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In an increasingly human-dominatedworld, conservation requires themitigation of conflicts between largemam-
mals and people. Conflicts are particularly problematic when resources are limited, such as at wintering sites. Such
conflicts have fragmented many large mammal populations, making reintroductions in suitable sites necessary.
Broad-scale habitat suitability mapping can help to identify sites for species' reintroductions. The European
bison is a good example of a large mammal that is restricted to only a fraction of its former range. The goal of
our study was to identify and assess potential habitat for European bison in the Caucasus Mountains, which is a
part of its former range and has the potential to harbor larger populations. Specifically, we used seasonal presence
data from four reintroduced European bison populations and two sets of predictor variables to: (i) map habitat
suitability for summer andwinter, (ii) characterize habitat based onmanagement-relevant categories that capture
the potential for conflicts with people, and (iii) identify candidate sites for reintroductions. We found substantial
areas of suitable habitat. However, areas of potential conflicts with people were widespread and often near highly
suitable areas. We identified 69 potential reintroduction sites (10 230 km2, 1.8% of the ecoregion) that have
suitable summer and winter habitat with relatively low risk of human–wildlife conflict. These results can guide
conservation efforts in establishing a viable European bison metapopulation in the Caucasus ecoregion. More
broadly, our results highlight the need to map large mammal habitat suitability for different seasons in order to
derive meaningful conservation recommendations.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Large mammals are threatened in many parts of the world, mainly
because of habitat loss, over-hunting, and conflicts with people and
their land use (Cardillo et al., 2005; Hoffmann et al., 2011; Ripple
et al., 2015). Many large mammal populations are therefore small and
isolated, making them prone to extirpation (Di Marco et al., 2014).
This is worrisome, because large mammals play key roles in ecosystem
functioning (Jaroszewicz et al., 2013; Pringle et al., 2007), often serve as
umbrella species (Branton and Richardson, 2011), and are iconic
flagships for conservation. Identifying ways to protect large mammal
species in increasingly human-dominated landscapes is thus a key
priority for conservation science (Hoffmann et al., 2011; Ripple et al.,
2015).
Bleyhl).
Conservation planning for large mammals requires mapping
suitable habitat for protecting and enlarging existing populations, for
identifying corridors between them, and for locating candidate sites
for future reintroductions (Hebblewhite et al., 2011; Schadt et al.,
2002). Species distributionmodeling is an important tool to understand
habitat selection and predict habitat patterns (Elith and Leathwick,
2009; Engler et al., 2004; Guisan and Thuiller, 2005). In human-
dominated landscapes, habitatmodelsmust includemeasures of poten-
tial conflicts with people (e.g., Hebblewhite et al., 2014; Kuemmerle
et al., 2014; Zhou and Zhang, 2011), and if spatially explicit data on
underlying threats, such as poaching, is lacking, then proxy variables,
such as distance to roads or settlements, are typically used. However,
when proxy variables for conflict are immediately combined with
resource-related variables in habitat models, then it becomes more
difficult to assess what ultimately drives habitat suitability. Moreover,
habitat models that include conflict variables are ill-suited to identify
areas that may act as population sinks because they offer attractive

http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocon.2015.06.011&domain=pdf
http://dx.doi.org/10.1016/j.biocon.2015.06.011
mailto:benjamin.bleyhl@geo.hu-berlin.de
http://dx.doi.org/10.1016/j.biocon.2015.06.011
http://www.sciencedirect.com/science/journal/
www.elsevier.com/locate/bioc


84 B. Bleyhl et al. / Biological Conservation 191 (2015) 83–92
but risky habitat (i.e., ecological traps, Delibes et al., 2001; Naves et al.,
2003). Thatmakes it advantageous to parameterizemodels characteriz-
ing environmental and human conflicts separately (Naves et al., 2003),
but such a two-step modeling approach has only been applied a few
times, and mainly for large carnivores (e.g., De Angelo et al., 2013;
Kanagaraj et al., 2011; Martin et al., 2012).

Another important issue when modeling habitat of large
mammals arises from the fact that their habitat needs can vary
considerably among seasons. However, most modeling applications
so far have modeled large mammal habitat for a single season, usual-
ly summer. This is problematic for two reasons. First, summer habitat
is typically more widespread than winter habitat, especially for large
ungulates, but survival rates are typically lower in winter (Mysterud
et al., 2007). Second, summer and winter habitat may differ in
location and spatial pattern, meaning the protection of the species'
full annual range is necessary to ensure its survival and thus to
achieve conservation goals (Gavashelishvili, 2009; Kuemmerle
et al., 2014; Martin et al., 2007).

European bison (Bison bonasus), Europe's largest terrestrial
mammal, is a great example of a species restricted to a few small
and isolated populations (Kuemmerle et al., 2012; Pucek et al.,
2004). European bison went extinct in the wild in the early 20th
century and the last free-ranging individual was poached in 1927
in the western Caucasus (Krasińska and Krasiński, 2007). A small
number of European bison survived in zoos though, and a reintro-
duction program began after World War II. Today, about 3220 ani-
mals live in 40 wild, but small and isolated populations (Raczyński,
2013). The Caucasus is one of the species' strongholds, with three
herds harboring together more than 500 bison (Sipko et al., 2010).
Yet, the effective population size (Ne) of European bison in the
region is too small to be viable (i.e., Ne N 400–500 individuals,
Olech and Perzanowski, 2002; Pucek et al., 2004; Tokarska et al.,
2011) and there is no natural exchange among the herds, which is
especially problematic because of the genetic bottleneck that the
species went through (only 12 captive founders). Furthermore, a
suite of human threats have caused population declines for bison
and other wildlife after the collapse of the Soviet Union (Bragina
et al., 2015a; Di Marco et al., 2014; Krasińska and Krasiński, 2007).
Poaching was the main reason and may continue in some parts
of the Caucasus (Sipko, 2009; Trepet and Eskina, 2012). Other
threats include illegal logging, pollution, armed conflicts, and
infrastructural development (Cheterian, 2008; Zazanashvili and
Mallon, 2009).

The Caucasus contains some of the last remaining wilderness areas
in Europe where apex predators and large ungulates still exist in large
enough numbers to shape ecosystem processes (Estes et al., 2011;
Zazanashvili andMallon, 2009),making it a prime candidate site for fur-
ther bison reintroductions (Sipko et al., 2010). Indeed, a trans-national
conservation plan for the Caucasus lists European bison as one of 26 pri-
ority specieswith the target to achieve a healthy and safe population by
2025 (Williams et al., 2006; Zazanashvili et al., 2012). Identifying suit-
able habitat, especiallywinter habitat, with low risk for human–wildlife
conflict is critical to reach this target. However, prior studies focused
either on very small study sites (Klich and Perzanowski, 2012;
Nemtsev et al., 2003) or covered the Caucasus in a coarse-scale habitat
suitability analysis as part of the species' former range (Kuemmerle
et al., 2011). A detailed habitat analysis for different seasons and for
the entire region is still lacking.

Our first objective was to map potential European bison habitat in
both winter and summer for the Caucasus region. Our second objective
was to distinguish suitable habitat that is safe, from suitable habitat
with high potential for human–bison conflicts (i.e., ecological traps),
and safe but only marginally suited habitat (i.e., potential refuges).
Finally, our third objectivewas to identify patcheswith sufficientwinter
and summer habitat and low human impact as candidate sites for
potential future reintroductions.
2. Data and methods

2.1. Study area

The Caucasus harbors high levels of biodiversity, including many
endemics (Mittermeier et al., 2004; Myers et al., 2000; Zazanashvili
et al., 2012). The ecoregion is located between the Black and Caspian
Seas, elevations range up to 5600 m and climate varies from moist,
temperate in the west (1200–2000 mm precipitation) to arid in the
east (b250 mm). Lowland natural vegetation ranges from steppes in
the western plains to semi-deserts, and arid woodlands in the east.
Mountains cover about 65% of the region and are dominated by broad-
leaf forests (mostly beech, oak, hornbeam, and chestnut) with some
dark coniferous and pine forests (Krever et al., 2001), mountain
meadows, and bare rock and ice. We selected the Caucasus ecoregion,
as delineated by the World Wide Fund for Nature (WWF, Krever et al.,
2001) as our study area (580000 km2), plus a buffer of 25 km to avoid
edge effects in the predictors (Fig. 1).

