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Abstract

Understanding the space use and movement ecology of apex predators, particularly in
mosaic landscapes encompassing different land-uses, is fundamental for formulating effec-
tive conservation policy. The top extant big cat in the Middle East and the Caucasus, the
Persian leopard Panthera pardus saxicolor, has disappeared from most of its historic range.
Its spatial ecology in the areas where it remains is almost unknown. Between September
2014 and May 2017, we collared and monitored six adult leopards (5 males and 1 female)
using GPS-satellite Iridium transmitters in Tandoureh National Park (355 km?) along the
Iran-Turkmenistan borderland. Using auto-correlated Kernel density estimation based on a
continuous-time stochastic process for relocation data, we estimated a mean home range of
103.4 + SE 51.8 km? for resident males which is larger than has been observed in other
studies of Asian leopards. Most predation events occurred in core areas, averaging 32.4 £
SE 12.7 km?. Although neighboring leopards showed high spatiotemporal overlap, their
hunting areas were largely exclusive. Five out of six of leopards spent some time outside the
national park, among human communities. Our study suggests that a national park can play
an ‘anchoring’ role for individuals of an apex predator that spend some time in the surround-
ing human-dominated landscapes. Therefore, we envisage that instead of emphasizing
either land sharing or land sparing, a combined approach can secure the viability of resilient
large carnivores that are able to coexist with humans in the rugged montane landscapes of
west and central Asia.

Introduction

Wide-ranging apex predators have spatial needs that may push them to wander beyond the
boundaries of protected areas [1,2]. Prey availability and environmental productivity are
major factors driving predator space use [3,4]. Predator movement patterns are also regulated
by their population density [1,5,6] and climatic disturbance in resource availability [7].
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Ranging beyond protected areas’ boundaries is often associated with higher human-induced
mortality [1,8].

The high altitude areas of west and central Asia host low densities of wild ungulates, pre-
dominantly confined to protected areas, while high number of domestic animals dominate
montane pastures [9,10]. These crowded landscapes with high spatiotemporal variability in
resources create formidable challenges for conservation managers attempting to reduce con-
flict and foster coexistence between humans and top predators.

Current conservation planning for landscapes dominated by humans has elements of two
main paradigms, the “coexistence” (land sharing) versus the “separation” (land sparing) mod-
els. The “land sharing” model, in which carnivores and humans inhabit shared landscapes, is
believed to have facilitated the recovery of large carnivores in Europe [11] and North America
[12]. In contrast, “land sparing” through separating areas for human use from those for wildlife
conservation is shown to be more efficient for a wide range of taxa and landscapes, from trees
and birds [13] to the African lion Panthera leo [14]. Sparing such extensive tracts for large car-
nivores is unlikely to be possible in many parts of the world, particularly in dry areas where
these animals need to range widely to access unpredictable and spatially heterogeneous
resources [15].

Large cats living in the mountains of Asia, where they are threatened by habitat loss and
persecution [16,17], persist at low density (usually <3 individuals/100 km? [18,19]) compared
to other productive landscapes [20,21]. In human-dominated montane landscapes of Asia,
land sharing is essential for persistence of large felids [2]. Nonetheless, to the best of our
knowledge, there is no study which has evaluated the role of established protected areas in
west and central Asia’s rugged terrain, and how the current debate of land sparing and/or land
sharing is relevant for the viability of large cats in a mosaic of spared/shared lands. We address
this challenge with a GPS telemetry study of the Persian leopard P. pardus saxicolor in Tan-
doureh National Park along the Iran-Turkmenistan borderland.

Currently, only a small percentage of the extant range of leopards lies within the current
network of protected areas [17]. Importantly, many Asian borderlands harbour fragmented
populations of leopards [22-24] without effective transboundary conservation programs [17].
Addressing these two challenges, i.e. low protected area coverage and the lack of international
cooperation is partly dependent upon a thorough understanding of the spatial and movement
ecology of leopards at various political scales.

Leopards vary widely in spacing patterns across their global range influenced by densityand
the predictability of resources [4,25]. Inter-individual variations, according to age, gender
[1,26,27] and reproductive status [28] cause differences in ranging behaviour. Humans also
can indirectly influence the spatial ecology of leopards by creating a vacuum effect whereby
territories made vacant by human action cause movement from adjacent territories [29].
Decreased population density mediated by human-induced mortality can also result in inter-
sexual differences in the spacing dynamics of leopards [30]. There is also a negative relation-
ship between habitat productivity (as a proxy for prey abundance) and home range size in
leopards, i.e. home-range size decreases as productivity increases [4]. Precipitation indirectly
affects the ranging behavior via its influence on primary productivity and prey biomass [31].

