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The snow leopard is an endangered large felid inhabiting highlands of 12 Asian countries. It is distributed
across vast territories and adequate modern methods are required for mapping its potential habitats. The goal
of the present study is to create a model of snow leopard potential habitat within the northern part of its range
in Russia (and adjacent territories of Mongolia, China and Kazakhstan). More than 5 years of observations
(total number of presence points = 449), environmental variables and the maximum entropy distribution
method (Maxent) are used. The resulting map demonstrates that a suitable habitat (probability of the ani-
mal’s presence between 0.5 and 1) of the northern population of snow leopard in Russia occupies 16 500 km?
with a buffer of transient territories (probability between 0.25 and 0.49) covering 32800 kmZ2. Most of a suit-
able habitat within the study area is associated with the Altai Mountains, Western Sayan Mountains, Sangilen
Plateau, Tsagan-Shibetu and Shapshal. One third of the suitable habitat lies within areas of a varying protec-
tion status. The results of modeling are of importance both for scientists and conservation managers, as they

allow for leopard occurrence to be predicted, supporting research on and the conservation of the species.
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The snow leopard, or irbis (Panthera uncia, previ-
ously Uncia uncia) is a large felid of the alpine and sub-
alpine zones of Central Asia (Jackson, Hunter, 1996).
Its highly fragmented habitats are scattered across an
area of more than 1.6 million km? in 12 different coun-
tries (Fox, 1994; Jackson, Hunter, 1996) and mainly
include steep, rocky rugged terrain with slopes exceed-
ing 30—40 degrees (McCarthy, Chapron, 2003) with
arid and semi-arid shrubland, grassland, steppe vege-
tation or, more rarely, sparse forests (Nowell, Jackson,
1996). Snow leopard is usually found at altitudes of
3.000—4.500 m (extremes are 5.500 m in the Himala-
yas and 600—1.500 m in the Sayan Mountains in Rus-
sia) (Nowell, Jackson, 1996), favoring slopes with
130°—200° expositions (Jackson, Ahlborn, 1984).
Abundant snowfalls and permanent snowfields are un-
suitable for snow leopard, rendering certain areas
physically inaccessible for it either permanently or
during the wintertime (Hunter, Jackson, 1997; Poyar-
kov et al., 2002a). Low winter temperatures and flat
terrain also have been noted as factors limiting the dis-

tribution at the eastern limit of the species’ range (Po-
yarkov et al., 2002a).

A number of publications (Fox, 1994; Jackson,
2012; Jackson, Fox, 1997; Jackson, Hunter, 1996; Mc-
Carthy, Chapron, 2003; Nowell, Jackson, 1996; Poy-
arkov et al., 2002) mention numerous persistent
threats to snow leopard populations. The main are
poaching (both hunting and trapping) of snow leop-
ards and their prey; killing in snow leopard-livestock
conflicts; habitat degradation and fragmentation due
to livestock grazing and associated disturbance; an in-
adequate network of existing protected areas (PA);
habitat loss due to the growth of polymetal—-mining
industry and other factors.

Presently, the snow leopard is classified as vulnera-
ble C1 by the IUCN (International Union for Conser-
vation of Nature) (http://www.iucnredlist.org) and
included into Appendix I of CITES (1975). It is hard
to assess precisely the total snow leopard population
size due to its cryptic nature and remote habitats it uses
(Nowell, Jackson, 1996). Estimates range greatly be-
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tween 4510 and 7350 individuals (Fox, 1994), only
110—150 of them inhabiting Russia over an area of
58.000 km? (Poyarkov et al., 2002b).

A number of researchers have assessed snow leop-
ard potential distribution ranges both at the global
(Fox, 1994; Green, 1987; Hunter, Jackson, 1997,
Jackson, 2002; Williams, 2006) and local levels (For-
rest et al., 2012; Jackson, Ahlborn, 1984; McCarthy
et al., 2010; Poyarkov et al., 2002a), using increasingly
complex methods, from GPS tracking and camera-
trapping to DNA analysis. The general map of snow
leopard potential range created by Hunter and Jackson
(1997) was based on expert evaluations of environ-
mental parameters. For Russia, the most recent map
of snow leopard distribution was developed by a group
of experts who assessed the habitat suitability using a
range of different methods, e.g. landscape mapping,
orographic schemes etc. (Lukarevskiy, Poyarkov,
2007; Paltsyn et al., 2012; Poyarkov et al., 2002a). All
these methods have a number of limitations, such as
inability to account for a variety of environmental pa-
rameters that influence snow leopard populations.
Some modeling methods used were rather subjective
(Poyarkov et al., 2002a; Lukarevskiy, Poyarkov, 2007).

This work is aimed at creating a precise map of po-
tentially suitable and transient habitats for the snow
leopard within the northern part of its range (Russia
and the adjacent regions of Mongolia, China and Ka-
zakhstan) and comparing the existing potential suit-
ability map to the current PA network; determining
the real and exact borders of snow leopard optimal
habitats in various places of its western part across the
territory of Russia; analyzing the correspondence of
PA to the optimal habitat structure, contributing to an
enhancement of snow leopard conservation efforts.
We used 449 presence points collected during 5 years
of field work, environmental data and employed a ma-
chine-learning method of species distribution model-
ing (Maxent (maximum entropy)) (Elith et al., 2006;
Elith et al., 2011).

We used Maxent for the following reasons. The
Maxent model requires only presence data while ab-
sences are pseudo-absences (sampled randomly), be-
ing less restrictive than for example in logistic regres-
sion modeling, where absence data should be real ab-
sences. Maxent predictions have proved to better
discriminate suitable versus unsuitable areas for differ-
ent species than more common presence-only model-
ing methods, such as Genetic Algorithm for Rule-Set
Prediction (GARP) tested against real pres./abs. data
(Elith et al., 2006). Maxent explores complex relation-
ships with the environment (but does not retain ALL
of the complex relationships). Maxent is a generative,
but not discriminative model, thus being appropriate
for small data sets.

In addition, we discuss the influence of environ-
mental parameters on the species distribution and se-
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lect the main variables that affect the distribution of
the snow leopard.