The exact historic range of European bison in the Caucasus is not
known, but archeozoological findings suggest historic occurrences
throughout the Greater Caucasus (Kuemmerle et al., 2012; Nemtsev
et al., 2003; Sipko et al., 2010). Bison today occur in three reintroduced
herds in Russianprotected areas: the Caucasus biosphere nature reserve
(Kavkasky, 830 animals, consisting of European bison × American bison
(Bison bison) hybrids), Teberdinsky biosphere nature reserve
(Teberdinsky, 22 animals), and the North-Ossetian national nature
reserve (North Ossetia, 66 animals).

2.2. European bison presence data

We delineated the summer and winter ranges of the three existing
populations, and a fourth that was extirpated by poachers near the
city of Nalchik in the 1990s, based on information taken from the liter-
ature and our personal experience (co-authors T. Sipko, S. Trepet), and
outlined them on topographic maps (1:25000) and high-resolution
Google Earth images. The ranges represented 1160 km2 of summer
and 180 km2 of winter habitat (Fig. 1). From these ranges, we randomly
selected 50 location points per herd for summer and 30 location points
per herd for winter grounds, while keeping a minimum distance of
500 m to avoid spatial autocorrelation. We further excluded locations
on roads. In total, we used 195 locations for summer and 46 locations
for winter habitat (not all ranges were large enough to contain 50
summer or 30 winter locations).

2.3. Predictor variables

To parameterize our habitat suitability models, we used a candidate
set of eleven predictors characterizing landscape composition, topogra-
phy, vegetation productivity, and human disturbance (Appendix A), out
of which we included six environmental and two human-disturbance
predictors in our final models (Table 1).

To capture land-cover, we used the 2009 Globcover dataset (300 m
resolution, Bontemps et al., 2011, http://due.esrin.esa.int/globcover/).
We aggregated the 22 Globcover land-cover categories into ten classes:
coniferous forest, mixed forest, broadleaved forest, open forest, grass-
and shrubland, cropland, mosaic vegetation/cropland, bare and sparsely
vegetated areas, settlements, andwater (for details see Appendix A). To
capture forest fragmentation, we used morphological image segmenta-
tion applied to the combined forest classes as the focal class (Vogt et al.,
2007). We stratified all forest gridcells into (i) core forest (forest
neighbors), (ii) edge forest (outer margin of core forest), (iii) islet
(forest patches too small to contain core forest), and (iv) perforation
(interior edges, Kuemmerle et al., 2010; Vogt et al., 2007), using an
eight-neighbor rule and 300-m edge width. We also calculated the
Euclidean distance of each pixel to the closest forest edge. In addition,
we acquired the Vegetation Continuous Fields product (VCF, MOD44B,

http://due.esrin.esa.int/globcover/


Fig. 1. (A)Overviewof theCaucasus ecoregion, herd ranges andhistoric findings of Europeanbison (Heptner et al., 1961; Kuemmerle et al., 2012;Nemtsev et al., 2003),mountain ranges of
the Greater Caucasus (in the north) and the lesser Caucasus (in Georgia, Turkey, Armenia, and Azerbaijan in the south); (B) herd ranges, shown in blue, of the four European bison pop-
ulations: 1= Kavkasky, 2= Teberdinsky, 3=North Ossetia, 4=Nalchik; (C) Location of the Caucasus ecoregion (red). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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collection 5, version 1, years 2000–2010) from theMODerate Resolution
Imaging Spectroradiometer (MODIS) to calculate fractional tree cover
data with 250-m resolution as the VCF average for 2000, 2006, 2008,
2009 and 2010 (the other years had too much missing data).

To capture vegetation productivity, we calculated the mean Normal-
ized Difference Vegetation Index (NDVI) for summer (June–August) and
the length of the vegetation period for each year, and then averaged
them across all years (2000–2012, see Estel et al., 2015). Length of the
vegetation period was defined as the period with NDVI values N 0.01
and a land surface temperature N 5 °C. Additionally, we used the MODIS
snow cover product (MOD10A2) from 2001–2012 to calculate the num-
ber of days with snow cover per year which we then averaged across all
years. All MODIS data (including VCF) were acquired from the Land
Processes Distributed Active Archive Center (http://lpdaac.usgs.gov).

To capture topography, we derived elevation and slope from the
Shuttle Radar Topography Mission data (SRTM, http://srtm.csi.cgiar.

http://lpdaac.usgs.gov
http://srtm.csi.cgiar.org/


Table 1
Summary of predictor variables used in the final Maxent models. A detailed rationale and description of these variables, including full data sources, is provided in Appendix A.

Category Predictor Source Spatial resolution

Environmental Land cover Globcover 2009 300 m
Forest fragmentation
Distance to forest
Percent tree cover MODIS Vegetation continuous field product 250 m
Length of the vegetation period MOD13Q1v5 and MYD13Q1v5 250 m
Slope SRTM 90 m

Human disturbance Distance to roads WWF CauPO, WWF Armenia, Open Streetmap, ESRI Data and Maps Kit 2012 100 m
Distance to settlements WWF 100 m
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org/). Slope was limited to 28° maximum for the summer models,
because initial results predicted increasing suitability on steeper slopes
although very few occurrence points were found on slopes N 30° (see
Appendix A).

Human disturbance was measured as the Euclidean distances to
roads and settlements. We obtained the roads and settlements layer
from WWF Caucasus Programme Office (CauPO) and WWF Armenia.
Both datasets are based on topographic maps (scale: 1:500000). We
included major roads, minor roads and forest roads to cover potential
human disturbance. Roads can act as effective barriers even if traffic is
comparatively low (Perzanowski et al., 2007). Moreover, even small
roadsmay amplify human disturbance due to easier access for poachers
or ongoing logging. Distance to roads was limited to a maximum of
5.4 km in summer and 2.4 km inwinter because initialmodels predicted
less suitable habitat for higher distances (see Appendix A for further
detail).

We resampled all predictors to a 300-m resolution with bilinear
interpolation, and reprojected these grids to the Albers Equal Area
coordinate system. The snow cover and elevation predictors were
both highly correlated to the length of the vegetation period (r N 0.7,
Dormann et al., 2013), and themean summer NDVIwas highly correlat-
ed to the fractional tree cover. Ultimately, snow cover, elevation, and
mean summer NDVI were therefore not included in our final models
because corresponding alternative models yielded higher model
accuracy.
2.4. Mapping potential habitat

To map potential habitat, we used maximum entropy modeling
(Maxent, version 3.3.3 k, Phillips et al., 2006). Maxent is a machine-
learning technique that estimates the unknown distribution of habitat
suitability by contrasting the values of predictors at occurrence loca-
tions with the overall distribution of these predictors (Merow et al.,
2013).Maxent chooses the distribution that fulfills the given constraints
inferred from the presence data and minimizes the relative entropy for
the model derived from the overall distribution of the predictors (the
background, Elith et al., 2011). Maxent requires only presence data,
which is advantageous in the case of European bison that currently
only use a part of their historical range. Moreover, Maxent performs
well with small sample sizes (Wisz et al., 2008) and frequently outper-
forms other presence-only modeling techniques (Elith et al., 2006).