In this paper, we used GPS data to address three objectives concerning the ranging behavior
and movement ecology of Persian leopards, the top predator along the Iran-Turkmenistan
borderland. We provided the first robust home range estimates for leopards in the steppe
mountains of Asia. We then quantified the degree of range overlap between conspecifics of the
same sex. Finally, we explored how the boundaries of a national park affected leopards’ use of
space. Besides improving our understanding of leopard movement ecology and ranging behav-
ior within a mosaic landscape of human-dominated areas and human-free national park, our
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findings are relevant for better management of many montane areas, where islands of small
reserves are surrounded by densely populated human areas.

Materials and methods
Ethics statement

The study was conducted in Tandroueh National Park, Iran. The Iranian Department of Envi-
ronment reviewed all sampling, trapping and handling procedures and approved permits for
the work conducted (93/16270). The trapping and handling protocol was also approved by the
University of Oxford’s Ethical Review Committee (BMS-ERC-160614).

Study area

We studied leopards in Tandoureh NP, north-eastern Iran (ca. 20 km from the Turkmenistan
border) from September 2014. The park has been protected since 1968 and covers 355 km?. It
is characterized by mountains covered with wormwood Artemisia sp. and scattered juniper
trees Juniperus sp. Elevation and annual precipitation range from 1,000 to 2,600 m and 250 to
300 mm, respectively.

There is no human settlement inside the park. Besides the two main cities, i.e. Dargaz
(Iran) and Ashgabat (the capital of Turkmenistan) near our study area (Fig 1), local communi-
ties live in villages with population ranging between 30 to 400 households. They are mainly
sheep and goat herders.

The main prey species for leopards include urial Ovis orientalis, bezoar goat Capra aegagrus,
and wild pig Sus scrofa. The availability of leopard prey in Tandoureh is affected by the
national park boundaries. Wild medium-sized prey are available only inside the park, whereas
domestic animals are found exclusively outside the park. The only exceptions are wild pigs,
which are occasionally found in multi-use areas, outside the national park.

Leopard capturing and collaring

We captured leopards with Aldrich foot-snares extensively modified to reduce chances of
injury [32] and remotely monitored with VHF trap transmitters (Wildlife Materials, Inc., Illi-
nois, USA) every 1-2 hours. As leopards are known to respond to baits, a wild pig carcass was
used as bait, normally hanging from a tree or rock. Traps were also deployed along trails lead-
ing to the baits. In summer, we deployed traps along trails leading to water sources, sometimes
without bait (see [33] for more details).

We immobilized leopards using a combination of ketamine 10% (Alfasan, Nederland BV) 2
mg/kg, medetomidine HCI 20 mg/ml (Kyron Laboratories (Pety) Ltd., Johannesburg, South
Africa) 30 pug/kg and butorphanol 0.2 mg/kg (Torbugesic®), Fort Dodge Animal Health Fort
Dodge Animal Health, Iowa 50501 USA) delivered intramuscularly with a dart gun (Daninject,
Denmark) using a 1.5 ml dart. Trapping and handling were undertaken following approval by
the University of Oxford’s Ethical Review Committee (Zool-AWERB-16062014) and the Ira-
nian Department of Environment (93/16270).

We used GPS collars with Iridium download (LOTEK Engineering Ltd., Newmarket, ON,
Canada). Each collar incorporated a drop-off buckle with a timer set to 52 weeks since deploy-
ment. Collars weighed 640 g, equivalent to less than 1-2% of leopard body mass.

Age estimates were based on dental features [34]. Anesthesia lasted for 44 to 60 minutes,
followed by reversal using atipamazole (3 times the medetomidine dosage) and nantroxan (the
doses equal to butorphanole), injected intramuscularly.
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Fig 1. Home range of different leopard individuals tracked between September 2014 and May 2017 in Tandoureh National Park.
Home ranges are delineated using auto-correlated Kernel density estimator (AKDE).

https://doi.org/10.1371/journal.pone.0196602.9001

For programming the collars’ fix rates, we followed Knopft et al. [35] who recommended
recording fixes every 3 hours to enable the identification of spatially aggregated GPS points, or
clusters. However, to increase fix success rates [36] fixes were taken hourly during the last
week of each month. Also, a ‘virtual fence’ option enabled us to upload the area’s boundary, so
that when leopards left the defined area fix rate could be increased to hourly. Bjgrneraas et al.
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[37] recommended that to analyze animal movement and behavior, fixes obtained immedi-
ately after collaring should be excluded because the animal is likely to behave abnormally.
Therefore, we omitted the first 4 days for all collar data, associated with the earliest known kill
made by the leopards after collaring (M1/Borzou).

