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Abstract

Territorial animals are living in a space where there are suitable habitats and necessary resources
to sustain them. The location, shape and size of a territory are affected by environmental factors. Using
26 wolf territories included 38 wolves from 2001 to 2020, | tested the influences of landscape features
which might shape winter territories of wolves (Canis lupus) in Scandinavia. | estimated the wolf
territories with two methods; 100% MCP and 95% LoCoH-k. Along the estimated borders of each
territory, | generated two buffers of different width (1 km and 2.5 km). | then defined the area within
the buffers as the borders of each territory, and the remaining area within each territory but outside of
the buffers as the center of each territory. Moreover, | divided the borders areas of each territory into
two additional categories, depending on the presence or absence of neighboring wolf territories: border
areas with neighboring territories and border areas without neighboring territories. | generated random
points inside of wolf territories and explained the location (center or border, neighboring border or
non-neighboring border) of the points with landscape features (prey density, house density, road
density, distance to water, slope and land covers) by fitting into generalized linear mixed-effects model.
I recognized more differences between home range estimators than between widths of border. The
borders of territory tended to have higher density of anthropogenic features and closer to water than
the centers of territory. Moreover, | found that the neighboring wolf territory borders were located

where wolves were not interested.
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1. Introduction

Every animal uses a home range that includes places for foraging, mating and caring for young,
and when an animal defends its home range against conspecifics, the home range is called territory
(Burt 1943). Grant (1968) suggested that if territory sizes are similar and neighbors equally spaced,
then the shape of territories will be hexahedral. In reality, the shape of territories seem to be affected
by two main factors: the habitat and the distribution of resources within it, which in turn are influenced
by the presence of neighbors (Adams 2001; Grant 1968).

Resources are not evenly distributed in the landscape, and this heterogeneity may be important
for the alignment and shape of territories. One could think of two scenarios, where the first is that a
territorial animal tries to monopolize a resource concentration in the center of its territory, and so
would defend the borders in areas with lower resource availability. Alternatively, territorial defense is
strongest in areas with high resource concentrations, and so the territory borders are aligned with
resource-rich areas. For example, male common hippopotamus (Hippopotamus amphibious L.) defend
water resources within their territories from other males to win the right to mate with females
(Timbuka 2012), therefore indicating that the shape of territories are strongly correlated with the

distribution of water resources.



In some cases, there are habitats that may be inaccessible, which means that landscape features
can also influence the shape of a territory. For instance, Peterson and Page(1988) found that the borders
of wolf (Canis lupus) territories followed the shoreline of an island, suggesting that the sea acted as a
barrier for movement. (Peterson and Page 1988). But it was also indicating that wolves grasp the idea
of an easily defended shoreline as their territory boundary (Mech and Boitani 2003).

Moreover, breeding pairs of golden eagles (Aquila chrysaetos) often defend a territory around
their nesting site. In addition to the nesting sites, the territory also secures a hunting range for the
breeding pair and their offspring (Chambert et al. 2020; McGrady et al. 2002). In areas with a high
density of golden eagles, the boundaries of their territories are squeezed by neighbors, which leads to
smaller hunting range and consequently lower productivity (Chambert et al. 2020). On the other hand,
the kagu (Rhynochetos jubatus) lives in family units and cooperate for breeding and defending the
territory (Thuerksuf et al. 2009). The breeding success thus depends on family size and territory size
(Thuerksuf et al. 2009).

In addition, population density can affect the existence of territory border. In the endemic
migratory Japanese ayu (Plecoglossus altivelis), young fish feed on algae that grow on rocks in the
riverbed. This creates a boundary in which they defend their territory to protect food resources. When
the density of the population becomes too high, territories break down and ayu individuals form a
school of fish. Therefore, the energy cost of territory protection can become higher than the benefits
of the food resources present (Tanaka et al. 2011).

In this study, we investigated the placement of territory borders of wolves in Scandinavia. The
Scandinavian wolves were functionally extinct in the 1960s (Wabakken et al. 2001). However, two
wolves dispersed from the Finnish—Russian border in 1980s (Wabakken et al. 2001) and about 40 years
later, the population grew up to about 450 individuals in total in 2020 (Wabakken et al. 2020). Wolves
live in a pack that most often consists of a pair of breeding adults and their offspring (Mech and Boitani
2003). Scandinavian wolf territories are on average 1,017 km? but can vary from a minimum of 259
km? to a maximum 1,676 km?, and those numbers were comparably bigger than its in continental
Europe (Mattisson et al. 2013). Those territories are considerably bigger than the size a pair of wolves
needs, but they need this range to keep enough prey for raising up their offspring (Peterson et al.,
1984). The dominant prey species of Scandinavian wolves is moose (4lces alces) (Sand et al. 2008,
2012, 2016; Zimmermann et al. 2015) and it comprises 60 to 100 % of wolf diet (Gervasi et al. 2013).
The wolf pups are born in the end of April to mid of May and they spend around 44 days in the den;
the movement of the pack increase gradually towards autumn, and reaches maximum in October
(Alfredéen 2006). Therefore, abundance of moose is one of the important factors for wolf habitat. In
general, wolves select areas with a higher abundance of prey (e. g. Ausilio et al. 2021; Lesmerises,
Dussault, and St-Laurent 2012; Oakleaf et al. 2000), but prey are not evenly distributed in space, so
that the high prey density areas are in the overlapping zones of wolf territories (Lewis and Murray

1993; Mech 1977; Mech et al. 1980) which is defined as 2 (Peters and Mech 1975) to 6 km width
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(Mech 1994).

Habitat selection of wolves has been extensively studied and we expected that those habitat
selections can be strongly related to the shape of wolf territories, and it has never been studied so far.
To investigate the factors which affect territory borders, we divided wolf territories into center (C) and
border (B), and investigated the following hypotheses:

(1) Moose density is higher in the center than the border due to wolves monopolizing areas with
higher prey density (BC1), or higher in the border than center as a result of high territorial
conflicts at the border of territory (BC2).

(2) Natural barriers (rivers, lakes and ridges) will be predominantly found in the border than the
center as a way to reduce energy cost for traveling (BC3).

(3) Anthropogenic features (buildings and main roads) will be predominantly found in the border
compared to the center to avoid human encounters (BC4) but forest roads will be found
predominantly or in both equally in center than border to use as easy travel routes (BC5).

Additionally, borders of wolf territories can be affected by the presence or absence of
neighboring wolf territories. Therefore, we divided the territory borders into two classes: those with
neighboring wolf packs (NB) and those with non-neighboring wolf packs (NNB). We then investigated
the following hypotheses:

(1) Moose density is higher in border areas with neighboring territories than those with non-
neighboring territory, as a result of high territorial conflicts at the neighboring border (NB1).

(2) Natural barriers (rivers, lakes and ridges) will be predominantly found in border areas with
non-neighboring territory than those with neighboring territories, as a way to reduce energy
cost for traveling (NB2).

(3) Anthropogenic features (houses and main roads) will be predominantly found in border areas
with non-neighboring territory compared to those with neighboring territory to avoid human
encounters (NB3) but forest roads will be found predominantly in border areas with
neighboring territory than those with non-neighboring territory to use as easy travel routes

(NB4).

2. Methods

Study area

I carried out this study in the southcentral parts of the Scandinavian peninsula (Sweden and
Norway) where the main wolf population of Scandinavia has been located (Fig. 1; 59°—62°N, 11°—
19°E). The vegetation is dominated by boreal coniferous forest of mainly Scots pine (Pinus sylvestris)
and Norway spruce (Picea abies), but broad-leaved tree species can also occur: birch (Betula pendula

and B. pubescens), aspen (Populus tremula), alder (Alnus incana and A. glutinosa), willow (Salix spp.)
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and rowan (Sorbus aucuparia). Around 60 % of the study area is covered with forest (Table 1) and the
tree line is 800-900 m above sea level. The ground vegetation is dominated by lichens, mosses, grasses,
herbs, berries and other heather species. The forests are subject to intensive forestry by clearcutting
for timber harvest and increasing forest productivity with different silvicultural practices. Because of
this, there is a high density of forest roads in the study area (1.01 % 0.69 km/km?). The mean number
of house density is 19.54 + 68.07 pr. km?. The area is covered with snow from November to April
(Milleret et al. 2017a; Zimmermann et al. 2015), with an average snow depth of 30—-60 cm in mid-

winter. The climate is continental with average temperatures of -7 °C in January (Mattisson et al. 2013).

