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The present distribution of leopard (P. p. saxicolar) in the Caucasus is restricted to several small nuclei. 
100 confirmed leopard observations since 1990 have been used to model the potential distribution of the 
species in the ecoregion by means of an Ecological Niche Factor Analysis, to assess habitat suitability and 
patchiness. Variables predicting leopard distribution were terrain ruggedness, distance to highways, and 
slope, reflecting the inaccessibility of a given area. Best fit was achieved using the harmonic mean algo-
rithm, which produces a rather restrictive model. A total of 123,850 km² were identified as suitable habitat, 
separated into many patches, of which 12 were >1,000 km². A potential Caucasus meta-population could 
probably host up to 1,200 leopards. Large continuous clusters are located in NE Turkey, Armenia and west 
Azerbaijan, and in the eastern part of the Greater Caucasus. Habitat patches in the centre of the Lesser and 
the west of the Greater Caucasus are smaller and more fragmented. Given the limited input data, the model 
is relatively coarse, but it allows identifying priority areas for further field surveys and reveals critical areas 
for the maintenance of habitat corridors for the recolonisation of now empty patches. 

The leopard (P. p. saxicolor) has lost 
most of its historic range in the Cau-
casus ecoregion. Some individuals are 
still living in the eastern part of the 
Greater Caucasus, and several popula-
tion nuclei are known to persist in the 
Lesser Caucasus, in the south of Arme-
nia and in Azerbaijan (Lukarevsky et 
al. 2007a). Even though these nuclei 
are likely connected to leopard occur-
rences in northern Iran, the leopard 
in the Caucasus must be considered 
Critically Endangered according to 
IUCN Red List criteria. To prevent its 
eradication, first priority is the conser-
vation of the remaining nuclei; but the 
known distribution area is so small and 
fragmented that this alone will not be 
enough to preserve the leopard in the 
Caucasus in the long term. For a viable 
population to recover, the known dis-
tribution areas must expand and merge, 
allowing a considerable increase in 
population size. Top predator popula-
tions – and especially solitarily living 
large cats – need large areas. Protected 
areas might form strongholds for the 
persistence of the leopard in the Cau-
casus, but the big cat will also have to 
share its living space with people and 

their demands in a multi-use landscape. 
As a consequence of natural and anthro-
pogenic fragmentation, the leopard dis-
tribution will be irregular, most likely 
in the form of a meta-population, with 
several clusters of leopard presence 
and a limited exchange of individuals 
between these sub-populations. 

At this stage of the strategic plan-
ning for the leopard conservation, de-
veloping a spatial concept in terms of 
a meta-population approach is difficult. 
Nevertheless, it is important to “visual-
ize the vision” at an early stage of the 
planning in order to recognise the diffi-
culties and opportunities and to agree on 
certain priorities. In this paper, we use 
habitat modelling to plot the potential 
distribution of leopards in the Caucasus. 
The basic assumption of our approach is 
that the remnant known leopard nuclei 
persist within suitable habitats, and that 
other areas in the Caucasus with similar 
habitat features would hence also offer 
potential living space for the species. 
Extrapolating the character and quality 
of the known suitable habitat over the 
whole Caucasus consequently allows 
discovering other potential leopard hab-
itats. With this modelling exercise, we 

try to answer the following questions: 
1. What is the extent and distribution 

of suitable leopard habitat within the 
Caucasus eco-region?

2. How strong is the fragmentation of 
the potential habitat and what is the 
size of the identified habitat patches?

3. What is the potential of these patches 
to host sub-populations and how far 
are neighbouring extant or potential 
nuclei?

4. What share of the potential leopard 
habitat is within protected areas, and 
where are obvious gaps in the net-
work of the protected areas in regard 
to the recovery of the Caucasus leop-
ard population?

