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ABSTRACT

Large carnivores have historically been decreasing worldwide, often as a result of human-
carnivore conflicts. However, large carnivores are recovering throughout Europe, and
European management scenarios can provide important insights into broad issues related to
human-large carnivore existence. After becoming almost extinct in Sweden during the mid-
19" century the Swedish grey wolf (Canis lupus) population has now recovered. Current
national wolf management aims to promote distribution shifts from the current areas in
central Sweden, potentially also into a previously exempt reindeer husbandry area. Prior wolf
re-introductions have highlighted the necessity of pro-active management for colonization
success. Identification of likely range expansion areas could therefore be paramount for a
successful Swedish wolf management. We characterized the demographic and spatial
progression of Swedish wolves during 2001-2015 and used a maxent approach to species
distribution models to identify potential range expansion areas. The Swedish wolf population
had expanded from 10 to almost 60 reproductions or territorial pairs, and increased in both
range size and density. Our distribution models suggested that Swedish wolf management
may face trade-offs between costs of hosting wolves in densely populated areas in southern
Sweden with cattle and sheep and the costs of allowing wolves to expand into reindeer
husbandry areas with associated cultural and economic consequences. Spatially explicit data
on the economic, social and cultural factors associated with wolf conflict and acceptance may
be paramount for developing optimal management strategies in the face of such a trade-off.
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Highlights

« The Swedish wolf population has shown a strong demographic expansion 2001-2015.
« A management policy has restricted the geographic distribution of Swedish wolves.

« Suitable range expansion areas were primarily found in northern or southern Sweden.
« Swedish wolf management will face trade-offs associated with future distribution.

« Policy can impact carnivore distributions more than environmental characteristics.
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1. Introduction

The distributions of many large carnivore species have historically been decreasing
worldwide, partly due to conflicts with humans involving over-hunting or competition for
territory (Dalerum et al. 2009). Conflicts occur when the needs of either humans or
carnivores lead to a negative impact on the other. Finding ways towards promoting co-
existence between humans and conflict prone species such as large carnivores is particularly
relevant within the current paradigm of conservation biology, which is focused on finding
sustainable solutions towards human-environmental co-existence (Mace 2014). Carnivores
can cause damage to crops, injure or kill domestic animals or even people (Penteriani et al.
2016). Illegal killing of carnivores as retaliation can have severe effects on their populations
(Madden 2004, but see Dalerum and Swanepoel 2017). Human-carnivore conflict also has
economic implications, which tends to increase as human populations and their needs for
agriculture and housing grow (Treves and Karanth 2003). Conflict is particularly prone to
arise if management authorities fail to address the needs of communities living in proximity
to wildlife (Madden 2004). Carnivore conservation is therefore becoming an increasingly
political issue, with a subsequent need for pro-active rather than re-active management
strategies (Ripple and Beschta 2011).

Although Europe is one of the most populated and industrially developed regions on
Earth, many large carnivore populations have been restored and persist outside protected
areas (Chapron et al. 2014). Hence, conflict resolution is important for European large
carnivore management (Boitani et al. 2015), and Europe can function as an important region
for developing and evaluating strategies towards sustainable integration of large carnivore
populations into human dominated landscapes. Sweden is a country in northern Europe with
relatively low human population densities, and is one of the few countries that hosts all four
of Europe’s large carnivore species (grey wolf Canis lupus, brown bear Ursus arctos,
Eurasian lynx Lynx lynx and wolverine Gulo gulo) (Boitani et al. 2015). Despite large tracts
of largely unpopulated, commercial coniferous forest, Sweden’s expanding large carnivore
populations have been causing an often intense and politically charged conflict, fuelled by
public debate (Eriksson 2016). This is particularly prominent for the Swedish grey wolf
population, which has attracted public attention and polarized emotional arguments far
beyond what can be regarded as proportional to the potential problems it has caused
(Eriksson et al. 2015).

Large carnivores in Sweden, including wolves, are owned and managed by the
government, with the overall management responsibility resting on the Environmental
Protection Agency (EPA). The Swedish wolf population was formally protected in 1966, at
which point there were only about 10 individuals left in Scandinavia and no reproductive
population in Sweden (Naturvirdsverket 2016). After protection, the first reproduction
occurred in 1978, although the wolf population did not start to grow until approximately 15
years later (Wabakken et al. 2001). Since then the wolf population has continued to grow and
the Swedish part of the Scandinavian population, which is shared between Sweden and
Norway, is estimated to over 300 individuals (Wabakken et al. 2016). Human-wolf conflict in
Sweden is primarily associated with semi pastoralist Sdmi reindeer herders, politically
powerful hunting organizations and to lesser extent rural livestock farmers (Nyrén 2012). The
conflict between wolves and the Sdmi reindeer husbandry has been particularly intense and
politically charged. The Sdmis form Swedens only indigenous cultural group. Much of the
Samis’ current cultural identity is associated with reindeer husbandry practises (Daerga et al.
2008), which are made very difficult in the presence of wolves. This has lead previous
Swedish policies for wolf management to exclude the reindeer husbandry area, which has a
legally defined boundary (Swedish Reindeer Husbandry Act 1971), from areas were Swedish
wolves are allowed to establish (Swedish Government, 2009). Moreover, a significant portion



of the conflict is also associated with people who have no more direct contact with wolves
than that they reside in wolf territories. This dimension of the conflict appears to primarily be
based on fear (Frank et al. 2015), and the concept that resident wolf populations diminish the
values of rural life styles (Karlsson and Sjostrém 2007).

To minimize human-wolf conflict and simultaneously maintain a viable wolf
population, the EPA has suggested a shift in wolf distribution across the country
(Naturvérdsverket 2016). The shift would consist of decreasing wolf density in areas where
density is currently high and facilitating the establishment of new territories where densities
are currently low, including in the reindeer husbandry area as long as it does not have
negative impacts on reindeer husbandry practises. Such a distribution shift, coupled with the
often intense conflicts that arise in areas of recent colonization makes it imperative to predict
suitable expansion areas (Mladenoff et al. 1999). Predictions of possible wolf distribution in
Sweden have been made previously (e.g. Karlsson et al. 2007, Milleret 2016), and the range
expansion of Swedish wolves has been linked to both intra- and interspecific population
processes (Ordiz et al. 2015). However, previous approaches have focused on the scale of
wolf home ranges within the current distribution range, which may be an inappropriate scale
for current management practises (e.g., Balme et al. 2014). Consequently, none of the
previous approaches have explicitly identified potential range expansion areas at suitable
management scales.

In this study, we characterized the demographic and spatial progression of the Swedish
wolf population during a phase of rapid expansion, from 2001 to 2015, and used a maximum
entropy approach to environmental niche modelling to provide a nationwide perspective on
potentially suitable areas for the geographic distribution of wolves in Sweden. Maximum
entropy models have become an increasingly popular group of species distribution models
because of their utility for presence-only data, their predictive accuracy even with limited
sample sizes, and user friendliness (Baldwin 2009, Bassi et al. 2015, Merow et al. 2013,
Phillips et al. 2006). Using a presence-only modeling technique can be favorable when
dealing with wide-ranging species like wolves where reliable absence data might be difficult
to obtain (Bassi et al. 2015). We used the freely available software MaxEnt (Phillips et al.
2006, Phillips et al. 2017) for our modeling exercises. Briefly, MaxEnt characterizes
locations with species occurrences using the environmental variables, and then classifies all
locations based on their similarities to these characteristics (Elith et al. 2011).

We have specifically; (i) evaluated demographic and spatial change of Swedish wolves
over time, (ii) identified areas which are suitable for forming part of the geographic range of
Swedish wolves, (ii1) identified potential range expansion areas as suitable but previously
unutilized areas, (iv) evaluated the impact of the previous exclusion of the reindeer husbandry
area on wolf range suitability and range expansion areas, and (v) evaluated what
environmental variables are associated with range expansion areas.

