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Abstract 

Hedgehogs from the genus Erinaceus are extremely interesting and suitable model organisms 

for studying impacts of climatic changes during Pleistocene on species and speciation 

processes. Erinaceus europaeus and E. roumanicus, which have diverged in southern refugia, 

formed a secondary contact zone in Central Europe. The widest part of this zone is situated in 

Czech Republic. Our work benefits from this position and processes that take place here such 

as reinforcement, character displacement and hybridization are discussed. Moreover, we 

addressed several questions about biological invasions and topics connected to peripatric 

processes. Using combination of nuclear and mitochondrial DNA we detected differences in 

population structure between the species and also between sexes. E roumanicus is mainly 

restricted to lowlands. Ranges of both species expand and hybridization may play role during 

formation of reproductive isolation. We did not observed ecological character displacement 

when using 3D geometric morphometry approaches. Populations in sympatry are more similar 

than in allopatry. Our data are enhanced by description of parasite fauna of sympatrical 

populations and we discuss the role which they may play in evolution of the hedgehogs. Study 

proceeded in New Zealand was based on comparison of historical and genetic data, including 

approximate Bayesian computation (ABC), a novel approach useful for solving complicated 

population histories. According to ABC, New Zealand was colonized from North to South, 

which is in contradiction to historic data. Both types of data have different informative value 

and we advocate integrating these approaches in invasion biology. 
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Abstrakt 

Ježci rodu Erinaceus jsou velmi zajímavý model  pro studium dopadu pleistocénních 

klimatických změn na procesy spojené se vznikem nových druhů. Erinaceus europaeus a E. 

roumanicus prošli divergencí v jižních refugiích a vytvořili sekundární kontaktní zónu ve 

střední Evropě. Nejširší část této zóny je v České republice. Naše práce těží z této výhodné 

pozice a studuje procesy jako je reinforcement, posun znaků a hybridizace. Dále jsme se 

zabývali biologickými invazemi a tématy spojenými s procesy v peripatrii. Za využití 

kombinace jaderné a mitochondriální DNA jsme detekovali odlišnosti v populační struktuře 

obou druhů i rozdíly mezi pohlavími. E. roumanicus se vyskytuje především v nížinách. 

Areály obou druhů expandují a hybridizace může hrát určitou roli během vzniku 

reprodukčních bariér. S použitím 3D geometrické morfometriky jsme nezaznamenali 

ekologický posun znaků. Populace v sympatrii jsou si podobnější než v allopatrii. Další studie 

se zabývá odlišnostmi společenstev parazitů u sympatrických populací a diskutuje roli vztahů 

parazit – hostitel při speciaci. Studie provedená u  novozélandských populací byla založena na 

srovnání historických a genetických dat s použitím Bayesiánského modelování (ABC), 

metody mimořádně vhodné k řešení složitých populačních historií. Podle genetické struktury 

byl Nový Zéland kolonizován ze severu směrem na jih, což je v protikladu k historickým 

datům. Oba typy dat mají jinou výpovědní hodnotu, a proto doporučujeme propojení těchto 

přístupů v invazní biologii. 
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1. Family Erinaceidae 

Family Erinaceidae includes 24 living species of moonrats and gymnures (Galericiane) 

and spiny hedgehogs (Erinaceinae) which are distributed over the Africa and Eurasia (Wilson 

and Reader 2005). Although we have relatively detail information about the phylogenetic 

relationships of the family with other Eulipotyphlan lineages (Madsen et al. 2001, Murphy et 

al. 2001a, Murphy et al. 2001b, Roca et al. 2004), the within-family relationships haven't been 

uncovered yet unequivocally. Latest work of He et al. (2012) brings probably the greatest 

amount of genetic and morphological data, but the results are not very convincing (Fig. 1.). 

They used only mitochondrial sequences of 14 species and morphological data of 22 species. 

This work confirmed the monophyly of Erinaceidae and Galericinae and sister position of 

genus Atelerix and genus Erinaceus. To obtain more complete picture it would be necessary 

to use also nuclear data and to use wider taxonomic sampling. 

Recently, four hedgehog species of the genus Erinaceus are recognized. We have only 

limited information about E. amurensis, which is living in China. Three other species inhabits 

Western Palearct (Aulagnier et al. 2009, Fig. 2.). The distribution of the west European 

hedgehog (Erinaceus europaeus) covers Western Europe and has a range that spreads to 

Scandinavia, the Baltic republics and northern Russia. The northern white-breasted hedgehogs 

(E. roumanicus) inhabit Eastern Europe and Ponto-Mediterranean regions. The range of 

southern white-breasted hedgehogs (E. concolor) includes Asia Minor and Levant, but it is 

probably isolated from the range of E. roumanicus by the Bosporus Strait and Caucasus 

Mountains (Seddon et al. 2002). In the past, there have been strong effect of climate, but the 

huge genetic divergence among these species suggests pre-Pleistocene subdivision (Seddon et 

al. 2001). Combination of nuclear and mitochondrial sequence data showed, that E. 

roumanicus is sister species to E. concolor (time of divergence is suggested to 1,7-2,2 Myr) 

and sister taxon to this group is E. europaeus (time of divergence is suggested to 3,2-4,5 Myr; 

Seddon et al. 2001). Genus Erinaceus is probably the best-studied group of the family, thanks 

to the model status in the phylogeographic studies (Santucci et al. 1998, Hewit 2000, Seddon 

et al. 2001, Seddon et al. 2002, Berggren et al. 2005). 
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Fig. 1. Bayesian phylogeny analysis of 14 species of family Erinaceidae. Combined dataset of 

mitochondrial DNA (3218 bp) was used in the work of He et al. (2012). 

  

2. Speciation in hedgehogs 

 2.1 Allopatric speciation 

Speciation is evolutionary process that includes splitting of parental lineage into 

descendent lineages and finally leads to reproductive isolation of the divergent species (Coyne 

and Orr 2004). Different definitions of speciation and different species concepts are not in 

agreement when speciation starts and when it is completed (Nosil 2012), but evolutionary 

biologists believe that from the geographical point of view, most common is allopatrical 

speciation which involves complete geographical isolation of the lineages (Coyne & Orr 

2004). Reproductive isolation can arise either through neutral evolution in the gene pool (e.g. 

genetic drift) or through adaptive divergence. This phenomenon is widely studied in western 
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Palearctic where dramatic shifts in climate conditions contained several occasions for this 

type of speciation (Hewitt 1999). 

