
fevo-10-783027 February 15, 2022 Time: 13:50 # 1

ORIGINAL RESEARCH
published: 21 February 2022

doi: 10.3389/fevo.2022.783027

Edited by:
Stotra Chakrabarti,

Macalester College, United States

Reviewed by:
Jennifer Lesley Silcock,

The University of Queensland,
Australia

Ellen Candler,
University of Minnesota Twin Cities,

United States

*Correspondence:
Martin Mayer

martin.mayer@ecos.au.dk

†These authors have contributed
equally to this work

Specialty section:
This article was submitted to

Conservation and Restoration
Ecology,

a section of the journal
Frontiers in Ecology and Evolution

Received: 25 September 2021
Accepted: 20 January 2022

Published: 21 February 2022

Citation:
Mayer M, Olsen K, Schulz B,

Matzen J, Nowak C, Thomsen PF,
Hansen MM, Vedel-Smith C and

Sunde P (2022) Occurrence
and Livestock Depredation Patterns

by Wolves in Highly Cultivated
Landscapes.

Front. Ecol. Evol. 10:783027.
doi: 10.3389/fevo.2022.783027

Occurrence and Livestock
Depredation Patterns by Wolves in
Highly Cultivated Landscapes
Martin Mayer1*†, Kent Olsen2, Björn Schulz3, Jens Matzen4, Carsten Nowak5,
Philip Francis Thomsen6, Michael Møller Hansen6, Christina Vedel-Smith2 and
Peter Sunde1†

1 Department of Ecoscience, Aarhus University, Aarhus, Denmark, 2 Natural History Museum, Aarhus, Denmark, 3 Stiftung
Naturschutz Schleswig-Holstein, Molfsee, Germany, 4 Stiftung Wildtiere im Norden, Molfsee, Germany, 5 Center for Wildlife
Genetics, Senckenberg Research Institute, Frankfurt, Germany, 6 Department of Biology, Aarhus University, Aarhus, Denmark

Attacks by large predators on livestock are an important driver of conflicts.
Consequently, knowledge about where predators occur, where livestock depredation
takes place and what factors influence it will aid the mitigation of stakeholder conflicts.
Following legal protection, wolves (Canis lupus) in Central Europe are recently spreading
to areas dominated by agriculture, bringing them in closer contact with livestock. Here,
we analyzed habitat selection and livestock depredation rates of 43 wolves identified
by genotyping on the Jutland peninsula, consisting of mainland Denmark and the
northernmost German federal state Schleswig-Holstein. Occupancy by resident wolves
correlated positively with forest and other non-forested semi-natural land cover (habitat
for natural ungulate prey), whereas occupancy by non-resident wolves correlated with
increasing forest cover and sheep density. The latter effect likely reflected increased
sampling probability of highly mobile dispersers killing livestock. We recorded 565
livestock depredation events (85 in Denmark and 480 in Schleswig-Holstein), of which
42% (55 in DK and 185 in SH) could be assigned to 27 individual wolves based on
DNA evidence. Livestock (mostly sheep) were killed by wolves in 16% of the study
area. Our results indicate that wolves mostly killed livestock as a context-dependent
response, i.e., being dispersers in agricultural areas with low availability of wild ungulate
prey and high livestock densities, and not because of behavioral preferences for
sheep. Moreover, the livestock depredation was lower in areas with livestock protection
measures (implemented in areas with established pairs/packs). We conclude that while
wolf attacks on livestock in established wolf territories generally can be reduced through
improvement of fences, livestock depredation by non-resident wolves in agricultural
areas constitutes a bigger challenge. Albeit technically possible, the economic costs
of implementing predator-proof fences and other preventive measures in such pastoral
areas infrequently visited by wolves will be considerable. Experiences so far further
indicate that lethal removal of identified “problem wolves” may be inefficient in practice.

Keywords: Canis lupus, human-wildlife conflicts, large carnivores, livestock protection, Ovis aries, predation,
spatial ecology
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INTRODUCTION

Following severe historic persecution leading to the absence
of large carnivores in many areas of Central Europe during
most of the nineteenth and mid-twentieth century, large
carnivore populations have increased over recent decades
(Chapron et al., 2014). The gray wolf (Canis lupus) has
received legal protection in the 1980s in most European
countries, and has since increased its geographic range (Nowak
and Myslajek, 2016; Reinhardt et al., 2019). In general,
wolves can persist in human-modified landscapes as long
as human tolerance and policy are favorable (Boitani and
Linnell, 2015; Reinhardt et al., 2019). Apart from legal
protection and supportive public opinion, the main factors
for large carnivore recovery (Chapron et al., 2014), habitat
suitability for wolves has increased over the last two decades
in some European areas, including Central and Northern
Europe, which is correlated with decreasing human population
density and increasing forest cover (Cimatti et al., 2021).
Moreover, wolf occurrence depends on social status, with wolf
pairs/packs occupying higher-quality habitats characterized by
lower anthropogenic impacts like forests, whereas dispersing
individuals can be found in a broad array of habitat types
(Nowak et al., 2017).

