded synoptic connectivity modeling methods (Cushman,
Landguth, et al. 2013; Cushman et al. 2014; Diniz et al. 2020;
Unnithan Kumar and Cushman 2022). We identify core areas
critical to snow leopard persistence and map major dispersal
corridors. We also apply graph‐based analysis to quantify the role
of each core area in maintaining network integrity (Pascual‐
Hortal and Saura 2006; Saura and Pascual‐Hortal 2007; Saura
and Torné 2009) and prioritize conservation actions accordingly.

Finally, we assess the extent to which the current boundaries of
Qilianshan National Park effectively protect these key snow
leopard habitats and the mountain ecosystems of central China.

2 | Methods

2.1 | Study Area

Qilianshan National Park (QLSNP) (N 36°29′57″–39°43′39″,
E 97°23′34″–103°45′49″) covers a total area of 50,200 km2, span-
ning multiple administrative jurisdictions across Gansu
(34,400 km2) and Qinghai (15,800 km2) provinces in China
(Figure 1). The broader Qilian Mountains (Qilianshan) region
comprises high mountain ranges, valleys, and intermontane basins.
Elevation in the area mostly exceeds 3000–3500m above sea level,
with an average elevation of approximately 4000m. The annual
average temperature is −4°C, with seasonal extremes ranging from
37.6°C in summer to −35.8°C in winter. Annual precipitation
averages around 400mm. Vegetation types follow a clinal variation
along altitude gradient and include mountain grassland
(1800–2800m), temperate shrub steppe (2000–2200m), mountain
forest grassland (2600–3400m), subalpine shrub meadow
(3200–3500m), and high mountain sparse vegetation (> 3500m).

FIGURE 1 | Overview of the study area across the Chinese provinces of Gansu and Qinghai (top right inset) and its position within the PRC

(bottom right inset). The main figures show the resistance models adopted in this study. (A) Genetic resistance model, derived extrapolating to the

whole extent a genetically optimized resistance model (Atzeni et al. 2023) created upon snow leopard genotypes in Gansu. (B) Habitat‐based
resistance model, created by applying a negative exponential transformation to the top performing relative suitability model for the whole area from

Atzeni et al. (2020). Both resistances have been rescaled in the range 1–20.
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2.2 | Simulated Points

The best‐performing habitat suitability model for the study area,
developed by Atzeni et al. (2020), was reclassified according to
percentile breaks at the 95th, 85th, and 75th percentiles of
relative suitability values, corresponding to high, medium‐to‐
high, and low‐to‐high habitat quality thresholds, respectively
(Supporting Information S2: Figure S1). The area of suitable
habitat under each threshold was calculated using a cell‐based
operation in ArcGIS, both for the total study area and within
the boundaries of QLSNP. The chosen suitability model was an
ensemble of top‐performing models corrected for observation
bias using a Gaussian kernel (see Supporting Information S2:
Figure S3 and Atzeni et al. [2020] for details).

To simulate connectivity and dispersal patterns across the
landscape, a cloud of 100,000 random points was initially gen-
erated across the entire study extent. These were then clipped to
the area encompassing medium‐to‐high quality habitat patches,
yielding 8528 points representing parts of the landscape most
likely to be inhabited by snow leopards based on habitat quality.
From this set, five random subsamples of 1000 points each were
selected to account for location uncertainty and to evaluate the
combined effect of variation in source and destination locations
(Supporting Information S2: Figure S2). All connectivity
analyses described below were repeated on each of the five
random subsets, and the resulting predictions were averaged to
produce a final, spatially representative ensemble output.

2.3 | Resistance Surfaces

The resistance surfaces used in this study were derived from
snow leopard distribution models developed for the Qilianshan
region by Atzeni et al. (2020), and from genetically optimized
resistance surfaces generated by Atzeni et al. (2023) based on
individual genotypes collected in Qilianshan National Park,
Gansu Province (see Supporting Information S2: Figure S3 and
Supporting Information S1: File S1; sampling details in Atzeni
et al. 2021).

The best‐performing habitat suitability model generated by
Atzeni et al. (2020) for the Qilianshan area was an ensemble of
the top 10 models after correction for sampling bias. Common
predictors among these models included human footprint
variables (road and settlement density), topographic factors
(slope position and dissection), climate (temperature), and land
cover metrics at both the landscape (aggregation index, patch
density) and class levels (area, percentage, and elongation
metrics for grassland and shrub land types). Snow leopards
were consistently associated with ridges and uplands, avoiding
large valley bottoms and areas with high road density, likely
due to human disturbance. Preferred landscapes were charac-
terized by high aggregation of dominant land cover types, par-
ticularly grasslands that support key prey species, suggesting
that spatial configuration and extent of grassland were key
habitat selection criteria driven by predatory behavior. Addi-
tionally, snow leopards were associated with moderate river
density, as these areas provide strategic ambush sites for
hunting. Temperature emerged as the strongest predictor,
reflecting the species' preference for higher elevations in

Qilianshan, although its effects were intertwined with topo-
graphic constraints.

