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ARTICLE INFO ABSTRACT
Keywords: The snow leopard (Panthera uncia) is an apex predator on the Tibetan Plateau and in the surrounding mountain
Panthera uncia ranges. It is listed as Vulnerable in the IUCN's Red List. The large home range and low population densities of this
Conservation Prioriﬁ_Zation ) species mandate range-wide conservation prioritization. Two efforts for range-wide snow leopard conservation
]éa"dscal_’e_ Conservation Unit planning have been conducted based on expert opinion, but both were constrained by limited knowledge and the
onnectivity

difficulty of evaluating complex processes, such as connectivity across large landscapes. Here, we compile >
6000 snow leopard occurrence records from across its range and corresponding environmental covariates to
build a model of global snow leopard habitat suitability. Using spatial prioritization tools, we identified seven
large continuous habitat patches as global snow leopard Landscape Conservation Units (LCUs). Each LCU faces
differing threat levels from poaching, anthropogenic development, and climate change. We identified ten po-
tential inter-LCU linkages, and centrality analysis indicated that Tianshan-Pamir-Hindu Kush-Karakorum, Altai,
and the linkage between them play a critical role in maintaining the global snow leopard habitat connectivity.
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However, international border fences, railways and major roads can fragment LCUs and potentially obstruct
linkages. We propose LCU-specific conservation strategies and transboundary cooperation that should be
highlighted in future snow leopard conservation. This effort represents the first range-wide, systematic landscape
conservation plan for snow leopards, and provides a rigorous and analytically sound basis for further survey and

evaluation.

1. Introduction

To maximize conservation outcomes with limited resources, it is
important to identify the regions with the highest conservation prio-
rities. For ease of management or because of political factors, biodi-
versity conservation planning often sets priorities at regional or na-
tional scales based on administrative boundaries, but such efforts can
conflict with global conservation priorities (Montesino Pouzols et al.,
2014). This is especially true for geographically widespread species,
such as large carnivores that require large areas and occur in low
densities (Di Minin et al., 2016). Tigers and jaguars are successful cases,
where range-wide conservation plans have featured collaboration
among all range countries (Dinerstein et al., 2006; Rabinowitz and
Zeller, 2010; Sanderson et al., 2002). Following the model of the Global
Tiger Initiative's Global Tiger Recovery Program (GTRP), the Kyrgyz
Republic initiated the Global Snow Leopard and Ecosystem Protection
Program (GSLEP) in 2013, with the participation of governments and
NGOs from all 12 snow leopard range countries (Snow Leopard
Working Secretariat, 2013). The snow leopard (Panthera uncia) is a
large cat and apex predator of the mountain ecosystem in the regions
centered on the Tibetan Plateau. In contrast to its wide distribution
range (1,776,000 to 3,300,000 km?), the snow leopard has a small
population size, which was estimated at 7446 to 7996 and shows a

decreasing trend (McCarthy et al., 2017). The main threats come from
habitat loss and fragmentation, prey depletion, poaching and re-
taliatory killing (Snow Leopard Network, 2014; McCarthy et al., 2017).
It was estimated that up to 450 snow leopards have been poached an-
nually since 2008 (Nowell et al., 2016). The snow leopard was listed as
Endangered in the IUCN's red list from 1972 to 2016. In 2017, it was
reassessed as Vulnerable (McCarthy et al., 2017). The downlisting was
criticized by some researchers and conservationists who argued that the
population size and the mature individuals of snow leopards were
overestimated and the threats to snow leopard, such as poaching, were
underestimated (Aryal, 2017; Ale and Mishra, 2018). Although down-
listing has been debated, there is a consensus that snow leopard con-
servation efforts must be expanded and improved (Mallon and Jackson,
2017).

