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Abstract
The grey wolf (Canis lupus) is one of the most challenging species to conserve in our modern and crowded world. Due to 
various factors, most European wolf populations are currently growing. In Hungary, numbers have increased since the 2000s. 
Although spontaneous recolonisation from Slovakia is considered to be the most likely mechanism by the majority of experts, 
some stakeholders claim that hand-reared individuals have been released. To determine the origin of wolves in northern 
Hungary, we analysed samples of free-ranging wolves collected in Slovakia and Hungary as well as samples from wolves 
in private enclosures in the region. We also included reference samples from domestic dogs. All samples were genotyped at 
14 canine autosomal tetranucleotide microsatellite loci (STR) and analysed using multivariate, Bayesian methods. Hungar-
ian wolf samples were also analysed using kinship methods. In the free-ranging wolf samples, all loci were polymorphic 
with 3–12 alleles. The overall observed (Ho) and unbiased expected (uHE) heterozygosities were 0.60–0.66 and 0.69–0.71, 
respectively. Parental and sibling relationships were also found among Hungarian individuals: three generations of a pack 
in the Bükk Mountains were identified. Samples from free-ranging wolves clustered separately from those of captive wolves 
and dogs. However, genetic similarities were found between Slovakian and Hungarian wolf samples. Our analyses indicate 
a Slovakian origin of the sampled Hungarian wolves, and we found no evidence that individuals originating in captivity 
have played any role in the recolonisation process. Kinship relationships and moderate genetic diversity suggest that there 
is ongoing gene flow across the Slovakian–Hungarian border.
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Introduction

Large carnivores are among the most challenging groups 
of animals concerning their protection in our modern and 
crowded world (Chapron et al. 2014). Their conservation 
in most European countries is dependent upon not only 
suitable ecological conditions but also the attitudes and 
actions of local communities and stakeholders, particu-
larly livestock farmers and hunters (Linnell et al. 1999; 
Berger 2006; Boitani et al. 2015). Large carnivores play 
an important role in regulating ecosystems (Ripple et al. 
2014) but, due to hunting and persecution as well as major 
habitat changes, large carnivore populations have declined 
worldwide during the last two centuries and the ranges 
of many species have contracted and been fragmented 
(Ceballos and Ehrlich 2002; Laliberte and Ripple 2004). 
In Europe, however, populations of several large carnivore 
species are now increasing (Deinet et al. 2013), mainly due 
to conservation programmes, legal protection, favourable 
public opinion, habitat restoration and recovery of prey 
populations (Chapron et al. 2014; Cimatti et al. 2021).

The grey wolf (Canis lupus) was persecuted in Europe 
for centuries and by the twentieth century was extermi-
nated in much of its former range. Its numbers probably 
reached a minimum in the 1940s–1960s (Chapron et al. 
2014). During the last 20 years, the species has shown 
natural recovery and reappeared in areas from which it had 
previously been eradicated (e.g. Western European coun-
tries, Scandinavia), although densities vary widely (Salva-
tori and Linnell 2005). Wolves have considerable dispersal 
capabilities (Wabakken et al. 2007; Ciucci et al. 2009) 
and are ecologically flexible (Mech and Boitani 2003). 
They can therefore survive in a broad range of habitats, 
assuming that sufficient food is available and any hunt-
ing or persecution is within sustainable limits. The major 
limiting factors are thought to be anthropogenic pressures 
and the presence of appropriate breeding sites (Salvatori 
and Linnell 2005).

The Carpathian Mountains represent the largest high-
mountain system of Central and Eastern Europe, with a 
key role in the phylogeography of many species (Schmitt 
2009; Frank et al. 2017). This region harbours one of the 
largest wolf populations in Europe, estimated to number 
ca. 3500–3800 individuals, mostly in Romania, Slovakia 
and Poland (Linnell and Cretois 2018). The Carpathian 
Basin in neighbouring Hungary may serve as an area of 
expansion for this population, where dispersing wolves 
can settle.