The natural recolonization process by wolves has resulted
in socio-political conflicts that may jeopardize conservation
outcomes if not adequately managed. One of the most
challenging conservation issues is that wolves predate on
livestock, especially when they have returned to areas (after
long periods of absence) where people are not habituated
to animal husbandry practices that prevent damage (Linnell,
2013). Consequently, wolf predation on livestock can lead to
social conflicts between conservationists, farmers and other
stakeholder groups (Bautista et al., 2019). Livestock damage is
often restricted to few farms (Gazzola et al., 2008), and depends
on landscape structure and availability of natural prey (Treves
et al., 2004; Suryawanshi et al., 2013; Imbert et al., 2016).
Additionally, the social status or family history of individual
wolves can affect livestock depredation rates. For example, in
Northern Italy dispersing wolves killed more livestock compared
to resident pairs and packs (Imbert et al., 2016). Sometimes
single individuals or packs are responsible for disproportionately
high livestock damage, which often results in public pressure for
such “problem individuals” to be culled. From a management
perspective, it is essential to identify why wolves predate on
livestock. They either do so because of the ambient settings
(being in the wrong place) or due to individual behavioral
inclinations to kill livestock (compared to other individuals
in the same setting) (Linnell et al., 1999). This distinction
is important, because the EU Habitats Directive only allows
lethal management of the latter type of wolves, whereas losses
caused by normally behaving wolves must be solved otherwise,
e.g., through protective measures. Prey specialization is a well-
recognized phenomenon in generalist predators (Araújo et al.,
2011; Dickman and Newsome, 2015) and problem-behaviors
are known to vary individually (Swan et al., 2017), which

might be transferred socially from parents to offspring, as
shown in Grizzly bears (Ursus arctos) (Morehouse et al., 2016).
However, to our knowledge, individual versus context dependent
variation in livestock depredation rates have not been rigorously
analyzed in wolves.

Importantly, livestock depredation by large carnivores can
impact the attitudes of different stakeholder groups, which
can influence effective conservation (Dressel et al., 2015). In
Europe, attitudes toward large carnivores tended to become more
negative with perceived increases in large carnivore abundance
and risk of damage, especially in areas where people have to
co-exist with large carnivores (Ericsson and Heberlein, 2003;
Eriksson et al., 2015). Hence, to reduce conflict levels, keeping
damage to livestock at low levels is important (Bautista et al.,
2019). To do so, it is crucial to gather knowledge on wolf
distribution and habitat use (Reinhardt et al., 2019; Cimatti
et al., 2021), impact of livestock density on colonization patterns,
as well as identifying spatial centers of livestock predation.
Moreover, it is important to evaluate existing livestock protection
measures (Eklund et al., 2017).

In this study, we investigated patterns of wolf settlement and
predation on livestock in Jutland peninsula, one of Europe’s most
intensively cultivated regions, consisting of the northernmost
German federal state Schleswig-Holstein (SH) and mainland
Denmark (DK). We hypothesized that wolf settlement would
generally be associated to land cover and human impact,
as previously shown (Cimatti et al., 2021), and predicted
that wolf occupancy increased with increasing forest and
heathland cover (and other natural areas), and with decreasing
human impact (human population density and road density).
Additionally, we hypothesized that wolf occupancy depends on
the social status of wolves, and predicted that non-residents
(dispersers), occur in more landscape types than resident wolves
(Nowak et al., 2017).

We then investigated depredation rates on livestock by
individual wolves and related these patterns to sheep density,
land cover, season, wolf social status, and livestock protection
measures. Specifically, we predicted that livestock depredation
rate decreases with increasing forest and heathland cover, because
these land covers are associated with higher abundance of
wild ungulates (Borowik et al., 2013), and depredation rate
increases in areas with higher densities of sheep that are
unprotected by predator-proof fences. Further, we predicted
that non-resident wolves have higher livestock depredation rates
compared to residents, because (1) non-residents occur more
frequently in landscapes that facilitate livestock depredation,
and (2) possibly because they are more prone to kill livestock
due to unfamiliarity with the local area and/or inexperience.
We also tested the extent to which implementation of
livestock protection measures (predator-proof fences) lead
to a decrease in livestock depredation rate. Finally, we
evaluated the magnitude of individual variation in livestock kill
rates. If wolf predation on livestock is primarily determined
by ambient conditions and social status we expected little
individual variation in depredation rates, whereas substantial
individual variation should remain if personality and individual
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behavior had a major influence on a wolf ’s inclination
to kill livestock.

MATERIALS AND METHODS

Study Area and Wolf Population
Monitoring
The 470-km long Jutland peninsula belongs to Schleswig-
Holstein (SH) and Denmark (DK; Figure 1). SH and Hamburg
cover an area 16,430 km2, inhabited by 4.47 million people
(average population density: 272 per km2), and are covered by
68% farmland, 13% forest, 10% developed, and 9% other land
cover. The Danish region of Jutland (29,778 km2, 2.58 million

people, average population density: 87 people per km2) is covered
by 61% farmland, 13% forest, 12% developed, 10% heathland, and
4% other land cover. Jutland connects to the Central European
mainland through a 60-km wide stretch between the North Sea
and the Baltic Sea down to the city of Hamburg. In SH, the
majority of the human population is located in the southern part
of the state that connects to the federal states Niedersachsen and
Mecklenburg-Vorpommern.