We parameterized themodels with 10 000 background points, 2500
iterations maximum, and default settings for convergence thresholds
and regularization (Phillips and Dudik, 2008). We used only quadratic
and hinge features to prevent overfitting (Kuemmerle et al., 2014).
Sampling background points from very broad areasmay result in overly
simplistic model predictions (Anderson and Raza, 2010; VanDerWal
et al., 2009), which is why we took background samples only from the
minimum convex polygon of historic European bison locations in the
Caucasus (Heptner et al., 1961; Kuemmerle et al., 2012; Nemtsev
et al., 2003) and elevations below 4000 m while maintaining a mini-
mum distance of 900 m between individual points. Our minimum con-
vex polygon covered an area of about 100 000 km2.
After parameterization, we projected the model over the whole
study region and used a logistic link function to derive a relative habitat
suitability index (HSI) between zero and one (Phillips andDudik, 2008).
We parameterized two models for each season. The first model
captured environmental conditions only (environmental model) and
the second model captured human disturbance only (human distur-
bance model, Table 1). We validated our models through ten-fold
cross-validation using the mean area under the curve (AUC) of the
receiver operating characteristics (ROC) curve. To measure variable
importance, we used a jackknife procedure by measuring the test AUC
for single variable models and models without the variable as well as
gain changes in the Maxent function (Phillips et al., 2006). To test if
model outputs were influenced by the random sampling of occurrence
records from the range maps, we compared five different sets of
presence points.

The resulting HSI-maps from both the environmental and the
human disturbance models were categorized as matrix and potential
habitat with the latter being areas with HSI-values equal or higher to
those where 5% of the presence locations occurred. In addition, we
used the maximum training sensitivity plus specificity threshold
(Jiménez-Valverde and Lobo, 2007; Liu et al., 2013) to subdivide
potential habitat into marginal (HSI b threshold, sub-optimal condi-
tions) and good habitat (HSI N threshold, good conditions). By combin-
ing the suitability maps, we identified four habitat categories, following
Naves et al (2003) and De Angelo et al. (2013): (1) core areas (good
habitat in both, the environmental and the human disturbance
model), (2) potential refuges (sub-optimal habitat in the environmental
model, good habitat in the human disturbance model), (3) potential
sinks (sub-optimal habitat in both models), and (4) ecological traps
(good habitat in the environmental model, sub-optimal habitat in the
human disturbance model). We then summarized the area of each
habitat category in each of the six Caucasian countries.

To identify potential candidate sites for reintroductions, we selected
all summer core areas N 200 (large candidate sites) or N 60 km2 (small
candidate sites) plus adjacent core winter habitat of more than 6 km2

and 5 km2, respectively. An estimated area of 200 km2 is necessary to
sustain a population of 50–60 animals (Pucek et al., 2004) and the
current winter range of the North Ossetia herd with 50 animals is
around 6 km2. Thresholds for small candidate sites are based on the
current seasonal range sizes of the smallest Caucasian herd
(Teberdinsky, 22 animals, summer: 60 km2, winter: 5 km2). Lastly, we
obtained data about armed conflicts from the PRIO Conflict site dataset
(Hallberg, 2012) and for new or planned ski resorts (Northern Caucasus
Resorts, http://www.ncrc.ru/ru/resort) to identify candidate sites with
potential threats.

3. Results

Our models and predictive maps of bison habitat identified 69
habitat patches for potential reintroductions. Generally, our results
suggested substantial potential for increased bison numbers especially
in Georgia and Russia, but alsowidespread risk for conflicts with people.
In total, 10.6% of the study area provided potential summer and 5.5%
potentialwinter habitat. Summer andwinter habitat occurred in similar

http://srtm.csi.cgiar.org/
http://www.ncrc.ru/ru/resort


Table 2
Area contributions of the four habitat categories derived from the two-step modeling ap-
proach (environmental model vs. human-disturbance model) for winter and summer
habitat.

Habitat category Area [km2] (% of total habitat)

Summer Winter

Core 16 665 (27%) 14 885 (47%)
Potential refuges 8210 (13%) 5860 (18%)
Potential sinks 13 325 (22%) 3235 (10%)
Ecological traps 23 395 (38%) 7890 (25%)
Total 61 595 (100%) 31 870 (100%)
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areas, but potential winter habitat wasmore restricted (Fig. 2). Particu-
larly the western part of the Greater Caucasus contained large areas of
suitable habitat in our predictions. The lowland areas of the ecoregion
had only low suitability. In general, suitable habitat was mainly found
in Russia, Georgia, and Turkey and was scarce in Armenia, Azerbaijan,
and Iran.

A substantial share of all potential habitat was core area (27% in
summer and 47% in winter). However, most core areas were
surrounded by ecological traps in both seasons and ecological traps
accounted for the largest fraction in summer (38%, Table 2 and Fig. 3).
Potential refuges were scarce and mostly scattered (Fig. 2). Core areas
and potential refuges accounted for a larger share in winter than in
summer (Table 2). Among the six countries, the relative shares of the
habitat categories differed greatly, but the differences between seasons
remained fairly constant (Fig. 4). Russia and Georgia had the largest
fractions of core areas (30% in summer, 50% in winter), but also high
fractions of ecological traps (40% in summer, 25% in winter).

Model variable importance and response functions were similar for
summer and winter. The length of the vegetation period together with
the fractional tree cover and land cover were the most important
environmental predictors, accounting for N 90% and N 80% gain contri-
butions in summer and winter respectively, and decreased test AUC
substantially when omitted. European bison avoided areas near roads
and settlements and preferred landscapes with intermediate to high
tree cover. Mixed and coniferous forests showed intermediate suitabil-
ity whereas broadleaved and open forest yielded lower scores. Habitat
suitability showed high values for different lengths of the vegetation
period but decreased substantially for areas with a vegetation period
throughout the year (Appendix B). All four models had cross-validated
AUC values N 0.75. Furthermore, the environmental models predicted
Fig. 2. Habitat refinement maps for summer and winter (top) with a detailed view of the west
high suitability values for two areas highlighted in independent, field-
based assessments of reintroduction sites in the northern Caucasus for
summer and winter habitat (Klich and Perzanowski, 2012; Nemtsev
et al., 2003).

Based on our stratification, we identified 69 candidate sites for
potential bison herd reintroductions (10 200 km2 in total). All summer
core areas N 200 km2 included sufficient adjacent winter habitat (core
winter habitat N 6 km2). In total, we found eleven such large candidate
sites that together covered an area of 3575 km2 (0.6% of the ecoregion).
All large candidate sites were located in Russia (1930 km2) and Georgia
(1645 km2) in the western part of the ecoregion (Fig. 5). Small
candidate sites covered an additional area of 6660 km2 (1.1% of the
ecoregion) andweremore widespread. Two summer core areas greater
than 60 km2 did not entail adequatewinter habitat resulting in 58 small
candidate sites. The largest share was located in Russia (3120 km2) and
Georgia (3050 km2). A smaller fractionwas located in Turkey (400 km2)
ern Greater Caucasus (bottom). White areas indicate the matrix between habitat patches.



Fig. 3. Summer habitat categories around Caucasus biosphere nature reserve in the west-
ern Greater Caucasus.
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whereas only one area was found in Azerbaijan (90 km2). No candidate
sites existed in Armenia and Iran.

Almost two-thirds of the area of the candidate sites (61%) was not
protected and only 13%were located inside strict nature reserves or na-
tional parks (IUCN categories I and II). The protection status of the can-
didate sites differed among countries (Table 3). For example, only 15%
of the area of Georgia's candidate sites was protected compared to
33% in Russia. Six candidate sites crossed international boundaries.

Several candidate sites were located where new ski resorts have
been built recently or are planned (16 candidate sites were within
25 km distance to an existing or planned skiing resort). Further, the
majority of all candidate sites (52 out of 69) were in 100 km distance
to the center of a site that experienced armed conflicts since 1989,
highlighting potential threats for reintroductions (Fig. 5). The clustered
candidate sites in the western Greater Caucasus were especially at risk,
containing three current or planned ski resorts and one past conflict
zone (i.e., the 2008 conflict in Abkhazia).
4. Discussion

The Caucasus once harbored large herds of European bison, but
current herds are small and isolated, requiring both the enlargement
of current and the establishment of new herds. We mapped seasonal
habitat for European bison throughout the Caucasus, based on data
from all current Caucasian herds, and showed that the Caucasus
Mountains harbor substantiallymore habitat than is currently occupied.
Much of the suitable habitat is surrounded by areas of risk for human–
bison conflict, but we identified 69 candidate sites for potential
reintroductions that have both adequate summer and winter habitat
and a low risk for conflict with people. Yet, only 13% of the candidate
site's area is strictly protected and new skiing sites or potentially resurg-
ing armed conflicts could further threatenbisonpopulations established
in these sites.

