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Abstract
1. Effective management of charismatic large carnivores requires robust monitoring
of their population at local, regional and global scales. While enormous progress has
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been made to estimate carnivore populations at local scales, estimates at regional

4

and global scales remain elusive. In the first systematic effort at a large regional
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scale, we estimated the population of the elusive snow leopard Panthera uncia over
an area of 26,112 km2 in the Indian state of Himachal Pradesh.
2. We stratified the entire snow leopard habitat in Himachal Pradesh based on an
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occupancy survey. Subsequently, we conducted camera trapping surveys at 10 sites
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ungulate prey of snow leopards – blue sheep Pseudois nayaur and Siberian ibex Capra
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distributed proportionately, that is with similar coverage probability across the
three strata. We conducted simulations to understand how unidentified captures
could affect our model estimate. We also assessed populations of the primary wild
sibirica.
3. Our results yielded a mean estimated density of 0.19 (95% confidence interval [CI]:
0.12–0.31) snow leopards per 100 km2 and population size of 51 (95% CI: 34–
73) snow leopards in Himachal Pradesh. The density estimates for individual sites
ranged from 0.08 to 0.37 snow leopards per 100 km2 . Simulations showed that
unidentified snow leopard captures did not seem to affect the accuracy of our model
estimate but could have affected the precision. Wild ungulate prey density ranged
from 0.11 to 1.09 per km2 . Snow leopard density showed a positive linear relationship with prey density (slope = 0.25, SE = 0.08, P = 0.01, R2 = 0.51).
4. Our study shows the earlier opinion-based estimate for Himachal Pradesh to
have been significantly positively biased. Using occupancy surveys to stratify
large areas in order to design camera trap surveys addresses one of the common spatial sampling biases, that is limited sampling of only prime snow leopard
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habitats. Our work validates two-step approach recommended in the ongoing
initiative of the 12 snow leopard range countries for Population Assessment of
World’s Snow leopards (PAWS program), and cautions against the use of opinionbased estimates for assessing the status of species of critical conservation importance.
KEYWORDS

camera trap, density estimation, India, Panthera uncia, population size, Spatially Explicit Capture–
Recapture, ungulate prey density

1

INTRODUCTION

Mishra, 2018; Li et al., 2020). Snow leopards are known to range widely
and hence their conservation requires efforts on land well beyond pro-

Range-wide population estimates for species of global conservation

tected area boundaries to promote coexistence with local communi-

concern are necessary for effective conservation planning, priority set-

ties (Ale & Mishra, 2018; Johansson et al., 2016). Currently, a reliable

ting and monitoring the impact of conservation efforts. It is especially

global population estimate for snow leopards is unavailable. It has been

important for charismatic species that represent entire ecosystems

suggested that there could be around 3900–8745 snow leopards glob-

because of the public interest they generate. Large carnivores such as

ally, but these numbers are largely based on opinions (McCarthy et al.,

the tiger Panthera tigris, lion Panthera leo, jaguar Panthera onca and snow

2016). Using such opinion-based estimates, snow leopards were down-

leopard Panthera uncia are often used as flagship species or umbrella

listed in the IUCN Red List of Threatened Species from Endangered to

species to raise support for the conservation of their habitats and

Vulnerable in 2017, assuming that the snow leopard populations meet

associated species (Caro, 2010). However, some of the traits of these

the condition that there were more snow leopards than previously

species that make them suitable surrogate species (large home range

thought (McCarthy et al., 2017). However, this change was opposed

sizes, low density, secretive behaviour that elicits public interest) also

by many country governments and scientists as relying largely on opin-

make it difficult to monitor them through statistically robust popula-

ions and not on scientific data (Ale & Mishra, 2018; GSLEP Secretariat,

tion estimation techniques (Karanth, 1995).

2017).

Technological developments in camera traps and molecular genet-

Robust methods of estimating snow leopard population size require

ics, together with advancement of statistical tools to model for imper-

adequate sample counts based on camera trap (Karanth, 1995) or

fect detection, have improved the ability to estimate populations of

molecular genetics (Mondal et al., 2009). Both these methods have

large carnivores in any given site (Borchers & Efford, 2008; Efford

become popular especially following their widespread adoption in

et al., 2009; Karanth, 1995). However, scaling these efforts to obtain

monitoring tiger populations (Jhala et al., 2019; Karanth et al., 2004).

regional or global estimates is cost and effort intensive, and unfea-

The cameras are placed in micro-habitats preferred by snow leopards

sible for many species. In the absence of global estimates, conserva-

but spread across the study area in a uniform grid system or distributed

tion assessments such as IUCN Red List of Threatened Species rely

based on a randomized spatial design (Alexander et al., 2015; Jack-

on information derived from a few sites (typically protected areas)

son et al., 2006; Sharma et al., 2014). Individual snow leopards are

in combination with ‘expert’ opinions (Ale & Mishra, 2018). Opinions,

identified from photographs using individually distinct fur patterns and

however, are subjective, laden with unaccounted uncertainty and often

the data are analysed by creating individual capture histories to esti-

founded on incorrect or outdated assumptions (Akcakaya et al., 2000).

