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Abstract

Population monitoring programmes and estimation of vital rates are key to understanding the mechanisms of population
growth, decline or stability, and are important for effective conservation action. We report, for the first time, the population
trends and vital rates of the endangered snow leopard based on camera trapping over four years in the Tost Mountains,
South Gobi, Mongolia. We used robust design multi-season mark-recapture analysis to estimate the trends in abundance,
sex ratio, survival probability and the probability of temporary emigration and immigration for adult and young snow
leopards. The snow leopard population remained constant over most of the study period, with no apparent growth
(A =1.08+—0.25). Comparison of model results with the “known population” of radio-collared snow leopards suggested
high accuracy in our estimates. Although seemingly stable, vigorous underlying dynamics were evident in this population,
with the adult sex ratio shifting from being male-biased to female-biased (1.67 to 0.38 males per female) during the study.
Adult survival probability was 0.82 (SE+—0.08) and that of young was 0.83 (SE+—0.15) and 0.77 (SE +—0.2) respectively,
before and after the age of 2 years. Young snow leopards showed a high probability of temporary emigration and
immigration (0.6, SE +—0.19 and 0.68, SE +—0.32 before and after the age of 2 years) though not the adults (0.02 SE+—0.07).
While the current female-bias in the population and the number of cubs born each year seemingly render the study
population safe, the vigorous dynamics suggests that the situation can change quickly. The reduction in the proportion of
male snow leopards may be indicative of continuing anthropogenic pressures. Our work reiterates the importance of
monitoring both the abundance and population dynamics of species for effective conservation.
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Introduction and large habitats [4]. Additionally, the charismatic image of large
carnivores often incites strong emotions, making them suitable
symbols for management of large ecosystems. With a growing
human population and its ecological footprint, anthropogenic
activities come into direct conflict with the ecological needs of
large wide-ranging carnivores [5]. Low densities [6], large home
ranges [7], and elusive behaviour make it difficult to monitor large
carnivore populations in their natural environment. Non-invasive
methods, such as camera trapping [8] and fecal genetics [9] can
provide statistically robust population estimates of large carni-
vores. For felid species with individually distinct fur patterns, such
as tigers Panthera tigris [8], jaguars Panthera onca [10-12], snow
leopards Panthera uncia [13], leopards Panthera pardus [14], cheetahs
Acinonyx jubatus [15] and ocelots Leopardus pardalis [16,17], data
from camera-trapping can be analysed using capture-recapture
models to estimate abundances and population dynamics [2].
The snow leopard is a globally threatened large carnivore
distributed over an area of c. 2 million km® in the mountain

Population monitoring programs form an important component
of conservation efforts. They provide information on the status of
wildlife populations and can help evaluate the effectiveness of
conservation actions, thereby allowing for adaptive management.
In addition to population trends, population monitoring programs
can help better understand the biology of the species, especially the
fundamental processes of survival, reproduction and temporary
emigration and immigration, along with their associated vital rates
[1]. Empirical estimates of various vital rates such as survival,
recruitment, and migration can provide insights into population
performance, connectivity, and vulnerability to external threats
[2,3].

Large carnivores play an important functional role in ecosys-
tems, are often the focus of conservation programs, and yet,
monitoring their population dynamics has remained challenging.
Their large home ranges tend to make them useful umbrella
species, whose conservation can help protect several other species
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Figure 1. Location of camera traps from 2009 to 2012 in the Tost Mountains in South Gobi, Mongolia, where the population
monitoring study of snow leopards was conducted. The camera locations were adjusted every year within the study area after conducting

fresh surveys to ensure best camera placements for the year.
doi:10.1371/journal.pone.0101319.g001

ecosystems of 12 countries in South and Central Asia. It is believed
that their global population may be between 4,000 and 6,500 in
the wild, though there is no robust basis for these estimates [18].
The species is classified as endangered by the IUCN. Retaliatory
persecution by pastoralists, depletion of wild prey, habitat
degradation, poorly planned developmental activities, extractive
industries such as mining, and poaching pose the main threats to
the species’ survival. The snow leopard enjoys the highest legal
protection in the 12 range countries where it is found and
considerable conservation efforts are being made towards
improving their status.