Wolves have faced similar changes in Hungary as in 
other parts of Europe. Their numbers and range decreased 
significantly by the end of the nineteenth century (Dem-
eter 1984). Sporadic occurrences were recorded during the 

twentieth century in several parts of the country (Dem-
eter 1984; Faragó 1989). These were concentrated in the 
northern part of the country, close to the Slovakian border, 
where suitable habitats form a continuous corridor and 
facilitate expansion in the last decades (Köck et al. 2014). 
Wolf occurrences are more sporadic in other areas because 
of various barriers that make movement more difficult.

In 2005, there were estimated to be a total of 3–6 single 
individuals in northern Hungary, which were thought to 
belong to the Carpathian population (Salvatori and Linnell 
2005). More recently, around 12–18 wolves were reported 
to be living in Bükk National Park and surrounding areas 
of the North Hungarian Mountains based on individual 
sightings and signs (Wallendums 2018). Due to the sudden 
and dispersed appearances of single individuals and small 
groups relatively far from the putative source population 
in Slovakia, some local stakeholders and experts—game 
managers, hunters, foresters and even some national park 
wardens—suspected the release of hand-reared wolves or 
wolf-dog hybrids from private enclosures and game parks 
as the origin of Hungarian occurrences (Kovács 2018; 
Fluck 2020). Although there are no empirical data to sup-
port this opinion, it has become more and more accepted 
by local managers. This has important consequences for 
conservation actions because the spontaneous recolonisa-
tion of a strictly protected species must be tolerated and 
even supported by current nature conservation regulations, 
whereas the release of hand-reared individuals is not per-
mitted. While the origin and genetic background of hand-
reared individuals may be diverse, these are expected to be 
genetically divergent from the autochthonous wolf popula-
tion, and if such individuals are detected in nature, their 
removal would be permitted. Therefore, clarification of the 
origin of wolves currently occurring in northern Hungary 
is crucial for the conservation of the species.

Today, genetic methods are in widespread use to study 
wolf dispersal and genetic identity throughout Europe 
(e.g. De Groot et al. 2016; Hindrikson et al. 2017). Non-
invasive and tissue samples can be used to assess genetic 
diversity and population structure as well as to measure 
gene flow between subpopulations and identify potential 
risks associated with demographic change and inbreeding 
(Duchamp et al. 2012; Shafer et al. 2015). Genetic stud-
ies of the Carpathian wolves have largely focussed on the 
northern populations in Poland and Slovakia (Pilot et al. 
2006, 2010; Gula et al. 2009; Czarnomska et al. 2013; 
Bakan et al. 2014; Rigg et al. 2014; Hulva et al. 2018) and 
the eastern populations in Romania and Ukraine (Eric-
son et al. 2020). The first genetic survey of grey wolves 
in Hungary was done in 2004–2006 in the region of 
Aggtelek, which verified the presence of resident wolves 
in the Slovakian–Hungarian borderland (Hausknecht et al. 
2010).
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The main goal of our research was to explore the origin 
of wolves appearing in the North Hungarian Mountains. In 
particular, we sought to answer the following questions: (1) 
are wolves in northern Hungary dispersing individuals from 
the source population in Slovakia, which could be the most 
probable place of origin due to its proximity and the advan-
tageous ecological conditions, or were animals released from 
local private enclosures? Gene flow can occur from other 
populations than the Slovakian, so if different genotypes are 
detected, reference samples from other neighbouring popula-
tions can be included in future analyses. (2) Besides is there 
evidence of non-Carpathian wolf genotypes or intraspecific 
hybrids? (3) Finally, if there are breeding individuals in the 
area, can their offspring be detected?

Materials and methods

Sampling

Tissue and non-invasive samples of free-ranging wolves in 
the Western Carpathians of northern Slovakia (Low Tatras, 
VeľkáFatra, Western Tatras; n = 15), northern Hungary 
(Börzsöny, Karancs Mountains, Heves-Borsod Hills, Bükk 
Mountains; n = 34) and north-eastern Hungary (Great Plain; 
n = 1) were collected between 2016 and 2020 (Fig. 1). We 
also used samples from captive wolves of the Foundation 

for the Preservation of European Wildlife (n = 9), collected 
between 2018 and 2019, and samples of village and pedigree 
dogs from the region (n = 14). Non-invasive samples (scat 
and urine) were mostly obtained during snow-tracking, and 
tissue samples were obtained from road-killed wolves and 
dogs. Blood and saliva samples were obtained from captive 
wolves and dogs. The pedigree of the captive wolves was 
not known. Blood was collected in EDTA-coated collection 
tubes (Greiner Bio-One GmbH, Austria) and saliva using 
swabs (Copan Diagnostics Inc., USA). Scat, urine, blood and 
saliva were stored at − 20 °C; tissue samples were preserved 
in 96% ethanol and stored at − 20 °C until processing.

