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Abstract. Large carnivores are currently disappearing from many world regions because of
habitat loss, prey depletion, and persecution. Ensuring large carnivore persistence requires
safeguarding and sometimes facilitating the expansion of their populations. Understanding
which conservation strategies, such as reducing persecution or restoring prey, are most effective
to help carnivores to reclaim their former ranges is therefore important. Here, we systemati-
cally explored such alternative strategies for the endangered Persian leopard (Panthera pardus
saxicolor) in the Caucasus. We combined a rule-based habitat suitability map and a spatially
explicit leopard population model to identify potential leopard subpopulations (i.e., breeding
patches), and to test the effect of different levels of persecution reduction and prey restoration
on leopard population viability across the entire Caucasus ecoregion and northern Iran (about
737,000 km2). We identified substantial areas of potentially suitable leopard habitat
(~120,000 km2), most of which is currently unoccupied. Our model revealed that leopards
could potentially recolonize these patches and increase to a population of >1,000 individuals
in 100 yr, but only in scenarios of medium to high persecution reduction and prey restoration.
Overall, reducing persecution had a more pronounced effect on leopard metapopulation viabil-
ity than prey restoration: Without conservation strategies to reduce persecution, leopards went
extinct from the Caucasus in all scenarios tested. Our study highlights the importance of perse-
cution reduction in small populations, which should hence be prioritized when resources for
conservation are limited. We show how individual-based, spatially explicit metapopulation
models can help in quantifying the recolonization potential of large carnivores in unoccupied
habitat, designing adequate conservation strategies to foster such recolonizations, and antici-
pating the long-term prospects of carnivore populations under alternative scenarios. Our study
also outlines how data scarcity, which is typical for threatened range-expanding species, can be
overcome with a rule-based habitat map. For Persian leopards, our projections clearly suggest
that there is a large potential for a viable metapopulation in the Caucasus, but only if major
conservation actions are taken towards reducing persecution and restoring prey.
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INTRODUCTION

Large carnivores have been extirpated or are declining
in many world regions, owing to the combined effects of
habitat loss, prey depletion, and persecution (Ripple
et al. 2014). As a consequence, large carnivore popula-
tions today are small, and restricted to isolated frag-
ments of their former range (Wolf and Ripple 2017).
This is concerning, given the important role that large
carnivores play in food webs and ecosystems (Estes et al.
2011, Ripple et al. 2014). Protecting and restoring large
carnivore populations are therefore central goals for
conservation globally, yet doing so in increasingly
human-dominated landscapes is extremely challenging
(Di Minin et al. 2016).
Ensuring the persistence of large carnivores requires

maintaining and sometimes increasing the number and
sizes of their populations (Ripple et al. 2014). Past habi-
tat transformation and fragmentation has compromised
the ability of most landscapes to accommodate currently
contiguous, large populations, and protected areas are
generally too small to host viable populations (Linnell
et al. 2005, Ak�akaya et al. 2007). One conservation
approach is therefore to promote the establishment of
metapopulations comprising multiple, connected sub-
populations to ensure genetic exchange in patchy land-
scapes and allow for recolonizations of suitable but
abandoned patches (Ak�akaya et al. 2007). Under-
standing the potential of landscapes to maintain such
metapopulations, the connectivity between available
patches, and the factors determining population viability
is therefore key to large carnivore conservation.
Persecution and prey depletion (and their interac-

tions) threaten population viability of large carnivores in
many regions (Ripple et al. 2014). Large carnivore perse-
cution has been reported as a major cause of population
declines and can lead to local extinctions (Balme et al.
2009, Newby et al. 2013). Despite mostly being legally
protected, large carnivores remain persecuted, killed for
their fur and body parts, through conflict over livestock,
or because they are perceived as a danger (Liberg et al.
2012, Ripple et al. 2014). Persecution reduction has
allowed carnivore populations to recover in many cases
(Balme et al. 2009, Persson et al. 2015). However, prey
depletion is also indirectly threatening large carnivores
(Wolf and Ripple 2016). In areas with declining prey bio-
mass, large carnivores tend to have larger home range
sizes and lower net reproduction, which often leads to
declining populations (Fuller and Sievert 2001, Hayward
et al. 2007). Additionally, without sufficient prey, large
carnivores increasingly prey on livestock, which leads to
retaliatory killings (Khorozyan et al. 2015).
Spatial information on persecution and prey abun-

dance could help to evaluate which conservation strate-
gies are effective to promote large carnivore
metapopulations better. Nevertheless, such information
is lacking for most regions. At the same time, imple-
menting conservation strategies for large carnivores is