Methods
Habitat model. The Ecological Niche 
Factor Analysis (ENFA), developed by 
Perrin (1984), Hausser (1995) and Hirzel 
et al. (2002), uses presence data only, 
what is appropriate in situations where 
absence data are difficult or impossible 
to collect. The ecogeographical predic-
tors are first summarised into a few un-
correlated and standardised factors – a 
procedure similar to the Principal Com-
ponent Analysis. The first factor ex-
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plains all the marginality of the species, 
i.e. how it differs from the average con-
ditions of the study area. The other fac-
tors explain the species’ specialisation, 
i.e. how selective it is by comparison 
to the available range of environmental 
conditions. The factors were retained as 
long as their eigenvalue is higher than 
predicted by a Mac-Arthur’s Broken-
Stick distribution. A few factors usually 
explain the major part of the informa-
tion. Moreover, the amount of informa-
tion explained by each factor weights 
the environmental space dimensions in 
the habitat suitability algorithms. Their 
small number and independence make 
them easier to use than the original vari-
ables. From this process it follows that 
the ecological niche factors are relative 
to the reference area. The mathemati-
cal demonstration of this procedure has 
been developed by Hirzel et al. (2002). 
The species distribution according to 
these factors is used to compute a habi-
tat suitability index (0 ≤ HS ≤ 100) for 
any set of descriptor values. Four algo-
rithms (median, harmonic mean, geo-
metric mean, and minimum distance) 
were used to compute the habitat suit-
ability index (see Hirzel & Arlettaz 
2003 for details). The ENFA analyses 
have been performed with Biomapper 
3.2 (Hirzel et al. 2006).

Environmental predictors. The Caucasus 
ecoregion was chosen as reference area, 
and modelled as a raster map based on 
Lambert Equal-Area Azimuthal projec-
tion (central meridian 44.5 degree; ref-
erence latitude 42.6 degree), comprising 
602,125 squares of 1×1 kilometre. The 
land use data, rivers, roads, settlements 
and protected areas were digitized from 
1: 500,000 maps. Elevation came from 
the SRTM elevation model, a 90×90 m 
grid. All databases were in digital form 
and ready to be used in the GIS ArcView 
(Environmental System Research Insti-
tute) and IDRISI 2.0 (Eastman 1997).

From this information, we com-
puted a summary statistics to each 5×5 
kilometre cell (e.g. median female leop-
ard home range; see Marker & Dick-
man 2005): (1) the frequency in the case 
of the different land use predictors; (2) 
the standard deviation of the slope as 
measure of terrain ruggedness, and (3) 
the mean value in the case of elevation, 
slope, distances to rivers, dry rivers, 

channels, highways, main roads, and 
cities. The environmental predictors 
have been normalized using the Box-
Cox transformation (Box & Cox 1964) 
prior to the analyses.

Leopard data and potential distribution. 
Leopard observations available for the 
Caucasus ecoregion were taken from 
Lukarevsky et al. (2007), comprising 
a total of 100 chance observations col-
lected since 1990. The function-calcu-
late density from the program ArcView 
was used to determine the inhabited area 
based on the available 100 locations. 
We used the kernel method (Sliverman 
1986) to estimate the non-parametric 
density for the two-dimensional (x, y) 
data. The search radius was fixed to 15 
km and the resolution of the map to 5×5 
km. The area of the density grid was 
progressively enlarged by changing the 
threshold so that at the end, we got all 
leopard chance observations included 
within the boundary of the inhabited 
area. This happened when all cells 
>0.002 were included in the distribu-
tion area. A binary map of inhabited 
area (9,250 km²) with multiple centres 
of activity was obtained. We divided the 
370 5×5 -km cells into cross-validation 
groups following a k-fold partitioning 
design. Huberty’s rule of thumb was 
used to determine the model training to 
testing ratio:

where t and p are the proportion for test 
data and the number of environmental 
predictors, respectively. Based on this 
rule, a testing ratio of 21% was deter-
mined and a k-fold partition of five 
groups considered. Using cross-valida-
tion procedures, we trained our model 
iteratively on four of the five data sets 
using ENFA analyses. Validation was 
based on the remaining testing set. A 
new evaluator based on a moving win-
dow of width W instead of fixed classes 
was computed. This provides a smooth 
predicted by expected ratio of evalua-
tion points on which a continuous Boyce 
index can be computed (see Hirzel et al. 
2006 for details).