mate density and population size (Alexander et al., 2015; Sharma et al.,

Unless planned appropriately with necessary stratification and con-

2014).

ducted over large enough areas, population estimates from a few sites

Even with the use of camera traps, inadequate sampling or errors

are often not representative of the larger distribution of the species

in data have been shown to lead to overestimation in population

and can lead to biased regional or global estimates (Suryawanshi

abundance. Camera trap-based methods, for example, assume that

et al., 2019).

individual snow leopards can be identified accurately from camera

The snow leopard is a flagship species for the high mountains of

trap photographs. However, Johansson et al. (2020) found that even

South and Central Asia and occurs in 12 countries (McCarthy et al.,

experienced observers made significant mistakes in identification of

2017). These mountains are considered the water tower for a third

snow leopards from photographs, leading to consistent overestima-

of humanity, most of which lives downstream in the river valleys and

tion of populations. They reported that observers on average mis-

plains (Immerzeel et al., 2010). Habitat degradation and fragmentation

classified 12.5% of the capture occasions, generating up to 31% erro-

due to large infrastructure projects, depletion of wild prey populations,

neous ‘ghost’ individuals, leading to an average of 35% inflation in the

persecution over livestock predation, poaching and illegal wildlife trade

abundance estimate when using capture–recapture estimation meth-

are some of the most important threats to the snow leopards (Ale &

ods (Johansson et al., 2020). Similar possibility of misidentification of
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individuals also exists in the genetic analysis of snow leopard scats

blue sheep Pseudois nayaur and ibex Capra sibirica – mostly occur in

(Janečka et al., 2008). Suryawanshi et al. (2019) further identified two

high altitude pastures and in relatively rugged terrain (Bagchi & Mishra,

important sources of bias in existing studies of snow leopard abun-

2006). Other prey species of the snow leopard in parts of our study

dance: (i) relatively small study areas which leads to overestimation

area included the Himalayan tahr Hemitragus jemlahicus and musk deer

of the snow leopard population in the study site (Suryawanshi et al.,

Moschus sp., both of which occur around the treeline.

2019), and (ii) preferential sampling of prime snow leopard habitats,
often in well-protected sites, which leads to inflated density if extrapolated to larger landscapes.

2.2

Study design

Following the change in Red List status of snow leopards, the
governments of all 12 snow leopard range countries (Afghanistan,

We estimated the density of snow leopards in the entire available habi-

Bhutan, China, India, Kazakhstan, Kyrgyzstan, Mongolia, Nepal, Pak-

tat of Himachal Pradesh using a stratified sampling design. We used a

istan, Russia, Tajikistan and Uzbekistan) initiated a collaborative effort

two-step sampling process to ensure a robust design and proportion-

called PAWS, or Population Assessment of World’s Snow Leopards, to

ate coverage of the snow leopard habitat following the recommenda-

arrive at robust national and global estimates of snow leopards in the

tion of the PAWS protocol (Sharma et al, 2019) that has been adapted

wild (GSLEP Secretariat, 2017). Recognizing the existing and potential

by the Government of India (MoEFCC, 2019). All fieldwork was con-

sampling biases, the Technical Advisory Committee of PAWS recom-

ducted after obtaining permissions from the Himachal Pradesh Forest

mended a two-step sampling protocol – (i) site occupancy modelling

Department.

over relatively large areas based on sign or interview surveys, and (ii)

In the first step, we stratified the entire potential snow leopard habi-

stratified sampling for population abundance through camera traps or

tat in Himachal Pradesh based on data from a snow leopard occupancy

genetics ensuring adequate coverage of habitat heterogeneity (Sharma

survey conducted by Ghoshal et al. (2019). This study sampled 14,616

et al., 2019).

km2 across 88 grid cells (15 × 15 km) which were spread over a study

Here, we present the results of the first attempt to arrive at a robust

area of ∼20,000 km2 across three districts of Kinnaur, Lahaul–Spiti,

estimate of snow leopard abundance at a regional scale employing a

and Chamba regions, covering over 75% of the potential snow leopard

stratified design. We assessed snow leopard abundance in a large land-

distribution in the state (areas above the treeline). Regions with occu-

scape of over 26,112 km2 comprising the entire snow leopard habitat

pancy probability greater than 0.75 were identified as high-occupancy

in the state of Himachal Pradesh in India (Figure 1). The size of our

stratum, regions with occupancy probability less than 0.75 were identi-

study area was one and half times the size of the entire area covered

fied as low-occupancy stratum (Figure 2b) and potential snow leopard

cumulatively by all published snow leopard population estimation stud-

habitats that were not surveyed by Ghoshal et al. (2019) were catego-

ies conducted so far across its range (Chetri et al. 2019; Khanal et al.,

rized as the ‘unknown’ stratum. For details on stratification method, see

2020; Suryawanshi et al., 2019). The primary goal of our study was to

Supporting Information 2.

