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Decades of persecution has resulted in the long-term absence of grey wolves Canis 
lupus from most European countries. However, recent changes in both legislation and 
public attitudes toward wolves has eased the pressure, allowing wolves to rapidly re-
establish territories in their previous central European habitats over the last 20 years. 
Unfortunately, these habitats are now heavily altered by humans. Understanding the 
spatial ecology of wolves in such highly modified environments is crucial, given the 
high potential for conflict and the need to reconcile their return with multiple human 
concerns. We equipped 20 wolves, originating from seven packs in six central European 
regions, with GPS collars, allowing us to calculate monthly average home range sizes 
for 14 of the animals of 213.3 km2 using autocorrelated kernel density estimation. 
We then used ESA WorldCover data to assess the mosaic of available habitats used 
within each home range. Our data confirmed a general seasonal pattern for breeding 
individuals, with smaller apparent home ranges during the reproduction phase, and no 
specific pattern for non-breeders. Predictably, our wolves showed a general preference 
for remote areas, and especially forests, though some wolves within military training 
areas also showed a broader preference for grassland, possibly influenced by local land 
use and high availability of prey. Our results provide a comprehensive insight into the 
ecology of wolves during their re-colonisation of central Europe. Though wolves are 
spreading relatively quickly across central European landscapes, their permanent reoc-
cupation remains uncertain due to conflicts with the human population. To secure the 
restoration of European wolf populations, further robust biological data, including data 
on spatial ecology, will be needed to clearly identify any management implications.

Keywords: Autocorrelated kernel density estimation, canis lupus, habitat preference, 
seasonal dynamics, territoriality
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Introduction

Centuries of persecution against European large carnivores 
has resulted in the virtual extirpation of the grey wolf Canis 
lupus from large parts of its original distribution (Boitani 
2000, Ripple et al. 2014), with the remaining intact popula-
tions limited to the remotest and least accessible forested and 
mountainous areas (Breitenmoser 1998). However, in recent 
decades, changes in legislation (Linnell  et  al. 2001, Mech 
2017), socioeconomic development detaching people from 
rural areas (thus improving habitat and prey abundance; 
Breitenmoser 1998) and a general improvement in the per-
ception of large carnivores (Glikman et al. 2012, Dressel et al. 
2015), together with evolutionary high adaptability of the 
wolf itself, has enabled the wolf to return to many parts of its 
historical range (Wabakken et al. 2001, Kojola et al. 2006, 
Chapron et al. 2014, Fabbri et al. 2014, Hulva et al. 2018, 
Reinhardt et al. 2019, Kaczensky et al. 2021).

The central European region is bordered by three major 
wolf populations, the ‘Central European’ (Nowak and 
Mysłajek 2016), the ‘Carpathian’ (Hulva et al. 2018) and the 
‘Italian-Alpine’ (Fabbri et al. 2007); nevertheless, the region 
has been one of the last to be recolonised, with wolves only 
reaching the heavily human-altered landscapes of western 
Poland (Mysłajek  et  al. 2018), Germany (Reinhardt  et  al. 
2019), Austria (Rauer and Blaschka 2021) and Czechia 
(Czech Republic; Kutal et al. 2017) between 2015 and 2020. 
At the same time, game management and agricultural inten-
sification, along with several decades with no large predators, 
has resulted in an increase in wild ungulate density in many 
European ecosystems (Borkowski  et  al. 2019, Carpio  et  al. 
2021). Though this has created favourable conditions for 
rapid recolonisation by wolves, they are returning to a heavily 
altered environment. Though wolves generally tend to avoid 
people, the current profile of the human-dominated land-
scapes makes conflicts almost inevitable (Ronnenberg et al. 
2017, Khorozyan and Heurich 2022). On the other hand, 
changes in legislation and a greater tendency to tolerate 
wildlife also offer opportunities to find the means to coex-
ist sustainably with such large carnivores (Fritts et al. 2003, 
Kuijper et al. 2019).

Wolves are territorial, apex predators that live in packs, 
usually centred on a mated pair (Mech and Boitani 2003). 
Males and females can disperse at any age, though most 
commonly as yearlings or subadults (Gese and Mech 1991, 
Kojola  et  al. 2006, Morales-González  et  al. 2022), after 
which they may disperse over vast distances to acquire suit-
able territory (Wabakken  et  al. 2001, Mech and Boitani 
2003, Ražen et al. 2016). Once suitable territory is found, 
colonisation success is increased by their highly flexible diet 
(Newsome  et  al. 2016) and rapid reproduction (Packard 
2003). In the Northern Hemisphere, wolves have histori-
cally occurred in almost all habitats with sufficient food 
resources, though they generally display a preference for 
two complementary features, presence of forests and an 
absence of human settlements and roads (Kaartinen  et  al. 
2005, Jedrzejewski et al. 2008, Ronnenberg et al. 2017). In 

more recent years, however, as wolves have returned to areas 
with a high human population density, they have also been 
recorded in predominantly treeless agricultural land (Blanco 
and Cortés 2007, Eggermann  et  al. 2011) and meadows 
and pastures (Jedrzejewski  et  al. 2008), with their territo-
ries often incorporating small and large human settlements 
(Zanni et al. 2023).