The cut-off value of the habitat suit-
ability map was fixed arbitrary in a way 
that 80% of the cells of the inhabited 
area were included in the boundaries of 
the potential distribution map. Patches 
were defined using the tool Region-
Group of the program ArcView (ESRI 
1996a, b, c). Each 5×5 km grid cell was 
grouped into a connected region assign-
ing a unique number to each region in 
the GIS. Cells that were orthogonal or 
diagonal to each other were considered 
to be connected. 

Table 1. Sixteen predictors retained in the habitat suitability and result of the ENFA analyses. 
The response variable is the area occupied by leopard based on the Kernel analysis. The 5x5 
cells of the inhabited area (n =370) were used to generate and validate the models. EP = 
Environmental predictor, factors: M = Marginality, S1, S2, S3 and S4 = Specialization. Bold 
= EP with an absolute score ≥ 0.2. The scores of the marginality are sorted in a decreasing 
order. Variable category: Top = topographical; Bio = biological; Ant = anthropogenic.

EP Cat M S1 S2 S3 S4
Slope [SD] Top +0.416 0.393 0.312 0.623 0.600
Distance to highways [mean] Ant +0.412 0.277 0.24 0.02 0.204
Slope [mean] Top +0.403 0.149 0.349 0.623 0.698
Elevation [mean] Top +0.355 0.518 0.745 0.078 0.166
Summer pastures [freq] Bio +0.347 0.009 0.199 0.112 0.013
Distance to channels [mean] Ant +0.235 0.582 0.188 0.150 0.015
Rocks [freq] Bio +0.142 0.068 0.01 0.027 0.008
Distance to main roads [mean] Ant +0.139 0.05 0.162 0.158 0.007
Forest [freq] Bio +0.092 0.008 0.135 0.014 0.033
Pastures around villages [freq] Bio +0.087 0.213 0.000 0.181 0.076
Distance to cities [mean] Ant +0.075 0.108 0.032 0.044 0.051
Winter pastures [freq] Bio +0.069 0.003 0.055 0.046 0.033
Distance to dry river [mean] Bio -0.029 0.259 0.068 0.332 0.017
Villages [freq] Ant -0.086 0.016 0.050 0.085 0.009
Distance to rivers [mean] Bio -0.228 0.075 0.002 0.043 0.140
Intensive agriculture [freq] Ant -0.260 0.058 0.194 0.010 0.231
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Results
By applying the ENFA method to the 
calibration sets, we got an overall mar-
ginality M of 1.139 and an overall spe-
cialization value S of 1.576, indicating 
that leopard’s habitat differs from the 
average condition in the Caucasus ecore-
gion. According to the Mac-Arthur’s 

Fig. 1. Habitat suitability analyses based 
on known leopard distribution areas con-
firmed in recent surveys (white polygons). Habitat quality is pre-
sented as a relative scale from 0 (not suited) to 100 (best suited habitat). 
White dots represent recent leopard records independent form the surveys 
used to define the distribution polygons, shown to verify the model.

Table 2. Patches of suitable leopard habitat in the Caucasus. Patch number refers to Fig. 
3. The area represents the number of 5×5 km grid cells in each patch and the sum of the 
residual patches <1000 km². Adjacent patches are those separated not more than 1 or, if 
patch number in bracket, 2 grid cells apart.

Patch no. Region Countries Area 
(km²)

Adjacent 
to patches

1 Ardahan TR, GE, AM 1,000 7, 10
2 Ossetia RU, GE 1,175 8,11
3 Kars-Igdir TR 1,375 -
4 Dilijan AM 1,450 (7)
5 Qotur IR, TR 2,525 -
6 Giresun TR 2,950 -
7 Trialetis-Bazumi GE, AM 4,000 1, 10, (4)
8 Cherkessia RU 4,275 2
9 Gilan-Elborz IR 4,425 (12)
10 Erzurum TR, GE 22,425 1, 7
11 Dagestan RU, AZ, GE 32,675 2
12 Zangezur-Talysh AM, AZ, IR 33,250 (9)