Two independent efforts based on expert opinion have been made to
identify important landscapes for global snow leopard conservation.
The first was a range-wide assessment and conservation planning
meeting in Beijing, China in 2008 that was initiated by non-govern-
mental organizations including Panthera, Snow Leopard Trust, Snow
Leopard Network and Wildlife Conservation Society. Experts from 11 of
the 12 snow leopard range countries conducted a mapping exercise
using expert knowledge to demarcate snow leopard range and con-
servation units (SLCUs) (McCarthy et al., 2016). This meeting produced
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Fig. 1. Topographic features of the snow leopard study area. A 500-km buffer of the snow leopard range and all the snow leopard occurrence points defined the study
extent. The main topographic features and snow leopard range are labelled, including the altitude, main mountain ranges (brown lines) and major rivers (blue lines).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the first range-wide spatially explicit maps of snow leopard conserva-
tion units. These maps have provided a sound basis for policymaker and
scientists to develop strategies for snow leopard conservation. Five
years later, a second assessment conducted under the global snow
leopard and ecosystem protection program (GSLEP) used a consultative
process involving both government and NGOs within each individual
range country to identify snow leopard landscapes (SLLs) (Snow
Leopard Working Secretariat, 2013). The involvement of national
governments has greatly promoted the law enforcement and environ-
mental-friendly planning of large infrastructure construction in snow
leopard range. Both efforts have guided and influenced snow leopard
conservation over the past decade and were important for building
collaborations among all the snow leopard range countries. However,
the conservation priorities that resulted from these efforts differ con-
siderably, partly due to the limited knowledge of snow leopard ecology
and the different approaches used for prioritizing conservation actions.
Also, neither of the planning efforts adequately addressed landscape
connectivity for genetic exchange and long-term survival of snow leo-
pards, or the main threats to snow leopards that should inform con-
servation strategies. Over the past decade there has been a tremendous
increase in the number of publications and sophistication of snow
leopard research (Ale et al., 2010, 2014; Alexander et al., 2016; Aryal
et al,, 2014a, 2014b, 2014c, 2014d, 2016; Janecka et al., 2011;
Karmacharya et al., 2011; Li et al., 2014; McCarthy et al., 2008; Zhou
et al., 2014). This influx of new information filled key knowledge gaps
that are important for rigorously defining snow leopard conservation
landscapes.

In this study, we develop a spatial conservation plan for snow leo-
pards by identifying Landscape Conservation Units, linkages and their
primary threats using the best, up-to-date data available. First, we
compiled > 6000 snow leopard occurrence records across the snow
leopard range with fine resolution remote sensing data and environ-
mental covariates to build a model of global snow leopard habitat
suitability. We used the model and spatial conservation tools to prior-
itize global snow leopard habitat and designate global snow leopard
Landscape Conservation Units (LCUs). Next, we applied circuit theory
to quantify landscape connectivity patterns and identify linkages be-
tween the LCUs. Finally, we mapped potential threats to the LCUs and
linkages. This effort represents the first range-wide, systematic land-
scape conservation plan for snow leopard conservation, and provides a
rigorous and analytically sound basis for further efforts. The integrated
mapping approach that is developed here, which combines habitat,
connectivity, and threats, provides a model for conservation planning
that could be applied to many species.

2. Methods
2.1. Study area

Our study area covers all putative snow leopard ranges that extend
across the 12 known snow leopard range countries: Afghanistan,
Bhutan, China, India, Kazakhstan, Kyrgyzstan, Mongolia, Nepal,
Pakistan, Russia, Tajikistan and Uzbekistan, as well as Myanmar that
has a small area of potential range (Fig. 1) (Snow Leopard Network,
2014). These ranges are distributed on the Tibetan Plateau and in the
surrounding mountain ranges, including the Himalaya, Hindu Kush,
Pamir, Kunlun, Tian Shan, Pamir, Altai and Hengduan mountain ranges
(Fig. 1). These mountains also feed large rivers, such as the Yellow,
Yangtze, and Mekong, that provide water to 1 billion people (Fig. 1).

