
Ecology and Evolution. 2020;10:11787–11797.     |  11787www.ecolevol.org

 

Received: 12 April 2020  |  Revised: 10 August 2020  |  Accepted: 17 August 2020

DOI: 10.1002/ece3.6815  

O R I G I N A L  R E S E A R C H

Relative influence of wild prey and livestock abundance on 
carnivore-caused livestock predation

Gopal Khanal1,2,3,4  |   Charudutt Mishra5,6 |   Kulbhushansingh Ramesh Suryawanshi5,6

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2020 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd

1Post-Graduate Program in Wildlife Biology 
and Conservation, National Centre for 
Biological Sciences, Bangalore, India
2Center for Wildlife Studies, Wildlife 
Conservation Society-India Program, 
Bangalore, India
3Department of National Parks and 
Wildlife Conservation, Ministry of Forests 
and Environment, Government of Nepal, 
Kathmandu, Nepal
4Centre for Ecological Studies, Lalitpur, 
Nepal
5Nature Conservation Foundation, Mysore, 
India
6Snow Leopard Trust, Seattle, WA, USA

Correspondence
Gopal Khanal, Post-Graduate Program in 
Wildlife Biology and Conservation, National 
Centre for Biological Sciences, Bangalore, 
India.
Email: khanal.joshipur@gmail.com

Funding information
Sir Dhobaji and Tata Trust, Bangalore India, 
Grant/Award Number: NA

Abstract
Conservation conflict over livestock depredation is one of the key drivers of large 
mammalian carnivore declines worldwide. Mitigating this conflict requires strategies 
informed by reliable knowledge of factors influencing livestock depredation. Wild 
prey and livestock abundance are critical factors influencing the extent of livestock 
depredation. We compared whether the extent of livestock predation by snow leop-
ards Panthera uncia differed in relation to densities of wild prey, livestock, and snow 
leopards at two sites in Shey Phoksundo National Park, Nepal. We used camera trap-
based spatially explicit capture–recapture models to estimate snow leopard density; 
double-observer surveys to estimate the density of their main prey species, the blue 
sheep Pseudois nayaur; and interview-based household surveys to estimate livestock 
population and number of livestock killed by snow leopards. The proportion of live-
stock lost per household was seven times higher in Upper Dolpa, the site which had 
higher snow leopard density (2.51 snow leopards per 100 km2) and higher livestock 
density (17.21 livestock per km2) compared to Lower Dolpa (1.21 snow leopards per 
100 km2; 4.5 livestock per km2). The wild prey density was similar across the two 
sites (1.81 and 1.57 animals per km2 in Upper and Lower Dolpa, respectively). Our 
results suggest that livestock depredation level may largely be determined by the 
abundances of the snow leopards and livestock and predation levels on livestock 
can vary even at similar levels of wild prey density. In large parts of the snow leopard 
range, livestock production is indispensable to local livelihoods and livestock popula-
tion is expected to increase to meet the demand of cashmere. Hence, we recommend 
that any efforts to increase livestock populations or conservation initiatives aimed at 
recovering or increasing snow leopard population be accompanied by better herding 
practices (e.g., predator-proof corrals) to protect livestock from snow leopard.
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1  | INTRODUC TION

Large mammalian carnivores are among the most threatened group 
of species with over 60% of them facing high risk of extinction 
(Ripple et al., 2014). While habitat loss, fragmentation, poaching, 
and prey depletion continue to cause their populations to decline 
(Cardillo et al., 2004; Chapron et al., 2008; Wolf & Ripple, 2016), 
retaliatory killing over livestock predation is perhaps the most wide-
spread and direct threat to their conservation (Inskip et al., 2014). 
Livestock depredation compromises the livelihoods of often mar-
ginalized communities and erodes human tolerance of carnivores 
(Inskip et al., 2016; Mishra, 1997; Thirgood et al., 2005; Treves & 
Karanth, 2003). It is therefore critical to mitigate the conflicts sur-
rounding livestock depredation for ensuring sustainable livestock 
production by pastoral communities and continued survival of car-
nivore populations, especially for wide-ranging species that occur 
outside protected areas. Reducing livestock depredation by carni-
vores requires an understanding of factors affecting their predation 
behavior.

Multiple factors influence the extent of carnivore-caused live-
stock predation, including livestock husbandry practices (Kuiper 
et al., 2015; Ogada et al., 2003; Woodroffe et al., 2007), wild prey 
availability (Meriggi et al., 1996; Odden et al., 2008), habitat type 
and structure (Miller et al., 2015), behavioral characteristics of the 
predator (Lucherini et al., 2018), and predator abundance (Lesilau 
et al., 2018; Miller et al., 2015; Weise et al., 2018). Understanding 
the interplay between predator, wild prey, and livestock density is 
important for identifying mitigation measures.

Density of wild herbivore prey is known to be a critical deter-
minant of carnivore density (Carbone & Gittleman, 2002; Karanth 
et al., 2004; Suryawanshi et al., 2017). However, the role of wild 
herbivore density in determining the extent of livestock predation 
by carnivores is debatable (Bagchi & Mishra, 2006; Khorozyan 
et al., 2015; Meriggi et al., 1996; Meriggi & Lovari, 1996; Soofi 
et al., 2019; Suryawanshi et al., 2017). Studies investigating the im-
pact of livestock abundance on predation levels have shown higher 
intensities of depredation in areas of higher livestock densities 
(Pimenta et al., 2018). Despite a range of field studies and reviews 
examining patterns of livestock depredation by large carnivores 
(van Eeden et al., 2018; Inskip & Zimmermann, 2009; Janeiro-Otero 
et al., 2020; Weise et al., 2018), our knowledge of the relative impact 
of wild prey and livestock abundance on livestock predation is still 
limited.

The snow leopard Panthera uncia is listed as Vulnerable in 
the IUCN Red list of Threatened Species and occurs in 12 coun-
tries across the Himalaya and high mountains of Central Asia 
(McCarthy et al., 2017). Fewer than 4,000 adult snow leopards 
are believed to occur in the wild and little is known about their 
population trends (Snow Leopard Working Secretariat, 2013; 
Suryawanshi et al., 2019). Pastoralism is the dominant form of 
land use and economy across the snow leopard distribution 
range in Central and South Asia (Mishra et al., 2009). As its dis-
tribution range overlaps extensively with the pastoral production 

landscapes, livestock predation by snow leopard is ubiquitous and 
is of high concern for pastoral communities. Among other factors 
such as habitat loss and decline of prey, livestock depredation has 
been the key factor driving its endangerment through retaliatory 
killings while also imposing significant economic costs on mar-
ginalized herder communities (Aryal et al., 2014; Hussain, 2003; 
Ikeda, 2004; Johansson et al., 2015; Li et al., 2013; Mishra, 1997). 
Herders have been found to incur high losses, up to 12% of their 
livestock holdings annually, to snow leopard and sympatric pred-
ators, which sometimes amounts up to 50% of the average annual 
household income (Mishra, 1997; Oli et al., 1994). Livestock loss 
causes serious hostility among herder communities, often result-
ing in persecution of the snow leopard (Oli et al., 1994).

A few studies that have tried to identify the causes of livestock 
predation by snow leopards have found a range of factors influ-
encing the extent of livestock predation such as wild prey density, 
livestock density, herding practices, and habitat type (Alexander, 
et al., 2015; Alexander, et al., 2015; Bagchi & Mishra, 2006; Bagchi 
et al., 2020; Chetri et al., 2017, 2019; Jackson et al., 1996; Rashid 
et al., 2020; Suryawanshi et al., 2013, 2017). These studies have 
generated an understanding of spatial and temporal patterns of live-
stock predation, providing insights into the location and season for 
prioritizing mitigation measures. Suryawanshi et al. (2017) showed 
that the extent of predation on livestock could increase with live-
stock density as well as wild prey density via increased snow leopard 
density. However, relative influence of wild prey and livestock den-
sity on livestock predation by snow leopards is still unclear as live-
stock predation can often be context-dependent with site specific 
idiosyncrasies in habitat characteristics and management interven-
tions (Chetri et al., 2019).