costly because protection must cover large areas, often
across international borders. Thus, large carnivore con-
servation needs to be well-targeted, while typically being
based on scarce data. Spatially explicit metapopulation
models provide promising opportunities and can be used
to both assess the impact of past conservation interven-
tions or to predict the effect of potential future interven-
tions on large carnivore metapopulation viability
(Robinson et al. 2015, LaRue and Nielsen 2016, Oven-
den et al. 2019). Moreover, such models are highly infor-
mative in predicting which alternative conservation
strategies, such as reducing persecution or restoring
prey, have a larger impact on metapopulation viability
(Chapron et al. 2008).
Here, we systematically explore the relative importance

of persecution reduction and prey restoration on deter-
mining metapopulation viability of the endangered Persian
leopard (Panthera pardus saxicolor; recently revised as
Panthera pardus tulliana by Kitchener et al. 2017) across
the entire Caucasus ecoregion. The Caucasus, located
between the Black and the Caspian Seas, is a global biodi-
versity hotspot and once hosted a larger metapopulation
of the Persian leopard and its prey (Krever et al. 2001,
Mittermeier et al. 2004). Diminishing support for nature
conservation, reduced enforcement of conservation laws,
economic hardships, and armed conflicts led to a poach-
ing crisis and subsequently extensive wildlife declines after
the Iranian Revolution (1979) and the breakdown of the
Soviet Union (1991) (Zazanashvili et al. 2012, Bragina
et al. 2015, Ghoddousi et al. 2019). Yet, since 2000, the
Caucasus has seen a substantial expansion of its protected
area network and a slight recovery of some wildlife popu-
lations, highlighting a window of opportunity for large
carnivore conservation (Montalvo Mancheno et al. 2016,
Breitenmoser et al. 2017).
Recent habitat models suggest potential for a larger

leopard metapopulation in the Caucasus (Zimmerman
et al. 2007, Gavashelishvili and Lukarevskiy 2008). If con-
servation measures to restore such a metapopulation were
initiated, many other species could potentially benefit due
to the leopard’s role as umbrella species (Dickman et al.
2015). Such a recovery would very likely depend on source
populations in Iran (Breitenmoser et al. 2010, Caucasus
Leopard Working Group 2017). In the southern Cauca-
sus, leopards successfully reproduce, and sightings
throughout the region, including the northern Greater
Caucasus, may indicate that the population is expanding
its range (Yarovenko and Zazanashvili 2016, Askerov
et al. 2018). The small population size (<20 individuals,
excluding Iran) nevertheless requires swift and targeted
conservation actions to encourage range expansion, and it
remains unclear which conservation strategies are more
effective for doing so.
In this study, our goal was to assess the potential of

two conservation strategies—reducing leopard persecu-
tion and restoring the wild prey base for leopards—to
secure a viable leopard metapopulation in the Caucasus.
More specifically, we asked (1) What is the potential
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spatial structure and size of a future Persian leopard
metapopulation in the Caucasus? (2) How do persecu-
tion reduction and prey restoration affect leopard
metapopulation viability in the Caucasus?
Exploring these questions is widely relevant, as many

other species of large carnivores face similar challenges
to Persian leopards in the Caucasus. For example, Amur
tiger (Panthera tigris altaica) recovery is challenging
because tigers come into conflict with livestock owners
and suffer from wild prey depletion (Li et al. 2019).
Likewise, jaguars (Panthera onca) are rapidly disappear-
ing from the Gran Chaco in South America, one of their
strongholds until recently, owing to conflicts with ranch-
ers, probably an indirect effect of a depleted prey base
and habitat destruction (Romero-Muñoz et al. 2019).
Yet, how to halt these losses effectively and how best to
support large carnivore populations given limited con-
servation funding remains unclear (Ripple et al. 2014).
Additionally, data on large carnivores are often lacking
because of their elusive nature and small populations,
which makes it challenging to assess alternative conser-
vation strategies (Schadt et al. 2002, Amano and Suther-
land 2013). Our study aims to answer such questions for
a species and region with limited data and of high con-
servation concern.

MATERIALS AND METHODS

Persian leopards in the Caucasus and northern Iran

Our study region comprised the Caucasus ecoregion,
as delineated by the Ecoregion Conservation Plan for

the Caucasus (Williams et al. 2006), and extended across
the Talysh-Alborz Mountains in northern Iran (Fig. 1).
The natural vegetation of the region comprises temper-
ate, mainly broadleaf and mixed forests along the moun-
tain ranges, but includes large areas of steppe drylands
as well as arid woodlands and semideserts in the East.
Most parts of our study region are mountainous, and
elevations can reach more than 5,500 m.
Until at least the mid-18th century, Persian leopards

occurred throughout the entire Caucasus (Jacobson
et al. 2016). Today, resident population nuclei are
restricted to the southern rim of the Lesser Caucasus
(Khorozyan and Abramov 2007, Stein et al. 2016,
Askerov et al. 2018). This population is severely threat-
ened and dependent on the Iranian source population,
which itself is likely to decline (Moqanaki et al. 2013).
Leopards in the Caucasus prey mainly on large ungu-
lates, which are nevertheless also under pressure from
poaching and competition with livestock (Mallon et al.
2007, Bleyhl et al. 2019). In the Greater Caucasus, no
leopard reproduction has been detected recently (Cauca-
sus Leopard Working Group 2017), but since 2016, six
leopards have been reintroduced to the Russian Greater
Caucasus (see Appendix S1).