Since the Central European wolf population (to which the
wolves in Jutland belong) established in the border region
between Eastern Germany and Poland around year 2000 (Nowak
and Myslajek, 2016; Reinhardt et al., 2019), wolves have been
surveyed by means of genetic markers, enabling to identify
individuals and to reconstruct their origin and dispersal paths

FIGURE 1 | Maps depicting our study area in Jutland separated into 598 grid cells. Red borders show grid cells with observations of (A) resident wolf pairs/packs,
(B) single residents, and (C) non-resident wolves. The blue shading depicts the predicted probability of grid cell occupancy by resident wolves [(A,B) pairs/packs
and single residents were merged for the analysis], and non-resident wolves (C). (D) Proportion of heathland cover (and other non-forested semi-natural areas in SH)
per grid cell. (E) Proportion of forest cover per grid cell. (F) Average human population density (people per km2) per grid cell. The black line represents the border
between Denmark in the north and Schleswig-Holstein in the south.
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(Andersen et al., 2015). Governmental agencies and research
institutions systematically sample DNA from scats, dead wolves,
and livestock kills both in DK and SH. In SH, where sheep
farming is common and only recently starting to adapt to
wolf presence, livestock depredation has contributed to most
genotype identifications. In DK, where wolves kill livestock
less frequently, monitoring is primarily undertaken by DNA
analyses of scats (Sunde et al., 2021). Because there is only
a single wolf observation before 2012 (a roadkill from SH
in 2007), we defined the period of our study from 2012 to
the first quarter of 2021. Wolf observations were categorized
according to the SCALP (Status and Conservation of the Alpine
Lynx Population) criteria (Reinhardt et al., 2015), and we only
used C1 observations, defined as unambiguously confirmed
observations based on facts, for our analyses. Wolves were
categorized as being resident when they were observed for
≥6 months in the same area (either as single resident or as
wolf pair/pack), and non-residents (usually dispersers) when they
were observed <6 months in the same area (Reinhardt et al.,
2015). Observations that could be not assigned to an individual
wolf were generally coded as non-residents unless we had strong
evidence that they were part of a wolf pack/pair (e.g., based on
their spatial location).

Land Cover, Human Population Density,
and Sheep Density
We created 598 10 km × 10 km grid cells over the entire study
area as observational unit to model wolf occurrence (Figure 1),
because this size provides a trade-off between information
precision and the average home range size of wolves (Chapron
et al., 2014; Milanesi et al., 2017; Cimatti et al., 2021). We
downloaded land cover data of 2018 from the CORINE land
cover database1, and categorized the 44 land cover types into
seven biologically relevant categories: (1) built up areas, (2)
grassland, (3) cropland, (4) forest, (5) heathland and other
(semi)natural land cover (hereafter heathland), (6) water, and (7)
other land cover (Supplementary Table 1). For each grid cell we
estimated the proportion of forest and heathland (Figure 1), as
these land cover types were previously shown to be important
for wolves (Sunde and Olsen, 2018). Because there is very little
heathland in SH, we additionally included land cover types
that were analogous to heathland in DK, based on habitat
monitoring data from the Landesamt für Landwirtschaft, Umwelt
und ländliche Räume des Landes Schleswig-Holstein2. These
land cover types included bushes, woody vegetation outside
forests, natural non-forest vegetation not in agricultural use, dune
vegetation, moors, and swamps (Supplementary Table 1). We
downloaded vector data of roads from the open source database
OpenStreetMap3. We only included larger roads (motorways,
primary, secondary, and tertiary roads), and intersected these
roads with the grid cells to calculate the road density (m road

1https://land.copernicus.eu/pan-european/corine-land-cover/clc2018?tab=
download
2https://www.schleswig-holstein.de/DE/Fachinhalte/B/biotope/Downloads/
kartierschluessel.pdf?__blob=publicationFile&v=2
3https://download.geofabrik.de/europe

per ha) in each grid cell. Moreover, we obtained data on human
population density at 30 arc-second horizontal resolution from
the Socioeconomic Data and Applications Center from the
Gridded Population of the World (GPW), v.4 dataset for 20204.
We then calculated the mean human population density for each
10 km × 10 km grid cell using the “Zonal Statistics as Table” tool
in ArcGIS Pro. As a measure of livestock densities, we focused on
sheep, because they made up the bulk of livestock kills (see section
“Results”). Sheep numbers were obtained on municipality level
from the Danish central animal register5 for DK and from the
Statistikamt Nord6 for SH. Using these numbers, we calculated
the sheep density for each municipality (mean ± SD = 0.04 ± 0.06
sheep per ha, median = 0.02, range = 0–0.63 sheep per ha).

Livestock Depredation Patterns
A livestock depredation event was defined as an event where
one or more livestock individuals (at the same place within the
same day) were killed by a wolf, based on DNA evidence either
with (43% of cases) or without (47% of cases) identification of
an individual genotype (Reinhardt et al., 2015; Thomsen et al.,
2020). To estimate individual livestock depredation rates, we
used observations between 1 January 2017 and 15 August 2021,
because both countries systematically sampled DNA from saliva
left on livestock suspected to be killed by wolves during this
period (which was not the case prior to 2017). The individual
livestock depredation rate of wolves was estimated as genetically
verified predation events relative to the number of days a given
wolf was estimated to occur in a given area (grid cell), i.e., the
number of livestock depredation events per individual wolf per
day. To fill gaps between consecutive observations, we assumed
that a wolf would stay in the grid cell where it was observed until
the next observation. For example, if a wolf was first observed
in grid cell A, and 10 days later in grid cell B to appear in
grid cell C after another 5 days, we allocated ten observation
days to grid cell A and five observation days to grid cell B.
If the observation in grid cell A was based on a DNA profile
from a sheep kill, we entered the data as one observation day
with livestock depredation and nine observation days without
livestock depredation. Accordingly, if the second registration in
grid cell B was not based on a predation event (e.g., feces), we
recorded 5 days without livestock depredation for grid cell B.
For wolves that were not observed for more than 1 year, we
assumed that their continued presence was highly unlikely, and
estimated the likely day of disappearance as the last observation
date plus the average observation interval until its disappearance,
adding those days to the last observation (Sunde et al., 2021). We
acknowledge that it is not realistic that wolves (especially non-
residents) always stayed within the same grid cell for the whole
period until the next observation, but consider this approach
reasonably unbiased, because observation intervals were short
(mean ± SD: 9 ± 13 days in SH and 17 ± 28 days in DK). We
obtained 234 observations of identified wolves based on DNA