We also investigated the potential kill sites of collared leopards. Kills were defined by clus-
ters of GPS fixes, i.e. locations where leopards remained overnight (6 PM to 6 AM) within a
radius of 200 meters. Candidate GPS clusters were investigated for possible kill remains. Prey
species were categorized as “small” as < 15 kg, including red fox Vulpes vulpes, Indian crested
porcupine Hystrix indica and birds or “medium” as > 15 kg, such as urial, bezoar goat, wild
pig, domestic sheep Ovis aries and domestic dog Canis familiaris. Young wild ungulates and
domestic animals (< 1 year) were also included in medium-sized prey.

Statistical analysis

We screened the data for two types of errors which are typical in GPS locations: missing loca-
tion fixes (i.e. unsuccessful attempts of a GPS fix) and location errors of successfully acquired
fixes (i.e. the difference between the recorded location and the animal’s true location) [37].
After removing missing fixes, erroneous locations and outliers were screened based on identi-
fication of locations arising from unrealistic movement patterns with minimal loss of data,
using a script developed by Bjerneraas et al. [37] implemented in the R environment for statis-
tical computing [38]. We defined conservative movement values for leopards as A = 30,000 m;
= 15,000 m; o = 5000 m/h; 6 = —0.97 corresponding to turning angles between 166° and d
194°; A is a distance threshold over which an individual could not possibly travel between con-
secutive intervals, y is a distance that leopard can move between two fixes and a. is speed.

Multiple home range estimators are suggested to facilitate comparison with other studies
that use just one method. We used three estimators for quantifying home ranges of the leop-
ards: minimum convex polygon (MCP), kernel density estimator (KDE) and auto-correlated
KDE (AKDE). Both MCP and KDE are popular for estimating animals’ home ranges, but they
suffer from fundamental flaws that could degrade data quality. MCP lacks an underlying prob-
abilistic model whereas the kernel is a nonparametric, probabilistic method, which calculates
home range area based on the complete utilization distribution (UD, i.e., the probability distri-
bution defining the animal’s use of space [39]). However, KDE assumes that the data are inde-
pendent and identically distributed whereas relocation data that are ordered in time are
inherently auto-correlated (i.e. an individual’s position, velocity, or acceleration measured at
one point in time are statistically correlated with the same measurements in the past and
future). Therefore, we also used the recently developed AKDE method, a continuous-time
approach which is a fully generalized KDE to account for auto-correlated bivariate Gaussian
density estimation for relocation data [40].

For each animal, we plotted an empirical variogram, which is the estimated semi-variance
in positions as a function of the time lag separating observations to visually inspect the auto-
correlation structure of the relocation data. Upward curvature at zero to short time lags indi-
cates velocity autocorrelation while the long-lag behavior of the variogram illustrates space
use. Thus, range residents are expected to reach an asymptote on a timescale that roughly cor-
responds to the home-range crossing time data [41]. In the absence of proof of range resi-
dency, we excluded them from estimating population-level movement metrics.

We used package ‘ctmm’ version 0.4.0 [41] to perform three movement models. The Inde-
pendent Identically Distributed (IID) process assumes uncorrelated positions and velocities
which is equal to the conventional KDE [40]. The Ornstein-Uhlenbeck (OU) process com-
bines a random search model without space use constraint (Brownian motion) with a
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tendency to remain in a particular home range. Finally, the Ornstein-Uhlenbeck Foraging
(OUF) process features both velocity autocorrelation time scale (a measure of path sinuosity)
and restricted space use [41,42]. Both the OU and OUF model processes accommodate auto-
correlated data to estimate home range size and crossing time (day).

Starting values derived from semi-variograms were used for maximum likelihood model
fitting. Suitable models were fitted to the data using maximum likelihood estimation and best
models were selected based on their AICc weight. The best model for each individual leopard
was used to calculate movement parameters and home range; the latter defined as area within
95% % UD isopleths of AKDE estimates.