Climatic changes during Pleistocene
1
 had a great impact on the distribution and 

evolution of many species of fauna and flora worldwide (Avise 1992, Taberlet et al. 1998, 

Hewitt 1999). The Quaternary ice ages are characteristic by temperature lowering and 

expansion of continental ice sheets, polar ice sheets and alpine glaciers. A level of seas was 

getting low and land bridges were formed, so various species could migrate to the islands 

which were connected to the mainland and between particular continents (Hofreiter and 

Stewart 2009). Signs of these events are especially visible in the European region, where are 

limited possibilities for retreat to southern territories. Three essential refuges in Europe - 

Iberian, Apennine and Balkan peninsulas and the recolonization routes were described in 

summarizing works of Taberlet et al. (1998) and in Hewitt (2000). Since that time, it was 

revealed, that also other areas played important role as refugia. These extra-Mediterranean 

refugia have been discovered for many temperate species, such as bank voles (Myodes 

glareolus) in Kotlík et al. (2006), brown bears (Ursus arctos) in Saarma et al. (2007), weasels 

(Mustela nivalis) in McDevitt et al. (2012), European pine marten (Martes martes) in Ruiz-

González et al. (2013) and many others (reviewed in Provan and Bennett 2008, Schmitt and 

Varga 2012).  

The signal of cyclic restrictions to glacial refugia and postglacial expansion is clearly 

visible in the distribution of genetic variation of the European hedgehogs (Hewitt 2000, 

Seddon et al. 2001; Fig 2.). Three mitochondrial clades were discovered within E. europaeus 

(Seddon et al. 2001). These clades correlate with origin in the Iberian, Apennine and Sicilian 

refugia (Santucci et al. 1998, Hewitt 2000, Seddon et al. 2001, Berggren et al. 2005) and are 

in contrast with the homogenous nuclear gene pool within the entire species (Seddon et al. 

2001, Berggren et al. 2005). E. roumanicus survived the last ice age in the Balkan refugium 

(Seddon et al 2001, Seddon et al. 2002, Berggren et al. 2005). It is supposed that the 

populations of E. concolor had refugia in northern Turkey and/or in southern Caucasus, but 

more data are needed in this case (Seddon et al. 2002). 

 

                                                           

1
 As my bachelor and diploma thesis were focused mainly on phylogoegraphy and impact of ice ages to 

distribution of species in Europe, I will not present further details even on hedgehog phylogeography here. 
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Fig. 2. Distribution of Erinaceus europaeus (blue), E. roumanicus (red) and E. concolor 

(green). Zones of sympatry are in violet and black narrows are showing routes of expansion 

after the last ice age (Bolfíková and Hulva (2012); modified according to Reeve (1994), 

Aulagnier et al. (2009) and Hewitt (2000)).  

2.2 Sympatry zone of parapatric ranges 

 Populations which are allopatricaly separated, start to accumulate different adaptations 

to the local conditions and also undergo genetic drift and other neutral processes. This is a 

start of production of isolating mechanisms and the process can be completed in sympatric 

zones of parapatric areas, if secondary contact evolves during recolonization phase. After the 

secondary contact, selection against interspecific mating may lead to establishment of 

prezygotic reproductive isolation mechanisms even if the postzygotic barriers are still 

incomplete. In this stage, individuals that are able to recognize and mate with their own 

species are favored by the selection. Hybrids are considered as disadvantaged due to hybrid 

inviability, sterility, presence of behavioral dysfunctions or they might be completely fit, but 

their genotype is unsuitable for environment where they are present. This process, which 

strengths the premating reproductive isolation is called reinforcement (Servedio and Noor 

2003). The outcome of reinforcement and selection against hybrids is reproductive character 

displacement (Noor 1999). Populations living in sympatry usually share greater divergence of 
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isolating traits than in allopatry (Noor 1999). Evidence was found for example in threespine 

stickleback morphs (Gasterosteus aculeatus) in Rundle and Schluter (1998) or in flycatchers 

(Ficedula hypoleuca and F. albicolis) in Saetre et al. (1997). 

Another effect that is involved in processes in the secondary contacts is ecological 

character displacement. It mainly occurs when two closely related and/or 

morphologically/genetically compatible species have overlapping ranges of distribution. It 

was previously found for example in nightingales - Luscinia megarhynchos and L. luscinia  

(Reifová et al. 2011) or in spadefoot toads Spea multiplicata and S. bombifrons (Rice and 

Pfenning 2010). Theory says, that in the zones, where the two species occur together, the 

populations are more divergent and easily distinguishable (Brown and Wilson 1956). The 

ecological differences between the species are highlighted in the sympatric zone and 

weakened or lost completely in allopatrical parts of their ranges. Models of ecological 

character displacement usually consider two species, that use the same sources (typically 

considering trophic competition), and which exhibit phenotypic plasticity induced by 

environment as a condition for facilitating mechanism for dividing resources. Phenotypic 

evolution allows to species respond to character of the environment, in which they live – for 

example, regulating the body size according to climatic factors or shift some characters when 

closely related competitor is present (Pfenning et al. 2006).  

The distribution of E. europaeus and E. roumanicus is parapatric on a 

macrogeographical scale and contact zones are situated in Central Europe (Poland, the Czech 

Republic, Austria and Italy) and north-eastern Europe (Latvia, Estonia and Russia to the Ural 

mountains). Secondary contact zone in Central Europe was probably established during 

Neolithic deforestation after the last glacial maximum and is expanding in recent (Bolfíková 

and Hulva 2012). However, we have very limited information about the contact zone in north-

eastern Europe.  

Issues connected to hybridization are addressed in next chapter, but in our previous 

work we did not succeed to find individuals with mixed origin (Bolfíková and Hulva 2012) 

and only one hybrid individual was found in Slovakia during analyses of additional samples 

(Knitlová et al. in prep). Situation in western Palearctic is a great opportunity for interspecies 

comparisons but we still lack information about the matter of reproductive mechanisms 

between E. europaeus and E. roumanicus. In Central Europe, species differ in timing of 

hibernation (Kratochvíl 1975) so theoretically they should not meet during mating period. But 

in central European climatic conditions, they are able to reproduce more than once during the 
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season (Reeve 1994). Epigamic behaviour is very complicated and has been described only 

superficially (Herter 1965, Reeve 1994). Females are quiet choosy and premating behaviour 

could be very long (Reeve and Morris 1986). This study observed only 7% of successful 

copulations (Reeve and Morris 1986). On the other hand, females are able to mate with 

several males and produce youngs with more than one male (Reeve 1994, Moran et al. 2009). 

All mentioned facts could have played role in reinforcement, but the real nature of it is still 

unknown.  

In our study, we failed to observe ecological character displacement (Knitlová et al. in 

prep). Using methodologically novel approach od 3D geometric morphometry, we found out, 

that populations in sympatry differ less than in allopatry (Knitlová et al. in prep). This 

situation can be result of past hybridization or adaptation to habitat and dietary preferences 

(Knitlová et al. in prep). 