4https://sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-
adjusted-to-2015-unwpp-country-totals-rev11/data-download
5https://chr.fvst.dk
6https://www.statistik-nord.de
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profiles sampled from different livestock depredation events and
689 observations from other sources (Supplementary Table 2),
corresponding to 11,960 (88%) observation days in DK and
1,695 (12%) in SH.

Statistical Analyses
Grid Cell Occupancy
We modeled wolf occupancy per 10 km × 10 km grid cell
in Jutland, by fitting linear models using Generalized Least
Squares of the R package “nlme” (Pinheiro et al., 2017) that
allow to account for spatial autocorrelation. For each grid cell,
we counted the number of 3-month periods (annual quarters)
with confirmed wolf observations out of the total number
of quarters monitored (37 quarters from 2012 to 2021) as
response variable (i.e., the proportion of quarters with wolf
observations). We did this separately for resident wolves (single
residents, pairs and packs) and non-residents, because they might
select for different land cover and prey (two separate analyses;
Supplementary Table 3). As predictor variables, we included
the proportion of forest, proportion of heathland, road density,
averaged human population density, and sheep density. We
modeled spatial effects within an error term, using a spherical
function for the correlation matrix (consisting of the x and
y coordinate of the top-right corner of each grid cell) of the
errors (Beale et al., 2010). Model fitting was performed with
restricted maximum likelihood. We scaled all numeric variables
(mean = 0; standard deviation = 1) to obtain comparable
estimates. There was no collinearity among predictor variables,
defined as variance inflation factors (VIF) >3 and Pearson
correlation >0.7 (Supplementary Figure 1; Zuur et al., 2010),
and no overdispersion in the models. For model selection, we
created all possible combinations of the dependent variables
using the R package “MuMIn” (Barton, 2016), including five
candidate models based on biological hypotheses, a full and
a intercept only model (Supplementary Table 3). We selected
the most parsimonious model based on Akaike’s Information
Criterion corrected for small sample size (AICc; Wagenmakers
and Farrell, 2004). Parameters that included zero within their
95% confidence interval were considered uninformative (Arnold,
2010). We assessed the models’ predictive performance based
on the receiver operating characteristics, analyzing the area
under curve (AUC; Fielding and Bell, 1997). AUC assesses the
discrimination ability of the models and its value ranges from 0.5
(equaling random distribution) to 1 (perfect prediction). AUC
values >0.75 correspond to high discrimination performances
(Fielding and Bell, 1997). As the registered grid cell occupancy
depended on wolves present in a grid cell being registered,
especially in highly mobile individuals, the result of the
occupancy analysis might have been biased toward landscape
features that correlate positively with observation frequency (e.g.,
sheep density that correlates with livestock kill rates), whereas
spatial sampling biases was less of an issue for resident individuals
that roam within the same few grid cells.

Livestock Depredation Rate
We analyzed depredation rate, using individual days as
observation unit (1 = days on which a livestock depredation

event by an individual wolf was recorded within a given grid
cell versus 0 = days without livestock depredation). We ran
generalized linear mixed models using the R package “spaMM,”
with a binomial response distribution, and fitting the data with
a Matérn correlation model (including the x and y coordinate
of the top-right corner of each grid cell as autocorrelated
random-slope term) to account for spatial autocorrelation
(Rousset, 2017, 2021). To quantify (and test for) individual
variation in livestock depredation rates, we included wolf ID
as random effect. If certain individuals would have particularly
high livestock depredation rates relative to the spatial, seasonal
and social circumstances, they would appear as significant
outliers. As fixed effects, we included the proportion of forest
and heathland cover as predictors of wild ungulate densities,
sheep density (all three measures were calculated on grid cell
level), season (winter: December–February, spring: March–May,
summer: June–August, fall: September–November) to test if wolf
predation on livestock changes seasonally, sex, and social status
(Supplementary Table 4). Initially, we also included the two-way
interactions of social status with the proportion of forest and
heathland cover and with sheep density, to test if depredation
rates differ between residents and non-residents depending on
land cover and livestock prey availability. However, we could
not achieve model convergence including the interactions and
thus ran separate models for resident and non-resident wolves
(Supplementary Table 4). There was no collinearity among
predictor variables in any model (Supplementary Figure 2). We
scaled all numeric variables (mean = 0; standard deviation = 1)
to obtain comparable estimates. We again created all possible
combinations of fixed effects, including candidate models based
on biological hypotheses, and selected the most parsimonious
model based on AICc (Supplementary Table 4).

