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Promoting co-existence between humans and their physical and ecological environment,
including wildlife, has been given an increased importance due to a recent shift of
society to become environmentally sustainable. However, humans and large carnivores
have been in conflict throughout history. One of the most prominent reasons for this
conflictis damages to livestock and domestic animals. Population reduction or even local
eradication has often been used as a damage mitigation strategy. However, number of
carnivore damages need to be positively related to carnivore densities for population
reduction to be an effective damage limitation tool. Sweden is a country in northern
Europe with frequent human-carnivore conflicts, spurred by an intense and polarized
public debate. We use a 20-year data set on brown bear (Ursus arctos), Eurasian
lynx (Lynx lynx) and wolf (Canis lupus) and their damages in Sweden to evaluate
if temporal variation in carnivore densities has caused an equivalent variation in the
number of damages to cattle, sheep and domestic dogs, if such relationships differed
between the carnivore species and damage types, and if there were geographic scale
dependencies in these relationships. We observed contradictory effects of large carnivore
densities on damages, which included both positive and negative effects. Differences
occurred between carnivore species, damage types, geographic areas, and spatial
scales. However, wolf densities appeared to have been positively related to the number
of damages more often than bear and lynx densities. Our results highlight that large
carnivore damages can be highly context dependent, and that other factors than the size
of local or regional carnivore populations may be more important damage determinants.
Such an interpretation implies that population reduction may not necessarily be an
effective method for limiting large carnivore damages, and highlight that damage
mitigation strategies need to be flexible over time and space. We recommend further
studies identifying the contexts in which large carnivore densities influence damages to
livestock and domestic animals, as well as studies aimed at identifying other factors that
may be related to the number of damages.
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INTRODUCTION

Conservation biology has seen a major paradigm shift in the
past 50 years, with the current focus being on sustainable
incorporation of human societies within their geophysical and
biological environment (Mace, 2014). Within this focus, the
promotion of coexistence between humans and wildlife is
of obvious importance (Frank et al., 2019). However, such
coexistence is not without issues, and diverging interests can
cause intense conflict between human activities and wildlife
populations (Woodrofte et al., 2005; Leader-Williams et al., 2010;
Redpath et al, 2013). Conflict can arise, for example, when
wildlife damage property, crops or livestock or threaten to kill
people. Human-wildlife conflicts are also influenced by the social,
cultural, and political background of the people involved, and
therefore often extend beyond direct physical conflict between
humans and wildlife (Madden, 2004).

Large carnivores are particularly conflict-prone, since their
predatory nature often put them at odds with animal owners or
hunters (Linnell et al., 2001; Kruuk, 2002; Treves and Karanth,
2003; Woodrofte et al., 2007; Inskip and Zimmermann, 2009).
Large carnivores also have slow reproductive rates, low non-
human related mortality rates and large area requirements, which
results in low population densities (Ewer, 1973). These biological
characteristics make large carnivores particularly sensitive to
persecution (Purvis et al., 2000), which has lead to large historical
losses of carnivore diversity (Dalerum et al., 2009; Dalerum,
2013). Identifying sustainable approaches to human-carnivore
coexistence is therefore a central component of current large
carnivore management and conservation worldwide (Clarke
et al., 2005; Clark and Rutherford, 2014; Hovardas, 2018).

The complex issues causing carnivore-human conflicts call
for conflict resolution strategies that target both the direct
damages as well as the psychological and social dimensions of
occurring conflicts (Dickman, 2010). The relative effectiveness
of different strategies depends of the nature of each specific
conflict. It is therefore of vital importance to characterize any
underlying causes for occurring conflicts (Redpath et al., 2013).
Since damages are reported as one of the most prominent causes
for conflict (van Eeden et al., 2017), several damage mitigation
strategies have been suggested and implemented with varying
success, including improved protective fencing and deployment
of guard dogs for preventing carnivore attacks (Shivik, 2006;
van Eeden et al., 2017, 2018). However, such damage mitigation
strategies will be largely ineffective if the conflict is mostly caused
by psychological or social issues (Naughton-Treves et al., 2003,
but see Karlsson and Sjostrom, 2011 for an alternative view).
In such cases, strategies aimed at changing public attitudes, for
instance by financial compensation or long-term information
campaigns, are likely more effective (Nyhus et al., 2003; Kunkel
et al,, 2016). Such programs can also be implemented in cases
were damages are difficult or too costly to prevent (Swenson and
Andrén, 2005).