Gaining a detailed knowledge of wolf territorial systems 
not only offers a comprehensive insight into their population 
structure, spatial distribution and dynamics (Ciucci  et  al. 
1997, Okarma et al. 1998), it also represents an important 
element in the process of understanding wolf population 
ecology within human-dominated landscapes (Dickie  et  al. 
2022). In a broader context, a territory can be understood as 
that part of an individual’s home range (HR) that it defends 
(Powell 2000); however, in the case of wolves, both terms 
carry almost the same amount of information (Mech 1994, 
Mech and Boitani 2003). Owing to the species’ strong ter-
ritoriality, the level of overlap between individual HRs and 
pack territory is usually high (Benson and Patterson 2015). 
A wolf ’s HR can vary in size across populations, with larger 
HRs commonly seen with increasing latitude, human den-
sity and pack size, and smaller HRs observed with increas-
ing prey abundance (Fuller  et  al. 2003, Jedrzejewski  et  al. 
2007, Mattisson et al. 2013, Mysłajek et al. 2018). Features 
such as choice of prey (Fuller et al. 2003), landscape topog-
raphy (Kauffman et al. 2007, Kittle et al. 2015) and phase 
of colonisation (Mech and Boitani 2003) can also act as 
important determinants. Finally, the HR of each individual 
in the pack may show substantial variation throughout the 
year, with reproduction status, which generally peaks in late 
spring (Packard 2003), being the main factor influencing 
such variation, with HRs reducing in size as individuals stay 
closer to the den (Kusak et al. 2005, Jedrzejewski et al. 2007, 
Roffler and Gregovich 2018). Once the pups gain mobility 
in late summer, HRs usually increase once again, reaching 
their maximum size in winter (Ciucci et al. 1997). Note that 
individuals following prey over large distances (Walton et al. 
2001), or dispersal away from the pack, could also adversely 
affect ‘perceived HR size’ during the study period (Reinhardt 
and Kluth 2016).

Though wolf biology has been relatively well studied, 
there is a general lack of robust studies documenting spa-
tial patterns in the human-dominated landscapes of central 
Europe (mainly due to low sample sizes), despite numerous 
ongoing telemetry projects in Germany, Austria, Poland, 
Slovakia and Switzerland over the last decade using precise 
GPS collars (Reinhardt and Kluth 2016, Mysłajek  et  al. 
2018). Gaining a better understanding of wolf spatial ecol-
ogy in these highly modified environments, therefore, will 
be crucial for better informing national or European level 
management decisions regarding protection of this large 
conflict species.

This study aims to provide a comprehensive description 
of the spatial ecology of returning central European wolves 
establishing new populations in human-dominated land-
scapes. Using GPS telemetry-collared animals, we aim to 1) 
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describe the wolves movement patterns by distinguishing 
different movement modes (resident versus dispersal versus 
floating) and quantify their spatial extent, 2) investigate pos-
sible seasonal fluctuations in HR size, and 3) describe the 
wolves habitat preferences in terms of both second and third-
order selection.

Methods

Study area

As central Europe is at the crossroads of the present expan-
sion in wolf populations, we established six widely spaced 
study areas covering the main areas of occurrence (Fig. 1, 
Table 1). While most of these study areas were sited in two 
countries, Czechia and Austria, tracking indicated that the 
activity of individuals often overlapped into the neighbour-
ing countries of Germany, Poland and Slovakia. Each study 
area included different types of human-altered landscape, and 
all study areas were Natura 2000 sites and had at least one 
level of national protection or restricted status, e.g. Military 
training areas (MTA) with specific management, National 

Parks (NP) or Protected landscape areas (PLA). Wolves had 
occupied each area for at least five years before the trapping 
campaigns began and all packs showed regular evidence of 
reproduction. Colonisation phase, however, differed in each 
study area, with the Czech and Saxony Switzerland NPs 
(CSS) and Beskydy and Kysuce PLAs (BES) populations 
lying on the borders of large expanding populations. While 
the Hradiste MTA (HRA), Sumava and Bayerischer Wald 
NPs (SBW), Allentsteig MTA (ALE) and Jeseníky PLA and 
Równina Opolska (JER) occupations all represent ‘islands’ of 
initial occupation isolated from continuous wolf populations 
(Fig. 1, Table 1); it means that for (HRA and JER) wolves 
established here the first permanent occupation.

Previous central European studies have demonstrated 
that wolves tend to prey on the most common ungulates 
(Wagner et al. 2012), i.e. red deer Cervus elaphus, roe deer 
Capreolus capreolus and wild boar Sus scrofa, and only occasion-
ally on the less common fallow deer Dama dama. At present, 
these ungulates occur in the study areas at higher abundances 
than was common in the past (Valente et al. 2020). Of the 
non-ungulates, the European hare Lepus europaeus, also 
found in high numbers in the study areas, is also often preyed 
upon by wolves. All areas except HRA have Eurasian beavers 

Figure 1. Overview map showing the six distinct regions where wolves were recorded. Wolves were trapped and collared at study sites CSS, 
SBW, ALE and BES, whereas sites HRA and JER were recolonised via dispersal. Lines indicate successful dispersals recorded during the 
study period; f29456_AUT (green), m30778_AUT (pink), m46090 (brown), m46088 (blue). Beige areas represents recent wolves distribu-
tion according to Kaczensky et al. (2021). For abbreviations and codes, see Table 1, 2 and 3.
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Castor fiber at high population densities, and these have also 
been documented as wolf prey (Vorel et al. unpubl.). There 
is a large stable population of Eurasian lynx Lynx lynx in area 
CSS, and this large carnivore is also common in areas BES 
and JER. A permanent presence of brown bear Ursus arctos 
was also recorded in BES (Kutal et al. 2016,  2017).