 2.3 Sympatry and hybridization 

Hybridization used to be a problematic issue for the traditional view of speciation and 

species concepts. Nowadays, events connected to hybridization are considered as widespread 

and tend to be the leading topics in speciation research. It was assumed, that approximately 

6% of European mammals produce hybrids (Mallet 2005) and that closely related species 

hybridize more often (Seehausen 2004). Hybridization may have various effects on species – 

it may strengthen the barriers between the species by reinforcement (selection on premating 

isolation) or the barriers may be reduced by gene flow.  

Extreme result of hybridization is taxon swamping when both parental genomes merge 

in one (Avise at al. 1997). This can be very problematic during biological invasions. For 

example, it may cause demographic shifts in whole indigenous population as in case of 

introduced spotted bass (Micropterus punctulatus) and native smallmouth bass (M. dolomieul) 

in Georgia, USA (Avise at al. 1997). On the other hand, more likely are populations at various 

stages of divergence from the parental populations. One option is called hybrid taxa when 

during homoploid hybrid speciation
2
 hybridization results in completely mixed and distinct 

taxon to parental populations. Interspecific hybrids were traditionally considered as rather 

disadvantaged by reduced fitness. In this case, hybrids may be better adapted to the novel 

habitats. The situation of hybrid speciation could be connected to local adaptations to the 

                                                           

2
 as it's not common in mammals I don't consider polyploid speciation in this text 
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mosaic habitat. For example it was discovered, that the alpine populations of butterflies from 

genus Lycaeides have a mixed genomes with original ancestry of Lycaeides melissa and L. 

idas in Sierra Nevada. These populations are differentiated and reproductively isolated from 

the parental species (Gompert et al. 2006). In this case, alpine habitat represents extreme 

environment which allows reproductive isolation from the parental species. Scientists suppose 

that this type of speciation is rare and careful distinguishing between shared ancestral 

polymorphism and hybrid speciation is necessary (Abbott et al. 2013).  

Probably the greatest amounts of information we have from contact zones which are at 

parapatric borders of species ranges and usually were formed after last glacial maximum 

when allopatrically diversified populations came into secondary contact (Hewitt 2000, Hewitt 

2001). If there is balance between gene flow and selection against hybrids, we call them 

tension hybrid zones. These zones are independent on environment and can move through 

time due to different population density and/or asymmetrical hybridization between the 

parental species/populations (Buggs 2007). Much information and theories about this type of 

hybrid zone were obtained during researches focused on mice - Mus musculus musculus and 

M. musculus domesticus (see Macholán et al. 2012 for review).  Opposite situations are at 

hybrid zones that are patchy and dependent on specific environments where hybrids have 

higher fitness than pure species (as in case of Lyacaeides butterflies).  

Interspecific hybridization also occurs when one of the species is rare and its 

population densities are lower than in second species (McCracken and Wilson 2011). 

Desperation hypothesis states that for the rare species it may be difficult to find a mate and it 

is more likely that the rare species will mate with heterospecific (Hubbs 1955). During range 

expansion of one species, the expanding population may suffer by this lack of conspecific 

mate. In our study, we observed one hybrid individual in Slovakia, with mtDNA of E. 

europaeus but nuclear genome was distinguished as mix of F2 generation and backcross with 

E. roumanicus. According to genetic data, the signal of recent expansion for E. europaeus 

wasn’t obvious (Bolfíková and Hulva 2012) but if we compare range margins in 60’s 

(Kratochvíl 1966) and recent (Anděra 2010) it is obvious, that the range edges are dynamic in 

both species. 

In the past there were attempts to discovered level of hybridization between hedgehogs 

in the sympatric zones. We know, that E. europaeus and E. roumanicus have compatible 

karyotypes with 2n=48 chromosomes, but they have some differences in heterochromatin 

localization (Sokolov et al. 1991). Crossbreeding and obtaining F1 litter in captivity has been 
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proved (Herter 1935, Poduschka and Poduschka 1983). Poduschka and Poduschka (1983) 

were able to obtain backcrosses with E. roumanicus, but the experiments of backcrosses with 

E. europaeus were not successful. The hybrids showed intermediate states of external 

characteristics and considerable variability. This phenomenon was used to seek hybrids in 

nature where the frequency of gene flow between both species remained unclear. Based on 

morphometric analyses, the occurrence of hybrids in nature was rare (Herter 1935, Ruprecht 

1972). Using multivariate analysis of the skulls of captive-bred hybrids (Holz 1978), the 

status of wild populations has been assessed, thereby indicating limited crossbreeding of the 

species (Corbet, 1988). Bolfíková and Hulva (2012) didn’t find any hybrid individual among 

200 samples from the Czech Republic, where the Central European contact zone is widest. 

Bogdanov et al. (2009) found one hybrid individual (among five individuals analyzed) in the 

Moscow region, but it can be very tricky to make any conclusion from such a small amount of 

studied individuals and further research in this area is still needed. Contact zone in Russia and 

Estonia is much younger that in Central Europe, thus the reproductive isolating mechanisms 

and reinforcement could not be completed here.  

2.4 Effects of parasite colonization on speciation 

Interactions among different species may lead to various selection pressures which are 

increasing distances between populations of the same species. Host-parasite coevolution is 

considered as process that highly influences speciation in both host and parasite. Shared 

evolutionary history may be traced by similarities in phylogenetic patterns of the two 

interacting organisms (Jansen et al. 2011). Coevolution has been previously discovered in 

many host-parasite complexes, for example in pocket gophers (Geomyidae) and chewing lice 

(Trichodectidae) in Reed and Hafner (1997) or primates (Primates) and pinworms 

(Enterobiinae) in Hugot (1998). Cospeciation most likely occurs when host become 

allopatrically isolated and parasite has limited or non possibilities to spread (Reed and Hafner 

1997). Host specificity of the parasite species might be strengthen during the allopatric 

isolation of the host population by founder effects, genetic drift and site specific selection. 

Finally, parasitic species might not be able to undergo his life cycle without concrete host 

species and become host specific. 

 

Parasites and their life strategies have predominantly negative effect on the hosts. 

Pressure of parasite to the host also leads to quick diversification of the host species which 



  

15 

may make speciation of the host faster. Even that coevolution of host and parasite is widely 

studied topic, evidences for parasite mediated speciation are scarce (reviewed in Karvonen 

and Seehausen 2012). Differences in parasitical infestations have been already found in 

allopatrical populations of sticklebacks (MacColl 2009, McCairns et al. 2011) or whitefishs 

(Karvonen et al. 2013) and many others.   