MATERIALS AND METHODS

We obtained snow leopard occurrence data during
several seasonal expeditions between 1998—2000 and
2010—2012. The total length of the routes covered was
3.113 km and all of them lie between 52° N and 84° E
and 49° N and 99° E (southern Siberia). We collected
data during animal tracking, camera-traps data (only
the 2010—2012 period) and information provided by
local observers (only in 2 cases for the 1997—2000 pe-
riod). Coordinates of located tracks, scrapes, excre-
ments and scent mark locations were grouped into a
table. It also includes coordinates of the camera-traps
that registered snow leopards. Coordinates were re-
corded using GPS devices (Garmin GPSMAP 60CSx,
Garmin 12XL and €Trex) with 3—15 m accuracy. In or-
der to minimize distortion and overlay the data with
environmental variables during further analysis, we
transformed the coordinates from datum WGS 1984
into Albers equal-area conic projection for Siberia.
The total number of presence points is 449.

Ripley’s K-function was used to estimate the pat-
tern of spatial distribution (clustered or not) (Ripley,
1976) by comparing the density of observed points on
different scales with a theoretical random distribution.
The confidence interval for the expected theoretical
distribution was calculated by running 100 Monte
Carlo simulations. The results demonstrated that ob-
served function values were much greater than the up-
per bound of the confidence interval, which meant
that the observed sample was clustered.

We employed the fixed kernel smoothing method
to correct the observation bias. This allowed us to cal-
culate a utilization distribution, i.e. the allocation of
an animal’s position on the plane (Worton, 1989).
This method transforms presence points into a contin-
uous surface, where every point is assigned a value of
probability density, the highest in the areas with the
highest concentration of observations. A smoothing
parameter was determined based on the method of
least squares cross validation (LSCV), which mini-
mizes the integrated least square error between the
true and estimated distribution (Horne, Garton,
2006).

We considered a 95% confidence region of utiliza-
tion distribution (removing “outliers”, i.e. incidental
animal relocations) to be habitat range (Worton,
1987). Ten isopleths obtained had an area between 129
and 1.203 km?. Approximate calculations of individual
leopard’s home range made by McCarthy, Fuller and
Munkhtsog (2005) gave the result of 14—1590 km? for
habitat range size, which was estimated using mini-
mum convex polygons with 75% core activity isopleths
yielding 11—585 km?. Thus, based on the conservative
minimum range number, we automatically sampled
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one point every 6 km within the computed home range
borders to confirm that we had obtained at least
3 points from each territory we visited, but had not ex-
ceeded the initial number of sampled points. The pro-
cess produced 203 presence points in total.

All calculations were made in R software environ-
ment (version 3.0.1). Packages: spatstat (Baddeley,
Turner, 2005), rgdal (Bivand et al., 2013), adehabi-
tatHR (Calenge, 2006), maptools (Bivand, Lewin-
Koh, 2013) and sp (Pebesma, Bivand, 2005).

For habitat modeling, we selected 15 environmen-
tal variables of three different types (Table 1). The first
type are climatic variables (data were available for dif-
ferent periods): percentage snow cover for the period
2000—2011 (monthly average and maximum); type of
cover, e.g. snow, water, ice or bare ground for the pe-
riod 2006—2011 (monthly); mean monthly tempera-
ture and annual precipitation (~1950—2000). The second
type included physiographic variables (time-constant):
elevation, slope, aspect, topographic ruggedness in-
dex, distance to water sources, pattern of tree, shrub
and bare ground distribution, and forest type. The
third type comprised elements of infrastructure (also
considered temporally constant): distance to roads
and settlements.

All variables were obtained for the whole world or
for Eurasia and stored in GRID format in Albers
equal-area conic projection for Siberia. Prior to anal-
ysis in Maxent they were converted into ASC files with
unified cell size and extent using Geospatial Data Ab-
straction Library (GDAL) run via python scripts. The
pixel size in our study is 250 m.

Study area

Our model estimated a potential geographic distri-
bution of snow leopard between 52° N and 84° E and
49° N and 100° E (~0.5 million km?) or the western
and central parts of the northern snow leopard range
in Russia (Fox 1994) within the Altai, Sayan and Tan-
nu-Ola mountains including: Southern Siberia (Altai
krai, Kemerovskaya oblast, Krasnoyarsky krai, Altay
Republic, Tuva Republic, Khakassia Republic), adja-
cent territories of China (partially Xinjiang Uyghur
Autonomous Region), Mongolia (partially Bayan-Ol-
gii, Zavkhan, Khovd, Khovsgol, Uvs aimags) and Ka-
zakhstan (East Kazakhstan oblast). The analysis did
not include the Eastern Sayan, since we did not collect
data there.

The north-eastern part of the snow leopard range
in Russia was not included in the present study, since
data were collected neither in that area nor its vicinity.
So Maxent did not have full information about the
whole variability of leopard environmental preferenc-
es; this could have led to assigning much lower proba-
bilities to habitats that were partially different (NE
part), although several authors (Matyuchkin, 1984;
Medvedev, 1990) indicate that territories lying east of
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our study area (Republic of Buryatia and Zabaykalsky
Krai) are also inhabited by the snow leopard.

Climate of the area is arid and semi-arid with max-
imum precipitation (~165 mm) and temperature
(+23°C) in July—August and minimum (less than
40 mm and —35°C) in January—February (Hijmans
et al., 2005).

Vegetation varies from semi-deserts and steppe in
the south to complex ecosystems associated with dif-
ferent altitudinal belts in the northern part of the study
area with a mosaic of deciduous and evergreen conif-
erous forests, deciduous broadleaf forests, sedge and
shrub alpine tundra and barren land culminating in
glaciers on some mountain tops.

Though altitudes of the study area vary from 200
(north of the Altai Mountains) to 4506 m (Belukha
Mountain), most of the territory elevated higher than
1400 m with prevailing altitudes of 2500—3500 m in
combination with extremely rugged relief (Riley et al.,
1999).

The territory encompassed 25 PAs (~17% of the
study area) of different categories including UNESCO
world heritage sites (Uvs Nuur Basin and Golden
Mountains of Altai) and Biosphere Reserves (IUCN,
UNEP, 2013).