2. Materials and methods

2.1 Study region

Sweden takes up the majority of the Scandinavian Peninsula, and is stretching from 55° 20 N
to 69°03 N. The country covers a land area of 438 600 km®, excluding the four largest lakes.
Sweden is characterized by vast forested areas, which make up nearly 70 percent of the
country’s surface. Most of this area is commercial forest. Approximately 3 % of the land
consists of built up areas and 8 % of agriculture (Statistics Sweden 2013). Human population
in Sweden is approximately 9 million people, with a density of 24.2 people/km” (Statistics
Sweden, http://www.scb.se). Population density varies a lot with most of the densely
populated areas being concentrated to the southern part of the country and along the Baltic



seas coast. Sweden has varied climatic and environmental conditions, noticeable foremost on
a north-south gradient. The climate is cold continental (Peel et al., 2007), with mean summer
temperature ranging form 12 to 18°C and mean winter temperature from -18 to 2°C.
Northern boreal forests are dominated by scots pine (Pinus sylvestris) and Norwegian spruce
(Picea abies) trees, although birch (Betula sp.) is also common. The southernmost part of the
country harbors some deciduous forest including beech (Fagus sylvatica), aspen (Populus
tremula), birch (Betula sp.) and common oak (Quercus robur).

About half of Sweden’s land area, from the central parts and northwards, is defined as a
reindeer grazing zone, and can be utilized for semi domesticated reindeer husbandry by the
native Sami people (Swedish Reindeer Husbandry Act 1971). Within this area native Sdmi
people use the land for reindeer husbandry. Approximately 250 000 reindeer are kept under
free ranging conditions, primarily in the mountainous regions during the summer and in the
boreal forest during the winter. Reindeer husbandry activities are often in conflict with large
carnivores, and the conflicts with wolves are particularly intense. Most other livestock in
Sweden are fenced. However, livestock related damages do occur on sheep, with
approximately 400 sheep being killed annually by wolves, as well as on cattle and dogs,
although damages on these latter species are less intense (approximately 10 and 35 killed
annually, respectively; http://www.slu.se/viltskadecenter). Most of these livestock damages
occur in the central management region (Selby 2016).

Although the EPA has the ultimate responsibility of carrying out national policies
regarding large carnivore management, practical management is largely carried out on a
regional level. Each of Sweden’s 21 counties are responsible for defining and carrying out
their own regional carnivore management plans, under the condition that they do not conflict
with the overall national goals defined by the EPA. Responsibilities resting with each county
include defining regional minimum population sizes and geographic distributions, as well as
defining and implementing regional strategies regarding sustainable hunting
(Naturvardsverket 2016). To facilitate the necessary coordination under this regionalized
management, the counties are clustered into three carnivore management regions.

Our study focused on 20 of Sweden’s 21 counties. We omitted the county of Gotland,
since this Baltic island lacks wolf presence and was excluded from the latest national
management plan for wolves (Naturvardsverket 2016). The island of Oland has also lacked
wolf presence in recent history and was similarly excluded from the study, although we have
included the mainland part of Kalmar County which the island belongs to.

2.2 Wolf occurrence data

We used wolf occurrence data that are collected annually by management authorities as part
of routine population monitoring (Liberg et al. 2012). The data were supplied by the EPA and
consisted of an extract from an official data base jointly managed by Swedish and Norwegian
authorities. Data primarily included spatial locations of observations, tracks or genetic
samples collected during field inventories that are carried out by county board staff during the
winter season (October 1* to March 31*"), but we also included the locations of dead wolves
reported to the Swedish Veterinary Institute. Data from radio-collared wolves and camera
traps are also used to map the wolf population, but were not made available for our analyses.
In total, our data set consisted of 16228 individual locations (Supplementary material,
Appendix 1).

2.3 Quantification of demographic and spatial change

The main goal of the Swedish national wolf monitoring is to document the number of family
groups and scent-marking pairs on a national as well as on a county level (Naturvardsverket
2016). Hereafter we will refer to both of these demographic entities as “demographic units”.



The Swedish national wolf monitoring includes both intensive field monitoring as well as
individual identification of wolves using genetic techniques. Although it provides a robust
estimate of the number of demographic units, it is not designed to accurately estimate group
size, and hence the number of individual wolves (Naturvardsverket 2016). To describe wolf
demography over time, we used the official annual summaries of the number of demographic
units. Lone stationary or wandering wolves were not included since they do not contribute
demographically to the population. Inventory data were divided by county and carnivore
management region. Demographic units that were found in two or more counties during the
same inventory period were shared equally between counties, i.e. if a demographic unit was
observed in two counties, each county was given 0.5 of a demographic unit or 0.33 if a
demographic unit was observed in three counties. No demographic units were found in the
southern management region.

We used the raw observations from the wolf inventories to calculate wolf distribution
range. The range was calculated using a raster with a grid-cell size of 8.5 x 8.5 km (72.25
km?). This size corresponds to the required home range size for a pack of four wolves where
prey densities are at an average high level, in order for the pack to meet nutritional
requirements (Mech and Boitani 2003). Although this home range size is smaller than the
ones recorded in Sweden (ranging from 256 to 1676 km?, Mattison et al. 2013), it reflects an
ecologically defined spatial entity that we regard appropriate for national level analyses (e.g.,
Swanepoel et al. 2013). The same cell size was used for the species distribution model,
described below. A cell was regarded as part of the distribution range if it contained a wolf
occurrence during a specific year and it or any of its adjacent cells had an occurrence also the
preceding year. We used this restriction to filter out locations that were either
misidentifications or observations of dispersing animals that were observed outside the
normal species range.

We regressed number of wolf demographic units, geographic range sizes, wolf density
and wolf density within the wolf range against time for Sweden, each management region
and each county separately. In addition, we evaluated differences in these temporal trends at
two separate scales, between management regions and between counties within management
regions. We made these comparisons by evaluating interaction terms between time and
geographic area (i.e. management region or county) in three separate mancova models, one
using data for the northern and central management region, and two more for the northern
and central management region, respectively. All of these analyses were restricted to regions
and counties that had demographic units located within them for at least five years during the
study period. To evaluate if the distribution range of Swedish wolves had expanded in a
spatially nested pattern, we calculated the nested temperature suggested by Rodriguez-
Gironés and Santamaria (2006) as an index of spatial nestedness. In our application,
nestedness describes the extent to which cells included in the range of a given year also forms
part of the distribution the following years (Ulrich et al. 2009). The nested temperature varies
from 0, which indicates complete nestedness, to 100, which indicates no nestedness. We
evaluated if the observed nested temperature deviated from random expectations by
comparing it to the values from 999 null models which were constrained to retain the original
marginal sums.

2.4 Species distribution modeling in MaxEnt

2.4.1 Environmental variables used for species distribution modeling

We used 23 environmental variables as the basis for our species distribution models
(Supplementary Material, Appendix 1). These variables were associated with climate,
vegetation, geomorphology and human impact (Swanepoel et al. 2013). Although we
appreciate that social and economic variables would be valuable complements to these



Table 1 Environmental variables used for the spatial modeling. All variables except the reindeer husbandry area are continuous.

Variable Description Source
Cattle density Average number of cattle (2010-2014) The Swedish board of Agriculture
Pig density Average number of pigs (2010-2014) The Swedish board of Agriculture
Sheep density Average number of sheep (2010-2014) The Swedish board of Agriculture
Forest Percentage of area taken up by forest (2014) Swedish Land Survey
Marshland Percentage of area taken up by marshland (2014) Swedish Land Survey
Open land Percentage of area taken up by fields per pixel (2014) Swedish Land Survey
Inland water Percentage of area taken up by open water per pixel (2014)  Swedish Land Survey
Land cover heterogeneity ~ Shannon index of land cover evenness Swedish Land Survey
Protected areas Percentage of area taken up by national parks and nature Swedish Land Survey
reserves (2014)
Elevation Mean elevation re-sampled from 50 m resolution Digital Swedish Land Survey
Elevation Model
Terrain ruggedness Terrain ruggedness calculated from 50 m resolution Digital ~ Swedish Land Survey

NDVI

Precipitation

Road density <7 m
Road density >7 m
Human density
Reindeer husbandry area

Flevation Model

Normalized Difference Vegetation Index, calculated from
MODIS MOD13Q1. 250 m resolution (16 days average,
July 2010).