It was discovered that in some cases, immigrants are disadvantaged because of no 

previous experiences with the parasites (MacDougal-Shackleton et al. 2002). Interspecific 

hybrids are also considered as less well adapted to the parasitical infections due to 

intermediate genomes which may not fit to current conditions. This parasite mediated 

selection was revealed for example in tension hybrid zone of house mice (Sage et al. 1986, 

Moulia et al. 1991), but recent data shows that the situation is more complicated and previous 

data could be biased by sampling strategies of authors (Baird et al. 2012). In recent study of 

Baird et al. (2012), lower proportion of helmints in hybrid individuals was found, which is in 

contradiction with previous results. On the other hand, there is quite strong evidence for 

positive effect of outbreeding in some individuals, which showed decreased load of parasites 

and better success in mating (Marr et al. 1995, MacDougal-Shackleton et al. 2005). In these 

cases, authors explain it as advantage of heterozygotic individuals and creation of novel 

immune genes combinations that are more effective for defense against parasites. 

In our study (Pfäffle et al. in prep), we investigated parasite diversity and load in E. 

europaeus and E. roumanicus living in sympatry as first step to address the role which 

parasites could have in speciation of the species. We were able to distinguish 12 species of 

ecto and endoparasites. Our data did not reveal any new parasite species which haven’t been 

found before (Furmaga 1961, Timme 1980, Boag and Fowler 1988, Pfäffle 2010, Skuballa 

2010, Smales 2010).  

Significant differences between the hedgehog species were found for Capillaria spp. 

from the intestines, Brachylaemus erinacei, Physaloptera clausa and Nephridiorhynchus 

major. Infection rates with Capillaria and B. erinacei were higher in E. europaeus, while E. 

roumanicus showed higher infection rates with P. clausa and N. major. Similar results were 

found when we compared the prevalences of the parasite species between E. europaeus and E. 

roumanicus. E. europaeus showed higher prevalences of B. erinacei, while E. roumanicus had 

higher prevalences for P. clausa and N. major (Pfäffle et al. in prep). 

Divergence in parasite fauna composition indicate possible lineage specific changes in 

particular parasite species related to complicated demography of their hosts connected with 
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Pleistocene climate oscillations and consequent range dynamics. The fact that all parasite 

species with documented different occurrence in E. europaeus and E. roumanicus belong to 

intestinal forms indicates possible diversification of trophic niche between both sister 

hedgehog species (Pfäffle et al. in prep). 

2.5 Peripatry and biological invasions 

Peripatric speciation is in geographical point of view similar to allopatric speciation, 

but essential difference is in size of the divergent populations – usually we consider big 

parental and small peripheral populations, thus founder effect, bottlenecks, drift and other 

factors may play the role in the diversification and rise of evolutionary novelties. Related 

processes often accompany biological invasions.  

Rapid increase of human assisted species exchange is correlated with European 

colonial period (Di Castri 1989, Levine 2008). Successful invasion consists of introduction, 

establishment, spread and impact (Levine 2008). Introductions can be natural but in most 

cases they are human mediated - sometimes by chance, but often are on purpose as in case of 

European hedgehog in NewZealand (Brockie 1990). Multiple introductions may result in high 

level of outcrossing, which could be also responsible for compensating genetic load and 

evolution of novelties in invasive populations (Ellstrand & Schierenbeck 2000). During 

establishment, adaptations to a novel conditions and environment are being developed; thus 

establishment is the most important phase of the whole process which predetermine success of 

the biological invasion (Levine 2008). Invasive species that have high impact often carry 

traits that are missing in indigenous populations (Levine 2008); therefore, invasions with a 

high impact have often resulted from transfers between distant regions. The effects of this rule 

may be particularly pronounced on islands (Sax & Gaines 2008). Islands often have higher 

proportion of endemism than mainland (Woolfit and Brohman 2005). Distant and small 

islands more likely host unique and simple ecological networks, which are usually more 

vulnerable to invasions of alien species (Blackburn 2004; Clavero & Garcıa-Berthou 2005; 

O’Dowd et al. 2003). 

 

European hedgehogs were introduced to New Zealand during 19
th

 and 20
th

 century. 

According to data of acclimatization societies, newspaper articles and questionnaires it was 

described, that hedgehogs first settled on the south of the South Island and afterward they 

spread to the north including North Island (Brocie 1990; Fig. 3). In Bolfíková et al. (2013) we 
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used genetic tools and novel approach of approximate 

Bayesian computation (ABC) to reexamine history of New 

Zealand colonization by European hedgehogs.   

We confirmed that parental population is in Great 

Britain. The genotypes most similar to the source population 

were found in North Island, indicating the localization of 

establishment phase. Population in North Island had the 

lowest genetic variability, thus founder effects and other 

processes connected to establishing of new population may 

played significant role (Bolfíková et al. 2013). The shaping 

role of introduction and establishment is visible in some 

traits of New Zealand hedgehogs such as a small body size (on average, 50% of the weight of 

British individuals), dental anomalies, a lower proportion of insect food, expansion in habitat 

range, greater survival rates, an extended breeding season or the release from several parasite 

species (Parkes 1975). 

Scenario that was most likely included multiple introductions from Great Britain to 

North Island and subsequent spread to South Island, which is in contradiction to historical 

records (Fig. 3). Historical and genetic approach have different informative value and 

describe different aspects of invasional processes. Historical data may overlook extinctions, 

replacements and various colonization waves of some lineages but it is direct evidence of the 

past. Genetic approach may detect complicate metapopulation structure and genealogical 

history but could be biased by incomplete sample collection or by using impropriate markers. 

Thus we advocate using both types of markers with their explanatory power (Bolfíková et al. 

2013).  