Sweden is a forested and relatively sparsely populated country
in northern Europe. It hosts four large carnivore species: brown
bear (Ursus arctos, hereafter referred to as “bear”), Eurasian lynx
(Lynx lynx, hereafter referred to as “lynx”), gray wolf (Canis

lupus, hereafter referred to as “wolf”), and wolverine (Gulo gulo).
Human-carnivore conflicts are widespread and large carnivore
populations are of increasing concern in rural areas (Sandstrom
et al,, 2015). Conflict is complicated by an often intense and
polarized public debate, where conservationists and nature-
enthusiasts stand in opposition to hunters, livestock farmers
and rural residents (Ericsson and Heberlein, 2003; Sandstrom
et al, 2009). Much of the conflict is centered on perceived
fear, where hunters and farmers fear for the safety of their
pets and livestock and the rural residents fear mostly for the
lives of humans, especially that of children (Frank et al,, 2015).
Despite several mitigation efforts to reduce the conflict (Karlsson
and Sjostrom, 2011; Lundmark and Matti, 2015; Sjolander-
Lindqvist et al, 2015), there are strong pressures to adapt
a stricter management with heavy population reduction or
even local, regional or national eradication (Sj6lander-Lindqvist,
2015). Conflicts between wolves and Sdmi reindeer herders, for
instance, have previously been regarded as unsolvable. Wolves
have therefore actively been prevented from establishing in the
northern parts of the country where reindeer herding is practiced
(Eriksson and Dalerum, 2018).

In this study we evaluate if temporal variation in the densities
of bear, lynx and wolves have led to corresponding variation in
the number of damages to cattle, sheep, and domestic dogs in
Sweden during a 20-year time period, from 1999 to 2018. Such
relationships are critical to establish the effectiveness of various
conflict resolution strategies in this country. We also evaluate
if damages are associated with temporal variation in livestock
or domestic dog density, as well as contrast our analyses across
different spatial scales and geographic areas of Sweden. Despite
their potential social costs (Bostrom and Grahn, 2008), we have
omitted damages by wolverines since they up until recently
primarily have been causing damages to semi-domesticated
reindeer, for which no reliable damage records exists. Our specific
aims are: (i) to determine if the number of damages to cattle,
sheep and domestic dogs are related to temporal variations in
large carnivore density, (ii) to determine if any such relationships
differ between the three types of damages and between the three
species of large carnivores, (iii) to determine if there is a scale
dependence in the relationships between carnivore densities and
the number of damages, with an expected stronger relationship
at smaller spatial scales. Our study covers a period of rapid
expansion of the Swedish bear and wolf populations (Swenson
et al., 2017; Eriksson and Dalerum, 2018), but a decline of the
Swedish lynx population (Widman and Elofsson, 2018). We
focus on damages to cattle and sheep because of the economical
importance of these types of livestock damages (Widman and
Elofsson, 2018), and also on domestic dogs since damages to
them are associated with conflict in rural areas (Frank et al,
2015).

METHODS

Study Region

Sweden ranges from 55° 20N to 69° 03N and covers a land
area of 438,600 km?. Approximately 70% of Sweden is covered
by forest, most of which is commercial. Only 3% is regarded
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as built up areas and 8% consists of agricultural land (Statistics
Sweden, 2013). Human population is approximately 9 million,
with an average density of 24.2 people/km? (Statistics Sweden,
http://www.scb.se). However, humans are unevenly distributed
with the most densely populated areas being concentrated to the
southern part of the country and at urban centers along the east
coast. Climatic and environmental conditions are varied, with
mean annual temperatures of 10°C in the south and 8°C in the
north of Sweden. The mean temperature averages 18°C in July
and 2°C in January in the southernmost parts of the country, but
there are large annual fluctuations in temperature.

Sweden is divided into 21 counties, each of which has its own
county board. For large carnivore management purposes, the
counties are grouped into three regions, the north (consisting
of the counties Norrbotten, Viasterbotten, Vasternorrland, and
Jamtland), the central (consisting of Dalarna, Gévleborg,
Orebro, Stockholm, Uppsala, Virmland, Vistmanland, and
Vistra Gotaland) and the southern (consisting of Blekinge,
Halland, Jonképing, Kalmar, Kronoberg, Ostergotland, Skéne,
and Sodermanland) management region. The county of Gotland
is an island in the Baltic Sea with no large carnivore presence and
is hence excluded from these management regions.

Our study focused on 20 of Sweden’s 21 counties. Similarly
to Gotland, the island of Oland has also lacked large carnivore
presence in recent history and was excluded from area estimates
for the county of Kalmar. About half of Sweden’s land area,
from the central parts and northwards, are defined as a
reindeer grazing zone, and can be utilized for semi domesticated
reindeer husbandry by the native Sdmi people (Swedish Reindeer
Husbandry Act, 1971). Unfortunately, there are no public data
on reindeer damages, which prevented them from being included
in our analyses. Moreover, although the reindeer grazing zone
has large implications for Sweden’s large carnivore management
policies (e.g., Eriksson and Dalerum, 2018), we have not
evaluated if the relationships between carnivore densities and
damages to sheep, cattle, and domestic dogs differed between
areas inside and outside the reindeer grazing zone, since we argue
that reindeer husbandry does not directly influence husbandry
practices of other domestic species.

