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Summary: Experts of wildlife migration often de-
lineate a corridor directly and solely from remote
sensing images. Resistance surfaces on the other
hand are an intermediate product, if the corridor
should be extracted (semi-)automatically, by estab-
lishing a knowledge database about spatial behav-
iour of wildlife. The advantage of a spatial explicit
knowledge database is the development of spatial
rules in combination with wildlife behaviour, creat-
ing a basic database. This database should help to
transfer discussions from different expert opinions
to more concrete discussions about parameters of
spatial rules. The aim of such a knowledge database
is the ability to repeat/reproduce the experiment,
the reduction of subjectivity of a single expert and
the possibility to apply the same method for a large
region on a detailed level. Furthermore, the auto-
matic extraction of corridors allows the evaluation
of different scenarios like the implementation of
new wildlife passages. This study discusses the for-
mulation of spatial rules for wildlife migration in a
GIS to generate the basic information of a resist-
ance surface. The application of this method is also
discussed in a project called Alpine Carpathian
Corridor, where the aim was to safeguard the wild-
life migration corridor including intensively used
areas (of the landscape).

Zusammenfassung: Widerstandsmodelle fiir die
Extrahierung von Wildtierkorridoren. Wildtier-
Experten konnen einen Wildtierkorridor oftmals
direkt aus Fernerkundungsdaten auf Basis ihres
Wissens extrahieren. Widerstandsmodelle stellen
ein Zwischenprodukt dar, wenn der Korridor auto-
matisiert extrahiert werden soll, um damit die Sub-
jektivitdat des Experten zu reduzieren. Das basiert
auf dem Aufbau einer Wissensdatenbank tiber das
rdumliche Verhalten von Wildtieren und die For-
malisierung dieser Regeln in einem GIS. Der Vor-
teil dieser Quantifizierung ist die Nachvollziehbar-
keit, die Anwendbarkeit auch fiir sehr groe Gebie-
te bei einer hohen rdaumlichen Auflésung und die
Ubertragbarkeit des Regelwerkes bis zu einem be-
stimmten Grad auch auf andere Regionen. Bei dem
Projekt Alpen-Karpaten-Korridor, bei dem es um
die Vernetzung der beiden grolen Lebensrdume
Alpen und Karpaten ging, fand die Formalisierung
des Regelwerkes Anwendung. Die Herausforde-
rung dabei war, einen Wildtierkorridor auch durch
intensiv genutzte Bereiche der Landschaft zu fiih-
ren und der Raumplanung geeignete Grundlagen
fiir die Umsetzung des Korridors bereit zu stellen.

1 Introduction

In the last decades cultural landscapes were
changing due to many factors like increasing
infrastructure facilities, spatial expansion of
settlement and industrial areas or intensified
agriculture (e.g. Banko et al. 2004). One popu-
lar way of safeguarding wildlife is to declare
corridors to enable the exchange between core
areas of species habitat, to enhance gene flow
or to reduce extinction risk (e.g. HiLty et al.
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2006, BEIER & Noss 1998, VoaT et al. 2007,
FLEUurRY & Brown 1997). For this reason, the
safeguarding of even small, natural landscape
features and their importance for wildlife and
species migration became obvious (e.g. AN-
DREN 1994, Fanric 2001, Baum et al. 2004,
KRAMER-ScHADT et al. 2011). The composition
of core areas and natural landscape patches, in
interaction with mostly human induced distur-
bances of settlements or technical infrastruc-
ture, like road network, generates a complex
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landscape matrix for movement patterns (For-
MAN & GoproN 1986). The landscape connec-
tivity describes the movement between these
patches in a structural and functional way
(TayLor et al. 1993). The wildlife corridor it-
self is part of the landscape connectivity, with
focus on the connection between specified lo-
cations (ANDERSON & JENKINS 2006).

Corridor delineation in accordance with
BEIER & LoE (1992) can be based on differ-
ent methods and input data (ABT & SANDFORT
2011). Field surveys (e.g. SAWYER et al. 2009,
MoLINART & MoLiNARI-JoBIN 2001) or teleme-
try data (Musieca & Kazapi 2004) are visu-
ally interpreted or buffered. Due to the lack
of quantitative individual based data for large
regions, corridor extraction is commonly ap-
plied by using land cover information and
their derived resistance values (e.g. JANIN et.
al. 2009, RaBmNowitz et al. 2010, DRIEZEN et al.
2007, WaNG & Zeller 2009).