Defining wolf territory border; home range estimation

I used wolf location data collected within the Scandinavian Wolf Research Project
(SKANDULV: http:// skandulv.nina.no) since 1999. I analyzed data from 26 wolf territories monitored
during one or several winters in the period from 2001 to 2020 (Table 2). Wolves were immobilized
using a COz-powered dart gun from a helicopter. All captures were approved by the Norwegian Animal
Research Authority (FSA), the Norwegian Food Safety Authority, the Norwegian Environmental
Agency and the Swedish Committee of Animal Welfare. Both the adult male and female were collared
in six pairs of family groups, and only one of the adults in 26 pairs of family groups. Individuals were
fitted with a global positioning system (GPS) collar (Simplex TM; Televilt / Followit Positioning AB,
Lindesberg, Sweden, or GPS plus; Vectronic Aerospace, Berlin, Germany). Adult wolves of a pair of
family group move together most of the time and there are no significant differences in space use
between females and males (Mattisson et al. 2013). Thus, I decided to use location data of both female
and male per territory but picked one of two animals’ simultaneous positions randomly. Ideally,
Mattisson et al. (2013) suggested that annual territories of Scandinavian wolf must be estimated with
a minimum of 9 months with five or more locations per month. I therefore needed a minimum of 4.5
months with 5 locations per month in our 6 months long study. Thus, I had enough location data to
estimate winter wolf territories in Scandinavia.

It is impossible to know where the exact wolf territory borders are. Therefore, I used two
methods of home range estimation; minimum convex polygon (MCP) and local convex hull (LoCoH).
MCP is an ordinal home range estimation method which shapes the home range by connecting the
outer most location points from the animal (Mohr and Stumpf 1966). LoCoH estimates home range
with a nonparametric kernel method using a fixed number of nearest neighboring points. This is the
most suitable method for GPS data because it can more precisely show the shape of the home range
(Getz et al. 2007). MCP is more robust than LoCoH and it can include more places that were never
visited by an animal. MCP is comparable with previous studies, therefore using MCP as one of two or
more methods of home range calculation is valuable (Harris et al. 1990). I used all of points (100%
MCP) to cover all area wolves used. Here, I investigated the factors which shape wolf territories

estimated by LoCoH contrasted by MCP. I used the LoCoH-k method a nonparametric kernel method
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using a fixed number of nearest neighboring points (Getz et al. 2007). I used 95 % of points (95%
LoCoH-k) to remove places where wolves did not visit that much often. At the same time, I avoided
to have several parts for one territory. All of the estimations of territories were processed in R (Version
4.0.3). Additionally, I generated 1 km and 2.5 km width of buffer on each side of the estimated territory
boundaries and defined them as border of territories which means I generated two widths of border; 2

km border and 5 km border (Fig. 4).

Neighboring wolf data

We used data from snow tracking over 2,200-5,600 km each winter (from October 1 to April 30
in 2001 to 2020) by county and national wildlife management agencies, staff from several universities
and research institutes as the National wolf population surveys in Sweden and Norway as our
neighboring wolf data. At the same time, DNA samples from scat, urine, blood, tissue and hair were
also collected, which allowed us to identify wolf individuals and family relationships (Wabakken et
al. 2020). During this study period, the number of wolves grew from 23 to 450 individuals (Eriksen et
al. 2011; Wabakken et al. 2020). All individual tracks and locations of DNA-samples were used to
delineate a minimum range of occurrence with the 100% MCP method. I then calculated centroids of
these ranges and buffered them with 20 km to delineate hypothetical wolf territories. The radius of 20
km was chosen because average home range size averaged 1,070 km? (Mattisson et al. 2013),
corresponding to an average radius of 18 km for a hypothetically round territory. I increased this by
an extra 2 km to make sure neighboring ranges would overlap with the territory borders of the studied
wolf territories. Then I classified the overlapping parts of the border with the circles of 20 km radius
as neighboring border, and other parts of the border as non-neighboring border (see Fig. 5). When I
built models, I removed the territories which had a high (< 90 %) or low (> 10 %) rate of neighboring
border, because I expected those territories to show none or too little contrast of habitat features
between borders with and without neighboring wolves. Therefore 14 territories were removed for the
models describing differences between territory borders with and without neighboring wolves (Table

4, 5).

Moose density

Moose density was estimated from moose pellet count surveys. Fecal pellet groups (FPG) were
counted after snow melt in spring to estimate moose density inside wolf territories in winter estimated
from data of collared wolf with 100% MCP. I used two different sampling regimes: 1) 40 plots aligned
at 100 m distance along the border of a 1 km? square, or 2) five plots making up the edges and the
center point of a square of 50 m side length. The plots were circular and had an area of 100 m2. The
squares were spaced regularly throughout the wolf territory. Winter pellets were identified by
comparing the color and the position of the pellet pile in relation to the vegetation. The pellets which

were located under the leaves were considered as pellets from before the leaf fall and were therefore
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not counted. I divided this number of pellets with the defecation rate of moose; 14 times/day
(Ronnegard et al. 2008), length of winter and number of sample plots per square to calculate density
of moose per square. From there, I scaled the densities up to one km?. I then interpolated the average

moose density (moose/km?) throughout the wolf territory using inverse distance weighting IDW.

Environmental factors

According to the previous studies, the most common habitat type for moose is forest, especially
young forest, as revealed by GPS monitoring and pellet group counts (Mansson et al., 2011), and
moose avoid anthropogenic landscape features (Gervasi et al. 2013). Wolves select for rugged, forested
areas at lower elevations and avoid human related landscape (May et al. 2008; Ordiz et al. 2020).
Therefore, I included the following habitat variables of interest: the density of houses, main roads and
forest roads were used as proxy for anthropogenic features, whereas slope, distance to rivers and lakes
were selected as natural landscape features. Slope was calculated from digital elevation model (DEM).
Land cover was obtained from the Corine Land Cover (2018) and classified into seven categories;
anthropogenic land, water, open natural area, young forest, mixed forest, broad-leaved forest and
coniferous forest (Table 2).

I also checked the correlation of environmental factors in every territory. I found that elevation
had correlations to some other variables (e. g. 9 territories of MCP with 5km buffer got R? > 0.06).

Therefore, elevation data was removed before modeling.

Analysis

I created 1,000 random points for each center and border (2,000 random points per territory). I
extracted the values of the habitat variables (moose density, house density, main road density, forest
road density, distance to water, slope, elevation, land cover) to each center and border points using
Geographic Information System (Q-GIS 3.16). Points that fell outside the area where the moose
density was assessed, where excluded from further analysis. This reduced the samples size by 12% for
the MCP with 5 km border width and 7.6% for LoCoH with 2 km border width. To examine the effects
of environmental factors on the location of center and border (or neighboring border and non-
neighboring border), I used generalized linear mixed effect model (GLMM) in package Ime4 in R.
The category of territory (1 = border, 0 = center and then 1 = neighboring border, 0 = non-neighboring
border) was the binary response variable in all models. The fixed variables (moose density, house
density, main road density, forest road density, distance to water, slope, elevation, land cover) were
assessed for correlation in each territory and scaled to know the strength of contributions. I observed
correlation between the distance to water and the elevation (seven territories showed r > 0.6 in MCP
with 2 km border), and thus removed the elevation from further analyses. For model selection, I tested

for different combinations of fixed variables and the inclusion of a quadratic effect for moose density.



Territory ID was added as a random effect in each model. I used Akaike’s information criterion (AIC)

to find the best model and defined as the model with the lowest AIC value (Table 7, 9).

3. Results

Territory area
I obtained 28 territories from 38 wolves using an average of 718 £ 337 GPS locations per

territory (Table 2). The size of territories had large variation in both MCP and LoCoH estimators. They
were on average 733 + 434 km? for MCP (maximum 1,799 km?, minimum 170 km?) and 512 + 325
km? for LoCoH (maximum 1,356 km?, minimum 117 km?), respectively. The difference of area
between those two estimators was significant (paired ¢-test; t = 8.56, df =25, P <0.0001) (Fig. 3). The
territory borders were longer if estimated with MCP (104 + 29 km) as compared to LoCoH (97 + 34
km) (paired t-test; ¢t =2.81, df = 25, P<0.01) (Table 3).

[ used 14 territory borders to investigate effects of neighboring wolf packs. With 2 km borders,
the average center area was larger than border area for both MCP and LoCoH, but vice versa for 5 km
borders. The ratio of neighboring to non-neighboring border area was similar for the four combinations

of home range estimator and border width (Table 3, 4; Fig. 2).