demonstrate a two-step sampling approach for estimating the popula-

Within each stratum, we conducted camera trapping at multiple

tion of snow leopards at a large spatial scale. We did this by conduct-

snow leopard areas, henceforth referred to as sites. We sampled a total

ing population assessments throughout the state of Himachal Pradesh.

of 10 sites (Table 1): five in the high-occupancy stratum that together

We employed a stratified study design using data from our earlier occu-

covered 12,724 km2 , three in the low-occupancy stratum that cov-

pancy surveys (Ghoshal et al., 2019). Our study contributes towards a

ered 8019 km2 and two in the unknown stratum that covered 5369

robust global population estimate of snow leopards, as well as gener-

km2 . Within each stratum, we considered the design requirements of

ates methodological insights for the PAWS effort.

Spatially Explicit Capture–Recapture (SECR), such as adequate camera density to enable multiple captures of individual snow leopards at
different locations, and avoiding highly linear placement of cameras.

2

MATERIALS AND METHODS

We also considered the availability of at least 500 km2 of continuous
snow leopard habitat within the same watershed (valley) area follow-

2.1

Study site

ing the recommendation of Suryawanshi et al (2019). Habitat patches
that were smaller were assumed to have densities similar to the rest of

Of the 55,673

km2

area covered by the Indian state of Himachal

Pradesh, approximately 26,000 km2 area is potential snow leopard

the strata and were likely to be included in the buffer areas of the sampled sites (see Figure S3).

habitat, that is areas above the treeline, typically between 3000 and
6000 m elevation range, sometimes including areas below this elevation cut-off where the treeline is lower (Ghoshal et al., 2019; Snow

2.2.1

Camera trapping

leopard network, 2014). This potential habitat spans a contiguous area
spread over the Trans- and Greater-Himalayan mountains (Figure 2a).

Camera trap surveys were conducted in early spring (April–May) or

Though snow leopards can venture into lower areas, the high elevation

during autumn to early winter (October–December) from 2017 to

pastures, ridgelines and cliffs are their main habitats (Jackson, 1996).

2019 (Table 1). We deployed 20–36 Reconyx HC500 camera traps in

The two main prey species of the snow leopard in Himachal Pradesh –

each site to ensure at least one camera trap per grid and at least two or
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F I G U R E 1 Conceptual representation of our study design and methods used to estimate the density of the snow leopard and its prey across a
large landscape of 26,112 km2 in the state of Himachal Pradesh, India. Spatially Explicit Capture–Recapture is abbreviated as SECR in the figure

more camera traps (Sollmann et al, 2012) within reported home range

ture across multiple traps to allow for a robust estimation of the scale

size estimates, that is 207 and 124 km2 for male and female snow leop-

of movement in a spatially explicit analysis. We did not deploy camera

ards, respectively (Johansson et al. (2016). The cameras were installed

traps in grids below the altitude of 2000 m, as they were far below the

for 60 days, during which cameras were checked once for battery con-

elevational limits of the snow leopard habitat. We also avoided grids in

dition and for replacement of memory cards.

permafrost. Except for the inaccessible grid cells, at least one camera

Each site was uniformly covered by deploying one camera in a

was deployed in each cell. Cameras were installed based on prevalence

4 × 4 km systematic grid that has been used to estimate snow leopard

of snow leopard signs such as hair, scat, scrape or urine spray marks and

densities (Alexander et al., 2015). It is smaller than the estimated home

suitable microhabitats to maximize detection within each cell. At one

range size of snow leopards, thus allowing for the possibility of cap-

site (Kullu), due to the rugged landscape, instead of a uniform design,

SURYAWANSHI ET AL .
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F I G U R E 2 (a) The potential snow leopard habitat in Himachal Pradesh stratified into three regions based on snow leopard occupancy (Ghoshal
et al., 2019). The regions marked with a cross represent grids with very high mountains and glaciers (>6000 m) that were not sampled. (b) Camera
trapping sites (red dots) and the habitat mask (shaded region) covering the three strata – high: Spiti, Hangrang, Tabo, Pin and Baspa; low: Bhaga,
Chandra and Miyar; unknown: Bharmour and Kullu
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TA B L E 1 Site wise details about camera trapping effort and results from 10 sampled sites in the Indian state of Himachal Pradesh. Estimated
area is the number of 4 × 4 km grids with cameras times the area of the grid

Names of
the site

Estimated
area (km2 )

Number of
camera traps
deployed

Number of
occasions
(days)

Number of
snow leopard
detections

Number of
individual
snow
leopards

Estimate snow leopard
density per 100 km2
(95% CI)

Bhaga

480

30

60

9

1

0.05 (0.01–0.24)