This habitat suitability model was converted to a resistance
surface using a negative exponential transformation:

10 ,(−1·HS)

where HS represents the habitat suitability scores (Wan
et al. 2019) (hereafter referred to as the habitat‐based
resistance model). The exponential transformation, rather
than a negative linear one, is generally preferred in studies of
connectivity using habitat‐based resistance models (Mateo‐
Sánchez et al. 2015a, 2015b; Keeley et al. 2016, 2017; Zeller
et al. 2018). Since factors influencing habitat preference may
differ from those influencing dispersal (Wasserman
et al. 2010; Elliot et al. 2014; Diniz et al. 2020), this trans-
formation allows dispersal through medium‐ to low‐habitat
suitability areas (Mateo‐Sánchez et al. 2015a, 2015b; Keeley
et al. 2016; Zeller et al. 2018; Diniz et al. 2020) rather than
restricting movement to only high‐quality habitats.

The best‐performing genetically optimized resistance surface
was also adopted from Atzeni et al. (2023), based on snow
leopard genetic profiles from Gansu (Atzeni et al. 2021)
(hereafter referred to as the genetic resistance model). This
model showed that gene flow in snow leopards is largely
facilitated by areas of intermediate ruggedness and elevation,
corresponding to small‐to‐large valleys between mountain
ranges, and by areas with intermediate land cover heterogeneity
composed of functionally connected land cover types (Atzeni
et al. 2023). As the landscape genetics inference covered only a
portion of this landscape in Gansu (Atzeni et al. 2021), the
resistance surface used in the current analysis was extrapolated
using predictors with the same functional relationships identi-
fied in Atzeni et al. (2023), allowing us to model resistance
across the entire landscape. Incorporating these landscape
genetic insights enabled a more refined estimation of functional
connectivity, capturing ecological processes beyond habitat
preference alone, which may not be reliable proxies for
describing genetic flow and dispersal (Atzeni et al. 2023).

Both resistance surfaces were rescaled to a uniform range of 1–20
using the raster transformation tool in SpatialEco (Evans 2020),
with a resolution of 500m to reduce the computational cost
(Figure 1).

2.4 | Resistant Kernel Modeling

We used UNICOR (Landguth et al. 2012) to calculate cumula-
tive resistant kernels (Compton et al. 2007), based on the
habitat‐based resistance surface and applying a dispersal
threshold equivalent to 25 km. This distance approximates the
daily movement capability of snow leopard (McCarthy
et al. 2005) and was selected to ensure comprehensive coverage
of areas where snow leopards could potentially persist. Given
the high number of simulated occurrence points and stochastic
replication of dispersal simulations, a 25 km threshold repre-
sents an ecologically realistic and conservative estimate of daily
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displacement, sufficient for identifying core habitat areas at the
landscape level without necessitating larger thresholds. Recent
empirical studies on snow leopard movement further support
approximation: Johansson et al. (2024) found that dispersing
juvenile snow leopards in the Gobi Desert exhibited mean daily
displacements of 30.9 km, whereas in mountainous terrain,
subadults and adult males covered average daily distances of
4.8 and 7.2 km, respectively (Johansson et al. 2022). Addition-
ally, exploratory forays of juveniles recorded in Johansson et al.
(2024) had an average straight‐line displacement of 34.98 km
over multiple days, further supporting the 25 km threshold as a
reasonable approximation of maximum potential displacement,
accounting for the nonlinear nature of actual movement paths
(Johansson et al. 2016, 2018).

A threshold corresponding to the 85th percentile of the averaged
kernel surfaces was chosen to identify core habitat areas, con-
sistent with approaches used in previous studies to identify the
fracture zones separating core movement probability patches
(Cushman, Landguth, et al. 2013; Cushman et al. 2018; Khosravi
et al. 2018; Macdonald et al. 2018; Ashrafzadeh et al. 2020; Kaszta
et al. 2020b). The resulting core patches were then analyzed in
FRAGSTATS (McGarigal et al. 2012) to compute class‐level
metrics relevant to landscape connectivity: largest patch index
(LPI), number of patches (NP), percentage of landscape
(PLAND), area‐weighted mean patch size (AREA_AM), and
area‐weighted radius of gyration (GYRATE_AM). PLAND is the
simplest metric of landscape composition, quantifying the pro-
portion of total area occupied by the patch class of interest. NP is
a simple measure of habitat fragmentation and reports the
number of discrete habitat patches in the landscape of a partic-
ular patch type. LPI describes the size of the largest patch of a
given type relative to the total landscape area (McGarigal
et al. 2012; Cushman, Landguth, et al. 2013). GYRATE_AM
represents the average linear distance an animal can travel before
leaving a patch when dropped at random on the landscape.
AREA_AM expresses the average patch area conditions that the
focal species would experience, randomly located within the
landscape. These metrics were selected based on their demon-
strated relevance in assessing landscape pattern effects on con-
nectivity (e.g., Wasserman et al. 2012, 2013; Cushman, Shirk,
et al. 2013).