DNA preparation and genotyping

Total genomic DNA was extracted from tissue samples using 
the QIAamp DNA Investigator Kit (QIAGEN GmbH, Ger-
many) and the MagCore Genomic DNA Tissue Kit (RBC 
Bioscience Corp. Taiwan); from the scat samples using the 
QIAamp DNA Stool Mini Kit (QIAGEN GmbH, Germany); 
and from blood using the MagCore Genomic DNA Whole 
Blood Kit (RBC Bioscience Corp. Taiwan) according to 
the manufacturers’ protocols. DNA extraction from urine 
was performed according to Valiere and Taberlet (2000). 
Samples were genotyped at 14 tetranucleotide microsatel-
lite loci: c2001, c2054, FH2538, PEZ3, PEZ8, PEZ19 (Vilà 
et al. 2003), FH2004, FH2010, FH2088, FH2107, FH2309, 

Fig. 1  Locations of sampling sites and the number of samples in 
Hungary and Slovakia. 1—Low Tatras (n = 6), 2—Vel’káFatra 
(n = 6), 3—Western Tatras (n = 3), 4—Börzsöny Mountains (n = 5), 

5—Karancs Mountains (n = 1), 6—Heves-Borsod Hills (n = 4), 7—
Bükk Mountains (n = 24), 8—Great Plain (n = 1)



1826 P. Fehér et al.

1 3

FH3313, FH3377, PEZ02 (Dayton et al. 2009). Sex was 
determined by the amelogenin gene (Yan et al. 2013). Prim-
ers were divided into multiplex reactions. Multiplex PCRs 
were set up in a total volume of 25 μl, containing 1 × QIA-
GEN Multiplex Master Mix (QIAGEN GmbH, Germany), 
60–240  ng of template DNA, each primer in optimum 
concentration (0.04–0.30 mM), and filled up with water. 
Amplification reactions were performed with the following 
cycling conditions: an initial activation at 95 °C for 15 min 
followed by 40 cycles of 95 °C for 30 s, 58 °C for 60 s, and 
72 °C for 60 s, and a final extension at 60 °C for 30 min. A 
LifeECO Thermal Cycler (Hangzhou Bioer Technology Co. 
Ltd., China) was used for amplification reactions. Amplified 
PCR products were separated on an ABI Prism 3100 Genetic 
Analyser using LIZ500 Size Standard (Applied Biosystems, 
USA). The PeakScanner ver. 1.0 (Applied Biosystems, USA) 
was used to analyse electropherograms and score allele sizes.

Programme MICROCHECKER ver. 2.3.4 (Van Ooster-
hout et al. 2004) was used to assess the presence of null 
alleles, scoring errors and large allele dropout. We used 
GenAlEx ver. 6.5 (Peakall and Smouse 2012) to estimate 
allele frequency by locus and population, the number of 
alleles (Na), the number of effective alleles (Ne), observed 
and unbiased expected heterozygosity values (Ho and uHE, 
respectively). Allelic richness (AR) values were computed 
with FSTAT ver. 2.9.3.2 (Goudet 1995).

Assessing genetic structure

To identify parental and kinship relations among Hungarian 
wolves and to define family groups (packs), we used the par-
entage assignment package Colony2 (Jones and Wang 2010). 
As the sex of individuals was known, this was considered 
during kinship reconstructions.