Core areas of space use, defined as the area within which an animal spends a maximum
amount of time, was estimated using an individual-based quantitative approach, following
Vander Wal and Rodgers [43]. Thus, the AKDE utilization distribution area was plotted
against isopleths to determine the point at which the proportional home range area begins to
increase at a greater rate than the probability of use (slope = 1). The value of the corresponding
isopleth determines the boundary of the core area [43]. We then assessed the position of kills
made by collared leopards in relation to the core area of their home ranges. We also calculated
seasonal AKDE home ranges to explore variation in space use. Seasons were defined as
spring = March to May, summer = June to August, fall = September to November and
winter = December to February.

We used AKDE estimates to quantify an animal’s utilization distribution (UD), i.e., the
probability distribution defining the animal’s use of space. Then we used AKDE’s ‘UD’ option
to illustrate the ‘static interaction’, i.e. the spatial overlap of 2 home-ranges and congruence in
their utilization distributions [27], ignoring the temporal sequence of movement paths [44].
Our pairwise static interaction analysis was based only on those fixes obtained from the period
of time when both animals were collared, partitioned by seasons. Therefore M4 was excluded
from this analysis, because he was collared after other individuals’ collars dropped off.

We calculated range overlap using function overlap in package ‘ctmm’ version 0.4.0 [41]
which uses the Bhattacharya coefficient as an approximate measurement of the amount of
overlap between two statistical samples. The overlap function incorporates movement models
and calculates the overlap of their auto-correlated kernel density. For each pair of neighbors,
we calculated the proportion of home range overlap of individual A on B and vice versa. A
value of 1 implies that the two distributions are identical, while a value of 0 implies that the
two distributions share no area in common.

In addition to home range and crossing time, two other movement parameters, the velocity
autocorrelation time scale (a measure of path sinuosity) and mean distance travelled per day
were also calculated [41,42] by the OUF model. All statistical analysis were implemented in R
environment for statistical computing [38].

Results

Between September 2014 and May 2017, we collared and monitored six leopards (5 males and
1 female) using GPS-satellite Iridium collars, comprising 4 adults and 2 young individuals in
Tandoureh National Park. GPS collars collected between 54 and 368 days data per individual,
representing a total of 56.7 monthly leopard study periods (Table 1). Our overall fix rate was
high (mean 85.0% + SE 7.6) and we obtained a total of 22226 GPS locations for 1702 leopard-
days (283.7 £ SE 50.8 days/leopard). No erroneous fixes or spikes in movement were detected
in our data, despite using very conservative movement parameters to screen location errors.
Opverall, 17.9% of GPS fixes were located outside the park (Table 1). The five collared leop-
ards which were observed outside the park varied substantially in the amount of time spent on
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Table 1. Movement parameters and home range estimates for GPS-collared leopards in Tandoureh National Park, northeastern Iran (2014-2017). Home ranges
were estimated via 95% Kernel Density Estimates (KDE) and Autocorrelated Kernel Density Estimates (AKDE). Home ranges for individuals marked with asterisk (*)
were based on an Ornstein-Uhlenbeck (OU) process model, while an Ornstein-Uhlenbeck Foraging (OUF) process model was fitted to the other animals. Models were
selected based on their AICc weight as calculated by ctmm package. All means for ranging metrics are calculated after removing non-resident individuals (M1, F5 and
MS).