The Himalayan and trans-Himalayan habitats of Shey Phoksundo 
National Park, Nepal, which vary in habitat characteristics and live-
stock management practices offer an interesting opportunity to ex-
amine such effects. Here, we report on the extent of snow leopard 
predation on livestock in relation to wild prey and livestock density 
in two sites, Upper Dolpa and Lower Dolpa, that are broadly charac-
terized by the trans-Himalayan and Himalayan habitats, respectively. 
We also examined the factors influencing household level variation 
in livestock depredation by snow leopard.

2  | MATERIAL S AND METHODS

2.1 | Study area

This study was conducted at two sites, the Lower Dolpa and the 
Upper Dolpa in Shey Phoksundo National Park, Nepal (29°15′–29°45′ 
N and 83°08′–83°31′ E; Figure 1). Located in western part of Nepal, 
the park covers an area of 3,555 km2 with elevation ranging from 
2,130 m in Ankhe to 6,883 m at the summit of Kanjirowa Mountain. 
The park contains the transition from a monsoon dominated climate 
with 1,500 mm of annual precipitation in the south (Suligad) to an 
arid climate with less than 500 mm a year in the northern slopes.
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The main mammalian fauna includes snow leopard (Panthera 
uncia), red fox (Vulpes vulpes), jackal (Canis aureus), gray wolf 
(Canis lupus), Himalayan marmot (Marmota himalayana), musk deer 
(Moschus chrysogaster) and Himalayan goral (Naemorhedus goral), 
and bharal (blue sheep Pseudois nayaur). The boundary of the two 
sites is separated by a ridgeline and mountain pass of about 5,000 m 
from mean sea level. Lower Dolpa (c. 600 km2) lies in the southern 
part of the park and is characterized by a Himalayan ecosystem with 
tree line vegetation, and mixed broadleaved conifer species dom-
inating up to 3,600 m elevation. Upper Dolpa (c. 800 km2) lies in 
the north and is a rain shadow zone bordering China. Unlike Lower 
Dolpa, Upper Dolpa is above tree line, characterized by the trans-Hi-
malayan ecosystem with less than 500 mm annual rainfall and dom-
inated by dry alpine steppe, meadows rich in sedges and graminoids 
such as Stipa, Carex, and Kobresia, and shrubs such as Caragana bre-
vifolia and Lonicera spinosa on dry sites. Human population in Lower 
Dolpa is about 500 in four villages, whereas Upper Dolpa has a 
population of 750 in 18 scattered villages (Table 1). In Lower Dolpa, 
people have largely stopped rearing small livestock including sheep 
Ovis aries and goats Capra hircus (except 4–5 households) due to 
increasing livelihood opportunities in tourism, but continue to rear 
large livestock such as yaks Bos grunniens, cattle-yak hybrids (dzo, 
jhopas, Bos spp.), and horses Equus ferus caballus. In Upper Dolpa, 

small livestock species dominate the holding size but large livestock 
species are also reared in high number. In winter, people of Rigmo 
village descend to low elevation areas (below 3000 m) with all of 

F I G U R E  1   Study sites including the Himalayan Lower Dolpa and trans-Himalayan Upper Dolpa within Shey Phoksundo National Park, 
Nepal, where snow leopard Panthera uncia and prey abundance estimation were undertaken

TA B L E  1   A comparison of the two study sites where the 
abundances of snow leopards, abundance, wild prey, and livestock 
were assessed, and the extent of livestock predation was 
compared. The study sites include Upper Dolpa and Lower Dolpa in 
Shey Phoksundo National Park, Nepal

Description Lower Dolpa Upper Dolpa

Location 29.19° N, 
82.92° E

29.42° N, 
82.99° E

Altitude (m) 3,060–6,883 3,145–6,244

Number of human settlements 5 18

Total human population 550 2,549

Total households 108 664

Total livestock population 1,607 12,911

Cattle 50 747

Yak/horse 1,181 1,740

Goat 91 3,362

Sheep 285 7,062

Average livestock holding size 18.71 40.20



11790  |     KHANAL et AL.

their livestock to avoid heavy snowfall. However, people from Upper 
Dolpa generally do not migrate to low elevation areas (but some fam-
ilies who have large number of large livestock, mostly yaks, migrate 
with their stock). Upper Dolpa in addition to having higher livestock 
density also has higher holding size per household, more scattered 
villages, more sheep and goats, and higher number of grazing days in 
pasture far from home compared to Lower Dolpa (Table 1).

2.2 | Camera trapping survey of snow leopard

We deployed 65 camera traps (Model HC550; Reonyx Inc, and 
Cuddeback IR) at 62 stations in the two study sites over an area of 
approximately 700 km2 (Figure 1) from November 2017 through April 
2018. Details of site-wise sampling duration, average trap spacing, 
and camera array areas are provided in Table 2. To ensure systematic 
placement of camera traps, we overlaid the study area with 4 × 4 km2 
square grid cells for camera trap deployment. This grid cell size was 
chosen to be small enough to avoid holes for snow leopards to go 
undetected and large enough to have multiple spatial recaptures of 
individuals. Before deploying camera traps, areas with higher prob-
ability of encountering snow leopard signs such as human trails, well-
defined and narrow ridgelines, valley bottoms, scent marking sites or 
immediately adjacent to frequently scent-sprayed rocks and scrapes 
were identified through preliminary sign surveys (Jackson et al., 2006). 
Camera traps were then set up in such locations within grid cells main-
taining intertrap distance of 1–3 km in order to maximize recaptures 
at different camera trap stations considering recommendations of the 
simulation studies (Sollmann et al., 2012).

2.3 | Wild prey (blue sheep) survey

We used the “double-observer” survey method to estimate the abun-
dance of blue sheep (Forsyth & Hickling, 1997; Suryawanshi et al., 2012). 
This method is analogous to two sample capture–mark–recapture 

(CMR) technique of animal abundance estimation (Williams et al., 2002). 
The logic is that individual animals are difficult to uniquely identify and 
mark in mountain ungulate species but groups or herds can be identi-
fied uniquely based on group characteristics, sighting location and time 
etc. Hence, traditional CMR can be still used at the group level, the 
unit of analysis being the group or herd. In this method, the study area 
is divided into smaller blocks where surveys (combination of trails and 
observation points) can be done ensuring complete visual coverage. 
Two observers or two teams of observers independently search and 
count the herds and numbers of animals along specific trails or routes 
separated by about 15–20 min. Both observer teams record sufficient 
information on each of the ungulate sighting (e.g., herd size, geographic 
location, time of the sighting, distance to the herd location, age-sex 
composition of the herd) to allow them to later identify the common 
(recaptured herds) and unique herds. The key assumptions of this form 
of double-observer survey are that complete visual coverage of sur-
vey block is possible, common groups are not misidentified, and there 
is no group fission or fusion during the duration of the two surveys 
(Suryawanshi et al., 2012).

To conduct the field surveys, we first mapped 5–7 blocks of 
30–50 km2 in both Upper and Lower Dolpa. These blocks were de-
limited using geographic features such as rivers, ridgelines, and wa-
tershed boundary. Human-used trails, valley bottoms, and ridgelines 
were mapped as potential survey routes within these sub-blocks. 
Two observers equipped with either binoculars or spotting scope 
then conducted double-observer surveys along these routes spacing 
themselves by 15–20 min. Information on herd size, age-sex com-
position of the herd, sighting time and location and any particular 
characteristics and composition of the herd (e.g., male only groups) 
were used for verifying unique and common (recapture) herds and 
to avoid double counting. Surveys were conducted between 19 
February 2018 and 26 April 2018 when blue sheep movement be-
tween adjacent blocks was generally low due to high accumulation 
of snow.