Data collection

Wolves were captured using Belisle 8ʺ or Victor soft-catch 
leg-hold traps set along trails or at marking places identified 
by trained dogs, camera traps or snow tracking. During trap-
ping, each site was permanently controlled via a satellite trans-
mitter (Telonics Inc.), a GSM Live Trap Alarm (UOVision) 
and a GPRS camera trap (Spromise) that instantly transmit-
ted footage once triggered, allowing researchers to be on site 
within 30 minutes up to two hours of wolf capture. On arrival, 
the wolf was immobilised with a medetomidine–butorpha-
nol–ketamine mixture administered by a trained veterinar-
ian and blood samples collected for subsequent mSAT DNA 
analysis to reveal relationships between the trapped animals 
(Szewczyk et al. 2021). After determining sex and approxi-
mate age based on teethdevelopment, month of trapping 
and body mass, a GPS Plus collar (Vectronic Aerospace) was 
fitted that allowing telemetry data to be sent GSM service. 
After a short recovery period, the wolf was released at the 
site of capture. Three modes of wolf activity monitoring were 
usually employed, each changed remotely. Immediately fol-
lowing release, the GPS schedule was programmed to collect 
telemetry positions every 0.5 hours (mode 1), after which 
fixes were obtained every three hours throughout the regular 
monitoring period (mode 2). Finally, detailed documenta-
tion of feeding activity was obtained by taking fixes every 0.5 
h between 18:00 and 08:00 (mode 3), i.e. overnight. This 
regime was used for one month in summer and one in winter 
to conserve collar battery lifespan.

Data analysis

Behavioural movement modes
The telemetry data was first filtered by excluding animals 
with < 30 tracking days to ensure enough data for reliable 
HR estimates and to enable the study of seasonal (monthly) 
HR dynamics. Next, we filtered out months in which the 
animal was observed for < 10 days (Supporting informa-
tion). Finally, fixes with missing values (NA) were removed. 
To ensure sufficient accuracy, we also removed fixes with 
a DOP (dilution of precision) value > 6 (Langley 1999). 
Subsequently, the net squared displacement (NSD) was 
calculated for each individual using centroids created for 
each day of tracking prior to calculating the NSD and the 
most appropriate movement mode determined, using the 
Akaike information criterion (AIC) for each individual, in 
the ‘MigrateR’ software package (Spitz 2019). In each case, 
fixes were divided into resident or non-resident movement 
modes (equivalent to dispersal or floating), with resident 
individuals and resident periods only then used to estimate 
HRs (Spitz 2017). The resident period was determined first Ta
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by visually estimating the day on which the resident phase 
began or ended from the resulting graph, and then deter-
mining the best-fitting movement model for that interval of 
days. We always tried to obtain the longest possible interval 
for which the resident model was selected as the most appro-
priate model. The length of dispersal trips (when recognised) 
was calculated as the Euclidean distance from the centre of 
the original and new HR. Finally, outliers were visualised 
and then filtered out. Descriptions of the animals used in the 
analysis, together with summary data of the pre- and post-
filtering dataset, are presented in Table 2 and 3.

Home range quantification
Three different methods were used to estimate wolf 95% 
and 50% HRs. The autocorrelated kernel density estima-
tion (AKDE; Fleming  et  al. 2015, Calabrese  et  al. 2016), 
implemented in the R package ‘ctmm’ (www.r-project.org, 
Fleming and Calabrese 2022), was used as our primary esti-
mation method as the GPS telemetry locations were expected 
to be highly temporally autocorrelated. This method not 
only accounts for autocorrelation in GPS locations but 
also provides an optimal estimate of kernel bandwidth and 
confidence bands for the HR estimate. To ensure compara-
bility of our results with previous studies, we also used the 
traditional, and still commonly used, kernel density estima-
tion (KDE) method, by setting the movement model in the 
AKDE method to IDD, and also computed 95% and 50% 
minimum convex polygons (MCP), after excluding 5% and 
50% of outlying locations, respectively, using the R package 
‘adehabitatHR’ (Calenge and Fortmann-Roe 2023).

The AKDE method first requires that a movement model 
is fitted to the data. The initial starting values of the model 
parameters were first obtained using the R function ‘ctmm.
guess’, after which the best fitting model of the possible can-
didate movement models was selected using the R function 
ctmm.select. We then used the maximum likelihood estima-
tion (MLE) method with the small sample corrected AIC 
(AICc) criterion to select the best fitting model. We consid-
ered the following candidate movement models described in 
Calabrese et al. (2016): 1) the Independent identically dis-
tributed (IDD) model, a ‘null’ movement model correspond-
ing to the classic KDE method in which both position and 
velocity are independently distributed variables (i.e. they have 
no autocorrelation); 2) the Brownian motion model (BM), in 
which velocities are not autocorrelated but positions are, and 
space usage is unconstrained; 3) the Ornstein–Uhlenbeck 
model (OU), a BM with restricted space usage due to a ten-
dency to move back towards a central location; 4) the inte-
grated OU process (IOU), which has unconstrained space 
usage and both position and velocity are autocorrelated; and 
5) the Ornstein–Uhlenbeck foraging model (OUF), which 
combines restricted space usage with autocorrelated posi-
tions and velocities. After selecting the best fitting movement 
model, we calculated the appropriate bandwidth given the 
data and then estimated the utilisation distribution (UD). 
Finally, we delineated the 95% and 50% HRs as the corre-
sponding UD contour and calculated its area. Ta
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To analyse HR spatiotemporal dynamics, we first divided 
the data for each wolf into monthly intervals and calculated 
the area of each monthly 95% HR using the AKDE method, 
then replotted these values against months to assess HR sea-
sonal dynamics. As variation in the original HR sizes made 
them difficult to compare in a single plot, we decided to 
transform HR area into ‘HR radius’, defined as the radius 
of a circle with an equivalent area to the HR, calculated by 
defining HR area divided by PI first and then taking the 
square root. The HR radius can be interpreted as the typical 
‘radius of action’ of the animal. HR spatiotemporal dynamics 
were also visualised as videos using the R package ‘gganimate’ 
(Pedersen and Robinson 2022).