3. Conclusions 

 Presented studies provided new insights into some microevolutionary processes 

connected to evolution of small populations and secondary contacts of allopatrically evolved 

lineages. Hedgehogs proved to be adequate model organisms for studying speciation and 

connected topics in context of western Palearctic. The more we learn about them, the more 

questions arise. We still miss how the reproductive isolation works between the both species 

and how exactly was the contact zone formed. For solving these issues we will need to use 

wider range of methods from other fields of biology, such as behavioral and movement 

Fig. 3. Scenarios of invasion 

dynamics in New Zealand 

hedgehogs inferred by 

historical (grey arrows) vs. 

genetic (black arrows) data 

(Bolfíková et al. 2013). 
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ecology or sensory biology etc. Using microsatellite loci and short sequences is appropriate 

for dealing with populations’ genetic structure and demography, but if we want obtain further 

details of speciation mechanisms, we need to apply genomic approaches. 
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ORIGINAL ARTICLE

Microevolution of sympatry: landscape genetics
of hedgehogs Erinaceus europaeus and E. roumanicus
in Central Europe

B Bolfı́ková and P Hulva

We used the mitochondrial control region and nuclear microsatellites to assess the distribution patterns, population structure,
demography and landscape genetics for the hedgehogs Erinaceus europaeus and Erinaceus roumanicus in a transect of the
mid-European zone of sympatry. E. roumanicus was less frequent and restricted to regions with lower altitudes. Demographic
analyses suggested recent population growth in this species. A comparison of patterns in the spatial variability of mitochondrial
and nuclear DNA indicated less sex-biased dispersal and higher levels of gene flow in E. roumanicus. No evidence of
recent hybridisation or introgression was detected. We interpreted these results by comparing with phylogeographic and
palaeontological studies as well as with the occurrence of hybridisation in the Russian contact zone. We propose that Central
Europe was colonised by E. roumanicus by the beginning of the Neolithic period and that there was a subsequent reinforcement
stage as well as the formation of a zone of sympatry after the complete reproductive isolation of both species.
Heredity (2012) 108, 248–255; doi:10.1038/hdy.2011.67; published online 24 August 2011

Keywords: Erinaceus; landscape genetics; population structure; mitochondrial DNA; microsatellites; reproductive isolation

INTRODUCTION

Proximate mechanisms of speciation can be illuminated by describing
the spatial organisation of genetic variability. Different aspects of this
process can be addressed within the field of phylogeography (Avise
et al., 1987) and landscape genetics (Manel et al., 2003). Phylogeo-
graphy is a well-established discipline that focuses on the historical
causes of genetic variation patterns using phylogenetic methodology
and sequence data. Landscape genetics is a new approach that focuses
on the contemporary processes affecting the distribution of genetic
variability. Population genetic approaches and microsatellite data are
primarily used in landscape genetics. However, unlike population
genetics, this field uses individuals as study units and a posteriori
defined populations. Although there is some overlap between those
disciplines (Wang, 2010), these fields enable researchers to address
different biological questions (Storfer et al., 2010).

Over the past two decades, the phylogeographic approach has
provided evidence with regard to the frequency of allopatric speciation
in nature occurring in variety of patterns. In gradual allopatric models,
the diversification of nascent lineages could be driven by both neutral
evolution, which involves stochastic genetic processes, and adaptive
evolution responding to selection effects of potentially different
environmental conditions and ecological niche commitments
(Coyne and Orr, 2004). If secondary contacts of an allopatrically
evolved population arise, further adaptive processes occur that are
associated with species interactions. Many examples of these patterns
were found in Central Europe because this region is a crossroad of
postglacial colonisation routes for many terrestrial species due to
Pleistocene climatic oscillations in European biota (Hewitt, 2004).
These changes caused recurrent latitudinal and altitudinal range shifts

of warm temperate ecosystems. These ecosystems retracted and
survived in southern refugia in connection with the topography of
the Mediterranean sea during glaciations, and then spread north
during interglacial periods.

Hedgehogs of the genus Erinaceus played an especially important
role as a model for revealing the Quaternary phylogeography of
Europe. As insectivores, the hedgehogs were undoubtedly greatly
influenced by climate-dependent changes in the availability of insect
food during the Quaternary period and the dramatic range dynamic
must have left clear imprints in the genetic architecture of this taxon
(Santucci et al., 1998; Seddon et al., 2001, 2002; Berggren et al., 2005).
Recently, three species of the genus Erinaceus were recognised in
the western Palearctic (Aulagnier et al., 2009). The west European
hedgehog (Erinaceus europaeus) inhabits Western Europe and has a
range that spreads to Scandinavia, the Baltic republics and northern
Russia. Three mitochondrial clades within this species correlate
with origins in the Iberian, Apennine and Sicilian refugia, and these
clades contrast the homogenous nuclear gene pool within the entire
species. The range of northern white-breasted hedgehogs (Erinaceus
roumanicus) covers Eastern Europe and Ponto-Mediterranean regions
and likely originated in the Balkan refugium. The range of southern
white-breasted hedgehogs (E. concolor) includes Asia Minor and
Levant, but it is isolated from the range of E. roumanicus by the
Bosporus Strait and Caucasus Mountains (Seddon et al., 2002).
Although the imprints of glacial oscillations are obvious, the roots
of the divergence are Pliocene (3.2–4.5 Myr; Seddon et al., 2001).
The distribution of E. europaeus and E. roumanicus is parapatric on
a macrogeographical scale, and contact zones are situated in
Central Europe (Poland, the Czech Republic, Austria and Italy) and
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north-eastern Europe (Latvia, Estonia and Russia to the Ural moun-
tains; Figure 1). There is a broad zone of sympatry, however, in the
Czech Republic (Figure 2). It is not clear if, and to what extent, past
episodes of secondary contacts occurred during particular interglacial
range pulses.

In contrast to their phylogeography, which is well studied, there is a
lack of knowledge about genetic structure at intermediate geographic
scales. In addition, information about the population genetic structure
of E. europaeus outside Great Britain and of E. roumanicus is missing
completely. This information can be obtained within a landscape
genetics framework. We have focused our sampling on a transect
of the zone of sympatry in Central Europe, which was useful
for several reasons. The differences in biology between E. europaeus
and E. roumanicus have seldom been studied through comparative
approaches, and there is a relative lack of knowledge about the eastern
species. Comparison in the sympatric zone is especially useful as it can
be performed with a single geographic background, and potential

diversification might be intensified by character displacement. Finally,
the sympatric zone is suitable for studying species interactions after
secondary contact. Assessing the level of species cohesion in this zone
is an important factor to understand speciation process in hedgehogs.
To address these topics, we performed detailed individual-based
sampling from 152 localities that transect the mid-European suture
zone and the adjacent allopatric populations from west to east across
approximately 800 km. The aims of this study were (1) to provide a
basic picture of the distribution and hypsometric data of both species
in the transect of the sympatric zone; (2) to assess and compare the
population structure at intermediate geographic scales using both
population and landscape genetics approaches to make inferences for
patterns of gene flow and other aspects of biology. For that purpose,
we used fast-evolving markers (nine nuclear microsatellites and
mitochondrial control region). The combination of mitochondrial
and nuclear markers enabled us to employ the specific features of
particular genetic pools and to study both female- and male-mediated
gene flow; (3) to reconstruct the demographic history of both species
in the Central Europe by using both traditional and coalescent
methods; and (4) to compare the genetic integrity of populations
living in allopatry and sympatry. By assessing the occurrence of
cytonuclear conflicts and performing admixture analyses, we aimed
to find traces of potential hybridisation and introgression between
both taxa and to evaluate the degree of reproductive isolation.