The Bayesian clustering method implemented in STRU 
CTU RE ver. 2.3.4 (Pritchard et al. 2000) was used to infer 
the most probable number of genetic clusters without a pri-
ori definition of populations to assess potential admixture 
between Hungarian wolves and other wolves and dogs. The 
Bayesian clustering method and Markov Chain Monte Carlo 
(MCMC) simulation were run using an admixture model and 
correlated allele frequencies. STRU CTU RE was run with 
simulations of 10 runs for each value of K, with a burn-in 
period of 250,000 iterations and 750,000 replications for a 
number of genetic clusters (K) from one to seven. We esti-
mated the number of clusters (K) by calculating the second-
order rate of change in log-likelihood values (ΔK) in STRU 
CTU RE Harvester ver. 0.6.94 (Earl and vonHoldt 2012), as 
well as the four supervised estimators of K from threshold 
values ranging from 0.5 to 0.8 (Puechmaille 2016) in Struc-
tureSelector (Li and Liu 2018).

We used also discriminant analysis of principal com-
ponents (DAPC) implemented in adegenet ver. 2.1.1 

(Jombart 2008), which identifies clusters of individuals 
without using any population genetic model (Jombart et al. 
2010). We used the find.clusters() function for the iden-
tification of the optimal number of clusters based on the 
Bayesian information criterion (BIC). The adegenet pack-
age was run with R ver. 4.0.1 (R Core Team 2018).

Additionally, a principal coordinate analysis (PCoA) 
was employed on individual multilocus genotypes to visu-
alise their clustering. PCoA was created from pairwise 
genetic distance values with the help of GenAlEx ver. 6.5 
(Peakall and Smouse 2012).

We detected the direction of differentiation with the 
diveRsity package (Keenan et  al. 2013) and used this 
information to infer relative migration between pairs of 
populations (Sundqvist et al. 2016). To plot the relative 
migration level between populations, the Nm method 
(Alcala et al. 2014) implemented in diveRsity ver. 1.9.90 
was used in R ver. 4.0.1 (R Core Team 2018). To deter-
mine significant relative migrations, bootstrapping was 
employed with 1000 replications (Keenan et al. 2013).

Results

Genetic diversity

Null alleles were detected at three loci (FH2309, FH3313, 
FH3377) in the group of dogs, at three loci (FH2107, 
FH2004, FH2010) in Hungarian wolf samples, at one 
locus (PEZ02) in the Slovakian wolf samples and a single 
locus in the captive wolf samples (FH3377). No other PCR 
errors (scoring error, large allele dropout, false alleles) 
were detected in the data set. We obtained a complete 
14-locus genetic profile for all samples.

All analysed loci were polymorphic in the free-ranging 
wolves, with the number of alleles per locus ranging from 
three (PEZ19) in both Hungarian and Slovakian wolves 
to 11 (FH2107, FH3313) in Hungarian wolves and 12 
(FH2107) in Slovakian wolves, with an average of 6.29 
in Hungarian and 5.93 in Slovakian samples. The mean 
observed heterozygosity (Ho) was 0.60–0.66 and the mean 
unbiased expected heterozygosity (uHE) was 0.69–0.71 
in the two free-ranging groups. The average number of 
alleles was 5.93–6.29 and the number of effective alleles 
was 3.51–3.72 (Table 1).

We identified 15 individual free-ranging wolves among 
15 samples collected in Slovakia and 25 individuals among 
35 samples from Hungary. Several individuals were identi-
fied multiple times: four animals were detected from two 
samples each, one from three samples and one from five. 
Sex determination revealed 15 males and 10 females among 
the Hungarian wolves.
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Genetic structure

The programme Colony2 detected several siblings and 
offspring-parent relationships among the sampled Hun-
garian wolves. Based on the “Best Cluster” result, three 
generations were identified for a wolf pack in the Bükk 
Mountains. The sex determination of these individuals 
revealed four males and one female. Genetic incompat-
ibilities suggested that males denoted with genotypes 1 
and 2 are full siblings, whereas the male with genotype 2 
is the father of the female with genotype 3. This female is 
the mother of two males denoted with genotypes 4 and 5 
(Fig. 2). Furthermore, two three-individual sibling rela-
tionships were found among the Hungarian samples, but 

they could not be connected to other samples. To reduce 
bias caused by including closely related genotypes, first-
order relatives were excluded from subsequent analyses.