Mean annual precipitation (1961-1990)

Density of private and public roads < 7 m wide (2014)
Density of roads and highways > 7 m wide (2014)
Average human population density (2014)

Reindeer husbandry area, categorical variable (2010)

NASA EOSDIS Land Processes DAAC, USGS Earth
Resources Observation and Science (EROS) Center, Sioux
Falls, South Dakota (https://Ipdaac.usgs.gov), accessed
2016-02-15

Swedish Meteorological and Hydrological Institute
Swedish Land Survey

Swedish Land Survey

Statistics Sweden

Reindeer Husbandry Land use database, IRENMARK




environmental predictors, the lack of spatially explicit information across suitable scales
prevented us from utilizing such information in our models. We only retained variables that
correlated less than 70 % for final analyses. We removed 6 variables due to high spatial co-
variance with other variables: percentage cover of alpine areas (correlated with elevation and
maximum temperature), percentage cover of urban areas (correlated with population density),
maximum, mean and minimum temperature (correlated with each other, vegetation period,
the alpine range and reindeer husbandry area) and vegetation period (correlated with reindeer
husbandry area). We chose which variables to retain based on their ecological relevance
(Jedrzejewski et al. 2004, Mattisson et al. 2013). After the removal of correlated variables,
we retained 16 continuous and 1 categorical variables as predictors of wolf range suitability
(Table 1). Although none of these predictors directly quantified prey densities, habitat
suitability for both moose (Alces alces) and roe deer (Capreolus capreolus), the main prey for
Swedish wolves (Wikenros et al. 2009), are directly related to many of the included variables,
such as the availability of forest and habitat heterogeneity (e.g., Tufto et al. 1996, Dettki et al.
2003). All environmental variables were projected to the equal area projection
SWEREF99TM and converted to raster format with a grid-cell size of 8.5 x 8.5 km. The two
major lakes Vénern and Vittern were removed since it is unlikely that these large water
bodies provide refuge for wolves. Coastal islands and islets smaller than the size of one cell
were also removed before any analyses were made.

2.4.2 Basic MaxEnt modeling characteristics

We used the software MaxEnt 3.4.1 to create distribution models describing suitable areas for
wolf ranges in Sweden (Phillips et al. 2017). Modeling was carried out by calling MaxEnt
from R version 3.3.3 for Linux (http://www.r-proj.org) using the packages dismo version 1.0-
12 (Hijmans et al. 2017) and ENMeval version 0.2.0 (Muscarella et al. 2014). We used the
center coordinate of each grid cell that at some point had been classified as wolf distribution
range during the period 2001-2015 as species presence localities. Hence, the models evaluate
the suitability of range distribution rather than of occurrence. This yielded a total of 1266
presence localities to be used in the modeling exercise. We used 500 iterations, a
convergence threshold of 10 and values from all 6022 cells in the nationwide grid as
background samples.

2.4.3 Model selection and evaluation

MaxEnt models fall within a category of analyses that is more concerned with accuracy of
predictions than with explanatory power (Warren and Seifert 2011). Hence, models fitted
using MaxEnt are generally more complex than models fitted using likelihood based
algorithms. This property means that it can be informative to include more predictors than
what would be regarded as appropriate for likelihood based models. However, model
simplification may still be beneficial since over-fitting often has adverse effects on model
performance (Phillips and Dudik 2008), and fine tuning of model parameters generally
improves predictive abilities (Muscarella et al. 2014). MaxEnt associates the locations of
presences to environmental values of using 5 different feature types, which represent
different types of parameterizations. In addition, MaxEnt has a built in mechanism to control
for over-fitting using a regularization parameter that can be used to penalize variables which
add little to the model. Hence, model complexity in MaxEnt can be controlled for in three
principal ways; 1) by varying the included environmental layers, ii) by varying the number
and types of included feature types, and iii) by varying the degree of regularization, i.e. the
penalization of parameters with low contribution to model performance. However, currently
there is no consensus regarding the best method for detecting optimal model settings
(Muscarella et al. 2014).



We ran two sets of models, one including the full set of uncorrelated environmental
variables (model I), and one excluding the reindeer husbandry area (model II) to evaluate the
potential effect of the management strategy to exclude the reindeer husbandry area on
potential wolf distribution and suitable range expansion areas (Swanepoel et al. 2013). For
each model, we fixed the environmental layers to the 17 or 16 (excluding the reindeer
husbandry area) uncorrelated variables described above, but created candidate models
containing all types of feature combinations, each run over a set of regularization multipliers
ranging from 0 to 10. We used Akaike’s Information Criterion (AICc; Akaike 1974) to
identify the best combination of regularization and feature types to construct one model from
each set. Although likelihood based methods such as AIC values may be at odds with the
MaxEnt model philosophy, AICc select bad models less often than AUC-based methods and
has been suggested to select models with better average performance (Warren and Seifert
2011). Following Burnham and Anderson (2002), we treated models within 2 AICc units
below the model with the lowest value as having approximately equal empirical support. We
ran the model simplification separately for each of the two sets of environmental variables,
1.e. with and without the reindeer husbandry area.

We evaluated model performance in three separate ways. First, we used the area under
the receiver operating characteristic (ROC) curve (AUC) based on a model using the full set
of observations as training data. The AUC gives a measure of predictive accuracy of the
model, with AUC values < 0.5 indicating a model of no predictive ability whereas a value of
1.0 indicates maximum ability to distinguish between training and background locations.
AUC-values > 0.7 can be considered fair and values > 0.8 indicate a good model (Aratjo et
al. 2005). Second, we used three metrics based on cross validations to evaluate model
performance. We based these metrics on a portioning of our data set into two separate bins of
training and testing data using a checkerboard method, which uses a grid across the study
extent to partition the locations with even spatial extents of training and testing data
(Muscarella et al. 2014). AUC is a threshold-independent metric that describes the ability
of testing locations to distinguish between presence and background locations (Hanley and
McNeil 1982). The AUCis describes the difference in the ability of the training and testing
data to distinguish between presence and background locations. Large differences are
generally associated with over fitting (Warren and Seifert 2011). The 10% training omission
rate (OR ) is a threshold dependent metric that quantifies the proportion of test localities
with fitted values lower than that excluding the 10% of training localities with the lowest
predicted suitability. Omission rates higher than 10% usually suggests an over fitted model
(Fielding and Bell 1997).

Second, we evaluated the ability of the selected model with the full set of environmental
variables to predict wolf range by dividing the data into 5-year bins (i.e. 2001-2005, 2006-
2010, and 2011-2015), and training two models using only location data from each of the first
two time bins. For each of these two models, we evaluated the proportion of the range
expansion (i.e. the range in a bin period that was not used in the previous bin period) that
occurred within the predicted range expansion areas. Range expansion areas were calculated
by extracting the range area for the bin period from the binary classification of suitable range,
see below.

2.4.4 Projection of model output, binary classification of suitable range and identification of
range expansion areas

We have presented our models both as a binary classification of suitable range areas and as a
cloglog projection of raw values, which can be interpreted as a probability of range
occurrence (Phillips et al. 2017). To create our binary classification, we used a method that
finds the values which maximizes both sensitivity and specificity, since this method has been



shown to produce more robust and consistent results compared to other methods (Liu et al.
2016). Here, sensitivity is defined as the proportion of correctly predicted presences among
all presence locations, and specificity is defined as the proportion of correctly predicted
absences among all absence locations (Liu et al. 2013). We based this binary classification of
the cloglog transformed output.

To calculate future range expansion areas, we extracted the total range distribution
(pooled from 2001 to 2015) from the binary classification of the MaxEnt output and
identified the remaining areas as potential range expansion areas, i.e. previously unoccupied
suitable range areas. These were summarized for each geographic scale, i.e. nationwide,
management regions and counties.

2.4.5 Evaluating the impact of the reindeer husbandry area

Since previous policies have dictated that no wolf presence should be allowed within the
reindeer husbandry area, it presents a policy caused constraint on recent wolf distribution in
Sweden (Naturvardsverket 2016). In order to quantify the effectiveness of this policy
constraint we specifically evaluated the impact of the reindeer husbandry area on wolf range
suitability in two separate ways. First, we compared the proportion of potential range
expansion areas in each region and county between the predictions based on the model with
and without the reindeer husbandry as a predictor. Secondly, we subtracted the cloglog values
from the model including the reindeer husbandry area from those of the model excluding it,
and summarized the pixel values of this difference for each region and county.