Estimation of Carnivore Densities

Population monitoring of all carnivores is managed by Swedish
governmental agencies (the Swedish Environmental Protection
Agency and regional county boards). We used the annual results
from these public surveys as a base for our estimates of temporal
variation in carnivore densities across counties, management
regions and for the whole of Sweden. For each carnivore species,
we converted the estimated number of bears or reproductive
units of lynx and wolf per county, management area and for
the whole Sweden into densities expressed as number of animals
or reproductive units per 1,000 km?. While we appreciate that
a smaller spatial resolution may yield additional insights, we
have restricted our analyses to these relatively coarse scales for
two reasons. First, reliable data on carnivore densities at higher
spatial resolution are not readily available from the national
surveys. Secondly, we regard these coarse spatial scale as the most
germane for national and regional management.

Bear Population Data

Bears are monitored by a combination of volunteer observation
during the moose hunt and regional mark-recapture studies
based on genetic analyses of collected feces (Kindberg et al,
2011). The observations are routinely recorded annually by
hunters during the first week of the moose hunt. Each hunting
team records the number of bears they see in an area during
their hunt, along with the number of man-hours spent in the
field (Kindberg et al., 2011). Fecal collection occurs during
targeted surveys. Genetic mark-recapture surveys have been
conducted in the counties of Norrbotten (2016), Visterbotten
(2004, 2009, 2014), Vasternorrland (2004, 2015), Jamtland (2006,
2015), Dalarna (2001, 2012, 2017), Gévleborg (2001, 2012, 2017),
and Virmland (2012). We compiled the estimated population
sizes from all of these surveys and extracted the number of
observed adult bears as well as the number of observation hours
from 1999 to 2018. For each of the mark-recapture surveys, we
calculated a conversion factor between number of bears observed
per man hour and the estimated population size based on
genetic mark-recapture, and used the average of the conversion
factors for each county to estimate the brown bear population
for years with only observations. We omitted the surveys in
Dalarna (2001) and Varmland (2012), due to a very low number
of observations on which to base conversion factors. We only
included counties in the northern management region as well
as Dalarna, Gévleborg, and Virmland, as this is regarded as
the distribution of the Swedish bear population (Swenson et al.,
2017). Estimated annual bear numbers are given in Table S1.

Lynx and Wolf Population Data

The lynx and wolf populations are monitored using a
combination of snow tracking, radio telemetry and DNA
analyses. The monitoring targets the quantification of number
of reproductive units, which for lynx represents a family group
consisting of a breeding female with kittens (Andrén et al., 2002)
and for wolves represents wolf packs or scent-marking pairs
(Liberg et al., 2012). Results are published in annual reports.
We collated data from these reports on estimated number of
reproductive units of lynx and wolves in each county during the
period of 1999 to 2018. In cases where the same reproductive unit
was observed in more than one county, we divided it with the
number of counties in which it was observed before using it in the
annual summary (Eriksson and Dalerum, 2018). For instance, a
reproductive unit observed in two counties was counted as 0.5 in
each of these counties, and a reproductive unit observed in three
counties was counted as 0.33 in each county. Annually reported
numbers of reproductive units are given in Table S1.

Estimation of Damages

To receive compensation for carnivore damages on livestock
or domestic dogs, each damage has to be reported to the
regional county boards, after which it is inspected by certified
field personnel. Data from these reports are recorded and
stored in a database coordinated and financed by the Swedish
Environmental Protection Agency. We extracted all confirmed
damages to cattle, sheep and domestic dogs by bear, lynx
and wolf during the period 1999 to 2018. We used the
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raw number of killed, injured, or missing animals, which
were pooled for each county, management region and for
the whole Sweden. Years with reported damages are given
in Table S2.

Estimation of Livestock and Dog Numbers
The Swedish Board of Agriculture maintains registries of
all cattle, sheep and domestic dogs. We extracted data on
adult cattle and sheep for each county for the period 1999
to 2018 and data on dogs for the period 2011 to 2018.
We had to restrict the time period for dogs since they
have only been recorded consistently by the board since
2011. All cattle and sheep are required by Swedish law
to be housed outside during the summer, and we regard
temporal variation in animal husbandry condition to have been
minimal. The number of livestock and dogs were converted to

densities and are expressed as number of animals or dogs per
100 km?.