Modeling

The method used for distribution modeling was
maximum entropy distribution (Maxent), a machine
learning algorithm that approximates the unknown
true distribution of a species through probability dis-
tribution of maximum entropy, which is limited only
by occurrence data, expressed as simple functions of
the environmental variables called “features” (Phil-
lips, Dudik, 2008). E.T. Jaynes gave a general answer
to this question: “the best approach is to ensure that
the approximation satisfies any constraints on the un-
known distribution that we are aware of, and that sub-
ject to those constraints, the distribution should have
maximum entropy” (Jaynes, 1957).

Freely distributed Maxent 3.3.3k software was used
for calculations (http://www.cs.princeton.edu/~scha-
pire/maxent/). It allowed control of input feature
types and a number of other model settings (“regular-
ization parameters”), preventing matching the input
data too closely — “overfitting”. In particular, to avoid
overfitting, which can occur due to use of complex fea-
ture classes and thus requiring more regularization,
use of features was restricted to hinge (similar to a con-
tinuous variable, but constant below a certain thresh-
old, e.g. below sample values), threshold features (bi-
nary “feature” with 1 assigned to values above thresh-
old) and category indicators (categorical variables with
each category converted into separate binary feature)
(Phillips, Dudik, 2008).

10000 background points (Maxent default) or
“pseudo-absences” were sampled across the analyzed
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Table 1. Environmental data used for the snow leopard potential distribution modeling
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No.

Variable

Producer/Product

Source

1

Aspect, degrees

Aspect (Spatial Analyst tool
in ArcGIS? 10.1) based on SRTM?

Jarvis et al., 2008

2 | Bare land, per cent MODIS¢ VCF¢ Hansen et al., 2003

3 | Elevation, meters SRTM Jarvis et al., 2008

4 | Forest type, GLC 2000¢ Bartalev et al., 2003
contains 29 categories

5 | Mean annual temperature, °C X 10 | Global Climate Data Hijmans et al., 2005

6 | Precipitation, mm (WorldClim): current conditions Hijmans et al., 2005
7 | Roads proximity, km Global Climate Data (WorldClim): osM
current conditions
8 | Settlements proximity, km Euclidean distance (Spatial Analyst tools | OSM
in ArcMap 10.1): road layer buffer
for main roads (5 km), secondary roads
(2 km) and other roads (1 km)
9 | Shrub cover, per cent MODIS VCF Hansen et al., 2003
10 | Slope, degrees Slope (Spatial Analyst in ArcMap 10.1) Jarvis et al., 2008

based on SRTM

Snow cover, categories:
snow, ice, water, ground

IMS# at 4 km Resolution Mode chosen
using Cell Statistics (Spatial Analyst
in ArcMap 10.1)

National Ice Center, 2008

12

Snow cover, per cent
of pixel covered

Based on MODIS/Terra Snow Cover
Monthly, 0.05 degree resolution,
Version 5. Averaged using Cell Statistics
(Spatial Analyst in ArcMap 10.1)

Hall et al., 2006

13

Topographic Ruggedness Index
(TRI), m

Raster Calculator (Spatial Analyst

in ArcMap 10.1) based on SRTM
Equation used:
SquareRoot(Square(max3 * 3) —
Square(min3 * 3)),

where max3 * 3 and min3 * 3 were calcu-
lated in Focal Statistics for 3 * 3 nearest
neighbors as maximum and minimum
respectively

Riley et al., 1999

14

Tree cover, per cent

MODIS VCF

Hansen et al., 2003

15

Water bodies proximity, m

Euclidean distance (Spatial Analyst tools

ArcMap 10.1) based on HydroSHED”
for Asia at the scale of 15 seconds

Lehner et al., 2008

¢ A software. for working with maps and geographic information.
5 Shuttle Radar Topography Mission that obtained digital elevation model on a global scale.
¢ Moderate-resolution Imaging Spectroradiometer onboard of the TERRA Satellite.
Vegetation Continuous Fields.
¢ Global Land Cover.
OpenStreetMap project aiming to create a free editable maps.
& Daily Northern Hemisphere Snow and Ice Analysis.
Hydrological data and maps based on Shuttle elevation derivatives.
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area automatically. They provide a sample of condi-
tions available to the species within the study region
(Phillips et al., 2009). A number of 5.000 iterations of
the algorithm were chosen in order to give the model
time to converge (Young et al., 2011).

Predictive performance of the distribution model
obtained was estimated using cross-validation. Data
were separated into 15 equal folds of training (14 folds)
and test points (1 random fold), creating semi-inde-
pendent data sets, different for each of 15 independent
runs. Thus, during replicate runs it uses all the sample
data present to test prediction reliability and gives an
opportunity to measure the amount of variability in
the model (Young et al., 2011). The rest of Maxent
software settings were kept as default, pre-tuned and
validated over a wide range of datasets (Phillips,
Dudik, 2008). Algorithm default output format is lo-
gistic. It gives an estimate of the species probability
presence across the whole area analyzed ranging from
0 (lowest probability) to 1 (highest probability). With-
in these extremes the areas with 0.5 and higher proba-
bility of presence were considered suitable or core an-
imal habitat, where the animal may be found with 50%
chance or higher, while the areas with probability of
occurrence between 0.49—0.25 — transient, e.g. en-
countering an animal there is possible but not very
plausible.

RESULTS

The resulting model of potential habitat showed
suitable territories occupying 16500 km? (3.3% of the
study area) with transient territories covering
32800 km? (6.6%) and in most cases forming ~10 km
buffer around the core habitat (see Fig. 1).

Most of the suitable habitat modeled for the study
area is found within Russian territory: Altai Republic,
Tuva Republic and, occasionally, in Krasnoyarskiy
kray (Altai Mountains, the Western Sayan Mountains,
Sangilen Plateau, Tsagan-Shibetu, Shapshal). Several
clusters are shown in the boundary zone of Mongolia —
Bayan-Olgii and Uvs aimag. At the same time, bound-
ary zones of Xinjiang-Uyghur Autonomous Region in
China and East Kazakhstan oblast in Kazakhstan have
much smaller areas occupied by such habitats (Figure 1).
This general pattern is also correct for transient habitat
with an exception of several small patches that form, in
some cases, corridors between core areas in Tuva Re-
public and Altai Republic in Russia (the Alashskoe
Highlands, the Tannu-Ola Mountains, the South-
Western Sayan Mountains).