Spatial structure of a potential leopard metapopulation

To assess the structure of a potential leopard
metapopulation, we first mapped suitable habitat.
Leopards can thrive in a range of environments if prey
is available (Nowell and Jackson 1996, Gavashelishvili
and Lukarevskiy 2008). We developed a rule-based

FIG. 1. Study area, main mountain ranges, and the location of Golestan National Park in northeastern Iran. The right panel shows
two camera trap pictures of the same leopard from the Zangezur region in Nakhchivan, Azerbaijan (top) and the Khosrov Forest State
Reserve in Armenia (bottom). The locations are separated by a ~170-km straight-line distance. Photo credit: WWF-Caucasus.
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habitat suitability model on a 5 × 5 km grid (mean
maximum leopard movement distance between recap-
tures in a camera trap study; Ghoddousi et al. 2010).
We used a range of predictors related to shelter and
ambushing habitat, human-induced mortality risk, and
snow cover, which characterize leopard habitat suit-
ability (Breitenmoser et al. 2007, Lukarevsky et al.
2007). Specifically, we assumed increasing habitat suit-
ability with increasing ruggedness or increasing forest
cover in areas that are distant from roads and human
settlements and have a low proportion of surrounding
croplands (Zimmerman et al. 2007, Gavashelishvili
and Lukarevskiy 2008). Further, we excluded areas
with a very high snow cover in winter (see Appendix
S1 for details on the specific rules used to derive the
habitat suitability map). We purposefully did not use a
correlative species distribution model, because only
very few leopards are left in the Caucasus, and the
species is far from being in equilibrium with its envi-
ronment, which could introduce substantial bias in
such models (Guisan and Thuiller 2005). To validate
our habitat model, we used 36 leopard locations from
camera traps and 53 locations from indirect signs such
as scrapes or scats from WWF’s Caucasus Programme
Office and from other surveys (Soofi et al. 2018). We
then calculated the continuous Boyce index (Hirzel
et al. 2006) and the area under the ROC curve (AUC;
using 10,000 random pseudo-absence points) as a mea-
sure of accuracy (Fielding and Bell 1997). The contin-
uous Boyce index measures the correlation between
the habitat suitability prediction and the predicted to
expected ratio of the frequency of validation points
using a moving window of differing widths (negative
values indicating an inverse model, values around zero
a random model, and one a perfect model; Boyce
et al. 2002, Hirzel et al. 2006). The AUC value con-
trasts sensitivity and specificity across all possible
thresholds, with values ranging from 0 to 1 (1 indicat-
ing a perfect model; Jiménez-Valverde 2012).
To identify potential subpopulations, we first selected

those cells with a habitat suitability above the 25th per-
centile of values at our known leopard locations (Pit-
man et al. 2017). We then selected continuous suitable
areas of at least 250 km2 (i.e., ~2.5 home ranges and
large enough to host breeding populations; Farhadinia
et al. 2015, 2018). Although home range sizes for
female leopards are known to be smaller (Fattebert
et al. 2016), no study has assessed this specifically for
Persian leopards. Before applying the minimum area
threshold, we split subpopulation patches to exclude
potential barriers such as roads and very high ridges
within subpopulations because we did not model move-
ment within patches. Accordingly, we split subpopula-
tion patches using main roads (categories motorways,
trunk, and primary, derived from Open Street Map)
and the Russian border, which roughly follows the main
ridge of the Greater Caucasus and is therefore typically
at high elevations (~2,700 m). Thereby, these barriers

remained permeable (through our dispersal model) but
leopards could not transfer larger distances within
patches and cross major roads and highways without
having to disperse. We assessed the protection status of
each patch using terrestrial protected areas from the
World Database on Protected Areas (IUCN and
UNEP-WCMC 2019) and WWF’s Caucasus Pro-
gramme Office database (wwfcaucasus.net; Appendix
S1: Fig. S2).