2.2. Habitat suitability

Using maximum entropy, we modeled snow leopard habitat suit-
ability based on occurrence records of snow leopards and related bio-
climatic variables (Elith et al., 2010). A total of 6252 snow leopard
occurrence records were collected through GPS collars, camera traps,
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genetically-verified feces, fresh scratches, scent marks, scrapes, and
tracks of snow leopards from 1982 to 2017 in all the primary mountain
ranges across the snow leopard distribution range. Except for about 5%
of these records, most of them have been used in published studies (Ale
et al., 2010, 2014; Jackson, 1996; Karmacharya et al., 2011; Li et al.,
2016; McCarthy et al., 2008, 2016; Schaller, 2000; Zhou et al., 2014).
The distribution pattern of the 6252 snow leopard occurrence records
suggests a sampling bias, especially in Northwestern India and Russia
(Fig. Ala), probably due to the different survey efforts. To remove
aggregations of records, we thinned the occurrence records in geo-
graphical space using spThin R package (Aiello-Lammens et al., 2015).
Three thinning distances, including 1 km, 10 km and 30 km, were
tested, reducing the number of snow leopard occurrence records from
6252 to 2166, 833 and 407, respectively. Thirty km is slightly larger
than the greatest distance (27.9 km) snow leopards are known to have
travelled between locations on consecutive days (McCarthy et al.,
2005). To determine which thinning distance should be used, we chose
a region in the northwest India where the occurrence records density is
very high (red rectangle in Fig. 1A). This region only corresponds to
0.56% of the total snow leopard range, but the number of snow leopard
occurrence records in this region accounts for 7.4% (161/2166) and
6.6% (55/833) of the total snow leopard occurrence records after
thinning the records with 1 km and 10 km distance, respectively, and
the ratio decreased to 2.7% (11/407) when 30 km is used as the thin-
ning distance, indicating that the 30-km thinning distance is better (Fig.
Alb-d). The average test AUC of the habitat suitability model when
using 1 km, 10 km and 30 km as the thinning distances are 0.874, 0.894
and 0.901, also suggesting that 30 km is better. Therefore, 30 km was
used as the thinning distance.

We selected the following layers as candidate environmental vari-
ables, because of their relevance to the ecology of snow leopards:
ruggedness, land cover, bioclimatic variables. Ruggedness was calcu-
lated from elevation (Shuttle Radar Topography Mission) with the
terrain ruggedness index tools in ArcMap using a moving windows size
of 3 % 3. Land cover data came from the global 1-km consensus land
cover data (with DISCover), which integrates multiple global land-
cover products and maximizes accuracy (Tuanmu and Jetz, 2014).
Bioclimatic variables for contemporary conditions were downloaded
from Worldclim (version 2.0) at 30 second resolution (Hijmans et al.,
2005). The study extent was set as a 500-km buffer of the snow leopard
current range and all occurrence points (Fig. 1), as a recent range-wide
genetic study of snow leopards showed that potential connectivity of
dispersing individuals is between 250 and 500 km (Janecka et al.,
2017). We analyzed correlation between all the candidate environ-
mental variables. For those highly correlated variables (> 0.8), we kept
the one which has direct ecological meaning to snow leopards. Then we
removed the variables that contributed < 1% to the maxent model.
Finally, ten environmental variables were chosen to build the snow
leopard habitat suitability model, including terrain ruggedness index
(alt_tri), mixed/other trees (landcover 4), herbaceous vegetation
(landcover_6), cultivated and managed vegetation (landcover_7),
barren (landcover_11), mean diurnal temperature range (wc2_bio02),
max temperature of warmest month (wc2_bio05), mean temperature of
coldest quarter (wc2_bioll), precipitation of warmest quarter
(wc2_ biol8) and precipitation of coldest quarter (wc2_biol9) (Table
Al).

To optimize the tradeoff between goodness of fit and overfitting, in
the habitat suitability model we tested 32 combinations between 4
feature classes (Linear; Linear and Quadratic; Linear, Quadratic, and
Hinge; Linear, Quadratic, Hinge and Product) and 8 regularization
multipliers (0.5-4.0 with 0.5 intervals). The model was evaluated using
random fivefold cross-validation. AUCDIff (the difference between
AUCtrain and AUCtest) was calculated to see the overfitting of the
model (Warren and Seifert, 2011). The optimal feature class and reg-
ularization multiplier in the model with lowest AICc were selected
(Warren and Seifert, 2011). The model evaluation was implemented in
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R with ENMeval package (Muscarella et al., 2014).
2.3. Landscape prioritization

We used the planning tool Zonation (v4) to identify priority areas
for conservation (Lehtoméki and Moilanen, 2013). Priority ranking was
generated by iteratively removing the least valuable remaining grid
cells, while accounting for total and remaining distributions of features
throughout the entire landscape. We used the core area zonation (CAZ)
cell removal method, which retains the locations with highest suit-
ability. We considered connectivity in the Zonation model by setting
distribution smoothing at 30 km, the greatest distance snow leopards
travelled between consecutive-day locations (McCarthy et al., 2005). Of
the priority landscapes (top 10% grid cells delineated by Zonation), we
picked continuous areas larger than 10,000 km? and defined them as
Landscape Conservation Units (LCUs), while areas smaller than
10,000 km? were defined as fragments. Snow leopard density varies
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from 0.15 to 3.1 individuals per 100 km? for a study area larger than
500 km? (Snow Leopard Network, 2014), a mean home range of male
snow leopards based on 95% minimum convex polygon method
(Johansson et al., 2016). Using an estimate of 1 individual per 100 km?,
a continuous habitat patch larger than 10,000 km? could support 100
individuals, a criteria of prioritized protecting habitat set by GSLEP.

