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Abstract. The aim of the study was the delineation of migratory corridors migration for large mam-
mals between the Ukrainian Carpathians and the western part of their range in Poland. Potential
corridors for the wolf (Canis lupus), brown bear (Ursus arctos), lynx (Lynx lynx), wisent (Bison
bonasus), red deer (Cervus elaphus), and wild boar (Sus scrofa) were identified within 534,818 ha
with the ArcGIS Corridor Designer software. Corridors of regional importance (42,283 ha in total)
and local connections between habitat patches (13,154 ha) were delineated separately according to
the least-cost path criterion. We identified 115 critical points where heavy traffic, or the proximity of
settlements, could obstruct animal movements. A considerable number of such critical points indicate
the urgency for ensuring the functionality of the remaining linkage. The permeability of barriers
between habitat patches was determined by ground observations, confirming the presence of target
species. The highest proportion of patches estimated by experts as optimal and suboptimal was for
wild boar (91%), while the lowest for lynx (52%). The proportion of habitats avoided or useless due

to anthropogenic barriers was 34% for lynx, 25% for wisents, and 19% for brown bears.

INTRODUCTION

The most fertile and therefore the most productive natu-
ral habitats of Europe became converted to agricultural
land, commercial forests or built-up areas at least several
centuries ago. Today, a majority of forests, wetlands or
waste lands occupy marginal areas that were considered
the least productive or unsuitable for economic develop-
ment (Vera 2000; Vera and Buissink 2007).

Nevertheless, such areas now provide the last remaining
refuges for our native wildlife. Due to a high degree
of forest cover and low density of human settlements,
mountain ranges like the Alps, Carpathians and Pyr-
enees are among the most important regions that may
still provide functional migration routes for mammals
on a continental scale (Corsi et al. 2002; Estreguil et
al. 2014).

Due to the extreme variability of ecological niches for
different species, it is virtually impossible to design a
migration corridor that would be suitable for all the
species populating a given study area (Gurrutxaga et al.
2011; Branton and Richardson 2011). Hence, we aimed
at designing a potential corridor as a set of intercon-
nected habitat patches fulfilling the needs of the species
with the strictest requirements about habitat quality and
dimensions. The selected habitat patches were suitable
for species with a vastly different food base (both her-
bivores and predators). We thus limited our analysis to
the brown bear (Ursus arctos), lynx (Lynx lynx), wolf

(Canis lupus), wisent (Bison bonasus), red deer (Cervus
elaphus), and wild boar (Sus scrofa) — all well represent-
ing the requirements of their trophic categories, having
various tolerance of antropopression and fairly common
within the study area (Okarma and Tomek 2008; Meletti
and Burton 2014; Gorecki and Zemanek 2016).

Even relatively large habitat patches of satisfactory
quality may only temporarily ensure the survival of
wildlife populations. Their long-term persistence de-
pends on conservation of genetic variability. Hence, it
is necessary to provide possibilities for at least periodic
exchanges of individuals among sub-populations, so that
groups of animals, though isolated, can safely function
as meta-populations. This often depends on the ability
of, for example, solitary males to make long-distance
movements (Jung 2017). That is why the maintenance
of habitat patches that provide connections between
the home ranges of a fragmented population is so im-
portant. Such conditions often occur within mountain
ranges with habitats less altered by antropopression than
surrounding areas are. The section of the Carpathians
studied within the framework of this project fulfils these
criteria due to its high percentage of forest cover and
very low human population density (Corsi et al. 2002;
Schnell et al. 2002).

The Carpathians, as the largest mountain chain in Cen-
tral and Eastern Europe (with a length of approximately
1,500 km and covering an area of almost 210,000 km?),
used to be a major natural corridor allowing for migra-
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tions of large mammals between the south-eastern part
of the continent (Romania) and its central regions (north-
ern Czech Republic). The great majority of this area
remains covered by forests or semi-natural habitats such
as alpine pastures and hay meadows. About 16% of the
area of this mountain range is managed by various forms
of environmental protection area, such as national parks,
landscape parks, nature reserves and Natura 2000 sites,
which represent important natural habitat patches and
may provide effective ecological linkages. The Polish
part of the Carpathians, which constitutes only about
10% of its whole area, links wildlife habitats occurring
along the northern slopes of the range. This region is
still inhabited by almost all the large mammals native
to Europe, including predators such as wolf, lynx and
brown bear and herbivores such as red deer, wild boar,
wisent, roe deer (Capreolus capreolus), and chamois
(Rupicapra rupicapra). Most of these species require
access to vast home ranges representing high quality
habitats (Webster et al. 2001).