A few studies have been conducted on snow leopards to estimate
their population using mark-recapture framework on camera
trapping data (e.g. [13,19,20]), but these have been single-season
efforts, and robust design population analyses based on time-series
data are not available for any snow leopard population (but see
[13]). Based on four years of camera trapping in the Tost
Mountains of South Gobi, Mongolia, we describe, for the first
time, the abundance and dynamics of a wild snow leopard
population over multiple years. We examine the trends in
population abundance and sex ratio, and estimate the detectabil-
ity, survival probability and probabilities of temporary emigration
and immigration for adult and young snow leopards. Our results
bring to light vigorous underlying dynamics in an otherwise
‘stable’ population of an endangered large carnivore.
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Study Area

Tost mountain range is situated in the Tost Bag (smallest
administrative unit in Mongolia) of the South Gobi province in
Southern Mongolia (43.2°N, 100.5°E) and comprises of Tost and
Tosonbumba Mountains. Temperatures here range between
—35°C in the winter and +35°C in the summer. Water is a
limiting resource during summer as most waterholes dry up
leaving only a few perennial springs to sustain wildlife. Some man-
made wells support livestock and people, though even they often
rely on springs especially through summer. The altitude ranges
between 1600 m and 2400 m above mean sea level and although
not very high, the mountain slopes are characterized by steep cliffs
and crevices. The study area is surrounded by steppe on three
sides with a few isolated rugged hillocks potentially creating
narrow corridors to habitats in the north and west. The Nemegt
Mountains, part of the Gurvan Saikhan National Park, are
separated by 60 km of steppe north of the study area. Towards the
west, the study area is connected to the Great Gobi ‘A’ Strictly
Protected Area through a broken network of small hillocks in the
Trans Altai Gobi desert, with the largest gaps in between the
hillocks being c. 25 km. The nearest mountain range in the south
is separated by the international border with China, delineated by
a trench and an approximately 400 km wide steppe of the Alashan
Gobi desert. Towards the east, there is prominent human presence
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in the form of roads, mining establishments, and the Gurvantes
township, followed by the Noyon Mountains.

Legally, the entire study area now lies within the 7,000 km?
Tost Local Protected Area that was declared in 2011 (Fig. 1). The
human population of Tost Bag was 935, according to a census in
2012. Goats and sheep are the most abundant livestock with
31,400 heads, followed by camel (1,100 heads), horse (120 heads),
and cattle (47 heads). The Snow Leopard Trust and Snow
Leopard Conservation Foundation have been implementing
community-based conservation programs in the study area for
several years. Ibex Captra sibirica is the primary prey of snow
leopards in this region, followed by domestic goat Capra hircus,
argali Ovis ammon, domestic sheep Ovis ares and other species
including Tolai hare Lepus tolai, Chukar partridge Alectoris chukar,
and several species of rodents ([21], Johansson, unpublished data).
Other predators include lynx Lynx hnx, wolf Canis lupus, red fox
Vulpes vulpes and at least two species of mustelids.

Methods
Field

We defined our study area as the entire mountainous region of
Tost that was separated from other mountains by at least 20 km of
steppe (Fig. 1). This comprised a surface area of 1,684 km?. We
sought all necessary permits from the Mongolian Ministry of
Environment and Green Development to conduct research in the
Tost Mountains. The methods for the study were approved by the
Mongolian Institute of Biology and the work detailed here did not
involve any direct sampling methods or the collection of any
specimens.