Roughly 7.000 km? (40%) of the area found suitable
by our analysis was previously marked as current snow
leopard habitat by other researchers (Lukarevskiy, Po-
yarkov, 2007). Most of these territories (~6.600 km?)
overlapped with the habitats of Argut, Kuray, Shapshal
and Sangilen snow leopard sub-populations in the Al-
tai and Tuva, while the patch in the Western Sayan
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Mountains, predicted by our model, has very limited
similarity (overlap of ~100 km?) with the territory of
West-Sayan grouping indicated in previous researches
(Lukarevskiy, Poyarkov, 2007). Likewise, ~9.000 km?
of transient habitat was enclosed by Argut, Kuray,
Shapshal and Sangilen groupings habitat, but with
considerable areas falling within West-Sayan and Tan-
nu-Ola groupings areas (500 km? each).

The overall suitable habitat encompassed by the
protected areas comprises 5.100 km? (31%): ~3.400 km?
(21%) within high-ranking IUCN categories (I and II)
and ~1.700 km? (10%) within other protected areas.
Namely, those high-rank PA are: Altai Tavan Bogd
and Uvs Nuur Basin (Turgen and Tsagan-Shuvuut
clusters) in Mongolia; and Ubsunurskaya Kotlovina
(Mongun-Taiga cluster), Zona pokoya Ukok, Sayano-
Shushensky Zapovednik and Saylugem National Park
in Russia. However, three large protected areas with
high protection status (Altaisky and Khakassky
Zapovedinks along with Pozarym Federal Nature Ref-
uge) hardly overlap with predicted potential habitat.
At the same time only ~9.000 km? (28%) of the tran-
sient habitat is enclosed by the borders of PAs of all
types with approximately 50/50 distribution among
the areas of different status.

The average test AUC for 15 replicate runs was 0.93
with the standard deviation of 0.02, which indicated
that the model predictions were significantly better
than random, e.g. 0.5 (Phillips et al., 2006). The drop
in AUC (normalized to percentages) as a result of per-
mutation of values of individual variables was used as a
variable importance indicator. The analysis showed
that the resulting model was not critically influenced
by any of the stand-alone variables. Among those en-
vironmental variables which had provoked a certain
change in model, when considered together, were
winter (30%) and spring (14%) precipitation. The oth-
er marginally influential variables were elevation
(7%), average snow cover in March (5%), relief rug-
gedness (4%) and temperature in January (4%). The
impact of the remaining variables on the model was al-
most negligible.

DISCUSSION

Snow leopard potential range is one of the key pa-
rameters of the species ecology and the importance of
its adequate and detailed evaluation for scientific re-
search and protection endeavors is hard to underesti-
mate. In previous years, attempts to estimate the po-
tential habitat of the snow leopard in Russia on the ba-
sis of landscape maps (Poyarkov et al., 2002a) and
orographic schemes (Lukarevskiy, Poyarkov, 2007)
have already been made. The main parameters consid-
ered were ruggedness, elevation, vegetation and soil
types, while such parameters as snow depth or precip-
itation were omitted. Taking into account the limita-
tions of both the methods used in the past and the data
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Fig. 1. Map of snow leopard potential habitat nuclei overlapped with previously indicated existing groupings (marked by numbers)
according Poyarkov et al., 2002 with same changing. The numbers of groupings: / — Argut river and Uzhno-Chuyskiy ridge, 2 —
Kurayskiy ridge, 3 — Shapshal and Tsagaan-Shibetu mounting, 4 — Big Mongun-Tayga mounting, 5 — Chihacheva ridge, 6 —
Tannu-Ola ridge, 7 — West Sayan ridge (Sayano-Shuchenskiy zapovednik), & — Sangylen mounting.

available, we tried to improve the analysis by adopting
a different modeling technique and using broader set
of variables (Table 1). Additionally, we added new
snow leopard occurrence data, collected between 2010
and 2012, approximately within the same territories as
the data from 1998—2000 (used for the previous
habitat estimations), excluding Sayano-Shushensky
Zapovednik, which was incorporated in our survey for
the first time.

According to our analysis, potentially suitable
(core) habitat for snow leopard in Russia comprises
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12500 km?. This number appears to be much smaller
than the 28 500—60000 km? previously estimated by
Poyarkov et al. (2002a) and Lukarevskiy and Poyarkov
(2007), but is twice as large as the 6.000 km? shown by
Paltsyn and colleagues (2012) (if Eastern groupings in
Okin and Tunkin Ridges are excluded). In this context
our model can be considered rather conservative,
though it is important to note that our results, in addi-
tion to core habitats, also highlight 33000 km? of pos-
sible transient areas — supposedly suitable for the leop-
ard short-term occupation. These territories mostly
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surround suitable habitats as buffers or form “transi-
tional corridors” (e.g. Tannu-Ola and Western Sayan
mountain ranges) between them, which animals can
use for relocation.

Suitable areas in the adjacent regions of the neigh-
boring territories were found to be smaller than ex-
pected. The core habitat in Eastern Kazakhstan com-
prises 131 km? and falls completely within the borders
of Katon-Karagaisk Nation Park. This area, as we be-
lieve, is part of territory that belongs to the snow leop-
ard population nucleus in the Central Altai Moun-
tains. Small isolated groupings (211 km? in total) with-
in the study area were also found in the north of
Xinjiang (China), mostly in highlands, together with
the South Altai and Mongolian Altai Mountains. In
Mongolia, suitable habitat encompassed within the
study area is also found in the Mongolian Altai Moun-
tains and to the south-east from Saylyugem Mountain
Range (with some other — smaller — areas, its size adds
up to 3.688 km?). It is important that the core area
within Uvs Nuur Basin Strict Protected Area (Tsagan-
Shuvuut cluster) is closely connected with the sub-
population in Russia (in Tsagan-Shibetu Mountain
Range), which is one of the main population “contrib-
utors” for Tuva, with a high density of snow leopards
(Munkhtsog et al., 2014). Snow leopards from this
sub-population enter Russian territory frequently,
thus placing this area into focus of trans-boundary
protection. Chichacheva Mountain Range is another
suitable trans boundary area for the leopard which also
remains unprotected.