Metapopulation parametrization

We parametrized a spatially explicit metapopulation
model using the software RangeShifter (Bocedi et al.
2014). RangeShifter is an individual-based modeling
platform, which integrates a demographic and a disper-
sal model to predict metapopulation dynamics. We
developed a stage-structured model with four stages and
annual time steps (Caswell 2001). Survival rates were
based on all known stage-structured estimates for leop-
ard populations anywhere in the world (i.e., studies from
Botswana, Namibia, and South Africa; Table 1 and
Appendix S1: Table S1). Mean fecundity (i.e., number of
offspring per female per year) was set to 1.92 (Daly et al.
2005) and modeled as negatively density dependent (i.e.,
decreasing fecundity with increasing density; Table 2).
Further, males could mate with up to three females, and
only adults (older than 2 yr) were allowed to breed
(Lukarevsky et al. 2007). Females in our model paused
for 1 yr between reproductions (Daly et al. 2005). To
consider environmental stochasticity (i.e., the effects of
year-to-year variation in environmental conditions on
demography), we applied random variation to mean
fecundity so that it fluctuated between 1 and 4 (i.e.,
range of number of cubs reported from captivity; Lukar-
evsky et al. 2007: Eqs. 5, 6). We assumed an initial popu-
lation of 352 individuals for our study area (based on a
population size estimate of northern Iran; Kiabi et al.
2002). Because abundance of leopards in the area is not
well known, we distributed these individuals randomly
amongst patches with known leopard occurrence (i.e.,
patches with locations matching our presence data set or
a neighboring cell, and patches that overlapped with a

TABLE 1. Female and male leopard survival rates that were
used to characterize the three persecution reduction scenarios
in our metapopulation model (based on Daly et al. 2005,
Balme et al. 2009, Swanepoel et al. 2015, Balme et al. 2017).

Stage

Survival rate (female/male)

Persecution reduction scenario

Low Medium High

Juvenile (0–1 yr) 0.39/0.39 0.52/0.53 0.71/0.71
Subadult (1–2 yr) 0.79/0.54 0.90/0.79 0.98/0.94
Subadult (2–3 yr) 0.79/0.54 0.90/0.79 0.98/0.94
Adult (3+ yr) 0.86/0.67 0.89/0.85 0.95/0.94
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protected area that is known to host leopards) and pro-
portionally to patch size. We distributed individuals with
equal sex ratio and drew initial ages from a Poisson dis-
tribution with a mean of 7 yr so that individuals were no
older than 19 yr (Balme et al. 2013). Because survival
rates were higher for females than for males, the adult
sex ratio in our models was slightly female-biased
(1:1.10–1:1.39 m/f).
We modeled dispersal of subadults among patches

using the stochastic movement simulator implemented
in RangeShifter, a step-based model that accounts for
interaction between individual movements and land-
scape structure (Palmer et al. 2011; see Appendix S1).
We set our maximum dispersal distance to 170 km,
based on the Euclidean distance between the Zangezur

Range in southern Azerbaijan and Khosrov Forest State
Reserve in Armenia—a distance that was recently com-
pleted by an identified subadult leopard, presenting the
longest documented dispersal event in the region
(Askerov et al. 2018). Individuals died if they reached
this distance without settling in a patch. Further, we
modeled the probability for each subadult individual to
disperse from a patch and to settle in a patch as a den-
sity-dependent function (see Appendix S1 and Table 2
for equations and an overview of all RangeShifter
parameters used in our models). To estimate cell-wise
resistance to movement, we used a leopard-specific cost
surface based on the land cover of each cell from Bleyhl
et al. (2017). We also tested our inverted habitat map as
a cost surface (Fattebert et al. 2015b), which did not

TABLE 2. RangeShifter equations and parameters used to model the stage-structured leopard metapopulation. For details on the
equations refer to Appendix S1.

Parameters Value Appendix S1 eq. no.

Demographic
No. of stages 4 (1 juvenile, 2 subadults, 1 adult)
Survival rates Scenario dependent; see Table 1
Fecundity ϕ0 1.92
Density dependence in fecundity† ϕi ¼ϕ0,i�e

�b ∑
S

j¼1
ωij N j, t

eq. (S1)
Strength of density dependence (b): Scenario dependent, see

Appendix S1: Table S2
No. of reproductive seasons/year 1
Probability of being male (for newborns) 0.5
Maximum number of female mates per male 3
No. of reproductive seasons before subsequent
reproduction (in our case, one season = 1 yr)

1

Maximum age 19
Initial population size 352

Dispersal‡
Density-dependent emigration probability§ d ¼ D0

1þe� bNi,t�βð Þα eq. (S4)
Maximum emigration probability D0 1.0
α (slope) 10.0
β (inflection point) 0.5
Density-dependent settlement probability¶ ps ¼ S0

1þe� bNi,t�βsð Þαs eq. (S5)
Maximum settlement probability S0 1.0
αs (slope) −10.0
βs (inflection point) 0.5
Perceptual range 1 cell (5 km)
Maximum number of steps 28
Directional persistence 2.5

Environmental stochasticity
Noise value ϵ# ɛtþ1 ¼ κɛtþωt

ffiffiffiffiffiffiffiffiffiffiffiffi

1�κ2
p

eq. (S2)
Environmental stochasticity in fecundity ϕi,tþ1 ¼ϕ0,i 1þ ɛtþ1ð Þ eq. (S3)
Minimum and maximum fecundity 1 and 4
Temporal autocorrelation κ 0.0
Random variable ω N(0, 0.25)