Habitat differences between territory border and center

- LoCoH with 2 km border

The best models included all variables (Table 8). Distance to water showed the strongest

negative effect (Water: B =-0.185, SE=10.011, P < 0.001) and the strongest positive effect variable

was main road density (MR:  =0.095, SE = 0.010, P < 0.001) (Table 8; Fig. 6). Moose density as
quadratic effect showed the second strongest effect in this model with the probability of being a border

point decreasing between 0 — 5 scaled moose/km?, and increasing thereafter (Moose: B =-0.139, SE

=0.016,P <0.001, Moose?: B =0.015, SE =0.003, P <0.001) (Table 8; Fig. 6). Forest road density

had the weakest effect in this model, and it was positive (Slope: B = 0.075, SE = 0.011, P < 0.001)
(Table 8; Fig. 6). From the result of land cover, the probability of a point being a border point was

highest in broad-leaved forest (Broad-leaved forest:  =1.267, SE=0.271, P < 0.001) and lowest in



open natural area (Mixed forest: B =-0.273, SE=0.081, P <0.001) (Table 8; Fig. 6).

- LoCoH with 5 km border

The best models included all variables (Table 8). Distance to water showed the strongest

negative effect (Water: B =-0.217, SE=0.012, P < 0.001) and the strongest positive effect variable

was main road density (MR: B =0.111, SE=0.011, P < 0.001) (Table 8; Fig. 6). Moose density as
quadratic effect showed the second strongest effect in this model with the probability of being a border

point decreasing between 0 — 5 scaled moose/km?, and increasing thereafter (Moose: B =-0.187, SE

=0.016, P < 0.001, Moose? : B = 0.026, SE = 0.004, P < 0.001) (Table 8; Fig. 6). Slope had the

weakest effect in this model, and it was positive (Slope: f = 0.065, SE=0.011, P <0.001) (Table 8;
Fig. 6). From the result of land cover, the probability of a point being a border point was highest in

broad-leaved forest (Broad-leaved forest: B = 0.780, SE = 0.278, P < 0.005) and lowest in mixed

forest (Mixed forest:  =-0.579, SE =0.095, P <0.001) (Table 8; Fig. 6).

- MCP with 2 km border

The best models included all variables (Table 8). Distance to water showed the strongest

negative effect (Water: B =-0.251, SE=0.012, P < 0.001) and the strongest positive effect variable

was house density (House:  =0.147, SE=0.015, P < 0.001) (Table 8; Fig. 6). Moose density did

not have quadratic effect and it showed a weak negative effect in this model (Moose: [ =-0.096, SE

=0.012, P <0.001) (Table 8; Fig. 6). From the result of land cover, the probability of a point being a

border point was highest in anthropogenic land (Anthropogenic: B = 0, reference value) and the

lowest in water and young forest (Water: = -0.424, SE = 0.083, P < 0.001; Young forest: = -

0.423, SE =0.079, P < 0.001) (Table 8; Fig. 6). Broad-leaved forest (P = 0.073) and mixed forest (P =
0.083) were not significant different from anthropogenic land (Table 8; Fig. 6).
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- MCP with 5 km border

The best models included all variables (Table 8). Distance to water showed the strongest

negative effect (Water: B =-0.268, SE =0.012, P < 0.001) and the strongest positive effect variable

was house density (House:  =0.157, SE=0.018, P < 0.001) (Table 8; Fig. 6). Moose density did

not have quadratic effect and it showed a weak negative effect in this model (Moose: p =-0.057, SE
=0.012, P <0.001) (Table 8; Fig. 6). From the result of land cover, the probability of a point being a

border point was highest in anthropogenic land (Anthropogenic: B = 0, reference value) and lowest

in young forest (Young forest: B =-0.362, SE = 0.081, P < 0.001) (Table 8; Fig. 6). Broad-leaved
forest (P =0.113) and mixed forest (P = 0.549) were not significant different from anthropogenic land

(Table 8; Fig. 6).

Habitat differences between borders with and without neighboring wolf territories

- LoCoH with 2 km

The best models included moose density, house density, distance to water, slope and land cover,

but excluded main road density and forest road density (Table 9). Moose density showed the strongest

effect with quadratic effect (Moose: B = 0.799, SE = 0.050, P < 0.001, Moose*: p =-0.142, SE =

0.015, P <0.001) and the strongest positive effect variable was distance to water (Water: B = 0.624,
SE = 0.030, P < 0.001) (Table 9; Fig. 7). From the result of land cover, the probably of a point being

aneighboring border point was highest in water (Water: [ =1.799, SE=0.286, P <0.001) and lowest

in anthropogenic land (Anthropogenic: p = 0, reference value). Broad-leaved forest (P = 0.240) was
not significant different from anthropogenic land (Table 9; Fig. 7).
- LoCoH with 5 km

The best models included moose density, house density, forest road density, distance to water

and land cover, but excluded main road density and slope (Table 9). Moose density showed the

strongest effect with quadratic effect (Moose: B =0.769, SE=0.049, P<0.001, Moose*: B =-0.099,
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SE =0.012, P < 0.001) and the strongest positive effect variable was distance to water (Water: =
0.577, SE = 0.030, P < 0.001) (Table 9; Fig. 7). From the result of land cover, the probably of a point

being a neighboring border point was highest in water (Water: p =2.405, SE=0.307, P <0.001) and

lowest in anthropogenic land (Anthropogenic: [ = 0, reference value). Broad-leaved forest (P =

0.210) was not significant different from anthropogenic land (Table 9; Fig. 7).

- MCP with 2 km

The best models included all variables except forest road density and slope (Table 9). Moose

density showed the strongest effect with quadratic effect (Moose: = 0.794, SE = 0.052, P < 0.001,

Moose?: B =-0.121, SE=10.031, P<0.001) and the strongest positive effect variable was distance to

water (Water: B = 0.748, SE = 0.031, P < 0.001) (Table 9; Fig. 7). From the result of land cover,

probability of neighboring border was the highest in open natural area (Open natural area: B = 1.565,

SE=0.264, P <0.001) and the lowest in anthropogenic land (Anthropogenic: B =0, reference value).

Broad-leaved forest (P = 0.734) was not significant different from anthropogenic land (Table 9; Fig.
7).

- MCP with 5 km
The best models included all variables except slope (Table 9). The strongest positive effect

variable was distance to water (Water: B =0.668, SE = 0.032, P < 0.001) and moose density showed

the second strongest effect with quadratic effect (Moose: B = 0.482, SE = 0.053, P < 0.001, Moose?:

B =0.069, SE =0.029, P=0.016) and from the result of land cover, probability of neighboring border

was the highest in water (Water: B = 1.860, SE = 0.271, P < 0.001) and the lowest in anthropogenic
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land (Anthropogenic: B = 0, reference value). Broad-leaved forest (P = 0.130) was not significant

different from anthropogenic land (Table 9; Fig. 7).

4. Discussion

Habitat differences between territory border and center

Both methods of MCP and LoCoH showed that the borders of wolf territories were located
where the density of anthropogenic features was high, and it was located near water. Only the effect
of moose density was different between home range estimators. For the MCP method, I found that
territory borders in general had lower moose densities than the territory centers. This result supports
hypothesis BC1, indicating that wolves monopolize areas of prey concentrations and place territory
borders in areas of lower prey densities. For the LoCoH method that more accurately describes the
shape of the wolf territory by excluding areas that were not used by wolves, border areas had on
average either lower or higher moose densities than the centers. This partly supports the alternative
hypothesis BC2, stating that territory borders are shaped by intra-specific competition for areas with
high resource concentrations. In a study on wolves in Minnesota, the United States (Fritts and Mech
1981), wolf predation changed from core areas to the edge of the territory during a period of prey
decline. No documented intraspecific fights have been observed in Scandinavia (Liberg et al. 2020;
Mattisson et al. 2013), and so far Scandinavian moose have not responded to the presence of wolves
by changing their behavior (Ausilio et al. 2021; Eriksen et al. 2011; Gervasi et al. 2013; Gicquel et al.
2020; Nicholson et al. 2014; Northrup et al. 2013; Sand et al. 2006; Wikenros et al. 2016). Therefore,
it has been considered that moose densities in Scandinavia might be affected more strongly by human-
driven bottom-up processes than top-down regulation by wolves (Ausilio et al. 2021). Clearcutting
and enhanced productivity in forestry and agriculture lead to a patchy distribution of forage availability
for moose, with important browse species being associated with valley bottoms close to settlements,
rivers and roads. In winter, moose distribution and habitat selection therefore overlap with that of
humans. In our study, wolf territory borders defined by LoCoH were closer to anthropogenic areas and
at higher moose densities than the center of wolf territory.

