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ABSTRACT

1. Hybridisation and gene introgression are important sources of diversification, 
the relevance of which in the evolutionary processes is well recognised. Their 
fitness consequences in animal populations, however, are not sufficiently well 
understood, despite hybridisation rates becoming increasingly important world-
wide following human- related activities such as domestication, game management 
and habitat alteration.

2. In Europe, the density and distribution of native ungulates have largely been 
influenced by humans since pre- historic times. This, alongside the introduc-
tion of non- native and domesticated species, may bear major consequences 
at the genetic and population levels. We provide an updated overview of 
recent hybridisation events in wild European ungulates; we describe their 
ecological drivers, extent, current distribution, potential consequences and 
proposed management strategies.

3. We reviewed the scientific literature published between 2000 and 2018 and 
found that confirmed hybridisation was described in 75 of the 89 references 
we included, involving nearly all the species that we investigated. Most research-
ers relied on genetic information for hybrid identification, which often involved 
a domestic counterpart. However, introductions and translocations also led to 
crossbreeding between wild ungulate (sub)species. Only 43 papers provided 
management recommendations, mostly focused on preventing hybridisation and 
removing hybrids.

4. Hybridisation proved to be relatively common in several ungulate taxa in Europe. 
Despite reported changes in phenotype and fitness- related traits in some species, 
the consequences of hybridisation for adaptation, life history, and evolutionary 
potential remain largely unknown. The current conservation paradigm aims to 
prevent the spread of domestic or non- native genes in native populations; ac-
cordingly, conservation plans should: 1) determine the genetic origin of possible 
source populations; 2) protect native populations from the risk of crossbreeding 
with non- native ones, and 3) establish permanent monitoring.
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INTRODUCTION

Hybridisation or crossbreeding – between individuals of 
different (sub)species – and gene introgression – the transfer 
of genes between (sub)species – play important roles in 
evolutionary processes (Rieseberg & Carney 1998). 
Hybridisation, for example, occurs naturally in 10% of 
animal species and acts as a source of genetic variation 
(Mallet 2005). It depends on the distribution and size of 
distinct populations, increasing when differences in densi-
ties are high, owing to restricted mate choice in the rarest 
population (Hubbs 1955). Consequently, anthropogenic 
activities such as habitat degradation, domestication and 
translocation of animal species have recently increased the 
rate of hybridisation events worldwide. Humans have fa-
voured contacts between previously allopatric populations, 
either wild or domesticated, and the renewed sympatry 
has often resulted in new hybrid zones that may bear 
major consequences for native species, subspecies, and 
locally adapted populations (Allendorf et al. 2001). For 
example, native populations might lose local adaptation 
by introgression of non- native alleles (Barton 2001, Burke 
& Arnold 2001). Understanding the causes, extent and 
potential consequences of hybridisation events are thus 
pivotal for the conservation of native species.

The ecology of hybridisation in European 
ungulates

Europe is a largely human- dominated landscape, and the 
importance of ungulates typically stands on ecological, 
cultural, and economic grounds. The impacts of ungulates 
on human society may span from negative to profitable 
– through either consumptive or non- consumptive use 
(Csányi et al. 2014) –  therefore it is not surprising that 
the size and distribution of ungulate populations in Europe 
have been, and continue to be, influenced by humans, 
with profound consequences on the opportunity for hy-
bridisation. The fate of European ungulates throughout 
history is inextricably related to human activities and at-
titudes. From the early hunter- gathering lifestyle, humans 
have progressively changed towards more agricultural and 
game hunting- oriented lifestyles, until the very recent 
awareness of the importance of biodiversity conservation 
(Linnell & Zachos 2011). Accordingly, the size and dis-
tribution of wild native ungulate populations have been 
profoundly influenced by changes in land- use patterns, 
overhunting and translocations for recreation and/or at-
tempts to restore and increase biodiversity (Linnell & 
Zachos 2011). As a result, wild native ungulates are pres-
ently widely distributed in Europe, though their conserva-
tion status varies greatly, depending on the species, 
subspecies and region of interest.

The roe deer Capreolus spp., for example, is the most 
abundant and widely distributed ungulate in Europe 
(though it is absent on some islands), although the sub-
species Capreolus capreolus italicus is rare (Lovari et al. 
2016a). Similarly, the wild boar Sus scrofa is abundant 
and can be found throughout much of Europe (Herrero 
et al. 2007). The red deer Cervus elaphus is also abundant 
and widespread, albeit patchy (Lovari et al. 2016b). 
However, some taxa are of conservation concern (e.g. 
Cervus elaphus corsicanus, Cervus elaphus italicus, Cervus 
elaphus barbarus). Wild populations of reindeer Rangifer 
tarandus are geographically restricted to Fennoscandia and 
the species has been assessed as Least Concern at the 
European level on the International Union for Conservation 
of Nature’s (IUCN) Red List (Henttonen & Tikhonov 
2007), though the 2010 Red List of Finnish Species in-
cluded the wild forest reindeer Rangifer tarandus fennicus 
as a near- threatened species (Rassi et al. 2010). The 
European bison Bison bonasus, with about 6600 individu-
als, is listed as vulnerable on the IUCN Red List (Raczyński 
2017). Wild native Caprinae (ibex Capra spp., chamois 
Rupicapra spp.) are patchily distributed in the mountain 
ranges of southern- central Europe from Spain to Greece; 
no species is threatened, yet there is concern about the 
conservation of certain chamois subspecies (Corlatti et al. 
2011), and the future decline of Alpine ibex Capra ibex 
populations should be prevented. The wax and wane of 
population size due to overexploitation, shifts in distribu-
tion related to land- use changes and translocations for 
consumptive or conservation reasons, may eventually favour 
the onset of hybrid zones among native (sub)species. The 
conservation of wild native ungulates in Europe, however, 
is further complicated by the introduction of non- native 
species and interactions with livestock.

Wild ungulates have been moved around by humans 
since early historic times, for sport hunting, food provi-
sion, recreation, and gifts; the current distribution of non- 
native ungulates is thus a result of intentional releases 
and escapes from public and private properties, and these 
species have occasionally founded naturalised populations 
(Spear & Chown 2009). European examples include Barbary 
sheep Ammotragus lervia, American bison Bison bison, 
European mouflon Ovis aries musimon, fallow deer Dama 
dama, axis deer Axis axis, wapiti Cervus canadensis, sika 
deer Cervus nippon, Chinese muntjac Muntiacus reevesi, 
Chinese water deer Hydropotes inermis, and white- tailed 
deer Odocoileus virginianus (Ferretti & Lovari 2014). 
Populations of wild non- native ungulates are spread across 
almost all European countries, with the greatest number 
of taxa found in Germany, Czech Republic, and the UK 
(Ferretti & Lovari 2014). Consequences of their introduc-
tion span from habitat alteration and disease spreading 
to interspecific competition and hybridisation events (Spear 
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& Chown 2009, Ferretti & Lovari 2014). Additionally, 
European livestock farming has a long history that origi-
nated in the Neolithic and post- Neolithic eras around the 
Mediterranean basin (Zeder 2008). Today, it is widespread 
throughout the continent, although its importance varies 
between regions and livestock types (Neumann et al. 2009): 
the highest density of cattle, for example, occurs in northern- 
central Europe (UK, France, the Netherlands, Germany, 
and northern Italy), while pig farms mainly occur in central 
Europe (northern France and Germany, the Netherlands, 
southern Denmark, northern Italy, Spain). Sheep and goats 
are mainly found in the Mediterranean countries (Greece, 
Spain, France, and Italy), though sheep farming is also 
of key importance in the UK (Ataide Dias et al. 2008).

This complex pattern of land use, exploitation, and 
translocations of wild (either native or non- native) and 
domestic ungulates sets the ground for hybridisation issues 
in Europe, following widespread and uncontrolled diffu-
sion of domestic species, and changes in abundance and 
distribution of wild populations.

How can we detect hybrids?