Habitat selection
Wolf habitat selection was assessed in two ways. First, we 
assessed second-order selection by calculating landscape com-
position inside the HR, along with the human population 
density in the regions selected by wolves. Landscape compo-
sition was assessed using 10 m resolution ESA WorldCover 
2022 data, a detailed landcover dataset based on Sentinel-1 
and Sentinel-2 satellite data containing 11 classes with an 
overall accuracy of 76.7% (Zanaga et al. 2022). For each indi-
vidual, we clipped the land cover raster using the 95% HR 
polygon and calculated the relative frequency of each land 
cover class within the polygon. To assess habitat preference in 
relation to human presence, we compared both local (i.e. for 
each individual’s HR) and regional (i.e. over the larger spatial 
context of each study region) mean human population den-
sity (ind. km–2), estimated using the 1 km spatial resolution 
population density raster developed as part of the WorldPop 
program (WorldPop 2018). For local estimates, we overlaid 
this raster with each 95% HR estimated using the AKDE 
method and determined averages using zonal statistics. For 
regional estimates, we did the same using the correspond-
ing NUTS3 (Nomenclature of Territorial Units for Statistics) 
polygons (Eurostat 2021).

Second, we assessed the resident wolf ’s third-order selec-
tion, i.e. preferences within their HR, by 1) quantifying their 
occurrence in different land cover classes, and 2) using step 
selection analysis (Thurfjell et al. 2014, Fieberg et al. 2021). 
The former was achieved by overlaying the UD raster over 
the land cover raster and summing the values over each land 
cover class (i.e. zonal statistics). For the latter, we first gener-
ated ten hypothetical random steps for each observation of 
each individual, simulated from the fitted step length and 
turning angle distributions. We then fitted the conditional 
logistic regression model, with presence/pseudo-absence as 
response (‘pseudo-absence’ representing an occurrence from 
the simulated random step) and the following habitat selec-
tion predictors: distance to roads, distance to built-up areas, 
distance to permanent water bodies, habitat type (three lev-
els: forest, grassland and crops), elevation and terrain slope 
(The data sources and processing of these predictors are sum-
marised in greater detail in the Supporting information). To 
obtain unbiased coefficient estimates, we also included step 
length, logarithm of step length and cosine of turning angle Ta
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among the habitat selection predictors (Fieberg et al. 2021). 
Before fitting the models, we always checked for multi-collin-
earity by calculating variance inflection factors and sequen-
tially removing the predictor with the highest value until all 
values were < 5. After fitting the models, we used backward 
stepwise model selection based on minimising AIC. From the 
final models, we used exponentiated coefficients to express 
the ‘relative selection strength’ (RSS), representing the ratio 
between estimated occurrence frequency of two sites that 
only differ by one unit in the value of a given predictor but 
are identical in all other predictors (Fieberg et al. 2021). To 
enhance interpretability of the model coefficients, we used 
a unit of 500 m for all distance-based predictors, 100 m for 
elevation and 5˚ for terrain slope. For habitat type, we set 
‘Forest’ as the base level, with RSS values for the remaining 
habitat types expressed as use relative to that of the base cat-
egory. Both R (www.r-project.org) and RStudio (RStudio 
Team 2020) were used for data analysis, using the package 
‘amt’ (Signer et al. 2019) for step selection analysis, the ‘tidy-
verse’ metapackage (Wickham et al. 2019) for data manipula-
tion and graphics, and the packages ‘terra’ (Hijmans 2023), 
‘sf ’ (Pebesma 2018) and ‘stars’ (Pebesma and Bivand 2023) 
for spatial data handling.

Results

Over the five years of trapping, we collared 20 wolves, of 
which eleven were females and nine males (Table 2–3). Most 
animals were subadults (n = 10) or juveniles (n = 4), with just 
six being full adults. During tracking, however, the status of 
some animals changed, with confirmed reproduction indicat-
ing that three subadults had become breeding adults over the 
following spring. Using mSAT analysis, we were able to con-
firm relatedness between some of the trapped animals, with 
all wolves from ALE being full siblings (i.e. members of one 
pack with the same parents) and the breeding male (m36983) 
from SBW being associated with his two daughters (f36931, 
f36933).

Behavioural movement modes

Three animals (m35302, m47015, m48013) were excluded 
from further analysis due to insufficient tracking days. NSD 
analysis for the remaining 17 wolves indicated a range of 
movement modes, with some animals displaying more than 
one mode (Table 2–3, Supporting information). Overall, the 
NSD residential mode was most common (n = 10), followed 
by either complete or incomplete dispersal (n = 5) and float-
ers (n = 2) (Table 2–3).