Our two-step habitat modeling approach, adapted from Naves et al.
(2003), allowed us to base the identification of habitat and reintroduc-
tion candidate sites on a finer assessment than would have been
possible with a combined modeling approach. Particularly the distribu-
tion of locations with high risk for human–wildlife conflicts
(i.e., ecological traps) is of high importance since human pressure is
one of the main determining factors for large mammal survival
(Gordon, 2009; Zhou and Zhang, 2011), and has led to marked wildlife
decline in the Caucasus in the past (Sipko et al., 2010; Trepet and Eskina,
2012).

Our second major advancement was to map habitat for different
seasons, i.e., summer and winter. Many large mammals have different
habitat needs in different seasons (e.g., vertical migrations are known
for a range of mountain ungulates, Nemtsev et al., 2003; Tilton and
Willard, 1982), and enough suitable winter habitat is a particularly
limiting factor for large ungulates (Gaillard et al., 2000; Mysterud
et al., 2007). Yet, most habitat models have so far focused on summer
habitat only, or use data from all seasons jointly. Our winter habitat
modeling allowed us to account for a critical aspect of the survival of
bison herds, and we showed that some areas with ample summer
habitat would be ill-suited for reintroductions because there is no
winter habitat in the vicinity. In general, winter habitat was scarcer
than summer habitat and both often overlapped (Fig. 2), as is the case
for the extant populations (Krasińska and Krasiński, 2007).Winter hab-
itat was largely determined by forest, where snow is less deep and
sprouts and bark can provide forage.

Suitable habitat occurred mainly in mountainous areas. Although
bison also used to inhabit the plains (Sipko et al., 2010), human
presence there is too high today (e.g., Gracheva et al., 2012). Moreover,
the mountains entail the largest share of forest in the region (Krever
et al., 2001) and forest was one of the main factors characterizing
the habitat utilized by extant European bison populations (see
below). Georgia and Russia harbored most of the potential habitat
(Fig. 2). This suggests a high potential for the enlargement of existing
herds or the establishment of new herds in areas where bison cannot
disperse to due to natural barriers (e.g., high elevation, steep slopes,
or gorges).

Ourmodels also identified potential refuges and ecological traps that
could have crucial management implications. For example, the area
proposed as range extension in Nemtsev et al. (2003) was predicted
highly suitable by the environmental models but entailed substantial
parts of ecological traps (Fig. 3). Further, many core areas were
surrounded by ecological traps in summer and winter, which may
increase mortality (Woodroffe and Ginsberg, 1998). However, whether
ecological traps are actually sinks for bison has to be assessed in detail
on the ground and will depend on a range of factors such as levels of
enforcement and poaching. Potential refuges were scattered and rare
(13% and 18% of all potential habitat in summer andwinter, respective-
ly) but could play an important role as buffers around large core areas
(Fig. 3, DeFries et al., 2010).

Variable importance and response curves were similar for summer
and winter. European bison were closely associated with forest cover
which was also the case in other broad-scale habitat suitability assess-
ments for European bison (Kuemmerle et al., 2010, 2011) as well as of
studies of historical habitat use of European bison (Bocherens et al.,
2015; Kuemmerle et al., 2012). However, we caution that the strong
forest association we found may at least partly reflect that forests
were the last refuges for bison, and the species may thrive in more
open landscapes as well (Kerley et al., 2012). Broadleaved forests
were less important in our assessment than elsewhere (Kuemmerle
et al., 2010; Pucek et al., 2004). This may be a consequence of the spatial
distribution of our herd ranges, which are equally composed of both co-
niferous and broadleaved forest. The extensive presence of broadleaved
forest in our study area (and therefore in Maxent's background sample)
may have led the models to underestimate the suitability of this class.

We identified 11 large and 58 small candidate sites for potential
reintroductions that could be used as a starting point for further, more
local assessments (covering e.g., fodder quality, access to drinking
water but also road-building plans). Almost two thirds of the area of



Fig. 4. Distribution of the four habitat categories inside the countries containing parts of the Caucasus ecoregion.
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these candidate sites (61%)were not protected, and in Georgia only 15%
of the areawas protected.With a total area of 10 200 km2, and assuming
a potential bison density of 0.9–1.0 animals/km2 (as has been observed
for Caucasian mountain forests, Nemtsev et al., 2003), the candidate
sites could harbor up to 10 200 bison (up to 690 bison in the largest sin-
gle candidate site, see Appendix C for an overview of all candidate sites).
While more detailed assessments are needed to determine the actual
carrying capacity of these sites (and a likelymuch lower socially accept-
able carrying capacity, Balciauskas and Kazlauskas, 2014), these num-
bers highlight the potential of the Caucasus to harbor a viable
European bison population. Effective conservation of the species, in-
cluding anti-poaching measures, should nevertheless be a main focus,
since poaching led to the extirpation of several bison herds in the Cau-
casus and elsewhere after their reintroduction, even within protected
areas (Khoyetskyy, 2011; Krasińska and Krasiński, 2007). Additionally,
we emphasize that the largest current Caucasian herd, the Kavkasky
population, contains European bison × American bison hybrids and
there is an ongoing debate about whether this herd should be kept sep-
arate from the other herds, which are pure European bison, or even be
eliminated and rebuilt (Pucek et al., 2004; Sipko et al., 2010). Therefore,
detailed reintroduction assessments should include and draw implica-
tions from analyses on potential connectivity to the Kavkasky
population.

Armed conflicts and tourism development could further endanger
European bison and should be incorporated into future conservation
planning. For example, 52 of 69 candidate sites were located within
100 km distance to the center of a conflict site (Fig. 5, based on the
PRIO Conflict site dataset, years 1989–2008, Hallberg, 2012). This
could potentially lead to habitat destruction, fire outbreaks, higher
poaching rates, and disregard of environmental legislation (Dudley
et al., 2002; Witmer and O'Loughlin, 2011). While the location of future
conflicts is hard to predict, some areas in the Caucasus have been histor-
ically more prone than others, and this should be considered when
planning future reintroductions. Moreover, three large skiing resorts
are being developed in close proximity to highly suitable areas. Such
large scale construction projects are often related to habitat loss through
deforestation, sometimes even within protected areas as in the case of
the Olympic Games sites in Sochi National Park (Bragina et al., 2015b),
suggesting a focus on other candidate sites first. Finally, six candidate
sites crossed international boundaries, indicating a need for trans-
boundary cooperation that may be difficult given political realities
(Zazanashvili et al., 2012).

Model predictive power was relatively high for all models (AUC
0.77–0.90). Nevertheless, some uncertainties remain. First, we predict-
ed areas similar to the ones currently occupied by bison herds in the
Caucasus. Current herds are small and have been reintroduced. It
could therefore be that current herds do not utilize the most optimal
habitat (Kerley et al., 2012), and that our models thus underestimated
habitat suitability for other sites. Nevertheless, herds have been
reintroduced in those areas where European bison prevailed longest
globally, and the Caucasus has been a stronghold for the reintroduced
bison herds for many decades (Sipko et al., 2010). Furthermore, none
of the herds receive supplementary winter feeding, highlighting the
suitability of current herd ranges (Sipko, 2009).