2.4 | Livestock depredation surveys

We conducted household level interviews using semi-structured 
questionnaire forms to gather information on species wise livestock 
holdings, grazing practices and livestock lost to snow leopards. 
A snowball sampling approach was used to sample households, 
where a respondent was asked to introduce another respondent 
(Goodman, 1961). A semi-structured questionnaire form included 
questions pertaining to socio-demographic characteristics of the 
respondents, livestock loss incurred due to snow leopards or other 
wild predators, monetary loss experienced and perception toward 
snow leopard conservation (Table S3). We asked the respondents 
to report the livestock losses incurred during the calendar year 
2017. For each reported case of livestock depredation, additional 
information on the type of livestock lost, the month, date, time, 
and location was recorded when available. Out of 108 households 
in Lower Dolpa, 52 households were sampled and in Upper Dolpa 

TA B L E  2   Summary of site-wise survey duration, number 
of camera stations, and camera array polygon, and estimated 
parameters of interest: density (D) per 100 km2, its lower 
confidence interval (LCL)-upper confidence level (UCL), capture 
probability (g0), spatial scale movement parameter (σ)

Description Lower Dolpa Upper Dolpa

Survey duration 2 Nov. 2017–14 
Apr. 2018

8 Nov. 2017–25 
Apr. 2018

Camera trap stations 39 23

Camera trap polygon Area 350 km2 350 km2

Camera trap spacing 1,608.95 m 2,913. 24 m

Density (SE) 1.21 (0.47) 2.51 (0.79)

LCL- UCL 0.58–2.54 1.36–4.60

g0 (SE) 0.03 (0.007) 0.04 (0.01)

σ (SE) 4,846 (499) 2,172 (291)
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118 households were sampled out of 664 households (Central 
Bureau of Statistics, 2012). A pilot survey of twenty households 
was conducted to ensure that the questions were simple enough 
for respondents to understand clearly. Total livestock population 
size was obtained from the report of Department of Livestock 
Services, under the Ministry of Agriculture, Land Management 
and Cooperatives, Government of Nepal (Government of Nepal, 
2017).

2.5 | Data analysis

2.5.1 | Snow leopard population density

We used the maximum likelihood based spatially explicit capture–
recapture (SECR) approach to analyze the spatial capture recap-
ture data of snow leopards obtained from camera traps for density 
estimation. SECR is a spatially explicit hierarchical modeling pro-
cess, which combines a state model and an observation model. 
The state model defines the distribution of animal activity centers 
in the landscape, and the observation model or spatial detection 
model describes the probability of capturing an animal at a certain 
trap to the distance of the trap from a mid-point in individuals ac-
tivity center or home range. Species density is then defined as the 
intensity of activity centers or spatial point pattern (home range 
centers). The joint fitting of the state and observation models pro-
vides an estimate of population density (Borchers & Efford, 2008; 
Royle et al., 2014). All analyses were conducted with the software 
package secr in R (Efford, 2018). The data input included the spa-
tial capture recapture history of each identified snow leopard in-
dividual and trap layout information (geographic locations of each 
trap stations). Individual snow leopard IDs were prepared based 
on their pelage, forehead, and tail pattern (Alexander, et al., 2015; 
Alexander, et al., 2015; Jackson et al., 2006). At least two observ-
ers carefully reviewed photographic records of snow leopard 
captures, aided by video records if available. Any discrepancy in 
identification was jointly reviewed by the observers and consensus 
was reached on the individual IDs. To assess their accuracy level in 
being able to correctly identify individual snow leopards from cap-
ture images, both observers independently conducted self-evalu-
ations using the Snow Leopard Identification and Training Toolkit 
developed by the Global Snow Leopard Ecosystem Programme 
(GSLEP) http://camtr aining.globa lsnow leopa rd.org/ (Johansson 
et al., 2020). This tool kit uses a camera trap database of known 
individuals from zoos. The accuracy level for both observers was 
93.88% and 92.78%, respectively, for 100 photographs each. We 
assumed that this level of accuracy was adequate for arriving at 
abundance estimates that were not significantly biased due to 
identification errors.

Each unique individual snow leopard from the field dataset 
was checked for recapture at the same station and at the other 
stations and across sites. Each day (24-hr period) was considered 
as a unique sampling occasion (Karanth & Nichols, 1998). Spatial 

capture–recapture history of each individual snow leopard was pre-
pared for the first 90 sampling occasions and included for analysis in 
order to try and meet the closure assumption.

For each study site, data were analyzed separately to estimate 
the parameters of interest: density (D), capture probability of an 
individual snow leopard at its activity center (g0), and the spatial 
scale over which detection probability declines as the distance be-
tween an individual's activity center to the camera trap station 
increases (σ). Variability in sampling effort may negatively bias 
density estimates and reduce the ability to explain variation in de-
tection probability, so we accounted for variable sampling effort 
by using the number of days each sampling detector was active 
(Efford, 2018). We compared the fit of three detection functions: 
half normal, hazard rate, and exponential for the observation 
model to identify an appropriate function for capture probability 
using Akaike's information criterion, corrected for small sample 
sizes (AICc). For both study sites, half-normal detection function 
showed better fit. For all subsequent analysis, a half-normal de-
tection function was used for the observation model and a homo-
geneous Poisson distribution was used for the state model, which 
assumes latent activity centers are distributed evenly across the 
state space (Borchers & Efford, 2008). For both study sites, we 
fitted five plausible models for different detection functions and 
estimated the parameter based on the best model, assessed their 
relative support using Akaike's information criterion, corrected for 
small sample sizes (AICc) (Burnham & Anderson, 2002) and used 
the best supported model to make inference on density estimates 
(Tables S1a & S1b). We did not use any site covariates to model 
spatial variation in density since our primary goal was to obtain 
robust estimate of density for the two sites rather than spatial 
variation within them.

2.5.2 | Wild prey abundance and density

The total number of blue sheep herds was estimated using the 
Chapman's bias-corrected estimator (Chapman, 1951). The total 
abundance of blue sheep was estimated as product of estimated 
number of herd and the mean herd size. Density of blue sheep 
within each site was calculated by dividing the double-observer 
estimate of blue sheep abundance by the estimated area cov-
ered by the double-observer surveys following Suryawanshi 
et al. (2012). The area of individual sub-block was summed to 
get the total sampled area for both Upper and Lower Dolpa site 
separately. Freely available Google earth images and Quantum 
Geographic Information System software (QGIS) were used to 
map the sampled area.

2.5.3 | Livestock density and livestock predation

Livestock density was calculated by dividing the total livestock pop-
ulation by the total livestock grazing area, which was mapped in field 

http://camtraining.globalsnowleopard.org/
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with the help of local herders. Two metrics of livestock predation 
were calculated, (a) proportion of livestock holding lost per house-
hold, which was calculated as the total reported livestock lost by a 
household over a year (2017) divided by total livestock owned by 
the household, and (b) proportion of livestock holding lost at site 
level, which was calculated as the sum total of all livestock lost by all 
sampled households at a site divided by the total number of livestock 
owned by all sampled households at that site.

2.5.4 | Relationship between livestock predation, 
snow leopard density, wild prey density, livestock 
density, and household characteristics

We plotted simple bar graphs with standard deviations to assess 
whether densities of snow leopard, wild prey, and livestock differed 
between two sites. We also assessed whether the sites differed in 
total proportion of livestock lost and per household livestock lost. 
Snow leopard occupancy status remained fairly constant over two 
time periods November 2017–January 2018, when camera trap data 
surveys were conducted and February 2018–April 2018, when wild 
prey population sampling was done (Table S2). We have therefore 
assumed that no biases resulted due to the difference in time peri-
ods between when the camera trapping was done for snow leopard 
density estimation and the double-observer surveys were con-
ducted for wild prey density estimation. We ran generalized linear 
models (GLMs) with a Poisson error distribution and log link function 
to test the influence of three household level factors-total livestock 
holding, number of small bodied livestock (goat and sheep) in total 
livestock holding, number of large bodied livestock to total holding 
and grazing days in pasture on household level variation in livestock 
depredation.