The same descriptive indices were calculated for the core areas
identified within QLSNP boundaries to quantify the proportion
of core habitat currently under protection status versus those
extending into adjacent snow leopard range lying outside for-
mal protection. To assess the relative importance of each core
patch (relative to the whole extent), we ranked them by the
product of patch area and the cumulative kernel values
(strength) contained within them, representing their strength
and contribution to overall connectivity (Cushman et al. 2018;
Kaszta, Cushman, Macdonald, et al. 2020b).

2.5 | Contribution of Core Areas to Landscape
Connectivity

Conefor 2.6 (Saura and Torné 2009) was used to establish the
relative importance of each core area patch within the land-
scape network topology representing total connectivity. Conefor

relies on a graph‐based representation of landscape structure
(Pascual‐Hortal and Saura 2006), composed of nodes and links
that represent patches of suitable habitat and the functional
connections between them as a function of distance (Urban and
Keitt 2001; Pascual‐Hortal and Saura 2006). It quantifies habitat
availability indices that simultaneously consider the connec-
tivity within each patch, connectivity among patches, as well as
habitat abundance and the overall rate of connectivity (Pascual‐
Hortal and Saura 2006).

Both resistance models were used to calculate edge‐to‐edge LCPs
between adjacent core areas using the Linkage Pathways tool,
implemented in Linkage Mapper (McRae and Kavanagh 2011).
For each resistance surface, a matrix of partial least‐cost dis-
tances was produced, excluding pairwise connections that passed
through the allocation zone of a third patch.

The strength of each core patch was used as a node attribute in
the graph analyses. Conefor analyses were performed using
partial connections and the IIC (Pascual‐Hortal and Saura 2006;
Saura and Pascual‐Hortal 2007) to evaluate the contribution of
each core patch to the connectivity network. Topologies were
evaluated at cost‐distance thresholds of 25, 50, 100, 250, and
500 k cost units, and results were reported as the average across
these five thresholds (Norris et al. n.d.; Crouzeilles et al. 2013;
Diniz et al. 2017). The absolute variation in IIC was used to
quantify the importance of each landscape element for overall
habitat availability:

varIIC =
IIC − IIC′

IIC
,

where IIC′ is the index value after removal of a specific patch, and
IIC is the value with the patch present (Saura and Torné 2009).
varIIC can be partitioned into three fractions, each representing a
different way in which a patch contributes to landscape connec-
tivity (Saura and Rubio 2010; Bodin and Saura 2010):

varIIC = varIIC + varIIC + varIIC .intra flux connector

The fraction varIICintra (Intra) measures intra‐patch con-
nectivity (i.e., patch strength), independent of how a patch is
connected to others. varIICflux (Flux) quantifies the attribute‐
weighted dispersal flux through the connections of a given
patch, as either the origin or destination of a connection. The
last fraction, varIICconnector (Connector), measures the
patch's topological importance as a stepping‐stone between
other patches; it is independent of patch attributes and indi-
cates the role of the patch in maintaining overall network
cohesion (Saura and Rubio 2010). We also computed the
metric BC(IIC), a generalization of the betweenness centrality
(BC) index (Freeman 1977), which considers patch attributes
and topological distances, and assigns more importance to
patches expected to support higher fluxes and connect larger,
more ecologically important patches. Finally, for both resist-
ance scenarios, we calculated C(50)k

IIC (Bodin and
Saura 2010), an index that identifies the minimum number of
patches needed to compensate for > 50% of connectivity loss
(as measured by BC(IIC)) following the removal of any given
patch.
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2.6 | Factorial LCP Modeling

The analyses described above rely exclusively on edge‐to‐edge
patch least‐cost distances between adjacent core areas and do not
provide information on the relative importance of links within
the network topology, nor on how these may vary under different
resistance models. To address this, we employed the factorial
LCP (FLCP) approach (Cushman et al. 2009), implemented in
UNICOR (Landguth et al. 2012). FLCPs were calculated for each
of the five random draws of points, using a 1000 km‐equivalent
threshold (the largest dispersal threshold used in Riordan
et al. 2016), to model landscape‐level dispersal pathways likely to
span multiple snow leopard generations (e.g., Kaszta
et al. 2020b). Corridors were smoothed with a 10 km width, and
the outputs were averaged across the five sets of occurrence
points. Pearson's correlation coefficients were computed between
the resistance scenarios to quantify their level of agreement,
using the Band Collection Statistics Tool in ArcGIS. FLCP rasters
from both scenarios were reclassified using the 95th percentile of
the value distribution in each raster. Corridor fragments were
then extracted, isolating all paths lying outside the core habitat
patches. The reclassified outputs were used to calculate the fol-
lowing metrics in FRAGSTATS: LPI, NP, AREA_AM, and
GYRATE_AM at the class level, and AREA and GYRATE at the
patch level (McGarigal et al. 2012). These same metrics were
calculated for corridors falling within the boundaries of the
national park to evaluate the proportion and magnitude of con-
nectivity links located outside protected areas.