5. Conclusions and management implications

Broad-scale species distributionmodeling allowed us to identify and
assess potential seasonal habitat for European bison in the Caucasus
Mountains. The two-step seasonal approach accounted for two main
determinants of largemammal survival: human disturbance andwinter
habitat. Our results showed that there is sufficient habitat available to
achieve the goal of a healthy bison population by 2025 set in the
Caucasus Conservation plan, as long as conservation efforts lead to the
establishment of new and enlargements of extant bison populations
(Zazanashvili et al., 2012). Connectivity among bison herds, and thus



Fig. 5. Candidate sites for potential reintroductions with new or planned ski resorts (Northern Caucasus Resorts, http://www.ncrc.ru/ru/resort) and past armed-conflict sites (Hallberg,
2012).
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the establishment of a functioning bison metapopulation, seem essen-
tial to achieve a large enough effective population size, because our
analysis suggests single candidate sites are too small to harbor a viable
bison population.Managing for connectivity of largemammals is a chal-
lenging task, but encouragingly, several core areas were connected by
marginal habitat which may function as corridors, or ecological trap
areas, which could be protected to foster dispersal. Conservation efforts
should therefore (1) identify and protect potential corridors between
candidate sites (2) target poaching and habitat destruction within the
identified candidate sites and their surroundings, and (3) develop strat-
egies to link bison populations across national borders.

Strengthening bison populations in one of the species' strongholds
would contribute substantially to its overall conservation (Kuemmerle
et al., 2011) and other species of conservation concern could benefit
both directly (e.g., through seed dispersal, Jaroszewicz et al., 2013)
and indirectly (e.g., as species under bison's conservation umbrella,
Table 3
Area of currently protected candidate sites for reintroductions.

IUCN category Area of candidate sites that is protected [absolute in km2]
(relative to the area of all candidate sites in the country in %)

Russia Georgia Turkey Azerbaijan

I 9.5 (0.2%) 309.4 (6.6%) 4.2 (1.0%) 76.4 (86.6%)
II 587.8 (11.6%) 297.9 (6.4%) 73.2 (18.2%) –
III – – – –
IV 1065.2 (21.1%) 102.6 (2.2%) 25.3 (6.3%) –
V – 4.7 (0.1%) – –
I–V 1662.5 (32.9%) 713.9 (15.3%) 102.7 (25.5%) 76.4 (86.6%)
Branton and Richardson, 2011), especially if the habitat requirements
of these species are similar such as in the case of the Caucasian red
deer (i.e., Maral). Our approach can further help to prioritize and bundle
conservation efforts such as the establishment of protected areas and
the protection of existing herds from poachers.

Acknowledgements

We would like to thank three reviewers for constructive and very
helpful remarks. We gratefully acknowledge support for this research
by the Einstein Foundation Berlin, the WWF Germany, and NASA's
Land Cover and Land Use Change, and Biodiversity and Ecological
Forecasting Programs.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.biocon.2015.06.011.

References

Anderson, R.P., Raza, A., 2010. The effect of the extent of the study region on GISmodels of
species geographic distributions and estimates of niche evolution: preliminary tests
with montane rodents (genus Nephelomys) in Venezuela. J. Biogeogr. 37,
1378–1393. http://dx.doi.org/10.1111/j.1365-2699.2010.02290.x.

Balciauskas, L., Kazlauskas, M., 2014. Forty years after reintroduction in a suboptimal
landscape: public attitudes towards European bison. Eur. J. Wildl. Res. 60, 155–158.
http://dx.doi.org/10.1007/s10344-013-0776-x.

Bocherens, H., Hofman-Kamińska, E., Drucker, D.G., Schmölcke, U., Kowalczyk, R., 2015.
European bison as a refugee species? Evidence from isotopic data on early Holocene

http://dx.doi.org/10.1016/j.biocon.2015.06.011
http://dx.doi.org/10.1016/j.biocon.2015.06.011
http://dx.doi.org/10.1111/j.1365-2699.2010.02290.x
http://dx.doi.org/10.1007/s10344-013-0776-x
http://www.ncrc.ru/ru/resort


91B. Bleyhl et al. / Biological Conservation 191 (2015) 83–92
bison and other large herbivores in Northern Europe. PLoS One 10, e0115090. http://
dx.doi.org/10.1371/journal.pone.0115090.

Bontemps, S., Defourny, P., Bogaert, E.V., Arino, O., Kalogirou, V., Perez, J.R., 2011.
Globcover 2009. Products description and validation report.

Bragina, E.V., Ives, A.R., Pidgeon, A.M., Kuemmerle, T., Baskin, L.M., Gubar, Y.P., Piquer-
Rodríguez, M., Keuler, N.S., Petrosyan, V.G., Radeloff, V.C., 2015a. Rapid declines of
large mammal populations after the collapse of the Soviet Union. Conserv. Biol.
http://dx.doi.org/10.1111/cobi.12450.

Bragina, E.V., Radeloff, V.C., Baumann, M., Wendland, K., Kuemmerle, T., Pidgeon, A.M.,
2015b. Effectiveness of protected areas in the Western Caucasus before and after
the transition to post-socialism. Biol. Conserv. 184, 456–464. http://dx.doi.org/10.
1016/j.biocon.2015.02.013.

Branton, M., Richardson, J.S., 2011. Assessing the value of the umbrella-species concept
for conservation planning with meta-analysis. Conserv. Biol. 25, 9–20. http://dx.doi.
org/10.1111/j.1523-1739.2010.01606.x.

Cardillo, M., Mace, G.M., Jones, K.E., Bielby, J., Bininda-Emonds, O.R.P., Sechrest, W., Orme,
C.D.L., Purvis, A., 2005. Multiple causes of high extinction risk in large mammal
species. Science 309, 1239–1241. http://dx.doi.org/10.1126/science.1116030.

Cheterian, V., 2008. War and peace in the Caucasus: Russia's troubled frontier. Columbia
University Press.

De Angelo, C., Paviolo, A., Wiegand, T., Kanagaraj, R., Di Bitetti, M.S., 2013. Understanding
species persistence for defining conservation actions: a management landscape for
jaguars in the Atlantic forest. Biol. Conserv. 159, 422–433. http://dx.doi.org/10.
1016/j.biocon.2012.12.021.

DeFries, R., Karanth, K.K., Pareeth, S., 2010. Interactions between protected areas and their
surroundings in human-dominated tropical landscapes. Biol. Conserv. 143,
2870–2880. http://dx.doi.org/10.1016/j.biocon.2010.02.010.

Delibes, M., Gaona, P., Ferreras, P., 2001. Effects of an attractive sink leading into
maladaptive habitat selection. Am. Nat. 158, 277–285. http://dx.doi.org/10.
1086/321319.

Di Marco, M., Boitani, L., Mallon, D., Hoffmann, M., Iacucci, A., Meijaard, E., Visconti, P.,
Schipper, J., Rondinini, C., 2014. A retrospective evaluation of the global decline of
carnivores and ungulates. Conserv. Biol. 28, 1109–1118. http://dx.doi.org/10.1111/
cobi.12249.

Dormann, C.F., Elith, J., Bacher, S., Buchmann, C., Carl, G., Carré, G., Marquéz, J.R.G., Gruber,
B., Lafourcade, B., Leitão, P.J., Münkemüller, T., McClean, C., Osborne, P.E., Reineking,
B., Schröder, B., Skidmore, A.K., Zurell, D., Lautenbach, S., 2013. Collinearity: a review
of methods to deal with it and a simulation study evaluating their performance.
Ecography 36, 27–46. http://dx.doi.org/10.1111/j.1600-0587.2012.07348.x.

Dudley, J.P., Ginsberg, J.R., Plumptre, A.J., Hart, J.A., Campos, L.C., 2002. Effects of war and
civil strife on wildlife and wildlife habitats. Conserv. Biol. 16, 319–329. http://dx.doi.
org/10.1046/j.1523-1739.2002.00306.x.

Elith, J., Leathwick, J.R., 2009. Species distribution models: ecological explanation and
prediction across space and time. Annual Review of Ecology Evolution and Systemat-
ics. Annual Review of Ecology Evolution and Systematics. Annual Reviews, Palo Alto,
pp. 677–697.