2.4.6 Evaluating variable contributions and associations between environmental variables
and range expansion areas

We evaluated the relative contribution of each environmental variable to the two MaxEnt
models both using a heuristic method and using jackknife tests. In the heuristic method, the
percent contribution of each predictor was calculated as the proportional contribution of each
predictor to the model training gain for every iteration of the model fitting process (Phillips et
al., 2006). The jackknife test showed the gain in AUC value of each environmental variable
when used in isolation as well as the loss of gain when removed from the full set of variables
(Phillips et al. 2006).

We evaluated if the potential range expansion areas differed in environmental
characteristics from the utilized range areas using a logistic approach. First, we selected all
cells that had been part of the identified range during the study period, as well as the cells that
were identified as suitable range expansion zones, i.e. cells identified as suitable using the
binary classification of our two MaxEnt models but that had not been part of the identified
range. We then coded each cell as being utilized as range or not during our study period, and
used this binary variable as a response in generalized linear models (GLM) with binomial
error functions and logit links using the main effects of the environmental variables in each
cell as predictors. We did separate analyses for the range areas predicted from each of our
two MaxEnt models, i.e. the one with the full set of environmental variables and the one not
including the reindeer husbandry area. To account for spatial autocorrelation, we added up to
6" order polynomials of the spatial coordinates to the GLM predictors (Borcard et al. 2011).
We selected this level of complexity for eliminating spatial autocorrelation by sequentially
adding polynomial terms until the spatial autocorrelation in the model residuals, measured by
Moran’s I (Moran 1950), had been eliminated. We appreciate that the MaxEnt algorithms per
definition will try to find a set of cells that has a minimal difference between these two
classes of locations. However, because of the inherent complexity of the MaxEnt models, and
because we here are only interested in a very specific subset of the background locations, we
still regard this logistic approach as informative.
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3. Results

3.1 Temporal change in demography, distribution range and density

From 2000 to 2015, the Swedish wolf population expanded demographically from 10 to
almost 60 demographic units (Fig. 1a). Most of the demographic units were observed in the
central management region, which had a higher increase in the number of demographic units
than the northern region (F = 345.13, df = 1,26, p < 0.001). There were similarly differences
between counties in the increase in the number of demographic units, both within the
northern (F =4.20, df = 1,26, p = 0.051) and central management region (F = 30.61, df =
6,91, p <0.001). Despite these differences, there were significant positive trends in the
number of demographic units in all counties of both the northern and southern management
region except Vistra Gotaland in the central management region (Table 2). No demographic
units were recorded in the southern management region (Supplementary Material, Table Al).

The demographic expansion was associated with an increased geographic range during
2001-2009, although this range expansion appears to have been haltered during 2010-2015
(Fig. 1b). In total, wolf range occupied approximately 91 500 km* (20.8% of Sweden’s land
area) during 2001 to 2015, with a maximum annual range of 34 800 km?* (7.9 % of Sweden’s
land area). As with the increase in number of demographic units, most of the range expansion
occurred in the central management region (Fig. 2), which also had a higher increase in range
area than the northern region (F = 15.88, df = 1,26, p <0.001). There were differences
between counties in the increase in wolf range area in both the northern (F = 9.64, df = 1,26,
p <0.001) and the central management region (F =4.61, df = 6,91, p <0.001), but there were
significant positive trends in all counties that had hosted territories except for Vésternorrland
(Table 2). The nested temperature of wolf range expansion in Sweden did not differ
significantly from random expectations (Tops = 26.62, Texp = 26.11, z=1.25, p=0.105),
suggesting that the expansion had been accompanied by annual range shifts rather than an
expansion from a central core area.

The demographic expansion lead to significant increases in wolf density (Fig. 1c),
although the central management region had a higher increase in density than the northern
management region (F =379.27, df = 1,26, p < 0.001). There were also differences among
counties in the central management region (F = 4.67, df = 6,91, p <0.001), with significantly
increased densities in all counties except Vastra Gotaland (Table 2). While there were similar
significant increases in density within the wolf range (Fig. 1d), these increases did not differ
between the northern and central management regions (F = 0.07, df = 1,26, p = 0.793) or
between the counties in the northern management region (F = 0.12, df = 1,26, p =0.737).
There were, however, significant differences in the increases in density within the wolf range
among counties in the central management region (F = 5.67, df = 6,91, p <0.001), with only
Virmland and Vistmanland having experienced significant increases (Table 2).

A detailed summary of demographic change over time is available in Supplementary
material, Table Al.

3.2 MaxEnt model evaluation

For model I, containing a full set of predictor variables, the optimal structure had a
regularization multiplier of 2 and contained linear, quadratic, hinge and product features. For
Model II, excluding the reindeer husbandry area, the optimal structure had a regularization
multiplier of 1.5 and contained linear, quadratic, threshold and product features. The selected
models had AICc values that were 7.20 (model I) and 6.02 (model II) units below the models
with the second lowest values, AUC values of 0.799 and 0.781, and they contained 63
parameters and 72 parameters, respectively (Supplementary material, Table A2). More
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Fig. 1 The number of wolf demographic units (a, family groups or scent marking pairs),

wolf

range size (b), wolf density (c, number of demographic units per 10 000km?) and wolf
density within the wolf range (d) in the northern and central management region as well as
nationally in Sweden during 2000 — 2015. The graphs are based on official data from the
Swedish Environmental Protection Agency. No demographic units were recorded in the
southern management region during the time period, although we identified small areas as
belonging to the geographic range (maximum of 722.5 km? per year, 12 of the 15 years had
less than 220km” identified as range, Supplementary material, Table A1).
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Fig. 2 Wolf geographic range in the northern, central and southern carnivore management
region in Sweden from 2001 to 2015. Wolf range was calculated as 8.5 x 8.5 km cells where

wolves had been observed a given year and if wolves had been observed in the same or any
of its neighboring cells also the preceding year.
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Table 2 Beta values describing the temporal trends for the wolf territories, the geographic range of Swedish wolves, territory density and

territory density within the geographic range for Sweden, the northern and central management regions as well as all counties that hosted wolf

territories for at least five years during the period 2000-2015. No range areas were identified in the southern management region. Significant p-

values were set to <0.05.

Number of Wolf density within
demographic units Geographic range Wolf density geographic range
B t p B t p B t p B t p
Sweden 3.88 2046  <0.001 1662.78 4.93 <0.001 0.09 20.46 <0.001 0.62  2.62 0.021
Northern 0.20 431 0.001 17933  4.58 0.001 0.01 3.83 0.002  0.71 2.52 0.026
Visternorrland (Y) 0.05 2.77 0.016 36.38 1.75 0.104 0.00 1.17 0262 090 294 0.012
Jamtland (Z) 0.15 3.30 0.006 150.43 497 <0.001 0.03 3.30 0.006 049 043 0.674
Central 3.67 20.33  <0.001  1483.45 4.57 0.001 0.29 20.33 <0.001 0.60  2.13 0.052
Orebro (T) 0.50 6.20 <0.001 191.46 4.48 0.001 0.52  6.20 <0.001 0.81 1.69 0.115
Vistmanland (U) 0.34 8.06 <0.001 113.54 559 <0.001 0.58 8.06 <0.001 1.88  3.69 0.003
Dalarna (W) 1.17 7.54 <0.001 48098 3.70 0.003 039 7.54 <0.001 0.51 1.36 0.198
Gévleborg (X) 0.25 3.30 0.006 194.04 240 0.032 0.13  3.30 0.006 -0.76 -1.46  0.169
Virmland (S) 1.23 1346 <0.001 325.64 4.59 0.001 0.64 13.46 <0.001 1.05 4.24 0.001
Vistra Gotaland (O) 0.08 0.97 0.348 163.59 2.71 0.018 0.03 0.97 0348 -1.62 -1.30 0.217
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complex models than these generally showed clear signs of over fitting, whereas less
complex models lost predictive abilities (Supplementary material, Fig. Al).

The model built on range data from 2001 to 2005 predicted 82.2 % of the range
expansion areas during the subsequent 5 year period (i.e. 2006 to 2010), with the highest
sensitivity in the central (91.3 % predicted range expansion) and southern management
regions (75.0 %), although the model had much lower sensitivity in the northern management
region (11.0 %). The model built on range data from 2006 to 2010 predicted 64.7 % of the
range expansion areas during 2011 to 2015, again with the highest sensitivity in the central
(76.7 % predicted range) and southern management region (80.5 %) and much lower
sensitivity in the northern management region (16.3 %).