The importance of each corridor (across the entire extent) was
ranked using the product of three factors: the shape and length
of the corridor, the sum of LCP intensity values within the
corridor (Kaszta et al. 2019, 2020b), and the average strength of
the intersected core kernel patches (Cushman et al. 2018;
Kaszta et al. 2020b), calculated within a 10 km radius. This
approach accounts for routes in close proximity to core areas
and helps address location uncertainty in predicted dispersal
routes.

3 | Results

3.1 | Habitat Extent and Resistant Kernel Core
Areas

Re‐categorization of the habitat surface from Atzeni et al. (2020)
yielded a total area of suitable snow leopard habitat amounting
to 15,716 km2 (high quality), 41,148 km2 (medium‐to‐high
quality), and 78,580 km2 (low‐to‐high quality) (Table 1). The
corresponding proportions of these habitat classes within
QLSNP were 6767 km2 (43.1% of the total), 17,769 km2 (37.7% of
the total), and 27,010 km2 (34.4% of the total), respectively. The
total area encompassed by resistant kernel‐derived core habitat
patches was 47,154.5 km2 (Table 1). Of this, 18,935.5 km2—or
40.2%—fell within QLSNP boundaries (Table 1). The proportion
of core kernel patches relative to QLSNP's total area (PLAND)
was 37.72% (Table 1), and these patches represented 69.6% of
the total number of core patches identified. Core areas within
QLSNP were generally smaller in area (AREA_AM) and had
shorter average dispersal radii (GYRATE_AM) than those
across the full study extent (Table 1). QLSNP accounted for
58.3% of the total average patch area conditions (AREA_AM)
and 84.8% of the average radius of gyration (GYRATE_AM),
relative to the full extent (Table 1). The 25 most important core
areas identified via resistant kernel analysis were all larger than
100 km2 (Supporting Information S2: Figure S4, Supporting
Information S2: Table S1).

3.2 | Core Area Importance to Network
Connectivity

The contribution of core areas to intra‐patch connectivity
(Intra) reflected the strength values of the kernel patches
(Supporting Information S2: Figure S4, Supporting Information
S2: Table S1). As such, patches characterized by greater strength
also facilitated the majority of intra‐patch snow leopard move-
ment. The most important patches were located in the

TABLE 1 | Proportion of habitat categories (in km2) and summary statistics for the resistant kernel core patches, both calculated on the total

extent and inside Qilianshan National Park (QLSNP).

Habitat classes Total (km2) QLSNP (km2) Park/Total

Habitat quality High 15,716.00 6,767.00 0.43

Medium‐to‐high 47,148.00 17,769.00 0.38

Low‐to‐high 78,580.00 27,010.00 0.34

Metrics Total QLSNP Park/Total

Kernel patches PLAND 15.00 37.73 NA

NP 92.00 64.00 0.70

LPI 3.61 12.97 NA

Gyrate_Am (km) 41.11 34.88 0.85

Area_Am (km2) 5,898.78 3,438.70 0.58

Total area (km2) 47,154.50 18,935.50 0.40

Note: Where applicable, a ratio between the proportion of the metrics inside QLSNP and the whole extent has been calculated. Habitat classes have been inferred re‐
categorizing the predicted relative habitat suitability surface (Atzeni et al. 2020) according to the 75th, 85th, and 95th percentile of raster values distribution for low‐to‐
high, medium‐to‐high, and high‐quality habitat, respectively. Kernel core area patches derive from reclassification of the Resistant Kernel raster according to the 85th
percentile of raster values distribution. Metrics relative to the Kernel patches have the following meaning: Area_Am, class area area‐weighted mean; Gyrate_Am, class
area‐weighted mean radius of gyration; LPI, largest patch index; NP, number of patches; PLAND, percentage of landscape; total area, area of all patches.
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northwestern portion of the study area (Patch 1; counties of
Subei, Sunan, and Tianjun), the south (Patch 2; Delingha and
Tianjun), the southeast (Patch 3; Sunan, Qilian, and Menyuan),
and the central region (Patches 4, 5, and 6; Qilian, Sunan,
Gangca, and Tianjun) (Supporting Information S2: Figure S4).

Flux results were largely consistent between the resistance
models for patches 1 through 6 (Figure 2A,B). Differences in
this metric arose from variation in the LCP patterns between
adjacent core areas (Figure 2), with the genetic model high-
lighting greater snow leopard flux centered around patches 7, 8,
9, 10, and 12, compared to the habitat‐based model. The Con-
nector fraction showed general agreement between the two
resistance scenarios, underscoring the critical role of patches 4,
5, 6, and 10 in maintaining overall network connectivity
(Figure 2C,D). Minor differences involved smaller patches act-
ing as stepping stones in the northwestern portion of the study
area, with their contributions depending on the specific LCPs
between adjacent core areas.