Data Analysis

We used generalized linear mixed models to evaluate the effect of
carnivore population densities on the number of livestock and
dog damages. We ran one separate model for each carnivore
species (i.e., brown bear, Eurasian lynx, and wolf) and damage
type (i.e., cattle, sheep, and domestic dogs). We also ran models
for each carnivore species and damage type on three spatial
scales using data from the whole country pooled, data from each
management region and data for each county. In each model,
we used the raw number of damages as response variable, large
carnivore densities, livestock or dog owner densities and their
two-way interaction as predictors. For the regional and county
scale models, we also added management region and the three-
way interaction between region, carnivore density and livestock
or dog density as additional predictors. For all models, we added
year as a random covariate, and for the county scale we added
county size as an additional fixed predictor and county as a
random grouping variable. All models were fitted using a log link
and a Poisson error distribution. We have provided alpha errors
of fixed effects based on Satterthwaite’s approximation of residual
degrees of freedom (Satterthwaite, 1946). We restricted all
analyses on bear damages to the parts of Sweden comprising the
central and northern management region, since the population
has not yet expanded south of this area (although bears may
occasionally occur). We also restricted our analyses to data sets
(e.g., for each carnivore species, damage type, and geographic
area) that contained at least 3 years with recorded damages. With
this restriction, we ran analyses on all carnivores and damage
types at a national scale and at all management regions except
the southern region for bears. We omitted damages to sheep
by lynx and wolves for 1999-2000 since these years consisted
of substantial outliers. Counties included in the county scale
models are reported in Table S2. All statistical analyses were
conducted using the statistical environment R, version 3.5.3
compiled for Linux (http://www.r-project.org) and the packages
Ime4 (Bates et al, 2015) and ImerTests (Kuznetsova et al,
2017).

RESULTS

Carnivore Populations

During the study period, bears had the highest densities in
the central and northern parts of Sweden (Figure 1A), whereas
both lynx (Figure 1B) and particularly wolves (Figure 1C) had
the highest densities in the central parts. Densities of bears
(Figure 1A) and wolves (Figure 1C) increased during the study
period, particularly in the central management region, whereas
lynx exhibited a stable trend in densities from 2007 (Figure 1B).

Damages to Cattle

During the study period, an average of 3.2 damages to cattle
occurred by bears annually, 1.9 occurred by lynx and 6.3 by
wolves. Bear damages to cattle occurred primarily in the northern
parts of Sweden (Figure 2A), whereas damages to cattle by lynx
(Figure 2B) and wolves (Figure 2C) occurred in central and
south western Sweden. For all regions and carnivore species,
number of damaged cattle showed substantial annual variation.

There were no significant effects of bear density on number
of damaged cattle for either geographic scale or region, nor
was there any significant interaction effects suggesting that the
effects of bear density was influenced by cattle density (Table 1).
However, there was a trend for a positive relationship between
cattle density and number of damages in the northern region
(B = 0.77, SEg = 0.44, p = 0.078).

There was a trend for a negative relationship between lynx
densities and cattle damages in the central region, but only at the
county scale (B = —0.87, SEg = 0.46, p = 0.060), and lynx density
had a positive relationship to cattle densities in the southern
region, but also only for the county scale (B = 1.17, SEg = 0.62,
p = 0.057). Lynx densities did not influence the number of
damaged cattle either at the national or the regional scale, nor did
cattle densities influence such relationships (Table 1). We note
that the number of reported lynx damages to cattle remained low,
with a maximum of 5 reported damages for a given year in the
whole country.

Wolf densities were positively related to number of cattle
damages at the national scale (B = 0.61, SEg = 0.23, p = 0.008),
in the southern region at the regional scale (B = 1.13, SEg = 0.40,
p =0.022) and in the central region at the county scale (§ = 2.15,
SEg = 0.48, p < 0.001). There was also a significant positive
interaction between wolf and cattle densities in the central
region (B = 1.66, SEg = 0.31, p < 0.001), suggesting that the
effects of wolf densities were higher in years of high cattle
density. However, wolf densities were not significantly related
to cattle damages at neither the regional nor the county scale
in the northern region or at the regional scale in the central
region (Table 1).

Damages to Sheep

During the study period, an average of 56.3 damages to sheep
occurred by bears annually, 123.2 occurred by lynx and 225.9
by wolves. Bear damages to sheep occurred in the western
and central parts of Sweden (Figure 3A), lynx damages were
distributed across the whole Sweden except for the most northern
county of Norrbotten (Figure 3B), whereas damages by wolves
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TABLE 1 | Beta coefficients describing the relationships between number of damaged cattle by brown bears, Eurasian lynx and gray wolves and densities of respective
carnivore and cattle, as well interaction coefficients describing if the density of cattle influences the relationship between number of damaged cattle and densities of