3.3 Predicted range distribution, potential expansion areas and effects of the reindeer
husbandry area

Most areas identified as suitable wolf range by the MaxEnt model including the full set of
environmental predictors were concentrated to the central management region, with a sharp
decline in suitability north of the border of the reindeer husbandry area (Fig. 3a). Excluding
the reindeer husbandry area as a predictor variable gave a more dispersed distribution of
suitable range areas, primarily increasing range suitability in northern Sweden (Fig. 3b). Most
of the increase in range subsequently occurred in the northern management region, but also in
the south-western parts of the central management region, while the central parts of the
central management region were estimated to be of lower suitability when removing the
reindeer husbandry area as a predictor (Fig. 3c).

Using the full model, most range expansion areas, i.e. areas identified as suitable but
that had been not been previously utilized, could be found in the southern management region
(Fig. 4a), although the central management region also hosted nearly half of the range
expansion areas (Table 3). Using the model without the reindeer husbandry area, more range
expansion areas were identified in the northern management region (Fig 4b), at the expense
of both the central and southern management regions. Using this model, the range expansion
areas were approximately equally distributed among the three management regions (north
39.2 %, central 28.2 % and south 32.6 % of range expansion areas) (Table 3).

3.4 MaxEnt variable contributions and characteristics of range expansion zones

In the full model, the reindeer husbandry area was the most influential variable, with a
contribution of 56.1 %, followed by forest cover (14.9 %), precipitation (9.7 %), cattle
density (9.5 %), NDVI (3.3 %), density of small roads (3.1 %) and elevation (2.3 %). In the
model not including the reindeer husbandry area, density of small roads was the most
influential variable with a contribution of 30.4 %, followed by precipitation (29.3 %), forest
cover (17.1 %), NDVI (13.7 %), cattle density (6.1 %) and elevation (1.3 %). All remaining
variables had contributions of less than 1 % for each respective model (Supplementary
material, Table A3). The relative importance of the different variables was supported by the
jackknife tests, both for the full model (Supplementary material, Fig. A2a) and the model not
including the reindeer husbandry area (Supplementary material, Fig. A2b).

Potential range expansion areas identified from both the full MaxEnt model and the
model not including the reindeer husbandry area had significantly higher elevation than
utilized range, but potential range expansion areas did not differ from utilized range for any
of the other environmental variables (Table 4).

4. Discussion

Our study highlighted several aspects of both the demographic and spatial progression of
Swedish wolves, as well as the prospective for further spatial expansion that are informative
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Fig. 3 Predicted range suitability, estimated as probability of range, according to a MaxEnt
model using 17 environmental variables (a) and according to a MaxEnt model using the same
variables except the reindeer husbandry area (b), as well as a binary classification of the
difference in probability of range presence between the model excluding and including the
reindeer husbandry area (c). In this classification, values above 0 indicate that the pixel had
higher probability of range when the reindeer husbandry area was not considered.

16



I Range (a)
2001-2015

m Unused

suitable
range
areas

Fig. 4. The distribution range of Swedish wolves 2001-2015 as unused suitable wolf range
areas based on a MaxEnt model using 17 environmental variables (a) and based on a MaxEnt
model using the same variables except the reindeer husbandry area (b).
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Table 3 Area of occupied wolf range 2001 to 2015 in each management region and county,
the proportion of range in each region and county, the areas and proportions of unused

suitable range according to one MaxEnt model including the reindeer husbandry area (Model

I) and one excluding it as a predictor (Model II), as well as the average difference in

probability of distribution range between model I and II calculated across 8.5 x 8.5 km pixels.

Northern

Jdmtlands lén (Z)
Norrbottens lédn (BD)
Visterbottens ldn (AC)
Visternorrland 1dn (Y)

Central

Dalarnas 14n (W)
Gaévleborgs lidn (X)
Orebro lin (T)
Stockholms ldn (AB)
Uppsala lin (C)
Virmlands lan (S)
Vistmanlands lén (U)
Vistra Gotalands 1dn (O)

Southern

Blekinge ldn (K)
Hallands lan (N)
Jonkopings 1én (F)
Kalmar lén (H)
Kronobergs lan (G)
Ostergotlands lin (E)
Skéne 14n (M)
Sédermanlands 14n (D)

Range Model I* Model I1** Difference in range

2001-2015 Area unused % of  Area unused % of  probability

(10 000km®) % range (10 000km?) unused (10 000km?) unused (mean + sd)
1.52 16.69 0.00 0 2.16 39.24 0.13+0.12
0.74 8.07 0.00 0 0.70 12.73 0.12+0.14
0.27 2.93 0.00 0 0.02 0.39 0.04 +0.07
0.13 1.42 0.00 0 0.89 16.14 0.13+0.11
0.39 4.27 0.00 0 0.55 9.97 0.22+0.15
7.24 79.27 2.82 4785 1.55 28.22 -0.01 £0.12
2.26 24.76 0.35 6.01 0.33 5.91 -0.01 £0.15
1.03 11.31 0.55 9.33 0.21 3.81 -0.04 £0.19
0.78 8.54 0.07 1.23 0.04 0.79 0.02 +0.07
0.11 1.19 0.26 4.42 0.02 0.39 -0.03 £0.08
0.12 1.27 0.37 6.26 0.07 1.18 -0.04 £0.08
1.63 17.88 0.26 4.42 0.16 2.89 -0.04 £0.10
0.37 4.03 0.05 0.86 0.01 0.13 0.01 £0.07
0.94 10.28 0.90 15.34 0.72  13.12 0.03+0.08
0.37 4.03 3.66 62.09 1.79  32.55 -0.04 £0.08
0.00 0.00 0.16 2.70 0.05 0.92 -0.03 £0.08
0.07 0.71 0.29 491 0.24 433 0.02 +0.08
0.05 0.55 0.83 14.11 0.53 9.71 -0.03 £0.07
0.03 0.32 0.45 7.61 0.08 1.44 -0.10 £0.08
0.08 0.87 0.78 13.25 0.48 8.79 -0.06 £0.07
0.06 0.63 0.56 9.45 0.16 2.89 -0.07 £0.08
0.03 0.32 0.33 5.52 0.22 4.07 0.01 £0.06
0.06 0.63 0.27 4.54 0.02 0.39 0.00 £ 0.08

* Including the reindeer husbandry area as an environmental predictor
** Not including the reindeer husbandry area as an environmental predictor
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Table 4. Beta coefficients from generalized linear models contrasting the values of

environmental variables between areas included in the wolf geographic distribution range
2001 to 2015 and areas identified as suitable range areas but that have not been utilized by
wolves. Suitable range areas were identified from binary classifications of MaxEnt models

based on the full set of environmental variables (Model I) and on all environmental variables

except the reindeer husbandry area (Model I1).

Model I Model II

Variable B Z B Z

Cattle density 0.14  0.82 0.415 0.17 0.76 0.447
Pig density 0.27 1.59 0.111 0.27 1.22 0.224
Sheep density 0.03 0.32 0.746 -0.04 -0.43 0.666
Forest -0.64 -1.25 0210 -0.77 -1.12 0.261
Marshland -0.25  -1.20 0.229 -030 -1.11 0.269
Open land -0.09  -0.25 0.804 -0.16 -0.34 0.732
Inland water 0.04 0.23 0.820  0.10  0.40 0.686
Land cover heterogeneity 0.08 0.50 0.618 -0.09 -0.49 0.623
Protected areas -0.02  -0.08 0.937 0.01 0.05 0.960
Elevation 0.67 1.98 0.047 0.62 1.92 0.055
Terrain ruggedness 0.04 0.66 0.508 0.11 1.49 0.136
NDVI -0.01  -0.09 0927 -0.07 -0.66 0.512
Precipitation -0.19  -1.39 0.163 -0.03 -0.16 0.875
Road density <7 m -0.07  -0.64 0.521 -0.01 -0.08 0.937
Road density >7 m 0.01 0.05 0.958 0.09 0.74 0.459
Human density 0.08 0.44 0.658 0.03 0.09 0.927
Reindeer husbandry area 0.37 0.75 0.455
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for large carnivore conservation and management elsewhere. First, the data showed that
policy decisions, if implemented rigorously, can limit the distribution even of a wide ranging
species like the wolf. This have had local consequences in terms of increased densities in the
central parts of Sweden, which have caused the Swedish management authorities to adapt a
policy of promoting the spatial expansion of the distribution range of Swedish wolves. In the
light of this policy, our MaxEnt modeling suggested that Swedish wolf managers may face
trade-offs between one distinct set of cultural and economic conflict in southern Sweden,
linked primarily to high human population densities and livestock husbandry, and an ethnic,
cultural and economic conflict associated with reindeer husbandry in the northern parts of the
country. The relative costs stemming from these contrasting conflicts needs to be weighted
against any potential benefits stemming from wolves being allowed to expand into the
different areas of Sweden. Although a significant body of research has been produced related
to solving biological trade-off scenarios in conservation (reviewed in Leader-Williams et al.
2010), we argue that the trade-offs associated with future Swedish wolf management largely
is economic and social, and ultimately political. This is likely a general property associated to
large carnivore management policies, and we argue that we have an important role as
conservation biologists to provide ecological and biological information to assist in
developing optimal strategies facing complex socio-economic and environmental decision
scenarios (Dalerum 2014).