We compared the normalized values of the Connector fraction
and the BC(IIC) metric, following the interpretation scheme
from Bodin and Saura (2010) to assess patch importance
(Figure 3). Both resistance scenarios consistently indicated that
patches 4, 5, and 6 constitute central core areas ensuring con-
nectivity across the entire network, as also reflected in their
C(50)IIC values of 0, 1, and 2, respectively (Figure 3). Similarly,
the loss of patch 10, critical to maintaining connectivity within
QLNSP (Figure 2), would require at least three other patches for
functional compensation (Figure 3).

While other stepping‐stone patches had negligible influence on
overall network integrity, higher BC(IIC) values were observed
in the genetic resistance model for patches 12, 15, and 21, and
in the habitat‐based model for patches 14, 17, and 21. Com-
pensation requirements (C(50)IIC) for these patches varied
between resistance scenarios (Figure 3). Notably, patches 1–3,
which were most important for intra‐patch connectivity and
dispersal flux, generally had lower rankings for Connector and
BC(IIC) metrics (Figure 3). An exception was patch 1, which
had the fifth highest Connector score and relatively high
BC(IIC) values, especially under the genetic resistance model
(Figure 3).

3.3 | Factorial LCP Corridors and Patterns

The number of corridor fragments was higher under the
habitat‐based resistance scenario, both across the full extent of
the study area and within QLSNP (Table 2), although both
scenarios revealed that approximately 50% of dispersal routes
were located inside the National Park. On average, corridors
identified in the habitat‐based scenario were shorter
(GYRATE_AM) and smaller (AREA_AM) than those derived
from the genetic scenario. The average corridor radius of
gyration (GYRATE_AM) decreased substantially within QLSNP
boundaries, representing 55% (habitat‐based) and 27% (genetic‐
based) of the total. Likewise, the average corridor area
(AREA_AM) within QLSNP was smaller than the overall
average, amounting to 44% and 24% of the total for habitat‐
based and genetic scenarios, respectively (Table 2).

FIGURE 2 | Results from the Conefor analysis showing the importance of the 25 top kernel core area patches according to the varIICflux fraction

(A) genetic model; (B: habitat‐based model) and the varIICconnector fraction (C) genetic model; (D: habitat‐based model). The results represent the

average values across five thresholds of least‐cost distance (25, 50, 100, 250, and 500 k cost units). Least‐cost paths between adjacent core areas from

either scenario are displayed to illustrate connections between patches and highlight differences between scenarios. Patch numbering follows the

rank of the varIICintra fraction (i.e., “Strength” of core areas; Supporting Information S2: Table S1).
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FIGURE 3 | Comparison between the normalized varIICconnector, varBC(IIC), and varIICflux fractions for each core area patch in either

resistance scenario (top: genetic resistance model; middle: habitat‐based resistance model), together with the values of C(50)IIC (bottom) for the two

resistance scenarios.
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Across the entire study area, the genetic scenario produced
13,806 km2 of corridors, while the habitat‐based scenario
resulted in 6538 km2 of corridors connecting core areas. Within
QLSNP, the total area covered by corridors dropped consider-
ably relative to the whole extent, representing 38% of the total
for the habitat‐based scenario and 27% for the genetic scenario
(Table 2).

The factorial LCP surfaces revealed notable differences between
the resistance models (Figure 4), exemplified by a low correla-
tion (Pearson's r= 0.083). In general, the major factorial LCPs
in the habitat‐based scenario followed conditions strictly asso-
ciated with habitat, such as ridgelines and fine‐scale topo-
graphic depressions in high mountain systems. Conversely, the
major factorial LCPs in the genetic scenario ran through broad,
flat open areas at the base of mountain ranges.

We identified and highlighted the 15 most important corridors
for each resistance scenario (Figure 4; Supporting Information
S2: Table S2). The two scenarios revealed that a large proportion
of the strongest links were located outside QLSNP: corridors 1,
2, 4, 5, 6, 7, 10, 11, and 13 in the habitat‐based scenario; and
corridors 1, 2, 3, 6, 7, 8, 11, 13, 14, and 15 in the genetic
scenario.

4 | Discussion

4.1 | Conservation Management

This application of synoptic connectivity methods, coupled
with a graph‐based analysis, highlighted that a significant
portion of the Qilianshan landscape is important for overall
regional connectivity, yet much of it lies outside the currently
designated protected area. From a conservation management
perspective, it is therefore important to accurately assign pri-
ority to areas of interest to inform the development of man-
agement plans and assess the potential for their inclusion
within the official boundaries of the protected area. We intend
for the results of this analysis to serve as a tool to guide and
improve monitoring efforts and inform future park planning
initiatives.