Bharmour

352

21

60

1

1

0.06 (0.01–0.31)

Chandra

496

31

60

18

3

0.1 (0.03–0.29)

Kullu

480

30

60

22

2

0.1 (0.03–0.35)

Miyar

576

36

60

5

2

0.07 (0.02–0.26)

Pin

370

25

60

19

6

0.27 (0.12–0.61)

Baspa

320

20

60

7

3

0.18 (0.06–0.51)

Tabo

464

29

60

27

9

0.37 (0.18–0.72)

Hangrang

484

31

60

18

8

0.36 (0.17–0.73)

Spiti

760

31

60

61

9

0.3 (0.15–0.59)

we had to deploy the camera traps in a clustered manner following the

their ungulate detections. Survey routes were chosen to allow for com-

recommendations of Sharma et al (2019). Four cameras in the Baspa

plete visual coverage of each block. The surveys involved three main

site, which was part of the high-occupancy stratum, had to be placed in

assumptions: (1) entire visual coverage of each block was possible dur-

the adjacent area belonging to the ‘unknown’ stratum due to inaccessi-

ing the survey, (2) two individual teams, each containing similar num-

bility. The northern and eastern parts of this site were highly inaccessi-

ber of surveyors, conducted the surveys and obtained detections inde-

ble, whereas the southern areas falling in the ‘unknown’ stratum were

pendently of each other and (3) the ungulate groups could be identified

continuous with our site and were assumed to have similar snow leop-

individually based on the size and the age–sex composition of a herd, its

ard density.

location and any other peculiarities that the teams could note. The data
collected included group size, species and age–sex composition. Detection or non-detection of each ungulate group by each observer team

2.2.2
Double-observer surveys for prey density
estimation

was noted post-survey. Eight observers were involved in the surveys at
each site. Other details of the field methods can be found in Suryawanshi et al. (2012). Wild ungulate abundance estimation in each site was

We used double-observer surveys, which are based on mark–recapture

conducted in the same year as camera trapping for snow leopards in

theory, to estimate the density of the predominant wild prey species –

that site. Ungulate surveys in Spiti, Tabo, Pin and Hangrang were con-

Blue sheep and Ibex – in each of the 10 sites (Forsyth & Hickling,

ducted in the month of May and in the other sites in October.

1997; Suryawanshi et al., 2012; Suryawanshi et al., 2021). Although
Himalayan tahr and musk deer were recorded in three and four sites,
respectively, they were distributed close to the treeline in habitats typically used by the common leopard (Panthera pardus). These two species

2.3
Image tagging and snow leopard individual
identification

were excluded from the snow leopard prey population estimates. The
total area sampled for wild ungulates across the 10 sites was 4489

A major source of bias in population assessments of snow leopards has

km2

(Table 2). We conducted double-observer surveys with both the

been reported to come from image identification errors (Johansson

observer teams walking each transect on foot. The total survey effort

et al., 2020). We employed a multi-step process for image identification

was 749 km that was surveyed twice. In the double-observer survey

and tagging. Additionally, we conducted simulations to assess potential

approach, the unit being ‘marked’ and ‘recaptured’ is the individual

impact of unidentifiable images on the estimated density of snow leop-

ungulate group rather than the individual animal (Forsyth & Hickling,

ards in our study (see section 2.6.2).

1997). For field data collection, each of the 10 sites was divided into

Image classification was done in two phases – image identification

smaller blocks based on landform and topological features for ease of

phase followed by the review phase. In the first phase, one or two

survey. Each block was surveyed by two teams, with the second team

researchers catalogued all the photos of snow leopards from each site.

starting their survey 15–30 min after the first team had started its sur-

Rosette patterns from the face, limbs, rump, shoulder, upper parts of

vey (Suryawanshi et al., 2012). Each team searched for and indepen-

the tail and cheeks of the snow leopard were used to identify dif-

dently counted the ungulate groups and the number of animals in each

ferent individuals. In the second phase, two independent researchers

group. While doing so, they ensured not to cue the other team about

reviewed all the individuals and especially those individuals that were
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fication as a new individual, we reverted the image as ‘unidentified’
4

6

13

8

24

15

58

46

36

13

8

47

16

or in case of a misidentification we re-assigned the identification. If
40

Estimated
number of
groups

captured only once. In case of insufficient evidence towards identi-

both independent reviewers agreed on the changes, then they were

8.30

13.60

15.50

5.83

9.52

10.92

9.40

9.90

9.77

7.60

11.71

19.00

14.00

20.26

Mean
group
size

retained. Disagreements between the reviewers were resolved by a
third reviewer. All the changes proposed in the review stage were
verified by a third reviewer who was also involved at the reviewing
training.globalsnowleopard.org). The third reviewer had an accuracy of
0.54

0.67

0.55

0.64

0.58

0.65

0.62

0.68

0.81

0.34

0.63

0.84

0.77

0.86

100% and confidence of 87% after training. Following the individual
identification for each site, we conducted image comparisons across
sites to check if any of the individuals were detected at more than one
management software (https://www.digikam.org/) and tags were read0.71
0.12–0.40

0.55

0.81
0.64–0.89

0.13–0.44

0.53
0.08–0.22

0.65

0.74
0.44–0.64

0.23–0.42

0.85

0.87
0.88–1.02

0.74–0.86

0.82

0.81
1.01–1.15

0.14–0.26

0.90

0.84
0.10–0.15

1.07–1.14

0.93
0.75–0.86

0.97–1.04

0.89

out using the CamtrapR (Niedballa et al., 2016) package.