Four of the five dispersing animals undertook long dis-
persal trips, with animals f29456 and m30778 displaying 
HRs at both their sites of origin and successfully established 
HRs after completing dispersal, while animals m46090 and 
m46088 left their originating pack but had yet to establish 
a new HR at the end of the study (classified as unfinished 
dispersal in NSD). For these four animals, we were able to 

calculate a mean length for their dispersal trips of 252.6 km 
(with extremes: min = 222.6, max = 309.5 km; Fig. 1). For 
one subadult animal (f36933), while NSD selected the dis-
persion movement mode, ongoing behavioural patterns indi-
cated a series of shorter, unfinished dispersal attempts with 
no new HR established. The two animals classified as float-
ers (f30777, m35301) displayed neither residential nor dis-
persal behaviour (compare NSD analysis in the Supporting 
information).

Home range quantification

HR sizes could be quantified for 14 individuals (five males, 
nine females) originally belonging to seven independent 
packs (Fig. 2). Owing to their subsequent dispersion, how-
ever, some animals established additional HRs during col-
lar functionality, resulting in a total of 16 HRs. Of these 
16 HRs, nine belonged to non-breeding individuals (i.e. 
subadults) and seven to breeding (adult) animals. The final 
average tracking length for non-breeding wolves (± SD) 
was 149.7 (± 79.8) days, with a mean of 1184.8 (± 664.4) 
cleared fixes (number of fixes that remained after data clean-
ing, fixes used in the analyses) per focal animal, while the 
final average tracking length for breeding wolves was 363.7 
(± 188.0) days, with a mean of 3092.3 (± 1741.5) cleared 
fixes per focal animal.

For most individuals, HR values were roughly similar 
across the three methods used (i.e. MCP, KDE, AKDE; 
Fig. 3, Supporting information). Nevertheless, three individ-
uals (f36931, m36983, m46088_CZE) had relatively large 
HRs with two (f36931, m36983) displaying relatively large 
differences between the methods. Note, however, that all three 
of these wolves had some of the lowest numbers of tracking 
days (n = 83; SD = ±2.6; Table 2–3). As the AKDE method 
is considered optimal for GPS telemetry data (Fleming et al. 
2015, Silva et al. 2022), we only used AKDE-based results 
for all further analysis. For all but one individual, the OUF 
model was the best-fitting movement model using the AKDE 
method, the only exception being individual m30778_POL, 
for which the best-fitting model was OU. Both models are 
conceptually very similar, and the OUF model was the sec-
ond-best model for this individual, with a minimal difference 
in AICc.

The average 95% (± SD) HR estimated by the AKDE 
method for all wolves in our dataset was 213.3 (± 158.2) 
km2, while the average 50% HR was 38.6 (± 37.9) km2. For 
non-breeding wolves it was 241.5 (± 178.4) km2 and the 
average 50% HR 47.0 (± 43.2) km2. The average 95% HR 
for adult wolves was 166.2 (± 116.5 km2) and 50% HR 24.4 
(± 23.5) km2 (Fig. 3, Supporting information). The smallest 
95% HR was recorded for wolf f29456_CZE at 51.3 km2. 
All HRs were relatively compact, though there were occa-
sional single or multiple small ‘satellite’ HRs, i.e. areas of high 
use separate from, but close to, the main HR (Fig. 2). Core 
areas (estimated as the 50% HR and depicted as beige areas 
in Fig. 2) were roughly situated in the centre of each HR. 
In study areas CSS, SBW and JER, where individuals from 
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Figure 2. Individual home ranges in each study region, estimated using the AKDE method. The 95% home ranges are depicted by coloured 
lines, with thinner lines indicating the 95% confidence bands for the estimates. The smaller beige-shaded areas inside the home ranges 
depict their ‘core areas’, estimated as 50% of home ranges. For abbreviations and codes, see Table 1, 2 and 3.
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multiple packs were recorded, the neighbouring HRs were 
normally non-overlapping, except for that of wolf f36931 
(study area SBW), whose HR partly overlapped with two 
others. Owing to the relatively low number of GPS fixes for 
this individual, however, its HR shape is probably oversimpli-
fied and subject to high uncertainty (Fig. 2, area SBW). The 
high level of overlap between all wolves from the ALE study 
area and two individuals from SBW (f36931, f36933) was 
due to the confirmed relatedness of the animals and the same 
pack membership. Although wolves from BES overlapped 
their HRs in Fig. 2, they did not necessarily share this HR 
simultaneously.

All breeding females showed similar seasonal HR dynam-
ics, characterised by a notable minimum in May or June when 
they had their pups (upper panel Fig. 4). The two breeding 
males recorded (m36932, m30778) also occupied smallest 
HRs in April or May, though the fluctuations in their HR 
size were rather small (mean = 103.2 km2, SD = 30.5 km2) 
compared to those of female breeders (SD = 124.6 km2). 
Non-breeding individuals, on the other hand, showed no 

clear pattern, with some having very stable HRs and others 
showing an increasing trend with the onset of winter (lower 
panel Fig. 4). 

Habitat selection

Wolf second-order selection (Fig. 5 left) was dominated by 
forest ([mean ± SD] 62.1 ± 16.0% cover proportion), grass-
land (24.8 ± 8.1%) and cropland (11.3 ± 11.4%), with the 
fourth most represented element being built-up areas (1.3 
± 0.8%) and the remaining land cover types all occurring 
at < 1%. The relatively high mean percentage of cropland 
was almost certainly due to the high overlap between the HR 
area of wolves in study area ALE, where cropland represented 
almost 40% of total cover (Fig. 5 left). The mean (± SD) esti-
mated human population density inside the HRs was 19.9 
± 16.1 ind. /km–2 (Table 2–3), whereas the density over the 
region as a whole was 107.9 ± 45.6 ind. km–2 (Table 1).