Leopard | Sex/ | Capture | Lastday = Number @ % days | Farthest | Home Velocity MCP @ 95% | AKDE Core Core % kills
Name/ID | age date of fixes | ofdays | outside fixes range | autocorrelation | 100% | KDE | (km’) area area | outside
NP (km) crossing timescale (h) | (km?) | (km?) | (95% CI) isopleths (km?) | core area
time (%) (95%
(day) (0}
M1/ M/ | 5.2.2015 | 4.2.2016 368 43.8 30.2 4.4 NA 475.7 | 417.6 563.4 60.0 224.5 13.6
Borzou* +10 (448.8- (178.8-
690.8) 275.3)
M2/Bardia | M/ | 3.10.2014 | 30.9.2015 362 0.00 9.8 0.3 0.2 63.3 43.6 43.9 61.8 16.5 18.2
8-10 (41.2- (15.5-
46.7) 17.6)
M3/Borna* | M/ | 28.9.2014 | 27.9.2015 364 13.5 28.8 1.2 NA 362.2 | 194.2 206.5 67.0 57.6 8.7
5-6 (186.6— (51.2-
227.3) 64.3)
M4/ M/ | 16.8.2016 | 1.04.2017 228 2.20 15.3 0.6 0.1 1139 | 56.8 59.8 61.7 23.1 53
Tandoureh | 7-10 (54.0- (20.9-
65.8) 25.4)
F5/Iran F/2- | 6.12.2015 | 29.1.2016 54 7.40 27.8 2.6 0.1 266.5 | 422.8 330.9 65.1 92.5 0.0
3 (208.9- (58.4-
480.6) 134.3)
Meé/ M/ | 4.9.2015 | 26.8.2016 326 3.31 81.6 27.1 NA 1098.3 | 751.9 2269.0 62.3 775.7 222
Kaveh* 34 (1262.4- (431.6-
3565.9) 1219.0)
Mean (SE) 283.7 17.9 179.8 | 98.2 103.4 63.5 324 10.7
(50.8) (7.3) (92.4) | (48.2) | (51.8) (1.8) (12.7) (3.8)

https://doi.org/10.1371/journal.pone.0196602.t001

multi-use lands (villages, farmlands and pastures), ranging between 2.2 to 43.8% (Fig 1). Only
the leopard M2/Bardia did not leave the park limits.

Home range size and overlap

Based on objective assessment of variograms (Fig 2), a clear asymptote was reached for three
adult males M2, M3 and M4, showing their constrained space use as resident individuals. In
contrast, both young leopards (F5 and M6) lacked an asymptote, evidence for lack of range res-
idency. F5 was tracked for only 54 days which was probably not long enough to show range
residency. M1 (old male) showed a mixed ranging pattern. He showed resident behavior until
almost 5.5 months after collaring when his semi-variance increased and he started his excur-
sions outside the park along the borderland’s communities with regular returns to the national
park.

We excluded non-resident individuals which did not constrain their space use (F5 and M6)
and the old male (M1) that appeared to become a non-resident wandering animal from the
estimates of home range size. Accordingly, mean AKDE home range was calculated to be
103.4 + SE 51.8 km? for resident males which was slightly larger than their non-correlated
KDE home range size estimates (1.0 to 1.1 times; Table 1). M6, possibly a dispersing young
male, showed the largest range use in one year, expanding from Iran into Turkmenistan,
resulting in an elongated range with 81.6 km between farthest fixes (Table 1). His AKDE analy-
sis revealed that he finally settled in Turkmenistan, according to his core area which was placed
primarily within the Turkmen territory (Fig 1). This male had the largest difference between
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Fig 2. Objective assessment of residency in leopards, based on the variogram of each individual’s observed movement track. For all
individuals, the fraction of the variogram displayed is 80% of the duration of each dataset, except for F5/Iran which shows the entire collaring
period, i.e. 54 days.

https://doi.org/10.1371/journal.pone.0196602.9002

AKDE and KDE (AKDE > 3KDE). Mean estimated core area size for resident males was
32.4 + 12.7 km?, which were represented by the 62% to 67% isopleths of the utility distribution
(Table 1).

There was no consistent seasonal difference in AKDE home ranges for resident males
(Fs, 6 = 1.72, P = 0.26). Although our sample size was small, individual variations in seasonal
home range size can be seen (Fig 3). The two resident males (M2 and M3) tended to have
their smallest AKDE estimates during winter when snow covered higher elevations confine
their ranging to lower areas (Fig 3).

Tau (home range crossing time), varied between 0.3 and 27.1 days, and was remarkably
shorter for resident (M2, M3 and M4; 0.7 SE 0.3 days) than transient leopards (M1, F5 and
MS6; 11.3 SE 7.9 days; Table 1). The Ornstein-Uhlenbeck Foraging (OUF) process model
scored higher for three leopards based on AICc values, resulted in low directionality in move-
ment (velocity autocorrelation time scale; Table 1).

In total, we found 139 kill remains where leopards preyed (n = 130) or scavenged (n = 9),
belonging to 10 species, mostly medium sized prey (93.1%). On average, only 10.7 + 3.8% of
kills made by resident males were found outside the core areas of AKDE home ranges. No sign
of predation or scavenging outside of the core area was found for the only collared female (F5/
Iran) during her short tracking period while the largest proportion of outside core area’s kills
belonged to the M6, the young non-resident male (22.2%, Table 1).