Hybridisation can be detected in a variety of ways, either 
morphologically or through use of molecular data. 
Morphological alterations in some cases led to the iden-
tification of hybrids – later confirmed by molecular data 
– in both Alpine ibex and wild boar populations (Giacometti 
et al. 2004, Šprem et al. 2011, 2014). However, phenotypic 
traits can be misleading in the case of rare mutations or 
undescribed epigenetic effects (Clark et al. 2017), can be 
problematic to detect in the wild (Pérez- Espona et al. 
2011) or can fail to detect crossbreeding altogether 
(Lorenzini et al. 2011). Molecular genetics can integrate 
hybrid detection and gene introgression between taxa (Avise 
& Hamrick 1996). Based on their transmissions and evo-
lutionary dynamics, molecular markers can be categorised 
into two groups: nuclear and uniparental. The most com-
monly used uniparental marker is mitochondrial DNA 
(mtDNA), as it is more prone to introgression than the 
nuclear genome. Complete mtDNA replacement can be 
observed even in the absence or presence of low nuclear 
introgression (Abbott et al. 2013). Sometimes, however, 
mtDNA lineages are shared by closely related species, thus 
reducing the power of haplotype analysis to detect intro-
gression (Mallet 2005). This can be explained by the ma-
ternal inheritance of the mtDNA genome: in species 
evolution, intraspecific gene flow at organelle loci occurs 
at a much lower rate than at nuclear loci (Birky et al. 
1989). Y- chromosome markers might uncover the male 
impact of translocations. Unfortunately, these markers are 
less variable than mtDNA and are thus of limited ap-
plicability (Petit et al. 2002). High variability associated 

with biparental nuclear microsatellites provides an appro-
priate marker system for detecting hybridisation between 
individuals from different populations or taxa (Zane et al. 
2002). Nonetheless, microsatellites quickly accumulate ho-
moplasy, and thus have low statistical power for inferring 
population structure when samples are obtained from a 
hybrid population, especially when admixture proportions 
are high (Haasl & Payseur 2010). For these reasons, mi-
crosatellites cannot always accurately estimate gene flow 
between free- ranging individuals and their domestic coun-
terparts. Recently, genomic studies have taken advantage 
of thousands of single nucleotide polymorphisms (SNPs) 
to understand the dynamic nature of hybridisation and 
introgression. Such studies aim to have a good coverage 
of markers distributed across the (nuclear) genome, with 
high marker density, to detect introgressed genes accurately 
(Alves et al. 2003a, Herrero- Medrano et al. 2013).

Where do we stand?

Although hybridisation is generally perceived negatively 
when considering conservation and management of natural 
resources (e.g. Allendorf et al. 2001, Wolf et al. 2001), 
it may be of key importance for the survival of some 
taxa under rapidly changing environmental conditions. 
However, in the current management paradigm that aims 
to minimise interventions to populations, human- 
mediated hybridisation is often seen as ‘genetic pollution’ 
(Zachos & Hartl 2011) and hybrid populations are not 
given equal protection in many countries, compared to 
‘pure’ populations (Allendorf et al. 2004). Thus, genetic 
monitoring and the dissemination of relevant empirical 
data are expected to support conservation actions, in-
cluding the implementation of officially accepted mo-
lecular protocols aimed at identifying the genetic status 
of populations, and to estimate contemporary vs. historical 
patterns of hybridisation. The possibility of identifying 
the impact of past (re)introduction activities on genetic 
variability and its geographical distribution are of primary 
interest when implementing conservation and manage-
ment strategies (King & Burke 1999, Apollonio et al. 
2014).

In this review, we discuss the many facets of hybridi-
sation in the context of European ungulates. In particular, 
we aim to: 1) provide an overview of hybridisation pat-
terns (location, levels, species, and subspecies involved) 
in wild European ungulates; 2) outline the methods used 
to identify admixed individuals; 3) report the ecological 
causes of hybridisation; 4) summarise the effects of hy-
bridisation and their consequences for the conservation 
of European ungulates; and 5) review current manage-
ment strategies to limit the consequences of 
hybridisation.
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METHODS

Wild European ungulates included in this review were se-
lected according to Temple and Terry (2007). To find all 

the relevant literature, a systematic search was conducted 
in the Scopus database. We searched for titles, abstracts, 
and keywords using the following combinations: ‘species_
name hybridisation’, ‘species_name hybrids’, ‘species_name 

Fig. 1. Geographic ranges of ungulates and their hybrids in Europe; shaded areas correspond to the species’ geographical ranges, redrawn from IUCN 
Red List maps; hybridisation is represented by crosshatching where it is extensive and by dots (approximate locations) where it is geographically 
confined. (a) Wild boar, showing the hybrids: Sus scrofa scrofa × Sus scrofa domesticus; (b) European roe deer, showing the hybrids: Capreolus 
capreolus × Caprelous pygargus/Capreolus capreolus italicus; (c) red deer, showing the hybrids: Cervus elaphus × Cervus spp. (see text for details); (d) 
Alpine chamois, showing the hybrids: Rupicapra rupicapra rupicapra × Rupicapra rupicapra spp.; (e) Alpine ibex, showing the hybrids: Capra ibex 
ibex × Capra hircus; (f) other species, showing reindeer and the hybrids: Rangifer tarandus tarandus × Rangifer tarandus fennicus in Fennoscandia and 
Russia, and European mouflon and the hybrids: Ovis aries musimon × Ovis aries in Corsica and Sardinia. When hybridisation involved multiple (sub)
species, the corresponding taxon names are reported. Panels (d) and (e) also show, in the Iberian Peninsula, the geographic ranges of Rupicapra 
pyrenaica and Capra pyrenaica, respectively, though no hybridisation has been reported so far for these species.
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crossbreeding’, and ‘species_name introgression’. Searches 
were performed using both the English and the scientific 
names of species. We used all papers in English that were 
published in the period between 2000 and June 2018. 
Relevant literature on ungulate hybridisation not present 
in the search results using the aforementioned keywords, 
or published outside of the timeframe 2000-2018, was in-
cluded in the review when appropriate according to the 
authors’ expertise. We found and included a total of 89 
papers providing information on eight taxa (Appendix S1).

RESULTS

Sus scrofa

Cases of hybridisation between the wild boar and its do-
mestic counterpart Sus scrofa domesticus have been reported 
in several European countries using a variety of molecular 
and morphological markers (see Appendix S1 and Fig. 1a). 
However, hybridisation between different wild boar sub-
species (namely between European wild boar Sus scrofa 
scrofa and Italian wild boar Sus scrofa majori or Sardinian 
wild boar Sus scrofa meridionalis) has also been detected 
(Vernesi et al. 2003, Scandura et al. 2011). The screened 
literature (42 papers on Sus scrofa, see Appendix S1) shows 
variable levels of hybridisation, ranging from absent (Iberia, 
using mtDNA and SNPs; Alves et al. 2003b, Herrero- 
Medrano et al. 2013) to high (Ireland, using microsatellites 
and mtDNA; McDevitt et al. 2013). The geographic dis-
tribution of the phenomenon differs greatly. For example, 
Scandura et al. (2011) found that in Sardinia, introgression 
from the domestic pig was mostly limited to a smaller 
island off the northeast coast, while in the Netherlands 
it was geographically widespread (Goedbloed et al. 2013). 
However, introgression is usually related to human prac-
tices, be it release of admixed individuals or free- range 
farming practices (Appendix S1). Having the same legal 
status as the wild boar throughout Europe, hybrids are 
regularly hunted. When crossbreeding leads to a lack of 
camouflage, this might increase the chances of hybrids 
being spotted by human hunters or predators (Canu et al. 
2016). On the contrary, Fulgione et al. (2016) report that 
introgression from the domestic pig into the wild boar 
population might lead to improved fitness. Improvement 
in meat quality has been observed after introgression of 
wild genes into the domestic pig population (Matiuti et al. 
2010). However, the most commonly reported effects are 
alterations to the local gene pool (in 14/42 screened pa-
pers), including loss of adaptation (2/42), increased popu-
lation size (5/42), increased invasiveness (3/42), and 
morphological changes (4/42; see Appendix S1). To limit 
the spread of hybrids, several management practices have 
been proposed, primarily focusing on genetic monitoring 

of local populations and individuals used for restocking, 
including farmed ones, and on an integrated management 
strategy and stricter regulations for animal release and 
movement (see Appendix S1). Only one of the papers 
highlights the importance of increasing public awareness 
on this topic. Although mtDNA has been the most com-
monly used marker (21/42), it cannot resolve hybridisation 
between European taxa. Some authors thus strongly rec-
ommend the use of a combination of markers, including 
at least one autosomal, as they might lead to different 
results (e.g. Frantz et al. 2013, Canu et al. 2016).

Bison bonasus

The European bison went extinct in the wild in the 1920s, 
but populations were soon restored from 12 zoo captive 
animals. One of them was the last representative bull of 
a distinct subspecies, the Caucasian bison Bison bonasus 
caucasicus (Tokarska et al. 2011).

In 1950, individuals with Caucasian bison genes were 
separated from the pure lowland bison, creating two iso-
lated genetic lines of European bison: the hybrid Lowland- 
Caucasian (LC) line and the Lowland line, the latter 
representing the pure Bison bonasus bonasus subspecies 
(Pucek et al. 2004). The LC line is considered the only 
remaining source of Caucasian bison genes. The Status 
Survey and Conservation Action Plan for the European 
bison (Pucek et al. 2004) states: ‘Pure Lowland and LC 
lines should be separated in the wild, as well as in en-
closed breeding centers, up to the time of their likely 
natural contact. This isolation is of particular importance 
for preserving the genetic variability within LC line’. 
Although no hybridisation event has been reported in the 
16 screened papers (Appendix S1), potential hybridisation 
between the two populations is described as a threat to 
the conservation of the remaining European bison.