Main input data for a (semi-)automatic ex-
traction of wildlife corridors are land cover,
derived from different input data like aeri-
al photographs, satellite images or cadastral
maps. In addition ancillary data like fences,
traffic density or road mitigation measure-
ments are used. The land cover has to be trans-
ferred to resistance values to provide the pos-
sibility of modelling their suitability for wild-
life migration (e.g. RAYFIELD et al. 2010). Ad-
ditionally, the final resistance value depends
on spatial interactions between adjacent land
covers. The resistance surface models are fi-
nally used as input datasets for the application
of different methods for corridor extraction
like least cost path algorithms (e.g. Ray et al.
2002), circuit theory (McRAE & BEIER 2007)
and graph theory (e.g. GogTz et al. 2009). A
least cost path algorithm needs source and tar-
get regions and the map of resistance values
in between. Starting from the source region,
the resistance values are accumulated in that
way, that the accumulated resistance values
are minimized. This procedure is repeated for
the target region. The accumulated resistance
values are summarized for both regions. The
lowest values of this summarisation indicate
the route with the lowest accumulated resist-
ance values from the source and the target re-
gion. Circuit theory is based on the same input
data, resistance values and regions, and ap-

plies the method of electrical circuits known
from electrical engineering. An advantage of
circuit theory compared to least cost path al-
gorithms is the extraction of multiple routes
(Howey 2011). The application of graph theo-
ry creates a network, where the core habitats
are knots. The connection between the knots
known as the graphs and their attributes are
computed using the resistance value map.

An extracted corridor can vary according
to the selected method, but regardless which
method is applied, the resistance value map is
always the base for further computation. This
study emphasises the importance of the re-
sistance surface, independent of the selected
method of corridor extraction. The study fo-
cusses on the creation of the resistance value
maps and discusses the relationship of land
cover classes and resistance values, their spa-
tial relation and dependency, and the potential
for establishing different scenarios, e.g. for the
placement of mitigation measurements.

The application of this method will be pre-
sented by some of the results of the Alpine —
Carpathian — Corridor project. The Alpine —
Carpathian — Corridor project aims to re-es-
tablishing the wildlife corridor between two
core areas in regions with intensive human ac-
tivities. The numerous stakeholders: inhabit-
ants, industry, forestry, hunters, etc. and their
different interests in this region (e.g. CENTROPE
2014) make it necessary, to define the steps
of corridor delineation in such a way, that it
is broadly comprehensible. This requirement
was established by the formulation of a knowl-
edge database for wildlife movement and the
consequential GIS model of the resistance sur-
face as the base of this delineation.

2 Input Data

Land cover is considered as the main input
dataset, because it provides fundamental in-
formation concerning the landscape matrix
and spatial information about small patch-
es of suitable areas for wildlife (Yapav et al.
2012). However, using only land cover based
on remotely sensed images (considered as ar-
eal data) does not have to correspond with
the general situation of landscape connectiv-
ity in this area (Brooks 2003) due to the fact
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that features like fences or traffic density are
barely recognizable in a 30 m spatial resolu-
tion dataset. Therefore, ancillary data will be
used to refine the land cover. Nevertheless,
the land cover provides not only groundwork
for this study, but also provides information
about the potential of landscape connectivity,
which will be discussed in a follow up chap-
ter. However, to evaluate landscape regarding
its potential as well as its existing condition
for connectivity, it is necessary to include fea-
tures such as landscape elements with barrier
function, e.g. fences and roads, and connec-
tion functions, such as mitigation measure-
ments of fenced highways (over- and under-
passes and their quality). In that way different
scenarios of wildlife corridors can be estab-
lished. These potential scenarios are deter-
mined by different regional planning actions,
which influence the resistance value. Actions
with increasing effect on the resistance value
are changes from grassland to infrastructure
but there are also actions with decreasing ef-
fect on the resistance value like the establish-
ment of protected areas.

2.1 Land Cover Data (areal)

Land cover data is the basic spatial dataset for
modelling landscape connectivity and wildlife
migration. Presuming an accurate dataset, ac-
cording to geometric and thematic aspects, es-
sentially land cover data should be up-to-date
and secondly as detailed as possible to provide
the highest accurate resistance maps. Howev-
er, main limitations are accessibility and costs.
CORINE land cover data (Bossarp 2000, Eu-
ROPEAN ENVIRONMENT AGENCY 2007a) is often
used in wildlife studies because it is free of
charge and easy to access. A disadvantage of
this dataset for wildlife studies, at a scale of
1 : 50,000, is the degree of spatial generalisa-
tion. The raster dataset available dates from
2006, and has a spatial resolution of 100 m x
100 m (1 ha). However, the smallest delineated
patches, the minimum mapping unit, are 25 ha
(EuroPEAN ENVIRONMENT AGENCY 2007a) and
5 ha for land cover changes (EUrROPEAN ENvI-
RONMENT AGENCY 2007a). CORINE land cov-
er provides in that way useful data for habi-
tat suitability models with focus on larger core

areas, e.g. Faruccr et al. (2007). For studying
wildlife migration or connectivity between
core areas, smaller patches of forest, hedges,
grassland and their spatial configuration are
essential. These smaller patches function as
stepping stones, which are especially essen-
tial in landscapes with intensive agricultural
activities, by improving the quality of a mi-
gration corridor. On the other hand, small and
scattered patches of built-up areas can reduce
and even stop migration. The spatial informa-
tion of such small patches improves the qual-
ity and is therefore essential for the generation
of accurate resistance maps.