3  | RESULTS

3.1 | Snow leopard density

Overall, a total of 50 detections of 14 unique snow leopard adults 
were obtained from over 90 occasions at 23 camera traps stations in 
Upper Dolpa. In Lower Dolpa, from 39 traps stations, 48 detections 
of 7 unique snow leopard adults were obtained over 90 occasions. 
Based on the closure test function available in “secr” package, the 
sampled population appeared to be closed for both Upper Dolpa 
(Z = −0.97, p = .16) and Lower Dolpa (Z = −0.36, p = .35).

For both sites, the best model based on AICc included a con-
stant capture probability (g0) and movement parameter (σ) with 
half-normal detection as a detection function (Table S1). Estimated 
snow leopard density was 1.21 individuals per 100 km2 (95% CI 
0.58–2.54) for Lower Dolpa and 2.51 individuals per 100 km2 (95% 
CI 1.36–4.60) for Upper Dolpa. The detection probability at activ-
ity center (g0) was 0.004 (Upper Dolpa), and 0.003 (Lower Dolpa) 

and the function of movement (σ) was estimated at 2,172 m (Upper 
Dolpa) and 4,846 m (Lower Dolpa; Table 2).

3.2 | Wild prey blue sheep density

The estimated wild prey density was 1.81 blue sheep per square 
kilometer (95% CI = 1.49–2.11) for Upper Dolpa, whereas it was 
1.57 blue sheep per square kilometer (95% CI = 1.22–1.91) in Lower 
Dolpa (Table 3). The mean group size of blue sheep herds was similar 
for both sites (16 individuals in Upper Dolpa and 16.47 individuals in 
Lower Dolpa). The estimated number of blue sheep groups was 34 
for Lower Dolpa and 36 for Upper Dolpa. For Lower Dolpa, the de-
tection probability was 0.67 and 0.70 for first observer and second 
observer, respectively, and it was 0.78 and 0.75 for first observer 
and second observer for Upper Dolpa.

3.3 | Livestock population, density, and depredation

The total livestock population of Upper Dolpa was approximately 
13,000 and Lower Dolpa was approximately 1,600 (Table 1). 
Livestock density was almost fourfold higher in Upper Dolpa (17.21 
per square kilometer) as compared to Lower Dolpa (4.51 animals 
per km2) (Table 4). A total of 487 livestock were reportedly lost to 
snow leopard in Upper Dolpa and 30 livestock in Lower Dolpa in 
the year of 2017. Small stock (goats and sheep) accounted 90 per-
cent of the total loss (Table 4). The proportion of total livestock 
holding lost to snow leopard was higher in Upper Dolpa (10.38% 
of livestock holding) in comparison to Lower Dolpa (3.08% of total 
livestock holding).

TA B L E  3   Results of double-observer surveys of blue sheep in 
Upper and Lower Dolpa of Shey Phoksundo National Park, Nepal, 
between November 2017 and April 2018

Variables Lower Dolpa Upper Dolpa

No. of groups sighted by 
both observers

16 21

No. of groups sighted by 
first observer only

7 7

No. of groups sighted by 
second observer only

8 6

Estimated population 549 591

Variance in estimated 
population

3,585.29 2,642.61

Estimated detection 
probability Obs 1

0.667 0.778

Estimated detection 
probability Obs 2

0.696 0.750

Total area (km2) 350 328

Density 1.57 (95% 
CI = 1.22–1.91

1.81 (95% 
CI = 1.49–2.11)
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3.4 | Relationship between snow leopard, wild 
prey and livestock density

The blue sheep density was similar in both sites. The 95% con-
fidence intervals around density estimates for the two sites 

overlapped. The estimated snow leopard density, livestock num-
ber, livestock density, and average livestock holding were all higher 
in Upper Dolpa in comparison to Lower Dolpa (Figure 2). The pro-
portion of livestock loss per household (total livestock lost to snow 
leopards divided by total livestock holding owned by a respondent 
household) and proportion of total livestock holding lost (total live-
stock lost by all respondents divided by the sum total of livestock 
holdings of all respondents) in a year was significantly higher in 
Upper Dolpa (Table 4, Figure 2).

3.5 | Factors influencing household level variation in 
livestock depredation

Respondents who owned higher number of livestock were likely 
to incur more livestock loss to snow leopard (β = 0.45 ± SE 0.03). 
Greater number of grazing days in pasture increased the chances 
of a respondent losing a greater number of livestock to snow leop-
ards (β = 0.46 ± SE 0.04). The respondents with higher number 
of small bodied livestock in their livestock holding composition 
lost significantly higher number of livestock to snow leopards 
(β = 0.85 ± SE 0.06). Number of large bodied livestock in total live-
stock holding size did not have a statistically discernable impact on 
household level livestock loss to snow leopard (β = 0.0009 ± SE 
0.04; Table S4).

TA B L E  4   Total livestock population, density, and reported 
livestock depredation by snow leopard in Upper and Lower Dolpa 
sites for a calendar year 2017

Description Lower Dolpa Upper Dolpa

Area (km2) 350 750

Total livestock population 1,607 12,911

Average holding size 18.71 40.20

Livestock density 4.59 17.21

Small bodied stock (goat and 
sheep) loss

2 463

Large bodied stock loss 28 24

Total livestock loss for a calendar 
year 2017

30 487

Proportion of livestock loss at site 
(% of total livestock holding of all 
respondents)

3.08 10.38

Per household average loss (% of 
livestock owned by respondent)

0.58 4.13

F I G U R E  2   Comparison of estimated 
density of snow leopard based on spatial 
capture–recapture analysis, wild prey 
blue sheep density, livestock density, 
and proportion of livestock holding 
lost to snow leopard across two sites 
(Upper Dolpa and Lower Dolpa) in 
Shey Phoksundo National Park, Nepal. 
Proportion of livestock depredation 
was calculated as total livestock lost in 
a calendar year 2017 by all respondents 
divided by sum total of the livestock 
holding owned by all respondents
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4  | DISCUSSION

Retaliatory killing over livestock depredation is a serious threat 
to survival of large mammalian carnivores. We compared whether 
livestock predation by snow leopards differs in relation to live-
stock and wild prey densities in two sites. We found higher ex-
tent of snow leopard predation on livestock both in terms of 
proportion of total livestock holding lost (of all sampled house-
holds) and per household loss in Upper Dolpa—the site which had 
higher estimated snow leopard and livestock density, and higher 
abundance of livestock but similar wild prey density compared to 
Lower Dolpa. The combined influence of higher snow leopard and 
livestock density appeared to have resulted in greater livestock 
predation in Upper Dolpa. This also suggests that an increase in 
livestock population and/or snow leopard population could po-
tentially intensify predation. Previous studies have suggested that 
livestock predation by snow leopards may increase with increase 
in livestock stocking density and also with an increase in wild prey 
via increased abundance of snow leopards (Chetri et al., 2019; 
Suryawanshi et al., 2013).

We found higher snow leopard density in Upper Dolpa despite 
similar wild prey densities in both the sites. This is surprising because 
wild prey density is known to be a critical determinant of snow leop-
ard density (Suryawanshi et al., 2017). Upper Dolpa is a trans-Hi-
malayan site with higher livestock population and density. Whether 
the Upper Dolpa (Trans-Himalayan site) is more suitable habitat for 
snow leopards, or whether there were other threats or constraints 
for snow leopard in Lower Dolpa (the Himalayan site), needs to be 
further investigated.