Additionally, we created a categorical variable describing
livestock protection measures. This included three levels: (1) SH,
where – apart from the district in the very southeast – no funds
for preventative livestock protection measures were available
until March 2019, (2) no protection measures in DK, and (3)
protection measures in place in DK. The protection measures
in DK were governmental initiatives to prevent wolf attacks on
sheep, typically implemented by predator-proof fences (at least
110 cm high to prevent wolves from entering enclosures) after
repeated attacks from resident wolves inside “wolf management
zones”7. Because livestock protection measures were usually
implemented after the establishment of a wolf pair/pack,
the protection measures and wolf social status were highly
correlated (Pearson correlation = 0.87; Supplementary Figure 2).
Consequently, we excluded this variable from the above analysis,
but describe the daily depredation rate by wolves before versus
after the establishment of the wolf management zone for the
subset of wolves whose ranges intersected a wolf management
zone in DK. The zone was initially established on 330 km2 in
February 2017 and then expanded to 1,730 km2 in April 2021
(another zone was established in 2019, but there were only three
wolf observations in the area and no recorded livestock attacks).

7https://fvm.dk/nyheder/nyhed/nyhed/miljoeminister-praesenterer-nye-tiltag-
for-at-forebygge-ulveangreb/
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RESULTS

Occupancy Patterns
Over the 10-year period from 2012 to 2021, 43 wolves (29
males and 14 females) were identified by genotyping (from 1,793
confirmed observations) in the Jutland peninsula. The number of
wolves and wolf observations in the region gradually increased
from 2012 to 2021 (Supplementary Figure 3). Of the males, 11
were members of a pair or pack, seven were single residents, and
26 were non-resident (the social status of 12 individuals changed
during the study period), and of the females, eight were members
of a pair or pack, four were single residents, and eight were non-
resident (the social status of four individuals changed). Moreover,
30 individuals were immigrants from Central Europe and 13 were
born in DK (7 in 2017, 6 in 2019). Non-residents accounted for
586 observations (503 in SH and 83 in DK), single residents for
381 (97 in SH and 284 in DK), and members of pairs/packs for
826 observations (all in DK; Figure 1).

Resident wolves were observed in 63 grid cells (pairs and
packs were observed in 10 grid cells, 2% of the study area, and
single residents in 60 grid cells, 10% of the study area). Grid cell
occupancy by residents was positively associated with increasing
forest (estimate ± SE: 0.24 ± 0.06; 95% confidence interval:
0.12–0.35) and heathland cover (estimate ± SE: 0.22 ± 0.06;
95% confidence interval: 0.09–0.34; Figure 2 and Supplementary
Table 3). Human population density, road density, and sheep
density were not included in the best model and uninformative
in the full model. Based on a 50% predicted probability of

resident wolf occurrence in a given grid cell (during the entire
study period), 15.9% of the study area was predicted to be
suitable for the establishment of resident wolves. Non-resident
wolves were observed in 143 grid cells (24% of the study
area), and their grid cell occupancy was positively associated
with an increasing proportion of forest cover (estimate ± SE:
0.16 ± 0.04; 95% confidence interval: 0.08–0.23) and increasing
sheep density (estimate ± SE: 0.24 ± 0.05; 95% confidence
interval: 0.14–0.34; Figure 2 and Supplementary Table 3).
The proportion of heathland cover, human population density,
and road density were not included in the best model and
uninformative in the full model.

Livestock Depredation Patterns
From 2012 to August 2021, 85 livestock depredation events from
DK and 480 from SH were attributed to wolves (Table 1). In DK,
88% of the depredation events were on sheep, with an average
of 5.4 ± 6.5 (SD) individuals killed per depredation event. In
SH, sheep comprised 98% of all livestock attacks (the number
of individuals killed per attack was not consistently reported).
The 565 livestock depredation events occurred in 99 grid cells
(16% of the total area; Figure 3), with 337 events (60%) located
within 16 grid cells (13 in SH, 3 in DK) with >10 livestock
depredation events each.

From January 2017 to August 2021 (when depredation events
were systematically reported), we could assign 234 depredation
events (55 in DK and 179 in SH) to 25 individual wolves based
on DNA evidence (out of a total of 37 individually identified

FIGURE 2 | Predicted grid cell occupancy by resident wolves (left panel) in relation to (A) forest cover, and (C) heathland cover, and by non-resident wolves (right
panel) in relation to (B) forest cover, and (D) sheep density. 95% confidence intervals are given as shading.
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TABLE 1 | The number of confirmed livestock depredation events and number of
individuals killed (Denmark) or sampled (Schleswig-Holstein) by wolves between
2012 and 2021.

Prey species Denmark Schleswig-Holstein

Depredation
events

Livestock
killed

Depredation
events

Livestock
sampled

Sheep 75 461 468 899

Cattle 6 6 12 22

Pony 1 3 0 0

Fallow deer
(captive)

3 8 0 0

For Schleswig-Holstein, we report the number of sampled individuals, because the
exact number of individuals killed was not always recorded.

wolves). Of these depredation events, 25 were caused by pair or
pack members (all in DK), 78 by single residents (17 in DK, 61
in SH), and 137 by non-residents (13 in DK, 118 in SH; Table 2).
Three male siblings (GW900m, GW924m, and GW932m), born
in DK in 2017, were responsible for 108 (46%) of the depredation
events assigned to individuals. All three individuals dispersed to
SH in 2018 where they stayed for 3–16 months before either

dispersing out of the state (GW900m: 19 January–22 March 2019,
19 livestock attacks during this period; GW924m: 8 July 2018–21
October 2019, 64 attacks) or disappearing (GW932m: 6 May–
27 August 2018, 17 attacks). GW924m was categorized as single
resident after establishing in a fixed area in SH, whereas the other
two individuals were categorized non-residents. After 10 months
in SH, wolf GW924m was categorized as a “problem wolf” by the
federal state office for nature conservation after it had overcome
predator-proof fences several times. Despite a shooting permit
being issued, the wolf lived on in SH for additional 6 months
before dispersing south, where it died in a traffic collision in
Niedersachsen 3 months later.