In account of this insight/information, a
homogeneous land cover dataset of about
10,000 km? was generated from multi-season-
al Landsat TMS5 and Landsat ETM7+ images.
Through this new land cover dataset, the spa-
tial accuracy was improved to 30 m x 30 m
and the minimum mapping unit was reduced
to ~ 0.2 ha (2 pixels). As a result the extraction
of smaller but important patches for wildlife
migration was possible.

Fig.1 demonstrates the advantage of the
generated land cover dataset compared to the
CORINE 2006 land cover raster. The homo-
geneous yellow area of non-irrigated arable
land of CORINE 2006 contains smaller (less
than 25 ha) but quite important features for the
landscape connectivity of mammals (see also
stepping stone theory, Mac ArRTHUR & WIL-
soN 1967, or metapopulation theory, LEVINS
1969). The colour scheme of the classes is in
accordance with the colour table/palette sug-
gested by the EUROPEAN ENVIRONMENT AGENCY
(2007b). The black circles contain predomi-
nately woody patches, despite the most south-
east circle contains partially built-up area. The
features in the black circles are especially of
importance for the GIS-model, because they
have a spatial influence on their surroundings,
according to Tab. 1. In our case, considering
the main species of interest (red deer), forest
eases the movement through its shelter func-
tion and built-up area hampers the movement
by its disturbance function.

The total study area was covered by four
standard scenes of Landsat (WRS-2 path/
row: 190 26/27, 189 26/27). In total, 17 differ-
ent Landsat scenes of 2009 were processed to
reduce effects of cloud cover or uncertainties
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due to phenological variation in the classifica-
tion. By doing this the quality of the land cov-
er data was improved, especially for impor-
tant categories of the GIS-model for the resist-
ance model. Each scene was classified with a

a) Landsat Image Stack 2009: false-colour-
composite, inside of the black circles smaller
forested p hes ara ||Ed _

b) CORINE 2008: circles ﬂlld only with
arable land
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¢) Generated land cover data from a Landsat
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patches (green) and impervious area (red)
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Fig.1: Comparison of CORINE 2006 raster
land cover data with the generated land cover
dataset. Detail of an agriculture dominated
landscape. Yellow: arable land, green: forest,
red: settlement and impervious area, blue: wa-
ter bodies and reed. The black circles are are-
as of interest (a: Landsat image, NASA Land-
sat Program 2009; b: CORINE land cover ras-
ter data, European Environment Agency; c:
land cover derived from Landsat image).

k-nearest-neighbour (kNN) algorithm (Kouk-
AL et al. 2010) independently. Afterwards, the
majority for each pixel was chosen as the final
land cover class.

The necessary land cover classes for the
wildlife study were defined independently
from CORINE 2006 nomenclature in accord-
ance with wildlife aspects. The list of land
cover classes is summarized in Tab. 1.

2.2 Ancillary Data

Land cover derived from satellite images is
usually limited to extensive objects which
can be separated by their spectral properties
(LitLesanp & Kierer 1994). Using only this
information, the derived resistance map can
provide information about the theoretical po-
tential of the landscape for wildlife migra-
tion. Therefore, the suitability of resistance
maps for describing the actual or future situa-
tion depends on the consideration of ancillary
data. Ancillary data (e.g. RoGan et al. 2003)
are typically linear or point features in the
landscape with high impact on the permeabil-
ity of landscapes, like roads, and attributes of
these features, like traffic density. Addition-
ally, data from regional planning can be im-
plemented, for instance protection status or
the rededication of arable land to built-up area.

The implementation of ancillary data is
limited by its accessibility (costs, copyright,
etc.) or can be collected through field work.
These features of ancillary data have often
only a small areal effect although they have
a high impact on the connectivity. Common
features are fences which impose a challenge
to distinguish by means of remote sensing and
have the potential to completely interrupt oth-
erwise ideal wildlife corridors. Additional-
ly, there is generally less public information
available about fences. In this study the fences
were located through field work, in combina-
tion with data from hunting associations and
former projects. Especially, fences located
around forest areas are critical: the positive
effect of these forests and its surroundings is
dissolved and is even degraded to inaccessible
area, considering our main species of interest.

Highways and express roads require a fence
by Austrian law and form therefore barriers.
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Tab. 1: Land cover, their resistance values and spatial influence according to “area classes”.