Residual - - 12,325 -
Total 123,850

Broken-Stick rule, five factors (M, S1–
4; Table 1) were retained, accounting 
for 86% of the total specialization. The 
marginality factor alone accounted for 
100% of the marginality and for 30% of 
the total specialization and showed that 
leopard observations were essentially 
linked to terrain ruggedness (slope SD), 

slope, distance to highways, elevation, 
distance to channel, and summer pas-
tures frequency (Table 1). On the other 
end, leopards tended to avoid areas far 
from rivers as well as intensive agricul-
tural areas. The second (15.3% of the 
total specialization explained), the third 
(10.8%), the fourth (8.7%), and the 
fifth (6.2%) factor accounted for more 
specialization, mostly regarding terrain 
ruggedness, elevation, slope,  and dis-
tance to highways and channels, respec-
tively. The habitat suitability map (Fig. 
1) was computed using the species dis-
tribution on these factors. The validation 
revealed that prediction performance 
were best accounted by the harmonic 
mean model with a continuous Boyce 
index (Bcont(0.1) ± SD) of 0.817 ± 0.1013, 
compared to the other algorithms (geo-
metric mean: 0.686 ± 0.1087, minimum 
distance: 0.678 ± 0.2059 and median: 
0.461 ± 0.2433).

The cut-off value of the habitat 
suitability map was fixed arbitrarily in 
a way that 80% of the presence cells 
were included in the boundaries of 
the potential distribution map (Fig. 2). 
When ignoring all patches <1000 km², 
the model divided the leopard habi-
tat into 12 suitable patches. 3 patches 
(number 10, 11 and 12; Fig. 3, Table 
2) were >20,000 km2, with the largest 
being 33,550 km².  In some patches (e. 
g. patch no. 12, Zangezur-Talysh in the 
south-eastern part of the ecoregion), 
large clusters of suitable habitat were 
connected only through small bands of 
habitats, which have more the character 
of a corridor and may act as bottlenecks 
for the movements of leopards within 
the patch.

The total area of suitable habitat in 
the Caucasus is about 123,850 km² (Ta-
ble 2), of which less than 13 % are with-
in protected areas (Fig. 2). On the other 
hand, more than 60 % of the protected 
area is no leopard habitat, mainly of 
course the wetland reserves. The largest 
continuous protected area, formed by 
several adjacent PAs in Chechnya, Dag-
estan and the triangle RU, GE and AZ 
(Fig. 2) is about 3,050 km² of suitable 
habitat. Assuming a moderate leopard 
density of 1 resident individual/100 km² 
suitable habitat (see discussion), the 
Caucasus could host a meta-population 
of about 1,200 resident leopards.

Habitat suitability
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Fig. 2. Potential leopard range in the Caucasus (green areas, about 123,850 km²) based on the 
habitat suitability analyses presented in Fig. 1. The threshold value is set to include 80 % of the 
presence cells of the calibration data set. In yellow the boundaries of protected areas (in total about 
43,500 km²). 13 % of the potential leopard range is located within protected areas. About one third 
of the protected areas are in potential leopard habitat. Double lines show highways. 

Fig. 3. Clusters of potential leopard range in the Caucasus. To belong to the same patch, 5×5 km 
grid cells must touch neighbouring cells at least diagonally or orthogonal. The colours represent size 
classes of patches. All patches >1,000 km² are numbered in increasing order. Smaller patches may not 
host a permanent population in the long term, but could be important stepping-stones to connect larger 
clusters.

Patch size (km2)
≤ 100
100-500
500-1000
1000-10000
>10000



32 2007

Discussion
Our model predicts a total extension of 
suitable leopard habitat in the Caucasus 
eco-region of 123,850 km², of which 
about 110,000 km² form twelve clusters 
of >1000 km² rather continuous habitat 
(Table 2). Only patch no. 12, bridging 
the known leopard nuclei in the centre 
of the Lesser Caucasus with the Talysh 
Mountains, is not a very coherent cluster. 
But this patch and especially its corridor 
across the Qarah Su valley in northern 
Iran is essential, as it potentially con-
nects the Caucasus occurrences with 
the leopard populations in the Elburs 
(Alborz) and even the Kopetdag ranges 
further east. In regard to the recolonisa-
tion of the Caucasus and the long-term 
(genetic) preservation of the population, 
the maintenance of corridors is of high 
importance1. Even the coarse resolution 
of our present model makes obvious 
where the critical connections between 
neighbouring clusters are, and where it 
will be important to maintain the con-
nectivity and, where needed, restore 
the ecological features of existing or 
potential corridors. A habitat model fur-
thermore allows testing for the potential 
effect of future infrastructure develop-
ment, such as the construction of new 
highways or water reservoirs on the po-
tential leopard distribution area. 