2.4. Landscape connectivity

We applied two commonly used connectivity models to predict
landscape connectivity between LCUs: the least-cost path (LCP) model
and the circuit model (Cushman et al., 2013). The landscape con-
nectivity was calculated under two scenarios of resistance. In scenario
1, the resistance layer (Fig. A3a) was generated from the habitat suit-
ability map using the following equation (Keeley et al., 2016):

Resistanceygq = 100-99 * ((1 — Exp(—c * h))/(1 — Exp(—c)))
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Fig. 2. Proposed global snow leopard Landscape Conservation Units (LCUs) and potential threats. (a) Top 10% prioritized areas are identified as LCUs
(=10,000 km?) or fragments (< 10,000 km?) (see Methods). (b) LCUs are facing threats from poaching (Nowell et al., 2016), climate change (Li et al., 2016), future
development risk (Heiner et al., 2016), and international border fences (Linnell et al., 2016).



J. Li, et al.

where h is the habitat suitability index from the maxent model and c is a
factor that determines the shape of negative exponential curve. We used
16 as the value of c, the same as that was used to generate a resistance
map for the desert bighorn sheep (Ovis canadensis nelsoni) (Keeley et al.,
2016). Since only natural factors were considered in our maxent model,
this resistance layer only reflects the natural resistance.

In scenario 2, we incorporated both the natural resistance and the
anthropogenic resistance into the resistance layer. The anthropogenic
resistance was calculated by considering both the human footprint
index and the influence of border fences (Fig. A3b). The human foot-
print index, which has a range of 0 to 50, represents the influences of
roads, railways, population density, built environments and so on
(Venter et al., 2016). Border fences can be classified into three cate-
gories: the almost fully fenced border fences, partially or of unknown
extent fences, and planned or under construction fences (Linnell et al.,
2016). We gave the three categories a resistance value of 100, 50 and 0,
respectively. Then we added up the human footprint index and the
resistance value of border fences to generate the anthropogenic re-
sistance map:

Resistanceanthropogenic = Human footprint index + Border fences index

The total resistance map in the second scenario was generated using
the following equation:

Resistanceo = resistancenatural + Resistanceanthropogenic

Linkage mapper (v 2.0) was used to identify the least-cost paths
between pairs of adjacent LCUs (McRae and Kavanagh, 2011). The cost-
weighted distance (CWD), Euclidean distance (EuD), and least cost path
(LCP) were calculated to quantify the linkages between LCUs (Dutta
et al., 2016). The higher the ratio of CWD:EucD or CWD:LCP, the more
difficulty to move between LCUs. Pinch points within linkages were
identified using the pinchpoint mapper module in the linkage mapper.
The pinchpoint mapper interfaces with Circuitscape (v4.0.5, McRae
et al., 2013) to identify pinch points. Linkages were clipped to a 75 km
cost-weighted width cutoff, following a landscape connectivity study
done by the Washington Wildlife Habitat Connectivity Working Group
(WHCWG, 2010). In that study, 75 km was used as the cost-weighted
width cutoff value for the species which accumulate cost quickly when
moving through suboptimal habitat, such as where bighorn sheep and
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Canada lynx (WHCWG, 2010). The centrality mapper module was used
to calculate and map current flow centrality across the network, which
provides an evaluation of the importance of a habitat patch or linkage
in maintaining a connected network (Carroll et al., 2012).

2.5. Threat mapping

Major threats to the snow leopard have been identified as conflict
with local people, poaching, and climate change (Snow Leopard
Network, 2014), while emerging threats include energy, mineral and
other natural resource development associated with transportation in-
frastructures and habitat modification (Heiner et al., 2016). Conflict
with local people over livestock depredation often leads to poaching of
snow leopards and illegal trade (Li and Lu, 2014; Nowell et al., 2016).
We compiled the best available data of these threats. For poaching, we
used the seizures dataset from a newly published report that mapped all
available records of snow leopard poaching, smuggling, and illegal
trade since 2003 (Nowell et al., 2016). Future energy and mineral de-
velopment might have direct impacts on snow leopards through land
use change, and indirect impacts through habitat fragmentation (Heiner
et al., 2016; Oakleaf et al., 2015). We used data from Li et al. (2016) on
the impacts of climate change on global snow leopard habitat. Due to
insufficient coverage and low resolution of threat datasets, we did not
incorporate threats as a data layer in the quantitative prioritization
process with Zonation software. Linear infrastructures in this area
might divide LCUs or impede dispersal between LCUs (Karlstetter and
Mallon, 2014; Ma et al., 2013), so we obtained locations of Eurasia
border fences (Linnell et al., 2016) and railroad/roads data from the
Natural Earth (http://www.naturalearthdata.com).