However, this mountain range is becoming dissected
by numerous communication routes with human settle-
ments and recreational infrastructure encroaching on the
mountain valleys. These barriers reduce the available
area of optimal habitat patches and cause the demo-
graphic isolation of local animal populations (Forman
et al. 2002; Skuban et al. 2017). Maintaining the con-
tinuity of natural habitats is crucial for effective nature
conservation (Opdam 1997). Hence, in view of the size
ofthe range and richness of this area’s fauna, this aspect
is very important in this part of the continent.

Ecological corridors as a formal form of nature conser-
vation in Poland have so far only been mentioned in the
Nature Conservation Act currently in force (passed in
2004) as areas ensuring migration of plants, animals or
fungi, but lacking any regulations regarding their legal
status (Kiczynska and Weigle 2003). Even the Natura
2000 network, despite its name, consists of separate
habitat patches, in most cases lacking any intercon-
nections (Perzanowska and Grzegorczyk 2009). Nev-
ertheless, the importance of ecological linkage is fully
understood, and attempts to plan and establish more or
less formal corridors on a local scale have been quite
frequently undertaken (Perzanowska et al. 2005; Rogata
and Marcela 2012).

Undoubtedly, the wider a migration corridor, the better
the conditions it provides for ensuring animal move-
ments. Nevertheless, in many cases due to irreversible
transformation by agriculture or human infrastructure, it
is already impossible to designate certain habitat strips
for such a purpose. In addition, plans for establishing
new protected zones are quite often not welcomed by
local communities, who fear possible restrictions regard-
ing their planned economic activities or the development

of settlements. Strong local resistance to new protected
areas may completely neutralize their effectiveness. For
this reason, local communities should be consulted at
a very early stage of such plans in order to achieve a
final compromise acceptable to both sides (Jongman and
Pungetti 2004; Bennett and Mulongoy 2006).

A concept for a network of ecological corridors in the
Matopolska Province, covering the western section of
the Carpathians on the Polish side was published in
2005, and a project for the establishment of ecological
corridors in the Ukrainian Carpathians between the
Romanian and Polish borders was completed in 2010
(Perzanowska et al. 2005; Bashta et al. 2010). That,
however, left a considerable gap in securing ecological
connectivity within the Polish section of the Carpathians
in the south-eastern corner of the country.

The aim of this project was to identify potential path-
ways for large mammals, connecting already delineated
ecological corridors in Ukraine and the Matopolska
Province of Poland, and to indicate their points of con-
nection to large forest complexes situated to the north
within the Carpathian foothills. This would fill the gap
in the planned maintenance of ecological connectivity
along one of the largest European mountain chains
and contribute to the survival of local populations of
endangered large mammals.

Study area, materials and methods

During 2014-2015, we analysed 534,818 ha in the
south-eastern part of Poland (the Podkarpacie Province),
476,045 ha of which are administered by the State
Forest Service. Within this area there are two national
parks, six landscape parks, four Natura 2000 Special
Protection Areas for birds, and eleven Special Areas of
Conservation established under the Habitat Directive,
as well as two promotional forest complexes, two areas
of protected landscape, and over 40 nature reserves
(Gorecki and Zemanek 2016; Zielinski 2010).

The boundaries of the project area were determined by
the Regional Directorate of State Forests at Krosno,
Bieszczadzki and Magurski national parks (NPs) and
the ProCarpathia Foundation which was the project
coordinator. The project area included two largest
protected areas of the region (both NPs) and 11 forests
districts: Baligrod, Bircza, Cisna, Dukla, Komancza,
Lesko, Lutowiska, Rymanow, Stuposiany, Ustrzyki
Dolne, and Kotaczyce, which were indicated by the
Forest Service as important mainstays for large mam-
mals (Figure 1).