From all of these comparisons of sister species, we can gain valuable
insights into the microevolutionary processes connected with specia-
tion, such as ecological adaptation, niche differentiation, life-history
trade-offs, different responses to climate changes and social system
differentiation.

MATERIALS AND METHODS
Sampling and DNA isolation
We collected muscle or ear tissues from individuals who died in rescue centres

or from road-killed animals as well as hair follicles from animals captured

during the night transects in the study area (see Supplementary Appendix A).

The tissues were stored in absolute ethanol at �20 1C. We collected samples

from E. europaeus in the Czech Republic (n¼152), Slovak Republic (n¼1),

Germany (n¼22), France (n¼1), Sicily (n¼1) and Portugal (n¼1). The E.

roumanicus samples came from the Czech Republic (n¼50), Slovak Republic

(n¼11), Poland (n¼1), Romania (n¼2) and Bulgaria (n¼1). The E. concolor

samples came from Turkey (n¼2) and Lebanon (n¼1). All samples were

collected during the 2007–2009 seasons and they were georeferenced. Animals

outside the sympatric zone were used as purebred outgroups for admixture

analysis in NewHybrids and for haplotype network. For detailed analyses of

demography and landscape genetics, the continuously sampled part of the

range was used (Figure 2). We isolated total genomic DNA using the DNA

Blood and Tissue Kit (Qiagen, Prague, Czech Republic). The number of

specimens included in the mitochondrial/microsatellite data sets varied

depending on the sequencing and genotyping success (see Supplementary

Appendix A).

Mitochondrial DNA sequencing
For amplification of the 5¢ segment of the mitochondrial control region

(410 bp), including the left hypervariable domain, we used the primers

ProL-He, which was located in the tRNAPro gene region, and DLH-He, which

was located in the conserved sequence block of the E region (Seddon et al.,

2001). Polymerase chain reaction (PCR) conditions were set according to

Seddon et al. (2001). PCR products were subsequently purified using the

QIAquick PCR Purification Kit (Qiagen) and then sequenced using the BigDye

Terminator v.3.1 Cycle Sequencing Kit and analysed on a 3130 Genetic Analyzer

(Applied Biosystems, Prague, Czech Republic). The sequenced parts of the

mitochondrial genome were edited using SeqMan 5.05 (Swindell and Plasterer,

1996) and aligned using BioEdit 7.0.9.0 (Hall, 1999) encompassing Clustal W

CZ

AU

SK

HU

PL

GR

Figure 2 Sampling for the study in the sympatry zone of Erinaceus
europaeus (blue) and E. roumanicus (red). In areas with dense sampling

(Prague, Ostrava), not all individuals are displayed owing to space

limitations. Country codes: AU, Austria; CZ, Czech Republic; GR, Germany;

HU, Hungary; PL, Poland; SK, Slovak Republic. The map was created using

the website http://www.mapy.cz.

Figure 1 Distribution range map of Erinaceus europaeus (blue),

E. roumanicus (red) and E. concolor (green) in the western Palearctic

(modified according to Reeve (1994) and Aulagnier et al. (2009)).

The sympatry zones are violet. The arrows show colonisation routes from

refuges after the last ice age (according to Hewitt (2000)). The white

rectangle indicates the study area within the sympatric zone.
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(Thompson et al., 1994). The haplotype data were submitted to GenBank

(Accession Numbers HM462024–HM462052).

Microsatellite genotyping
For microsatellite genotyping, we used primers developed for E. europaeus

(Becher and Griffiths, 1997; Henderson et al., 2000), and after preliminary

analyses, we chose nine loci with sufficient amplification efficiencies and

polymorphisms (EEU2, EEU3, EEU4, EEU5, EEU6, EEU12H, EEU37H,

EEU43H and EEU54H). Forward primers were fluorescently labelled and

divided into three multiplexes according to annealing temperature (see

Supplementary Appendix B). PCR was performed as described in Becher and

Griffiths (1997) and Henderson et al. (2000). The fragmentation analysis

mixture contained PCR products, formamide and size standard (Gene ScanTM

500 LIZ Size Standard; Applied Biosystems). Fragmentation analyses were run

on an ABI Prism 3100 Avant Genetic Analyzer (Applied Biosystems) with

polymer POP4 and standard DS-33. The sizes of the microsatellite loci were

assigned by the program GeneMarker v.1.85 (www.softgenetics.com).

Analyses of genetic variability
For visualisation of the relationships within mitochondrial haplotypes, we

calculated the median-joining network (Bandelt et al., 1999) included in

Network 4.5.1.2 (www.fluxus-engineering.com). This method enables illustra-

tion of alternative genealogical hypotheses and is useful for shallow divergence

data sets. For this analysis, we used data of E. europaeus from Germany and

Czech Republic, E. roumanicus from Czech Republic, Poland and Bulgaria, and

E. concolor from Lebanon and Turkey. We charted the haplotypes into the map

and indicated the overlap with previously published mitotypes (Seddon et al.,

2001) to interpret the phylogeographic pattern in wider geographic context (see

Supplementary Appendix C). The historical demographical processes were

described by several methods. First, we used summary statistics of genetic

variability, including tests for haplotype diversity (h), nucleotide diversity (p)

and neutrality tests (Fu and Li’s F*, Fu and Li’s D*, Fu’s F’s and Tajima’s D)

were computed in DnaSp v.5 (Rozas et al., 2003). The raggedness index (rg)

and expansion parameter tau (t) were computed in Arlequin 3.11 (Excoffier

et al., 2005). The parameter t estimates the time from expansion in mutation

units, and a higher t value represents an older expansion. Estimations of

population size in the recent past were computed using the mismatch

distribution test (Schneider and Excoffier, 1999) in DnaSp v.5 (Rozas et al.,

2003), which compared the observed frequencies of pairwise differences with

the frequencies expected under demographic models. For a more detailed

estimation of population size, coalescent-based Bayesian skyline plots (Drum-

mond et al., 2005) were used. This method uses the Markov chain Monte Carlo

(MCMC) procedure to estimate the posterior distribution of effective popula-

tion size. We inferred the model of sequence evolution in Modeltest 3.7 (Posada

and Crandall, 1998) using Akaike criterion. We found K81uf+I variant for E.

europaeus and HKY for E. roumanicus. To standardise the model for both

species and to avoid bias due to under-parametrisation, we have chosen more

complex general time reversible model for both species. The Bayesian skyline

plot analysis was conducted using the program BEAST 1.4.8 (Drummond and

Rambaut, 2007) with strict molecular clock enforced. The MCMC procedure

was run three times for each species with 30 000 000 iterations, and the

genealogy and parameters of the model were stored every 1000 iterations.