2.4
Data analysis: Snow leopard density and
population size
Snow leopard density and population size were estimated using multi-

0.16

0.69

0.19

0.11

0.50

0.27

0.93

0.77

1.03

0.17

0.12

1.09

0.75

session SECR models. SECR models explicitly use the spatial informa0.99

Density

Confidence

Detection
probability
(Observer 1)

site. All snow leopard images were tagged using the digiKam image

tion of detection location at the camera traps, accounting for the heterogeneity in captures due to animal activity centre location. Heterogeneity may arise because the probability of capture in a specific cam(Efford et al., 2009).

25–81

163–229

62–212

35–100

200–290

142–254

519–600

435–505

342–392

84–156

82–127

872–932

224–256

790–850

Confidence
interval

era trap depends on its location relative to the animal’s activity centre
We conducted all analyses using the SECR 3.2.1 package in R
(Efford, 2020). We used a multi-session SECR model in which sites corA habitat mask was specified (with buffer width of 28 km around the
33

93

177

47

229

164

547

454

99

351

94

891

224

traps and spacing of 2 km between mask points, see SI 2 for details)
810

Estimated
abundance

responded to sessions as we expected densities to vary between sites.

to create the state space around the trap locations. The total area was
defined by a single large polygon of potential snow leopard habitat of

202

256

480

447

456

604

341

589

298

the habitat of the snow leopard (regions above tree cover, typically at
816

Area
(km2 )

26,112 km2 in the state of Himachal Pradesh. This polygon represented
elevations higher than 3000 m but sometimes as low as 2000 m closer
to river valleys). This polygon was prepared by extracting areas with-

51.4

67.3

66.2
Blue Sheep

Blue Sheep

47.4

124

88

43.5

119.4

45.5

96.5

Ibex

Blue Sheep

Effort
(km)

out tree cover from the Copernicus Global Land Cover Layers: CGLSLC100 collection 2 (Buchhorn et al., 2015). At a given camera trap, the
expected number of detections of an individual with activity centre at
defined by λ*exp(–d2 /σ2 ). Given the heterogeneity in density between
Ibex

Ibex

Ibex

Ibex

Combined

Blue Sheep

Ibex

Blue Sheep

Combined

Ibex

Species

a distance d from the trap was assumed to have a half-normal shape
sites, we modelled density as a parameter in the model, that is D ∼ site,
λ ∼ 1, σ ∼ 1. We did not have enough detections for each site, hence
σ (sigma) and λ (lambda) were modelled using information from all the
2019
Bharmour

2019

2019
Baspa

Kullu

2018
Chandra

2018

2018
Miyar

Bhaga

2017

2017
Hangrang

Tabo

2016

2017
Spiti

Pin

Year

sites. We tested the effect of pooling this information across sites on

Block

TA B L E 2

Summary of the effort for double-observer surveys to estimate wild prey density of the snow leopard across 10 sites in Himachal Pradesh

Detection
probability
(Observer 2)

stage. All reviewers trained using the camtraining application (cam-

model estimates (see SI 2).
We calculated derived estimates of density and population size from
the fitted model. We used derivednj() function in the secr package
for estimating the sampling variance, which adapts the methods of
Fewster et al. (2009) for SECR surveys, as detailed in the help files
of the SECR package. Population size was estimated by multiplying
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the stratum area (low occupancy, high occupancy and the unknown

sequentially from the data set and estimated the density each time. We

occupancy regions) with the density estimate for that stratum. We

repeated this 10 times each to estimate the variation in estimated den-

used derivednj() for estimating variance in the density estimates. In

sity for each subset of the data. Events were randomly dropped from

our model, information was pooled across sessions and independence

any of the 10 sites, ensuring that at least one individual was retained

between sessions could not be assumed. The derivednj() function uses

in each site. This gave us a total of 600 models with varying number of

the method of Buckland et al. (2001), as detailed in the help files of

events and varying number of total individuals identified. We regressed

the SECR package, for calculating a weighted sum of variance. Abun-

the density estimates on the linear sum of the identified events and

dance calculation was done for each stratum, and the estimates and the

individuals to understand how dropping events and unidentified indi-

variance terms were summed to get a population size estimate for the

viduals might affect the density estimate.

entire area (see SI 2 for details of this method).