On average, individual wolves were registered killing livestock
every 0.005 ± 0.007 (SD) days in DK compared to every
0.136 ± 0.135 days in SH. In other words, wolves were recorded
to predate on livestock on average 1.8 times per year in DK
and 49.6 times per year in SH, corresponding to a 27 times
higher individual livestock depredation rate in SH than in DK.
Moreover, livestock depredation rates differed among individuals
of different social status, being highest for non-residents in SH
and lowest for pairs/packs in DK (Table 2). The aforementioned
three individuals (GW900m, GW924m, and GW932m) were

FIGURE 3 | (A) Distribution of 565 livestock depredation events in Jutland peninsula attributed to wolves by state authorities, 2013–August 2021. (B) The sheep
density (number of individuals per ha) per grid cell in Jutland peninsula. The black line represents the border between Denmark in the north and Schleswig-Holstein in
the south.

TABLE 2 | The number of individual wolf observation days (of identified individuals), livestock depredation events (number, events per day, events per year), and number
of individuals from January 2017 to August 2021 separately for non-residents, single residents, and pairs/packs in Denmark and Schleswig-Holstein.

Social status Country Observation days Predation events Predation events
per wolf per day

Annual predation
events per wolf

Individual wolves

Non-residents Denmark 948 13 0.014 5.0 8

Single residents Denmark 3308 17 0.005 1.9 5

Pairs/packs Denmark 7704 25 0.003 1.2 9

Non-residents Schleswig-Holstein 982 118 0.120 43.9 22

Single residents Schleswig-Holstein 713 61 0.086 31.2 1
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registered killing livestock every 0.21, 0.13, and 0.12 days,
respectively, once they had dispersed to SH.

The probability of wolf depredation on livestock (on a
given observation day) was best explained by sex (lower in
females, but uninformative), season (highest in winter and lowest
in summer), proportion of heathland (negative correlation),
proportion of forest (negative uninformative correlation), and
sheep density (positive uninformative correlation) (Table 3 and
Supplementary Table 4). Social status (resident versus non-
resident) was not included in the best model and uninformative
in the full model, indicating that after accounting for the land
cover variables, sheep density, and spatial autocorrelation, there
was no statistical difference between predation rates of resident
and non-resident wolves. The estimated random effect (wolf ID)
differed significantly from zero for six individuals (Figure 4).
Two individuals had lower depredation rates than expected by
the fixed effects and four had higher depredation rates (including
the officially declared “problem wolf” GW924m), with the latter
four wolves accounting for 96 (41%) of all livestock depredation
events. The random effects of GW924m’s two siblings did not
significantly differ from zero (Figure 4). Depredation rates by
resident wolves were better predicted by our analysis (AUC:
0.93) than depredation rates by non-residents (AUC: 0.85).
The probability of resident wolf depredation on livestock was

TABLE 3 | The estimate, standard error (SE), lower (LCI), and upper (UCI) 95%
confidence interval for the analysis of wolf predation rate, separately for (1) all
individually identified wolves, (2) resident wolves, and (3) non-resident wolves.

(1) Predation rate by all identified wolves

Parameter Estimate SE LCI UCI

Intercept −5.37 0.72 −6.78 −3.96

Season spring −0.17 0.26 −0.68 0.33

Season summer −0.69 0.28 −1.25 −0.14

Season winter 0.49 0.26 −0.01 0.99

Sex male 0.85 0.47 −0.06 1.76

Proportion forest −0.26 0.15 −0.55 0.03

Proportion heathland cover −0.89 0.37 −1.60 −0.17

Sheep density 0.13 0.12 −0.10 0.36

(2) Predation rate by resident wolves

Parameter Estimate SE LCI UCI

Intercept −5.84 0.47 −7.03 −4.88

Season spring 0.05 0.33 −0.60 0.71

Season summer −1.56 0.39 −2.36 −0.82

Season winter 0.15 0.31 −0.46 0.77

Proportion forest −0.34 0.22 −0.83 0.06

Proportion heathland cover −2.20 0.52 −3.30 −1.22

Sheep density 1.09 0.49 0.07 2.17

(3) Predation rate by non-resident wolves

Parameter Estimate SE LCI UCI

Intercept −3.86 0.69 −6.60 −1.31

Season spring −0.38 0.39 −1.19 0.43

Season summer 0.42 0.41 −0.40 1.25

Season winter 0.79 0.44 −0.13 1.69

The season “fall” was used as reference level. Informative parameters are in bold.

lowest in summer (though seasonal differences were generally
small), decreased with increasing proportion of heathland, and
increased with sheep density (Table 3, Supplementary Table 4,
and Figure 5). Proportion of forest was included in the best
model, but uninformative (Table 3 and Supplementary Table 4),
and sex was not included in the best model and uninformative in
the full model. The probability of non-resident wolf depredation
on livestock was best explained by season only, but this effect was
uninformative (Table 3, Supplementary Table 4, and Figure 5).
The proportion of heathland and forest, sheep density, and
sex were not included in the best model and uninformative
in the full model.