3. Results
3.1. Landscape Conservation Units (LCUs)

Our habitat suitability model performed well, with AUCtest of 0.901
( £ 0.020) and AUCgy;¢ of 0.013 ( = 0.019), suggesting that this model
has a good discrimination ability (Swets, 1988). Terrain ruggedness
index (alt_tri), max temperature of warmest month (wc2_bio05),
mixed/other trees (landcover 4), mean diurnal temperature range

Table 1
Global snow leopard Landscape Conservation Units (LCUs) and their characteristics. The three largest and most important LCUs have been bolded.

ID Name® Area (kmz) Countries Protected percentage Centrality (scenario 1/2) Threats”

1 TPHK 784,226 13% 17.3/15.9 P,D,C
271,900 China 11% P,D,C
121,812 India 19% P,D,C
108,696 Kyrgyzstan 5% PD
97,510 Pakistan 6% pP,C
95,732 Tajikistan 24% PD
44,407 Afghanistan 2% C
32,805 Nepal 20% pP,C
7513 Uzbekistan 57% D
3850 Kazakhstan 16% PD

2 Hengduan 338,429 China 17% 9.2/8.5 P,D,C

3 Altai 175,186 18% 14.3/13.2 P,D
105,407 Mongolia 25% PD
37,493 Russia 0.5% P
24,861 China 20%
7378 Kazakhstan 11% -

4 Qilian 32,039 China 7% 6.1/8.8 P,D

5 Khangai 25,301 China 40% 6.9/6.8 -

6 Jungar Alatau 12,910 42% 6.0/6.0 D
8628 Kazakhstan 59% D
4282 China 7% D

7 South Gobi 10,432 Mongolia 38% 8.4/9.2 D

Total 1,378,523 15%

2 Only subunits larger than 1000 km? are listed.
> P: Poaching, D: Development, C: Climate change, —: No major threat.
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(wc2_bio02) and barren (landcover_11) contributed the most to the
model (Table Al). Globally, the highest suitability habitat for snow
leopard are in the central regions of the Altai, Khangai, Tian Shan,
Pamir, Hindu Kush, Kunlun, Qilian, Hengduan, Tanggula and Hima-
layan mountain ranges (Fig. A2).

Among the top 10% of the priority habitat, seven continuous habitat
patches have an area larger than 10,000 km? (Fig. 2, Table 1) and thus
were delineated as snow leopard Landscape Conservation Units (LCUs).
The Tianshan-Pamir-Hindu Kush-Karakorum (TPHK), Hengduan, and
Altai are three largest LCUs, with areas of 784,226 km?, 338,429 km?
and 175,186 km?, respectively (Table 1). The TPHK, Altai and Jungar
Alatau LCUs cross national boundaries and were further divided into
subunits along country boundaries (Fig. 2a, Table 1). For example, the
TPHK LCU is distributed in nine countries including China, Kazakhstan,
Kyrgyzstan, Tajikistan, Uzbekistan, Afghanistan, Pakistan, India and
Nepal (Fig. 2a, Table 1).

By overlaying LCUs identified in our study with SLCUs demarcated
in 2008 and SLLs identified in 2013, we found that LCUs and SLCUs
have similar area and general spatial pattern (Fig. 4). The main dif-
ferences are in central Tibetan Plateau (Qiangtang region), Arjin
mountains and Borohoro mountain ranges, while SLLs only partially
overlap with LCUs in the Altai, Tian Shan and Hindu-Kush mountain
ranges. (Fig. 4, Table A2). The biggest differences are in China (Fig. 4).
Three out of seven LCUs we identified are fully located in China, while
3 are partly in China, with a total area of 670,627 km?. In contrast, SLLs
only have three small landscapes in Qilian, Tianshan and Taxkorgan in
China, with a total area of 30,976 km? (Fig. 4).