Land cover resistance value | SPI: spatial influence, R: resistance value

Forest 0.01-0.2 900 — 10 000 m?: R 0.20 - SPI: 300 m
10 000 — 25 000 m? R 0.15 > SPI: 700 m
25000 — 50 000 m> R 0.10 = SPI: 1 200 m
50 000 — 100 000 m?: R 0.05 - SPI: 1 350 m
>100 000 m* R 0.01 = SPL: 1 500 m

Reed, wetland 0.2 0

Grassland 0.3 0

Agriculture 0.4 0

Water body 0.4/0.7 0.4: distance from river bank: 0 — 150 m
0.7: distance from river bank > 150 m

Vineyard 0.6 0

Quarry, etc. 0.9 0

Graveyard, fenced areas, etc. | 1 0

Settlement, industrial areas 1 900 — 13 500 m>: R 1.0 > SPI: 100 m
13 500 — 27 000 m>: R 1.0 > SPI: 200 m
27 000 —90 000 m*: R 1.0 > SPI: 300 m
>90 000 m* R 1.0 > SPI: 500 m

Here, wildlife passages are important features
for migration (e.g. CLEVENGER et al. 2001).
Wildlife mitigation measurements vary be-
tween small, existing bridges or underpasses
to green bridges (Woss et al. 2002), explic-
itly made for wildlife crossing. Not only the
width and height of the wildlife passage are
of importance, in addition aspects like the top
surface of the passage floor, e.g. concrete or
natural soil (VoLk et al. 2001) influence wild-
life passage. In Austria the Federal Road Ad-
ministration (ASFINAG) is also legally en-
gaged to keep these passages free from block-
ages, like storage of farming vehicles. These
wildlife passages were qualitatively separated
into four classes: useful, moderate, weak, not
useful. This classification was based on field
work in accordance with requirements of the
wildlife species for migrating red deer (Cer-
vus Elaphus).

Roads were considered as linear features
and were accessed by open street maps (Open
Street Map (and) contributors, CC BY-SA
(Creative Commons, ShareAlike)). Due to
high traffic density estimated by field work,
unfenced roads were separated into three cate-
gories resulting in different resistance values.

3 Resistance Values

Consisting of land cover and ancillary data
this information had to be transferred into a
metric variable related to wildlife. This trans-
formation is based on the demands of the se-
lected species. However the parameters cho-
sen for one single species are often in opposi-
tion to another species. This dilemma exists
not only between large mammals and amphib-
ians but in between different mammal species
themselves. Red deer will cross rivers and wa-
ter bodies without hesitation whilst lynx (Lynx
Lynx) will attempt to avoid contact with water
as long as possible.

Furthermore, the aim of this study is to dis-
cuss generating resistance maps for wildlife
corridor extraction. Therefore, the resistance
values have to be related to migration. This
is a clear distinction to methods where the
resistance is only the inverse of the suitabil-
ity value (see e.g. CORRIDORDESIGN 2007). Mi-
grating wildlife has different needs than local
non-migratory wildlife populations. Migrat-
ing wildlife is more sensitive to disturbances,
like wind parks. Perceiving these as a combi-
nation of movement, noise and light effects,
whereas local populations have adapted to the
disturbance and can be even found grazing
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beneath the wind turbines. For local popula-
tion it is easier to find passages or underpasses
at highways while migratory species requires
guiding features, like hedge rows, to find and
accept such mitigation measurements.

The resistance value is assumed as a func-
tion of land cover in situ and in the surround-
ing, giving the “stress” of crossing an area
during migration. Furthermore, the resistance
value is also depending on the local land use
plans and protection status. A crux for work-
ing with resistance (low values are suitable for
migration, high values restrain migration) is
the definition of the resistance value for each
land cover class.

The generated values and assumptions are
based on previous studies of the Institute for
Surveying, Remote Sensing and Land In-
formation (e.g. GRILLMAYER et al. 2002 and
KoHLER 2005) in combination with the fed-
eral recommendations for public roads (FSV
2007) and additional expert knowledge (VOLK
et al. 2001).

3.1 General

In this study the main interest is on safeguard-
ing the possibility of genetic exchange be-
tween species populations of the Alps and the
Carpathians. Beside bears, wolves and lynx,
red deer was the main target species and near-
ly fits the assumption for a generic focal spe-
cies (WartTs et al. 2010). Red deer is the most
sensitive mammal considering landscape con-
nectivity, i.e. closeness to forested areas, dis-
tance to settlements, and quality of wildlife
passages. In comparison to red deer, bears
have very low requirements for underpasses
with a recommended passage height of 4 m
(see VoLk et al. 2001). Additionally, to cal-
culate a resistance model a knowledge data-
base of spatial rules is necessary. Especially
the spatial behaviour of migrating species is of
interest, not only of local populations. There-
fore, track tracing data by itself is not enough
for the formulation of the knowledge database.
Collar data and gene samples of numerous mi-
grating species are necessary, data which is
hardly available for many species. Because
red deer has a long tradition in research stud-
ies, expert knowledge was readily available

and implemented to the knowledge database.
A study of KoHLER (2005) evaluates already
basic values and spatial rules. Hence red deer
was chosen as the species of interest and the
resistance values and spatial rules are based
on this knowledge database. The resistance
value represents the average probability of
crossing through a pixel of given length (here
30 m) and ranges from very low 0.01 to 1.