3

RESULTS

2.5
Data analysis: Wild ungulate prey density and
population size

3.1

The analysis was conducted using the ‘BBRecapture’ package follow-

Our final image identification yielded 44 individual adult snow leopards

ing Suryawanshi et al. (2021) in R statistical and programming envi-

from 187 detections across the 10 sites that were sampled. The sites

ronment (R Core Team, 2020). Details on model fitting are available

varied in number of detections – Spiti from the high-occupancy stra-

in SI 1.

tum had 61 detections with nine individuals, Chandra from the low-

Snow leopard population density and size

We estimated wild ungulate density by dividing the estimated abun-

occupancy stratum had 18 detections of three individuals and Kullu

dance by the total area sampled in each site. Total area sampled was

from the unknown stratum had 22 detections with two individual snow

obtained by adding up areas of all the surveyed blocks. Area of each

leopards.

block was obtained by demarcating it on a GIS platform (Google Earth
Pro) post-survey by the team of surveyors.

Snow leopard density varied across sampling sites with a sevenfold difference between the highest and lowest density sites (Table 1).
Tabo, Hangrang and Spiti had the highest densities of 0.37 (95% con-

2.6

Sources of bias

We checked for two major sources of potential bias in snow leopard abundance estimation – inadequate sampling (Suryawanshi et al.,
2019) and misidentification of individual snow leopards from camera
trap photos (Johansson et al., 2020).

fidence interval [CI]: 0.18–0.72), 0.36 (95% CI: 0.18–0.73) and 0.30
(95% CI: 0.15–0.59) snow leopards per 100 km2 , whereas Bhaga from
the low-density stratum recorded the lowest density of 0.05 (95% CI:
0.01–0.24) snow leopards per 100 km2 (Table 1). The density estimates
from the unknown stratum were generally low – Bharmour recorded
a density of 0.06 (95% CI: 0.01–0.31) and Kullu recorded a density
of 0.10 (95% CI: 0.03–0.35) snow leopards per 100 km2 . Overall, the
snow leopard densities estimated for each stratum corresponded to

2.6.1

Checking for sampling adequacy

We checked if dropping data from any one site significantly changed
our density estimate or whether the new estimates (obtained after
dropping data randomly from any one site) converged around the density estimate for the entire landscape. More details on methods and
results can be found in SI 2.

the occupancy surveys – high-occupancy stratum showed a relatively
high density of 0.30 (95% CI: 0.21–0.42) snow leopards per 100 km2 ,
low-occupancy stratum had a low density of 0.08 (95% CI: 0.05–0.12)
and the previously unsampled stratum had a density of 0.08 (95% CI:
0.08–0.14) snow leopards per 100 km2 .
For our entire study region comprising all snow leopard habitat in
the state of Himachal Pradesh, the estimated snow leopard density was
0.19 (95% CI: 0.12–0.31) per 100 km2 and abundance was 51 (95%
CI: 34–73) adult snow leopards. Detection probability at the activity

2.6.2
Assessing potential impact of unidentifiable
images on the estimated density of snow leopards

centres λ (lambda) was estimated to be 0.018 (95% CI: 0.013–0.025).
Sigma δ from our study was estimated to be 8.50 km (95% CI: 6.9–
10.41 km).

In 187 of the 231 capture events, individual snow leopards were confidently identifiable, leaving 19% of the events unidentified (Table 1).
These unidentified events, which were removed from the analysis,

3.2

Wild ungulate population density

could have included additional captures of identified individuals as well
as new individuals. To understand how unidentified events could gave

Blue sheep were recorded in four sites (Spiti, Tabo, Hangrang and

affected density estimates, we simulated capture histories and esti-

Baspa), whereas Ibex were recorded in seven sites (all except Kullu,

mated densities by dropping events from the 187 identified captures.

Tabo and Baspa). In general, areas with blue sheep (with the excep-

We randomly dropped one to 60 (1%–32% of identified events) events

tion of Baspa) had higher ungulate densities than areas with Ibex. The
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F I G U R E 3 Snow leopard and wild ungulate
density showed a positive correlation across
the 10 sampled sites. Line represents predicted
relationship from a weighted linear regression
model (slope = 0.25, SE = 0.08, P = 0.01,
R2 = 0.51) and the shaded region represents
95% CI on the model prediction

highest wild ungulate density was recorded in Spiti (density: 1.09 individuals

km−2 ;

95% CI: 1.07–1.14

km−2 )

and the lowest in Chandra

(0.11 km−2 ; 0.08–0.22 km−2 ).

were dropped were ‘ghost’ individuals. The first phase of tagging had
18 single capture events, whereas the review stage had 10 singlecapture events. The ‘ghosts’ included seven individuals that were captured on a single event, one individual that was captured twice (of
which one event was dropped as unidentified) and one individual that

3.3
Relationship between snow leopard and wild
ungulate density

was captured three times. The final capture history had a total of 187
identifiable events with 44 unique individuals.