Land cover data were provided by the Forest Service
in the form of current numerical raster maps used for
planning forest management, consisting of thematic lay-
ers representing all considered categories of vegetation,
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Figure 1. The area of the project with marked nature reserves, national parks, Natura 2000 sites, landscape parks, and areas

of protected landscape.

features of terrain, and infrastructure (Table 1). Maps
of development plans valid for years 2014-2015 were
provided by local administrations.

Forests cover 56.31% (369,115 ha) of the study area,
while built-up areas and infrastructure, including com-
munication routes, constitute only 4.39% (28,830 ha).
Agricultural land, including meadows and recently aban-
doned fields, amounts to 38.31% (251,060 ha). Surface
waters, wetlands and forest openings account for the
remaining area. The total length of public roads within
the study area amounts to 5,057 km. According to the data
obtained from the Forest Service and both national parks
participating in the project, during implementation of the
project, the study area was inhabited then by over 5,500
red deer, almost 3,000 wild boar, about 400 wolves, 300
European bison, almost 200 brown bears, and over 190
lynx (Perzanowski et al. 2015). The project consisted of
several phases. The first one included identification and
categorisation of habitat patches and links as potential
migration corridors for the wolf, brown bear, lynx,
wisent, red deer, and wild boar. For every animal species
that was considered, the spatial distribution of suitable
environmental conditions was determined on the basis
of the following parameters (all options made available
by the software ArcGIS Corridor Designer, according to
Majka et al. (2007)): (1) land cover — 14 classes (listed
in Table 1), (2) distance from public roads, (3) distance
from built-up areas, (4) ratio of forest cover to open areas

within a 250 m radius, (5) elevation above sea level, (6)
relative elevation vs. surrounding pixels in a 200 m radius,
and presented as thematic layers of the GIS model. The
software rates habitat suitability according to raster-based
layers representing various environmental factors. A com-
bination of such data and a habitat suitability threshold
that ranks habitat quality makes it possible to identify
optimal connections between habitat blocks suitable for
supporting a viable population of a given species or at
least habitats sufficient for the species to breed (Majka
et al. 2007).

Habitat suitability was estimated based on literature data
and experts’ knowledge regarding relationships between
the pattern of habitat use by particular animal species
and values of selected habitat parameters. Each param-
eter characterising habitat conditions was reclassified in
order to attribute to each pixel in the various thematic
layers a value representing the intensity of habitat use
by the animal species covered by the study. All analysed
environmental factor layers were converted to raster
data, and the index of habitat suitability was calculated
for every pixel of the habitat map (10 x 10 m). This
methodology was based on papers by Clevenger et al.
(2002) and Bashta et al. (2010) (Table 1).

In the next step, the size of a home range typical of
each species was estimated based on areas fulfilling
the criteria of population patches, breeding patches,
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and those patches of adequate habitat quality that were
too small for a breeding patch. Subsequently, using an
algorithm analysing all possible connections between
habitat patches suitable for supporting a viable popula-
tion or for breeding, the shortest possible links were
found by following the method of'the least-cost path, i.e.
pursuing such course of movements where the level of
environmental resistance is the lowest (Majka 2007).The
permeability of corridors potentially suitable for animal
passage was verified by means of detection of animal
crossings over local roads, which was done by forest and
park rangers on the basis of direct observations, camera
traps, and tracking. Estimate of the width of each link
and its usefulness was undertaken whilst considering
its surroundings, including vegetation cover, terrain,
proximity of settlements, and volume of traffic.

In the last step, the extent of identifiable habitat patches
and migration corridors was compared with local de-
velopment plans to exclude the areas for which their
suitability for wildlife will be inevitably lost in the
near future.

Values of environmental parameters were in turn as-
signed as weights corresponding to the intensity with

which a given parameter influenced the pattern of habitat
use by particular animal species. Due to close similarity
among environmental conditions and composition of lo-
cal fauna, we based our estimate of these weights on the
values adopted in a study of ecological corridors in the
Ukrainian Carpathians (Bashta et al. 2010) (Table 2).

The value of each parameter in the habitat suitability
model was calculated by means of the ArcGIS Corridor
Designer software for each particular raster of the map.
Spatial distribution of the values for each parameter we
considered was displayed as a separate thematic layer
of the map. The complete habitat suitability model was
obtained with algorithms enabling calculation of the
habitat suitability index (HSI) for each raster of the
habitat as a resulting combination of all the thematic
layers (Majka et al. 2007).