In the area where a wolf management zone was established
in 2017 (and expanded in 2021), 17 livestock depredation events
were assigned to identified wolves (all members of a pair or pack).
Daily depredation rate decreased from 0.009 (two depredation
events during 220 wolf days) before the establishment of the zone
to 0.002 (15 depredation events during 7175 wolf days) after the
zone had been established (estimate ± SD: −3.88 ± 1.39; 95%
confidence interval: −6.59; −1.16). Within the wolf management
zone, no attacks were registered within intact and functional
predator-proof fences to date.

DISCUSSION

Our data suggest that resident wolves in Jutland settled in
habitats with high forest and heathland cover (habitat mostly
found in DK), whereas grid cell occupancy by non-residents
was positively associated with sheep density and forest cover.
Further, resident wolves killed fewer livestock per day than
non-residents. This was likely related to dispersers occurring
in a much wider geographical area with a broader range
of landscape types and more often in the southern part
of the peninsula, where sheep are more abundant and thus
available as prey. Importantly, the variation in individual
livestock predation rates was largely related to spatial patterns
of wolf occurrence and environmental settings, and less to
individual variation and social status, suggesting that livestock
depredation was generally context dependent rather than the
result of personality differences (such as individuals selecting for
livestock). Differences in land cover and sheep density explain
why the total number of livestock attacks was almost 6-fold
higher in SH than in DK, despite ca. four times more wolf
observation days in DK compared to SH. Hence, so far livestock
damage inflicted by residents appears to be manageable, which
might also be related to the introduction of governmentally
supported livestock protection initiatives in areas where wolf
pairs/packs established (Gervasi et al., 2021; Oliveira et al., 2021),
whereas dispersing individuals pose a greater challenge. Below,
we discuss how our findings can be used to predict the future
expansion of wolves and to manage livestock depredation in
cultivated landscapes.

Occurrence Patterns
Overall, wolves were more likely to occur in grid cells with high
forest cover. The pattern of resident wolves selecting grid cells
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FIGURE 4 | Estimated random effect (of each individual wolf) of the model describing the daily livestock depredation rates by individual wolves in Jutland peninsula
(landscape and season as fixed effects). The red arrows indicate the three male siblings that contributed 45% of all livestock attacks. Mean estimates are shown as
dots, and 95% confidence intervals as bars. Intervals that do not include zero are in bold.

with high coverage of forest and heathland was in accordance
with habitat selection patterns from other European countries
(Jędrzejewski et al., 2008; Fechter and Storch, 2014; Nowak et al.,
2017; Grilo et al., 2019). Forest is positively associated with wild
ungulates (Borowik et al., 2013), the main prey of wolves in
Central Europe, which explains why wolf grid cell occupancy
increased with forest and heathland cover (Sunde and Olsen,
2018; Roder et al., 2020). Our model predicted that about 16% of
the region’s grid cells, almost all of them positioned in DK, could
be considered suitable for wolf establishment. Lack of suitable
habitat in SH explains why so few individuals stayed resident in
SH, and in such cases not permanently. However, once higher
quality habitats are occupied, wolves might nevertheless establish
territories in lower quality habitats (Nowak et al., 2017).

Our models performed slightly worse in explaining grid
cell occupancy by non-resident wolves compared to residents,
suggesting that predicting the occurrence of dispersing wolves
is challenging because they often traverse landscapes unsuitable
for settlement (Blanco and Cortés, 2007). From a methodological
perspective, we argue that the occurrence patterns of resident
wolves provide a reliable representation of their true occupancy
in the study area, as resident wolves were usually registered
multiple times within each 3-month period. Moreover, at least
in DK where the majority of the resident wolves were registered,

resident wolves were monitored actively, independently of
passive registration based on livestock kills (in DK 7% of all
wolf observations came from livestock depredation events). In
comparison, monitoring of non-resident wolves was more prone
to be biased toward areas with high livestock densities where
the per capita livestock depredation rate is higher. This is
especially true for SH, where >90% of wolf observations came
from livestock depredation events. In this light, the positive
association between non-resident wolf occupancy and sheep
density may reflect disproportionately high sampling frequency
of highly mobile dispersers in quadrates with high sheep density
(where the probability of killing sheep as opposed to wild prey
is higher), rather than dispersers being attracted to areas with
high sheep density.

Livestock Depredation
As only 64% (DK) and 39% (SH) of genetically registered
livestock depredation events from 2017 to 2020 could be
assigned to wolf individuals, and not all livestock attacks may
be sampled genetically, the depredation rates estimated from
individually assigned kills likely underestimate true depredation
rates. Livestock kills without a genetically assigned predator
individual could in theory also be caused by undetected
wolves that lived in the region before they were registered,
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FIGURE 5 | Predicted probability of daily depredation events by individual
wolves on livestock in relation to (A) season, shown separately for resident
and non-resident wolves. Moreover, the predicted probability of daily
depredation events by resident wolves on livestock in relation to the (B)
proportion of heathland cover and (C) sheep density. Mean estimates are
shown as dots (A) and lines (B,C), and 95% confidence intervals as bars (A)
and shading (B,C).

hence underestimating the number of wolf observation days
and consequently overestimating individual depredation rates.
However, we consider this potential bias rather small due to the
high observation frequency and detection rate of wolves in the
region (Sunde et al., 2021).