The programme STRU CTU RE detected the highest 
average log-likelihood values for six genetic clusters, and 
the second-order rate of change in log-likelihood values 
was the highest for two genetic clusters, K = 2 (Fig. 3). In 
this case, free-ranging Slovakian and Hungarian wolves 
clustered together forming one group, whereas dogs and 
captive wolves formed the other cluster. The four super-
vised estimators of Puechmaille indicated the presence 
of four clusters throughout all threshold values, K = 4 
(Fig. 3). In this case, dogs and captive wolves formed two 
distinct groups and separated well from the other samples, 
Slovakian wolves formed another group clustered with 
some Hungarian samples and the rest of the Hungarian 
samples formed the fourth group (Fig. 3).

DAPC also showed the lowest BIC scores for K = 4. 
Similarly to the results from STRU CTU RE, dogs and cap-
tive wolves formed two distinct groups and separated well 
from the other samples. Free-ranging wolves formed two 
clusters that corresponded to Slovakian and Hungarian 
samples, but again, some Hungarian samples clustered 
with Slovakian wolves (Fig. 4). The Principal Coordinates 
Analysis (PCoA) confirmed this picture (Fig. 5).

Using diveRsity, a significant relative movement was 
found only between Slovakian and Hungarian free-ranging 
wolves. All other possible migration rates were small and 
non-significant. Migration between free-ranging wolves 
seemed to be unidirectional: from Slovakia to Hungary 
(Fig. 4).

Table 1  Polymorphism of 14 
autosomal microsatellite loci 
in free-ranging and captive 
wolves; number of individuals 
(n), number of alleles (NA), 
number of effective alleles (NE), 
allelic richness (AR), observed 
(Ho) and unbiased expected 
(uHE) heterozygosities

Locus Hungarian wolves (n = 25) Slovakian wolves (n = 15) Captive wolves (n = 9)

NA NE AR Ho uHE NA NE AR Ho uHE NA NE AR Ho uHE

c2001 4 3.18 3.59 0.64 0.70 5 3.75 4.55 0.73 0.76 4 3.45 5.62 1.00 0.75
c2054 6 3.72 4.56 0.92 0.75 5 3.44 4.90 0.80 0.73 4 2.79 6.42 0.89 0.68
FH2538 7 3.48 4.82 0.60 0.73 8 4.50 7.03 0.87 0.80 4 3.60 7.71 1.00 0.76
PEZ3 4 2.96 3.59 0.52 0.68 6 3.46 5.05 0.60 0.74 6 4.26 5.24 0.67 0.81
PEZ8 6 3.67 5.12 0.72 0.74 4 2.17 3.58 0.47 0.56 5 3.24 6.54 0.89 0.73
PEZ19 3 2.08 2.94 0.56 0.53 3 1.40 2.58 0.20 0.30 3 2.42 3.34 0.89 0.62
FH2088 6 3.54 5.25 0.68 0.73 5 3.66 4.58 0.73 0.75 2 1.53 5.80 0.22 0.37
PEZ02 5 3.19 3.95 0.60 0.70 4 2.94 3.84 0.40 0.68 3 2.66 5.78 0.33 0.66
FH3377 6 2.81 5.19 0.68 0.66 5 3.15 4.43 0.80 0.71 4 2.84 7.86 0.11 0.69
FH2010 6 1.95 4.45 0.36 0.50 5 2.76 4.43 0.53 0.66 3 2.57 5.14 0.89 0.65
FH2004 8 3.07 5.03 0.44 0.69 7 4.21 5.78 0.73 0.79 4 3.95 7.69 0.78 0.79
FH2107 11 8.39 8.55 0.72 0.90 12 7.63 9.59 0.80 0.90 4 2.95 9.90 0.89 0.70
FH2309 5 2.07 3.79 0.40 0.53 6 4.09 5.47 0.80 0.78 3 2.95 6.74 1.00 0.70
FH3313 11 5.04 7.33 0.60 0.82 8 4.89 7.07 0.80 0.82 2 1.38 10.11 0.33 0.29
Overall 6.29 3.51 0.60 0.69 5.93 3.72 0.66 0.71 3.64 2.90 0.71 0.66

Fig. 2  Reconstructed pedigree of free-ranging wolves in the Bükk 
Mountains, Hungary. Estimated kinship probabilities are shown 
above detected haplotypes (numbered 1–5)
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Discussion

This study is the first to investigate the origin of grey wolves 
in Hungary using microsatellite loci. The canine microsat-
ellite markers we used were suitable for the grey wolf and 
showed sufficient polymorphisms to assess genetic diversity 
and genetic structure.