The European bison range expansion brought the two 
lines into contact in the Białowieza Forest, at the border 
between Poland and Belarus. According to estimates from 
2011, around 52% of all free- ranging Lowland line bison 
live in the Białowieza Forest. The population has been 
divided by a border fence since 1981 (Tokarska et al. 
2011), leading to differentiation into two subpopulations. 
Tokarska et al. (2015), using 19 microsatellite and 1512 
bovine SNP markers, revealed highly significant differences 
between the Polish and Belarus subpopulations from the 
Białowieza Forest. Their data showed that at least some 
of the genetic variants found in the Belarus subpopulation, 
but not in the Polish one, were of Caucasian origin. The 
authors suggest that the separation of the two Białowieza 
Forest lines is now vital for the protection of the world’s 
largest free- roaming population of Lowland line bison 
(Tokarska et al. 2015). Since the border fence between 
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Poland and Belarus – which prevents contact between the 
two bison subpopulations – is a human construct of cur-
rent politics, potential hybridisation between these two 
lines, and consequentially their genetic status, are 
unpredictable.

Capra

The screened literature (six papers) reported hybridisation 
events mostly between wild Capra spp. and domestic goats 
Capra hircus (Appendix S1, Fig. 1e); however, information 
is limited.

The strongest evidence for hybridisation has been re-
ported between Alpine ibex and domestic goats in the 
Swiss Alps. While earlier studies based on multilocus en-
zyme electrophoresis did not find compelling evidence 
(Randi et al. 1990), microsatellite markers (Giacometti 
et al. 2004), major histocompatibility complex analysis, 
and SNPs (Grossen et al. 2014) recently confirmed the 
occurrence of ibex × goat hybrids. Introgression is likely 
to have resulted from natural and captive breeding with 
domestic herds, the former due to more or less recent 
spatial overlap during winter, the latter due to early re-
introduction attempts (Stüwe & Nievergelt 1991, Giacometti 
et al. 2004, Grossen et al. 2014). The consequences of 
ibex hybridisation with domestic goats span from mor-
phological changes such as increased body size, longer 
male horns with smaller nodes, prominent leg markings, 
and dark brown colour in young individuals (Giacometti 
et al. 2004), to maladaptive alteration of reproductive 
biology (Stüwe & Nievergelt 1991) and potentially improved 
immune responses (Grossen et al. 2014). Turček and Hickey 
(1951) report anecdotal evidence for hybridisation of Alpine 
ibex with Nubian ibex Capra nubiana and bezoar Capra 
aegagrus in the Tatra Mountains of Slovakia, where all 
these species were introduced for hunting purposes; con-
sequences of introgression included early rutting season 
and anticipated parturition, which may have pushed the 
hybrid population to extinction. In western Europe, Iberian 
ibex Capra pyrenaica and domestic goats have long co-
existed in the mountainous regions of Spain, yet firm 
evidence of hybridisation in the wild is lacking (Sarasa 
et al. 2012, Herrero et al. 2013). While introgression has 
been confirmed in the Rute- Priego Mountains (using major 
histocompatibility complex genes) in semi- captive breeding 
conditions (Alasaad et al. 2012), physiological and behav-
ioural reproductive incompatibility between domestic goats 
and Iberian ibex might prevent interbreeding in the wild 
(Fernández- Arias et al. 1999, Herrero et al. 2013). Anecdotal 
evidence of hybridisation with domestic herds has also 
been reported for wild goats, or bezoar, in the mountains 
of Turkey; consequences of interbreeding include longer 
body hair, big floppy ears, and horns that flare out at 

the ends (Damm & Franco 2014). The other European 
‘wild’ goats (including Mallorcan and Cretan goats) are 
considered feral descendants of primitive domestic stock 
(Giannatos et al. 2007, Masseti 2009); not surprisingly, 
on the mountains of Mallorca and Crete, hybrids with 
domestic herds have been anecdotally reported (Giannatos 
et al. 2007, Papaioannou 2010). To limit the spread of 
hybrids, management recommendations generally include 
the removal of domestic herds from core areas of wild 
species, surveys of morphological traits where hybridisation 
is suspected and, possibly, removal of hybrids.

Rupicapra

Evidence for hybridisation has been reported (seven papers) 
only between different Rupicapra subspecies (Appendix S1, 
Fig 1d). Using mtDNA, Šprem and Buzan (2016) con-
firmed the occurrence of hybrids between Balkan chamois 
Rupicapra rupicapra balcanica and Alpine chamois 
Rupicapra rupicapra rupicapra in the Velebit Mountains 
(Croatia), resulting from the introduction of both species 
for hunting purposes. Similar patterns may occur in the 
Rhodope Mountains in Bulgaria, although the signals of 
introgression (using microsatellites) for the Balkan popula-
tion are not unequivocal (Markov et al. 2016b) and further 
screenings are desirable (Valchev et al. 2006). Interbreeding 
has been suggested to occur also between Balkan and 
Carpathian chamois Rupicapra rupicapra carpatica at the 
contact zone of the natural ranges of the two subspecies, 
in Djerdap National Park (Serbia; Damm & Franco 2014). 
In the Low Tatras (Slovakia), the occurrence of hybrids 
between the endemic Tatra chamois Rupicapra rupicapra 
tatrica and Alpine individuals introduced for hunting pur-
poses has been confirmed using cytochrome b (Crestanello 
et al. 2009). Subsequent analyses using microsatellites, 
sex- determining region Y gene, major histocompatibility 
complex and mtDNA confirmed up to 19% of male- biased 
introgressive hybridisation between the two subspecies 
(Zemanová et al. 2015). Finally, potential issues of hy-
bridisation have been suggested to occur in the Chartreuse 
Massif in the French Alps, where the genetic identity of 
the endemic subspecies Rupicapra rupicapra cartusiana is 
put at risk by translocations of individuals of the Alpine 
subspecies for hunting purposes (Roucher 1999), although 
evidence of hybridisation is currently lacking. Damm and 
Franco (2014) anecdotally reported possible hybridisation 
between Alpine and Chartreuse chamois in the Vosges 
Mountains (France) during the 1950s, where both subspe-
cies were introduced. Overall, the consequences of hy-
bridisation between chamois subspecies remain largely 
unknown. Zemanová et al. (2015) suggested that the effects 
might include the disruption of local genetic adaptations, 
outbreeding depression, local extinctions, the increase of 
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genetic variation, and enhanced adaptability to environ-
mental change in populations with reduced genetic diversity. 
Future research on the effects of hybridisation on fitness- 
related traits is thus of paramount importance for planning 
appropriate conservation measures. To date, management 
recommendations to avoid the spread of hybrids generally 
include the removal of non- endemic populations, the defi-
nition of conservation units for different chamois taxa 
– that should cautiously consider translocations of indi-
viduals carrying the appropriate genetic background 
(Corlatti et al. 2011) – and careful monitoring of potential 
ongoing hybridisation events.

Ovis aries musimon

The European mouflon was introduced to the 
Mediterranean islands of Corsica and Sardinia by humans 
during the first wave of domestication, ca. 6000–7000 years 
ago (Barbato et al. 2017). On those islands, after feral 
populations became established (Chessa et al. 2009), the 
species is considered ‘historically autochthonous’ and is 
protected. Since the 18th century, mouflon from Corsica 
and Sardinia have been introduced to many countries in 
mainland Europe as game animals.

Evidence of European mouflon × domestic sheep hy-
bridisation has been reported (4/17 papers; Appendix S1, 
Fig. 1f). In Corsica and Sardinia, mouflon populations 
have coexisted with domestic sheep populations since the 
second domestication wave (Barbato et al. 2017), and 
admixture between them has occurred. The genetic link 
between Sardinian domestic sheep breeds (Sardinian white 
and Sardinian ancestral black sheep) and Sardinian mou-
flon was identified using the 50k SNP chip by Ciani 
et al. (2014). Genetic differences between mouflon and 
domestic sheep are difficult to detect, due to the similari-
ties of their genomes. For example, both mouflon and 
European domestic sheep breeds belong to the sheep 
mitochondrial haplogroup B (Hiendleder et al. 1998, Tapio 
et al. 2006), therefore mtDNA markers cannot be used 
to infer gene flow between them. However, autosomal 
markers allow for the identification of the two parental 
populations and their hybrids. Arnaud et al. (2007) and 
Chessa et al. (2009) used the provirus endogenous jaa-
gsiekte sheep retrovirus insertion in chromosome 11 to 
distinguish old European domestic breeds, including mou-
flon, from modern domestic breeds. Forensic investigations 
using microsatellites have detected signs of crossbreeding 
in samples phenotypically attributed to mouflon (Lorenzini 
et al. 2011). Similarly, Schröder et al. (2016) combined 
endogenous jaagsiekte sheep retrovirus- 18 and microsatel-
lites to detect hybrids in western Germany. More recently, 
Barbato et al. (2017) compared European mouflon popu-
lations with 16 sheep breeds using 50k SNPs. Their results 

showed that signals of domestic sheep introgression into 
mouflon were stronger in a fenced mouflon population 
in Sardinia, probably as a result of extensive recent cross-
breeding, while hybridisation signatures were weaker in 
mainland Europe (Barbato et al. 2017).