carnivores.
Bear Lynx Wolf

B SEg P B SE p B SE P
Sweden, national scale
Carnivore density —0.06 0.24 0.813 —0.26 0.19 0.163 0.61 0.23 0.008
Cattle density -0.17 0.23 0.474 —0.14 0.21 0.485 -0.62 0.27 0.022
Carnivore x cattle density 0.12 0.24 0.616 —0.34 0.20 0.083 —0.34 0.29 0.244
Northern region, regional scale
Carnivore density —-0.04 0.42 0.917 0.17 1.17 0.885
Cattle density 0.77 0.44 0.078 0.44 0.92 0.634
Carnivore x cattle density —0.08 0.42 0.850 2.14 1.95 0.272
Northern region, county scale
Carnivore density —0.62 0.41 0.136 6.72 6.50 0.301
Cattle density 1.72 2.15 0.452 —16.60 13.97 0.235
Carnivore x cattle density 0.02 0.02 0.970 24.01 21.72 0.269
Central region, regional scale
Carnivore density 0.35 0.35 0.315 0.04 0.42 0.924 -0.17 0.98 0.865
Cattle density 0.15 0.56 0.785 0.14 0.28 0.610 -0.14 1.24 0.911
Carnivore x cattle density 0.21 0.68 0.755 —0.28 0.32 0.384 0.83 0.68 0.221
Central region, county scale
Carnivore density 2.06 1.71 0.229 —-0.87 0.46 0.060 2.15 0.28 <0.001
Cattle density —10.11 8.98 0.260 —0.40 0.33 0.229 0.75 0.15 <0.001
Carnivore x cattle density 2.19 1.68 0.193 —0.55 0.44 0.213 1.66 0.31 <0.001
Southern region, regional scale
Carnivore density 0.25 0.48 0.599 1.13 0.40 0.004
Cattle density 0.44 0.51 0.387 0.21 0.59 0.718
Carnivore x cattle density 1.17 0.62 0.057 0.68 0.82 0.405
Southern region, county scale
Carnivore density —2.68 7.80 0.732
Cattle density —12.42 21.29 0.560 —0.29 3.92 0.941
Carnivore x cattle density —-1.92 29.23 0.948

Relationships were quantified from generalized linear mixed models at three spatial scales: national, regional and county. The analyses of the regional and county scales were conducted
on each management region separately. Analyses were conducted on data from 1999 to 2018 but restricted to data sets containing at least 3 years of damages. The beta coefficients are
scaled so that they represent the change in log damages per standard deviation unit of respective density. They are therefore directly comparable between carnivore and cattle densities.

were distributed across the western counties of Vastra Gétaland,
Virmland, and Dalarna (Figure 3C). Bear damages to sheep
declined during the study period (Figure 3A), whereas damages
by both lynx (Figure 3B) and wolves (Figure 3C) increased,
particularly in the southern and central management regions.

Bear densities were positively related to the number of bear
damaged sheep at the national scale (B = 0.37, SEg = 0.18,
p = 0.043), at the regional scale in the central region (8 = 0.54,
SEg 0.23, p = 0.021) and at the county scale in the
northern region (B = 0.52, SEg = 0.06, p < 0.001). There
was also a significant negative interaction effect of bear and
sheep densities at the county scale in the northern region, with
effects of bear density being weaker during high sheep densities
(B = —0.43, SEg = 0.15, p = 0.005), and a trend for the opposite
interaction effect in the central region (B = 0.66, SEg = 0.35,
p =0.061) (Table 2).

Lynx densities were positively related to lynx damages to sheep
in the central region at the county scale (B = 0.21, SEg = 0.05,

p < 0.001), and there was a trend for lynx densities to also
be positively related to damages in the southern region at the
regional scale (B = 0.34, SEg = 0.20, p = 0.088). However, lynx
densities were negatively related to sheep damages at the national
scale (B = —0.45, SEg = 0.13, p = 0.001) and at the regional scale
in the central region (B = —0.43, SEg = 0.22, p = 0.055). At the
national scale (B = 0.53, SEg = 0.14, p < 0.001), as well as in
the central (county scale: B = 1.87, SEg = 0.12, p < 0.001) and
southern region (regional scale: = 0.46, SEg = 0.19, p = 0.014),
there were positive relationships between sheep density and
damages to sheep. There were no significant interaction effects
between lynx and sheep densities on sheep damages for any scale
or region, nor any effects of lynx or sheep densities on damages
in the northern region (Table 2).

At the county scale in the northern (B = 0.83, SEg = 0.38,
p = 0.029) and central regions (B = 0.43, SEg = 0.03, p <
0.001), wolf densities were positively related to wolf damages
to sheep, and there was a trend for a positive relationship
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FIGURE 3 | Total number of damaged sheep by brown bear (A), Eurasian lynx (B), and gray wolf (C) in each county of Sweden from 1999 to 2018 as well as the
national and regional trends for the same time period.
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TABLE 2 | Beta coefficients describing the relationships between number of damaged sheep by brown bears, Eurasian lynx and gray wolves and densities of respective
carnivore and sheep, as well interaction coefficients describing if the density of sheep influences the relationship between number of damaged sheep and densities of