Data from the on-going study in Tost involving 25,297 locations
from 19 radio-collared snow leopards indicated that snow leopards
did not use the steppe, except for occasional forays or to migrate to
neighbouring mountain ranges. We overlaid a grid of 5x5 km on
the mountainous part of the study area to aid placement of one
camera trap station in each grid cell. This size was deemed
appropriate allowing about 2 camera stations per home range [22]
since the mean minimum summer and annual ranges of snow
leopards in Tost are estimated to be c. 55 km® and 70 km?
respectively for 9 adult breeding females using fixed Kernel
estimators on 12,498 locations over a period of five years
(Johansson et. al. unpublished data). In each grid cell we searched
along saddles on the ridgelines, valley or cliff bases and near
overhanging boulders for fresh signs of snow leopard presence
such as urine spray markings and scrapes. Within each cell, the site
with most signs of recent activity was chosen and a camera trap
was installed. Camera placements were rarefied if certain grid cells
did not have ample suitable habitat or signs of snow leopard
presence. The resultant density varied between 2 and 4 camera
trapping stations/100 km?  Overall, 40-42 camera trapping
stations were operated each year with one camera trap (Reconyx
RM45, RC40 or HC500) placed at each (Fig. 2). Camera traps
were left in the field for at least 62 days each summer, except in
2009 when due to logistic constraints, cameras were operational
for 32 days. Camera traps were checked once every two weeks to
ensure battery and memory card adequacy. We used at least 2
Gigabyte cards, allowing each camera to store more than 10,000
pictures. In total we invested a sampling effort of 8,490 camera-
trap-nights over 4 years.

We installed camera traps in sites where snow leopards were
expected to spend more time (for marking or investigating) than
just passing through. We programmed the camera traps to take 5
pictures on each trigger with an interval of about 0.5 seconds
between each picture. The time period between two triggers was
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kept as zero. This meant that if the activity that triggered the first
set of pictures continued after the first five pictures were taken,
then another set of five pictures was taken immediately. This
allowed us to get multiple pictures (range 1 to 115) of individual
snow leopards for most captures (99%) and on many occasions we
were able to photograph combinations of face, tail, foreleg, hind
leg, and/or flank during the same encounter (Fig. 3). The trigger
sensor on Reconyx cameras are calibrated to take pictures using a
combination of heat and motion sensors that prevent unnecessary
triggers due to heated rocks or movements of grass blades in front
of the camera’s field of view.

Analysis

Snow leopard identification. Images were downloaded at
the end of each sampling period. Markings on the face, rump, tail
and flanks were used to identify individuals using pictures obtained
during camera trapping.

Snow leopards have thick fur that tends to get ruffled up, which
can lead to misidentification. Misidentification of an individual as
two different individuals can result in an underestimation of
detection probability and increase the minimum population count
(number of individuals captured). Together, this can lead to an
exponential overestimation of the population. To prevent this, we
did not consider any two snow leopard images as belonging to
different individuals unless at least three marking patterns were
confirmed to be different. Conversely, images with three or more
similarities were considered to belong to the same individual. In
cases where we failed to find at least three markings that were
either similar or different, the images and the particular encounter
were discarded from the analyses. Images from different years
were also compared with each other to identify individuals. Many
images that remained unidentified in the initial years could be
identified by the end of the fourth year.

Abundance estimation. Single season mark-recapture anal-
ysis allows for sampling designs where a study area is sampled in
parts and analysed as a whole (e.g. [23,24]). Although we sampled
the entire area during the same period, this flexibility allowed us to
use the entire data from a camera trap right from the day of
installation, irrespective of whether or not the other camera traps
had become operational. We used single season models to estimate
the adult population each year using a 32 days’ dataset in 2009
and up to 62 days’ datasets for the remaining years using software
CAPTURE [25]. We tested for possible effects of the shorter
sampling duration in 2009 by randomly truncating the datasets
from the subsequent years to 32 days. We found that the shorter
sampling duration increased the variance of the estimates but did
not influence the means, and therefore, used the longer data-sets
starting 2010.

We created capture histories in the standard X-matrix format
[25] by pooling the one-day sampling occasion capture histories
into two-day sampling occasions capture histories. Population
closure was tested using program CAPTURE [25]. The snow
leopard population size was estimated independently for each
year. To assess the accuracy of our population estimates, we
separately analysed the photographic capture data of radio-
collared snow leopards in the same study site, and compared our
mark-recapture estimates for radio-collared animals each year
with the known number of individuals wearing collars during the
respective sampling period.