The Swedish wolf population more than quadrupled during the study period although it
remained largely in the central management region. Much of the northern part of Sweden
consists of boreal forest, which could be regarded as suitable wolf habitat (Mech and Boitani
2003). The concentration of Swedish wolves in the central management region therefore
highlights the impact of the policy decision to exclude the reindeer husbandry area from
potential wolf range, for both the distribution and densities of Swedish wolves. The
subsequent increase in densities in central Sweden may have lead to an increased level of
conflict (e.g., Eriksson et al. 2015). For instance, annually wolves only occupied fractions of
the total area of the total range during the period 2001-2015, with the maximum annual range
size being only approximately 38 % of the total range. Coupled with our lack of detected
spatial nestedness in the range expansion, this pattern could indicate small scale range shifts
associated with local persecution (Liberg et al. 2011). Although a strategy of allowing wolves
to spread outside of this central management region may alleviate some of the present
conflict, it is likely to cause new conflicts in the colonization areas. However, increased
knowledge and experience about how to prepare for and handle encounters with apex
predators have led to greater acceptance towards these animals in certain parts of Europe,
such as Austria and Italy (Esenrink and Vogel 2006), and pro-active approaches were
fundamental in the success of the re-introduction of wolves to the greater Yellowstone
ecosystem (Ripple and Beschta 2011). We therefore highlight that preparations in terms of
public information campaigns in likely future colonization areas could be key to the success
of the current Swedish wolf management strategy, which targets a broader range distribution
with subsequent re-colonization of areas that has lacked wolves in recent history
(Naturvérdsverket 2016).

By combing maximum entropy models with public wolf survey data we identified areas
that are likely to be colonized if the Swedish wolf population is allowed to expand its range.
Including the reindeer husbandry area in our models effectively excluded all of northern
Sweden from being classed as suitable range areas. Subsequently, using this model most of
the identified expansion areas were found in the central and southern parts of Sweden, with
the highest proportion of expansion areas occurring in the southern management region. This
management region has previously not hosted any wolf territories, and our results suggest
that there may be possibilities for range establishment particularly in the central parts of
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southern Sweden, if there is social acceptance and subsequent lack of strong persecution
(e.g., LLaneza et al. 2012). In contrast, when we used the MaxEnt model without the reindeer
husbandry area we identified substantial parts of northern Sweden as suitable for potential
range expansion. These areas were mostly distributed along the Baltic sea coast, in the
southern parts of the county of Jimtland and along the major river valleys in the central parts
of northern Sweden. Some of these areas are utilized as reindeer winter grazing grounds by
the Sami (Grinsdragningskommissionen 2006), and wolf colonization would likely have
consequences for the reindeer herding community. However, allowing a population
expansion into northern Sweden may allow an increased connectivity into other European
populations, which potentially could alleviate some of the reported inbreeding problems of
the Scandinavian wolves (e.g., Vila et al. 2002; Flagstad et al. 2002; Kardos et al. 2018).

We highlight that the potential social and economic costs of a northern colonization
must be weighted against the potential costs of reaching acceptable levels of social
acceptance in the more densely populated areas of southern Sweden, which also has higher
densities of potentially damage sensitive livestock such as sheep and cattle (e.g., Ahmadi et
al. 2013). Such an evaluation should include an estimation of the relative increases in the
costs of livestock compensation programs, but also more indirect costs associated with
hosting carnivore populations in areas with different social, economic and environmental
characteristics. These contrasting conflicts highlight the often difficult trade-offs that are
involved with conflict prone wildlife species (reviewed in Woodroffe et al. 2005). Hence, the
development of optimal strategies in the face of this trade-off is essential if Sweden is to meet
its management goal of shifting the current wolf distribution (Naturvardsverket 2016). The
development of such strategies would greatly benefit from an evaluation of spatially explicit
data on socioeconomic factors associated with conflict and local carnivore acceptance.
Although several studies have evaluated real and perceived conflict associated with- and
social acceptance of large carnivores in Sweden (e.g., Karlsson and Sjostrom 2007, Liberg et
al. 2011, Frank et al. 2015, Eriksson et al. 2015, Eriksson 2016), studies have not been
spatially explicit. Hence, we call for further evaluations that would enable the development of
spatial priorities based on economic, cultural and social information in a spatial framework
across Sweden. Such data could for instance facilitate the creation of environmental niche
models that use a combination of environmental, economic and social variables to evaluate
range suitability across a given area such as a country, management region, or distribution
range. Another approach to use spatially explicit conflict data would be to super-impose them
on the current models, to identify the suitable range expansion areas that are least likely to be
associated with different aspects of conflict.

The reindeer husbandry area had the overall largest contribution of any environmental
variable in our MaxEnt models. This exemplifies that policy decisions can be more important
than environmental conditions in determining the distribution range of wildlife species, even
if they are completely free ranging (in contrasts to species confined to fenced reserved, e.g.,
the wild dog Lycaon pictus population in South Africa, Davies-Mostert et al. 2009). For both
MaxEnt models, forest cover, precipitation, elevation and NDVI also contributed to the
MaxEnt model solutions, as well as cattle density and density of small roads, two variables
associated with human activity. Hence, a combination of ecological, climatic, geological and
anthropogenic variables seems to have contributed to wolf range suitability. These results
generally agree with the view of wolves as a habitat generalist (Mech and Boitani 2003, see
also Jedrzejewski et al. 2004 and Smith et al. 2015). Similarly, although some studies have
demonstrated negative influences of human populations and associated activities on wolf
habitat use (Karlsson et al. 2007, Smith et al. 2015), others have not found such associations
(Llaneza et al. 2012). In addition, we found limited differences between utilized range and
potential expansion areas. Although we appreciate that this latter finding may partly have
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been a methodological artifact, we suggest that direct habitat suitability and ecological
conditions may be less important for further wolf expansion. Instead, we suggest that local
acceptance and policy decisions, for instance related to spatially structured harvest, may be
the main drivers for the geographic distribution of a potential further wolf expansion in
Sweden (Karlsson et al. 2004). From a management standpoint, this is an interesting situation
where appropriate actions have a large scope of achieving defined management goals,
although a situation where a wildlife species is mainly restricted by management policy also
has its own unique challenges (Treves and Bruskotter 2011).