3.2. LCU connectivity

In scenario 1 that only considered natural resistance, eight linkages
were identified between the seven LCUs (Table 2, Fig. 3a). The mean
length of Euclidean distance (EucD) of the eight linkages is 327 km
(range: 17-774 km, Table 2); the mean length of least cost path (LCP) is
531 km (range: 19-1466 km, Table 2). Among them, L1, which con-
nects TPHK (LCU 1) and Hengduan (LCU 2) has the lowest EucD
(17 km) and the lowest LCP (19 km) while L3, which connects Qilian
(LCU 4) and TPHK (LCU 1), has the highest EucD (774 km) and also the
highest LCP (1466 km) (Table 2, Fig. 3a). L3 (EuD: 774 km) may be too
long for snow leopards because the dispersal limit of snow leopards was
estimated to be between 250 and 500 km (Janecka et al., 2017).

In scenario 2 that considered both natural and anthropogenic re-
sistances, ten linkages are identified between the seven LCUs (Table 2,
Fig. 3a). The mean EucD is 372 km (range: 17-774 km, Table 2), and
the mean LCP is 549 km (range: 19-1471 km, Table 2). Among them,
L1 also has the lowest EucD (17 km) and the lowest LCP (19 km) while
L3 has the highest EucD (774 km) and the highest LCP (1471 km), the
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same as that in scenario 1 (Table 2, Fig. 3a). L9 and L10 have the
highest CwD (9481 and 8736 weighted km, respectively) (Table 2,
Fig. 3a). The EucD of L3 and L9 (774 and 644 km, respectively) are
longer than the estimated dispersal limits of snow leopards (Janecka
et al., 2017).

In both scenarios, the TPHK LCU (LCU 1) has the highest centrality
in the LCU network. It directly connects to the Hengduan, Altai, Qilian
and Jungar Alatau LCUs (LCU 2, 3, 4, 6). The Altai LCU (LCU 3) also has
a high centrality (Table 1, Fig. 3a). Correspondingly, the linkage L2
(between LCU 1 and 3) has the highest centrality (Table 2, Fig. A4).
Therefore, the TPHK (LCU 1), Altai (LCU 3), and the linkage L2 play an
important role in maintaining connectivity of the entire snow leopard
Landscape Conservation Unit network. Jungar Alatau (LCU 6) has the
lowest centrality (Table 1, Fig. 3a).

Almost every linkage has pinch points where current flow is high,
indicating bottlenecks in connectivity between pairwise LCUs (Fig. 3b).
In scenario 2, the linkages L2, L4, L5 and L10 have very narrow parts
that are critical for snow leopard dispersal (Fig. 3b). L9 and L10 have
the highest CWD/LCP ratio, indicating that the cost of moving along
them is high (Table 2, Fig. 3b).

3.3. Threat mapping

Snow leopards face various threats throughout their entire range
(Figs. 2b, 3b, Table 1). Poaching is a major threat, is widespread across
the four largest LCUs, including TPHK, Tianshan (e), Altai, and Qilian
LCUs. Anthropogenic development particularly threatens South Gobi,
Altai, Qilian and Hengduan LCUs. Climate warming is another major
threat. When we overlaid LCUs with predicted snow leopard habitat
loss in 2070 (RCP8.5) (Li et al., 2016), we found that Hengduan was the
most vulnerable LCU under climate warming, and the western and
southern part of TPHK LCU was also threatened (Fig. 2b, Table 1).

In scenario 2 that considered both natural resistance and anthro-
pogenic resistance, LCU connectivity is threatened by linear infra-
structures. Three cross-border LCUs, (TPHK, Altai and Jungar Alatau)
are fully or partially divided by border fences (Fig. 3b). Railways and
major roads in this region cross almost all linkages between these LCUs,
and especially they cut right across the narrow pinch points of L2, L4
and L5 (Fig. 3b). In contrast to that in scenario 1, L5 (connecting LCU 2
and LCU 4) and L6 (connecting LCU 3 and LCU 5) chose a completely
different path to avoid anthropogenic disturbance in scenario 2
(Fig. 3a).