I found support for the third hypothesis (BC3), since natural barriers (rivers, lakes and ridges
with steep slopes) were more common in the border than in the center of the wolf territories in all our
models. There are several studies suggesting large rivers can act as barriers for wolves. Paquet et al.
(1996) reported for wolves in Alberta, Canada, that large rivers might represent barriers to wolf travel
in summer, and that wolves walked parallel to the shoreline until finding a convenient point of crossing,
and they occasionally crossed by swimming. However, when the rivers were frozen, it turned to be an

easy travel route for wolves (Paquet et al., 1996). Especially when river and lakes together with
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anthropogenic features, it became barriers for wolves (Blanco, Cortés, and Virgés 2005; Carmichael
et al. 2001). In our study area, there was no significant correlation between distance to water and
density of anthropogenic features (density of house and main road), but it was quite common to see
houses and roads along rivers (or lakes). Therefore, it is possible that wolf territories were
synergistically shaped by those rivers (or lakes), roads and houses.

The territory borders had on average steeper slopes than the centres. In generally, wolves select
flat area as their home range (Singleton 1995; Ciucci et al., 2003; Lesmerises et al., 2012) either as
their travel routes (Ciucci et al. 2003; Singleton 1995; Whittington, St. Clair, and Mercer 2005) and
as predation site (Kauffman et al. 2007). However, steep slopes are mostly combined with the
topography of valley bottoms, where borders occur along rivers and lakes, and therefore include the
declining valley slopes. I hypothesize that the effect of slope is therefore more an effect of the
topography than the steepness in itself for limiting the extent of a wolf territory.

The density of forest and main roads was higher at the border compared to the center of wolf
territories, providing support for our fourth hypothesis (BC4). Wolves avoid areas of high
anthropogenic activity, which often include main roads, high-ways and houses (Lesmerises et al. 2012;
Mancinelli and Ciucci 2018; May et al. 2008; Zimmermann et al. 2014). Main roads may therefore
have a barrier effect. Although, forest roads can be useful to travel long distances, wolf territories were
located in low forest road density area in Scandinavia included (Ciucci et al. 2003; Zimmermann et al.
2014). Furthermore, forest roads can be used as scent marking spots (Bojarska et al. 2020). Normally
the center of wolf territories included denning sites (Ciucci and Mech 1992), this might explain why

we found lower density of forest road in the center than border of wolf territories.

Habitat differences between borders with and without neighboring wolf territories

I only found support for the first hypothesis (NB1) that moose density would be higher in
neighboring border than non-neighboring border in MCP models with 5 km border. There was a
possibility that 5 km border of MCP included border of neighboring wolf territory border which had
high moose density area, but more data is needed to investigate this relationship. Contrasted to this,
other models than MCP with 5 km border showed that when the moose density was low to middle, the
probability of a point being in neighboring border became higher. This was indicating that borders that
were not shared by neighboring wolf packs had either a lower or higher moose density than borders
that were shared by neighbors. According to the previous studies in North America, wolves avoided
territory border to avoid encounters with neighboring wolves (Carbyn 1983; Mech 1977, 1994; Mech
and Harper 2002), and the density of prey in the border of territory became higher than at the center
of territory because prey used the wolf territory border as refuges (Lewis and Murray 1993; Mech
1977; Mech et al. 1980). However, Carbyn (1983) did not observed a similar response for prey species
of wolves in Manitoba, Canada, and concluded that this difference might be due to differences in prey

density and the high human-caused mortality. In Scandinavia, the density of moose is higher than other
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places where moose is a main prey species of wolves and also hunting success rate is also high (Sand
et al. 2006). Additionally, the human-caused mortality is high among Scandinavian wolves (Liberg et
al. 2020). Those two factors may make the same situation with the wolves in Mountain National Park,
Manitoba.

I found support for the hypothesis (NB2), since natural barriers were predominantly found in
non-neighboring rather than neighboring borders. This was indicating that neighboring borders were
further from water than non-neighboring borders. This may be explained that the territories overlapped
because of absence of river or lakes, meaning that the water makes wolves easier to defend their
territory (Mech and Boitani 2003). The slope was significant in only LoCoH with 2 km border and it
showed that the probability of a point being in neighboring border was higher when it was flatter. This
may be explained as water that steeps are acting like barrier between wolf territories.

I did not found support for the third hypothesis (NB3), since house density was high in
neighboring border compare to non-neighboring border in all models. The main road density showed
a similar effect but only models of MCP included the variables. Additionally, since forest road density
also showed a similar effect with house and main road density, the fourth hypothesis (NB4) was
supported in model of LoCoH with 2 km border and MCP with 2 km border. Those were indicating
that the density of all three anthropogenic features were higher in neighboring border than non-
neighboring border. Considering of neighboring border had fewer natural barriers than non-
neighboring border, it might be explained as neighboring border were located human activity area.
However, the result of landcover was not similar to those result that water cover or open natural area
showed the highest probability of a point being in neighboring border and anthropogenic land showed
the lowest. At least, I can say that those environmental factors in neighboring border were not moose
preference neither wolf preference factors. Thus, there is a possibility that wolf territories are

overlapping where the wolves do not prefer to use.

5. Conclusion

In this study, I found that wolf territories in Scandinavia can be shaped by both natural (e.g.,
large rivers, large lakes, and ridges as natural barriers) and anthropogenic (houses and roads) features.
Wolves normally avoid anthropogenic features meaning that it looked as if wolf territories were forced
to be there by those features. However, assuming the high moose density area were beside of
anthropogenic features, wolves may be tolerant to live in this human dominated landscape.
Additionally, I found that wolf territories are overlapping in where wolves are not interested in. This
may indicate that wolves have still enough space to live. In methodologically, I found that much more
differences between home range estimators (MCP and LoCoH) than between widths of borders (2 km
and 5 km). I consider that MCP may be better when we explain in terms of the resource distribution

of basement of wolf territories. In contrast, when we explain the structure of actual wolf territories,
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LoCoH can be better estimator. The width of border should not be a big problem since I got similar
result when compared the habitat within center and border of territories. However, since I got very
different result from MCP with 5 km border, I need to investigate which width of border is better to
see the habitat of neighboring border and non-neighboring border. Looking into the structure of habitat

within the wolf territories might be important to understand what they need and do not need.

6. Management implications

In Scandinavia, human-carnivore conflicts have become long history like many other countries.
Since low productivity of agriculture due to the high latitude, livestock productivity has been important
industry (Strand et al. 2019). Number of sheep killed by wolf has been increased after the wolf started
recolonizing in 1980s, but it is decreasing in those few years, due to the arraignment of Carnivore
Management Zone (CMZ) by Ministry of Environment. CMZ covers 55 % of land of Norway and
only 10 % of the CMZ is wolf management zone (Hansen et al. 2019). The annual wolf quota is four
litters by reproducing groups in Norway and two litters in Sweden inside of wolf management zone
(Strand et al. 2019). The CMZ is not a sanctuary and people can live, but livestock farming needs to
be protected to avoid conflicts with carnivores (Strand et al. 2019). Due to the main cause of wolf
mortality is by humans in Scandinavia (Liberg et al. 2020; Milleret et al. 2017b; Recio et al. 2018),
wolves choose low human activity area when they settle their territories (Ordiz et al. 2015). However,
observation of footprints on snow by human settlement make residents to understand like the wolves
became tolerance to human and can be fear for the residents. Hence, Carricondo-Sanchez et al. (2020)
investigated the movement and habitat use of wolves and concluded that wolves consistently avoided
human settlements and main roads, and observed the avoidance became lower at higher latitudes
particularly in winter. They considered this was because of the wintering areas of wolf prey
(Carricondo-Sanchez et al. 2020). It can be also explained from my study that the wolf territory borders
were located near anthropogenic features and high moose density area at the same time. Therefore,
observation of wolf or wolf tracks near human settlements in winter is not because of wolf tolerance
to people neither utility of anthropogenic land by wolves, but it is because of the moose wintering area
may became closer to human activity area. This result will be useful together with summer data to

design the wolf management zone in future.

Acknowledgements

Firstly, I would like to thank Koji Yamazaki-sensei who let me join the Japanese Asian black
bear research project and then let me go to Inland Norway University and send me heartwarming
messages from Japan during the COVID-19 pandemic situation. I could not be there without your help.