Factors such as spatio-temporal availability of livestock, live-
stock husbandry practices and habitat characteristics (e.g., rela-
tive availability of terrain ruggedness) are also important drivers 
of livestock predation. Previous studies on snow leopard preda-
tion on livestock show that combination of lax herding practices 
and availability of wild prey affects livestock predation (Bagchi 
& Mishra, 2006; Hussain, 2003; Jackson et al., 1996; Johansson 
et al., 2015; Oli et al., 1994), with straggler livestock left behind 
during grazing being highly preyed upon (Johansson et al., 2015). 
While we were unable to explicitly quantify the difference in 
spatio-temporal availability of the livestock in our study sites, ac-
counts from local herders revealed that livestock holding size and 
distribution of grazing pastures differed between two sites, with 
Upper Dolpa in particular having higher livestock density, higher 
average livestock holding size, more sparse human settlements, 
more small stocks (sheep & goats), higher number of grazing days in 
pastures far from human settlements than Lower Dolpa. It is thus 
possible that these differences in livestock availability could have 
also influenced the extent of depredation across the two study 
sites as shown in other studies (Ghoddousi et al., 2016; Khorozyan 
et al., 2017).

We found household who owned more livestock and a greater 
proportion of small bodied livestock to lose higher number of 
livestock to snow leopard predation. Large herd size with higher 

number of small bodied livestock may be easier to detect and prey 
upon (Chetri et al., 2019; Mijiddorj et al., 2018). We found that 
herders who grazed their livestock for longer durations (number of 
days) in pastures were likely to lose more livestock over the year 
to snow leopards. Number of large bodied livestock in holding size 
did not have significant influence on livestock predation, unlike a 
previous study in Central Nepal that showed households owning 
greater proportion of large bodied livestock to more likely incur 
livestock loss (Chetri et al., 2019). This could be because herders 
in our study site may guard large stock actively due to their higher 
economic value. It is also possible that higher availability of small 
bodied livestock may offset some level of predation pressure on 
large bodied stock.

Retaliatory killing of large carnivores is one of the most press-
ing conservation threats, and livestock depredation is the major 
driver of such persecution of carnivores. Minimizing retaliatory 
killings is thus essential for large carnivore conservation. Our find-
ings, which indicate greater livestock predation at higher snow 
leopard density and livestock density, and herders with greater 
proportion of small bodied livestock who also graze in pastures 
for longer duration over the year, losing more livestock, have im-
plications for management of conservation conflicts and retalia-
tory killings over livestock predation. The main implication of our 
study is that human snow leopard conflict management strategy 
needs to focus on preventive measures because increase in snow 
leopard population due to conservation efforts or increase in live-
stock population due to local and regional demands will result in 
increased predation on livestock. If unmanaged, this will lead to 
greater conflict and retaliatory killing of snow leopards. Snow 
leopard habitats are multi-use landscapes, where a growing human 
population will continue to depend on pastoralism (Johansson 
et al., 2016; Mishra et al., 2009). Across snow leopard distribu-
tion range in the Himalaya and Central Asia, livestock population 
is expected to increase, particularly goat population, in response 
to the international demand for cashmere (Berger et al., 2013). 
On the one hand, this increase in livestock population, while 
being important for local economies, may have negative impact 
on wild prey population as it been found to depress herbivores 
prey population (Mishra, Van Wieren, Ketner, Heitkonig, & Prins, 
2004, Suryawanshi, Bhatnagar, & Mishra, 2010). The resulting out-
comes of depressed wild prey population could result in reduced 
density of snow leopards. On the other hand, conserving snow 
leopards, while being positive for conservation, may have reper-
cussions on local economies that rely on livestock production, as 
higher density of snow leopards may also imply higher livestock 
predation, and consequently more retaliatory killing of snow leop-
ards. Conservation initiatives aiming to recover snow leopard pop-
ulations or efforts to increase livestock populations in multi-use 
landscapes for enhancing local economies therefore must be ac-
companied by preventive measures to protect livestock predation 
by snow leopards (e.g., predator-proof corrals), and offsetting eco-
nomic costs of livestock predation (e.g., compensation payments, 
community managed livestock insurance programs).



     |  11795KHANAL et AL.

ACKNOWLEDG MENT
We thank the Department of National Park and Wildlife 
Conservation (DNPWC) of Nepal for research permit (permit dis-
patch no. 945 dated on 25 October 2017) and National Centre for 
Biological Science (NCBS), Tata Institute for Fundamental Research, 
Bangalore India, and British Ecological Society for partial funding. 
We also thank the Snow Leopard Trust, USA, Nature Conservation 
Foundation, India (NCF) and WWF Nepal for providing camera traps. 
We are grateful to Bhumi Prakash Chaudhary Tharu, Kesang Chunit, 
Tenjin Thuktang, Nurbu Lama, and national park staff and local field 
assistants for their support in data collection. The corresponding au-
thor would like to thank his MSc classmates for useful discussions, 
and Jayshree Ratnam, Ajit Kumar, and Chandni Gurusrikar for admin-
istrative support.

CONFLIC TS OF INTERE S T
None.

AUTHOR CONTRIBUTION
Gopal Khanal: Conceptualization (equal); Data curation (lead); 
Formal analysis (lead); Methodology (equal); Writing-original 
draft (lead); Writing-review & editing (equal). Charudutt Mishra: 
Conceptualization (equal); Methodology (equal); Supervision (sup-
porting); Validation (equal); Writing-review & editing (equal). 
Kulbhushansingh R. Suryawanshi: Conceptualization (equal); Formal 
analysis (supporting); Methodology (equal); Supervision (lead); 
Validation (equal); Writing-original draft (supporting); Writing-
review & editing (equal).

DATA AVAIL ABILIT Y S TATEMENT
All the relevant data used in this study have been archived in Dryad 
https://doi.org/10.5061/dryad.dfn2z 34zq

ORCID
Gopal Khanal  https://orcid.org/0000-0001-6628-0015 

R E FE R E N C E S
Alexander, J., Chen, P., Damerell, P., Youkui, W., Hughes, J., Shi, K., & 

Riordan, P. (2015). Human wildlife conflict involving large carni-
vores in Qilianshan, China and the minimal paw-print of snow leop-
ards. Biological Conservation, 187, 1–9. https://doi.org/10.1016/j.
biocon.2015.04.002

Alexander, J. S., Gopalaswamy, A. M., Shi, K., & Riordan, P. (2015). 
Face value: Towards robust estimates of snow leopard densi-
ties. PLoS One, 10(8), e0134815. https://doi.org/10.1371/journ 
al.pone.0134815

Aryal, A., Brunton, D., Ji, W., Barraclough, R. K., & Raubenheimer, D. 
(2014). Human-carnivore conflict: Ecological and economical sus-
tainability of predation on livestock by snow leopard and other car-
nivores in the Himalaya. Sustainability Science, 9(3), 321–329. https://
doi.org/10.1007/s1162 5-014-0246-8

Bagchi, S., & Mishra, C. (2006). Living with large carnivores: Predation on 
livestock by the snow leopard (Uncia uncia). Journal of Zoology, 268(3), 
217–224. https://doi.org/10.1111/j.1469-7998.2005.00030.x

Bagchi, S., Sharma, R. K., & Bhatnagar, Y. V. (2020). Change in snow 
leopard predation on livestock after revival of wild prey in the 

Trans-Himalaya. Wildlife Biology, 1, 1–11. https://doi.org/10.2981/
wlb.00583

Berger, J., Buuveibaatar, B., & Mishra, C. (2013). Globalization of the 
cashmere market and the decline of large mammals in central Asia. 
Conservation Biology, 27(4), 679–689. https://doi.org/10.1111/
cobi.12100

Borchers, D. L., & Efford, M. G. (2008). Spatially explicit maximum likeli-
hood methods for capture-recapture studies. Biometrics, 64(2), 377–
385. https://doi.org/10.1111/j.1541-0420.2007.00927.x

Burnham, K. P., & Anderson, D. R. (2002). Model Selection and Multimodel 
Inference: A Practical Information-Theoretic Approach, 2nd ed. New 
York, NY: Springer-Verlag.