Despite DK harboring >80% of the wolves in the region,
measured in wolf observation days, the total number of
livestock attacks in SH was six times higher than in DK. The
annual livestock depredation rate of wolves estimated for DK
(approximately two depredation events resulting in eight dead
animals per wolf per year if estimated from assigned kills) was
slightly above the median for European countries at roughly
∼5 kills per wolf per year (Linnell and Cretois, 2018). In
contrast, the annual depredation rates in SH of approx. 50
livestock depredations per wolf per year in our study period
based on individually assigned livestock kills exceed the highest

reported livestock depredation rate from any European country
(Norway: 34 sheep and goats killed per wolf per year 2012–2016)
(Linnell and Cretois, 2018).

Our analysis suggests that differences in depredation rates
were mainly attributed to spatial differences where residents
and non-residents occurred, i.e., related to land cover (more
forest and heathland in DK) and sheep density (more sheep
in SH), than to social status per se. Lower depredation rates
in DK were likely also related to the implementation of local
protective measures (predator-proof fences) after which livestock
depredation decreased. This result is in line with previous
findings that predator-proof fences can be a successful livestock
protection measure in areas were wolf pairs or packs establish
(Reinhardt et al., 2011; Gervasi et al., 2021; Oliveira et al.,
2021), although our data have to be taken cautiously due to the
limited sample size. Livestock depredation by wolves decreased
with increasing heathland, but surprisingly not forest. Areas that
sustain wild ungulate prey, like heathland and forest (Kuiters
and Slim, 2002; Borowik et al., 2013), are generally selected
by wolves (Lesmerises et al., 2012; Milleret et al., 2019). It
is therefore conceivable that availability of heathland buffered
livestock attacks because the proportion of time wolves spent
in these habitats correlated positively with their availability.
Conversely, areas with very low coverage of forest and heathland
likely forced wolves to cross open land with sheep pastures more
often than would be the case in areas with more (semi)natural
land cover. This is especially true for dispersers attempting
to establish a territory, thereby roaming over large areas. The
different depredation rates among individuals of different social
status (being highest in non-residents and lowest for members
of pairs/packs) were largely explained by differences in where
residents and non-residents occur. Moreover, we cannot exclude
the possibility that lack of familiarity with an area might influence
the propensity of non-residents to attack livestock, as shown in
other areas and species (Mizutani, 1993; Linnell et al., 1999).
Independent of the proximate mechanism, increased predation
on livestock in areas with reduced availability of natural prey and
increased availability of livestock was also shown in other areas
(Suryawanshi et al., 2013; Imbert et al., 2016). We have no clear
explanation why livestock depredation rates by resident wolves
were higher during winter and lower during summer, but it might
relate to prey switching related to the presence of dependent
offspring. These seasonal patterns contrast with other studies that
found increased livestock depredation during summer (Bradley
et al., 2015) and fall (Iliopoulos et al., 2009), respectively, and
might be caused by geographic differences in seasonal variation
of wild and livestock prey availability.

Even though three individuals were responsible for 45% of
the livestock depredations, only for one of them (GW900m), the
number of kills per day was more than 10% higher than the
average for all wolves in the region and its residual predation
rate (adjusted for landscape context) did not differ from the
average for all wolves. Hence, the total number of livestock
killed by these individuals was mainly caused by the time they
stayed in SH. Even though the individual declared as problem
wolf (GW924m) had a residual predation rate significantly above
average, it was only ranked third in residual predation rate of
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all individuals in the analysis. This result suggests that even
though some individual variation is identifiable in our model,
individual preferences appeared to explain a minor part of
individual livestock depredation rates compared to the effect of
landscape context with no clearly identified outliers that could
be ubiquitously assessed as “problem individuals” that were
particularly prone to kill livestock [type-II problem individuals
following the terminology by Linnell et al. (1999)].

Accordingly, from a management perspective, at least in this
study area, removal of identified “problem individuals” would
not (or only marginally) reduce local livestock depredation rates
more than removal of any other wolf in the same place.

CONCLUSION

Our results indicate that the wolves in Jutland mostly killed
livestock as a context-dependent response, i.e., being dispersers
in agricultural areas with low availability of wild ungulate prey
and high livestock densities, and not because of behavioral
preferences for sheep. Consequently, the removal of so called
“problem individuals” likely will not be a viable long-term
solution to reduce local livestock depredation rates. From a
technical perspective, the incidence that GW924m lived on for
6 month in SH after a shooting permit was issued before finally
dispersing from the region, also indicates that targeted lethal
management efforts is an inefficient tool to reduce livestock
depredation in cultivated landscapes. We conclude that while
wolf attacks on livestock in established permanent wolf territories
generally can be prevented through improvement of predator-
proof fences, livestock depredation by vagrants in pastoral areas
where wolves do not settle permanently constitutes a bigger
challenge. As the number of vagrant wolves in pastoral habitats
like western Schleswig-Holstein is linearly related to the number
of wolf packs in the Central European wolf population, a
number that is still increasing, depredation rates are likely
to increase further in the coming years. Thus, if reducing
livestock depredation rates of wolves is a management goal,
preventive livestock protection measures, such as predator-proof
fences, should be considered in areas where frequent wolf
occurrence is likely.
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