†For this parameter’s value, ϕi = fecundity of stage i; ϕ0,i = maximum fecundity of stage i at low densities; S = number of stages;
ωij = contribution of stage j to the density dependence in the fecundity of stage i; Nj,t = number of individuals at time t in stage j.
‡Limited to the subadults.
§For this parameter’s value, D0 = maximum emigration probability, β = inflection point, α = slope, b = strength of density depen-

dence, Ni,t = number of individuals in patch i at time t.
¶For this parameter’s value, S0 = maximum settlement probability, βs = inflection point, α = slope, b = strength of density depen-

dence, Ni,t = number of individuals in patch i at time t.
#For this parameter’s value, κ = the autocorrelation coefficient, ω = a random variable.
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result in substantial differences in regard to our model
outcomes.
We ran 100 model replicates and calculated the mean

total number of individuals per year and 99% confidence
intervals for 100 simulated years. We chose 100 yr
because we wanted to assess possible conservation
strategies and population prospects in the long run, and
initial models indicated that (sub-)population extinction
sometimes occurred after more than 60 yr. Further, we
calculated metapopulation extinction probability as the
proportion of model replicates with no individuals after
100 yr. Finally, we calculated the probability of each
patch being occupied by at least one leopard after
100 yr, by dividing the number of times a patch was
occupied after 100 yr by the total number of replicate
runs.

Persecution reduction scenarios

To assess the effect of persecution reduction on leop-
ard metapopulation viability, we increased leopard sur-
vival rates of all stages (Chapron et al. 2008, Liberg
et al. 2012). We used minimum, mean, and maximum
values from our survival rate estimates as high, medium,
and low persecution reduction scenarios (Table 1 and
Appendix S1: Table S1; Daly et al. 2005, Balme et al.
2009, Swanepoel et al. 2015, Balme et al. 2017).

Prey restoration scenarios

Prey availability is an important factor in determining
leopard density (Fuller and Sievert 2001, Hayward et al.
2007, Ghoddousi et al. 2017). Therefore, we simulated
different prey restoration scenarios by altering possible
leopard densities in relation to available prey biomass
(Hayward et al. 2007). To calculate the available prey
biomass, we used past and present estimates for bezoar
goat (Capra aegagrus) and urial sheep (Ovis vignei) from
Golestan National Park in northeastern Iran (see
Appendix S1; Ghoddousi et al. 2019). From the avail-
able prey biomasses, we estimated that the leopard sub-
population patches could sustain 0.856 individuals/
100 km2 in a low prey restoration scenario, 3.817 indi-
viduals/100 km2 in a medium prey restoration scenario,
and 6.778 individuals/100 km2 in a high prey restoration
scenario using the following equation from Hayward
et al. (2007):

log10 leopard densityð Þ ¼ � 2:455 þ 0:456

� ðlog10 prey biomassð Þ (1)

Sensitivity analysis

First, we assessed model sensitivity to survival rates,
fecundity, and strength of density dependence. Using the
medium persecution reduction and medium prey
restoration scenario, we conducted a sensitivity analysis

assessing how decreasing and increasing each parameter
by 5% changed our two main model outcomes: extinc-
tion probability and leopard abundance after 100 yr.
Second, we tested how altering the maximum dispersal
distance from 170 to 47 km and 353 km (maximum dis-
persal distances in Fattebert et al. 2015a and in Fattebert
et al. 2013, respectively) and the initial population size
from 352 individuals to 200 and 500 individuals would
affect model outcomes. Third, the sex ratio in leopard
populations is often female biased, because males tend
to have larger home ranges and are territorial (Bailey
1993, Kittle et al. 2017, Kumar et al. 2019). Additionally,
subadult males tend to have lower survival rates than
females due to human-caused mortality, which can lead
to female-biased sex ratios (Thapa 2014). Therefore, we
also tested altering the sex ratio of our initial population
from 1:1 to 1:2 and 1:3 (male/female). Fourth, female
leopards often tend to be more philopatric than males
(Fattebert et al. 2015a). We therefore tested decreasing
the maximum emigration probability (at high densities)
for females incrementally from 1.0 to 0.1 (in steps of
0.1). Finally, we assessed sensitivity of our model
towards the ongoing reintroductions of leopards to the
Russian Greater Caucasus by having additional individ-
uals at model initialization in Russia (see Appendix S1
for further detail on the sensitivity analyses).