Next, I would like to thank Petter Wabbakken and Barbara Zimmermann for accepting me as part

-15 -



of the great wolf project, SKANDULV. I was even afraid to use all of the data collected by many
people across many years. I cannot imagine how hard building those systems was. I also appreciate
Boris Fuchs, Alina Evans, Erling Maartmann and Kristoffer Nordli for taking us wolf capturing
and collaring. It has been my long-term dream so I was very happy. I would like to acknowledge
Giorgia Ausilio and Laura Nicolai for always supporting me during my thesis and I could not have
made it without you. Also, Hijiri Shimojima taught me how to use GIS in very first step, and Yui
Nemto helped analyzing data in the last moments, I appreciate your strong support from Japan. In
addition, I want to thank Ruben Leroy, Malena Diaz Gomez, Irene Garcia Noa, Sara Skybak and
Isabelle Demange and all other students from Evenstad who helped our huge area of moose pellet
counting. I spent wonderful moments with you. I want to thank the friendly students from Tokyo
University of Agriculture, especially Yu Hirano, Kazuma Aoiki and Ayaka Hasegawa, they
supported me at all times, even when we could not see each other!

Lastly, I appreciate this amazing animal, the wolf, and the beautiful nature in Norway and
Sweden. It is hard to compare nature in Japan and Scandinavia, but what I loved most in Scandinavian
is that they have nature in their lifestyle, which was very different from what we have in Japan.
Moreover, the most different part was the number of species of large carnivore. We lost two sub-
species of wolves, Japanese wolf (Canis lupus hodophilax) and Ezo wolf (Canis lupus hattai), for
more than hundred years ago. Then we have only Japanese black bear (Ursus thibetanus japonicus)
and Ezo brown bear (Ursus arctos yesoensis) as large carnivores. | consider human’s final goal is to
coexist with large carnivores and then, our life becomes a sustainable life. I really hope people and

wolf will live along together in Norway and Sweden.

References

Adams, Eldridge S. 2001. “Approaches to the Study of Territory Size and Shape.” Annual Reviews
32(32):277-303.

Alfredéen, Ann-Catrine. 2006. Denning Behaviour and Movement Pattern during Summer of Wolves
Canis Lupus on the Scandinavian Peninsula.

Ausilio, Giorgia, Hakan Sand, Johan Mansson, Karen Marie Mathisen, and Camilla Wikenros. 2021.
“Ecological Effects of Wolves in Anthropogenic Landscapes: The Potential for Trophic Cascades Is
Context-Dependent.” Frontiers in Ecology and Evolution 8(January). doi:
10.3389/fev0.2020.577963.

Blanco, Juan Carlos, Yolanda Cortés, and Emilio Virgos. 2005. “Wolf Response to Two Kinds of
Barriers in an Agricultural Habitat in Spain.” Canadian Journal of Zoology 83(2):312-23. doi:
10.1139/z05-016.

Bojarska, Katarzyna, Joanna Sulich, Sibyll Bachmann, Henryk Okarma, Jorn Theuerkauf, and Roman
Gula. 2020. “Opportunity and Peril: How Wolves Use a Dense Network of Forest Roads.”
Mammalian Biology 100(2):203-11. doi: 10.1007/s42991-020-00014-0.

-16 -



Burt, William H. 1943. “Territoriality and Home Range Concepts as Applied to Mammals.” American
Society of Mammalogists 24(3):346-52.

Carbyn, Ludwig N. 1983. “Wolf Predation on Elk in Riding Mountain National Park , Manitoba.” The
Journal of Wildlife Management 47(4):963-76.

Carmichael, L. E., J. A. Nagy, N. C. Larter, and C. Strobeck. 2001. “Prey Specialization May Influence
Patterns of Gene Flow in Wolves of the Canadian Northwest.” Molecular Ecology 10(12):2787-98.
doi: 10.1046/j.0962-1083.2001.01408.x.

Carricondo-Sanchez, David, Barbara Zimmermann, Petter Wabakken, Ane Eriksen, Cyril Milleret,
Andrés Ordiz, Ana Sanz-Perez, and Camilla Wikenros. 2020. “Wolves at the Door? Factors
Influencing the Individual Behavior of Wolves in Relation to Anthropogenic Features.” Biological
Conservation 244(February):108514. doi: 10.1016/j.biocon.2020.108514.

Chambert, Thierry, Ludovic Imberdis, Christian Couloumy, Richard Bonet, and Aurélien Besnard. 2020.
“Density Dependence in Golden Eagle Aquila Chrysaetos Fecundity Better Explained by Individual
Adjustment than Territory Heterogeneity.” Ibis 162(4):1312-23. doi: 10.1111/ibi.12826.

Ciucci, P., and L. David Mech. 1992. “Selection of Wolf Dens in Relation to Winter Territories in
Northeastern Minnesota.” American Society of Mammalogists 73(4):899-905.

Ciucci, Paolo, Monica Masi, and Luigi Boitani. 2003. “Winter Habitat and Travel Route Selection by
Wolves in the Northern Apennines, Italy.” Ecography 26(2):223-35. doi: 10.1034/j.1600-
0587.2003.03353.x.

Eriksen, Ane, Petter Wabakken, Barbara Zimmermann, Harry P. Andreassen, Jon M. Arnemo, Hege
Gundersen, Olof Liberg, John Linnell, Jos M. Milner, Hans C. Pedersen, Hakan Sand, Erling J.
Solberg, and Torstein Storaas. 2011. “Activity Patterns of Predator and Prey: A Simultaneous Study
of GPS-Collared Wolves and Moose.” Animal Behaviour 81(2):423-31. doi:
10.1016/j.anbehav.2010.11.011.

Fritts, S. H., and L. D. Mech. 1981. “Dynamics, Movements and Feeding Ecology of a Newly Protected
Wolf Population in Northwestern Minnesota.” Wildlife Monographs 80. doi: 10.2307/3830611.

Gervasi, Vincenzo, Hakan Sand, Barbara Zimmermann, Jenny Mattisson, Petter Wabakken, and John D.
C. Linnell. 2013. “Decomposing Risk: Landscape Structure and Wolf Behavior Generate Different
Predation Patterns in Two Sympatric Ungulates.” Ecological Applications 23(7):1722-34. doi:
10.1890/12-1615.1.

Getz, Wayne M., Scott Fortmann-Roe, Paul C. Cross, Andrew J. Lyons, Sadie J. Ryan, and Christopher
C. Wilmers. 2007. “LoCoH: Nonparameteric Kernel Methods for Constructing Home Ranges and
Utilization Distributions.” PLoS ONE 2(2). doi: 10.1371/journal.pone.0000207.

Gicquel, Morgane, Hékan Sand, Johan Ménsson, Miartha Wallgren, and Camilla Wikenros. 2020. “Does
Recolonization of Wolves Affect Moose Browsing Damage on Young Scots Pine?”” Forest Ecology
and Management 473(May):118298. doi: 10.1016/j.foreco.2020.118298.

Grant, P. R. 1968. “Polyhedral Territories of Animal.” The University of Chicago Press for The American

-17 -



Society of Naturalists 102(923):75-80.

Hansen, Inger, Geir Harald Strand, Auvikki de Boon, and Camilla Sandstrom. 2019. “Impacts of
Norwegian Large Carnivore Management Strategy on National Grazing Sector.” Journal of
Mountain Science 16(11):2470-83. doi: 10.1007/s11629-019-5419-6.

Harris, Stephen, W. J. Cresswell, P. G. Forde, W. J. Trewhella, T. Woollard, and S. Wray. 1990. “Home-
range Analysis Using Radio-tracking Data—a Review of Problems and Techniques Particularly as
Applied to the Study of Mammals.” Mammal Review 20(2-3):97-123. doi: 10.1111/.1365-
2907.1990.tb00106.x.

Kauffman, Matthew J., Nathan Varley, Douglas W. Smith, Daniel R. Stahler, Daniel R. MacNulty, and
Mark S. Boyce. 2007. “Landscape Heterogeneity Shapes Predation in a Newly Restored Predator-
Prey System.” Ecology Letters 10(8):690-700. doi: 10.1111/j.1461-0248.2007.01059.x.

Lesmerises, Frédéric, Christian Dussault, and Martin-Hugues St-Laurent. 2012. “Wolf Habitat Selection
Is Shaped by Human Activities in a Highly Managed Boreal Forest.” Forest Ecology and
Management 276:125-31.

Lewis, M. A., and J. D. Murray. 1993. “Modelling Territoriality and Wolf-Deer Interactions.” 23—-30.

Liberg, Olof, Johanna Suutarinen, Mikael Akesson, Henrik Andrén, Petter Wabakken, Camilla Wikenros,
and Héakan Sand. 2020. “Poaching-Related Disappearance Rate of Wolves in Sweden Was
Positively Related to Population Size and Negatively to Legal Culling.” Biological Conservation
243(February):108456. doi: 10.1016/j.biocon.2020.108456.