Habitat use inside the HRs (i.e. third-order selection; 
Fig. 5 right) was consistent between individuals from the 

Figure 3. Home range sizes (upper panel = 95%, lower panel = 50%) for individual wolves, estimated using the AKDE, KDE and MCP 
methods, with 95% confidence intervals included for AKDE and KDE. Wolves are sorted according to increasing number of tracking days. 
For abbreviations and codes, see Table 1, 2 and 3.
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same study area, and mostly mirrored the available landscape 
composition (Fig. 5 left). However, in study areas CSS and 
JER, wolves displayed a preference for forests of ca 20 per-
centage points more than would be expected from actual for-
est cover. In study area ALE, wolves also showed a preference 
for grassland of ca eight percentage points over availability. 
Practically all wolves tended to avoid cropland and built-
up areas, though the occurrence rate in these classes rarely 
dropped to zero.

The RSS (Fig. 6, Supporting information) was signifi-
cantly influenced by habitat predictors, though the pre-
dictor effects were largely inconsistent between individual 
wolves. Relatively similar patterns, however, were followed 
by individuals from the same study region (Fig. 6). All 
conditional logistic models were highly significant, though 
they showed relatively low predictive power, with concor-
dance indices ranging between 0.55 and 0.76 (Supporting 
information). Compared to their occurrence in forest, six 
individuals showed a relative preference for grassland (RSS 
1.58 ± 0.31 [mean ± SD]) and four relative avoidance (RSS 

0.74 ± 0.05). Use of cropland was more like that of for-
ests, with only two individuals showing a preference (RSS 
1.51 ± 0.12) and two avoidance (RSS 0.61 ± 0.02). Ten 
individuals exhibited moderate avoidance of built-up areas 
(i.e. occurrence frequency increased 1.25 (± 0.22) times 
with each 500 m distance), with just one wolf (f36930) 
exhibiting a preference (RSS 0.74). Similar behaviour was 
exhibited with respect to roads, with eight animals showing 
an increase in occurrence further from roads (RSS 1.26 ± 
0.16) and only one (f36928) showing the opposite (RSS 
0.89). Six individuals showed an increasing occurrence 
(RSS 2.09 ± 0.70), and two decreasing occurrence (RSS 
0.44 ± 0.08), with increasing distance to water bodies, 
this response being considerably stronger than distance to 
built-up areas or roads (Fig. 6). In terms of terrain, eight 
animals tended to select higher elevation, with occurrence 
increasing 1.65 (± 0.78) times with every 100 m increase in 
elevation (see especially wolf f36928, with an RSS reaching 
3.50), while just one wolf (f30776) showed the opposite 
tendency (RSS 0.33). Finally, four individuals significantly 

Figure 4. Seasonal dynamics in home range radius for breeding (upper panel) and non-breeding (lower panel) individuals. Monthly home 
range radii were estimated by extracting GPS fixes for a given month and year and calculating the 95% home range area using the AKDE 
method, then dividing by PI and applying the square-root. To emphasise seasonal patterns, data for individuals recorded over multiple years 
are displayed separately for each year (f29456, m30778, m36932). Shaded areas represent the 95% confidence bands around the area esti-
mates, after dividing by PI and applying the square-root. For abbreviations and codes, see Table 1, 2 and 3.
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increased their occurrence with each 5o increase in terrain 
slope (1.16 times ± 0.10), while six decreased their occur-
rence (0.81 times ± 0.06).

Discussion

The wolves tracked in this study occupied HRs of variable 
size, ranging from ca 50 to 570 km2, with the majority 
being within a range of 100 to 220 km2 (AKDE estimates). 
Breeding females followed a common seasonal pattern, with 
a noticeable reduction in HR to around 3 to 50 km2 dur-
ing the May/June breeding period. Two collared breeding 
males followed a similar pattern, though to a lesser extent, 
while some non-breeders showed a recognisable tendency to 
increase HR size with the onset of autumn and winter. While 
the wolves mainly occupied landscapes dominated by forests 
with around 25% grassland, in some cases (e.g. study areas 
JER and ALE), they were able to tolerate as much as 20 to 
30% cropland, though built-up areas were always generally 
avoided. Nevertheless, their actual use of the landscape sug-
gested that they always tried to avoid human-altered land-
cover types, sticking mainly to forest and grassland.

Behavioural movement modes

Using NSD, we divided our wolves into three main categories 
based on movement modes, i.e. floating, dispersing and resi-
dent individuals. The two floaters (f30777, m35301) roamed 
within their respective study areas with no evidence of any 
established HR. On the other hand, they often visited HRs 
of other packs during their roaming, presumably to increase 
their chances of either joining an established pack or usurp-
ing a mate for breeding and forming their own pack, with the 
subsequent establishment of a new HR (Blanco and Cortés 
2007, Mancinelli et al. 2018).

Unlike floaters, some individuals leave their natal pack 
with the clear intention of forming a breeding pair with a 
new HR. Some wolves have been documented as display-
ing clear pre-dispersal forays prior to leaving the natal HR 
and potentially settling immediately adjacent to their former 
HRs (Wabakken et  al. 2007, Kirilyuk  et  al. 2020). All the 
wolves demonstrating dispersal movements in our study, 
however, showed no evidence of pre-dispersal forays prior to 
their long-distance dispersals; instead, they began to use the 
peripheries of their HR more frequently before dispersing, a 
behaviour also noted by Blanco and Cortés (2007).