The pattern of suitable leopard habitat which falls
within our study area was also corrected. According to
our estimations, suitable and transient habitat in Rus-
sia overlap, in general, with the previously produced
range maps, but show a number of mismatches in pre-
vious works. In particular, core areas in the West-Say-
an Mountains, such as upper reaches of Maliy Abakan
river, Sailyg-Khem-Taiga Ridge, north-west of Kan-
tegirskiy Mountain Ranges, are not suitable for snow
leopard, as we previously believed, but serve only as
transit areas.

The influence of such environmental parameters as
elevation, ruggedness, land-cover and distance to wa-
ter, despite being noted as major factors of leopard po-
tential distribution in other Maxent models (Li et al.,
2014; Mondal et al., 2013), in the present study were
not so important as cumulative precipitation in winter
and spring. Such impact of precipitation in February
and March might be explained by the fact that during
that period snow leopard comes into estrus and active-
ly moves around its territory and beyond (Geptner,
Sludskiy, 1972). Consequently, abundant snowfalls in
late winter — beginning of spring may become an ob-
stacle for relocation. Such important variable as May
precipitation may determine the fact that in May cubs
are born, and depending on other parameters (such as
temperature or elevation), precipitation can play both
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negative and positive roles (as general productivity of
ecosystem in late spring and summer grows). At the
same time, possible influence of December precipita-
tion and January temperature cannot be exactly de-
fined and might be influenced by numerous factors
(e.g. prey status and relocations restriction at the be-
ginning of winter).

Elevation and ruggedness, though proving less in-
fluential in our model than precipitation, still had a
certain impact on the outcome. From the ecological
standpoint this can be explained by the fact that rug-
ged highlands, apart from offering a unique set of biot-
ic and abiotic conditions (geomorphology, vegetation,
wind and water regimes etc.), also make it difficult for
people to access the area, thus decreasing disturbance.
Stressing anthropogenic pressure in connection with
altitudes as a special environmental factor is enhanced
by the fact that the snow leopard may inhabit relatively
low altitudes (from 560 to ~2000 m) in the northern
limit of its range, if a sufficient level of territory protec-
tion is ensured.

Currently only 1/3 of snow leopard’s potential hab-
itat overlaps with Protected Areas of different status.
(see Table 2). Thus, the following large territories, po-
tentially suitable for leopard, still remain outside Pro-
tected Areas: Yuzhno-Chuiskiy Ridge; Tchikhatcheva
ridges, Tsagan-Shibetu and Kurtushibinskiy Ridge
(Idgir Ridge). These spots can be included in several
existing neighboring PAs through revision of their bor-
ders, creation of additional clusters (Altaysky Zapov-
ednik, Sayano-Shushensky and Ubsunurskaya Kot-
lovina). Additionally, though one of the most signifi-
cant and important parts of the potential habitat is
located on the territory of the Sayano-Shushensky
Zapovednik, according to our analysis, that habitat
stretches farther to the right bank of the Yenisei river
and, though it is even bigger than suitable spot within
Sayano-Shushensky Zapovednik, it still remains un-
protected. It is also important to create a PA on the
Sangilen Plateau in South-Eastern Tuva, which is cur-
rently lacking any means of leopard protecting.

Our model demonstrates the optimization of PA
necessity over snow leopard range on the territory of
Russia. Establishment of PA territories in Sangilen
mountains is crucially important.

It seems significant that environmental factors af-
fecting potential leopard distribution in our model, are
very much different from those we expected e.g. no
anthropogenic factors were shown to be directly influ-
encing habitat suitability.

Supporting Information

The share of suitable and transient habitat encom-
passed by different protected areas (Table 2) is avail-
able online.
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Table 2. The share of suitable and transient habitat encompassed by different protected areas

Name Designation TUCN¢* Core habitat?, Tr ansient
category sq. km habitat®, sq. km
Zona pokoya Ukok Nature Park? 562 1154
Shavlinskiy Wildlife Refuge® IV 603 982
Hanasi Natural Landscape’ v 135 930
Uvs Nuur Basin Strict Nature reserve® la 592 722
Altaysky Zapovednik” Ia 28 691
Sayano-Shushensky Zapovednik” la 538 643
Altai Tavan Bogd National Park’ 11 750 605
Ak-Cholushpa Nature Park 37 595
Pozarym National Wildlife Refuge/ v 19 442
Katon-Karagaisky National Park I1 130 382
Sailyugemskiy National Park I1 436 295
Ubsunurskaya Kotlovina (Khan-Deer) Zapovednik la 140 239
Sylkhemyn nuruu National Park I1 479 420
Shuyskiy Nature Park 350 169
Katunsky Zapovednik Ia 15 162
Sailyugemskiy (Saylyugem) National Park 11 188 147
Ubsunurskaya Kotlovina (Kara-Khol) Zapovednik Ia 5 101
Ubsunurskaya Kotlovina (Mongun-Taiga) | Zapovednik la 77 63
Tsambagarav mountain National Park 11 25 50
Uch Enmek Nature Park 0 35
Khan-Khokhi Khyargas National Park 11 0 30
Khakassky (Maliy Abakan) Zapovednik la 0 21
Khakassky (Zaimka Lykovykh Zapovednik Ia 0 16
Ubsunurskaya Kotlovina (Ular) Zapovednik la 0 15
Sailyugemskiy (Ulandryk National Park 11 0 13
Total area 5109 8922

4 International Union for Conservation of Nature.
The areas where the probability of the snow leopard presence is between 0.5 and 1.

“The areas where the probability of the snow leopard presence is between 0.25 and 0.49.
Protected landscape.

¢ Area designated for wildlife protection.
Protected landscape (in China).