All leopards with neighboring ranges showed moderate home range overlap, varying from
0.29 to 0.64 (mean = 0.43 SE 0.06; Table 2). Home range overlap was also similar between resi-
dent males (0.44 SE 0.10) and resident-transient individuals (0.39 SE 0.06).
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Fig 3. Seasonal home ranges of male Persian leopards analyzed as a continuous-time stochastic process using auto-correlated Kernel density
estimator (AKDE). There is less variation in seasonal AKDE estimates for resident males (M2, M3 and M4) rather than transient individuals (M1

and M6)

https://doi.org/10.1371/journal.pone.0196602.9003

Discussion

Our home range estimates for Persian leopards were larger than those reported in previous
Asian leopard ranging studies. Range overlap between conspecifics was relatively high and the
majority of predation events occurred within home range core areas. Excursions to areas occu-
pied by people occurred on 17.9% of all leopard collaring days with very wide variation among
individuals, pointing to the importance of a combining land sparing and land sharing
approaches for leopard conservation.

Home range size

Although our data showed remarkable individual variation, leopards in Tandoureh occupied
the largest home ranges recorded so far for Asian landscapes [45-47], with the exception of an
adult male tracked in an arid montane habitat in central Iran (670 km? [48]). The home ranges
of predators scale with body mass [49] and habitat productivity, which affects prey biomass

Table 2. Mean pairwise home range overlap estimates (confidence intervals) between neighboring leopard individuals between September 2014 and May 2017 in
Tandoureh National Park, northeastern Iran. M4 was excluded from the analysis because he was collared when all other collars were dropped off.

Home range overlap

M1/Borzou(resident/transient)

M1/Borzou (resident/transient)
M2/Bardia (resident)
M3/Borna (resident)

F5/Iran (transient)

Mé6/Kaveh (transient)
https://doi.org/10.1371/journal.pone.0196602.t002

0.64 (0.61-0.67)
0.49 (0.47-0.51)
0.29 (0.28-0.30)

Mé6/Kaveh (transient)
0.29 (0.28-0.30)

F5/Iran (transient)
0.49 (0.47-0.51)

M2/Bardia (resident) | M3/Borna (resident)
0.64 (0.61-0.67)
0.40 (0.38-0.42)

0.40 (0.38-0.42)

0.35 (0.33-0.36)

0.35 (0.33-0.36)
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[4]. The large body masses of Persian leopards [50] and the low primary productivity of the
landscapes (e.g. annual rainfall 250-300 mm in northeastern Iran) are likely to be two key
determinants of their larger home range sizes.

Seasonality may partly explain variation in leopard home-range sizes at the population scale
[4]. We found no evidence of consistent seasonal variation in home range size, in accordance
with previous leopard studies [30,31,46,47]. Nonetheless, our data is consistent with previous
observations [31,46] in suggesting that seasonal variation in home range size is an individual
behavior rather than a population level trait. Both adult males (M2 and M3) restricted their rang-
ing to lower elevations during winter when higher elevations are covered with snow and are
extremely cold, both being factors known to be constraints for leopard habitat selection [23,51].

Home range overlap

Leopards showed substantial home range overlaps in Tandoureh. The estimates of home range
overlaps in the current study were considerably larger than reported in many previous studies
on leopards (Table 3). There are two possible explanations. The majority of previous studies
were based on VHF telemetry, which may miss significant animal movements and conse-
quently result in smaller home range overlap estimates [52]. Likewise, the conventional KDE
and MCP estimation generally provide a lower bound for the estimate of home range area
[40], and consequently result in overlap reduction. Alternatively, the higher home range over-
lap observed in Tandoureh is attributable to the topographic features of this rugged landscape
that can facilitate co-existence of multiple individuals. Landscape heterogeneity and topo-
graphic features can provide restricted detectability for leopards and promote their spatiotem-
poral overlap.

Predation occurred mostly in parts of the home range used exclusively by each leopard, i.e.
home range core areas. We know of only two other studies evaluating the spatial configuration
of hunting grounds in regard to felids’ core areas. Predation events were reported to be more
frequent outside core areas for both other case studies, i.e. jaguar Panthera onca [54] and
puma Puma concolor [55]. Amongst home ranges with high degrees of spatial overlap, exclu-
sive hunting areas can facilitate coexistence of multiple individuals. Competition over
resources, including kills, is a cause of intraspecific agonistic behavior in leopards [56] and
resulted in the death of the only collared female leopard in Tandoureh.