The small number of necessary land cover
classes results from their relevance and their
ability of quantification for wildlife migration.
A low resistance value belongs to forested are-
as, while large, contiguous forest patches have
the lowest value of 0.01. The value of 0 was
not given, because even in appropriate areas
there is still resistance for migration compared
to core habitat. Furthermore, we did not give
0 values due to computational reasons. Reeds
and wetlands have lower resistance values
compared to grassland because of their shel-
tering function, especially larger reed zones.
Agriculture, having a value in between the
best and worst land cover, is definitely the
most heterogeneous class, ranging from open,
ploughed land without shelter and food to e.g.
maize with useful shelter/protection and fod-
der availability. The value of 0.4 is here deter-
mined as an average. Vineyards might have a
lower value of resistance although it is often
protected by additional construction features
and the ease of crossing is depending on the
main orientation of the vineyard rows. While
crossing along these rows is easier, the per-
pendicular crossing is more challenging and
results therefore in a higher value compared to
agriculture. While abandoned quarries some-
times serve as a refugium for wildlife, ac-
tive quarries with fences, steep and slippery
slopes, light and noise disturbances result in
a value of 0.9. The resistance value of 1 in-
dicates an absolute barrier, impermeable for
wildlife. Still this category is subdivided in
two categories due to their spatial influence.

The study area was dominated by three
main categories: forest, agriculture and settle-
ment areas.

Rules are based on expert knowledge of mi-
gratory red deer, unpublished collar and track-
ing data, despite the argument of JANIN et al.
(2009), that “resistance is often arbitrarily es-
tablished on the basis of expert knowledge”.
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The values were defined considering regional,
political and historical aspects as well as the
features of the migrating species and not lo-
cal populations. These values are a generalisa-
tion; the exact value will definitely fluctuate
due to seasonality and differences in between
years (especially agriculture), spatial arrange-
ment (vineyards) or partial fencing (quarries)
and the behaviour of the individual species.
Nevertheless, in comparison to expert judge-
ments alone the formulation of spatial explicit
rules provides the opportunity for a basic un-
derstanding, which can be modified in the fu-
ture.

3.2 Spatial Effect of Resistance
Values

Land cover types can be separated in two
groups by their spatial effect: Stationary fea-
tures, those that affect only the area of their
occurrence and features with additional spa-
tial influence on their surrounding agricultur-
al land and grassland belong to the first group.
While water bodies alongside river banks are
in general accepted by wildlife, larger water
bodies more than 150 m away from the banks
have higher resistance values. Contrary are
features that influence the vicinity, either in a
negative way by increasing the resistance val-
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Fig. 2: Effect of spatial influence on agricultural
land — profiles of resistance values for different
adjacencies (left to 0 m); a) unaffected field —
agricultural beside e.g. vineyard with a con-
stant resistance value of 0.4; b) negative af-
fected field (500 m) — large settlement (left of
axis ordinate 0 m) nearby to agriculture — the
resistance value descends from 1 to 0.4; c)
positive affected field (1,500 m) — large forest
(left of axis ordinate 0 m) nearby to agriculture
— the resistance value gradually increases
from 0.01 to 0.4.

ue or in a positive way by decreasing the re-
sistance value. Land cover with positive influ-
ence on adjacent land cover types for wildlife
migration is forested area. The spatial range of
the positive influence depends on the area of
the considered forest patch. Land cover with
negative spatial influence on the surround-
ing is settlement, where the range of spatial
influence depends on the considered settle-
ment area. Even small areas like farm houses
have already the highest resistance value due
to their disturbance potential.

The spatial effect is described in the last
column of Tab. 1. A forest patch of 4 ha has
a resistance value of 0.1. The spatial effect of
this forest patch is effective up to a distance
of 1,200 m. The positive influence of the land
cover class will decrease from the borderline
of the forest patch till the end of the spatial
influence. Because the influence near the con-
sidered patch is in excess compared to the
more distant locations it is not a linear func-
tion but a cosine function (see Fig. 2) between
adjacent and more distant locations.