We found moderate levels of genetic diversity in Hun-
garian wolves (Ho = 0.60; uHE = 0.69). Similar levels 
of heterozygosity were found in Slovakia by Rigg et al. 
(2014) (Ho = 0.65, HE = 0.64), Szewczyk et  al. (2019) 
(Ho = 0.65, uHE = 0.678) and Hulva et al. (2018) (Ho = 0.694, 
HE = 0.733) and in Serbia, including the southern-most por-
tion of the Carpathians, by Đan et al. (2016) (Ho = 0.69; 
HE = 0.75). Bakan et al. (2014) also reported heterozygo-
sity of Slovakian (Ho = 0.539; HE = 0.707) and Serbian 
(Ho = 0.526; HE = 0.637) samples. These findings are 

consistent with studies of the species elsewhere in Europe 
(Hindrikson et al. 2017) except in Italy, where heterozygo-
sity was found to be lower (Ho = 0.57; uHE = 0.58) as a result 
of the population passing through a severe genetic bottleneck 
(Fabbri et al. 2014).

The results of our analyses of the genetic structure sug-
gest that the Slovakian population probably contributed to 
the gene pool of Hungarian wolves, likely via natural dis-
persal, but it may not be the only population involved in the 
recolonisation of Hungary. Our results do not support the 
hypothesis that the presence of free-ranging wolves in north-
ern Hungary is the result of releases from zoos or other cap-
tive facilities (cf. Kovács 2018; Fluck 2020). However, the 
number of samples from captive wolves used was limited, 
and although we cannot completely exclude the possibility 
of such releases, this seems unlikely based on the observed 
genetic structure. Especially, that wolves are capable of 

Fig. 3  The results of the Bayesian clustering of free-ranging wolves 
in Slovakia and Hungary, captive wolves and dogs. A The mean log-
likelihood values for each value of the number of clusters (LnP(K)). 
B The probability of the models according to cluster size based on the 

second-order rate of change in log-likelihood values (Delta K). C The 
optimal number of clusters based on supervised estimators (MedMed 
K, MedMean K, MaxMed K, MaxMean K). D Bar plot of member-
ship probabilities from K = 2 to K = 4
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dispersing over long distances (e.g. Wabakken et al. 2007; 
Ciucci et al. 2009; Andersen et al. 2015), thus individuals 
from neighbouring countries such as Slovakia, Romania or 
Slovenia, or e.g., the Czech Republic, Poland or Ukraine 

could reach Hungary in spite of the ecological barriers and 
unfavourable habitats. The dispersion may be facilitated 
by suitable habitats and ecological corridors (Köck et al. 
2014), so animals originating from different populations can 

Fig. 4  Discriminant analysis of principal components (DAPC) to 
identify clusters of individuals without using a population genetic 
model. A Bayesian information criterion (BIC) according to the num-
ber of clusters in the DAPC. The most likely number of clusters is 
where BIC is lowest. B DAPC scatter plot showing genetic separa-

tion of free-ranging wolves (HU, SLO), dogs and captive wolves; DA 
eigenvalues are shown in the upper left corner. C Analysis of direc-
tion of differentiation using the diveRsity package indicates that there 
is significant migration only between Slovakian (group 2, SLO) and 
Hungarian (group 3, HU) free-ranging wolves

Fig. 5  Principal coordinate analysis showing genetic differentiation of dogs (blue diamonds), free-ranging wolves (grey triangles and brown 
squares) and captive wolves (yellow dots)
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mix and contribute to the present genetic pool of a given 
population, as has been proved in several regions in Europe 
(e.g. Ražen et al. 2016; Hulva et al. 2018; Szewczyk et al. 
2019). Thus, Hungarian wolves separating from the Slova-
kian and captive individuals at K = 4 in the admixture analy-
sis may also be immigrants from other populations or their 
descendants.