On the basis of this habitat suitability model, after con-
sideration of thresholds for minimal suitability of habitat
patches (assumed as at least 50%) and the size of home
ranges typical of the species covered by the project,
three types of habitats useful for wildlife were identified:
population patches, breeding patches, and <breeding
patches. The fourth category includes habitats that are

Table 1. Ranks for the classes of ground cover assumed for particular animal species on the basis of experts’ opinion (Forest
Service and national park staff) considered in the study on migration corridors in the Polish Carpathians (1 = the highest

quality, 10 = the lowest quality).

Classes of ground cover Species ; .
Brown bear Wolf Lynx Red deer Wild boar Wisent
Coniferous forest 1 2 2 2 2
Deciduous forest 1 2 1 1 1
Mixed forest 1 1 1 1 1 1
Arable land 8 7 9 7 4 6
Meadows and waste land 6 4 6 4 5 2
Water bodies >1 ha 10 9 10 10 10 10
Watercourses 8 5 8 5 3 8
Continuous settlements 10 10 10 10 10 10
Scattered buildings 9 9 10 9 8 9
Meadows > 1200 m a.s.l. 5 4 7 5 6 4
Wetlands 8 5 8 5 3 8
Strongly altered by human pressure 9 9 10 9 8 10
Permanent cropland 7 7 8 6 3 4
Railways 4 4 5 4 4 5

Table 2. Weights of particular environmental factors applied in habitat quality assessment for animal species considered in

the study on migration corridors in the Polish Carpathians (after Bashta et al. (2010)).

Environmental factor Species
Brown bear Wolf Lynx Red deer | Wild boar Wisent
Ground cover 1 1 1.5 1 2 2
Elevation 1 1 1 1 1 1
Relative elevation in the radius of 250 m 1 1 1 1 1 1
Forest/open area ratio in the radius of 250 m 1 1 1.5 1 1 1.5
Proximity of settlements 2 3 2 2 1 1.5
Distance from roads 1.5 1 2 1.5 1 1.5
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avoided or useless (e.g. roads, settlements, lakes, etc.).
The software counts population patches as the areas that
allow the functioning of a viable population of a given
species for at least 10 years (minimal size 5,000 ha).
In turn, breeding patches are the areas allowing a sin-
gle case of breeding of a given species (minimal size
1,000 ha), while <breeding patches represent areas that
are of sufficient habitat quality but too small to fulfil the
requirements for the survival or breeding of particular
species selected for this study (Majka et al. 2007).

The least-cost path (LCP) links between population
patches, i.e. the shortest distance between habitat
patches of the highest possible quality with the lowest
environmental resistance (Adriaensen et al. 2003), were
identified at four corners of the project area (south-east,
south-west, north-east, and north-west: the Bieszczadzki
NP, the Magurski NP, the Bircza Promotional Forest
Complex, and the Czarnorzecko-Strzyzowski Land-
scape Park). Based on the size of aforementioned areas
and the data for population numbers of species in this
study we assumed that all these protected areas fulfilled
the criteria of population patches. The ArcGis Corridor
Designer software returns a raster, in which the sum of
cost distances (accumulative costs) between the cell and
two nearest population patches (sources) is calculated
for each cell location. Therefore, the sum of two raster
costs identifies for each cell location the least-cost path
from one source to another that passes through the cell
location. As a result, the raster representing a range of
accumulative costs between two pairs of neighbouring
patches is obtained. All cells with values below a maxi-
mum adopted threshold represent the area of a least-cost
corridor (Majka et al. 2007).

Based on the experience and field observations of the
staff of the Forest Service and rangers of two national
parks, connections between population patches that
were most important for the functioning of local ani-
mal populations were identified within the study area.
The highest elevations within this area do not exceed
1,346 m above sea level (Tarnica, the highest peak in
Bieszczady), and mountain ridges are either forested or
covered with alpine meadows, posing no serious obsta-
cle for animal movements. It was, therefore, assumed
that the main public roads, built-up areas and a large
dam reservoir (Solina Lake) were the main barriers to
migration.