Elith, J., H. Graham, C., P. Anderson, R., Dudík, M., Ferrier, S., Guisan, A., J. Hijmans, R.,
Huettmann, F., R. Leathwick, J., Lehmann, A., Li, J., G. Lohmann, L., G. Lohmann, L., A.
Loiselle, B., Manion, G., Moritz, C., Nakamura, M., Nakazawa, Y., McC. M. Overton, J.,
Townsend Peterson, A., J. Phillips, S., Richardson, K., Scachetti-Pereira, R., E.
Schapire, R., Soberón, J., Williams, S., S. Wisz, M., E. Zimmermann, N., 2006. Novel
methods improve prediction of species' distributions from occurrence data.
Ecography 29, 129–151. http://dx.doi.org/10.1111/j.2006.0906-7590.04596.x.

Elith, J., Phillips, S.J., Hastie, T., Dudik, M., Chee, Y.E., Yates, C.J., 2011. A statistical explana-
tion of MaxEnt for ecologists. Divers. Distrib. 17, 43–57. http://dx.doi.org/10.1111/j.
1472-4642.2010.00725.x.

Engler, R., Guisan, A., Rechsteiner, L., 2004. An improved approach for predicting the
distribution of rare and endangered species from occurrence and pseudo-
absence data. J. Appl. Ecol. 41, 263–274. http://dx.doi.org/10.1111/j.0021-8901.
2004.00881.x.

Estel, S., Kuemmerle, T., Alcantara, C., Levers, C., Prishchepov, A.V., Hostert, P., 2015.
Mapping farmland abandonment and recultivation across Europe using MODIS
NDVI time series. Remote Sens. Environ. 163, 312–325.

Estes, J.A., Terborgh, J., Brashares, J.S., Power, M.E., Berger, J., Bond, W.J., Carpenter, S.R.,
Essington, T.E., Holt, R.D., Jackson, J.B.C., Marquis, R.J., Oksanen, L., Oksanen, T.,
Paine, R.T., Pikitch, E.K., Ripple, W.J., Sandin, S.A., Scheffer, M., Schoener, T.W.,
Shurin, J.B., Sinclair, A.R.E., Soule, M.E., Virtanen, R., Wardle, D.A., 2011. Trophic
downgrading of planet earth. Science 333, 301–306. http://dx.doi.org/10.1126/
science.1205106.

Gaillard, J.M., Festa-Bianchet, M., Yoccoz, N.G., Loison, A., Toigo, C., 2000. Temporal varia-
tion in fitness components and population dynamics of large herbivores. Annu. Rev.
Ecol. Syst. 31, 367–393. http://dx.doi.org/10.1146/annurev.ecolsys.31.1.367.

Gavashelishvili, A., 2009. GIS-based habitat modeling of mountain ungulate species in the
Caucasus hotspot. In: Zazanashvili, N., Mallon, D. (Eds.), Status and Protection of
Globally Threatened species in the Caucasus. Contour Ltd., Tbilisi, pp. 74–82.

Gordon, I.J., 2009. What is the future for wild, large herbivores in human-modified
agricultural landscapes? Wildl. Biol. 15, 1–9. http://dx.doi.org/10.2981/06-087.

Gracheva, R., Kohler, T., Stadelbauer, J., Meessen, H., 2012. Population dynamics, changes
in land management, and the future of mountain areas in Northern Caucasus: the
example of North Ossetia. Erdkunde 66, 197–219. http://dx.doi.org/10.3112/
erdkunde.2012.03.02.

Guisan, A., Thuiller, W., 2005. Predicting species distribution: offering more than simple
habitat models. Ecol. Lett. 8, 993–1009. http://dx.doi.org/10.1111/j.1461-0248.2005.
00792.x.

Hallberg, J.D., 2012. PRIO conflict site 1989–2008: a geo-referenceddataset on armed conflict.
Confl. Manag. Peace Sci. 29, 219–232. http://dx.doi.org/10.1177/0738894211433168.
Hebblewhite, M., Miguelle, D.G., Murzin, A.A., Aramilev, V.V., Pikunov, D.G., 2011.
Predicting potential habitat and population size for reintroduction of the Far Eastern
leopards in the Russian Far East. Biol. Conserv. 144, 2403–2413. http://dx.doi.org/10.
1016/j.biocon.2011.03.020.

Hebblewhite, M., Miquelle, D.G., Robinson, H., Pikunov, D.G., Dunishenko, Y.M., Aramilev,
V.V., Nikolaev, I.G., Salkina, G.P., Seryodkin, I.V., Gaponov, V.V., Litvinov, M.N.,
Kostyria, A.V., Fomenko, P.V., Murzin, A.A., 2014. Including biotic interactions with
ungulate prey and humans improves habitat conservation modeling for endangered
Amur tigers in the Russian Far East. Biol. Conserv. 178, 50–64. http://dx.doi.org/10.
1016/j.biocon.2014.07.013.

Heptner, V.G., Nasimovich, A.A., Bannikov, A.G., 1961. Mammals of the Soviet Union
Volume III: Artiodactyla and Perissodactyla. Amerind Publishing, New Delhi.

Hoffmann, M., Belant, J.L., Chanson, J.S., Cox, N.A., Lamoreux, J., Rodrigues, A.S.L., Schipper,
J., Stuart, S.N., 2011. The changing fates of the world's mammals. Philos. Trans. R. Soc.
B Biol. Sci. 366, 2598–2610. http://dx.doi.org/10.1098/rstb.2011.0116.

Jaroszewicz, B., Piroznikow, E., Sondej, I., 2013. Endozoochory by the guild of ungulates in
Europe's primeval forest. For. Ecol. Manag. 305, 21–28. http://dx.doi.org/10.1016/j.
foreco.2013.05.004.

Jiménez-Valverde, A., Lobo, J.M., 2007. Threshold criteria for conversion of probability of
species presence to either–or presence–absence. Acta Oecol. 31, 361–369. http://dx.
doi.org/10.1016/j.actao.2007.02.001.

Kanagaraj, R., Wiegand, T., Kramer-Schadt, S., Anwar, M., Goyal, S.P., 2011. Assessing
habitat suitability for tiger in the fragmented Terai Arc Landscape of India and
Nepal. Ecography 34, 970–981. http://dx.doi.org/10.1111/j.1600-0587.2010.06482.x.

Kerley, G.I.H., Kowalczyk, R., Cromsigt, J.P.G.M., 2012. Conservation implications of the
refugee species concept and the European bison: king of the forest or refugee in a
marginal habitat? Ecography 35, 519–529. http://dx.doi.org/10.1111/j.1600-0587.
2011.07146.x.

Khoyetskyy, P., 2011. The history and current state of the Bison bonasus L. population in
Western Ukraine. Eur. Bison Conserv. Newsl. 4, 21–30.

Klich, D., Perzanowski, K., 2012. A chance for the restoration of wisents to Northern
Caucasus? Eur. Bison Conserv. Newsl. 5, 57–66.

Krasińska, M., Krasiński, Z.A., 2007. The European Bison: A Nature Monograph. Mammal
Research Institute, Polish Academy of Sciences, Białowieża.

Krever, V., Zazanashvili, N., Jungius, H., Williams, L., Petelin, D. (Eds.), 2001. Biodiversity of
the Caucasus Ecoregion: An Analysis of Biodiversity and Current Threats and Initial
Investment Portfolio. World Wide Fund for Nature, Baku, Erevan, Gland, Moscow,
Tbilisi.

Kuemmerle, T., Perzanowski, K., Chaskovskyy, O., Ostapowicz, K., Halada, L., Bashta, A.-T.,
Kruhlov, I., Hostert, P., Waller, D.M., Radeloff, V.C., 2010. European bison habitat in the
Carpathian Mountains. Biol. Conserv. 143, 908–916. http://dx.doi.org/10.1016/j.
biocon.2009.12.038.