Table 2

Characteristics of linkages between snow leopard Landscape Conservation Units (LCUs) in two scenarios.
Link ID  From LCU ToLCU EucD  Scenario 1 Scenario 2

LCP CWD  CWD:EucD CWD:LCP  Centrality (amps) LCP CWD  CWD:EucD CWD:LCP  Centrality (amps)

L1 1 2 17 19 23 1.37 1.22 8.53 19 128 7.51 6.73 7.45
L2 1 3 384 526 612 1.60 1.16 12.00 520 2149 5.60 4.13 8.55
L3 1 4 774 1466 1510 1.95 1.03 2.16 1471 1899 2.45 1.29 3.71
L4 1 6 131 146 148 1.13 1.01 6.00 160 1154 8.80 7.21 6.00
L5 2 4 425 715 799 1.88 1.12 3.94 667 2044 4.81 3.06 3.50
L6 3 5 245 610 1099 4.49 1.80 3.88 331 1898 7.75 5.73 3.86
L7 3 7 363 413 416 1.15 1.01 6.82 427 716 1.97 1.68 6.08
L8 5 7 284 352 810 2.85 2.30 3.91 324 1625 5.71 5.02 3.81
Lo 3 4 644 990 9481 14.72 9.58 1.97
L10 4 7 458 579 8736 19.07 15.08 2.47

EucD: Euclidean distance (km).
LCP: Least cost path length (km).
CWD: Cost weighted distance (weighted km).
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Fig. 3. LCU connectivity pattern and potential barriers of dispersal. (a) The LCPs (least cost path) between LCUs in scenarios 1 and 2. (b) Centrality shows the
importance of an LCU to connect the entire LCU network from low (green) to high (red). Current flow of linkages between adjacent LCUs is shown in gradient. Three
types of linear infrastructures might be potential barriers to snow leopard dispersal, including border fences, railroads, and major roads. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

4.1. Comparison of LCUs identified by spatial planning to previous
conservation areas

We delineated seven snow leopard Landscape Conservation Units
(LCUs) (Fig. 2a) and ten linkages between them (in scenario 2) (Fig. 3).
In comparison to expert-opinion based SLCUs and SLLs, our model-
driven method identified important habitat patches that previous ex-
pert knowledge-based planning efforts failed to distinguish. For ex-
ample, our results identified the entire Qilian mountains as an LCU.
This result appears to be verified by a recent field survey that de-
termined it is a large continuous high-quality snow leopard habitat (Liu
Yanlin, unpublished results), whereas previously only a small part of
the Qilian mountains was included in the SLCU and SLL (Fig. 4). Also,
the central Tibetan Plateau (Qiangtang region) was previously

identified as an SLCU (with unknown status) but not as an LCU in our
analysis (Fig. 4), because this region only contains fragmented snow
leopard habitat with relatively low habitat suitability (Fig. A2). WCS
China is currently undertaking a field survey in this region, which
should produce a better understanding of the snow leopard's status in
this region.

Importantly, our spatial planning approach considered connectivity
patterns and linkages among snow leopard LCUs, which were neglected
by previous SLL and SLCU efforts (McCarthy et al., 2016; Snow Leopard
Working Secretariat, 2013). Our analysis indicated that the largest
LCUs in TPHK (LCU 1) and Altai (LCU 2) (Fig. 3) also had high cen-
trality values (Fig. 3). This result is corroborated by a connectivity
study, which showed that snow leopard habitat has the highest con-
nectivity in west Tibetan Plateau and Altai-Sayan mountain ranges
(Riordan et al., 2016), and matches a recent phylogeography analysis,
which found that the snow leopard population in the west Tibetan
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Fig. 4. Difference between LCU and SLCU/SLL. Spatial overlap between the LCUs identified from modeling approaches in this study and the SLCU and SLL identified
by experts in two previous global snow leopard conservation planning efforts. Venn diagram showed the overlap percentage among them (detailed numbers are

shown in Table A2).

Plateau has the highest genetic diversity (Janecka et al., 2017). The
linkages between adjacent LCUs we identified are essential for gene
flow and metapopulation dynamics, especially for a low-density species
like the snow leopard that persists in naturally fragmented landscapes
and has low genetic diversity (Cho et al., 2013; Janecka et al., 2017).
Additional efforts are needed to better understand genetic connectivity
among fragments and their importance to snow leopard meta-popula-
tions.

4.2. LCU-specific conservation strategies based on integrated mapping

Spatial representation of threats is helpful to identify the best con-
servation actions (Evans et al., 2011; Tulloch et al., 2015). Our study
integrated spatial maps of protected areas, connectivity patterns, and
the main threats to snow leopards. We found that LCUs varied con-
siderably across size, percentage protected, connectivity, and threats
(Fig. 2, Table 1). Thus, below we suggest LCU-specific conservation
strategies should be adopted based on site-specific situations.