Working in a raster GIS with a distance ras-
ter for each area category of settlement or for-
est, the topological influence for the calcula-
tion of the resistance value can be considered

dist
cos| ——X +1
d 1 ( diStmax,cal fi J
e 1
< 5 Q)
d, distance factor
dist distance from settlement
distmax’ ot Maximum distance for this area cat-
egory of either settlement or forest

f 180/ m

1

for settlement influence:

Rcalzl_((l_RL)de) 2

for forest influence:
Rcal = RSmrt + ((RL - RSIarr ) X dx ) (3)

R calculated resistance value under con-
sideration of the area category for settle-

ment or forest

cal
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R, static, local resistance value, without 3.3 Interaction between Different
neighbourhood effect Spatial Influences
Ry, resistance value of the considered forest
patch DR, =f (forest patch area) Considering spatial influence leads automati-

The calculations were performed for each
area class of every land cover of Tab. 1 with
spatial influence. If the spatial influences of
different area classes are overlapping, the fi-
nal resistance value was calculated according
to the involved land cover class. Overlapping
of different settlement area classes: the high-
est value will be assigned to the resistance
surface. Overlapping of different forest area
classes: the lowest value will be assigned to
the resistance surface. If settlement and forest
area classes are overlapping, the final resist-
ance value will be calculated from the high-
est value of settlements and the lowest value
from forest.

Furthermore, a positive spatial influence
cannot cross a barrier, e.g. the positive influ-
ence of a large forest patch cannot reduce the
resistance value on the other side of the high-
way — even if animals can sense the forest,
they have no possibility to cross the barrier.

cally to complex interdependencies in natural
landscapes and the issue of quantifying these
interdependencies. The general rule was: if
there is a negative spatial influence the posi-
tive influence cannot overrule it. However the
negative influence will be reduced. The reduc-
tion values are estimated from collar data, ex-
pert interviews and field studies (Fig. 3).

Two land cover categories are able to reduce
a negative influence: water bodies and forest.
Water bodies can decrease the spatial influ-
ence of settlements by half of the original set-
tlement value (see Fig. 3, profile b) from 500 m
for large settlement areas to 250 m for smaller
settlements. Forest patches decrease the nega-
tive spatial influence according to their size by
two-thirds (see Fig. 3, profile c), finishing the
negative influence at 170 m. Fig. 3, profile d,
shows the effect of a forest patch adjacent to
settlement, although being too small (100 m)
to absorb all the spatial influence of the settle-
ment. After 100 m of forest the spatial influ-

Land Cover;
o) Aericulture nfluenced . .
I b) Water body . b) Agriculture not influenced
)V Foresr I o) Agriculture not mfluenced
1 UdyForest 0 d) Agriculture influenced d) Agriculture not influenced
0.8+
0.8
‘é 0.7 1
B 06 4
)
[+ 4
0.5 1
0.4 4
0.3 + : : ,
-100 o 100 200 300 400 $00
Distance (m)

Fig. 3: Spatial “buffering” effect of different land covers and their interactions; top: land cover and
their spatial extent; bottom: profiles of their resistance values; a) agriculture beside large settle-
ment area: negative spatial influence for 500 m distance till agriculture has it original value of 0.4;
b) between the settlement and agriculture a water body of 250 m width is located; c) between the
settlement and agriculture a forest of nearly 170 m width is located; d) between the settlement and
agriculture a forest of 100 m width is located.
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ence of profile a) continues from the resistance
value 0.6, resulting in a total spatial influence
of 300 m for this spatial composition of large
settlement — forest patch — agricultural land.

While the spatial influence of settlement on
the surrounding can be reduced, the resistance
value of the settlement area itself remains un-
changed at the highest value of 1. On the other
hand, for forested areas the spatial influence
cannot be reduced to zero, however the resist-
ance value of forested area itself can be in-
creased through large settlement areas.

Roads and wildlife passages are considered
at the end of creating a dataset of resistance
values. Roads are separated in three catego-
ries: dirt roads with a resistance value of 0.3,
because they can serve as “guiding” features,
especially if they are covered with leaf litter.
Paved roads receive a value of 0.6 and paved
roads with heavy traffic a resistance value of
0.85. Because wildlife can come quite near
to roads, especially with forest in the vicin-
ity, even roads with high traffic intensity are
not considered with negative spatial influence
perpendicular to the main road axis. The re-
sistance value can only increase, if overlapped
by negative spatial influence of settlements,
yet cannot decrease. Roads in forest remain
with the same value as roads in agricultural
fields.

Existing wildlife passages for crossing
highways were surveyed and separated in four
categories. Excellent, with resistance value of
0.3, providing enough width and suitable sur-
face, moderate value 0.6 decreasing width and
surface quality, and poor with value 0.9, in-
cluding small widths, and decreasing quality
due to paved roads or waterways. The fourth
category is considered as not passable. New
wildlife passages should belong to the excel-
lent category.

Modelling connectivity is highly depend-
ent on the availability and quality of geo in-
put data. Especially linear barriers like roads,
fences or paved riversides can easily inter-
rupt the feasibility for wildlife migration. Ad-
ditionally, in contrast to roads, such data is
hardly available. By reason, that the hard bar-
rier effect of fences it was necessary to collect
this information through field studies. Fences
can influence large forest patches and render
them as inaccessible areas, e.g. due to enclo-

sures. The ancillary data of fences is therefore
required for statements about the status quo of
landscape connectivity and have to be consid-
ered therefore as a required dataset.