The convergence of chains was assessed in Tracer v.1.4, and burn-in was set to

10 000 000 iterations. The results were combined in LogCombiner.

Within the microsatellite data set, genotyping errors due to PCR artefacts

(for example, stuttering, �A allele occurrence, short allele dominance and null

alleles) were tested using a Monte Carlo simulation of expected allele–size

differences using Micro-Checker (Van Oosterhout et al., 2004). The distribu-

tion of allele frequencies, number of private alleles, estimation of null alleles

and inbreeding coefficient (FIS) were evaluated by GenePop v.4 (Rousset, 2008).

The number of alleles, expected (He) and observed (Ho) heterozygosity, and

deviations from Hardy–Weinberg equilibrium (HWE) for each locus were

determined by Arlequin 3.11 (Excoffier et al., 2005). The significance of HWE

was tested by 100 000 MCMC steps. Allelic richness (AR) was estimated using

FSTAT 2.9.3 (Goudet, 2001). This rarefaction-derived statistics enables to

compare nuclear diversity between population samples of different N.

The basic assumption of the relationships between individual nuclear

genotypes was assessed using factorial correspondence analysis in Genetix

(Belkhir et al., 2004). Each individual was classified as E. roumanicus or

E. europaeus according to mitochondrial DNA (mtDNA) determination before

the analysis. This approach enables the detection of potential discrepancies

between mitochondrial and nuclear determination and possible cytonuclear

conflicts caused by mtDNA introgression events between species. To test for

population substructure and assign all individuals to potential subpopulations

as well as identify possible hybrids, we used Bayesian clustering with the

admixture model of correlated allele frequencies (Falush et al., 2003) in

Structure 2.2 (Pritchard et al., 2000). The length of the MCMC was

1 000 000 steps after 100 000 steps of a burn-in period. The likeliest number

of populations (K) was estimated during independent runs starting with K¼1

and ending with K¼10. To identify intraspecific substructures, the analyses

were also performed for each species separately. For direct estimates of recent

hybridisation and introgression in nuclear loci, we performed admixture

analyses via Bayesian clustering based on a model estimating the posterior

probability of classifying individuals to a priori defined hybrid categories, which

was implemented by the program NewHybrids 1.1 (Anderson and Thompson,

2002). We set the program to test for the presence of six genotype frequency

classes that theoretically might have occurred after two generations of inter-

breeding between the species (pure E. europaeus, pure E. roumanicus, F1 hybrid,

F2 hybrid, backcross F1 with E. europaeus and backcross F1 with E. roumani-

cus). The purebred origin of populations living in allopatry was set before the

run. The burn-in period had 10 000 steps, and the analysis had 100 000 steps.

The convergence of chains was tested visually during independent runs of the

program.

To analyse the spatial architecture of mitochondrial and nuclear variability,

we performed individual-based landscape genetics analyses with the R package

Geneland (Guillot et al., 2005) using Bayesian clustering. For mitochondrial

(haploid) haplotype data, a multinomial distribution of genotypes condition-

ally based on allele frequencies, population memberships and linkage equili-

brium was assumed. For the microsatellite data, we chose a model to determine

the likeliest number of clusters (K) in HWE and performed MCMC iterations

in five independent runs (the MCMC model had 1 000 000 steps stored every

100 steps, minimum K¼1, maximum K¼10). After comparing the results of

the analyses, we selected a run with the highest posterior probability and post-

processed it for graphical display. This approach enables visualisation of the

two-dimensional shape of possible subpopulations and therefore might provide

a more realistic picture than summary statistics. The difference in altitudinal

distribution between both species was tested by comparison of elevation above

mean sea level of particular records using a non-parametric Mann–Whitney

U-test in Statistica v.6.0.

RESULTS

Based on samples from a sympatric zone in the Czech Republic,
E. europaeus was approximately three times more frequent (N¼152)
than E. roumanicus (N¼50) in our data set. MtDNA haplotype networks
(Figure 3) showed complex and moderately diversified topology with
17 haplotypes for E. europaeus, whereas the E. roumanicus population
structure with seven haplotypes was dominated by the ER1 variant
(possessed by 45 of 55 sequenced individuals). The rest of the
haplotypes differed from ER1 by a few mutations and were repre-
sented by a small number of individuals. Both widespread and
geographically private haplotypes were found in both species (see
Supplementary Appendix C). The haplotype composition of the inves-
tigated region showed similarities with refugial as well as northern
areas in both species. The dominant ER1 haplotype of E. roumanicus
was detected only in northern Italy outside the study area, indicating
possible source role of this region.

Demographic parameters showed contrasting patterns in both
species (see Table 1 for descriptive parameters of mtDNA variability).
Nucleotide and haplotype diversity values were higher for E. europaeus
than for E. roumanicus. Neutrality tests for E. roumanicus yielded
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negative values, but none of these results were significant. On the
other hand, neutrality tests for E. europaeus yielded positive values.
The raggedness statistic was not significant. In addition, the parameter
t was much higher for E. europaeus (41.8) than for E. roumanicus
(4.1). The mismatch distribution of E. roumanicus seemed to be
unimodal compared with the distribution of E. europaeus. Bayesian
skyline plots (Figure 4) indicated that the population size was nearly
constant for E. europaeus in the recent past, whereas the population
size of E. roumanicus increased slightly (the time to coalescence of all
haplotypes was shorter in this case owing to less diversity among
sequences).

Each of the nine microsatellites was polymorphic and had between
2–17 and 4–22 alleles for E. roumanicus and E. europaeus, respectively
(see Table 2 for descriptive parameters of microsatellite variability).
Analysis of the microsatellite data set showed no evidence of genotyp-

ing error owing to stuttering or large allele dropout, but the analysis
also indicated the presence of null alleles in loci EEU43H and EEU3,
which may have led to deviations from HWE. Estimation of the
frequency of non-amplified alleles varied by species and by locus, but
all values of the null allele estimated frequencies were smaller than 0.1.
Both species showed a significant absence of heterozygotes and
deviated from HWE (Table 2). Nuclear diversity was comparable for
both species. The expected heterozygosity was higher for E. roumani-
cus, but the observed heterozygosity was higher for E. europaeus. Both
species differed in the distribution of allele frequencies and in the
number of species-specific alleles with frequencies higher than 0.05
(21 for E. europaeus and 15 for E. roumanicus).