& Protected area, where minimum of the human activity is allowed.

%’ Protected area, where almost all human activity is prohibited (in Russia).

! Protected area, designated for ecosystem preservation.

/ Area designated for wildlife conservation, protected by national law (in Russia).
Protected area, designated for wildlife, flora, fauna or other natural components preservation, where scientific research is allowed.

300JIOTUMYECKUM KYPHATT Tom 98 Ne3 2019



340

ACKNOWLEDGMENTS

Authors are grateful to D. Kolesov, C. Boda and
D. Malon for taking time to read through the paper
and provide their corrections and commentary. We es-
pecially thank Dr. David Malon for checking the En-
glish grammar in this article. The authors are grateful
to A. N. Kuksin, N.I. Putintsev, J.A. Hernandez-
Blanco, D.U. Alexandrov, M.P. Korablev and E. A. Van-
isova for assistance in collecting field data.

The work was carried out with the financial support
of the Russian Geographical Society and Joint Russia-
Mongolian complex biological expedition.

REFERENCES

Baddeley A., Turner R., 2005. Spatstat: an R package for an-
alyzing spatial point patterns // Journal of Statistical
Software. V. 12. Is. 6. P. 1—42. http://www.jstatsoft.org/
v12/i06/paper

Bartalev S., Belward A., Ershov D., Isaev A., 2003. A new
SPOT4-VEGETATION derived land cover map of
Northern Eurasia // International Journal of Remote
Sensing V. 24. Is. 9: P. 1977—1982. doi 10.1080/
0143116031000066297

Bivand R., Keitt T., Rowlingson B., 2013. Rgdal: Bindings for
the Geospatial Data Abstraction Library (Version R
package version 0.8-10). Institute for Statistics and
Mathematics, Vienna. Avaliable from http://CRAN.R-
project.org/package=rgdal (accessed January 2013)

Bivand R., Lewin-Koh N.,2013. Maptools: Tools for reading
and handling spatial objects. (Version R package version
0.8-25). Institute for Statistics and Mathematics, Vien-
na, Austria. Avaliable from http://CRAN.R-proj-
ect.org/package=maptools (accessed November 2012)

Calenge C., 2006. The package adehabitat for the R soft-
ware: a tool for the analysis of space and habitat use by
animals. // Ecological Modelling 197. (3-4). P. 516—
519. doi 10.1016/j.ecolmodel.2006.03.017

CITES, 1975. Appendix I. UNEP, Geneva, Switzerland.
Avaliable from http://www.cites.org/eng/gallery/spe-
cies/mammal/snow_leopard.html (accessed November
2012)

Elith J., Graham C., Anderson R., Dudik M., Ferrier S., etal.,
2006. Novel methods improve prediction of species’ dis-
tributions from occurrence data // Ecography V. 29. Is.
2. P. 129—151. doi 10.1111/j.2006.0906-7590.04596.x

Elith J., Phillips S.J., Hastie T., Dudik M., Chee Y.E., Yates C.J.,
2011. A statistical explanation of MaxEnt for ecologists //
Diversity and Distributions V. 17. Is. 1. P. 43—57. doi
10.1111/j.1472-4642.2010.00725.x

Forrest J. L., Wikramanayke E., Shrestha R., Areendran.G.,
Gyeltshen.K., et al., 2012. Conservation and climate
change: Assessing the vulnerability of snow leopard hab-
itat to treeline shift in the Himalaya // Biological Con-
servation. V. 150. Is. 1. P. 129—135. http://dx.doi.org/
10.1016/j.biocon.2012.03.001

Fox J.L., 1994. Snow leopard conservation in the wild: a
comprehensive perspective on a low density and highly
fragmented population // Proceedings of the Seventh

KALASHNIKOVA et al.

International Snow Leopard Symposium. International
Snow Leopard Trust, Seattle, Washington.

Geptner V.G., Sludskiy A.A., 1972. Snow leopard or irbis //
Mammals of the Soviet Union. V. 2. Moscow: Vysshaya
Shkola. P. 206—243.

Green MJB., 1987. Protected Areas and Snow Leopards:
Their Distribution and Status // Tiger Paper V. 14. Is. 4.
P. 1-10.

Hall D., Salomonson V., Riggs G., 2006. MODIS/Terra
Snow Cover Monthly L3 Global 0.05Deg CMG, Ver-
sion 5. Subsets: January, February, March, April, May,
June, July, August, September, October, November,
December 2000-2010. //National Snow and Ice Data
Center, Boulder, Colorado, USA. http://nsidc.org/da-
ta/docs/daac/modis_v5/mod10al_modis_terra_snow__
daily_global 500m_grid.gd.html (accessed April 2013)

Hansen M.C., DeFries R.S., Townshend J.R.G., Carroll M.,
Dimiceli C., Sohlberg R.A., 2003. Global Percent Tree
Cover at a Spatial Resolution of 500 Meters: First Re-
sults of the MODIS Vegetation Continuous Fields Algo-
rithm // Earth Interactions V. 7. Ne 10. P. 1-15. doi
10.1175/1087-3562(2003)007<0001: GPTCAA>2.0.CO;2

Hijmans R.J., Cameron S.E., Parra J.L., Jones P.G., Jarvis A.,
2005. Very high resolution interpolated climate surfaces
for global land areas // International Journal of Clima-
tology V. 25. Is. 15. P. 1965—1978. doi 10.1002/joc.1276

Horne J.S., Garton E.O., 2006. Likelihood Cross-Validation
Versus Least Squares Cross-Validation for Choosing the
Smoothing Parameter in Kernel Home-Range Analysis //
The Journal of Wildlife Management. V. 70. Is. 3.
P. 641—-648. doi 10.2193/0022-541X(2006)70[641:
LCVLSC]2.0.CO;2

Hunter D.O., Jackson R., 1997. A range-wide model of po-
tential snow leopard habitat. // Proceedings of the 8th
International Snow Leopard Symposium. International
Snow Leopard Trust, Seattle and WWF-Pakistan, La-
hore.