RESULTS

Our habitat suitability map had a high accuracy in
predicting known leopard occurrences (continuous
Boyce index of 0.73 and an AUC of 0.86). Suitable leop-
ard habitat was widespread across the study area
(Fig. 2). In total, we identified 74 potential subpopula-
tion patches that together covered 119,552 km2. Patches
varied greatly in size (range 250–18,478 km2, mean:
1,616 km2, standard deviation 2,779 km2). We identified
potential subpopulation patches in all six countries of
the Caucasus ecoregion. Russia had the largest total
patch area (40,534 km2), followed by Iran (34,757 km2)
and Georgia (16,978 km2; Table 3). Several large
patches were located in the Greater Caucasus (in total
58,930 km2) and along the Talysh-Alborz Mountains in
southern Azerbaijan and northern Iran (31,995 km2).
Almost one quarter (23%) of the total subpopulation
patch area is currently protected. The proportion of pro-
tected area differed among countries with Russia having
the highest (32%) and Turkey the lowest proportion pro-
tected (8%; Table 3).
Our metapopulation model showed that we could

expect the establishment of a stable population given the
current initial population size under a scenario of med-
ium persecution reduction and medium prey restoration
(Fig. 3). High prey restoration (with medium persecu-
tion reduction) resulted in moderate population
increases, with up to 537 individuals on average after
100 yr (53% increase over initial abundance). For the
high persecution reduction scenarios, substantial
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population increases were only possible when combined
with medium to high levels of prey restoration. Specifi-
cally, high persecution reduction led to mean population
increases of up to 1,048–2,288 individuals (3-fold to 6.5-
fold increase after 100 yr) for medium and high prey
restoration, respectively. Additionally, extinction proba-
bility after 100 yr was 0% for all high persecution reduc-
tion scenarios and for medium persecution reduction
paired with medium prey restoration. However, extinc-
tion probability increased to 86% for low prey restora-
tion under medium persecution reduction. Low
persecution reduction led to sharp population declines

and the metapopulation went extinct after at most 60 yr,
regardless of prey restoration.
The mountain range of the Greater Caucasus (north-

ern part of our study area; Fig. 1) was colonized within
100 yr only in the high persecution reduction scenarios,
assuming medium to high prey availability (Fig. 4). Nev-
ertheless, the currently occupied patches in the Lesser
Caucasus and Iran remained occupied after 100 yr also
for the medium persecution reduction scenarios if prey
restoration was medium or high.
Our metapopulation model was relatively robust to

variations in survival rates, fecundity, and the strength
of density dependence (Fig. 5). Changing the adult
female survival rate had the strongest effect on mean
leopard abundance after 100 yr (5% decrease in survival
rate led to 53% decrease in abundance, whereas a 5%
increase in survival rate led to 34% increase in abun-
dance). Altering the maximum dispersal distance (to 47
and 353 km) did not affect extinction probability but
had an effect on the resulting leopard abundance after
100 yr (Appendix S1: Fig. S4). Altering the initial popu-
lation size (to 200 and 500 individuals) did not affect
model outcomes markedly (Appendix S1: Fig. S4). Ini-
tial sex ratios of 1:2 and 1:3 (m/f) did not lead to notable
differences in leopard abundance and extinction proba-
bility (260 individuals after 100 yr on average for sex
ratios of 1:2 and 1:3 instead of 258 individuals for the
mean persecution reduction and prey restoration sce-
nario and no change in extinction probability).

FIG. 2. (a) Distribution of suitable leopard habitat and (b) potential leopard subpopulation patches and currently occupied
patches across the Caucasus ecoregion and northern Iran (see Appendix S1: Fig. S3 for details).

TABLE 3. The number and total area of subpopulation patches
per country and the respective proportion of these patches
that is under protection.

Country
No. subpopu-
lation patches†

Subpopulation
patch area [km2]

Area under
protection

[%]

Armenia 6 3,467 14
Azerbaijan 9 13,084 27
Georgia 13 16,978 15
Iran 22 34,757 19
Russia 12 40,534 32
Turkey 15 10,732 8
Total 74 119,552 23

†Patches crossing country borders were counted if at least
250 km2 were located in the respective country.
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FIG. 3. Leopard total population size across the nine conservation scenarios for 100 yr. The solid lines show mean estimates
and the shaded bands 99% confidence intervals. The Caucasus leopard metapopulation went extinct within 60 yr for all three sce-
narios with little investment into reducing persecution and therefore, those results are not visible in the graph.

FIG. 4. Probability of leopard occurrence after 100 yr in a patch (the proportion of replicate simulations in which a patch was
occupied after 100 yr) for all combinations of persecution and prey restoration scenarios.
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Decreasing the maximum emigration probability for
females also did not lead to marked changes of our
model outcomes (Appendix S1: Table S4). Adding addi-
tional individuals at model initialization to the Greater
Caucasus to test model sensitivity to ongoing reintro-
ductions in that area did not affect our high and low per-
secution reduction scenarios (no change in extinction
probability, only slight changes in leopard abundance).
However, we detected some effect on model outcomes
for the medium persecution reduction scenarios, where
5–50 additional leopards in the Greater Caucasus led to
a 10–90% higher abundance after 100 yr and a decreased
extinction probability (Appendix S1: Table S4 and Fig.
S8).