The causes of this difference might be related to the 
regulatory effect of hunting and management and the rar-
ity of free- range sheep farming in continental Europe; in 
Sardinia the mouflon is protected and free- range sheep 
farming practices are common. Consequences of cross-
breeding with the domestic form are usually reported to 
affect the phenotype (Schröder et al. 2016). However, 
Barbato et al. (2017) showed that genes with functions 
related to innate immunity and bitter taste have been 
introgressed from mouflon into numerous sheep breeds, 
giving an example of positive selection. None of the screened 
papers provided management recommendations.

Capreolus

To date, two independent cases of hybridisation within 
the genus Capreolus have been reported in Europe. The 
first case (6/12 screened papers) occurred between European 
roe deer Capreolus capreolus and Siberian roe deer Capreolus 
pygargus, two distinct but very closely related species 
(Appendix S1, Fig. 1b). The second case (6/12) was be-
tween European roe deer and the endemic subspecies, 
Italian roe deer (Appendix S1, Fig. 1b).

Hybridisation between Siberian and European roe deer 
might have been caused by natural processes, e.g. range 
expansion during the Middle Ages, or by more recent 
human- mediated introductions of Siberian roe deer 
within the range of European roe deer for hunting 
purposes, with the aim to increase body mass and tro-
phy size (Hewison & Danilkin 2001, Matosiuk et al. 
2014a, Olano- Marin et al. 2014). The main hybridisation 
event between the two roe deer species took place 
2000 km from the current geographic range of the 
Siberian roe deer, and hybridisation levels range from 
low (3% in the Pannonian region; Markov et al. 2016a) 
to high (nearly 50% in Poland and Lithuania; Lorenzini 
et al. 2014; Appendix S1).

In central and southern Italy, hybridisation between 
the European and Italian roe deer represents the main 
threat to the genetic integrity of the endemic Italian 
subspecies (Gentile et al. 2008, Biosa et al. 2015), and 
is a consequence of reintroduction and restocking op-
erations by humans (Battisti et al. 2015). The first 
restocking attempts were conducted in Abruzzo National 
Park in the 1930s (Battisti et al. 2015); subsequently, 
the European roe deer expanded its range northwards 
(e.g. into Tuscany and Emilia Romagna; Randi 2005, 
Mucci et al. 2012).
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Hybridisation between the Siberian and European roe 
deer can be detected by mtDNA, while autosomal micro-
satellite loci and Y chromosome markers did not show 
signs of introgression (Appendix S1). In the case of 
European and Italian roe deer, both mitochondrial and 
nuclear markers proved useful in the identification of 
hybrids (Mucci et al. 2012, Biosa et al. 2015). The lack 
of divergence in nuclear DNA between Siberian and 
European roe deer, but not between European and Italian 
roe deer, may be evidence that introgression in the former 
case happened more than 200 years ago (Lorenzini et al. 
2014). This estimate is concordant with documented in-
troductions (Lorenzini et al. 2014), and is likely to be 
too long ago to be detected by microsatellites, due to 
their inheritance and high recombination rate (Bhargava 
& Fuentes 2010).

Whereas only Markov et al. (2016a) discussed the im-
portance of preserving the genetic diversity of European 
roe deer through the prevention of crossbreeding with 
Siberian roe deer, specific conservation and management 
measures for the Italian subspecies are listed in the Italian 
roe deer Action Plan (Focardi et al. 2009). The main 
recommendations include: genetic identification and map-
ping of pure Italian roe deer individuals and populations; 
permanent monitoring of hybridisation and introgression 
from alien European roe deer; and establishment of new 
pure Italian roe deer populations geographically separated 
from the introduced European roe deer populations 
(Focardi et al. 2009).

Consequences of hybridisation may include morphologi-
cal and behavioural changes, and hybridisation could cause 
disruptions of locally adapted traits, threatening the viability 
of populations (Battisti et al. 2015, Biosa et al. 2015). 
However, hybrids possessing Siberian roe deer mtDNA 
may show better adaptation to severe winters, an important 
agent of roe deer mortality in Eastern Europe (Matosiuk 
et al. 2014b, Olano- Marin et al. 2014). Both hybrids within 
the genus Capreolus still have undefined legal status in 
Europe.

Cervus

Introgression of red deer genes – of non- native or captive 
origin – into native populations is relatively frequent 
throughout Europe, as a consequence of translocations. 
Hybridisation (from rare to moderate) has been confirmed 
in different regions, where native red deer and introduced 
sika deer occur sympatrically (Appendix S1, Fig 1c). 
Conversely, introgression of wapiti genes into Irish and 
Scottish red deer populations is very low (Appendix S1, 
Fig 1c).

Translocations of red deer occurred already in the 
Neolithic period, representing one of the most significant 

forms of human intervention and management practice 
for this species throughout Europe (Appendix S1). 
Particularly in Central Europe, it is uncertain if truly na-
tive red deer populations exist; as the species has substantial 
dispersal abilities, introduced animals and/or their offspring 
may have dispersed into other populations (Linnell & 
Zachos 2011). The available literature on red deer hy-
bridisation (14 papers) shows variable levels of introgression 
after restocking, introduction or illegal translocation of 
different subspecies or phylogenetic lineages (Appendix 
S1). MtDNA and microsatellite loci have been widely used 
to study red deer genetic ‘pollution’, even at small geo-
graphic scales. However, Frantz et al. (2017) suggest that 
only large- scale microsatellite genotypic datasets can detect 
the presence of non- autochthonous red deer introgression 
into indigenous stocks.

Nonetheless, the management of subspecies and hybrids 
(all with undefined legal status) remains particularly chal-
lenging, owing to the ongoing discussion on red deer 
taxonomy. The genetic distinctiveness and low variability 
of Sardo- Corsican red deer Cervus elaphus corsicanus, 
Barbary red deer Cervus elaphus barbarus and Mesola red 
deer Cervus elaphus italicus, however, are well documented 
(Fernández- García et al. 2014, Zachos et al. 2014), high-
lighting the need to prevent hybridisation with non- 
autochthonous stock(s). Hybridisation between different 
deer species has substantial phenotypic consequences, which 
are likely to alter life- history traits and complicate man-
agement. One of the best examples is hybridisation between 
sika deer and red deer. Originally from Japan, the sika 
deer is strongly genetically differentiated from the red deer; 
they nevertheless hybridise, especially in some parts of 
the British Isles (McDevitt et al. 2009, Senn & Pemberton 
2009, Senn et al. 2010, Smith et al. 2014), and extensive 
introgression has occurred, both in enclosures (Bartoš 
2009) and in the wild (Senn & Pemberton 2009). Moreover, 
hybridisation between native red deer hinds and introduced 
sika deer stags in continental Europe was reported, using 
both mtDNA and microsatellite, in five regions of Poland, 
in the Kaliningrad District (Russia), in Lithuania 
(Biedrzycka et al. 2012), in the Czech Republic (Bartoš 
2009), and in Austria (reviewed in Zachos & Hartl 2011). 
Hybridisation increases the body mass of both sika- like 
males and females, and increases incisor arcade breadth 
and jaw length of sika- like females (Senn et al. 2010). 
There is concern that introgression may not only com-
promise the genetic integrity of native red deer stocks, 
but also reduce the trophy value of red deer (sika deer 
antlers are much smaller than those of red deer). Where 
red and sika deer populations overlap, several management 
practises have been proposed (see Smith et al. 2018 for 
a critical overview). However, identification of hybrids in 
the field can be problematic even for experienced 
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personnel and improved training on this aspect is highly 
desirable (Smith et al. 2018).

Introductions of wapiti into English deer parks and the 
Scottish Highlands were common practice in the past, 
aiming to improve body mass and antler size of native 
red deer. However, hybridisation between the two species 
is rare (Pérez- Espona et al. 2011, 2013), and there is lim-
ited evidence of reduced reproductive success (Asher et al. 
2005).

Rangifer

In reindeer, hybridisation may occur between two wild 
subspecies, the mountain reindeer Rangifer tarandus taran-
dus and the forest reindeer, as well as between wild and 
domestic animals (Appendix S1, Fig 1f).