The varIICconnector (Connector) and BC(IIC) metrics capture
different aspects of a patch's role in maintaining overall con-
nectivity. Loss of a patch with a high Connector value would
result in an immediate and significant reduction in network
connectivity (such patches are considered more “irreplaceable”).
In contrast, patches with lower Connector values are less
irreplaceable, but if they also have a high BC(IIC) score, their
loss would necessitate substantial reworking of dispersal path-
ways through alternative patches to maintain connectivity. For
this reason, Bodin and Saura (2010) recommend using the
BC(IIC) metric to complement varIICconnector in identifying
priority areas and facilitating decision‐making (Figure 3). Based
on these guidelines, our analysis highlights five key areas, with
strong consensus between models. Patches 4, 5, 6, and 10 all
scored highest on both metrics, with minimal order variation
between the two models. These are followed by patch 1, which
had much lower scores for both Connector and BC(IIC), but
ranked highest on the Flux metric. These areas should be pri-
oritized to support and enhance connectivity across the Qilian-
shan region, especially patches 5 and 6, which lie entirely outside
of the currently defined National Park. Additionally, it is inter-
esting to note that for patches 4, 10, and 1, although much of
their extent is within the protected area, a substantial portion of
their area still falls outside the park's boundaries. Recent findings
support prioritizing these patches for further attention and
potential inclusion in National Park management. For example,
Atzeni et al. (2021), through analysis of genetic diversity struc-
ture in the western Gansu portion of QLSNP, found higher
genetic diversity, heterozygosity, and effective population size in
areas encompassed by patch 1.

Similarly, our mapping of corridors connecting these patches
found a significant number lie outside the current National Park
boundaries, in both modeling scenarios. In each case, many
corridors located in Delingha and Tianjun counties functionally
connect core areas in the northwestern and central regions
(within QLSNP) to unprotected habitat patches in the southern
portion (e.g., corridors 1 and 2 in the habitat‐derived scenario,
and corridors 1, 2, and 6 in the genetic‐derived scenario;
Figure 4). Other important corridors in either scenario linked the
southeastern parts of the park to the southern core habitat areas
(e.g., corridors 3 and 4 in the habitat‐derived scenario; Figure 4).

TABLE 2 | Summary statistics of corridors fragments, inferred through the factorial least‐cost path algorithm, connecting the 25 most important

kernel core area patches.

Total QLSNP Park/Total

Metrics Habitat Genetic Habitat Genetic Habitat Genetic

NP 234.00 107.00 117.00 59.00 0.50 0.55

LPI 9.52 19.87 10.16 25.81 Not applicable

Gyrate_Am (km) 10.49 51.40 5.72 14.06 0.55 0.27

Area_Am (km2) 224.86 1856.82 100.01 439.79 0.44 0.24

Total gyrate (km) 509.36 544.81 207.83 188.08 0.41 0.35

Total area (km2) 6538.00 13,806.00 2480.00 3782.50 0.38 0.27

Note: These corridors have been obtained by re‐classifying the factorial least‐cost path outputs according to the 95th percentile of raster values distribution and refer to
factorial least‐cost paths lying outside any given core area. These metrics compare the habitat‐based resistance model (Habitat) to the genetic resistance model (Genetic).
Where applicable, a ratio between the proportion of the metrics inside Qilianshan National Park (QLSNP) and the whole extent has been calculated. Metrics have the
following meaning: Area_Am, class area area‐weighted mean; Gyrate_Am, class area‐weighted mean radius of gyration; LPI, largest patch index; NP, number of patches;
Total area, area of all patches; Total Gyrate, sum of the radius of gyration of all patches.

9 of 15



Particularly noteworthy are the long dispersal corridors identified
in the genetic resistance model, running through the counties of
Gangca, Tianjun, Delingha, and Lenghu. These suggest potential
landscape‐level dispersal routes connecting the southeastern part
of the study area to habitat patches located in the northwest,
which could benefit from additional protection (e.g., corridors 1,
3, and 13 in the genetic‐derived scenario; Figure 4). Additionally,
the differing habitat features prioritized in each scenario under-
score an important consideration for conservation management
planning: in addition to protecting what are generally seen as

“optimal” habitats for movement (e.g., ridgelines), the inclusion
of less “optimal” habitat features (e.g., flat areas at the foot of
mountain ranges) may also be critical for effectively protecting
animal dispersal between habitat patches (Johansson et al. 2024).