We appreciate several caveats to our study. The spatial resolution, environmental
predictors and model settings can all influence MaxEnt model predictions, and the choice of
the binary cut-off point of the model output can be very influential on the identification of
suitable range areas. We conducted a rigorous model selection approach, and used one of the
most objective measures of defining binary cut-off points available, although we appreciate
that even this method may lack rigid theoretical support (Liu et al. 2013). While we regard
our included variables to have captured most environmental variation, we did not include
prey densities as a predictor since nationwide datasets are not available. One obvious problem
with the Swedish wolf distribution is the strong latitudinal association to the reindeer
husbandry area. This leads to strong confounding effects between the utilized training
observations and any variables with a strong latitudinal gradient, for instance climate. Hence,
and not surprisingly, our models were poor at predicting wolf expansion zones in northern
Sweden. We regard this poor sensitivity to be a direct consequence of training our MaxEnt
models on data that more or less were confined to central Sweden, and a broader distribution
of wolf locations would likely have identified even further areas in the northern management
region as suitable wolf range. Finally, our filtering of wolf observations, where we only
included cells that had had observations in the previous year, or where any of the neighboring
cells had had observations the previous year, in wolf range areas could either have been
overly conservative or liberal. For instance, the lack of an observed nested expansion pattern
suggested that the distribution range had changed geographically during the study period.
Since our cell size of 72.25 km® were substantially smaller than the mean home range size of
Swedish wolves (Mattisson et al. 2013), these shifts could simply have been caused by annual
movements within home ranges. However, species distribution models can be robust against
shifts in resolution (Gusian et al. 2007), and we argue that the smallest ecologically
sustainable home range size is an appropriate unit that could be directly utilized by
management (Araujo et al. 2004).

To conclude, our overview of public data of the Swedish wolf population has shown a
strong demographic expansion, but that a policy keeping the population out from the area
utilized for reindeer husbandry have had strong impact on the development on wolf
distribution range and on local wolf densities. Our maxent approach re-iterated these
observations, and if including the reindeer husbandry area in our model we primarily
identified areas in the central and southern parts of Sweden as potential expansion areas.
Removing the reindeer husbandry area we instead identified substantial areas also in northern
Sweden as potentially suitable for wolves. In addition, the extent of areas in northern Sweden
were likely underestimated because of the strong correlation between latitude and the
reindeer husbandry area. We suggest that further expansions of wolves in Sweden will be
strongly defined by policy and public acceptance, and by political trade-offs between hosting
wolves in densely populated areas in southern Sweden with associated high densities of cattle
and sheep and social, cultural and economic costs of allowing wolves to expand into areas
utilized for reindeer husbandry. We call for spatially explicit studies on the economic, social
and cultural factors associated with large carnivore conflict and acceptance, as such
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information would be paramount for developing optimal management strategies in the spatial
trade-offs that Sweden’s wolf management authorities seem to face.
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Appendix A. Supplementary figures and tables
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Fig. Al. Evaluation metrics for 130 different candidate models of wolf range suitability in Sweden using regularization multipliers from 0 to 10 and a
set of 10 different feature type combinations (L — linear, Q — quadratic, H — hinge, P — product, T — threshold) using a full set of 17 uncorrelated (R?<
0.7) predictors (a) and with the reindeer husbandry area excluded (b).
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Table A1l. Number of demographic units (family groups and scent marking pairs), geographic
range, territory density and territory density within geographic range for Sweden, each management
region and all counties during 2001 to 2015, except the island of Gotland.

Demographic Geographic range =~ Demographic units per Demographic units per
County/area  Year  units (km2) 10 000 km2 10 000 km2 within range
Sweden 2001 10.3 11777 0.24 8.75
2002 11.7 13800 0.27 8.48
2003 11.2 5274 0.26 21.24
2004 15.3 8887 0.35 17.22
2005 19.7 19797 0.45 9.95
2006 24.7 20158 0.57 12.25
2007 27 23337 0.62 11.57
2008 38.8 25432 0.89 15.26
2009 38.3 31790 0.88 12.05
2010 39.4 33669 0.91 11.70
2011 50.6 28322 1.16 17.87
2012 51.5 31212 1.18 16.50
2013 51.3 34825 1.18 14.73
2014 58 30056 1.33 19.30
2015 56.8 22903 1.31 24.80
Northern 2001 0 0 0 0
management 2002 0 72.25 0 0
region 2003 0 650.25 0 0
2004 1 1011.5 0.04 9.90
2005 1 1734 0.02 2.90
2006 1 1589.5 0.02 3.10
2007 1 1589.5 0.02 3.10
2008 2 794.75 0.06 18.90
2009 1 1011.5 0.02 4.90
2010 2 2890 0.07 5.70
2011 3 2601 0.13 12.10
2012 2 2167.5 0.06 6.90
2013 4 3323.5 0.18 13.00
2014 3 2817.75 0.13 11.20
2015 1 1589.5 0.04 6.20
Norrbotten 2001 0 0 0 0
BD 2002 0 72.25 0 0
2003 0 216.75 0 0
2004 0 72.25 0 0
2005 0 72.25 0 0
2006 0 361.25 0 0
2007 0 505.75 0 0
2008 0 289 0 0
2009 0 361.25 0 0
2010 0 433.5 0 0
2011 0 0 0 0
2012 0 72.25 0 0
2013 0.33 216.75 0.03 15.20
2014 0 144.5 0 0
2015 0 0 0 0
Visterbotten 2001 0 0 0 0
AC 2002 0 0 0 0
2003 0 216.75 0 0
2004 0 216.75 0 0
2005 0 361.25 0 0
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2006 0 72.25 0 0
2007 0 144.5 0 0
2008 0 72.25 0 0
2009 0 0 0 0
2010 0 144.5 0 0
2011 0 0 0 0
2012 0 0 0 0
2013 0.33 144.5 0.06 22.80
2014 0 0 0 0
2015 0 0 0 0
Visternorrland 2001 0 0 0 0
Y 2002 0 0 0 0
2003 0 72.25 0 0
2004 0 433.5 0 0
2005 0.5 1011.5 4.90
2006 0.5 867 5.80
2007 0.5 794.75 6.30
2008 0.5 289 17.30
2009 0 289 0 0.00
2010 0.33 289 11.40
2011 0.83 505.75 16.40
2012 0.5 361.25 13.80
2013 0.33 1083.75 0.14 3.00
2014 1.33 1011.5 13.10
2015 0.33 361.25 9.10
Jamtland 2001 0 0 0 0
Z 2002 0 0 0 0
2003 0 144.5 0 0
2004 1 289 0.18 34.60
2005 0 289 0 0
2006 0 289 0 0
2007 0 144.5 0 0
2008 1 144.5 0.18 69.20
2009 0.5 361.25 0.09 13.80
2010 1.33 2023 0.24 6.60
2011 2.33 2095.25 0.43 11.10
2012 1 1734 0.18 5.80
2013 3.33 1878.5 0.61 17.70
2014 1.83 1661.75 0.34 11.00
2015 0.66 1228.25 0.12 5.40
Central 2001 10 11632.25 0.83 8.90
management 2002 12 13510.75 0.94 8.70
region 2003 11 4624 0.89 24.10
2004 14 7803 1.15 18.40
2005 19 17990.25 1.54 10.70
2006 24 18423.75 1.94 13.10
2007 26 21602.75 2.12 12.30
2008 37 24420.5 2.99 15.30
2009 38 30128.25 3.03 12.50
2010 38 30634 3.03 12.30
2011 47 25504.25 3.80 18.60
2012 50 28827.75 4.01 17.30
2013 47 30923 3.77 15.20
2014 55 26515.75 4.39 20.70
2015 56 21097 4.47 26.50
Gévleborg 2001 1 505.75 0.51 19.80
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X 2002 1.5 939.25 0.77 16.00
2003 1 216.75 0.51 46.10
2004 1.5 939.25 0.77 16.00
2005 3.5 2384.25 1.79 14.70
2006 3.5 2456.5 1.79 14.20
2007 4.5 4335 2.31 10.40
2008 6 5057.5 3.08 11.90
2009 4 5057.5 2.05 7.90
2010 4.83 4335 2.48 11.10
2011 5.3 3251.25 2.72 16.30
2012 3 3179 1.54 9.40
2013 2.83 2601 1.45 10.90
2014 4.33 2890 2.22 15.00
2015 5.16 2601 2.65 19.80
Dalarna 2001 3 3684.75 1.00 8.10
w 2002 2.83 4118.25 0.94 6.90
2003 1.83 578 0.61 31.70
2004 2.5 1589.5 0.83 15.70
2005 4.5 5924.5 1.50 7.60
2006 8 6358 2.66 12.60
2007 8.33 6285.75 2.77 13.30
2008 12.16 8236.5 4.05 14.80
2009 11.16 10187.25 3.71 11.00
2010 13.16 9464.75 4.38 13.90
2011 15.83 9392.5 5.27 16.90
2012 20.33 9898.25 6.76 20.50
2013 13.5 8670 4.49 15.60
2014 14.83 8164.25 4.93 18.20
2015 14.16 5996.75 4.71 23.60
Stockholm 2001 0 0 0 0
AB 2002 0 144.5 0 0
2003 0 0 0 0
2004 0 0 0 0
2005 0 144.5 0 0
2006 0 72.25 0 0
2007 0 0 0 0
2008 0 0 0 0
2009 0 72.25 0 0
2010 1 144.5 1.57 69.20
2011 1 289 1.57 34.60
2012 1 289 1.57 34.60
2013 1 578 1.57 17.30
2014 0 0 0 0
2015 1 144.5 1.57 69.20
Uppsala 2001 0 144.5 0 0
C 2002 0 433.5 0 0
2003 0 72.25 0 0
2004 0 0 0 0
2005 0 0 0 0
2006 0 72.25 0 0
2007 0 216.75 0 0
2008 0 0 0 0
2009 0 0 0 0
2010 0 0 0 0
2011 0 0 0 0
2012 0 0 0 0
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2013 0 216.75 0 0
2014 0 144.5 0 0
2015 0.5 216.75 0.58 23.10
Vistmanland 2001 0 216.75 0 0
U 2002 0 289 0 0
2003 0 144.5 0 0
2004 0.5 361.25 0.84 13.80
2005 0.5 216.75 0.84 23.10
2006 0.5 144.5 0.84 34.60
2007 0.5 289 0.84 17.30
2008 0.83 433.5 1.40 19.10
2009 0.83 1083.75 1.40 7.70
2010 1.8 1300.5 3.04 13.80
2011 3.33 1661.75 5.62 20.00
2012 4 1806.25 6.75 22.10
2013 3 1011.5 5.06 29.70
2014 3.33 1228.25 5.62 27.10
2015 5 1445 8.44 34.60
Orebro 2001 1 1950.75 1.04 5.10
T 2002 0.83 1661.75 0.86 5.00
2003 2.16 794.75 2.25 27.20
2004 3 1661.75 3.12 18.10
2005 2.5 2312 2.60 10.80
2006 2 2312 2.08 8.70
2007 3.83 2962.25 3.99 12.90
2008 2.99 2673.25 3.11 11.20
2009 2.66 2962.25 2.77 9.00
2010 1.66 3612.5 1.73 4.60
2011 4.33 3251.25 4,51 13.30
2012 6.33 4407.25 6.59 14.40
2013 6.83 4768.5 7.11 14.30
2014 8.83 4046 9.19 21.80
2015 8.33 2384.25 8.67 34.90
Viarmland 2001 4.33 3757 2.25 11.50
S 2002 5.58 4985.25 2.90 11.20
2003 4.16 2601 2.16 16.00
2004 5.33 2384.25 2.77 22.40
2005 6.66 5491 3.47 12.10
2006 7.16 5491 3.73 13.00
2007 7.33 5780 3.81 12.70
2008 9.66 5346.5 5.03 18.10
2009 13.83 6647 7.20 20.80
2010 12.33 8092 6.42 15.20
2011 14.83 5202 7.72 28.50
2012 14.33 6791.5 7.46 21.10
2013 18 8597.75 9.37 20.90
2014 20.5 8092 10.67 25.30
2015 19.66 6574.75 10.23 29.90
V. Gotaland 2001 1 1372.75 0.39 7.30
0 2002 1 939.25 0.39 10.60
2003 2 216.75 0.78 92.30
2004 1.5 867 0.59 17.30
2005 1.5 1517.25 0.59 9.90
2006 3 1517.25 1.18 19.80
2007 2 1734 0.78 11.50
2008 5.66 2673.25 2.22 21.20
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2009 5.33 4118.25 2.09 12.90
2010 3 3684.75 1.18 8.10
2011 2.8 2456.5 1.10 11.40
2012 1 2456.5 0.39 4.10
2013 1.83 4479.5 0.72 4.10
2014 3 1950.75 1.18 15.40
2015 2 1734 0.78 11.50
Southern 2001 0 144.5 0
management 2002 0 216.75 0 0
region 2003 0 0 0 0
2004 0 72.25 0 0
2005 0 72.25 0 0
2006 0 144.5 0 0
2007 0 144.5 0 0
2008 0 216.75 0 0
2009 0 650.25 0 0
2010 0 144.5 0 0
2011 0 216.75 0 0
2012 0 216.75 0 0
2013 0 578 0 0
2014 0 722.5 0 0
2015 0 216.75 0 0
Sédermanland 2001 0 0 0 0
D 2002 0 0 0 0
2003 0 0 0 0
2004 0 0 0 0
2005 0 0 0 0
2006 0 0 0 0
2007 0 0 0 0
2008 0 72.25 0 0
2009 0 433.5 0 0
2010 0 0 0 0
2011 0 0 0 0
2012 0 0 0 0
2013 0 0 0 0
2014 0 0 0 0
2015 0 72.25 0 0
Ostergptland 2001 0 0 0 0
E 2002 0 216.75 0 0
2003 0 0 0 0
2004 0 0 0 0
2005 0 0 0 0
2006 0 0 0 0
2007 0 72.25 0 0
2008 0 72.25 0 0
2009 0 0 0 0
2010 0 144.5 0 0
2011 0 144.5 0 0
2012 0 0 0 0
2013 0 0 0 0
2014 0 0 0 0
2015 0 0 0 0
Kalmar 2001 0 72.25 0 0
H 2002 0 0 0 0
2003 0 0 0 0
2004 0 0 0 0
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Table A2. Evaluation metrics for the ten models with the lowest AICc values.