The only large remaining native population of reindeer 
in Norway received considerable gene introgression from 
domestic herds (Røed et al. 2011). Indeed, except for the 
forest reindeer in Finland, both wild and domestic reindeer 
in Fennoscandia belong to the same subspecies: Rangifer 
tarandus tarandus. The genetic data in Røed et al. (2008) 
illustrated a clear genetic distinction in both microsatellites 
and mtDNA between the domestic reindeer in eastern 
Finland and the endangered forest reindeer. In south- eastern 
Russia, introgression was detected with mtDNA markers 
between domestic and forest reindeer (Røed et al. 2008). 
Native wild reindeer in Scandinavia show two typical 
mtDNA lineages, while domestic reindeer carry two dif-
ferent lineages, indicative of a non- indigenous origin 
(Flagstad & Røed 2003, Røed et al. 2008, 2011). However, 
there is no information about the influence of hybridisa-
tion on reindeer populations and their life- history traits, 
and presently reindeer hybrids have undefined legal 
status.

DISCUSSION

The literature showed the pervasiveness of hybridisation 
in the most common European ungulates, with 75 con-
firmed cases described in 89 papers. Potential biases should 
be considered: it is likely that mostly positive results, in 
consequence of targeted investigations, were published, 
whereas spatial information may be limited by different 
scientific interests and/or funding availability. Yet, this 
figure represents the state of the art knowledge of the 
scientific community. Overall, gene introgression can be 
observed between wild (sub)species (32/75 papers) or be-
tween the wild population and its domestic counterpart 
(44/75). In both cases, it is often related to human prac-
tices (56/75), as is often the case for other taxa where a 
domesticated or human- managed counterpart co- occurs 
(cf. Russo et al. 2018). Introgression from the domestic 

counterparts is usually due to range overlap of wild and 
domestic populations, either intentional or accidental, 
whereas crossbreeding between wild (sub)species is gener-
ally related to introductions or translocations, often carried 
out for hunting purposes (Appendix S1).

Uncertainties in the taxonomic resolution

It is worth noting that for some species, taxonomic clas-
sification is still a matter of debate. For example, it is 
unclear whether or not the living populations of Capra 
pyrenaica should be split into two subspecies: Capra pyr-
enaica hispanica, that occurs mainly in southeastern Spain, 
and Capra pyrenaica victoriae, in northwestern Spain (Pérez 
et al. 2002). Whereas a study based on mtDNA did not 
support this subdivision (Manceau et al. 1999), it has 
been suggested that ‘single- locus analyses only show single 
gene trees that need not be in accordance with organism- 
level phylogeny’ (Linnell & Zachos 2011), and that hemi-
plasy or recent hybridisation between these subspecies may 
have reduced potential differences between them. Pérez 
et al. (2002) also called for careful evaluation of the sources 
of translocated individuals of Spanish ibex. Thus, it seems 
important to acquire new data to help the decision- making 
process on the conservation of Spanish ibex populations 
(Linnell & Zachos 2011). However, a similar issue also 
stands for red deer subspecies, with few exceptions (i.e. 
Sardo- Corsican, Barbary, and Mesola red deer), and should 
be considered in conservation and management of the 
species. Additionally, it has been recently suggested that 
the identification of meaningful taxonomic units for con-
servation should not be based exclusively on the species 
definition (Zachos 2018).

Hybrid detection and consequences of 
introgression

The methods used to investigate hybridisation vary 
greatly, and so does their success in identifying intro-
gressed individuals. Researchers largely rely on genetic 
markers (73/89 papers), with mtDNA being the most 
widely used (45/73), followed by autosomal microsatel-
lites (35/73) and, more recently, SNP (11/73; Appendix 
S1). The power of these methods to detect hybrids varies 
depending on the target species and on the number of 
generations since the admixture event. For example, 
mtDNA cannot resolve hybridisation between mouflon 
and European sheep breeds (Hiendleder et al. 1998, 
Tapio et al. 2006), but is the only marker that can 
detect Siberian roe deer introgression in the European 
population (Lorenzini et al. 2014, Matosiuk et al. 2014a, 
Markov et al. 2016a). Although morphological altera-
tions have often been reported as consequences of 
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hybridisation, individual variation, health status, and 
age might complicate the interpretation of results. We 
thus recommend combining these data with genetic 
information for hybrid detection. Considering the dif-
ferent mutation rates and transmission patterns, we 
suggest using a combination of markers for hybrid de-
tection, comparing autosomal fast- evolving markers with 
slow- evolving or with uniparentally inherited ones, as 
they might lead to different results (e.g. Frantz et al. 
2013, Canu et al. 2016). This rule of thumb is not 
without exceptions though, for mtDNA is fundamental 
in the detection of red × sika deer hybrids (Senn & 
Pemberton 2009), whereas large numbers of microsatel-
lites are necessary to identify non- native red deer (Frantz 
et al. 2017). Additionally, aspects such as budget and 
research question need to be considered in marker 
selection.

Although hybridisation is not negative per se, it can 
have detrimental consequences if introgressed traits are 
maladaptive or can decrease survival rates in the wild, 
and so hybridisation may raise management concerns, 
especially when domestic animals or farmed wild animals 
are involved. With the exceptions of Rangifer and Rupicapra, 
where data are lacking on this aspect, there are reports 
of morphological and/or behavioural changes due to hy-
bridisation (Appendix S1). Whereas improved disease re-
sistance, an improved immune system (Grossen et al. 2014, 
Zemanová et al. 2015, Barbato et al. 2017), increased litter 
size, and increased growth rate (Frantz et al. 2013, 
Goedbloed et al. 2013, Fulgione et al. 2016) may be ben-
eficial, maladaptation (Battisti et al. 2015, Canu et al. 
2016), reduction in fitness- related traits (Stüwe & Nievergelt 
1991), increased invasiveness (e.g. Goedbloed et al. 2013, 
Manunza et al. 2016), and enhanced chances of disease 
spread (e.g. Manunza et al. 2016) may have important 
negative consequences for management and population 
ecology. This issue might be particularly relevant for some 
species, such as the wild boar, that has recently been 
recognised as a potential agent for the introduction of 
African Swine Fever in disease- free countries of the 
European Union (Bosch et al. 2017). However, informa-
tion on the genes involved and the potential impacts on 
the species’ evolutionary potential is still patchy.

Hybrid distribution and management

Throughout Europe, the evidence of hybridisation be-
tween ungulates varies greatly (Fig. 1). In some coun-
tries, it has never been reported (e.g. Portugal), whereas 
in others, multiple species show signs of introgression 
(e.g. UK and Poland). This review highlights the need 
for further investigation in specific areas, such as Corsica 
and parts of the Balkans, and for certain species, such 

as chamois, to shed light on current anecdotal infor-
mation. Management recommendations, provided in 
only 41/89 papers, are generally aimed at reducing 
hybridisation through the prevention of future events 
(27/41) and by the removal of hybrids (9/41). In some 
cases, negative effects may have outweighed the positive 
ones in introductions or reintroductions as a manage-
ment tool for the recovery of ungulate populations.

Hybrids may become a socially relevant issue, especially 
if they are likely to carry anthropogenically or uninten-
tionally selected traits (Russo et al. 2018). While the latter 
case may apply to wolf × dog hybrids, for ungulates the 
biggest concerns may involve the uncontrolled diffusion 
of hybrids with high invasive potential and intentional 
crossbreeding for trophy hunting, which might trigger 
market distortions and represent a threat to 
biodiversity.

Given the uncertainty about the consequences of hy-
bridisation, under the current management paradigm, three 
priorities should remain in conservation planning: 1) de-
termine the genetic origin of possible source populations 
(cf. Russo et al. 2018); 2) protect native populations from 
the risks of crossbreeding with non- native ones, especially 
for species of social concern (cf. Russo et al. 2018); and 
3) establish permanent monitoring (cf. Apollonio et al. 
2014). We recommend the development of international 
databanks, as already created for certain species (e.g. car-
nivores and wild boar), with common criteria and protocols 
to support the implementation of goals (1) and (2) and 
to allow direct comparison of results across geographic 
areas. This last aspect was one of the challenges in the 
present work due to the different methodologies imple-
mented and the lack of geographic details in many 
publications.

ACKNOWLEDGEMENTS

The authors acknowledge funding provided to LI by EU 
Horizon 2020 (MSCA- IF grant n. 656697) and to NŠ by 
the Croatian Science Foundation (project IP 2016- 06- 5751), 
and thank M. Tokarska for information on the European 
bison.

REFERENCES

Abbott RJ, Albach D, Ansell S, Arntzen JW, Baird SJE, 

Bierne N et al. (2013) Hybridization and speciation. 

Journal of Evolutionary Biology 26: 229–246.

Alasaad S, Fickel J, Rossi L, Sarasa M, Benitez CV, 

Granados JE et al. (2012) Applicability of major 

histocompatibility complex DRB1 alleles as markers to 

detect vertebrate hybridization: a case study from Iberian 



11Mammal Review (2018) © 2018 The Mammal Society and John Wiley & Sons Ltd

Hybridisation in European ungulatesL. Iacolina et al.

ibex x domestic goat in Southern Spain. Acta Veterinaria 

Scandinavica 54: 56.