Mancinelli, Sara, and Paolo Ciucci. 2018. “Beyond Home: Preliminary Data on Wolf Extraterritorial
Forays and Dispersal in Central Italy.” Mammalian Biology 93:51-55. doi:
10.1016/j.mambio.2018.08.003.

Mansson, Johan, Henrik Andrén, and Hakan Sand. 2011. “Can Pellet Counts Be Used to Accurately
Describe Winter Habitat Selection by Moose Alces Alces?” European Journal of Wildlife Research
57(5):1017-23. doi: 10.1007/s10344-011-0512-3.

Mattisson, Jenny, Hakan Sand, Petter Wabakken, Vincenzo Gervasi, Olof Liberg, John D. C. Linnell,
Geir Rune Rauset, and Hans Christian Pedersen. 2013. “Home Range Size Variation in a
Recovering Wolf Population: Evaluating the Effect of Environmental, Demographic, and Social
Factors.” Oecologia 173(3):813-25. doi: 10.1007/s00442-013-2668-X.

May, Roel, Jiska Van Dijk, Petter Wabakken, Jon E. Swenson, John D. C. Linnell, Barbara Zimmermann,
John Odden, Hans C. Pedersen, Reidar Andersen, and Arild Landa. 2008. “Habitat Differentiation
within the Large-Carnivore Community of Norway’s Multiple-Use Landscapes.” Journal of
Applied Ecology 45(5):1382-91. doi: 10.1111/j.1365-2664.2008.01527 ..

McGrady, Michael J., Justin R. Grant, [an P. Bainbridge, and David R. A. McLeod. 2002. “A Model of
Golden Eagle (Aquila Chrysaetos) Ranging Behavior.” Journal of Raptor Research 36(1
SUPPL..):62-69.

Mech, L. .. David. 1977. “Wolf-Pack Buffer Zones as Prey Reservoirs.” Science 198(4314):320-21. doi:

-18 -



10.1126/science.198.4314.320.

Mech, L. .. David. 1994. “Buffer Zones of Territories of Gray Wolves as Regions of Intraspecific Strife.”
American Society of Mammalogists 75(1):199-202.

Mech, L. David, and Luigi Boitani. 2003. “Wolves : Behavior , Ecology , and Conservation.” The
University of Chicago Press.

Mech, L. David, Deanna K. Dawson, James M. Peek, Mark Korb, and Lynn L. Rogers. 1980. “Deer
Distribution in Relation to Wolf Pack Territory Edges.” The Journal of Wildlife Management
44(1):253. doi: 10.2307/3808381.

Mech, L. David, and Elizabeth K. Harper. 2002. “Differential Use of a Wolf, Canis Lupus, Pack Territory
Edge and Core.” Canadian Field-Naturalist 116(2):315-16.

Milleret, Cyril, Petter Wabakken, Olof Liberg, Mikael Akesson, @ystein Flagstad, Harry Peter
Andreassen, and Hékan Sand. 2017a. “Let’s Stay Together? Intrinsic and Extrinsic Factors
Involved in Pair Bond Dissolution in a Recolonizing Wolf Population.” Journal of Animal Ecology
86(1):43-54. doi: 10.1111/1365-2656.12587.

Milleret, Cyril, Petter Wabakken, Olof Liberg, Mikael Akesson, @ystein Flagstad, Harry Peter
Andreassen, and Hékan Sand. 2017b. “Let’s Stay Together? Intrinsic and Extrinsic Factors
Involved in Pair Bond Dissolution in a Recolonizing Wolf Population.” Journal of Animal Ecology
86(1):43-54. doi: 10.1111/1365-2656.12587.

Mohr, Carl O., and William A. Stumpf. 1966. “Comparison of Methods for Calculating Areas of Animal
Activity.” The Journal of Wildlife Management 30(2):293-304.

Nicholson, Kerry L., Cyril Milleret, Johan Ménsson, and Hékan Sand. 2014. “Testing the Risk of
Predation Hypothesis: The Influence of Recolonizing Wolves on Habitat Use by Moose.”
Oecologia 176(1):69-80. doi: 10.1007/s00442-014-3004-9.

Northrup, Joseph M., Mevin B. Hooten, Charles R. Jr. Anderson, and George Wittemyer. 2013.
“Selection Functions under a Use — Availability Design R Eports R Eports.” Ecological Society of
America 94(7):1456-63.

Oakleaf, John K., Dennis L. Murray, James R. Oakleaf, Edward E. Bangs, Curt M. Mack, Douglas W.
Smith, Joseph A. Fontaine, Mlichael D. Jimenz, Thomas J. Meier, and Carter C. Niemeyer. 2000.
“Habitat Selection by Recolonizing Wolves in the Northern Rocky Mountains of the United States.”
Journal of Wildlife Management 70(2).

Ordiz, Andrés, Cyril Milleret, Jonas Kindberg, Johan Mansson, Petter Wabakken, Jon E. Swenson, and
Hakan Sand. 2015. “Wolves, People, and Brown Bears Influence the Expansion of the
Recolonizing Wolf Population in Scandinavia.” Ecosphere 6(12):1-14. doi: 10.1890/ES15-00243.1.

Ordiz, Andrés, Antonio Uzal, Cyril Milleret, Ana Sanz-Pérez, Barbara Zimmermann, Camilla Wikenros,
Petter Wabakken, Jonas Kindberg, Jon E. Swenson, and Hakan Sand. 2020. “Wolf Habitat
Selection When Sympatric or Allopatric with Brown Bears in Scandinavia.” Scientific Reports

10(1):1-11. doi: 10.1038/s41598-020-66626-1.

-19 -



Paquet, P. C., J. Wierzchowski, and C. Callaghan. 1996. Summary Report on the Effects of Human
Activity on Gray Wolves in the Bow River Valley , Banff National Park.

Peters, R. P., and L. D. Mech. 1975. “Scent-Marking in Wolves.” American Scientist 63(6):628-37. doi:
10.2307/27845779.

Peterson, Rolf O., and Richard E. Page. 1988. “The Rise and Fall of Isle Royale Wolves, 1975-1986.”
American Society of Mammalogists 69(1):89-99.

Peterson, Rolf O., James D. Woolington, and Theodore N. Bailey. 1984. “Wolves of the Kenai Peninsula,
Alaska.” Wiley on Behalf of the Wildlife Society (88):3-52.

Recio, Mariano R., Barbara Zimmermann, Camilla Wikenros, Andreas Zetterberg, Petter Wabakken, and
Hakan Sand. 2018. “Integrated Spatially-Explicit Models Predict Pervasive Risks to Recolonizing
Wolves in Scandinavia from Human-Driven Mortality.” Biological Conservation
226(October):111-19. doi: 10.1016/j.biocon.2018.07.025.

Ronnegard, Lars, Hakan Sand, Henrik Andrén, Johan Mansson, and Ake Pehrson. 2008. “Evaluation of
Four Methods Used to Estimate Population Density of Moose Alces Alces.” Wildlife Biology
14(3):358-71. doi: 10.2981/0909-6396(2008)14[358:e0fmut]2.0.co;2.

Sand, Hakan, Ann Eklund, Barbara Zimmermann, Camilla Wikenros, and Petter Wabakken. 2016. “Prey
Selection of Scandinavian Wolves: Single Large or Several Small?” PLoS ONE 11(12):1-17. doi:
10.1371/journal.pone.0168062.

Sand, Hakan, John A. Vucetich, Barbara Zimmermann, Petter Wabakken, Camilla Wikenros, Hans C.
Pedersen, Rolf O. Peterson, and Olof Liberg. 2012. “Assessing the Influence of Prey-Predator
Ratio, Prey Age Structure and Packs Size on Wolf Kill Rates.” Oikos 121(9):1454-63. doi:
10.1111/j.1600-0706.2012.20082.x.

Sand, Hakan, Petter Wabakken, Barbara Zimmermann, Orjan Johansson, Hans C. Pedersen, and Olof
Liberg. 2008. “Summer Kill Rates and Predation Pattern in a Wolf-Moose System: Can We Rely on
Winter Estimates?”” Oecologia 156(1):53-64. doi: 10.1007/s00442-008-0969-2.

Sand, Hakan, Camilla Wikenros, Petter Wabakken, and Olof Liberg. 2006. “Cross-Continental
Differences in Patterns of Predation: Will Naive Moose in Scandinavia Ever Learn?” Proceedings
of the Royal Society B: Biological Sciences 273(1592):1421-27. doi: 10.1098/rspb.2005.3447.

Singleton, Peter H. 1995. “Winter Habitat Selection by Wolves in the North Fork of the Flathead River
Basin Montana and British Columbia.” 1-116.