Kuemmerle, T., Radeloff, V.C., Perzanowski, K., Kozlo, P., Sipko, T., Khoyetskyy, P., Bashta,
A.-T., Chikurova, E., Parnikoza, I., Baskin, L., Angelstam, P., Waller, D.M., 2011.
Predicting potential European bison habitat across its former range. Ecol. Appl. 21,
830–843. http://dx.doi.org/10.1890/10-0073.1.

Kuemmerle, T., Hickler, T., Olofsson, J., Schurgers, G., Radeloff, V.C., 2012. Reconstructing
range dynamics and range fragmentation of European bison for the last 8000 years.
Divers. Distrib. 18, 47–59. http://dx.doi.org/10.1111/j.1472-4642.2011.00849.x.

Kuemmerle, T., Baskin, L., Leitao, P.J., Prishchepov, A.V., Thonicke, K., Radeloff, V.C., 2014.
Potential impacts of oil and gas development and climate change on migratory
reindeer calving grounds across the Russian Arctic. Divers. Distrib. 20, 416–429.
http://dx.doi.org/10.1111/ddi.12167.

Liu, C., White, M., Newell, G., 2013. Selecting thresholds for the prediction of species
occurrence with presence-only data. J. Biogeogr. 40, 778–789. http://dx.doi.org/10.
1111/jbi.12058.

Martin, T.G., Chades, I., Arcese, P., Marra, P.P., Possingham, H.P., Norris, D.R., 2007. Optimal
conservation of migratory species. Plos One 2, e751. http://dx.doi.org/10.1371/
journal.pone.0000751.

Martin, J., Revilla, E., Quenette, P.-Y., Naves, J., Allaine, D., Swenson, J.E., 2012. Brown bear
habitat suitability in the Pyrenees: transferability across sites and linking scales to
make the most of scarce data. J. Appl. Ecol. 49, 621–631. http://dx.doi.org/10.1111/j.
1365-2664.2012.02139.x.

Merow, C., Smith, M.J., Silander, J.A., 2013. A practical guide to MaxEnt for modeling
species' distributions: what it does, and why inputs and settings matter. Ecography
36, 1058–1069. http://dx.doi.org/10.1111/j.1600-0587.2013.07872.x.

Mittermeier, R.A., Robles Gil, P., Hoffmann,M., Pilgrim, J., Brooks, T., GoettschMittermeier,
C., Lamoreux, J., Da Fonseca, G.A.B., 2004. Hotspots Revisited: Earth's Biologically
Richest and most Endangered Terrestrial Ecoregions. Cemex.

Myers, N., Mittermeier, R.A., Mittermeier, C.G., da Fonseca, G., a. B., Kent, J., 2000.
Biodiversity hotspots for conservation priorities. Nature 403, 853–858. http://dx.
doi.org/10.1038/35002501.

Mysterud, A., Barton, K.A., Jedrzejewska, B., Krasinski, Z.A., Niedzialkowska, M., Kamler,
J.F., Yoccoz, N.G., Stenseth, N.C., 2007. Population ecology and conservation of endan-
gered megafauna: the case of European bison in Bialowieza Primeval Forest. Pol.
Anim. Conserv. 10, 77–87. http://dx.doi.org/10.1111/j.1469-1795.2006.00075.x.

Naves, J., Wiegand, T., Revilla, E., Delibes, M., 2003. Endangered species constrained by
natural and human factors: the case of brown bears in Northern Spain. Conserv.
Biol. 17, 1276–1289. http://dx.doi.org/10.1046/j.1523-1739.2003.02144.x.

Nemtsev, A.S., Rautian, G.S., Puzachenko, A.Y., Sipko, T.P., Kalabushkin, B.A., Mironenko,
I.V., 2003. Wisent in Caucasia. Moscow, Maikop.

Olech, W., Perzanowski, K., 2002. A genetic background for reintroduction program of the
European bison (Bison bonasus) in the Carpathians. Biol. Conserv. 108, 221–228.
http://dx.doi.org/10.1016/S0006-3207(02)00108-8.

Perzanowski, K., Wołoszyn-Gałęza, A., Januszczak, M., 2007. Szlaki komunikacyjne a
rozmieszczenie żubrów w Bieszczadach (Communication routes and the distribution

http://dx.doi.org/10.1371/journal.pone.0115090
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0365
http://dx.doi.org/10.1111/cobi.12450
http://dx.doi.org/10.1016/j.biocon.2015.02.013
http://dx.doi.org/10.1016/j.biocon.2015.02.013
http://dx.doi.org/10.1111/j.1523-1739.2010.01606.x
http://dx.doi.org/10.1126/science.1116030
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0045
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0045
http://dx.doi.org/10.1016/j.biocon.2012.12.021
http://dx.doi.org/10.1016/j.biocon.2012.12.021
http://dx.doi.org/10.1016/j.biocon.2010.02.010
http://dx.doi.org/10.1086/321319
http://dx.doi.org/10.1086/321319
http://dx.doi.org/10.1111/cobi.12249
http://dx.doi.org/10.1111/cobi.12249
http://dx.doi.org/10.1111/j.1600-0587.2012.07348.x
http://dx.doi.org/10.1046/j.1523-1739.2002.00306.x
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0370
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0370
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0370
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0370
http://dx.doi.org/10.1111/j.2006.0906-7590.04596.x
http://dx.doi.org/10.1111/j.1472-4642.2010.00725.x
http://dx.doi.org/10.1111/j.1472-4642.2010.00725.x
http://dx.doi.org/10.1111/j.0021-8901.2004.00881.x
http://dx.doi.org/10.1111/j.0021-8901.2004.00881.x
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0380
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0380
http://dx.doi.org/10.1126/science.1205106
http://dx.doi.org/10.1126/science.1205106
http://dx.doi.org/10.1146/annurev.ecolsys.31.1.367
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0115
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0115
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0115
http://dx.doi.org/10.2981/06-087
http://dx.doi.org/10.3112/erdkunde.2012.03.02
http://dx.doi.org/10.3112/erdkunde.2012.03.02
http://dx.doi.org/10.1111/j.1461-0248.2005.00792.x
http://dx.doi.org/10.1111/j.1461-0248.2005.00792.x
http://dx.doi.org/10.1177/0738894211433168
http://dx.doi.org/10.1016/j.biocon.2011.03.020
http://dx.doi.org/10.1016/j.biocon.2011.03.020
http://dx.doi.org/10.1016/j.biocon.2014.07.013
http://dx.doi.org/10.1016/j.biocon.2014.07.013
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0150
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0150
http://dx.doi.org/10.1098/rstb.2011.0116
http://dx.doi.org/10.1016/j.foreco.2013.05.004
http://dx.doi.org/10.1016/j.foreco.2013.05.004
http://dx.doi.org/10.1016/j.actao.2007.02.001
http://dx.doi.org/10.1111/j.1600-0587.2010.06482.x
http://dx.doi.org/10.1111/j.1600-0587.2011.07146.x
http://dx.doi.org/10.1111/j.1600-0587.2011.07146.x
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0180
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0180
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0185
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0185
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0190
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0190
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0195
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0195
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0195
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0195
http://dx.doi.org/10.1016/j.biocon.2009.12.038
http://dx.doi.org/10.1016/j.biocon.2009.12.038
http://dx.doi.org/10.1890/10-0073.1
http://dx.doi.org/10.1111/j.1472-4642.2011.00849.x
http://dx.doi.org/10.1111/ddi.12167
http://dx.doi.org/10.1111/jbi.12058
http://dx.doi.org/10.1111/jbi.12058
http://dx.doi.org/10.1371/journal.pone.0000751
http://dx.doi.org/10.1371/journal.pone.0000751
http://dx.doi.org/10.1111/j.1365-2664.2012.02139.x
http://dx.doi.org/10.1111/j.1365-2664.2012.02139.x
http://dx.doi.org/10.1111/j.1600-0587.2013.07872.x
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0240
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0240
http://dx.doi.org/10.1038/35002501
http://dx.doi.org/10.1111/j.1469-1795.2006.00075.x
http://dx.doi.org/10.1046/j.1523-1739.2003.02144.x
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0385
http://dx.doi.org/10.1016/S0006-3207(02)00108-8
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0395
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0395


92 B. Bleyhl et al. / Biological Conservation 191 (2015) 83–92
of European bison in Bieszczady). In: Olech, W. (Ed.), Rola Hodowli Ex Situ W
Procesie Restytucji Żubra. Gołuchów, pp. 32–38.