An obvious limitation of our study is the small sample size of GPS collared leopards, of
which most were male (five out of six). Clearly the findings on a single female risk influence by
individual idiosyncrasy [57]. Nevertheless, besides Simcharoen et al. [46] pioneering work
(with eight collared leopards), our study is the most intensive study ever conducted on Asian
leopards in terms of sample size and collaring period, reflecting the difficulty of working in the
harsh landscapes in which Asian leopards persist.

Table 3. A review of comparative intra-male home range overlap at different study sites, based on telemetry techniques. MCP = minimum convex polygon,
KDE = Kernel density estimation and AKDE = auto-correlated Kernel density estimation.

Location/country
Kruger National Park
Lolldaiga Hills, Kenya
Kaeng Krachan National Park, Thailand
Waterberg Plateau, Namibia
Bardia National Park, Nepal
Phinda Game Reserve, South Africa

Tandoureh National Park, Iran

https://doi.org/10.1371/journal.pone.0196602.t003

Tracking method Estimation method Intra-male home range overlap (%) Study
VHF telemetry MCP 21.5 [26]
VHE telemetry MCP, grid-cell and harmonic mean methods 0-9 [27]
VHEF telemetry MCP 40 [53]
VHE telemetry MCP 24+ 13 [31]
VHE telemetry KDE 7 [47]

VHE & GPS telemetry KDE 45+15 [30]
GPS telemetry AKDE 43.3+5.9 This study
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Conclusion and synthesis

Home range, as described by Powell and Mitchell [58], is “that part of an animal’s cognitive
map of its environment that it chooses to keep updated”. We speculate that our findings sup-
port an ‘anchoring’ and ‘adjustment’ paradigm in the use of space. Anchoring and adjustment,
are cognitive biases in the assessment of risk first described in humans by Tversky and Kahne-
man [59]. According to this psychological heuristic, when people assess the magnitude of a
risk, they start with an implicitly suggested reference point (the "anchor") and make adjust-
ments to it to reach their estimate.

We do not imply the same mechanisms underlying this heuristic in humans apply to leop-
ards, not least as the concept of ‘rational choice’ has a different meaning in non-humans [60].
If only in the form of a helpful analogy, the national park may be functioning as an ‘anchor’ for
leopards (and probably many other animals) while they adjust their cognitive space use beyond
the park boundaries (where, incidentally, they are not often associated with stock raiding).
None of our collared leopards was killed by humans, whereas in the absence of properly man-
aged protected areas, leopards can experience high rates of human-induced mortality in multi-
use lands [8,61].

Such anchoring and adjustment behavior supports the proposition that, in Asia’s rugged
landscapes, a combination of land sparing and land sharing strategies at multiple spatiotempo-
ral scales has the potential to ensure viability of leopards and other big cats. Properly-managed
conservation areas (spared lands) are of paramount importance for securing high densities of
large carnivores, insofar as they control poaching of carnivores and their prey species. None-
theless, their space use outside-conservation areas must be managed through promoting the
existence of carnivores in human-dominated landscapes (“land sharing”), with minimized lev-
els of conflict with stock breeders.

With 25% of the global land surface area, mountain ecosystems support a wide range of
ecosystem services and biodiversity [62]. Climate change is expected to have a radical effect on
biodiversity in mountainous areas [63], forcing northward and upward range shifts in many
mammalian species [64-66], including humans [67]. Asian mountains can serve as climate
refugia for big cats [68,69], despite the fact that only one third of their current extant range
remains as suitable habitat in the next half century [69,70]. Land use change is the main driv-
ing factor for range losses in threatened mammalian carnivores [71]. Conservation policy
should clearly be proactive wherever possible for sparing montane refugia, preferably larger
and better-connected areas, to anchor a high density of breeding nuclei of large cats in Asia’s
rugged landscapes. Nonetheless, many montane protected areas are not large enough to meet
extensive spatial requirements, high energy needs and hierarchical social interaction of big cats
[2]. Therefore, bolstering the coexistence model (i.e. land sharing) is inevitable in order to sup-
port viability of both big cats and human communities, which are strongly dependent on
reduced water resources in high altitudes. Future research might usefully explore the interac-
tion between the land sharing and sparing, and how it can support both larger carnivore viabil-
ity and human livelihoods, particularly in the context of montane landscapes.
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