Local connections identified by the model were verified
by means of records of animal crossings obtained through
observations, snow tracking, camera traps, records of
traffic collisions, etc. collected by the staff of the Forest
Service and two national parks between 2012-2015. Such
evidence was collected for all main public roads running
between neighbouring habitat patches within the project
area and being potential barriers to animal movements.

Among 7,715 of such records, 5,984 were of red deer,
769 of wolf, 670 of wild boar, 169 of brown bear, 70 of
wisent, and 53 of lynx. On the basis of such data, it was
possible to indicate the location and width of local con-
nections between neighbouring populations and breeding
habitat patches important for the functioning of popula-
tions of species considered in this study (Figure 2). The
actual width of local connections between neighbouring
patches was assessed individually through consultations
with local forest and park rangers having first-hand
knowledge of conditions existing in situ (e.g. proximity
of buildings, exceptionally rough or inaccessible terrain,
existing fencing, etc.).

Various options were tested for the width of migration
corridors as provided by the ArcGIS Corridor Designer
software (available as “slices” of between 0.1% and 10%
of the modelled area) (Majka et al. 2007). However,
due to objections raised by the Forest Service regarding
introduction of a new category of protected areas, which
could result in restrictions regarding logging patterns
and schedule, project coordinators finally accepted the
minimum possible “slices”, i.e. 0.1%, as sufficient, thus
ensuring connectivity between habitat patches and link-
ing opposite sides of the project area (Figure 3).

RESULTS

The proportions of distinctive categories of habitat patch
differed considerably among particular animal species.
The highest proportion of the total available optimal and
suboptimal patches was for wild boar (91%), whereas
the lowest was for lynx (51%). For other species (wolf,
brown bear, wisent, and red deer) this proportion ranged
between 61-73%. For species such as lynx, wisent, red
deer, and brown bear, a large part of the area, i.e. the sum
of strongly avoided and absolutely non-useful habitats
(34, 25, 21, and 19%, respectively), remained useless
due to anthropogenic barriers and transformed habitats,
although such unfavourable conditions occurred only
in about 3 and 4% of available area for wild boar and
wolf, respectively (Table 3, Figure 4).

In order to ensure the permeability (i.e. functionality) of
the network of delineated potential migration corridors,
we identified 115 critical points where important con-
nections between habitat patches suitable for supporting
animal movements across roads were under threat due
to their narrowness, presence of heavy traffic or close
proximity of human settlements. Such points were iden-
tified separately for every forestry area by local rangers,
taking into account the frequency of animal crossings,
the width of accessible suitable habitat (proper vegeta-
tion cover), frequency of traffic, and local plans for the
extension of infrastructure (Figure 5).
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Figure 2. An exemplary fragment of the habitat map showing connections between neighboring population and breeding
habitat patches, indicated by the staff of Forest Service and national parks as important for maintenance of viable populations

of large mammals in the area.
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Table 3. The percentage of the area of different quality (4 categories) habitat patches (after Majka et al. (2007)) falling to six

species of large mammals considered in the study on migration corridors in the Polish Carpathians.

Species/ Optimal Suboptimal Occasionally used Strongly avoided or
/Habitat Population patches Breeding patches <Breeding patches absolutely not useful
Lynx 35 16 15 34
Wolf 51 22 23 4
Brown bear 40 21 20 19
Wisent 36 29 10 25
Red deer 46 24 9 21
Wild boar 56 35 6 3
Lynx Wild boar

Habitat categories

Il ~osolute non habitat and strongly avoided

Il Occasionally used; not breeding habitat
[T Suboptimal but OK for breeding

]:] Optimal

s ™ e | 1
0 10 20 40

Figure 4. A comparison of distribution of habitat patches belonging to four categories of habitat quality (after Majka et al.
2007), determined for wild boar and lynx within the project area.