Protected areas are the only land use cat-
egory, beside forest, which is reducing the
resistance value by 0.1 for forest, wetland,
grassland and agriculture. The smallest resist-
ance value is 0.01. Paved roads, settlement or
fenced areas remain unchanged.

The creation of a resistance surface can be
performed with any raster GIS with cost dis-
tance algorithms, in this study ArcGIS™ Spa-
tial Analyst™ by Esri was used by writing Py-
thon scripts, simple text files provide the input
parameters like resistance values and spatial
influence distance.

3.4 Combination of the Separate
Geolayers and Different
Scenarios

For each category the resistance value was cal-

culated and afterwards combined, to produce

a single dataset. The combination rules be-

tween different land cover classes are:

® a positive spatial influence cannot cross a
barrier, e.g. the positive influence of a large
forest patch cannot reduce the resistance
value on the other side of the highway,

o if there is an overlapping of negative influ-
ence layers from different area categories,
the resistance value will be taken from the
layer with the highest value,

® if there is an overlapping of positive influ-
ence layers from different area categories,
the resistance value will be taken from the
layer with the lowest value,

e if there is a negative spatial influence the
positive influence cannot overrule it, but the
negative influence will be reduced,

® road and wildlife passage datasets are the
last layers in the sequence of overlapping.
Especially for roads the resistance values
can increase by nearby settlement area but
cannot decrease. Wildlife passages are sup-
posed to be unchangeable: even if the pas-
sage is located in forest area, the quality of
the passage itself will not be improved.



444 Photogrammetrie « Fernerkundung « Geoinformation 5/2014

Landcover
Bl Settement with spatial inflence  [1] Bare Rock [ Pastures B Grasstand
[ Settiement without spatal infugnce (] Agrcutiure [l Forost B Reed
B Cuamy [ vineysras I Water / Forest [l Water

Resistance Value

[ — — etres
B . T
A o

o &

Fig.4: Top: land cover map; bottom: resulting resistance map; red hue: negative spatial influence
of settlement area; green hue: positive spatial influence of forest; location (1): settlement adjacent
to forest: spatial influence of settlement reduced to one third of the original 500 m; location (2):
settlement adjacent to water body: the negative influence of the settlement is river to half of the
original value — on the opposite river side the riparian forest is not influenced by the settlement;
location (3): Settlement adjacent to agriculture with the longest spatial influence.
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4 Results

The method of generating different resistance
value maps was applied in a study area, which
covers both Austrian and Slovakian territory.
Fig. 4 shows the effects of spatial interaction
for the resistance map in detail in an area close
to the river Danube. Here the spatial interac-
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tions of different land cover are demonstrated.
The resistance value map can already be used
to illustrate the spatial effect of spatial plan-
ning activities, like planting of forest area,
independent of selected source and target re-
gions for algorithms of corridor extraction.
The further figures focus on the result of
different resistance surfaces for the corridor

b Resistance value ma

Fig.5: Detailed resistance surface: agricultural
land with numerous scattered settlement
patches threatening the wildlife corridor; a)
land cover without ancillary data; b) resistance
surface; c) delineated corridor (purple); land
cover and resistance values: legends accord-
ing to Fig. 4.
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delineation. The corridor delineation was ex-
emplified by a least cost path algorithm, but
any other algorithm might be used.

In Fig. 5 the forested core areas in the south-
west and northeast corner should be connect-
ed. But the permeability of the landscape is
reduced. Due to settlement agglomeration the
resistance values are increased, not only for
the settlement areas but also beyond the bor-

ders of the settlement. A corridor delineation
(here with a least cost path algorithm) exem-
plifies this effect even more by showing the
bottlenecks of the corridor. Fig. 5¢ (black cir-
cle) indicates where the width of the corridor
decreases to less than 500 m but FSV (2007)
recommends a corridor width of 500 m to
1,000 m between settlements. Here regional
planning activities should be applied to halt at

Fig.6: Landscape potential; a) land cover without ancillary data; b) resistance surface; c) deline-
ated corridor (purple); land cover and resistance values: legends according to Fig. 4.
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least further expansion of the adjacent settle-
ments. The implementation of forest patches
in this area would not change the width of the
corridor but helps to decrease the resistance
values. In natural forest the minimum width of
the corridor can even decrease to 100 m (FSV
2007). The consideration of the spatial effect
of settlements is here essential. Without this
consideration, the distance between the set-
tlements is still above 500 m and seems to be
wide enough for wildlife migration.