Phillips, S.J., Dudik, M., 2008. Modeling of species distributions with Maxent: new
extensions and a comprehensive evaluation. Ecography 31, 161–175. http://dx.doi.
org/10.1111/j.0906-7590.2008.5203.x.

Phillips, S.J., Anderson, R.P., Schapire, R.E., 2006. Maximum entropy modeling of species
geographic distributions. Ecol. Model. 190, 231–259. http://dx.doi.org/10.1016/j.
ecolmodel.2005.03.026.

Pringle, R.M., Young, T.P., Rubenstein, D.I., McCauley, D.J., 2007. Herbivore-initiated inter-
action cascades and their modulation by productivity in an African savanna. Proc.
Natl. Acad. Sci. 104, 193–197. http://dx.doi.org/10.1073/pnas.0609840104.

Pucek, Z., Belousova, I.P., Krasińska, M., Krasiński, Z.A., Olech, W. (Eds.), 2004. European
Bison. Status Survey and Conservation Action Plan, IUCN/SSC Bison Specialist
Group. IUCN, Gland, Switzerland and Cambridge, UK.

Raczyński, J. (Ed.), 2013. European Bison Pedigree Book. Białowieża National Park,
Białowieża.

Ripple, W.J., Newsome, T.M., Wolf, C., Dirzo, R., Everatt, K.T., Galetti, M., Hayward, M.W.,
Kerley, G.I.H., Levi, T., Lindsey, P.A., Macdonald, D.W., Malhi, Y., Painter, L.E.,
Sandom, C.J., Terborgh, J., Van Valkenburgh, B., 2015. Collapse of the world's largest
herbivores. Sci. Adv. 1. http://dx.doi.org/10.1126/sciadv.1400103 (e1400103–
e1400103).

Schadt, S., Revilla, E., Wiegand, T., Knauer, F., Kaczensky, P., Breitenmoser, U., Bufka, L.,
Cerveny, J., Koubek, P., Huber, T., Stanisa, C., Trepl, L., 2002. Assessing the suitability
of central European landscapes for the reintroduction of Eurasian lynx. J. Appl. Ecol.
39, 189–203. http://dx.doi.org/10.1046/j.1365-2664.2002.00700.x.

Sipko, T.P., 2009. European bison in Russia: past, present, and future. Eur. Bison Conserv.
Newsl. 2, 148–159.

Sipko, T., Trepet, S., Gogan, P.J.P., Mizin, I., 2010. Bringing wisents back to the Caucasus
mountains: 70 years of a grand mission. Eur. Bison Conserv. Newsl. 3, 33–44.

Tilton, M., Willard, E., 1982. Winter habitat selection by Mountain Sheep. J. Wildl. Manag.
46, 359–366. http://dx.doi.org/10.2307/3808647.

Tokarska, M., Pertoldi, C., Kowalczyk, R., Perzanowski, K., 2011. Genetic status of the
European bison Bison bonasus after extinction in the wild and subsequent recovery.
Mammal Rev. 41, 151–162. http://dx.doi.org/10.1111/j.1365-2907.2010.00178.x.
Trepet, S.A., Eskina, T.G., 2012. Effect of environmental factors on population dynamics
and structure of the Caucasian red deer (Cervus elaphus maral) in the Caucasian
state biosphere reserve. Biol. Bull. 39, 640–651. http://dx.doi.org/10.1134/
S1062359012070114.

VanDerWal, J., Shoo, L.P., Graham, C., Williams, S.E., 2009. Selecting pseudo-absence data
for presence-only distribution modeling: how far should you stray from what you
know? Ecol. Model. 220, 589–594. http://dx.doi.org/10.1016/j.ecolmodel.2008.11.
010.

Vogt, P., Riitters, K.H., Estreguil, C., Kozak, J., Wade, T.G., Wickham, J.D., 2007. Mapping
spatial patterns with morphological image processing. Landsc. Ecol. 22, 171–177.
http://dx.doi.org/10.1007/s10980-006-9013-2.

Williams, L., Zazanashvili, N., Sanadiradze, G., Kandaurov, A. (Eds.), 2006. Ecoregional
Conservation Plan for the Caucasus. Contour Ltd, Tbilisi.

Wisz, M.S., Hijmans, R.J., Li, J., Peterson, A.T., Graham, C.H., Guisan, A., Group, N.P.S.D.W.,
2008. Effects of sample size on the performance of species distribution models.
Divers. Distrib. 14, 763–773. http://dx.doi.org/10.1111/j.1472-4642.2008.00482.x.

Witmer, F.D.W., O'Loughlin, J., 2011. Detecting the effects of wars in the Caucasus regions
of Russia and Georgia using radiometrically normalized DMSP-OLS nighttime lights
imagery. Giscience Remote. Sens. 48, 478–500. http://dx.doi.org/10.2747/1548-
1603.48.4.478.

Woodroffe, R., Ginsberg, J.R., 1998. Edge effects and the extinction of populations inside
protected areas. Science 280, 2126–2128. http://dx.doi.org/10.1126/science.280.
5372.2126.

Zazanashvili, N., Mallon, D. (Eds.), 2009. Status and Protection of Globally Threatened
Species in the Caucasus. CEPF, WWF. Contour Ltd., Tbilisi.

Zazanashvili, N., Garforth, M., Jungius, H., Gamkrelidze, T., Montalvo, C. (Eds.), 2012.
Ecoregion Conservation Plan for the Caucasus, 2012 revised updated edition.

Zhou, S., Zhang,M., 2011. An integrated analysis into the causes of ungulatemortality in the
Wanda Mountains (Heilongjiang Province, China) and an evaluation of habitat quality.
Biol. Conserv. 144, 2517–2523. http://dx.doi.org/10.1016/j.biocon.2011.07.007.

http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0395
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0395
http://dx.doi.org/10.1111/j.0906-7590.2008.5203.x
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.026
http://dx.doi.org/10.1016/j.ecolmodel.2005.03.026
http://dx.doi.org/10.1073/pnas.0609840104
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0280
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0280
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0280
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0285
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0285
http://dx.doi.org/10.1126/sciadv.1400103
http://dx.doi.org/10.1046/j.1365-2664.2002.00700.x
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0300
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0300
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0305
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0305
http://dx.doi.org/10.2307/3808647
http://dx.doi.org/10.1111/j.1365-2907.2010.00178.x
http://dx.doi.org/10.1134/S1062359012070114
http://dx.doi.org/10.1134/S1062359012070114
http://dx.doi.org/10.1016/j.ecolmodel.2008.11.010
http://dx.doi.org/10.1016/j.ecolmodel.2008.11.010
http://dx.doi.org/10.1007/s10980-006-9013-2
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0335
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0335
http://dx.doi.org/10.1111/j.1472-4642.2008.00482.x
http://dx.doi.org/10.2747/1548-1603.48.4.478
http://dx.doi.org/10.2747/1548-1603.48.4.478
http://dx.doi.org/10.1126/science.280.5372.2126
http://dx.doi.org/10.1126/science.280.5372.2126
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0355
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0355
http://refhub.elsevier.com/S0006-3207(15)00234-7/rf0400
http://dx.doi.org/10.1016/j.biocon.2011.07.007

	Mapping seasonal European bison habitat in the Caucasus Mountains to identify potential reintroduction sites
	1. Introduction
	2. Data and methods
	2.1. Study area
	2.2. European bison presence data
	2.3. Predictor variables
	2.4. Mapping potential habitat

	3. Results
	4. Discussion
	5. Conclusions and management implications
	Acknowledgements
	Appendix A. Supplementary data
	References