Figure 5. Landscape composition within each wolfs home range (left), and the relative use of different land cover classes by wolves, calcu-
lated by overlying their utilisation distributions over the land cover raster. Based on ESA WorldCover 2020 (Zanaga et al. 2022). Each panel 
corresponds to a different study region. For abbreviations and codes, see Table 1, 2 and 3.
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Interestingly, three of the four dispersing wolves leaving 
ALE made a deliberate movement northeast to study area 
JER, where two of the wolves then established a new HR 
while the third remained in the area but continued to show 
dispersal movement without establishing an HR. Unlike areas 
with low human density, where dispersal after recolonisation 
tends to lack any clear pattern (Kojola et al. 2006), human 
dominated landscapes tend to force wolves to preferentially 
seek places with low human disturbances (Reinhardt  et  al. 
2019). A further condition for a wolf to settle in a new area is 
the presence of other wolves, which is one of the reasons why 

dispersing individuals tend to cross through existing wolf 
territories (Blanco and Cortés 2007, Kirilyuk  et  al. 2020). 
This behaviour was clearly observed with the two longer-
dispersing wolves in this study, with f29456 passing through 
SBW and m46088 crossing a territory between ALE and JER 
formed in 2022 (Vorel  et  al unpubl.). While these wolves 
may have been successful in finding a mate in these territo-
ries, they apparently decided not to establish a new HR there 
but continued to their current sites.

The dispersal distances recorded in our study compare 
well with those of individuals dispersing in an expanding 

Figure 6. Relative strength of wolf habitat selection depending on different predictors. Values, estimated using a step-selection analysis, 
represent the relative (i.e. multiplicative) increase/decrease in selection strength per unit increase in the predictor value (i.e. a value of one 
represents no change in selection strength). Each unit is 500 m for all distance predictors, 100 m for elevation and 5o for terrain slope. For 
habitat type, values represent the relative increase/decrease in selection strength compared to the base category of forest t (which is not 
displayed). Error bars represent 95% Wald confidence intervals. For abbreviations and codes, see Table 1, 2 and 3.
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population in Finland (Kojola  et  al. 2006), though less so 
with other examples of long-distance dispersal in Europe 
(Wabakken et al. 2007, Andersen et al. 2015, Ražen et al. 
2016), especially those in agricultural land (Blanco 
and Cortés 2007). However, unlike the uni-directional 
movements observed for individuals in other studies 
(Wabakken et al. 2007, Ražen et al. 2016), even our ‘shorter’ 
dispersals were likely to result in reconnections between the 
major European wolf populations on a regular basis. While 
all our currently dispersing collared wolves (ALE) originate 
from the central European population, their current where-
abouts (JER) could easily be reached by either Carpathian 
or Baltic wolves. Consequently, our study areas could rep-
resent a crossroads for the four major European wolf popu-
lations, i.e. the Central European, Carpathian, Alpine and 
Baltic groups (Chapron  et  al. 2014, Hulva  et  al. 2018, 
Szewczyk et al. 2021).

Home range quantification

The general agreement between methods of HR estimation 
(i.e. AKDE, KDE and MCP; Fig. 3) suggests that they are, 
to some extent, interchangeable. However, there are coun-
ter examples (i.e. individuals f36931, f47016, m36893 
and m46088_CZE) that illustrate situations where method 
choice proved important. In the case of f47016, the higher 
HR estimate using the MCP method (compared to AKDE 
and KDE) was due to the highly non-convex shape of the 
area occupied (Fig. 2, study area BES), suggesting that this 
wolf had probably undertaken several dispersal trips into 
neighbouring areas. Even when we applied NSD to exclude 
such periods of dispersal behaviour (compare with approach 
Dickie et al. (2022), some individuals (incl. f47016, but also 
f36930 and f46974) still exhibited occasional visits outside 
their main HR area, resulting in spatially fragmented HR 
estimates (Fig. 2). Enveloping such a non-convex shape using 
an MCP naturally led to an overestimation of HR area due 
to the inclusion of unoccupied parts of the landscape. The 
same effect, but at a lower magnitude, was also clear for many 
other individuals when MCP HRs were compared with those 
estimated using KDE (Fig. 3). This is a well-known problem 
with the MCP method (together with numerous other prob-
lems; Powell 2000); nevertheless, we included the method 
for the sake of comparability with older studies, which fre-
quently use this method (Ciucci et al. 1997, Okarma et al. 
1998, Reinhardt and Kluth, 2016, Mysłajek et al. 2018). In 
the second case (related wolves f36931 and m36893), both 
exhibited much larger HRs when using the AKDE method 
(compared to KDE and MCP), probably as these individuals 
had shorter tracking times (84 and 85 tracking days, respec-
tively) than the other wolves while occupying relatively large 
areas. At the same time, they had a relatively high number of 
fixes, which naturally led to a high level of temporal autocor-
relation. In such cases, the AKDE method compensates for 
autocorrelation by creating a larger HR with a regular and 
obviously oversimplified shape, accompanied with greater 
uncertainty (Fleming et al. 2015). Though these results may 

seem inferior to the apparently more precise KDE estimates 
(Fig. 3), they better reflect the true uncertainty of such data. 
In this case, the apparent precision of the KDE estimates was 
due to its ignoring autocorrelation between fixes; thus, the 
corresponding HR area is likely to be underestimated.