carnivores.
Bear Lynx Wolf

B SEg P B SEg P B SEg P
Sweden, national scale
Carnivore density 0.37 0.18 0.043 —0.45 0.13 0.001 0.66 0.40 0.095
Sheep density —0.59 0.18 0.001 0.53 0.14 <0.001 —0.33 0.40 0.406
Carnivore x sheep density —0.02 0.21 0.921 0.12 0.12 0.335 -0.22 0.18 0.223
Northern region, regional scale
Carnivore density 0.50 0.31 0.101 0.00 0.65 >0.999 0.56 0.68 0.407
Sheep density —0.11 0.25 0.652 0.50 0.30 0.098 —1.65 0.68 0.015
Carnivore x sheep density -0.07 0.33 0.824 —0.31 0.57 0.590 -0.15 0.65 0.817
Northern region, county scale
Carnivore density 0.52 0.06 <0.001 0.04 0.26 0.865 0.83 0.38 0.029
Sheep density —-1.21 0.19 <0.001 —0.46 0.37 0.218 —14.68 3.98 <0.001
Carnivore x sheep density —0.43 0.15 0.005 -0.13 0.15 0.384 —10.42 2.68 <0.001
Central region, regional scale
Carnivore density 0.54 0.23 0.021 —0.43 0.22 0.055 —1.60 0.58 0.006
Sheep density —0.58 0.24 0.017 0.10 0.20 0.626 1.22 0.58 0.034
Carnivore x sheep density 0.19 0.28 0.509 0.01 0.23 0.951 —-0.34 0.25 0.180
Central region, county scale
Carnivore density 0.31 0.43 0.480 0.21 0.05 <0.001 0.41 0.03 <0.001
Sheep density 2.67 0.75 0.000 1.87 0.12 <0.001 0.36 0.08 <0.001
Carnivore x sheep density 0.66 0.35 0.061 0.07 0.05 0.196 —0.03 0.03 0.421
Southern region, regional scale
Carnivore density 0.34 0.20 0.088 0.45 0.34 0.184
Sheep density 0.46 0.19 0.014 0.23 0.37 0.525
Carnivore x sheep density 0.19 0.16 0.239 —-0.24 0.54 0.648
Southern region, county scale
Carnivore density 0.10 0.09 0.236
Sheep density 0.11 0.23 0.616 1.14 0.15 <0.001
Carnivore x sheep density 0.12 0.06 0.055

Relationships were quantified from generalized linear mixed models at three spatial scales: national, regional and county. The analyses of the regional and county scales were conducted
on each management region separately. Analyses were only conducted on data from 1999 to 2018 but restricted to data sets containing at least 3 years of damages. The beta
coefficients are scaled so that they represent the change in log damages per standard deviation unit of respective density. They are therefore directly comparable between carnivore

and sheep densities.

at the national scale (B = 0.66, SEg = 0.40, p = 0.095).
However, at the regional scale, wolf densities in the central
region were instead negatively related to damages (8 = —1.60,
SEg = 0.58, p = 0.006), and there was a significant negative
interaction between wolf- and sheep densities at the county
scale for the northern region (B = —10.42, SEg = 2.68, p <
0.029), suggesting that the effect of wolf density declined with
increasing sheep densities. Sheep densities were negatively related
to wolf damages to sheep in the northern region (regional scale:
B = —1.65, SEg = 0.68, p = 0.015; county scale: B = —14.68,
SEg = 3.98, p < 0.001) but positively related to damages
in the central region (regional scale: B = 1.22, SEg = 0.58,
p = 0.034; county scale: B = 0.36, SEg = 0.08, p < 0.001).
Apart from the northern region, there were no significant
interaction effects between wolf and sheep densities on sheep
damages (Table 2).

Damages to Dogs

During the study period, an average of 2.7 damages to dogs
occurred by bears annually, 12.6 occurred by lynx and 29.2
by wolves. Bear damages to dogs occurred primarily in the
northern parts of Sweden (Figure 4A), whereas damages by both
lynx (Figure 4B) and wolves (Figure 4C) were distributed across
almost the whole Sweden. Damages to domestic dogs did not
show any distinct trends over time for either bears, lynx or
wolves (Figure 4).

There was a trend for a positive effect of bear density on
the number of dogs attacked by bears, but only in the northern
region at the regional scale (B = 1.58, SEg = 0.88, p = 0.072).
For either the national scale or the central region, bear density
was not related to bear attacks on dogs (Table 3). Similarly, lynx
densities were not related to lynx attacks on dogs for any scale or
region (Table 3). At the national scale, there was a trend for the
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FIGURE 4 | Total number of damaged domestic dogs by brown bear (A), Eurasian lynx (B), and gray wolf (C) in each county of Sweden from 1999 to 2018 as well as
the national and regional trends for the same time period.
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number of attacked dogs to be positively related to wolf density
(B =279, SEg = 1.49, p = 0.061), and there was also a trend
for an interaction between wolf and dog densities (B = 3.19,
SEg = 1.77, p = 0.071), suggesting that the effect of wolf density
may have been stronger during years with more dogs. However,
wolf densities were not related to wolf attacks on dogs at any of
the smaller geographic scales (Table 3).