Carbone, C., & Gittleman, J. L. (2002). A common rule for the scaling 
of carnivore density. Science, 295(5563), 2273–2276. https://doi.
org/10.1126/scien ce.1067994

Cardillo, M., Purvis, A., Sechrest, W., Gittleman, J. L., Bielby, J., & Mace, 
G. M. (2004). Human population density and extinction risk in the 
world’s carnivores. PLoS Biology, 2, e197. https://doi.org/10.1371/
journ al.pbio.0020197

Central Bureau of Statistics. (2012). District profile report of Nepal. : 
Central Bureau of Statistics.

Chapman, D. G. (1951). Some properties of the hypergeometric distri-
bution with applications to zoological sample censuses. University of 
California Publications in Statistics, 1(7), 131–160.

Chapron, G., Miquelle, D. G., Lambert, A., Goodrich, J. M., Legendre, S., 
& Clobert, J. (2008). The impact on tigers of poaching versus prey 
depletion. Journal of Applied Ecology, 45(6), 1667–1674. https://doi.
org/10.1111/j.1365-2664.2008.01538.x

Chetri, M., Odden, M., Devineau, O., & Wegge, P. (2019). Patterns of 
livestock depredation by snow leopards and other large carnivores 
in the Central Himalayas, Nepal. Global Ecology and Conservation, 17, 
e00536. https://doi.org/10.1016/j.gecco.2019.e00536

Chetri, M., Odden, M., & Wegge, P. (2017). Snow leopard and Himalayan 
wolf: Food habits and prey selection in the central Himalayas, 
Nepal. PLoS One, 12, e0170549. https://doi.org/10.1371/journ 
al.pone.0170549

Efford, M. (2018). secr: Spatially Explicit Capture – Recapture. R package 
version 3.1.6. Secr 3.1 R Package. Retrieved from https://cran.r-proje 
ct.org/packa ge=secr

Forsyth, D. M., & Hickling, G. J. (1997). An improved technique for in-
dexing abundance of Himalayan thar. New Zealand Journal of Ecology, 
21, 97–101.

Ghoddousi, A., Soofi, M., Hamidi, A. K., Lumetsberger, T., Egli, L., 
Khorozyan, I., & Waltert, M. (2016). Assessing the role of live-
stock in big cat prey choice using spatiotemporal availability pat-
terns. PLoS One, 11(4), e0153439. https://doi.org/10.1371/journ 
al.pone.0153439

Goodman, L. A. (1961). Snowball sampling. The Annals of Mathematical 
Statistics, 31(1), 148–170. https://doi.org/10.1214/aoms/11777 
05148

Hussain, S. (2003). The status of the snow leopard in Pakistan and its con-
flict with local farmers. Oryx, 37(01), 26–33. https://doi.org/10.1017/
S0030 60530 3000085

Ikeda, N. (2004). Economic impacts of livestock depredation by snow 
leopard Uncia uncia in the Kanchenjunga Conservation Area, Nepal 
Himalaya. Environmental Conservation, 31(4), 322–330. https://doi.
org/10.1017/S0376 89290 4001778

Inskip, C., Carter, N., Riley, S., Roberts, T., & MacMillan, D. (2016). Toward 
human-carnivore coexistence: Understanding tolerance for tigers in 
Bangladesh. PLoS One, 11(1), e0145913. https://doi.org/10.1371/
journ al.pone.0145913

Inskip, C., Fahad, Z., Tully, R., Roberts, T., & MacMillan, D. (2014). 
Understanding carnivore killing behaviour: Exploring the motivations 
for tiger killing in the Sundarbans, Bangladesh. Biological Conservation, 
180, 42–50. https://doi.org/10.1016/j.biocon.2014.09.028

https://doi.org/10.5061/dryad.dfn2z34zq
https://orcid.org/0000-0001-6628-0015
https://orcid.org/0000-0001-6628-0015
https://doi.org/10.1016/j.biocon.2015.04.002
https://doi.org/10.1016/j.biocon.2015.04.002
https://doi.org/10.1371/journal.pone.0134815
https://doi.org/10.1371/journal.pone.0134815
https://doi.org/10.1007/s11625-014-0246-8
https://doi.org/10.1007/s11625-014-0246-8
https://doi.org/10.1111/j.1469-7998.2005.00030.x
https://doi.org/10.2981/wlb.00583
https://doi.org/10.2981/wlb.00583
https://doi.org/10.1111/cobi.12100
https://doi.org/10.1111/cobi.12100
https://doi.org/10.1111/j.1541-0420.2007.00927.x
https://doi.org/10.1126/science.1067994
https://doi.org/10.1126/science.1067994
https://doi.org/10.1371/journal.pbio.0020197
https://doi.org/10.1371/journal.pbio.0020197
https://doi.org/10.1111/j.1365-2664.2008.01538.x
https://doi.org/10.1111/j.1365-2664.2008.01538.x
https://doi.org/10.1016/j.gecco.2019.e00536
https://doi.org/10.1371/journal.pone.0170549
https://doi.org/10.1371/journal.pone.0170549
https://cran.r-project.org/package=secr
https://cran.r-project.org/package=secr
https://doi.org/10.1371/journal.pone.0153439
https://doi.org/10.1371/journal.pone.0153439
https://doi.org/10.1214/aoms/1177705148
https://doi.org/10.1214/aoms/1177705148
https://doi.org/10.1017/S0030605303000085
https://doi.org/10.1017/S0030605303000085
https://doi.org/10.1017/S0376892904001778
https://doi.org/10.1017/S0376892904001778
https://doi.org/10.1371/journal.pone.0145913
https://doi.org/10.1371/journal.pone.0145913
https://doi.org/10.1016/j.biocon.2014.09.028


11796  |     KHANAL et AL.

Inskip, C., & Zimmermann, A. (2009). Human-felid conflict: A review of 
patterns and priorities worldwide. Oryx, 43(1), 18–34. https://doi.
org/10.1017/S0030 60530 899030X

Jackson, R. M., Ahlborn, G., Gurung, M., & Ale, S. B. (1996). Reducing 
livestock depredation losses in the Nepalese Himalaya. Proceedings 
of the Seventeenth Vertebrate Pest Conference, 241–247. doi: https://
doi.org/10.1017/CBO97 81107 415324.004

Jackson, R. M., Roe, J. D., Wangchuk, R., & Hunter, D. (2006). Estimating 
Snow Leopard Population Abundance Using Photography and 
Capture – Recapture Techniques. Wildlife Society Bulletin, 34(3), 772–
781. https://doi.org/10.2193/0091-7648.

Janeiro-Otero, A., Newsome, T. M., Van Eeden, L. M., Ripple, W. J., & 
Dormann, C. F. (2020). Grey wolf Canis lupus predation on livestock 
in relation to prey availability. Biological Conservation, 243, 108433 
https://doi.org/10.1016/j.biocon.2020.108433.

Johansson, Ö., McCarthy, T., Samelius, G., Andrén, H., Tumursukh, L., 
& Mishra, C. (2015). Snow leopard predation in a livestock domi-
nated landscape in Mongolia. Biological Conservation, 184, 251–258. 
https://doi.org/10.1016/j.biocon.2015.02.003.

Johansson, Ö., Rauset, G. R., Samelius, G., McCarthy, T., Andrén, H., 
Tumursukh, L., & Mishra, C. (2016). Land sharing is essential for snow 
leopard conservation. Biological Conservation, 203, 1–7. https://doi.
org/10.1016/j.biocon.2016.08.034.

Johansson, Ö., Samelius, G., Wikberg, E., Chapron, G., Mishra, C., & Low, 
M. (2020). Identification errors in camera-trap studies result in sys-
tematic population overestimation. Scientific Reports, 10(1), 1–10. 
https://doi.org/10.1038/s4159 8-020-63367 -z.