Strand, Geir Harald, Inger Hansen, Auvikki de Boon, and Camilla Sandstrém. 2019. “Carnivore
Management Zones and Their Impact on Sheep Farming in Norway.” Environmental Management
64(5):537-52. doi: 10.1007/s00267-019-01212-4.

Tanaka, Yumi, Kei’ichiro Iguchi, Jin Yoshimura, Nariyuki Nakagiri, and Kei Ichi Tainaka. 2011.
“Historical Effect in the Territoriality of Ayu Fish.” Journal of Theoretical Biology 268(1):98-104.
doi: 10.1016/j.jtbi.2010.09.040.

Thuerksuf, J6rn, Sophie Rouys, Jean Marc Mériot, and Roman Gula. 2009. “Group Territoriality as a

-20 -



Form of Cooperative Breeding in the Flightless Kagu (Rhynochetos Jubatus) of New Caledonia.”
Auk 126(2):371-75. doi: 10.1525/auk.2009.08092.

Timbuka, Christopher David. 2012. “The Ecology and Behaviour of the Common Hippopotamus,
Hippopotamus Amphibius L. in Katavi National Park, Tanzania: Responses to Varying Water
Resources.” (July).

Wabakken, P., L. Svensson, E. Maartmann, K. Nordli, @. Flagstad, and M. Akesson. 2020.
Bestandsovervaking Av Ulv Vinteren 2019-2020.

Wabakken, Petter, Hikan Sand, Olof Liberg, and Anders Bjéirvall. 2001. “The Recovery, Distribution,
and Population Dynamics of Wolves on the Scandinavian Peninsula, 1978-1998.” Canadian
Journal of Zoology 79(4):710-25. doi: 10.1139/201-029.

Whittington, Jesse, Colleen Cassady St. Clair, and George Mercer. 2005. “Spatial Responses of Wolves
to Roads and Trails in Mountain Valleys.” Ecological Applications 15(2):543-53. doi: 10.1890/03-
5317.

Wikenros, Camilla, Gyongyvér Balogh, Hakan Sand, Kerry L. Nicholson, and Johan Mansson. 2016.
“Mobility of Moose—Comparing the Effects of Wolf Predation Risk, Reproductive Status, and
Seasonality.” Ecology and Evolution 6(24):8870-80. doi: 10.1002/ece3.2598.

Zimmermann, Barbara, Lindsey Nelson, Petter Wabakken, Hakan Sand, and Olof Liberg. 2014.
“Behavioral Responses of Wolves to Roads: Scale-Dependent Ambivalence.” Behavioral Ecology
25(6):1353-64. doi: 10.1093/beheco/arul34.

Zimmermann, Barbara, Hakan Sand, Petter Wabakken, Olof Liberg, and Harry Peter Andreassen. 2015.
“Predator-Dependent Functional Response in Wolves: From Food Limitation to Surplus Killing.”
Journal of Animal Ecology 84(1):102-12. doi: 10.1111/1365-2656.12280.

Tables

Table 1 Summary of land cover in study area.

Land Cover Area (kmg) Ratio (%)
Coniferous forest 67042 58.54
Anthropogenic 13741 12.00
Water 11349 9.91
Open natural area 8629 7.53
Young forest 8017 7.00
Mixed forest 4818 4.21
Broad-leaved forest 923 0.81
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Table 2 names of environmental factors, used code in model and units.

Variable Variable code Units
Natural factors
Moose density Moose moose/km?
Distance to water Water km
Slope Slope degrees
Anthropogenic factors
House density House pr. km?
Main road density MR km/kmz?
Forest road density FGR km/km?
Land cover LC
Coniferous forest Coniferous forest count
Broad-leaved forest Broad-leaved forest count
Mixed forest Mixed forest count
Young forest Young forest count
Open natural area Open natural area count
Water Water count
Anthropogenic land Anthropogenic count
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Table 3 Summary of GPS collared wolf data including 38 individuals within 26 territories.

Wolf ID Sex  Territory ID Territory GPS MCP100% LoCoH95%  Perimeter of  Perimeter of
y Year positions (km? (km? MCP (km)  LoCoH (km)
MO0109 Grafiell 2002 1027 1418.06 946.77 152.63 174.75
MO0110
M0204 F Tyngsjo 2002 557 1178.16 849.06 129.17 133.28
MOO09 M  Bograngen 2003 439 858.36 636.58 119.73 104.03
MO105 M  Hasselfors 2003 383 436.02 324.55 84.75 75.53
M0209  F Djurskog 2004 821 340.68 252.62 87.22 81.67
MO306 M
M0404 M Jangen 2004 436 430.33 274.03 90.55 74.20
MO405  F
MOSO6 M ttersherg 2006 786 381.88 225.05 74.90 63.30
MOB01  F
MOBID  F somark 2007 1184 1799.47 1355.86 162.75 139.96
MO6LL M
M0602 F  Ulriksberg 2007 604 880.83 661.97 123.59 117.27
MOS07  F Kloten 2008 402 522.27 372.41 85.38 80.92
MOY04 M b atlet 2009 843 517.48 367.36 90.41 97.64
MO906  F
MO%0L M Riala 2010 851 221.94 149.29 58.14 50.39
M1003 F
M1001 - F Tenskog 2010 488 730.84 675.92 99.60 102.71
M1002 M
M0909  F Tandsjon 2012 843 1074.32 741,77 125.45 116.67
M1103 M
MISOL  F o kumaki 2014 686 882.33 636.66 116.46 123.24
M1302 M
MISOL  F aspafalet 2015 415 636.74 434.68 96.16 106.64
M1502 M
M1503 M Slettas 2017 645 582.61 282.66 111.05 85.12
M1714 F
MIB12 M 5 vberget 2018 406 553.06 232.73 103.73 62.58
M1813 F
Mis4 M Norrsjon 2018 316 742.12 510.34 105.88 89.96
2019 1258 1606.42 1205.44 160.19 168.38
M1708 M 2018 309 169.99 116.96 55.18 41.37
Vara 2019 1254 399.64 297.16 78.93 76.20
Misl7  F 2020 1119 470.80 336.23 87.02 84.43
M1813 F
Juvberget 2020 1249 660.20 434,50 95.39 88.23
M1902 M
M1901 F
Bograngen 2020 1152 1322.26 832.89 130.83 116.99
M1904 M
M2002 F UNa 2020 204 232.81 170.10 66.34 54.26
Mean 732.68 512.45 103.86 96.53
SD 434.38 324.82 29.24 33.53
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Table4 Area of center (C), border (B), neighboring border (NB) and non-neighboring border (NNB)
of wolf territories estimated with 95 % LoCoH with 2 km and 5 km border. NB (%) shows
ratio of NB within B. There were 14 territories which have ratio of NB was < 10 % or >

90 % were removed from analysis of modeling NB and NNB (*).