Aside from the four wolves mentioned above, the sizes of 
individual HRs in our study were comparable with those from 
previous studies based in central Europe (Okarma et al. 1998, 
Jedrzejewski et al. 2007, Mysłajek et al. 2018, Reinhardt et al. 
2019). This is most likely due to the low variation in lati-
tude compared to other large-scale studies, where HRs varied 
considerably in response to latitudinal change (Adams et al. 
2008, Mattisson et al. 2013).

Our data confirmed a general pattern for breeding indi-
viduals, with minimum HR size during reproduction 
(Jedrzejewski  et  al. 2007, Roffler and Gregovich 2018) 
and a subsequent increase in HR as the pups gain mobil-
ity. Wolves generally increase their HRs during winter 
(Jedrzejewski et al. 2007), especially in areas with migratory 
prey (Mech and Boitani 2003, Middleton et al. 2013). On 
the contrary, in central Europe, ungulate prey remain over-
abundant throughout the year (Carpio et al. 2021) and com-
monly migrate horizontally from the mountains to the valleys 
in winter to obtain food (Luccarini et al. 2006). As wolves 
naturally follow their prey species, this could help explain the 
increased winter HR sizes for some of our wolves in area SBW 
(e.g. f36931 and m36893, which appeared to avoid moun-
tain ridges, based on visual inspection of telemetry data), 
though to a much lesser extent than observed with migra-
tory prey at higher latitudes (Middleton  et  al. 2013). The 
HRs of non-breeding individuals tended to fluctuate in size 
with no clear pattern. According to Roffler and Gregovich 
(2018), non-breeding individuals associated with a den tend 
to have smaller HRs, which could indicate that some of our 
non-breeders (e.g. f36930), who decreased their HRs over 
the reproductive season, were affiliated with a breeding pack.

Habitat selection

Though central Europe is often described as completely 
human-altered, there are still areas remaining with relatively 
low anthropogenic pressure. These areas, which tend to be 
more undisturbed and quieter, such as mountains, hilly land-
scapes, military training areas or nature protection areas, are 
commonly the first to be recolonised by wolves (Mysłajek et al. 
2018, Reinhardt  et  al. 2019). Our wolves showed a clear 
preference for such less disturbed patches within the human-
impacted landscape mosaic, with the average human density 
in the regions selected by wolves much lower than the average 
human density for the whole region. Our data also showed 
that wolves almost always settled and used forested areas, 
regardless of landscape composition or study area type, and 
showed a general tendency during the early colonisation phase 
to avoid built-up areas and farmland (Capitani  et  al. 2006, 
Bassi et al. 2015). Nevertheless, Zanni et al. (2023) showed 
that the HRs of wolves in heavily altered landscapes often 
encompassed settlements, and this was also observed for our 
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wolves, though they appeared to cross through such landscape 
features predominantly during the night.

While our wolves mainly occupied forests, those in MTAs 
(HRA and ALE) often also made use of grassland. MTAs 
typically have frequent patches of open land, resulting from a 
variety of army operations, and those encourage heavy exploi-
tation by ungulates (Valente  et  al. 2020). This high density 
of grazing ungulates in turn attracts wolves; thus, the open 
grasslands function as regularly attended hunting grounds for 
wolves (Torretta et al. 2018). The results of our step selection 
analysis must be interpreted with caution, however, as for each 
individual, significant effects can easily be caused by specific 
local landscape configurations instead of actual wolf prefer-
ences; consequently, generalising preferences from just six 
study areas may be unreliable, and therefore it will be neces-
sary to expand the dataset in the future and verify these results 
again. On the other hand, predictors showing consistent effects 
between most of the individuals should allow for hypotheses 
to be formulated. For example, the wolf's apparent tendency 
to avoid built-up areas (Fig. 6) is in agreement with their 
general tendency to select quieter locations with low human 
presence and higher concentrations of prey (Sanz-Pérez et al. 
2018). This probably also explains their increasing occurrence 
at higher elevations, as higher altitudes in these mountainous 
landscapes are typically forested and unoccupied by humans. 
Avoidance of roads is also to be expected as human transporta-
tion is known to represent a major source of mortality for wild-
life species (Barry et al. 2020), however, Raynor et al. (2021) 
or Dickie et al. (2022) both documented frequent utilization 
of roads by wolves, therefore road characteristics and traffic fre-
quency should also be taken to consideration.

Conclusion

Our results provide the first detailed insights into wolf spatial 
ecology and habitat selection during their initial re-coloni-
sation of the continental European landscape. Though GPS 
telemetry has often been used across Europe, there have been 
relatively few published results from such projects, which, 
with a few exceptions (Sanz-Pérez et al. 2018, Dennehy et al. 
2021), have mostly been based on small sample sizes, prevent-
ing generalisable conclusions. We attempt to fill this gap by 
tracking a relatively large sample size (n = 17 animals), the 
results of which provide early insights into wolf recolonisa-
tion in human-altered central European environments. This is 
especially true considering the dataset includes animals of dif-
fering pack status (breeding versus non-breeding), both sexes 
(reproducing males and females) and different life histories 
(dispersing versus residential). On the other hand, this diver-
sity increases outcome complexity, making it difficult to gen-
eralise on behavioural patterns. Consequently, we encourage 
future studies on wolf HR determination to not only publish 
their outputs but also to put aside constraints of political bor-
ders and combine datasets with studies undertaken in other 
countries with similar environments, thereby increasing confi-
dence in wolf life history and behavioural and spatial patterns.
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