DISCUSSION

Given the wide-ranging nature of large carnivores,
ensuring their persistence and fostering their recovery
can be a colossal task: where should conservation action
start, and which strategies are most effective? In our
study, conservation measures to reduce persecution, and
thus the killing of leopards, had a much higher impact
on the long-term viability of the leopard population than
that of prey restoration, underlining the often devastat-
ing effect of losing individuals in small populations and
suggesting a high sensitivity of large carnivore popula-
tions to increased levels of mortality. Using the case of
the endangered Persian leopard in the Caucasus, we
investigated three key issues of relevance for many situa-
tions where information on large carnivore population
dynamics is scarce, thereby hindering the identification
of promising conservation strategies. First, we explored
the relative importance of conservation actions that

target human persecution of large carnivores and deple-
tion of their prey base, which are central drivers of large
carnivore decline globally. Second, we show how an indi-
vidual-based, spatially explicit simulation framework
can be used to assess potential pathways for restoring
large carnivores. Third, we outline an approach that
works for data-deficient regions and species, which is a
typical situation for large carnivores worldwide. For the
Caucasus, our study clearly suggests a large potential for
leopards to recolonize unoccupied habitat and establish
a viable metapopulation—if conservation measures are
ramped up.
Using a rule-based habitat assessment, we identified

abundant potential leopard habitat across the moun-
tain ranges of our study area (i.e., Greater and Lesser
Caucasus, Talysh-Alborz Mountains). This is in line
with previous studies mapping leopard habitat suitabil-
ity in parts of our study area (Zimmerman et al. 2007,
Gavashelishvili and Lukarevskiy 2008, Farhadinia
et al. 2015, Ebrahimi et al. 2017). Our assessment
highlights the importance of the Lesser Caucasus, the
only region where leopard reproduction currently
occurs in the Caucasus. Moreover, the Greater Cauca-
sus could play a major role in leopard recovery,
because it contains almost half of the area of all poten-
tial subpopulation patches we identified. Parts of these
subpopulation patches are already under protection
(32% and 15% in Russia and Georgia, respectively).
However, it is unlikely that leopards are currently
breeding in the Greater Caucasus, and considering the
characteristics of felid populations in recolonizing their
historical range, it is likely that only long-range dis-
persing males will arrive there from the Lesser Cauca-
sus in the near future.

FIG. 5. Sensitivity of leopard abundance after 100 yr towards increasing and decreasing survival rates (first eight parameters),
fecundity, and strength of density dependence of the medium persecution reduction and prey restoration scenario by 5% (f = fe-
male, m = male). Symbols indicate mean values; error bars show 99% confidence intervals. The dashed gray line and the shaded
area show the mean value and 99% confidence interval for the medium persecution reduction and prey restoration scenario.
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Our metapopulation analysis clearly suggests that
high mortality is the principal factor constraining leop-
ard population growth in the region. Only high persecu-
tion reduction led to a substantial population increase,
whereas low persecution reduction led to sharp popula-
tion decreases. All prey depletion scenarios had smaller
effects on our model outcomes. Although some studies
and historic hunting bags indicate that large carnivores
are fairly resilient to high rates of offtake and thus low
survival rates (Lindzey et al. 1992, Karanth and Stith
1999), our results suggest that leopard populations are
susceptible to high mortality, at least when persecution
is not sex-biased (which we did not test). This corrobo-
rates studies highlighting low survival rates as a main
determinant of large carnivore declines (Dalerum et al.
2008, Balme et al. 2009, Williams et al. 2017). Histori-
cally, larger population sizes or nearby source popula-
tions could have contributed to buffer high mortality
rates (Chapron et al. 2008). Today, many large carni-
vores occur in small and isolated populations, where the
death of only a few individuals can substantially increase
the extinction probability of the population, underlining
the importance of effective law enforcement and conflict
mitigation measures to reduce persecution (Heurich
et al. 2018, Bisht et al. 2019).
Persian leopards are under marked pressure from per-

secution, particularly outside protected areas (Kiabi
et al. 2002, Naderi et al. 2018). Several leopards have
been killed in the Lesser Caucasus or observed missing a
limb, indicating the use of snare and gin traps (Memar-
ian et al. 2018), and the only confirmed transboundary
leopard in the Talysh Mountains was poached in 2014
(Maharramova et al. 2018). Positive effects of persecu-
tion reduction on large carnivore populations have been
shown also for other regions. For example, leopard pop-
ulation growth rates increased by about 15% after imple-
menting conflict mitigation measures such as promoting
alternative husbandry methods to prevent livestock
depredation in South Africa (Balme et al. 2009). Like-
wise, preventing persecution lowered the modeled extinc-
tion probability of a lynx (Lynx lynx) population in the
Bohemian Forest in Europe from up to 74% to <1%
(Heurich et al. 2018). Although our analyses highlight
avenues to lower leopard mortality in the Caucasus, it is
worrying that three-quarters of the subpopulation patch
area we identified are unprotected, making the imple-
mentation of measures to reduce persecution challenge
effectively.
Despite the importance of persecution reduction, our