DISCUSSION

We found inconsistencies regarding the effect of temporal
variation in large carnivore densities on large carnivore damages
to cattle, sheep, and dogs, which suggest that the relationships
between large carnivore densities and carnivore damages may
have been highly context dependent. These observations also
highlight that increased large carnivore densities may not
necessarily lead to an increased number of carnivore attacks,
but that the number of attacks could also be regulated by
other factors. Such context dependence would agree with recent
suggestions of context dependencies also in the secondary
ecological effects of predation risk, which has been suggested
to depend on various factors such as resource availability
and the immediate exposure to predation risk exhibited by
individual prey at any given time (Middleton et al, 2013;
Périquet et al, 2017; Chizzola et al., 2018). The observed
inconsistencies included both positive and negative relationships
between carnivore densities and number of damages, as well
as interaction effects between carnivore and livestock or dog
densities. Inconsistencies also occurred across carnivore species,
damage types and geographic scales and regions. As with
context dependencies in ecological systems (Chamberlain et al.,
2014; Haswell et al., 2017), we argue that improving our
understanding of context dependencies in the interface between
ecological and socio-ecological systems, where environmental
managers operate, ought to be a prioritized area of environmental
management research in general, and for large carnivore
management and conservation in particular.

Because individual carnivore attacks on livestock and
domestic animals are highly localized events (Treves et al., 2004),
we predicted stronger relationships between temporal variation
in carnivore population densities and the number of attacks
at small spatial scales. Our results only partly supported this
prediction. For instance, in the central management region we
did find stronger effects of lynx and wolf densities on damages
to cattle at the county than the regional scale. However, these
relationships were positive for wolves and negative for lynx. We
also found indications of a national scale effect of wolf density on
domestic dog attacks, although not statistically significant, but no
indications of effects at smaller spatial scales. We suggest several
explanations for these observed discrepancies. First, our smallest
spatial scale, the administrative scale of county, may have been
too large to capture localized effects of carnivore densities for all
damage types (e.g., Treves et al.,, 2004). More localized effects
could, for instance, have been caused by variation in territory
size and in movement patterns within territories. Contrarily,
the spatial scale may have been too small to enable meaningful

temporal resolution of damages due to limited sample sizes of
attacks (Signorini, 1991). Additionally, the wide-ranging nature
of these species could have complicated scale dependencies, with
individuals not necessarily captured by the national surveys (e.g.,
dispersing males or other individuals that were not part of lynx
family groups or wolf packs) causing attacks. Attacks could also
partly have been carried out by specific individuals or groups
(e.g., specific wolf packs, Olson et al., 2015) or categories of
individuals (e.g. males, Johansson et al., 2015), which may have
caused higher incidences of attacks and damages than what
would have been predicted based on average densities.

The relationships between densities and damages differed
between the three carnivore species as well as between damage
types. Despite contradictory results, including both positive and
negative effects of densities, as well as interactions between live
stock or dog and carnivore densities, we note three overall
patterns in our results. First, damages appear to have been
more related to temporal variation in densities of wolves than
to variation in bear and lynx densities. Second, damages to
sheep appear to have been more related to variation in carnivore
densities than damages to either cattle or dogs. Third, damages to
dogs appeared to have had no relationships to temporal variation
in carnivore densities, except possibly for relationships with
wolf densities on a national scale. From a conflict resolution
perspective, these general patterns provide important insights
for policy development (Treves et al, 2016). For instance,
since all detected relationships between wolf densities and
damages were positive, reduced wolf populations at spatial scales
from national to county may reduce the number of damages
by wolves. However, our results do not necessarily support
such a conclusion for lynx or bears. Particularly for damages
to domestic dogs, restricting carnivore populations may not
have noticeable effects on the number of attacks. In cases
where relationships between carnivore densities and number
of damages are weak, other methods, more directly focused
on either avoiding individual attacks or limiting the potential
consequences of an attack, may be more successful (van Eeden
et al., 2017). In addition, we reiterate previous arguments for
the importance of considering both damage related and other
causes for conflict when developing conflict mitigation strategies
between large carnivores and people (Conover, 2002; Ericsson
and Heberlein, 2003; Suryawanshi et al., 2014; van Heel et al.,
2017).

Damages of all types and by all three carnivore species
occurred mainly in the western and central parts of Sweden.
Although this spatial pattern may partly be caused by geographic
variation in animal holding practices or native prey densities,
this part of the country has seen the most rapid increase in bear
and wolf densities during the past few decades (Swenson et al.,
2017; Eriksson and Dalerum, 2018). Particularly for wolves, it
is clear that the national policy restricting wolves to south of
the reindeer grazing zone may have caused an increased number
of wolf damages especially in the central region. Providing that
the national population size remains constant, an expansion
of the wolf population into the reindeer grazing zone would
therefore likely decrease the number of damages in central and
southern Sweden, particularly the number of sheep damages.
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TABLE 3 | Beta coefficients describing the relationships between number of damaged domestic dogs by brown bears, Eurasian lynx and gray wolves and densities of
respective carnivore and dogs (proxied by the density of dog owners), as well interaction coefficients describing if the density of dogs influences the relationship between
number of damaged dogs and densities of carnivores.