We tested whether the population had remained constant over
the four primary sampling periods using robust design as well as
Pradel’s models [26]. The robust design model enabled us to test
the hypothesis that the population remained constant, while the
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Figure 2. Trends in sex ratio and size of the adult population of snow leopards in the Tost Mountains, South Gobi, Mongolia,
between 2009 and 2012. Population size was estimated independently over 4 years using the Jackknife Heterogeneity Model (Mh). Also shown on
the secondary axis is the ratio of cubs per adult female. It is worth noting that the number of cubs recorded remained constant even though the ratio
declined.

doi:10.1371/journal.pone.0101319.g002

Pradel’s model allowed us to assess the rate of change in
abundance (A) over the four annual intervals (2009-2012).
Estimating life history parameters. Robust design multi-
season mark-recapture modelling [27] was used to estimate life
history parameters such as survival, temporary emigration and
immigration, and changes in abundance. Since camera setup in
the field took up to 15 days, and about a week for retrieval, we
truncated the data to the days when all cameras were operational

for the multi-season analysis. This resulted in a secondary
sampling period of 16 days for 2009, and 32 days each for
2010, 2011 and 2012. For each primary sampling period (year) we
thus obtained 8, 16, 16 and 16 secondary sampling periods,
respectively, by pooling the one-day sampling occasion capture
histories into two-day sampling occasions capture histories. The
snow leopard populations were expected to be open to changes
between primary sampling periods (i.e. years) while we assumed

Figure 3. Multiple images with more than one body part of the snow leopard could be photographed using a single camera trap
capable of taking multiple images rapidly (<1 second intervals). Here we show 3 out of the 30 different photos of a male snow leopard
taken on the same encounter during the 2 minutes that he lingered in front of the camera. These images were used to create references for
identifying 8 body parts, including face, tail, and both flanks, hindlegs and forelegs of this particular snow leopard.
doi:10.1371/journal.pone.0101319.g003

PLOS ONE | www.plosone.org 4 July 2014 | Volume 9 | Issue 7 | 101319



Snow Leopard Population Dynamics

the population to be closed to changes between secondary
sampling periods.

Survival probability was estimated as the probability that an
individual survived between two primary sampling periods.
Modelling of capture-recapture data from multiple seasons using
robust design allows estimation of probability of temporary
emigration and immigration [27,28]. This addresses the issue of
individuals that survived and were unavailable for camera
trapping during the subsequent primary sampling period(s)
(considered temporarily emigrated from the study area), but were
available again at a later primary sampling period (considered
immigrated back into the study area). We tested the probabilities
of temporary emigration and immigration to be random as well as
Markovian. Markovian models expect that the probability of an
individual being in a particular state (within the population or as a
migrant) is dependent on its previous state, whereas random
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Table 3. A comparison of the known ‘population’ of radio-collared snow leopards and their population estimated using mark-
recapture analysis in the Tost Mountains, South Gobi, Mongolia, between 2009 and 2012.

Known population of Camera trapped collared

Mark-Recapture estimates

Year collared individuals individuals of collared population Std. Err. 95% LCL 95% UCL
2009 7 5 7.33 2.32 5.45 16.85
2010 10 9 9.83 143 9.08 17.3

2011 8 7 7.52 1.24 7.04 14.75
2012 10 10 10 0.29 10 10

doi:10.1371/journal.pone.0101319.t003

In total we used data from 13 individuals marked as adults and 21
marked as young in our analysis across four years. The adult
population was estimated separately for each year using photo-
graphic data of 8, 11, 13 and 13 adult snow leopards identified
respectively for each year.

For the multi-season models, heterogeneity in detection of
individuals did not rank high among the most parsimonious
models. However the models indicated that detection probability
for secondary sampling occasions of individuals marked as adults
(0.16+—SE 0.02) was greater than that of young individuals
(0.11+—SE 0.02). AIC model weights indicated little difference
between capture and recapture probabilities, suggesting no
behavioural effect of camera trapping.