Snow leopard density showed a positive linear relationship with prey
density (slope = 0.25, SE = 0.08, P = 0.01, R2 = 0.51) (Figure 3). Sites
with a high density of wild ungulates, such as Tabo (mean = 1.03, 95%
CI: 1.01–1.15 prey km−2 ) and Spiti (mean = 1.09, 95% CI: 1.07–1.14

3.5
Simulations to assess potential impact of
unidentifiable images on the estimated density of
snow leopards

prey km−2 ), also had high densities of snow leopards (Tabo: 0.37 with
95% CI: 0.18–0.72; Spiti: 0.3 with 95% CI: 0.15–0.59 snow leopards per

Out of the 600 simulated models, the total number of identified indi-

100 km2 ). On the other hand, Bharmour and Chandra that reported low

viduals in the capture history ranged from 38 to 44 (Figure 4). Lin-

densities of wild ungulates had low snow leopard densities (Figure 3).

early regressing the density estimate on the sum of the number of
events and unique individuals identified showed a significant relationship (F(2,598) = 74.26, P < 0.001, R2 = 0.20). Estimated density increased

3.4
Errors in identification addressed during
phase two (review) of image tagging

marginally at the rate of 0.0008 snow leopards per 100 km2 for every
event that was dropped from the analysis (t = −12.14, P < 0.001).

There were 231 events of snow leopard captures in camera traps
across the 10 sites. At the review stage, 78.8% of the events had no

4

DISCUSSION

conflict with the first tagging phase. Of the capture events, 63.6% could
be identified and 15.2% were unidentifiable events. Within the 21.2%

Our study represents among the first efforts towards assessing snow

of events with conflicts at the review stage, 3.4% of the events were

leopard populations at large regional scales using the two-step sam-

dropped during review, 10.0% were included and 7.8% were deemed

pling approach proposed under the PAWS program (Sharma et al.,

misidentified. Within the misidentified events, 5.2% of the events were

2019), which represents a coordinated global effort to estimate snow

‘splits’ leading to nine ‘ghost’ individuals, that is a misidentification

leopard abundance. We show that a stratified sampling design can

error that leads to a split from an existing individual, and 2.6% shift

address the potential spatial sampling biases that are common in snow

errors, that is misidentification error that does not lead to any ‘ghost’

leopard population studies (Johansson et al., 2020; Suryawanshi et al.,

individuals but affect detection history. There were no combine errors.

2019). Our estimated abundance of 51 (95% CI: 34–73) adult snow

In the first phase of tagging exercise, 52 unique individuals were

leopards for the state of Himachal Pradesh was 44% lower than the

identified, which after review were reduced to 44 individuals. Three

previously suggested figure of 90 snow leopards based on opinion and

new individuals were included after review, all of which were ‘included’

extrapolation (Bhatnagar et al., 2016). In fact, even the higher confi-

from unidentified images as opposed to being an outcome of fixing

dence interval of our abundance estimate (73 individuals) was almost

combine errors. Two single event capture individuals were dropped

19% lower than the opinion-based estimate. In our study, it is also sig-

and categorized as unidentified. The remaining nine individuals that

nificant to note that the estimate of 51 snow leopards came from a
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F I G U R E 4 Estimated density of snow leopards when capture events were dropped randomly from the analysis. The colour of the dot indicates
the number of individuals available for the analysis. The estimated density of snow leopards increased marginally (slope = 0.0008) with dropping
of events

data set of 44 identified snow leopards, suggesting a rather low pos-

ular genetics data that actually discerned only 34 unique individuals

sibility of overestimation. Our study reiterates the possibility of signif-

within an area of 4393 km2 in Nepal (Chetri et al., 2019). Such a high

icant overestimation of abundance in past population figures of snow

population estimate despite a low number of unique individuals is likely

leopards due to identification errors, sampling biases, sampling in small

to have resulted from the use of a relatively large buffer area (twice the

study areas or extrapolation (Johansson et al., 2020; Suryawanshi et al.,

size of sampled area) for deriving the population size. We suggest exer-

2019). Two past studies on snow leopards that involved sampling at

cising caution when using large buffer areas and recommend greater

least 1000

km2

of area reported relatively low density estimates of

sampling effort in large landscapes using a stratified design.

0.46 snow leopards per 100 km2 at a site in Tajikistan (Kachel et al.,

We investigated whether any individual site from the 10 sampled

2017) and 0.83 snow leopards per 100 km2 at a site in Mongolia

sites may have had a disproportionate effect on the estimated density.