The second largest LCU, Hengduan (LCU 2, 338,429 km?), is pri-
marily threatened by climate change (Fig. 2b, Table 1), yet the region is
one of the least studied for snow leopards in China (Alexander et al.,
2016). Thus, studies of the status and ecology of snow leopard should
be prioritized in this LCU. In contrast, the 3rd largest LCU, Altai (LCU 3,
175,186 km?), extends across four snow leopard range countries,
Mongolia, China, Russia and Kazakhstan (Fig. 2, Table 1). It faces re-
latively high risks of poaching and future anthropogenic development,
and only 18% of its area is currently protected (Fig. 2b, Table 1). Hence,
multilateral cooperative land-use planning and anti-poaching efforts
should be prioritized for the Altai LCU. The pinch point of the L2
linkage connecting LCU 1 and LCU 3 has already been fragmented by

three railways and highways to Urumqi (Fig. 3b). The Xinjiang auton-
omous region is the bridgehead of the One Belt One Road program,
which is a development strategy proposed by the Chinese government
focusing on building trade deals and infrastructures throughout Eurasia
and the Pacific (Debin and Yahua, 2015). New railways, highways, and
gas and oil pipelines have already been planned in this region (Tracy
et al., 2017), and they might further threaten the linkages L2 and L4.
We suggest that wildlife friendly crossing structures should be in-
corporated in the construction plan. In the future, more fine-scale local
information, such as prey availability and abundance, is needed to in-
form detailed regional conservation planning on the basis of this work.

4.3. Necessity of transboundary cooperation in snow leopard conservation

Ecosystems and species' habitats are separated by political borders
all over the world, and transboundary conservation through joint ef-
forts across boundaries can produce conservation successes (Vasilijevic
et al., 2015). Snow leopards pose extra challenges for transboundary
conservation, given that the rugged mountains they inhabit are often
used as country borders (Mallon and Kulikov, 2014; Snow Leopard
Working Secretariat, 2013; UNDP and GEF, 2016). It has been sug-
gested that up to one third of global snow leopard habitat may be lo-
cated within 100 km of an international border (Singh and Jackson,
1999; UNDP and GEF, 2016).

Our results highlight the necessity of transboundary cooperation in
snow leopard conservation, because three of the seven LCUs cross na-
tional boundaries (TPHK, Altai, and Jungar Alatau; Fig. 2a, Table 1).
Among them, TPHK (Fig. 2, LCU 1) overlaps some of the world's highest
mountain ranges, including the Tian Shan, Pamir, Kunlun, Hindu Kush
and Himalaya, and make it the largest continuous snow leopard habitat
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patch (Fig. 2, LCU 1). However, when considering international
boundaries, TPHK occurs in ten Central Asian countries with units of
varying sizes (Fig. 2a). On many of these country borders, heavy fen-
cing is already in place as a result of the geopolitical change in the post-
9/11 era (Linnell et al., 2016) (Fig. 2b). These fences, and the anthro-
pogenic impacts focused in border regions, could restrict or even pre-
clude important snow leopard dispersal and gene flow within this LCU.
The Altai, and Jungar-Alatau LCUs face similar emerging challenges
(Figs. 2, 3, Table 1) that, compounded with other threats, could further
fragment and imperil populations of a species which demonstratively
lack genetic viability (Cho et al., 2013; Janecka et al., 2017). Further
genetic erosion due to genetic drift in small and fragmented populations
makes the impacts of impending and ongoing climate change even more
daunting. The snow leopard, and other species in this region, require
the ecological plasticity and adaptive potential to track changes in
habitat initiated by global warming, and shift their distributions across
international borders (Li et al., 2016).

The increasingly fragmented and fast-changing environment in high
Asia leaves little margin for error for conserving snow leopards. The
persistence of snow leopards requires improved and effective multi-
lateral cooperation across many actors, such as governments and NGOs.
Towards this end, GSLEP has been created to establish channels of
cooperation and a platform for progress among all snow leopard range
countries (Snow Leopard Working Secretariat, 2013). Internationally
coordinated conservation actions targeted to the snow leopard could
also help save the sympatric migratory mammals, which are facing si-
milar threats including poaching, habitat loss, barriers to migration,
and climate change (UNEP and CMS Secretariat, 2014).
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