Wolves can disperse into Hungary via least-cost paths 
to core areas in the Börzsöny, Bükk, Mátra and Zemplén 
Mountains, where most of the samples for this study were 
collected (see Fig. 1). A single individual was identified in 
the north-eastern part of the Great Plain close to the Roma-
nian border, where the species also has a core area. Based 
on the least-cost path model, the animal could have reached 
this region from Slovakia through the North Hungarian 
Mountains or from Romania (Köck et al. 2014). The origin 
of this individual should be studied in more depth, as short-
distance movements and dispersion from Slovakia would be 
the most obvious but longer dispersion routes from more dis-
tant Romanian Carpathian, Dinaric or even Central Europan 
Lowland populations could also explain its presence (Fabbri 
et al. 2014; Ražen et al. 2016; Hulva et al. 2018; Ericson 
et al. 2020). However, only Hungarian and Slovakian sam-
ples were used in this study, so we cannot determine the 
origin of this individual yet.

Our Hungarian wolf samples were slightly male-biased, 
which might reflect differences in dispersal between the 
sexes. The dispersal of natural grey wolf populations is usu-
ally male-biased, i.e. males seem to have a greater tendency 
to disperse (Stansbury et al. 2016). Nevertheless, kinship 
relationships found among our Hungarian samples confirm 
the presence of at least one reproducing pack in the Bükk 
Mountains, which is consistent with camera-trap records of 
young wolves in the area (Gombkötő, unpublished data), and 
reproduction has also been confirmed by genetic methods in 
Aggtelek National Park (Hausknecht et al. 2010).

Large carnivores present a particular set of conservation 
issues since one of their fundamental characteristics is that 
they occur at relatively low population densities, individuals 
tend to move over large areas (Andersen et al. 2015; Bartoń 
et al. 2019), and they can occur even in human-dominated 
areas. Many populations span international borders, thus the 
management and conservation of these species call for trans-
boundary, population-level management plans (Linnell et al. 
2008; Trouwborst 2010; Blanco 2012). With the technical 
development of animal monitoring methods (e.g. photo-
trapping, GPS-satellite telemetry, isotope analysis, genetic 
monitoring), data on natural dispersal and long-distance 
movements are increasingly available, resulting in a better 
understanding of these processes (e.g. Kays et al. 2015). 
Genetic methods reveal a lot of additional information (e.g. 
effective population size, diversity indices, genetic struc-
turing), which can provide valuable support for developing 

management and conservation measures. Future research 
and conservation programmes would benefit from adopting 
and optimizing genetic methods to acquire baseline popu-
lation parameters and to enable comparison between (sub)
populations (De Groot et al. 2016).

Conclusion

We studied the genetic diversity and origin of the grey wolf 
in Hungary using 14 microsatellite loci and a marker for sex 
determination. These markers are suitable for species and 
individual identification, as well as for the assessment of 
kinship relations. Our analyses revealed that the Slovakian 
population probably contributed to the gene pool of Hun-
garian wolves via natural dispersal. However, to investigate 
if Slovakia is the source of recolonization of Hungary or 
whether other wolf populations have also contributed, refer-
ence samples from additional regional populations need to 
be included in future analyses. Furthermore, it appears that 
multiple individuals have colonised Hungary, possibly mul-
tiple times. New migrants from Slovakia or possibly from 
other countries seem to preserve some level of gene flow, 
and some exchange of individuals between subpopulations 
can be expected based on the life history of wolves. Moreo-
ver, reconstructed kinships underpin that wolves in northern 
Hungary are not only dispersing or migrating individuals, 
but breeding packs are also becoming established in the 
area. Since it cannot be ruled out that populations outside 
Slovakia were involved in the recolonisation of Hungary, it 
would be necessary to further compare Hungarian individu-
als with reference samples from neighbouring populations. 
However, our analyses have found no evidence that individu-
als released from captivity played a role in the successful 
recolonisation process in Hungary.

We would recommend the use of a standardised genetic 
methodology to enable the comparison of results across 
Europe and, in particular, in the Carpathian region. This 
would greatly facilitate monitoring of population status and 
potential further expansion, and contribute to transbound-
ary conservation and management programmes following 
European Union guidelines. If appropriate measures are 
implemented, the ongoing recovery of the wolf in northern 
Hungary may enable the species to resume its ecological role 
as an apex predator in the Pannonian Bioregion.
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