Allendorf FW, Leary RF, Spruell P, Wenburg JK (2001) The 

problems with hybrids: setting conservation guidelines. 

Trends in Ecology and Evolution 16: 613–622.

Allendorf FW, Leary RF, Hitt NP, Knudsen KL, Lundquist 

LL, Spruell P (2004) Intercrosses and the U.S. 

Endangered Species Act: should hybridized populations be 

included as westslope cutthroat trout. Conservation Biology 

18: 1203–1213.

Alves PC, Ferrand N, Suchentrunk F, Harris DJ (2003a) 

Ancient introgression of Lepus timidus mtDNA into 

L. granatensis and L. europaeus in the Iberian Peninsula. 

Molecular Phylogenetics and Evolution 27: 70–80.

Alves A, Ovilo C, Rodriguez MC, Siliò L (2003b) 

Mitochondrial DNA sequence variation and phylogenetic 

relationships among Iberian pigs and other domestic and 

wild pig populations. Animal Genetics 34: 319–324.

Apollonio M, Scandura M, Šprem N (2014) Reintroductions 

as a management tool for European Ungulates. In: 

Putman R, Apollonio M (eds) Behaviour and Management 

of European Ungulates, 46–77. Whittles Publishing, 

Dunbeath, Caithness, Scotland, UK.

Arnaud F, Caporale M, Varela M, Biek R, Chessa B, Alberti 

A et al. (2007) A paradigm for virus–host coevolution: 

sequential counter- adaptations between endogenous and 

exogenous retroviruses. PLoS Pathogens 3: e170.

Asher GW, Archer JA, Scott IC, O’Neill KT, Ward J, 

Littlejohn RP (2005) Reproductive performance of 

pubertal red deer (Cervus elaphus) hinds: effects of 

genetic introgression of wapiti subspecies on pregnancy 

rates at 18 months of age. Animal Reproduction Science 

90: 287–306.

Ataide Dias R, Mahon G, Dore G (2008) EU sheep and 

goat population in December 2007 and production 

forecasts for 2008. Eurostat: Statistics in Focus 67: 1–7.

Avise JC, Hamrick JL (eds; 1996) Conservation Genetics: Case 

Histories from Nature. Chapman & Hall, London, UK.

Barbato M, Hailer F, Orozco-terWengel P, Kijas J, Mereu P, 

Cabras P, Mazza R, Pirastru M, Bruford MW (2017) 

Genomic signatures of adaptive introgression from 

European mouflon into domestic sheep. Scientific Reports 

7: 7623.

Barton NH (2001) The role of hybridization in evolution. 

Molecular Ecology 10: 551–568.

Bartoš L (2009) Sika deer in continental Europe. In: 

Mc-Cullough DR, Takatsuki S, Kaji K (eds) Sika Deer: 

Biology and Management of Native and Introduced 

Populations, 573–594. Springer, Tokyo, Japan.

Battisti C, Di Gennaroa A, Gippoliti S (2015) Schematizing 

a historical demographic collapse on a large time span 

using local, secondary and grey data: the case of Italian 

roe deer Capreolus capreolus italicus in Central Italy. 

Journal for Nature Conservation 24: 63–67.

Bhargava A, Fuentes FF (2010) Mutational dynamics of 

microsatellites. Molecular Biotechnology 44: 250–266.

Biedrzycka A, Solarz W, Okarma H (2012) Hybridization 

between native and introduced species of deer in Eastern 

Europe. Journal of Mammalogy 93: 1331–1341.

Biosa D, Scandura M, Tagliavini J, Luccarini S, Mattioli L, 

Apollonio M (2015) Patterns of genetic admixture 

between roe deer of different origin in central Italy. 

Journal of Mammalogy 296: 30–37.

Birky CW, Fuerst P, Maruyama T (1989) Organelle gene 

diversity under migration, mutation, and drift: 

equilibrium expectations, approaches to equilibrium, 

effects of heteroplasmic cells, and comparison to nuclear 

genes. Genetics 121: 613–627.

Bosch J, Rodríguez A, Iglesias I, Muñoz MJ, Jurado C, 

Sánchez-Vizcaíno JM, de la Torre A (2017) Update on 

the risk of introduction of African Swine Fever by wild 

boar into disease- free European Union countries. 

Transboundary and Emerging Diseases 64: 1424–1432.

Burke JM, Arnold ML (2001) Genetics and the fitness of 

hybrids. Annual Review of Genetics 35: 31–52.

Canu A, Vilaça ST, Iacolina L, Apollonio M, Bertorelle G, 

Scandura M (2016) Lack of polymorphism at the MC1R 

wild- type allele and evidence of domestic allele 

introgression across European wild boar populations. 

Mammalian Biology 81: 477–479.

Chessa B, Pereira F, Arnaud F, Amorim A, Goyache F, 

Mainland I et al. (2009) Revealing the history of sheep 

domestication using retrovirus integrations. Science 324: 

532–536.

Ciani E, Crepaldi P, Nicoloso L, Lasagna E, Sarti FM, 

Moioli B et al. (2014) Genomewide analysis of Italian 

sheep diversity reveals a strong geographic pattern and 

cryptic relationships between breeds. Animal Genetics 45: 

256–266.

Clark WS, Galen SC, Hull JM, Mayo MA, Witt CC (2017) 

Contrasting molecular and morphological evidence for the 

identification of an anomalous Buteo: a cautionary tale 

for hybrid diagnosis. PeerJ 5: e2850.

Corlatti L, Lorenzini R, Lovari S (2011) The conservation of 

the chamois Rupicapra spp. Mammal Review 41: 163–174.

Crestanello B, Pecchioli E, Vernesi C, Mona C, Martínková 

N, Janiga M et al. (2009) The genetic impact of 

translocations and habitat fragmentation in chamois 

(Rupicapra spp). Journal of Heredity 100: 691–708.

Csányi S, Carranza J, Pokorny B, Putman R, Ryan M 

(2014) Valuing ungulates in Europe. In: Putman R, 

Apollonio M (eds) Behaviour and Management of 

European Ungulates, 13–45. Whittles Publishing, 

Dunbeath, Scotland, UK.

Damm GR, Franco N (2014) CIC Caprinae Atlas of the 

World. CIC International Council for Game and Wildlife 

Conservation, Budakeszi, Hungary, in cooperation with 

Rowland Ward Publications, Johannesburg, South Africa.



12 Mammal Review (2018) © 2018 The Mammal Society and John Wiley & Sons Ltd

L. Iacolina et al.Hybridisation in European ungulates

Fernández-Arias A, Alabart JL, Folch J, Beckers JF (1999) 

Interspecies pregnancy of Spanish ibex (Capra pyrenaica) 

fetus in domestic goat (Capra hircus) recipients induces 

abnormally high plasmatic levels of pregnancy- associated 

glycoprotein. Theriogenology 51: 1419–1430.

Fernández-García JL, Carranza J, Martínez JG, Randi E 

(2014) Mitochondrial D- loop phylogeny signals two native 

Iberian red deer (Cervus elaphus) lineages genetically 

different to western and eastern European red deer and 

infers human- mediated translocations. Biodiversity and 

Conservation 23: 537–554.

Ferretti F, Lovari S (2014) Introducing aliens: problems 

associated with invasive exotics. In: Putman R, Apollonio 

M (eds) Behaviour and Management of European 

Ungulates, 78–109. Whittles Publishing, Dunbeath, 

Scotland, UK.

Flagstad Ø, Røed KH (2003) Refugial origins of reindeer 

(Rangifer tarandus L.) inferred from mitochondrial DNA 

sequences. Evolution 57: 658–670.

Focardi S, Montanaro M, La Morgia V, Riga F (2009) Piano 

d’azione nazionale per il capriolo italico (Capreolus 

capreolus italicus). Min. Ambiente –ISPRA, Rome, Italy.

Frantz AC, Zachos FE, Kirschning J, Cellina S, Bertouille S, 

Mamuris Z, Koutsogiannouli EA, Burke T (2013) Genetic 

evidence for introgression between domestic pigs and wild 

boars (Sus scrofa) in Belgium and Luxembourg: a 

comparative approach with multiple marker systems. 

Biological Journal of the Linnean Society 110: 104–115.

Frantz AC, Zachos FE, Bertouille S, Eloy M-C, Colyn M, 

Flamand M-C (2017) Using genetic tools to estimate the 

prevalence of non- native red deer (Cervus elaphus) in a 

western European population. Ecology and Evolution 7: 

7650–7660.

Fulgione D, Rippa D, Buglione M, Trapanese M, Petrelli S, 

Maselli V (2016) Unexpected but welcome. Artificially 

selected traits may increase fitness in wild boar. 

Evolutionary Applications 9: 769–776.