After the park's establishment in October 2018, the Qilianshan
National Park Qinghai Provincial Administration and the
Gansu Provincial Administration were organized, dividing
management of QLSNP between them, with overarching coor-
dination by the National Forestry and Grassland Bureau

FIGURE 4 | Factorial least‐cost path intensity surfaces, calculated upon a dispersal ability of 1000 km‐equivalent. All corridors derive from a

reclassification of the factorial least‐cost path raster according to the 95th percentile of the raster values distribution. This figure illustrates the 15 most

important linkages (A) habitat‐based model; (B: genetic model), ranked in order according to the product between the length attribute, the sum of the

factorial least‐cost path values inside each corridor, and the average strength of core areas intersecting the corridors within a radius of 10 km. County‐
level administrative levels have been overlaid to assist with the geographic localization and prospective management of these major dispersal pathways.
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(Forestry and Grassland Bureau 2019). The National Park is
zoned into two sections: a core protected area and a general
control area, which align with IUCN categories Ia‐Ib and II,
respectively (QLSNP Masterplan 2018). A framework for annual
evaluation and adjustment has been established, with 2025
designated as the first major review milestone of the full
national park system (QLSNP Masterplan 2018; Xinhua News
Agency 2019). These milestones present a valuable opportunity
to review studies such as ours, apply findings to develop more
targeted and effective monitoring strategies, reassess existing
boundaries, and consider strategic expansions of the
National Park.

4.2 | Qilianshan in Overall Conservation

Ensuring support and protection of connectivity in the Qilian-
shan area holds additional implications for range‐wide conser-
vation of snow leopard populations. Facilitating connectivity
between snow leopard populations in China and Mongolia may
be of particular significance, as these two groups have been
shown to be genetically distinct (Janecka et al. 2017; Hacker
et al. 2023), with limited landscape connectivity between them
(Riordan et al. 2016).

The geographic location of Qilianshan places it at a critical junc-
tion, potentially linking important snow leopard habitats in
northern China with those in southern Mongolia. This is sup-
ported by several recent analyses. Norris et al. (n.d.) identified the
QLSNP area as part of a key linkage connecting the Tibetan Pla-
teau to southern Mongolia and recommended expanding the level
and extent of protection. Li et al. (2020) designated the Qilianshan
region as a major LCU with links to the southern Tibetan Plateau
and the Hengduan, south Gobi, and central Tianshan‐Pamir‐
Hindu Kush‐Karakorum LCUs. Riordan et al. (2016) described the
Gobi Desert region as an important area for connectivity, with
potential stepping‐stones and corridors extending toward Qilian-
shan. Qilianshan may thus represent the last stopover or the first
encounter with “optimal” habitat for snow leopards attempting to
cross, or having just crossed the Gobi Desert during dispersal.
Johansson et al. (2024) observed snow leopards crossing large
expanses of flat steppe as they moved south from the Mongolian
Tost Mountains toward China, with one individual appearing to
follow the LCP delineated by Li et al. (2020) linking to the Qi-
lianshan region—although its movement was impeded by linear
infrastructure (border fencing).

Ongoing monitoring and adequate protection of the Qilianshan
area are also important for maintaining snow leopard habitat in
the face of global climatic change. The high mountain regions
of Asia, including the Tibetan Plateau, have warmed at more
than twice the average rate of the Northern Hemisphere, posing
additional challenges for the persistence of threatened snow
leopard populations (Liu and Chen 2000; Chen et al. 2009;
Forrest et al. 2012). Climate refugia—areas with relatively stable
climate and complex landscape topography—can serve as
retreat zones for species under severe climate pressure
(Ashcroft 2010; Morelli et al. 2016). Li et al. (2016) identified
Qilianshan as one of three large‐scale climate refugia capable of
supporting snow leopard adaptation and persistence under
ongoing climate change conditions.

4.3 | Comparison of Resistance Surfaces

Our results show that connectivity predictions inferred through
a habitat‐based resistance scenario differ from those generated
using a genetically optimized resistance surface. This provides
further confirmation that these scenarios reflect different eco-
logical processes—the former aligns with factors that maximize
fitness within home ranges, while the latter reflects landscape
characteristics that facilitate dispersal and mating behavior—as
also noted in previous studies (Spear et al. 2010; Wasserman
et al. 2010; Cushman, McRae, et al. 2013; Mateo‐Sánchez
et al. 2015a, 2015b). Mateo‐Sánchez et al. (2015a) also observed
differences in effective distances derived from such models,
suggesting that habitat‐derived surfaces may overestimate
resistance in areas characterized by low habitat suitability.

Our models from Qilianshan confirm this observation. In the
habitat‐based resistance scenario, major connectivity routes were
identified within core patches, while movement pathways out-
side these areas were largely governed by patterns of habitat
suitability (Atzeni et al. 2020; Figure 4). This is unsurprising, as
both core patches and habitat‐based dispersal routes were
derived from the same resistance scenario, reflecting well‐
documented relationships between snow leopards and landscape
characteristics that influence home‐range selection (Atzeni
et al. 2020). Because these corridors reflected suitable habitat
extent, they resulted in more fragmented and smaller links
beyond core areas when compared with those inferred by the
genetic resistance model, which was not constrained by habitat
suitability (Table 2; Supporting Information S2: Table S2).