results suggest that prey restoration is also needed to
increase the carrying capacity for leopards, and hence
their abundance and density, and to decrease their popu-
lation extinction probability. The situation we found for
Persian leopards is likely exemplary for many threatened
large carnivores. Prey depletion is a major threat to large
carnivores globally, because large herbivores, which con-
stitute the majority of large carnivore prey, are mostly
threatened themselves (Wolf and Ripple 2016). For

example, decreases in ungulate densities likely led to the
absence of tigers (P. tigris) in the Mundanthurai reserve
in India (Ramakrishnan et al. 1999). Likewise, in Cen-
tral Asia, an increase in livestock numbers reduced
native ungulate densities, which both led to more snow
leopard attacks on livestock and in turn to more human
retaliatory killings of snow leopards (Berger et al. 2013).
Additionally, even our medium prey restoration scenario
was based on prey abundances from a relatively prey-
rich and strictly protected area in Iran (Ghoddousi et al.
2019). Therefore, current potential leopard densities are
likely to lie closer to our lowest prey restoration scenar-
io, underlining that sufficient prey is essential to prevent
population declines (Zimmerman et al. 2007). Often, a
combination of persecution reduction and prey restora-
tion is needed to foster population increases of large car-
nivores (Jędrzejewski et al. 2017).
We used all available data on leopards to parametrize a

spatially explicit metapopulation model across a large
and heterogeneous biodiversity hotspot. Nevertheless,
some challenges remain. First, some measures to reduce
leopard persecution, such as stricter law enforcement
against poaching, will likely also have a positive impact
on prey availability. Yet, our model does not include such
possible cobenefits. Second, neither persecution reduc-
tion nor prey restoration will act consistently across space
and stage classes. For example, low survival rates of some
subpopulations might be compensated by immigration
from neighboring populations, which we did not consider
(Chapron et al. 2008). Third, variability in survival rates,
for example, due to extreme weather events, disease out-
breaks, or periods of heavy poaching can have large
impacts on population viability, particularly in small pop-
ulations (Melbourne and Hastings 2008). Because Range-
Shifter does not currently allow for variability in survival
rates, we could not account for this in our model, and
might therefore partly underestimate the extinction risk
of leopards in the Caucasus. Finally, our habitat map
possibly overestimated subpopulation patches in areas
that encompass small-scale agriculture or tree crops (e.g.,
northern Turkey), because these were not differentiated
from forest in our land-cover map (Bleyhl et al. 2017).
Leopards are highly adaptable and persist well in such
landscapes, but we caution that human–leopard conflict
might be high (Navya et al. 2014).
Limited resources require conservation efforts to be

targeted towards the most effective strategies. Three gen-
eral insights for large carnivore conservation may be
derived from our work. First, our study highlights the
importance of preventing the loss of individuals in small
populations. Reducing persecution had a much higher
impact on the long-term population survival than prey
restoration, making a case for actions to reduce
human–carnivore conflicts that might lead to carnivore
killings (e.g., compensation schemes, adapted livestock
husbandry practices, promoting tolerance, and aware-
ness raising). Second, our work shows the potential of
individual-based, spatially explicit metapopulation
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models to assess where large carnivores may recolonize
suitable habitat, compare conservation strategies to pro-
mote such recolonizations, and quantify the long-term
prospects of carnivore populations under alternative sce-
narios. Finally, our study outlines how data-sparse situa-
tions can be overcome, which are typical for threatened
range-expanding or recovering species that are far from
occupying all suitable areas (Guisan and Thuiller 2005,
Fechter and Storch 2014). Our rule-based habitat map
validated favorably against known leopard presence
locations, highlighting the value of such a relatively sim-
ple approach for assessing and predicting large carnivore
recolonizations when combined with a mechanistic pop-
ulation model.
For Persian leopards, our results contribute to the

implementation of the objectives outlined in the Strategy
for the Conservation of the Leopard in the Caucasus
Ecoregion (Caucasus Leopard Working Group 2017).
We clearly show that the Caucasus can indeed host a
viable leopard metapopulation if appropriate conserva-
tion measures are augmented, and we highlight the
patches that are likely important for establishing such a
metapopulation. Measures to reduce persecution should
be targeted at carnivore-adapted livestock husbandry
(e.g., corralling vulnerable animals at night, guards dur-
ing the day, well-trained guarding dogs; Balme et al.
2009, Khorozyan et al. 2017). Particularly since the early
2000s, many protected areas have been established in the
Lesser Caucasus to prevent leopard persecution and to
restore prey populations more effectively (Zazanashvili
et al. 2020). Further, through the active involvement of
local people, leopard and prey species monitoring has
substantially increased, allowing for better predictions
of population trends and conflict hotspots (Zazanashvili
et al. 2020). Our results can thereby assist in identifying
areas that are likely to be recolonized, and we suggest
proactive actions such as improving awareness and toler-
ance amongst local people, and prey restorations in
those patches to support leopard range expansion.
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