Gentile G, Vernesi C, Vicario S, Pecchioli E, Caccone A, 

Bertorelle G, Sbordoni V (2008) Mitochondrial DNA 

variation in roe deer (Capreolus capreolus) from Italy: 

evidence of admixture in one of the last C. c. italicus 

pure populations from central- southern Italy. Italian 

Journal of Zoology 76: 16–27.

Giacometti M, Roganti R, De Tann D, Stahlberger-

Saitbekova N, Obexer-Ruff G (2004) Alpine ibex Capra 

ibex ibex x domestic goat C. aegagrus domestica hybrids 

in a restricted area of southern Switzerland. Wildlife 

Biology 10: 137–143.

Giannatos G, Herrero J, Lovari S (2007) Capra hircus. The 

IUCN Red List of Threatened Species: 

e.T136383A4283792.

Goedbloed DJ, Megens HJ, Van Hooft P, Herrero-Medrano 

JM, Lutz W, Alexandri P et al. (2013) Genome- wide 

single nucleotide polymorphism analysis reveals recent 

genetic introgression from domestic pigs into northwest 

European wild boar populations. Molecular Ecology 22: 

856–866.

Grossen C, Keller L, Biebach I, The International Goat 

Genome Consortium, Croll D (2014) Introgression from 

domestic goat generated variation at the major 

histocompatibility complex of Alpine ibex. PLoS Genetics 

10: e1004438.

Haasl RJ, Payseur BA (2010) The number of alleles at a 

microsatellite defines the allele frequency spectrum and 

facilitates fast accurate estimation of theta. Molecular 

Biology and Evolution 27: 2702–2715.

Henttonen H, Tikhonov A (2007) Rangifer tarandus. The 

IUCN Red List of Threatened Species: e.T29742A9528166.

Herrero J, Giannatos G, Kranz A, Conroy J (2007) Sus 

scrofa. The IUCN Red List of Threatened Species: 

e.T41775A10562008.

Herrero J, Fernández-Arberas O, Prada C, García-Serrano A, 

García-González R (2013) An escaped herd of Iberian 

wild goat (Capra pyrenaica, Schinz 1838, Bovidae) begins 

the re- colonization of the Pyrenees. Mammalia 77: 

403–407.

Herrero-Medrano J, Megens H-J, Groenen M, Ramis G, 

Bosse M, Perez-Enciso M, Crooijmans R (2013) 

Conservation genomic analysis of domestic and wild pig 

populations from the Iberian Peninsula. BMC Genetics 14: 

106.

Hewison AJM, Danilkin A (2001) Evidence for separate 

specific status of European (Capreolus capreolus) and 

Siberian (C. pygargus) roe deer. Mammalian Biology 66: 

13–21.

Hiendleder S, Mainz K, Plante Y, Lewalski H (1998) 

Analysis of mitochondrial DNA indicates that domestic 

sheep are derived from two different ancestral maternal 

sources: no evidence for contributions from urial and 

argali sheep. Journal of Heredity 89: 113–120.

Hubbs CL (1955) Hybridization between fishes in nature. 

Systematic Zoology 4: 1–20.

King LT, Burke T (1999) Special issue on gene conservation: 

identification and management of genetic diversity. 

Molecular Ecology 8: S1–S3.

Linnell JDC, Zachos FE (2011) Status and distribution 

patterns of European ungulates: genetics, population 

history and conservation. In: Putman R, Apollonio M, 

Andersen R (eds) Ungulate Management in Europe: 

Problems and Practices, 12–53. Cambridge University 

Press, Cambridge, UK.

Lorenzini R, Cabras P, Fanelli R, Carboni GL (2011) 

Wildlife molecular forensics: identification of the 

Sardinian mouflon using STR profiling and the Bayesian 

assignment test. Forensic Science International: Genetics 5: 

345–349.

Lorenzini R, Garofalo L, Qin X, Voloshina I, Lovari S 

(2014) Global pylogeography of the genus Capreolus 



13Mammal Review (2018) © 2018 The Mammal Society and John Wiley & Sons Ltd

Hybridisation in European ungulatesL. Iacolina et al.

(Artiodactyla: Cervidae), a Palaearctic meso- mammal. 

Zoological Journal of the Linnean Society 170: 209–221.

Lovari S, Herrero J, Masseti M, Ambarli H, Lorenzini R, 

Giannatos G (2016a) Capreolus capreolus. The IUCN Red 

List of Threatened Species: e.T42395A22161386.

Lovari S, Lorenzini R, Masseti M, Pereladova O, Carden RF, 

Brook SM (2016b) Cervus elaphus. The IUCN Red List of 

Threatened Species: e.T55997072A22155320.

Mallet J (2005) Hybridization as an invasion of the genome. 

Trends in Ecology & Evolution 20: 229–237.

Manceau V, Crampe J-P, Boursot P, Taberlet P (1999) 

Identification of evolutionary significant units in the 

Spanish wild goat, Capra pyrenaica (Mammalia, 

Artiodactyla). Animal Conservation 2: 33–39.

Manunza A, Amills M, Noce A, Cabrera B, Zidi A, 

Eghbalsaied S et al. (2016) Romanian wild boars and 

Mangalitza pigs have a European ancestry and harbour 

genetic signatures compatible with past population 

bottlenecks. Scientific Reports 6: 29913.

Markov G, Zvychaynaya E, Danilkin A, Kholodova M, Sugar 

L (2016a) Genetic diversity and phylogeography of roe 

deer (Capreolus capreolus L.) in different biogeographical 

regions in Europe. Comptes rendus de l’Académie bulgare 

des Sciences 69: 579–584.

Markov G, Zhelev P, Ben Slimen H, Suchentrunk F (2016b) 

Population genetic data pertinent to the conservation of 

Bulgarian chamois (Rupicapra rupicapra balcanica). 

Conservation Genetics 17: 155–164.

Masseti M (2009) The wild goats Capra aegagrus Erxleben, 

1777 of the Mediterranean Sea and the Eastern Atlantic 

Ocean islands. Mammal Review 39: 141–157.

Matiuti M, Bogdan AT, Crainiceanu E, Matiuti C (2010) 

Research regarding the hybrids resulted from the 

domestic pig and the wild boar. Scientific Papers: Animal 

Science and Biotechnologies 43: 188–191.

Matosiuk M, Borkowska A, Świsłocka M, Miski P, Borowski 

Z, Krysiuk K et al. (2014a) Unexpected population 

genetic structure of European roe deer in Poland: an 

invasion of the mtDNA genome from Siberian roe deer. 

Molecular Ecology 23: 2559–2572.

Matosiuk M, Sheremetyeva IN, Sheremetyev IS, Savaljev AP, 

Borkowska A (2014b) Evolutionary neutrality of mtDNA 

introgression: evidence from complete mitogenome analysis 

in roe deer. Journal of Evolutionary Biology 27: 2483–2494.

McDevitt AD, Edwards CJ, O’Toole P, O’Sullivan P, O’Reilly 

C, Carden RF (2009) Genetic structure of, and 

hybridisation between, red (Cervus elaphus) and sika 

(Cervus nippon) deer in Ireland. Mammalian Biology 74: 

263–273.

McDevitt AD, Carden RF, Coscia I, Frantz AC (2013) Are 

wild boars roaming Ireland once more? European Journal 

of Wildlife Research 59: 761–764.

Mucci N, Matucci F, Randi E (2012) Conservation of 

threatened local gene pools: landscape genetics of the 

Italian roe deer (Capreolus c. italicus) populations. 

Evolutionary Ecology Research 14: 897–920.

Neumann K, Elbersen BS, Verburg PH, Staritsky I, Pérez-

Soba M, de Vries W, Rienks WA (2009) Modelling the 

spatial distribution of livestock in Europe. Landscape 

Ecology 24: 1207–1222.

Olano-Marin J, Plis K, Sönnichsen L, Borowik T, 

Niedziałkowska M, Jędrzejewska B (2014) Weak 

population structure in European roe deer (Capreolus 

capreolus) and evidence of introgressive hybridization with 

Siberian roe deer (C. pygargus) northeastern Poland. PLoS 

ONE 9: e109147.

Papaioannou H (2010) Ungulates and their management in 

Greece. In: Apollonio M, Andersen R, Putman R (eds) 

European Ungulates and Their Management in the 21st 

Century, 540–562. Cambridge University Press, Cambridge, 

UK.

Pérez JM, Granados JE, Soriguer RC, Fandos P, Márquez FJ, 

Crampe JP (2002) Distribution, status and conservation 

problems of the Spanish ibex, Capra pyrenaica 

(Mammalia: Artiodactyla). Mammal Review 32: 26–39.

Pérez-Espona S, Pérez-Barbería FJ, Pemberton JM (2011) 

Assessing the impact of past wapiti introductions into 

Scottish Highland red deer populations using a Y 

chromosome marker. Mammalian Biology 76: 640–643.