Populations closure test for all the four years were consistent
with the assumption that the snow leopard population was closed
during the primary sampling periods (Table 1). Jackknife
estimation of abundance using the heterogeneity models [25]
showed that the estimated mean adult population ranged from 12
(95% CI=11-19) to 14 (95% CI=14-21) during the four years
(Table 1). AIC weights from the robust design analysis models
(Table 2) indicated there was greater than 95% probability that
the adult population remained constant over four years. Pradel’s
population growth rate model also suggested that the population
had remained stable across the four years (A =1.084+—0.25). Our
mark-recapture estimate for the population subset comprising of
radio-collared individuals was identical to the actual ‘known
population’ in each of the four years (7, 10, 8 and 10 individuals,
respectively), indicating that our overall population estimates may
have been accurate (Table 3).

Estimation of male and female ratios in the four primary
sampling periods showed a significant change in adult sex ratio
(x>=5.8; p=0.02) from 1.67 males per female in 2009 to 0.38
males per female in 2012 (Fig. 2). The proportion of females in the
adult population increased from 0.38 (estimated 4 individuals) to
0.67 (10), whereas that of males declined from 0.63 (6) to 0.33 (4).
The total number of cubs recorded on camera traps each year
remained between 8 and 9, while the number of cubs per female
declined from 2 in 2009 to 0.88 in 2012 as the female population
increased (Fig. 2).

We found no evidence in support of models assuming variation
in survival probability, indicating that snow leopard survival
probability did not vary over the years (Table 2). This enabled us
to use the reduced parameters approach and estimate survival
probability of snow leopards for the entire study period. The
model averaged estimate of survival probability of adults was 0.83
(SE+—0.08), and that of the individuals marked when young were
0.83 (SE+—0.15) and 0.77 (SE +—0.2) respectively, before and
after the age of 2 years (Table 4). This meant that approximately
17% of the adult and young and 23% of the sub-adult snow
leopards either died or permanently emigrated out of the study
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area annually. While we could estimate temporary emigration and
immigration, our study design did not allow us to differentiate
between permanent migration and mortality. However, assuming
individuals that migrated permanently were lost from the study
population (died), we estimated the life expectancy of adult snow
leopards to be 5 years (95%CI: 2.05-13.78 years).

For the entire dataset, the probability of temporary emigration
and immigration appeared to be random rather than Markovian,
indicating that it was not dependent on the previous state of the
individuals. For individuals marked as young, the probability of
random temporary emigration and immigration was estimated to
be 0.6 (SE +—0.19) and 0.68 (SE +—0.32) respectively, before and
after the age of 2 years, suggesting that an estimated 60-68% of
young individuals emigrated from the study area, potentially
returning subsequently (Table 4). However, there was little
evidence of temporary emigration and immigration in the adult
population (0.01 SE+—0.07).

Discussion

In this first ever multi-year monitoring of snow leopards, we
found the population in Tost Mountains of South Gobi to have
remained almost constant, and the estimated mean adult
population remained between 12 and 14, and the total population
(including young) between 19 and 21. That our overall abundance
estimates were reliable was supported by the accurate estimation
of the known population of radio-collared snow leopards during
the study period. The population also appeared fecund as we
recorded confirmed births of at least 21 cubs in the study area over
the 4 years, and estimated a total of 32 cubs after incorporating
detection probability. Our estimate of annual survival of adult
snow leopards (0.82+0.08) was comparable to annual adult
survival probabilities reported for tigers in South India (0.77, [2])
and leopards in Kruger National Park, South Africa (0.82, [31]),
both characterizing stable populations. Other studies with higher
level of human induced mortality have reported relatively lower
survival probabilities, such as in the case of male Amur tigers in
southeast Russia (0.72, [32]), male cougars in the Pacific north-
west America (0.55, [33]), and male leopards in South Africa (0.45,
[34]), and predicted negative population growths. From these
perspectives, the snow leopard population in Tost thus appeared
to be stable and not in decline.