IUCN, UNEP, 2013. The World Database on Protected
Areas (WDPA) // UNEP-WCMC, Cambridge, UK.
Avaliable from: www.protectedplanet.net (accessed
March 2013)

Jackson R., 2002. Snow leopard status, distribution and
protected area coverage. // Contributed Papers to the
Snow Leopard Survival Strategy Summit. International
Snow Leopard Trust, Seattle, Washington.

Jackson R., 2012. Fostering Community-Based Steward-
ship of Wildlife in Central Asia // Transforming Snow
Leopards from Pests into Valued Assets. in Squires V.
Amsterdam: Springer. P. 357—380.

Jackson R., Ahlborn G., 1984. A preliminary habitat suitabil-
ity model for the snow leopard, Panthera uncia, in West
Nepal. P. 43—52 // International Pedigree Book of
Snow Leopards. Ed. Blomqvist L. V. 4. Helsinki, Fin-
land.

Jackson R., Fox J.L., 1997. Snow Leopard Conservation:
Accomplishments and Research Priorities // Proceed-
ings of the 8th International Snow Leopard Symposium.
International Snow Leopard Trust, Seattle and WWEF-
Pakistan, Lahore.

300JIOTUYECKHM KYPHAJI  Tom 98 Ne 3 2019



POTENTIAL HABITAT OF SNOW LEOPARD

Jackson R.M., Hunter D.O., 1996. Snow Leopard Survey
and Conservation Handbook // 2nd eddition. Interna-
tional Snow Leopard Trust, Fort Collins Science Cen-
ter, Washington, Seattle. 120 P.

Jarvis A., Reuter H.I., Nelson A., Guevara E., 2008. Hole-
filled seamless SRTM data V4. CSI-CGIAR, Washing-
ton, DC. Avaliable from: http:// srtm.csi.cgiar.org (ac-
cessed June 2013)

Jaynes E.T., 1957. Information Theory and Statistical Me-
chanics // The Phisical Review. V. 106. Ne 4. P. 620—
630.

Lehner B., Verdin K., Jarvis A., 2008. New global hydrogra-
phy derived from spaceborne elevation data // Eos,
Transactions, AGU. V. 89. Is. 10. P. 93—94. doi
10.1029/2008 EO 100001

LiJ., Wang D., Yun H., Zhaxi D., Jiagonger Z., Schaller G.,
et al., 2014. Role of Tibetan Buddhist Monasteries in
Snow Leopard Conservation // Conservation Biology.
V.28.Is. 1. P. 87—94. doi 10.1111/cobi.12135

Lukarevskiy V.S., Poyarkov A.D., 2007. Modern status of
snow leopard population in Southern Sibiria (in Rus-
sian) // Zoologicheskiy jurnal. V. 87. No 1. P. 114—121.
http://elibrary.ru/item.asp?id=9591435

Matyushkin E.N., 1984. Snow leopard or irbis Uncia uncia
Schreber, 1775 // Red Book of the USSR. Rare and en-
dangered animal and plant species. V. 1. P. 42—43. Mos-
cow, Russia.

McCarthy T., Murray K., Sharma K., Johansson O., 2010.
Preliminary results of a long-term study of snow leop-
ards in South Gobi, Mongolia // Cat News. V. 53.
P. 15—19. https://www.panthera.org/sites/default/files/
preliminaryresultsofalongtermstudyofsnowleopardsins
outhgobimongolia_tmccarthyetal.pdf

McCarthy T.M., Chapron G., 2003. Snow Leopard Survival
Strategy // ISLT and SLN: Seattle, Washington. Avali-
able from http://www.snowleopard.org/downloads/
snow_leopard_survival_strategy.pdf (accessed May 2013)

McCarthy T':M., Fuller T.K., Munkhtsog B., 2005. Move-
ments and activities of snow leopards in Southwestern
Mongolia // Biological Conservation V. 124. Is. 4.
P. 527—537. http://dx.doi.org/10.1016/j.biocon.2005.03.003

Medvedev D.G., 1990. The snow leoaprd in the Eastern Say-
an mountains // International Pedigree Book of Snow
Leopards. V. 6. Helsinki, Finland. P. 7—19.

Mondal K., Sankar K., Qureshi Q., 2013. Factors influenc-
ing the distribution of leopard in a semiarid landscape of
Western India //Acta Theriologica V. 58. Is. 2. P. 179—
187. doi 10.1007/s13364-012-0109-6

Munkhtsog B., Jackson R., Janecka J., 2014. Snow leopard
abundance and population connectivity in Mongolia //
Ecosistem of Central Asia: researche, conservation and
rational use. Ulaangom . P. 93—94.

National Ice Center, 2008. IMS daily Northern Hemi-
sphere snow and ice analysis at 4 km and 24 km resolu-
tion, updated daily. Subsets: January 2006—December
2012. National Snow and Ice Data Center, Boulder,
Colorado, USA. Avaliable from: http://nsidc.org/da-
ta/g02156.html (accessed April 2013)

300JIOTUMYECKUM KYPHATT Tom 98 Ne3 2019

341

Nowell K., Jackson P, 1996. Wild Cats: Status Survey and
Conservation Action Plan // IUCN/SSC, Gland, Swit-
zerland. 382 P.

Paltsyn M. U., Spitzin S.V., Kuksin A.N., Istomov S.V., 2012.
Snow leopard conservation in Russia. WWEF, Kras-
noyarsk. 101 p.

Pebesma E.J., Bivand R.S., 2005. Classes and methods for
spatial data in R // R News V. 5. Is. 2. P. 1-21.
http://www.citeulike.org/group/7985/article/3653190

Phillips S.J., Anderson R.P., Schapire R.E., 2006. Maximum
entropy modeling of species geographic distributions //
Ecological Modelling. V. 190. Is. 3—4. P. 231-259.
http://dx.doi.org/ doi 10.1016/j.ecolmodel.2005.03.026

Phillips S.J., Dudik M., 2008. Modeling of species distribu-
tions with Maxent: new extensions and a comprehensive
evaluation // Ecography. V. 31. Is. 2. P. 161—175. doi
10.1111/j.0906-7590.2008.5203.x

Phillips S.J., Dudik M., Elith J., Graham C.H., Lehmann A.,
et al., 2009. Sample selection bias and presence-only
distribution models: implications for background and
pseudo-absence data // Ecological Applications. V. 19.
Is. 1. P. 181—197. doi 10.1890/07-2153.1

Poyrkov A.D., Kelberg G.V., Lukarevskiy V.S., Malkov N.P,
Prokofiev S.M., et al., 2002. Strategy for conservation of
snow leopard in the Russian Federation. Moscow. Print
RAS and WWF t. 30 p.