Karanth, K. U., & Nichols, J. D. (1998). Estimation of tiger densities in India 
using photographic captures and recaptures. Ecology, 79(8), 2852–
2862. https://doi.org/10.1890/0012-9658(1998)079[2852:EOTDI 
I]2.0.CO;2.

Karanth, K. U., Nichols, J. D., Kumar, N. S., Link, W. A., & Hines, J. E., 
(2004). Tigers and their prey: Predicting carnivore densities from 
prey abundance. Proceedings of the National Academy of Sciences 
of the United States of America, 101(14), 4854–4858. https://doi.
org/10.1073/pnas.03062 10101.

Khorozyan, I., Ghoddousi, A., Soofi, M., & Waltert, M. (2015). Big cats 
kill more livestock when wild prey reaches a minimum threshold. 
Biological Conservation, 192, 268–275. https://doi.org/10.1016/j.
biocon.2015.09.031.

Khorozyan, I., Soofi, M., Soufi, M., Hamidi, A. K., Ghoddousi, A., & 
Waltert, M. (2017). Effects of shepherds and dogs on livestock dep-
redation by leopards (Panthera pardus) in north-eastern Iran. PeerJ, 5, 
e3049 https://doi.org/10.7717/peerj.3049.

Kuiper, T. R., Loveridge, A. J., Parker, D. M., Johnson, P. J., Hunt, J. E., 
Stapelkamp, B., & Macdonald, D. W. (2015). Seasonal herding prac-
tices influence predation on domestic stock by African lions along 
a protected area boundary. Biological Conservation, 191, 546–554. 
https://doi.org/10.1016/j.biocon.2015.08.012.

Lesilau, F., Fonck, M., Gatta, M., Musyoki, C., van Zelfde, M. T., Persoon, 
G. A., Musters, K. C. J. M., de Snoo, G. R., & De Iongh, H. H. (2018). 
Effectiveness of a LED flashlight technique in reducing livestock 
depredation by lions (Panthera leo) around Nairobi National Park, 
Kenya. PLoS One, 13(1), e0190898. https://doi.org/10.1371/journ 
al.pone.0190898.

Li, J., Yin, H., Wang, D., Jiagong, Z., & Lu, Z. (2013). Human-snow leop-
ard conflicts in the Sanjiangyuan Region of the Tibetan Plateau. 
Biological Conservation, 166, 118–123. https://doi.org/10.1016/j.
biocon.2013.06.024.

Lucherini, M., Guerisoli, M. D. L. M., & Luengos Vidal, E. M. (2018). 
Surplus killing by pumas Puma concolor:Rumours and facts. Mammal 
Review, 48(4), 277–283. https://doi.org/10.1111/mam.12135.

McCarthy, T., Mallon, D., Jackson, R., Zahler, P., & McCarthy, K. (2017). 
Panthera uncia. The IUCN Red List of Threatened Species 2017: 
E.T22732A50664030. Downloaded on 03 October 2017.

Meriggi, A., Brangi, A., Matteucci, C., & Sacchi, O. (1996). The 
feeding habits of wolves in relation to large prey availabil-
ity in northern Italy. Ecography, 19(3), 287–295. https://doi.
org/10.1111/j.1600-0587.1996.tb012 56.x.

Meriggi, A., & Lovari, S. (1996). A review of wolf predation in southern 
Europe: Does the wolf prefer wild prey to livestock? The Journal of 
Applied Ecology, 33, 1561–1571. https://doi.org/10.2307/2404794.

Mijiddorj, T. N., Alexander, J. S., & Samelius, G. (2018). Livestock dep-
redation by large carnivores in the South Gobi, Mongolia. Wildlife 
Research, 45, 237–246. https://doi.org/10.1071/WR18009.

Miller, J. R. B., Jhala, Y. V., Jena, J., & Schmitz, O. J. (2015). Landscape-
scale accessibility of livestock to tigers: Implications of spatial grain 
for modeling predation risk to mitigate human-carnivore conflict. 
Ecology and Evolution, 5(6), 1354–1367. https://doi.org/10.1002/
ece3.1440.

Mishra, C. (1997). Livestock depredation by large carnivores in the 
Indian trans-Himalaya: Conflict perceptions and conservation pros-
pects. Environmental Conservation, 24(4), 338–343. https://doi.
org/10.1017/S0376 89299 7000441.

Mishra, C., Bagchi, S., Namgail, T., & Bhatnagar, Y. V. (2009). Multiple use 
of trans-Himalayan rangelands: Reconciling human livelihoods with 
wildlife conservation. In Wild rangelands: Conserving wildlife while 
maintaining livestock in semi-arid ecosystems (pp. 291–311). https://
doi.org/10.1002/97814 44317 091.ch11

Mishra, C., Van Wieren, S. E., Ketner, P., Heitkonig, I. M. A., & 
Prins, H. H. T. (2004). Competition between domestic live-
stock and wild bharal Pseudois nayaur in the Indian Trans-
Himalaya. Journal of Applied Ecology, 41(2), 344–354. https://doi.
org/10.1111/j.0021-8901.2004.00885.x

Odden, J., Herfindal, I., Linnell, J. D. C., & Andersen, R. (2008). 
Vulnerability of domestic sheep to lynx depredation in relation to 
Roe deer density. Journal of Wildlife Management, 72, 276–282. 
https://doi.org/10.2193/2005-537.

Ogada, M. O., Woodroffe, R., Oguge, N. O., & Frank, L. G. (2003). 
Limiting depredation by African carnivores: The role of livestock 
husbandry. Conservation Biology, 17(6), 1521–1530. https://doi.
org/10.1111/j.1523-1739.2003.00061.x.

Oli, M. K., Taylor, I. R., & Rogers, M. E. (1994). Snow leopard Panthera 
uncia predation of livestock: An assessment of local perceptions in 
the Annapurna Conservation Area. Nepal. Biological Conservation, 
68(1), 63–68. https://doi.org/10.1016/S0015 -0282(02)04216 -4.

Pimenta, V., Barroso, I., Boitani, L., & Beja, P. (2018). Risks a la carte: 
Modelling the occurrence and intensity of wolf predation on multiple 
livestock species. Biological Conservation, 228, 331–342. https://doi.
org/10.1016/j.biocon.2018.11.008.

Rashid, W., Shi, J., Rahim, I., Sultan, H., Dong, S., & Ahmad, L. (2020). 
Research trends and management options in human-snow leop-
ard conflict. Biological Conservation, 242, 108413. https://doi.
org/10.1016/j.biocon.2020.108413.

Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G., 
Hebblewhite, M., & Wirsing, A. J. (2014). Status and ecological ef-
fects of the world’s largest carnivores. Science, 343(6167), 1241484 
https://doi.org/10.1126/scien ce.1241484.

Royle, J. A., Chandler, R. B., Sollmann, R., & Gardner, B. (2014). Fully 
Spatial Capture-Recapture Models. In: Spatial Capture-recapture: First 
Edition, (pp. 1–612). Cambridge, Massachusetts: Elsevier, Academic 
Press. https://doi.org/10.1016/C2012 -0-01222 -7

Snow Leopard Working Secretariat. (2013). Global Snow Leopard 
Ecosystem Protection Program (GSLEP).

Sollmann, R., Gardner, B., & Belant, J. L. (2012). How does spatial study 
design influence density estimates from spatial capture-recapture 
models? PLoS One, 7(4), e34575. https://doi.org/10.1371/journ 
al.pone.0034575.