DISCUSSION

We have identified a network of potential migration cor-
ridors along the main ridge of the Carpathians to connect
two national parks, as well as some alternative routes
situated several kilometres north. We also found a good
connection providing possibilities for animal movement
towards the north from the Bieszczady National Park, an
important factor for maintaining a connection between
the forests in the central section of the Carpathians and
the main forest complexes of the Carpathian foothills
(the Bircza Promotional Forest Complex). We also
mapped the course of the most important connections
from the Magurski National Park and an important
and sizeable protected area situated to the north (the
Czarnorzecko-Strzyzowski Landscape Park). The total
area which, as potential migration corridors, should
optimally be protected against changes in land cover and
further fragmentation amounts to 53,399 ha, of which

42,283 ha constitute regional corridors, while 13,154 ha
provide local connections (with these two types of con-
nection overlapping in some cases) (Figure 6).

The total area of corridors that fulfilled habitat require-
ments for all six species we analysed amounted to over
39% of the entire study area. There was no chance of
such a proposal being approved for implementation by
all interested parties (especially the local administration
and the Forest Service). Finally, only the corridor based
on the requirements of the red deer was accepted.

It is especially important to properly identify any criti-
cal point that might endanger the continuity of habitats
suitable for supporting animal movements, either due to
further expansion of built-up areas or increase in traffic
volume. The narrowest sections of potential corridors
may become a dead end for animal migration in such
situations (Gurrutxaga et al. 2011). Therefore, apart from
estimating habitat quality and the total size of habitat
patches, it is also necessary to assess potential obstacles
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to animal movements at their peripheral points where the
distance to the next nearest suitable habitat patch is the
shortest. Otherwise, even a well-planned and fairly long
migration corridor may become ineffective if migration
to more distant habitat patches becomes totally disrupted.
The considerable number of such critical points identi-
fied in this project reflects an important aspect of habitat
fragmentation, i.e. the loss of connectivity that creates
urgency in ensuring the functionality of any remaining
linkage (Perzanowski et al. 2015) (Figure 5).

It is quite frequently found that those suitable habitat
patches which persist have already become separated
due to human infrastructure, creating barriers to wildlife
migration that are difficult to overcome even impassable,
like the road No S19 within our study area that leads to
the Polish—Slovak border. There exist, however, certain
possibilities for mitigating such difficulties, including
reforestation of waste land or strips of abandoned land
at critical points along potential migration corridors or
construction of overpasses. However, both these solu-
tions are costly and require several time-consuming
bureaucratic procedures (Garcia-Feced et al. 2011;
Lewandowski et al. 2015). Nevertheless, in some cases
such actions may be indispensable to prevent permanent
isolation of local wildlife populations. Such sugges-
tions were formulated in the the final project report
(Perzanowski et al. 2015).

Traditional concepts of nature conservation based on
the protection of isolated sites such as national parks
or nature reserves are insufficient to ensure that genetic
variability in large mammal populations is maintained.
Effective protection can only be guaranteed by means
of a spatial network consisting of sizeable protected
areas connected by functional migration corridors.
The proposed ecological corridors for south-eastern
Poland may provide linkage between Natura 2000 sites
in southern Poland, northern Slovakia and the Czech
Republic with the south-eastern sites of this network in
Romania (Perzanowski 2012). In addition, the critical
points identified between neighbouring habitat patches
could be included in spatial planning at a local com-
munity or forest district level as zones to be protected
against infrastructure encroachment and deforestation.

CONCLUSIONS

The network of potential migration corridors as proposed
in this study may be helpful in preparing local plans for
land development that are aimed towards maintaining
natural values of the area. This should include ensuring
possibilities for migration of large mammals, which is
important not only along one of the largest European
mountain ranges — the Carpathians, but also for maintain-
ing the existing connections between the forest habitats

of'this range and its foothills. Due to the present policy of
the Polish Forest Service, fully respecting all biological
functions of the forest, as opposed to treating it like in the
past as merely a source of timber, the future continuity
of forest complexes seems assured. However, there is an
urgent need to maintain or improve connectivity between
forest habitat patches that may be endangered by further
development of road infrastructure and encroachment of
built-up areas. The most threatened are the remaining nar-
row connections (critical points) between neighbouring
patches suitable for wildlife, which are easily destroyed
through activities like deforestation or introduction of
new infrastructure. Therefore, in our opinion, proper
identification of critical points for functional local con-
nections between habitat patches, and the mapping of
their spatial parameters, are the most important issues for
effective protection of migration routes for the region’s
fauna in order to prevent isolation of local subpopulations
of large mammals.
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