Another 12,325 km² suitable habitat 
are distributed over the whole Cauca-
sus in numerous clusters <1000 km², as 
small single isolated 5×5 km grid cells. 
The high fragmentation of the habitat is 
especially obvious in the western part 
of the Greater Caucasus (Fig. 2, Fig. 
3). These small patches are too small to 
host a population, but they might be im-
portant stepping-stones between larger 
clusters, hence support the connection 
between potential sub-populations. The 
basic assumption of habitat modelling 
is that the known present distribution 
areas are in the best-suited habitats. A 
species may however not only exist 
in one type of environment (unimodal 
distribution of factors), but in several 
(multimodal). The algorithms – median, 

1 In this respect, the status of the leopard popula-
tion and the fragmentation of its distribution range 
in northern Iran are of outstanding importance for 
the future of the leopard in the Caucasus, and a 
comprehensive survey of the areas south of the 
Caucasus ecoregion would strongly support the 
conservation planning for the leopard. 

minimum distance, geometric mean, 
and harmonic mean – have to be chosen 
according to the distribution. However, 
the distribution of factors is often not 
known, especially if the remnant distri-
bution area or the input data are limited. 
Then, the algorithm of best fit should be 
used, in our case the harmonic mean. 
This algorithm increase the influence 
of the observations close to the distribu-
tion centre (Hirzel & Arlettaz 2003) and 
produces rather restrictive distribution 
maps compared to other algorithms. It 
nevertheless “discovered” well-suited 
habitat quite far from known areas of 
presence, e.g. in NE Turkey. The fact 
that the north-western part of the Cau-
casus (Fig. 4), which has a high cover 
of forest, is in relatively low suitability 
classes may be a consequence of the 
large geographic (and hence ecologi-
cal) distance to the origin of the leop-
ard input data, but may as well express 
real constraints: This region was also in 
historic times the edge of the leopards 
distribution range and was lost relative-
ly early, and none of the field transects 
performed in this region produced posi-
tive results (Lukarevsky et al. 2007a).

A few recent leopard records (which 
were not used to compute the model) 
are available to “test” the model. They 
are all located within or close to the 
higher habitat suitability classes (white 
dots in Fig. 1), with the exception of 
the one from Ilisu Branch NR. This NR 
is however very small and clearly iso-
lated from the large habitat clusters in 
the Greater and the Lesser Caucasus. 
It might be important as a “stepping 
stone” in a corridor, but will never host 
an independent population. The habitat 
model is at this stage relatively coarse 
and hence speculative. On one hand, 
input data were limited: The leopard 
data available (Fig. 1) were limited in 
number and quality (all survey data 
– see Lukarevsky et al. 2007a – have 
an “anthropogenic bias”, as they always 
depend on the presence of the research-
er) and some of the space and landscape 
features used to develop the model (Ta-
ble 1) over the whole Caucasus were 
only available in a limited resolution. 
Model building is a deductive-induc-
tive process, with model formulation 
and validation occurring iteratively. 
Once additional leopard data from other 
areas or gained with independent meth-

ods (e.g. radio-telemetry) are available, 
new validations should be performed. 
With more leopard data available, the 
model should be computed again, with 
data split into several subsets according 
to observation categories (e.g. direct 
observations versus track transects and 
versus radio-tracking data) to test for 
possible biases and to assess their abil-
ity to predict leopard distribution.