Poyarkov A.D., Samoylova G.S., Subbotin A.E., 2002a. Eval-
uation of potential habitats of Snow Leopard (Uncia un-
cia, Schreb.) in Altay-Khangay-Sayan region and in the
territory of Russian Federation: GIS approach // Pro-
ceedings of the Snow Leopard Survival Summit. Seattle,
Washigton. P. 150—161.

Riley S.J., DeGloria S.D., Elliot R., 1999. A terrain rugged-
ness index that quantifies topographic heterogeneity //
Intermountain Journal of Sciences. V. 5. Ne 1—4. P. 23-27.

Ripley BD., 1976. The Second-Order Analysis of Stationary
Point Processes // Journal of Applied Probability. V. 13.
Ne 2. P. 255—-266.

Williams P.A., 2006. A GIS assessment of snow leopard po-
tential range and protected areas throughout inner Asia:
and the development of an internet mapping service for
snow leopard protection. University of Montana, USA.

Worton B.J., 1987. A review of models of home range for
animal movement // Ecological Modelling. V. 38.
Is (3—4). P.277-298. http://dx.doi.org/10.1016/
0304-3800(87)90101-3

Worton B.J., 1989. Kernel methods for estimating the utili-
zation distribution in home range studies // Ecology.
V.70. Ne 1. P. 164—168.

Young N., Carter L., Evangelista P., 2011. A MaxEnt Model
v3.3.3e Tutorial (ArcGIS v10). Colorado State Univer-
sity, Fort Collins, Colorado, USA Avaliable from
http://ibis.colostate.edu/WebContent/WS/Colora-
doView/TutorialsDownloads/A_Maxent_Model v7
pdf (accessed November 2012)



342 KALASHNIKOVA et al.

INOTEHIIUAJIBHBIE MECTA OBUTAHNA CHE2KHOI'O BAPCA
(PANTHERA UNCIA, FELINAE) B I02KHOM CUBUPU U HA
COITPEAEJIBHBIX TEPPUTOPUAX HA OCHOBE MOJIEJIN

PACHIPEAEJTEHUS MAKCUMAJIBHOM DHTPOIINU

IO. A. Kanramnunkoa® ¢, A. C. Kapnayxos’, M. 10. [Iyounun‘, A. /1. Ilosipkos® *, B. B. PoxHoB*
4 Uuemumym npobaem sxonoeuu u 3eonoyuu um. A.H. Cesepyosa PAH, Mockea 119071, Poccus
b Beemupnviii pond npupods:, Mockea 109240, Poccus
“Magistratsvagen, Lund, Sweden
1000 HexemTHC, Mockea 117312, Poccus
*e-mail: and-poyarkov@yandex.ru

CHexXHbI 6apc — yrpoxKaeMblil BUII, €eTMHCTBEHHBIN MTPeACTaBUTEb KPYITHBIX KOIIaYbMX, OOUTAIOIINIHA B
BbIcOoKoropbe. CHexXHbII 6apc HacensieT Tepputopuu 12 rocynapctB Asuu. Ero Mmecta obutaHus B 3Ha4YM-
TeJIbHOM CTEeNEeHU pacCesiHbI 10 OOIIMPHBIM TPYIHOAOCTYITHBIM TEPPUTOPHUSIM, TTO3TOMY IS KApTUPOBA-
HUS MOTEHUMATbHBIX MECTOOOUTAHUN HEOOXOAMMO MCIIOJIb30BaTh afeKBaTHBIM COBpeMeHHBII MeToa. B
HaCTOSIIIIEM UCCIIeIOBAHUM CO3/IJaHa MOJIEJIb IMTOTeHIIMAJIbHBIX MECTOOOUTAHM I CHEXKHOTO Oapca Ha ceBep-
HOM MpeJesie ero apeajia ¢ MCIOoJb30BaHMEM METOa paclpeaeieHUs MaKCUMaIbHOM HTporuu (Maxent).
MonenupoBaHue TIPOBEACHO IJIsl 3aIlaIHOM YacTH apeayia CHeXXHoOTo 6apca B Poccuu, BKiItouasi TeppuTo-
puto Pecriyonuku Tysa. [iist 370l TeppuTOpuU coOpaHa HaaexkHasi 6a3a TaHHBIX TOYEK BCTPeY CHEXKHOTO
Gapca. Pe3ynbTaThl aHaIM3a TTOKAa3aJlk, YTO MOIXOASMIINE MECTOOOUTAHMST CHESKHOTO 6apca (BEpOSITHOCTh
MPHUCYTCTBUS KMBOTHOTO Kojtebercst Mexxay 0.5 u 1) 3annmaior 16500 kM2 ¢ GydepoM MepexonHbIX Tep-
putopwuii (BepositHocTb oT 0.25 1 0.49), oxsatbiBatommM 32800 kM2 BoKpyr Hero. HauGosee nmoaxoasiiiye
MeCTOOOUTaHUsI B 00J1aCTU UccenoBaHus Haxonsatcs B 'opnom Antae, Llaran-11lu6aty u Hlamninana, B ro-
pax 3arnanHbix CasiH, Ha Haropbe CaHruwieH. TpeTb noaxoasimunx mecroooutanuii Bxogat B OOTIT paznuy-
HOTIO CTaTyca, OTHAKO HECKOJbKO MPUHIIUIIMAIBLHO BaXKHBIX y4acTKOB He oxBaueHbl OOIIT.

Knroueeswie cnoea: cHeXHBbI 0apc, upouc, Panthera uncia, Maxent, moTeHIMaIbHbIE MECTOOOUTAHMS, MOJIE-
JIMpOBaHUE
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