Pérez-Espona S, Hall RJ, Perez-Barberia FJ, Glass BC, Ward 

JF, Pemberton JM (2013) The impact of past 

introductions on an iconic and economically important 

species, the red deer of Scotland. Journal of Heredity 104: 

14–22.

Petit E, Balloux FF, Excoffier L (2002) Mammalian 

population genetics: why not Y? Trends in Ecology & 

Evolution 17: 28–33.

Pucek Z, Belousova IP, Krasinska M, Krasinski ZA, Olech 

W (2004) European Bison. Status Survey and Conservation 

Action Plan. IUCN/SSC Bison Specialist Group. IUCN, 

Gland, Switzerland and Cambridge, UK.

Raczyński J (eds; 2017) European Bison Pedigree Book 2016. 

Bialowieza National Park, Białowieża, Poland.

Randi E (2005) Management of wild ungulate populations 

in Italy: captive – breeding, hybridisation and genetic 

consequences of translocation. Veterinary Research 

Communications 29: 71–75.

Randi E, Tosi G, Toso S, Lorenzini R, Fusco G (1990) 

Genetic variability and conservation problems in Alpine 

ibex, domestic and feral goat populations (genus Capra). 

Zeitschrift für Säugetierkunde 55: 413–420.

Rassi P, Hyvärinen E, Juslén A, Mannerkoski I (eds; 2010) 

The 2010 Red List of Finnish Species. Ympäristöministeriö 

& Suomen ympäristökeskus, Helsinki, Finland.

Rieseberg LH, Carney SE (1998) Plant hybridization. New 

Phytologist 140: 599–624.

Røed KH, Flagstad O, Nieminen M, Holand O, Dwyer MJ, 

Rov N, Vila C (2008) Genetic analyses reveal 



14 Mammal Review (2018) © 2018 The Mammal Society and John Wiley & Sons Ltd

L. Iacolina et al.Hybridisation in European ungulates

independent domestication origins of Eurasian reindeer. 

Proceedings of the Royal Society B: Biological Sciences 275: 

1849–1855.

Røed KH, Flagstad O, Bjørnstad G, Hufthammer AK (2011) 

Elucidating the ancestry of domestic reindeer from ancient 

DNA approaches. Quaternary International 238: 83–88.

Roucher F (1999) The fate of the Chartreuse chamois. 

Newsletter of the IUCN/SSC Caprinae Specialist Group 

January: 4–5.

Russo I-RM, Hoban S, Bloomer P, Kotzé A, Segelbacher G, 

Rushworth I, Birss C, Bruford MW (2018) ‘Intentional 

Genetic Manipulation’ as a conservation thereat. 

Conservation Genetics Resources. https://doi.org/10.1007/

s12686-018-0983-6.

Sarasa M, Alasaad S, Pérez JM (2012) Common names of 

species, the curious case of Capra pyrenaica and the 

concomitant steps towards the ‘wild- to- domestic’ 

transformation of a flagship species and its vernacular 

names. Biodiversity Conservation 21: 1–12.

Scandura M, Iacolina L, Cossu A, Apollonio M (2011) 

Effects of human perturbation on the genetic make- up of 

an island population: the case of the Sardinian wild boar. 

Heredity 106: 1012–1020.

Schröder O, Lieckfeldt D, Lutz W, Rudloff C, Frölich K, 

Ludwig A (2016) Limited hybridization between domestic 

sheep and the European mouflon in western Germany. 

European Journal of Wildlife Research 62: 307–314.

Senn HV, Pemberton JM (2009) Variable extent of 

hybridization between invasive sika (Cervus nippon) and 

native red deer (C. elaphus) in a small geographical area. 

Molecular Ecology 18: 862–876.

Senn HV, Swanson GM, Goodman SJ, Barton NH, 

Pemberton JM (2010) Phenotypic correlates of 

hybridisation between red and sika deer (genus Cervus). 

Journal of Animal Ecology 79: 414–425.

Smith SL, Carden RF, Coad B, Birkitt T, Pemberton JM 

(2014) A survey of the hybridisation status of Cervus 

deer species on the island of Ireland. Conservation 

Genetics 15: 823–835.

Smith SL, Senn HV, Pérez-Espona S, Wyman MT, Heap E, 

Pemberton JM (2018) Introgression of exotic Cervus 

(nippon and canadensis) into red deer (Cervus elaphus) 

populations in Scotland and the English Lake District. 

Ecology and Evolution 8: 2122–2134.

Spear D, Chown SL (2009) Non- indigenous ungulates as a 

threat to biodiversity. Journal of Zoology 279: 1–17.

Šprem N, Buzan E (2016) The genetic impact of chamois 

management in the Dinarides. Journal of Wildlife 

Management 80: 783–793.

Šprem N, Piria M, Novosel H, Florijančić T, Antunović B, 

Treer T (2011) Morphological variability of the Croatian 

wild boar population. Šumarski List 11–12: 575–583.

Šprem N, Salajpal K, Safner T, Đikić D, Jurić J, Curik I, 

Đikić M, Cubric-Curik V (2014) Genetic analysis of 

hybridization between domesticated endangered pig breeds 

and wild boar. Livestock Science 162: 1–4.

Stüwe M, Nievergelt B (1991) Recovery of Alpine ibex 

from near extinction: the result of effective protection, 

captive breeding, and reintroductions. Applied Animal 

Behaviour Science 29: 379–387.

Tapio M, Marzanov N, Ozerov M, Ćinkulov M, Gonzarenko 

G, Kiselyova T, Murawski M, Viinalass H, Kantanen J 

(2006) Sheep mitochondrial DNA variation in European, 

Caucasian, and central Asian areas. Molecular Biology and 

Evolution 23: 1776–1783.

Temple HJ, Terry A (2007) The Status and Distribution of 

European Mammals. Office for Official Publications of the 

European Communities, Luxembourg.

Tokarska M, Pertoldi C, Kowalczyk R, Perzanowski K 

(2011) Genetic status of the European bison Bison 

bonasus after extinction in the wild and subsequent 

recovery. Mammal Review 41: 151–162.

Tokarska M, Bunevich AN, Demontis D, Sipko T, Perzanowski 

K, Baryshnikov G et al. (2015) Genes of the extinct 

Caucasian bison still roam the Białowieza Forest and are the 

source of genetic discrepancies between Polish and 

Belarusian populations of the European bison, Bison bonasus. 

Biological Journal of the Linnean Society 114: 752–763.

Turček FJ, Hickey JJ (1951) Effect of introductions on two 

game populations in Czechoslovakia. Journal of Wildlife 

Management 15: 113–114.

Valchev K, Andonov K, Popgeorgiev G, Plachijski D, 

Avramov S (2006) Action Plan for the Chamois in 

Bulgaria: 2007–2016. BBF-SFA, Sofia, Bulgaria.

Vernesi C, Crestanello B, Pecchioli E, Tartari D, Caramelli D, 

Hauffe H, Bertorelle G (2003) The genetic impact of 

demographic decline and reintroduction in the wild boar 

(Sus scrofa): a microsatellite analysis. Molecular Ecology 12: 

585–595.

Wolf DE, Takebayashi N, Rieseberg LH (2001) Predicting 

the risk of extinction through hybridization. Conservation 

Biology 15: 1039–1053.

Zachos FE (2018) Mammals and meaningful taxonomic 

units: the debate about species concepts and conservation. 

Mammal Review 48: 153–159.

Zachos FE, Hartl GB (2011) Phylogeography, population 

genetics and conservation of the European red deer 

Cervus elaphus. Mammal Review 41: 138–150.

Zachos FE, Mattioli S, Ferretti F, Lorenzini R (2014) The 

unique Mesola red deer of Italy; taxonomic recognition 

(Cervus elaphus italicus nova ssp., Cervidae) would 

endorse conservation. Italian Journal of Zoology 81: 

136–143.

Zane L, Bargelloni L, Patarnello T (2002) Strategies for 

microsatellite isolation: a review. Molecular Ecology 11:  

1–16.

Zeder MA (2008) Domestication and early agriculture in 

the Mediterranean Basin: origins, diffusion, and impact. 

https://doi.org/10.1007/s12686-018-0983-6
https://doi.org/10.1007/s12686-018-0983-6


15Mammal Review (2018) © 2018 The Mammal Society and John Wiley & Sons Ltd

Hybridisation in European ungulatesL. Iacolina et al.

Proceedings of the National Academy of Sciences 105: 

11597–11604.

Zemanová B, Hájková P, Hájek B, Martínková N, Mikulíček 

P, Zima J et al. (2015) Extremely low genetic variation in 

endangered Tatra chamois and evidence for hybridization 

with an introduced Alpine population. Conservation 

Genetics 16: 729–741. 

SUPPORTING INFORMATION

Additional supporting information may be found in the 
online version of this article at the publisher’s web-site.

Appendix S1. References and information on hybridisation 
studies used in this review.