By contrast, the genetic resistance surface—largely dominated by
fine‐scale ruggedness and elevation (Atzeni et al. 2023)—
identified flatter areas within a suitable elevation range as primary
conduits for gene flow (Figure 4). However, this model tended to
overestimate effective distances within home‐range patches
(Figure 4). It is therefore appropriate to adopt an integrated con-
nectivity map (Zeller et al. 2017, 2018), one that incorporates both
fine‐scale movement within home ranges and long‐distance con-
nectivity patterns related to dispersal. Such a map would reflect a
multitemporal pattern of population connectivity, integrating
short‐term movement dynamics with long‐term demographic and
genetic exchange across the broader landscape.

Differences in connectivity patterns are common when comparing
models based on different data types or modeling approaches
(Cushman and Lewis 2010; Cushman et al. 2014; Shirk et al. 2015;
Zeller et al. 2018; Hearn et al. 2019). In this study, beyond the
ecological phenomena represented by the two data types, differing
patterns also stem from the use of distinct suites of variables
(Cushman and Lewis 2010; Hearn et al. 2019) and from the ex-
trapolation of results from a limited area to a broader extent
(Cushman and Lewis 2010; Wasserman et al. 2012). The two
models were based on different ecological assumptions and
employed different topographical and land cover predictors
(Atzeni et al. 2020, 2023). Additionally, the genetic resistance
was developed from data limited to Gansu Province (Atzeni
et al. 2021, 2023), making it particularly sensitive to the landscape
characteristics pertinent to the northwestern portion of the study
area, whereas the habitat‐based resistance model was derived from
data collected across the entire National Park (Atzeni et al. 2020).
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To enhance comparability between connectivity patterns,
future research should aim to use the same set of predictors
and conduct analyses across a consistent spatial extent
(Cushman and Lewis 2010; Hearn et al. 2019), whether fo-
cusing on home‐range selection or drivers of gene flow. In
addition, direct monitoring of snow leopard dispersal via
GPS‐collared individuals would aid in the optimization (e.g.,
Elliot et al. 2014) and validation (e.g., Finerty et al. 2023) of
the resistance surfaces and connectivity models developed
here. Moving forward, studies can build on these findings by
incorporating additional empirical data across the entire
study area under consideration (e.g., genetic data, presence or
density data from camera trapping, presence or movement
data from GPS and telemetry, etc.), while adequately ac-
counting for detection bias and expanding the scope of
landscape variables, including prey availability and human
presence and disturbance.

5 | Conclusions

The evidence generated by this analysis highlights that the
QLSNP protected area, in its current form, may be inadequate
to ensure protection of regional snow leopard habitat con-
nectivity, especially when set in a meta‐population context.
The framework we adopted has the advantage of providing a
synoptic representation of connectivity patterns by integrating
complementary approaches, and it differs from previous
range‐wide and local studies by explicitly ranking major core
habitat areas and identifying the spatial location of the most
important stepping‐stones and movement corridors. This
objective ranking of both core patches and factorial LCPs
makes it possible to tailor conservation strategies. Identifying
and protecting major core areas, and the most important dis-
persal routes linking them, should be prioritized to ensure
meta‐population viability and reduce the risk of isolation for
large carnivores.

The results from this study may prompt further sampling and
monitoring efforts and help guide management initiatives
aimed at evaluating new areas for legal protection that are
currently outside the extent of the National Park. Such actions
could functionally connect the Qilianshan landscape to other
important snow leopard strongholds. Future improvements
should incorporate threats posed by anthropogenic factors, such
as human activity and population, linear infrastructure, grazing
pressure, and may also include information on natural prey
populations, which are an essential factor for the persistence of
viable snow leopard populations.
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Supporting Information

Additional supporting information can be found online in the
Supporting Information section.
Supplementary Table S1: Summary statistics of the 25 most important
kernel core area patches, ranked by the ‘Strength’ attribute, obtained as
the product of their area and the sum of kernel intensity values con-
tained in each patch Supplementary Table S2: Summary statistics of
the 15 top factorial least‐cost path corridors, ranked by the ‘Weighted
LCP strength’ attribute, obtained as the product of their length (‘LCP
length’), sum of movement intensity values contained in each corridor
(‘LCP sum’), and the average strength of core areas intersecting the
corridors within a radius of 10 km (‘Average Kernel strength’). Sup-
plementary Figure S1: Habitat quality classes following the re‐clas-
sification of the top performing snow leopard relative habitat suitability
model created on this extent (Atzeni et al. 2020). Supplementary
Figure S2: An example of one among the five probable snow leopard
locations (1000 points each) used to model potential within home‐range
movement and long‐distance dispersal through the resistant kernel and
the factorial least‐cost path algorithms. Supplementary Figure S3:
Step by step flow chart for the conceptualization and execution of this
analysis, including use of previously published data. Supplementary
Figure S4: Resistant Kernel movement probability surface, calculated
upon a 25 km‐equivalent omni‐directional movement ability. Species
distribution modeling for snow leopards in Qilianshan (Atzeni et
al. 2020) review. Genetic optimization of resistance surfaces for
snow leopards in Qilianshan (Atzeni et al. 2023) review.
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