(Sharma et al. 2014) compared to studies conducted over smaller areas

Our results indicated that no single site influenced the estimated den-

(see Suryawanshi et al., 2019). Jackson et al. (2006) also noted that

sity significantly. However, we found that one site, Spiti (our largest

snow leopard density estimates reduced considerably when they sam-

site), did have a disproportionate impact on variance estimation of

pled larger areas at their study site in Ladakh, India. A recent study esti-

the sigma parameter. This was expected because estimation of sigma

mated 144 snow leopards over an area of 14,174 km2 based on molec-

requires multiple captures of different snow leopards at different grids.
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This is likely in sites that have high density of snow leopards and are

Suryawanshi et al., 2019). Johansson et al. (2016) showed that 40%

large enough to have high abundance as well.

of the protected areas in the global range of the snow leopard are not

We used a two-phase camera trap image identification process to

large enough to cover the home range of a single adult male snow leop-

address the issue of overestimation because of human errors in iden-

ard. In our study, we detected snow leopards both inside and outside

tifying individual snow leopards from camera trap images. Our review

protected areas that formed part of our camera trapping area, con-

phase confirmed a similar rate of image misidentification for some of

firming the need to sample beyond protected areas (Suryawanshi et al.,

the types of errors as were reported by Johansson et al. (2020). It

2019). Our study reiterates that density estimates obtained from small

is important to note that in our data set, 44 of the 231 (19%) snow

study areas, when extrapolated to much larger scales, such as regional,

leopard capture events remained unidentified after the review stage.

national or global snow leopard population estimates are likely to be

Our simulations, where we randomly dropped snow leopard capture

unreliable.

events to estimate the impact of unidentifiable images, showed that

The density estimates obtained for each of the 10 sites were quali-

the effect size of dropping capture events on the density estimate

tatively consistent with the stratification based on the occupancy data

was negligible. Theoretically, dropping unidentified images should not

with low-occupancy sites emerging as low-density sites, and vice versa.

lead to a bias in the estimates. Lambda is typically used to model the

Given our simulation exercise results that suggested that the overall

expected encounter rate of every detection of an individual. In this

density estimate was not sensitive to any particular site, our estimate

case, it models the expected encounter rate of every identifiable detec-

can be considered representative of the entire snow leopard habitat in

tion of an individual, with the assumption that detections are unidenti-

Himachal Pradesh. Our results support the value of using the two-step

fiable at random as in the case of the simulations and not systematically

approach (using occupancy to inform camera trap-based sampling for

biased towards detections from a particular trap or individual. There-

abundance and density) as suggested by the technical committee of the

fore, although the estimated density in our study did not change due

PAWS Program (Sharma et al., 2019). This is the first study to validate

to 19% of the capture events remaining unidentified and unused, the

the effectiveness of the PAWS-recommended study design.

variation around the estimate may have increased as a result. From our

The snow leopard was down-listed in the IUCN Red List of Threat-

data set, it appears that a conservative approach while identifying indi-

ened Species from Endangered to Vulnerable in 2017 (McCarthy et al.,

vidual snow leopards from camera trap images may not affect the accu-

2017). This change has been celebrated by some (Mallon & Jackson,

racy of the estimate but might affect the precision (Figure 4).

2017), whereas on the other hand, this decision has been challenged by

Abundance of large ungulate prey is a critical determinant of car-

many scientists, institutions and country governments, citing the use

nivore population density (Carbone & Gittleman, 2002; Suryawanshi

of poor-quality information on the global population of snow leopards

et al., 2017) but estimates of prey densities are seldom used to assess

(Ale & Mishra, 2018; Johansson et al., 2020; Suryawanshi et al., 2019).

the state of carnivore conservation. The relationship between the den-

For the Red List assessment that led to down-listing of snow leopards,

sity of snow leopards and their prey in our study was linear, as expected

63 of the 69 study samples used were based on opinions and sign sur-

from previous work (Suryawanshi et al., 2017). The slope of this rela-

veys (see Ale & Mishra, 2018). Our results reiterate the flaws involved

tionship, however, was much lower in our study 0.25 (SE = 0.08) com-

in snow leopard population estimates based on opinions and inappro-

pared to 1.01 (SE = 0.27) in Suryawanshi et al. (2017). Our estimate of

priate study designs, and using them for species status assessments.

slope was closer to the estimate of slope of 0.5 (after accounting for

Assessing the conservation status of rare and elusive species of

variation) reported for tigers and their prey (Karanth et al., 2004). This

global conservation concern is challenging but we discourage the use of

is possibly due to the differences in density estimation methods used by

opinion-based expert surveys to arrive at population numbers. We rec-

Suryawanshi et al. (2017) who did not estimate a buffer area around the

ommend using robust study design alongside technological advance-

traps, and their study area sizes were relatively smaller (Suryawanshi

ments in camera trapping, and in molecular genetics and statistical

et al., 2019). The positive correlation between snow leopard and wild

tools for national- and international-level prioritization of species and

ungulate density underscores the need to conserve the ungulate prey

landscapes for conservation.

population which may be under threat from high-intensity grazing by
migratory livestock, depredation by free-ranging dogs, illegal hunting
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