Bear Lynx Wolf

B SEg ] B SEg P B SE; p
Sweden, national scale
Carnivore density 0.55 0.41 0.179 0.19 0.57 0.735 2.79 1.49 0.061
Dog density —-0.08 0.31 0.793 0.17 0.22 0.433 -3.95 2.01 0.049
Carnivore x dog density 0.32 0.42 0.440 1.00 0.74 0.176 3.19 1.77 0.071
Northern region, regional scale
Carnivore density 1.58 0.88 0.072 0.58 0.57 0.309 —0.09 0.43 0.839
Dog density —0.46 0.35 0.188 0.19 0.36 0.590 —0.54 0.56 0.335
Carnivore x dog density —0.34 0.83 0.684 1.22 0.88 0.168 0.18 0.52 0.729
Northern region, county scale
Carnivore density 277 8.39 0.742 —0.59 0.47 0.206 0.08 0.37 0.825
Dog density —6.08 24.22 0.802 —1.01 0.78 0.194 —-1.75 1.94 0.368
Carnivore x dog density 1.83 13.67 0.893 -0.16 0.55 0.769 0.02 0.32 0.952
Central region, regional scale
Carnivore density —0.30 1.61 0.854 0.69 0.96 0.474 —1.05 3.15 0.740
Dog density 0.15 0.93 0.873 0.38 0.33 0.252 6.52 4.82 0.176
Carnivore x dog density 0.85 1.34 0.527 1.60 1.10 0.145 —-5.44 4.35 0.211
Central region, county scale
Carnivore density —4.06 12.17 0.738 —0.31 0.51 0.547 0.31 0.22 0.150
Dog density 34.91 41.92 0.405 —-0.41 0.59 0.486 0.03 0.33 0.918
Carnivore x dog density —5.87 18.10 0.746 —0.71 1.35 0.600 -0.37 0.31 0.230
Southern region, regional scale
Carnivore density 1.50 1.18 0.206
Dog density —0.70 1.10 0.623
Carnivore x dog density 0.94 1.02 0.356
Southern region, county scale
Carnivore density 0.06 0.59 0.926
Dog density 12.40 8.39 0.139
Carnivore x dog density 3.24 2.06 0.116

Relationships were quantified from generalized linear mixed models at three spatial scales: national, regional and county. The analyses of the regional and county scales were conducted
on each management region separately. Analyses were only conducted on data from 1999 to 2018 but restricted to data sets containing at least 3 years of damages. The beta
coefficients are scaled so that they represent the change in log damages per standard deviation unit of respective density. They are therefore directly comparable between carnivore
and dog densities.

Such a decline is expected since, under the scenario of an  between bear, lynx and wolf densities and damages to cattle,
expanded distribution range but a constant population size, the ~ sheep and livestock. Instead, our results suggest that the effects
densities in the current distribution range would by necessity  of large carnivore densities on the number of damages may have
decline. However, allowing such a range expansion would need  either been context dependent, or that damages were regulated
to carefully consider economic, social and cultural issues related by other factors than national or regional carnivore densities.
to an established wolf population, although it seems ecologically =~ Although we did observe positive relationships between densities
feasible for wolves to exist in northern Sweden (Eriksson and  and damages for some carnivores, damage types and geographic
Dalerum, 2018). We did observe a strong concentration of  regions and scales, we also observed a lack of relationships,
damages also by bears and lynx in the central region, but the  negative relationships, as well as dependencies of livestock
relationships between damages and bear and lynx densities were ~ densities on the effects of large carnivore densities. In addition,
not consistent. We suggest that focusing national economic and  we observed differences in the effects of carnivore densities on
policy incentives for non-lethal damage control to this region is ~ damages between the three carnivore species as well as between
likely to be highly effective in reducing the overall number of = damage types. Despite the observed variation, wolf densities
damages caused by large carnivores nationally. appeared to have been positively related to the number of

To conclude, using a 20-year data set from Sweden, we  damages more often than bear and lynx densities, and damages
found contradictory results with regards to the relationships  to sheep appeared to have been more sensitive to increased
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carnivore densities than damages to cattle and domestic dogs.
We urge for further studies aimed at identifying in what contexts
that variation in large carnivore densities influences damages
to livestock and domestic animals, at what spatial scales such
density dependencies in damages occur, and also what other
factors than carnivore densities that may regulate number
of damages. Such information will be paramount to develop
effective human-carnivore conflict mitigation strategies both in
Sweden and elsewhere.
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