LoCoH/2km LoCoH/5km
Territory ID
C(km?)  B(km*) NB(km’) NNB(km?) NB (%) C(km’) B (km’) NB(km*) NNB (km’) NB (%)
Grafjell 2002 776.43 279.62 82.58 197.04  29.53 537.97 697.80 203.94 49387  29.23
Tyngsjo 2002 719.36 265.80 0.00 265.80 0.00 538.32 661.61 0.00 661.61 0.00 *
Bograngen 2003 536.41 207.28 46.72 160.56  22.54 400.64 515.30 115.40 399.90 22.39
Hasselfors 2003 252.90 150.24 0.00 150.24 0.00 160.09 372.43 0.00 372.43 0.00 *
Djurskog 2004 175.02 161.33 1.90 159.43 1.18 76.78 394.55 10.37 384.18 2.63 *
Jangen 2004 204.05 147.13 0.00 147.13 0.00 116.23 361.76 0.00 361.76 0.00 *
Uttersberg 2006 165.70 125.55 0.00 125.55 0.00 92.10 309.29 0.00 309.29 0.00 *
Gréasmark 2007 1219.26 346.83 43,51 30332 1255 1027.11 853.06 107.37 74569  12.59
Ulriksberg 2007 548.35 233.78 38.03 195.75 16.27 391.70 581.57 94.29 487.29 16.21
Kloten 2008 295.07 161.27 0.00 161.27 0.00 192.95 400.41 2.35 398.06 0.59 *
Fulufjallet 2009 274.86 190.81 0.00 190.81 0.00 157.36 456.99 0.00 456.99 0.00 *
Riala 2010 102.59 100.04 0.00 100.04 0.00 48.91 244.73 0.00 244.73 0.00 *
Tenskog 2010 576.63 204.78 0.00 204.78 0.00 440.48 509.55 0.00 509.55 0.00 *
Tandsjon 2012 629.26 231.95 0.00 231.95 0.00 476.07 574.68 0.00 574.68 0.00 *
Kukuméaki 2014 517.18 245.64 0.00 245.64 0.00 353.00 609.72 0.00 609.72 0.00 *
Aspafallet 2015 331.92 209.76 197.66 1210 94.23 200.41 506.06 474.80 31.26 9382 *
Slettas 2017 202.12 168.07 36.97 131.10  22.00 97.94 411.02 89.48 32154 2177
Juvberget 2018 174.40 123.82 123.82 0.00 100.00 103.03 304.51 304.51 0.00 100.00 *
Norrsjon 2018 424.13 179.21 62.49 116.72  34.87 308.88 445.36 155.41 289.95  34.90
Norrsjon 2019 1040.65 335.15 88.20 246.95  26.32 806.99 833.38 217.66 615.71  26.12
Varda 2018 79.08 82.34 52.96 2038 64.32 35.63 204.09 134.00 70.09  65.66
Varda 2019 225.24 151.03 102.28 4875  67.72 133.60 372.27 252.53 119.74  67.83
Varda 2020 255.35 167.99 67.06 100.93  39.92 149.55 409.02 169.76 239.26 4150
Juvberget 2020 350.39 175.14 110.28 64.86  62.97 241.07 431.42 274.24 157.18  63.57
Bograngen 2020 720.24 232.28 110.45 121.83 4755 567.60 574.81 271.61 303.20 47.25
Ulvaa 2020 119.24 108.21 106.73 148  98.63 57.49 267.53 265.39 215 99.20 *
Mean 419.84 191.73 48.91 142.82 2848 296.61 473.19 120.89 352.30  28.66
sD 294.44 66.82 53.34 8331  33.62 249.47 166.42 130.10 206.92  33.67
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Table5 Area of center (C), border (B), neighboring border (NB) and non-neighboring border (NNB)
of wolf territories estimated with 100 % MCP with 2 km and 5 km border. NB (%) shows
ratio of NB within B. There were 14 territories which have ratio of NB was < 10 % or >

90 % were removed from analysis of modeling NB and NNB (*).

_ MCP/2km MCP/5km
Territory ID
Ckm) B(km) NB(Km) NNBKM) NB (%) Ckm) B(km?) NB (k) NNB(K?) NB (%)
Grafiel 2002 126901 32522 8425 24097 2501 105887 81210 21813 59397  26.86
Tyngsjo 2002 1052.33  258.09 000 25809  0.00 876.14  644.28 000 64428 000 *
Bograngen 2003 74230  238.88  50.89 17898  25.07 58196 59503  149.31 44571  25.09
Hasselfors 2003 35470  160.16 000  169.16  0.00 24570 42153 000 42153 000 *
Djuskog 2004 25693 17407 1938 15469  11.13 14436 43371 4738 38632 1093 *
Jangen 2004 34381  180.16 000 18016  0.00 22033 446.69 000 44669 000 *
Uttersberg 2006 31045  149.41 000 14941 000 21667 37172 000 37L72 000 *
Grasmark 2007 1640.09 304.77 46.99 257.78 15.42 1413.57 760.05 115.29 644.77 15.17
Urriksberg 2007 76065 24686 3803 20884 1541 593.32 61584 9429 52155 1531
Kloten 2008 44027  170.47 038 17009 022 32998  425.06 1068 41438 251 *
Fulufjéllet 2009 430.45 180.53 15.06 165.47 8.34 312.55 450.24 36.77 413.47 8.17 *
Rila 2010 16746  115.70 000 11570  0.00 99.60  286.97 000 28697 000 *
Tenskog 2010 63453  199.01 000 19901  0.00 502.32  496.86 000 49686 000 *
Tandsion 2012 952.33  250.53 000 25053  0.00 78231  624.93 000 62493 000 *
Kukumdki 2014  769.22  232.66 000 23266 0.0 61215  580.64 000 58064 000 *
Aspafallet 2015 54405 19193  174.85 17.08 9110 41799 47842 43415 4427 9075 *
Skitis 2017 47496 22179 11973  102.06  53.99 32710 55248 29674 25574 5371
Jwberget 2018 45327 20661  200.58 604  97.08 31843 51329  497.38 1591 96.90 *
Nomsjon 2018  639.80 21128 6249 14879  29.58 499.66 52644 15541 37103  29.52
Nomsjon 2019 144947 32024 9339 22685  29.16 122618 80007 23082 56925  28.85
Varda 2018 11837  100.88 6040 4948  54.97 5494 27234 15710 11525  57.68
Varda 2019 32408 15758 10751 5006  68.23 22368 39250 26049 12310  68.64
Varda 2020 38720 17371 8435  89.36  48.56 27534 43227 21169 22058  48.97
Juwberget 2020 56808 19059  131.02 5957  68.74 44214 47579 32605 14975 6853
Bograngen 2020 118589 27928  189.06 9021  67.70 994.30  696.75 46248 23427  66.38
Uhda 2020 17001 13224  130.76 148  93.88 9118 32680  324.65 215 99.34 *
Mean 63230  207.33 6224 14510 3113 49499 51665 15530 36135  31.28
SD 406.03 5853  64.60 8047  33.62 363.38 14669 15072 20073  33.58
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Table 6 Mean number of fixed variables (a) and count number and rate of land cover (b) inside of

wolf territories center and border estimated with 100 % MCP.

(a)
Variable Units C (n = 25,349) B (n = 17,848)
Mean SD Mean SD
Moose density moose/km? 1.23 0.97 1.22  0.96
House density pr. km? 3.78 10.63 567 15.75
Main road density km/km? 0.20 10.63 025 0.37
Forest road density  km/km? 0.87 0.52 092 0.55
Distance to water km 444 316 379 319
Slope degree 1.89 1.66 209 170
(b)
Land cover C (n = 25,349) B (n = 17,848)
Count % Count %
Coniferous forest 17,383 68.57 11,918 66.77
Open natural area 3,252 12.83 2,304 12.91
Young forest 2,462 9.71 1,560 8.74
Water 1,212 4,78 944 5.29
Mixed forest 564 2.22 529 2.96
Anthropogenic land 449 177 565 3.17
Broad-leaved forest 27 0.11 28 0.16
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Fig. 1 Location of study area and centroids of all wolf territories which I used in analysis.
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Fig.3 Comparing areas and perimeters of each HR estimator.
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95 % LoCoH (or 100 % MCP)

Border

Center

Fig. 4 Defining wolf territory border

An example of wolf territory estimated from GPS location (green line). I generated a buffer
width of 2 or 5 km along the estimated territory (using 95 % LoCoH or 100 % MCP) and
defined as border of territory (blue). The rest of part defined as center of territory (green).
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Fig. 5 Defining neighboring border and non-neighboring border

I generated 20 km radius from centroids (orange) of neighboring wolf territories which were
estimated from winter snow tracking. The overlapping part of neighboring circles and border

defined as neighboring border (red). the rest of part of border was defined as non-neighboring
border (blue).
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Fig. 6 Regression lines of models for explaining border ( = 1) and center ( = 0) with variables of

main road density (a), forest road density (b), house density (c), distance to water (d), slope

(e), moose density (f) and land cover (g). Four models (LoCoH with 2 or 5 km border and

MCP with 2 or 5 km border) are included in one graph.

-35-



Fig.

Probability of a point being in border

0251

—_—
0.001

(b)

0.0 25 5.0
Main road density [km/km?]

0 2 4
Forest road density [km/km?]

0 10 15 20

House density [pr. km?]

=]
=]

(@

o
~
o

o
w
=

o
I
I

\

o
=]
=]

(e)

®

A1 1 2

0
Distance to water [km]

1.00

(2

0.75

0.50

»)

0.25

(@ ]

0.00

eriC ater foret 4 orest
.\r\\h'opog WA gung O e :a(oan,\eﬂ“ o

Land cover

t L
0feSt _ (ored
od \N‘em s 101

]

2 4
Slope [degree]

= LoCoH/2km
LoCoH/5km

= MCP/2km
MCP/5km

® LoCoH/2km
LoCoH/5km

@ MCP/2km
MCP/5km

0 5 10
Moose density [moose/km?]

7  Regression lines of models for explaining neighboring border ( = 1) and non-neighboring

border ( = 0) with variables of main road density (a), forest road density (b), house density

(c), distance to water (d), slope (e), moose density (f) and land cover (g). Four models

(LoCoH with 2 or 5 km border and MCP with 2 or 5 km border) are included in one graph.
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