On the other hand, the model does 
not consider prey availability. There are 
both practical and conceptual reasons 
refraining from including prey data: 
(1) Prey information is not consistently 
available over the whole range (Mal-
lon et al. 2007), (2) “suitable leopard 
habitat” incorporates the suitability of 
a given landscape for leopard prey, as 
generally, the prey is more habitat de-
pendent than the predator (and conse-
quently, including a prey layer would 
result in a pseudo-replication), and 
(3) prey may have recently decreased 
as a consequence of over-hunting, but 
the anthropogenic influence differs 
between areas (Lukarevsky 2004, Lu-
karevsky et al. 2007a, Mallon et al. 
2007, Williams et al. 2006). The model 
describes where the landscape accord-
ing to its geographic, topographic and 
habitat features would be suited to host 
leopards; it does not predict whether 
shortage of (wild) prey or conflicts with 
local people would limit the presence 
of the big cats. These are factors, which 
must, like any other threat, be assessed 
and mitigated where needed prior to a 
possible recovery of the leopard. Such 
detailed information is not yet or only 
for limited areas available for the leop-
ard. The model also allows identifying 
gaps of knowledge and information. If 
we compare the distribution of nega-
tive and positive field surveys (Fig. 3 in 
Lukarevsky et al. 2007a) with the map 
of potential leopard habitat (Fig. 2), it is 
obvious that not all potential areas have 
been surveyed yet. The most obvious 
gaps are in the eastern part of the Great-
er Caucasus (Russia and Azerbaijan), 
and in the Lesser Caucasus north-east 
Turkey and western Azerbaijan. 

Of the more than 120,000 km² suita-
ble habitat identified by our model, only 
about 9,250 km² are presently known to 
be settled by leopards (Fig. 1). Accord-
ing to the estimation by Lukarevsky et 
al. (2004, 2007a), not more than 15 and 
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50 leopards live today in the Greater 
and Lesser Caucasus, respectively. But 
what is the potential of the Caucasus to 
host a viable leopard population – as-
suming that a successful recovery in all 
suitable habitat would be successful? 
Density indications available for the 
leopard in the Caucasus are very crude 
guesses. Khorozyan (2003) indicated 
a density of 0.4 leopard/100 km² from 
track transects in Armenia (see explana-
tions in Lukarevsky et al. 2007b). Lu-
karevsky (2004) estimated the number 
of leopards in some protected areas of 
known size in northern Iran: The Ar-
asbaran Biosphere Reserve (725 km²) 
hosts 5–6 leopards on 500 km² suit-
able habitat; the Kiamaki Reserve 8–9 
leopards on 844 km². This points to a 
possible density of about 1 leopard/100 
km². Lukarevsky et al. (2004) believed 
that under good conditions, groups of 
5–10 leopards could live on areas of 
150–300 km², hence on a density of 3.3 
leopards/100 km². With a low to mod-
erate density of 0.5–1 leopard/100 km², 
the potential total population would 
be some 600–1200 leopards (of which 
about one third in the Greater and two 
thirds in the Lesser Caucasus), hence 
a population size that we can consider 
“viable” even under genetic consid-
erations. But this is rather speculative. 
There is no doubt that leopard densities 
vary considerably with prey availability 
and other ecological factors (Marker & 
Dickman 2005), but the wide range of 
estimations for the Caucasus based on 
the presently available information and 
expert opinions demonstrates that we 
definitely need more reliable data on 
the land tenure system of leopards in the 
Caucasus to assess the size of potential 
local occurrences. However, consider-
ing that the lower density estimation of 
0.5 leopard/100 km² is a conservative 
assumption and that the main clusters 
are relatively large and well-connected 
through smaller patches of suitable 
habitat, the model demonstrates that it 
might be visionary, but by no means il-
lusionary to plan the recovery of a vi-
able meta-population of leopard in the 
Caucasus. 
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Fig. 4. Kavkasky Zapovetnik (RU). The northwest Caucasus was, together with the Primorski-
Kraij in the Russian Far East, the northern edge of the global Panthera pardus distribution and 
the only area where leopards were living in mainly coniferous forests. The local occurrence was 
eradicated decades ago, but the region is now target for a reintroduction project (Photo WWF, 
F. Mörschel). 