Fig. 6 indicates a bottleneck which prohibits
wildlife migration. In the middle, from west
to east a riparian corridor is situated. For the
calculation of the resistance values only the
land cover was implemented, without ancil-
lary data like the layers of roads, wildlife pas-
sages, fences or spatial planning. Corridor
delineation (here with a least cost path algo-
rithm) demonstrates the shortest and “cheap-
est” (lowest accumulated resistance values)
connection between north and south, with the
bottleneck in arable land.

This layer combination for the resistance
surface shows the spatial path of connection,
without restrictions due to roads, fences, and

other obstacles. Although it is an artificial con-
struct, it indicates the “potential” of the land-
scape for connectivity. The layer combination
is useful for regional planning regarding gen-
eral decisions on land use. It shows where the
landscape is well connected, neglecting limit-
ing factors like roads and fences. This infor-
mation can be useful for the placement of new
wildlife passages and reduces the costs of im-
plementing new forested patches in that way.

Fig. 7 shows the same area similar to Fig. 6
with the main intention, to connect the forest-
ed core areas from the south and north. The
implementation of ancillary data (Fig. 7b) re-
sults in different resistance surface than Fig. 6,
due to considering the highway as an absolute
barrier, also existing wildlife passages are
considered. Furthermore, large parts of the
forest north of the highway are fenced and
cannot be accessed by large mammals. The
small red dots represent wind parks, which
rises the resistance value and lowers the con-
nectivity. The extracted corridor of the actual
condition (Fig. 7c) is therefore diverted to the
riparian corridor, where wind parks increase
the hardship of wildlife migration.

limnnterca e

Fig.7: Status quo and chances of enhancement; a) land cover and ancillary data; b) resistance
surface; c) delineated corridor (purple); d) resistance surface like b) but considers a new mitigation
measurement for crossing the highway (white arrow); purple: extracted corridor; land cover and

resistance values: legends according to Fig. 4.
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Fig.7d shows the effect of considering a
new location for a wildlife passage crossing
the highway (white arrow). The rest of the
landscape remains the same as for Fig. 7c. The
acceptance of a wildlife passage for migration
of animals depends not only on the quality
of the passage itself but also on the circum-
stances of approaching this passage. Small
forested patches or hedges function as guid-
ing features in the landscape, providing also
shelter. If these guiding features already ex-
ist, the acceptance of the wildlife passage will
not even be faster but also additional costs for
these features are avoided like the access to
favoured parcels, planting, etc. are avoided.
Fig. 6 provides this spatial information of ex-
isting landscape features supporting wildlife
migration. The placement of the new wildlife
passage inside the corridor area of Fig. 6 guar-
antees therefore an easier acceptance of the
passage by wildlife. Additionally it reduces
the costs of integration of the new passage in
the landscape.

So the corridor extraction is depending on
the quality of the resistance surface and the
consideration of spatial effects and ancillary
data. Beside the resistance surface, the ex-
tracted corridor is depending on the applied
algorithm. Furthermore the initial regions
have a substantial influence on the outcome
(region locations, region shape, etc.).

A traditional least cost path algorithm is of-
ten used in wildlife analysis (BEIER et al. 2009)
it has its limitations in validating thresholds of
ecological parameters. In addition it enhances
only one path, the least cost path, even if there
are more possibilities apparent (PiNTO & KEITT
2009). Circuit theory on the other hand is of-
ten limited by hardware requirements because
of large data processing demands.

5 Discussion

The Figs. 5 and 6 demonstrate the importance
of the resistance surface. A delineated corri-
dor, by applying a delineation algorithm, can
only be as good as the basic input. The re-
sistance surface functions as the basic input.
Land cover data with proper spatial details is
necessary, especially for land based wildlife
movement, although incorporating ancillary

data, like fences or wildlife passages, are cru-
cial. The consideration of spatial interactions
improves the account for regional planning
actions. Despite the declaration of these spa-
tial interdependencies is discussed in a contro-
versial way in literature, the implementation
in a GIS helps to understand the movements in
a better way and provides the possibility to re-
fine and adapt these spatial rules and assump-
tions for the future.

Due to the geometry of Landsat images,
features smaller than 30 m x 30 m cannot be
detected. But for future studies the new gen-
eration of satellite data such as Sentinel-2 with
high temporal (three to five days) and high
spatial resolution (10 m to 20 m) provides new
opportunities. Temporal effects like season-
al and even diurnal differences of resistance
values for agriculture become more accessi-
ble. To study seasonal effects more knowledge
of animal behaviour will be needed like ad-
ditional collar / GPS data and the quantifica-
tion of these data to spatial rules. The knowl-
edge database for generating resistance values
demonstrated here, considers especially the
spatial effect of extensive land covers. The in-
clusion of spatial effect for linear structures,
like roads in combination with existing rules,
might improve the quality of the resulting re-
sistance value in some parts of the landscape
but further research is needed.
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