Feature Regularization

types multiplier AAICc  AlCc AUC AUC.st AUCqt ORyo  Parameters
Full model
2 LQHP 0.000 20618.325 0.799 0.789 0.014 0.123 63
5 LQHP 7.203 20625.528 0.796 0.789 0.011 0.119 44
2.5 LQPT 8.845 20627.171 0.797 0.790 0.012 0.116 51
2LQP 10.395 20628.720 0.795 0.789  0.012 0.117 44
2 LQHPT 11.855 20630.180 0.800 0.789 0.014 0.121 70
3 LQPT 12.836  20631.161 0.796 0.790 0.012 0.114 49
1.5 LQPT 13.007 20631.332 0.801 0.789 0.016 0.136 76
4.5 LQHP 15.074 20633.399 0.796 0.789 0.011 0.122 50
1LQP 15.171 20633.496 0.795 0.789 0.011 0.115 45
4.5 LQPT 15.648 20633.973 0.795 0.789 0.011 0.115 45
No reindeer husbandry area
1.5 LQPT 0.000 20864.828 0.781 0.764  0.020 0.129 72
5 LQPT 6.024 20870.852 0.772 0.765 0.011 0.113 38
4LQP 8.727 20873.555 0.772 0.765 0.012 0.113 41
4 LQPT 9.478 20874.306 0.772 0.765 0.012 0.112 42
4.5 LQP 10.301 20875.129 0.772 0.765 0.012 0.113 41
5LQP 12.537 20877.365 0.772 0.765 0.011 0.114 41
2 LQPT 12.861 20877.689 0.776 0.765 0.015 0.120 59
0LQP 13.458 20878.286 0.772 0.765 0.012 0.114 43
0.5LQP 13.458 20878.286 0.772 0.765 0.012 0.114 43
1LQP 13.458 20878.286 0.772 0.765 0.012 0.114 43
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Table A3. Variable contributions to two MaxEnt models predicitng wolf distribution range in
Sweden, one containing a full set of 17 uncorrelated (R* > 0.7) variables (Model I) and one model
that did not include the reindeer husbandry area (Model II). Variable contributions were estimated
heuristically as percent contribution to training gain during each iteration in the model fitting
process.

Variable Model I Model 11
Reindeer husbandry area 56.1

Forest cover 14.9 17.1
Precipitation 9.7 29.3
Cattle density 9.5 6.1
NDVI 3.3 13.7
Small roads (< 7 m. width) 3.1 30.4
Elevation 2.3 1.3
Sheep density 0.3 0
Marshland cover 0.3 0.1
Protected areas 0.2 0.3
Open cover 0.1 0.3
Cover evenness 0.1 0.3
Human density 0.1 0
Pig density 0.1 0.5
Water cover 0 0.3
Large roads (>7 m. width) 0 0.2
Terrain ruggedness 0 0
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