Yet, while the abundance estimates indicate a stable snow
leopard population in Tost, a closer examination reveals vigorous
underlying dynamics. For instance, the significant change in adult
sex ratio of snow leopards over the sampling period we recorded
was unexpected. We started with a male-biased population, and
over the 4 years, it became female-biased with the proportion of
males becoming almost half and that of the females in the
population almost doubling. Indeed, in our radio-collaring efforts
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on the same population during the same study period, we
physically captured only 1 adult female and 8 male snow leopards
during the first two years, whereas in the subsequent years, 8
females and 6 males (including some that had been captured
earlier) were captured [35], which may support our finding of the
change in sex ratio. Disproportionate mortality of males,
presumably an important cause of the change in sex ratio of the
snow leopard population in Tost, is reported in several carnivores
as resulting from human-induced factors such as poaching and
retaliatory killing, including Amur tigers in southeast Russia [32],
leopards in South Africa [34], and cougars in the Pacific
Northwest [33], although there are exceptions (e.g. tiger popula-
tion in Panna, Central India, that had turned male-biased prior to
extinction due to poaching; [36,37]). Males of large carnivores are
known for their tendency to disperse further and range over much
larger areas as compared to females who may remain in close
vicinity to their mother’s range after dispersal e.g. see [38,39],
exposing the males to greater anthropogenic risks. However in a
fragmented habitat where dispersal distance could be limited by
habitat restrictions hindering connections with a neighbouring
population, the difference might not be so striking. During our 4
year study period, we recorded the mortality of 4 adult snow
leopards, all of which were males. We could ascertain the cause of
mortality only in one case, where the individual had been shot by a
herder. This may be indicative of anthropogenic pressure on the
Tost population.

The change in sex ratio of snow leopards in Tost was
accompanied by a potential decline in the number of cubs per
female over the study period as the female population increased. It
is likely that young females dispersing around their natal ranges
may have resulted in the proportion of females in the study area to
increase while males suffered disproportionate mortality or
dispersed to areas beyond the study area. The younger females
perhaps do not reproduce in the first year or so after dispersal,
possibly explaining the reduced number of cubs per female. With
more data in the future on age at first reproduction, sexual
differences in dispersal strategies, and connectivity between
neighbouring habitats, we hope to be able to better understand
the mechanisms behind these population dynamics in Tost.

The much lower random probability of temporary emigration
and immigration we recorded for adult snow leopards points to
their greater site fidelity and perhaps territoriality. Expectedly, as
compared to the adults, we recorded a relatively higher rate of
temporary emigration and immigration by young snow leopards,
presumably due to dispersal attempts and efforts to establish their
territories outside their natal areas as observed in other cat species
[40,41]. Although the Tost Mountains appear relatively isolated, it
appears that young individuals use the surrounding landscape for
dispersal, despite the absence of contiguous, large mountain
chains. Two young collared snow leopards illustrated this by
dispersing to the nearby Nemegt Mountains after crossing about
80 km of steppe. The movements between landscapes through
steppe underscore the need for paying attention to the intervening
steppe habitats of Central Asia while planning for snow leopard
conservation.

From a methodological perspective, we achieved high (95%)
success in identification of individual snow leopards from
photographs, even though we used only one camera per trapping
station. As long as trapping stations are set up in sites where snow
leopards are likely to linger (e.g. marking locations), thereby
allowing multiple images and both flanks to be photographed, one
camera trap appears adequate, especially when conducting long-
term monitoring and using cameras that are capable of taking
multiple images rapidly (<1 second intervals). This enables twice
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the area to be sampled with a given number of cameras. Indeed
many of our snow leopard encounters that remained unidentified
during the initial years could be identified in due course over
multi-year sampling. For studies of a shorter duration, or one-time
sampling of the population, one camera might not always be
adequate. Although all snow leopards were identified as unique
individuals based on camera trap pictures, the sexing of adults
would perhaps not have been possible for many individuals (except
females with young), had we not been capturing them for
collaring.

Our work, apart from providing the first estimates of vital rates
and other population characteristics of the endangered snow
leopard, reiterates the value of long-term monitoring of both
abundance and population dynamics for conservation planning
and action.
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