Soofi, M., Ghoddousi, A., Zeppenfeld, T., Shokri, S., Soufi, M., Egli, L., 
& Khorozyan, I. (2019). Assessing the relationship between illegal 

https://doi.org/10.1017/S003060530899030X
https://doi.org/10.1017/S003060530899030X
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.2193/0091-7648
https://doi.org/10.1016/j.biocon.2020.108433
https://doi.org/10.1016/j.biocon.2015.02.003
https://doi.org/10.1016/j.biocon.2016.08.034
https://doi.org/10.1016/j.biocon.2016.08.034
https://doi.org/10.1038/s41598-020-63367-z
https://doi.org/10.1890/0012-9658(1998)079%5B2852:EOTDII%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079%5B2852:EOTDII%5D2.0.CO;2
https://doi.org/10.1073/pnas.0306210101
https://doi.org/10.1073/pnas.0306210101
https://doi.org/10.1016/j.biocon.2015.09.031
https://doi.org/10.1016/j.biocon.2015.09.031
https://doi.org/10.7717/peerj.3049
https://doi.org/10.1016/j.biocon.2015.08.012
https://doi.org/10.1371/journal.pone.0190898
https://doi.org/10.1371/journal.pone.0190898
https://doi.org/10.1016/j.biocon.2013.06.024
https://doi.org/10.1016/j.biocon.2013.06.024
https://doi.org/10.1111/mam.12135
https://doi.org/10.1111/j.1600-0587.1996.tb01256.x
https://doi.org/10.1111/j.1600-0587.1996.tb01256.x
https://doi.org/10.2307/2404794
https://doi.org/10.1071/WR18009
https://doi.org/10.1002/ece3.1440
https://doi.org/10.1002/ece3.1440
https://doi.org/10.1017/S0376892997000441
https://doi.org/10.1017/S0376892997000441
https://doi.org/10.1002/9781444317091.ch11
https://doi.org/10.1002/9781444317091.ch11
https://doi.org/10.1111/j.0021-8901.2004.00885.x
https://doi.org/10.1111/j.0021-8901.2004.00885.x
https://doi.org/10.2193/2005-537
https://doi.org/10.1111/j.1523-1739.2003.00061.x
https://doi.org/10.1111/j.1523-1739.2003.00061.x
https://doi.org/10.1016/S0015-0282(02)04216-4
https://doi.org/10.1016/j.biocon.2018.11.008
https://doi.org/10.1016/j.biocon.2018.11.008
https://doi.org/10.1016/j.biocon.2020.108413
https://doi.org/10.1016/j.biocon.2020.108413
https://doi.org/10.1126/science.1241484
https://doi.org/10.1016/C2012-0-01222-7
https://doi.org/10.1371/journal.pone.0034575
https://doi.org/10.1371/journal.pone.0034575


     |  11797KHANAL et AL.

hunting of ungulates, wild prey occurrence and livestock depredation 
rate by large carnivores. Journal of Applied Ecology, 56(2), 365–374. 
https://doi.org/10.1111/1365-2664.13266.

Suryawanshi, K. R., Bhatnagar, Y. V., & Mishra, C. (2012). Standardizing 
the double-observer survey method for estimating mountain ungu-
late prey of the endangered snow leopard. Oecologia, 169(3), 581–
590. https://doi.org/10.1007/s0044 2-011-2237-0.

Suryawanshi, K. R., Bhatnagar, Y. V., Redpath, S., & Mishra, C. (2013). 
People, predators and perceptions: Patterns of livestock depreda-
tion by snow leopards and wolves. Journal of Applied Ecology, 50(3), 
550–560. https://doi.org/10.1111/1365-2664.12061.

Suryawanshi, K. R., Bhatnagar, Y. V., & Mishra, C. (2010). Why should 
a grazer browse? Livestock impact on winter resource use by 
bharal Pseudois nayaur. Oecologia, 162(2), 453–462. https://doi.
org/10.1007/s0044 2-009-1467-x

Suryawanshi, K. R., Khanyari, M., Sharma, K., Lkhagvajav, P., & 
Mishra, C. (2019). Sampling bias in snow leopard population es-
timation studies. Population Ecology, 61(3), 268–276. https://doi.
org/10.1002/1438-390x.1027.

Suryawanshi, K. R., Redpath, S. M., Bhatnagar, Y. V., Ramakrishnan, U., 
Chaturvedi, V., Smout, S. C., & Mishra, C. (2017). Impact of wild prey 
availability on livestock predation by snow leopards. Royal Society 
Open Science, 4(6), 170026. https://doi.org/10.1098/rsos.170026.

Thirgood, S., Woodroffe, R., & Rabinowitz, A. (2005). The impact of 
human-wildlife conflict on humans lives and livelihoods. In R. 
Woodroffe, S. Thirgood, A. Rabinowitz (Eds.), People and Wildlife: 
Conflict or Coexistence? Conservation Biology, (pp. 1–517). Cambridge, 
UK: Cambridge University Press. https://doi.org/10.1017/CBO97 
80511 614774

Treves, A., & Karanth, K. U. (2003). Human-carnivore conflict and perspec-
tives on carnivore management worldwide. Conservation Biology, 17(6), 
1491–1499. https://doi.org/10.1111/j.1523-1739.2003.00059.x.

van Eeden, L. M., Crowther, M. S., Dickman, C. R., Macdonald, D. W., 
Ripple, W. J., Ritchie, E. G., & Newsome, T. M. (2018). Managing 

conflict between large carnivores and livestock. Conservation Biology, 
32(1), 26–34. https://doi.org/10.1111/cobi.12959.

Weise, F. J., Hayward, M. W., Casillas Aguirre, R., Tomeletso, M., 
Gadimang, P., Somers, M. J., & Stein, A. B. (2018). Size, shape and 
maintenance matter: A critical appraisal of a global carnivore con-
flict mitigation strategy – Livestock protection kraals in north-
ern Botswana. Biological Conservation, 225, 88–97. https://doi.
org/10.1016/j.biocon.2018.06.023.

Williams, B. K., Nichols, J. D., & Conroy, M. J. (2002). Analysis and man-
agement of animal populations. Academic Press.

Wolf, C., & Ripple, W. J. (2016). Prey depletion as a threat to the world’s 
large carnivores. Royal Society Open Science, 3, 160252. https://doi.
org/10.1098/rsos.160252.

Woodroffe, R., Frank, L. G., Lindsey, P. A., Ole Ranah, S. M. K., & 
Romañach, S. (2007). Livestock husbandry as a tool for carnivore 
conservation in Africa’s community rangelands: A case-control 
study. Biodiversity and Conservation, 16(4), 1245–1260. https://doi.
org/10.1007/s1053 1-006-9124-8.

SUPPORTING INFORMATION
Additional supporting information may be found online in the 
Supporting Information section.

How to cite this article: Khanal G, Mishra C, Ramesh 
Suryawanshi K. Relative influence of wild prey and livestock 
abundance on carnivore-caused livestock predation. Ecol. 
Evol.2020;10:11787–11797. https://doi.org/10.1002/
ece3.6815

https://doi.org/10.1111/1365-2664.13266
https://doi.org/10.1007/s00442-011-2237-0
https://doi.org/10.1111/1365-2664.12061
https://doi.org/10.1007/s00442-009-1467-x
https://doi.org/10.1007/s00442-009-1467-x
https://doi.org/10.1002/1438-390x.1027
https://doi.org/10.1002/1438-390x.1027
https://doi.org/10.1098/rsos.170026
https://doi.org/10.1017/CBO9780511614774
https://doi.org/10.1017/CBO9780511614774
https://doi.org/10.1111/j.1523-1739.2003.00059.x
https://doi.org/10.1111/cobi.12959
https://doi.org/10.1016/j.biocon.2018.06.023
https://doi.org/10.1016/j.biocon.2018.06.023
https://doi.org/10.1098/rsos.160252
https://doi.org/10.1098/rsos.160252
https://doi.org/10.1007/s10531-006-9124-8
https://doi.org/10.1007/s10531-006-9124-8
https://doi.org/10.1002/ece3.6815
https://doi.org/10.1002/ece3.6815