Factorial correspondence analysis clearly sorted E. europaeus and
E. roumanicus into separate clusters with no evidence of overlap
(Figure 5). There was no discrepancy between the mitochondrial
and nuclear species determination, which could be interpreted as
an absence of mitochondrial introgression. The result of the analysis in
Structure agreed with this interpretation. All of the individuals were
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Figure 3 Median-joining network of mitochondrial control region haplotypes

for: (a) Erinaceus europaeus (E1–E17; N¼154) from Czech Republic,

Germany and Slovak republic; (b) E. roumanicus (ER1–ER7; N¼55) from

Czech Republic, Slovak Republic and Poland; and E. concolor (EC1–EC2;

N¼2) from Turkey and Lebanon. Haplotypes are denoted as circles with a

size proportional to haplotype frequency. Numbers nearby the connecting

lines represent how many mutation steps are between two connected

haplotypes and are shown only if the number of steps was more than one.

The hypothesised haplotype is represented by untitled dot.

Table 1 Genetic variability and neutrality tests of the mitochondrial control region for Erinaceus europaeus and Erinaceus roumanicus from the

Czech and Slovak Republic

N Nh p±s.d. h±s.d. F D F’s TD rg t

E. roumanicus 54 6 0.00182±0.00050 0.289±0.077 �0.9804 �0.85999 �0.882 �0.78708 0.4627 3.0

E. europaeus 134 10 0.00611±0.00013 0.861±0.009 1.7662* 1.17076 0.499 2.09875* 0.0687 41.8

Abbreviations: D, Fu and Li’s D*; F, Fu and Li’s F*; Fs, Fu’s Fs; h, haplotype diversity; N, number of individuals; Nh, number of haplotypes; p, nucleotide diversity; rg, raggedness index;
s.d., standard deviation; t, time from expansion in mutation units TD, Tajima’s D.
*Po0.05.

0 0.00025 0.0005 0.00075
0.00001

0.0001

0.001

0.01

0

0.0001

0.001

0.01

0

0.00005 0.0001 0.00015

Time (mutations per site)

ef
fe

ct
iv

e 
p

o
p

u
la

ti
o

n
 s

iz
e 

(N
e�

)

0.001250.001

0.0002

Figure 4 Bayesian skyline plots based on partial sequences of the

mitochondrial control region. Time is measured in mutation units per

nucleotide position. The y axis represents a correlate of population size

(Nem). Black lines illustrate median Ne estimation, and grey areas show

the 95% confidence interval. (a) Erinaceus europaeus (N¼134) and

(b) E. roumanicus (N¼54).
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ranked to the cluster with a very high probability (the average value
was 0.995 for E. europaeus and 0.996 for E. roumanicus). Similarly,
there were no genotypes of mixed origin in NewHybrids analysis. All
of the individuals from the contact zone were assigned to the pure
E. roumanicus category or the pure E. europaeus category with posterior
probabilities greater than 0.9 (see Supplementary Appendix D).

The landscape analyses of both nuclear and mtDNA data in
E. roumanicus revealed two subpopulations with an abrupt transition
zone (Figure 6). E. europaeus did not show a pronounced population
structure from microsatellites, but mtDNA showed a mosaic structure
of three subpopulations (Figure 6). Analyses of population structure
were repeated in Structure, which confirmed that there were
two subpopulations of E. roumanicus, but no structure of E. europaeus
in the nuclear data (see Supplementary Appendix D). Mann–
Whitney U-test showed that there is a significant difference
(P¼0.000001, U¼1932) in altitudinal distribution between both

species. Although E. europaeus was widespread (the altitudinal dis-
tribution was continuous up to 500 m above mean sea level and there
were 12 records between 500 and 700 m above mean sea level), the
distribution of E. roumanicus was correlated with lower altitudes (only
four records exceeded 300 m above mean sea level; Figure 2), reflecting
influxes of the Pannonic system to the Hercynian and Carpathian
provinces.

DISCUSSION

Distributional patterns in the zone of sympatry
Comparing our results with faunal data was difficult given that
systematic research on hedgehogs has not been conducted in the
Czech Republic since the 1970s. Moreover, discrimination based solely
on external characteristics (for example, fur coloration and spine
striping) could be biased owing to considerable individual variability
and the changes during ontogeny and moulting. The altitudinal
differences in distribution of both species could be the result of
spatially specific adaptations (because a large part of the E. roumanicus
range is located in steppe and forest–steppe biomes) and may be
further strengthened by character displacement. Further research on
ecology is needed to test this hypothesis. The distribution in Central
Europe, however, cannot be considered microallopatry because we
found localities with syntopic occurrence of both species (for example,
Prague). Differences in temperature sensitivity among hedgehogs have
also been discussed in the literature. However, the conclusions of
particular authors differed. Kratochvı́l (1975) showed a shorter
hibernation period and thus a larger resistance to low temperatures
in E. roumanicus in the Czech Republic compared with what Holz and
Niethammer (1990a, b) showed for E. europaeus in Austria. It is
obvious that these characteristics may show clinal variability in both
species owing to ecological adaptations dependent on the geographical
origins of particular populations.

Population structure and demography
The shallow mitochondrial genetic structure of both species could be
interpreted as the result of low or modest contemporary matrilineal
gene flow. The more complex structure of E. europaeus, however,
required more time to evolve, or the matrilineal gene flow was
restricted in this species. The outcomes of demographic analyses
suggested relatively stable population sizes in E. europaeus. Analyses

Table 2 Descriptive characteristics of microsatellite genetic variability for Erinaceus europaeus (N¼131) and Erinaceus roumanicus (N¼61)

in the Czech and Slovak Republic

Locus E. roumanicus E. europaeus

Size range Na AR HE HO Fis Size range Na AR HE HO Fis

EEU2 269–284 13 12.98 0.8821 0.7966 0.0976 262–283 17 15.73 0.8676* 0.8203* 0.0547

EEU3 134–179 17 16.70 0.6835* 0.5574* 0.1858 147–165 12 9.82 0.7468* 0.6692* 0.1042

EEU4 142–169 10 9.91 0.7969* 0.6229* 0.2197 142–168 14 12.81 0.8261* 0.7939* 0.0392

EEU5 117–145 10 8.95 0.6391* 0.5082* 0.2203 105–138 9 6.86 0.5159 0.4923 0.0458

EEU6 152–174 10 9.90 0.8126* 0.6393* 0.2146 144–165 14 10.41 0.5301* 0.5038* 0.0497

EEU12H 91–93 2 1.95 0.0325 0.0328 — 89–95 4 3.28 0.1105 0.0923 —

EEU37H 239–248 4 3.95 0.6578 0.6066 0.0785 231–278 22 16.63 0.7981 0.7538 0.0557

EEU43H 160–198 16 16.00 0.8744* 0.7414* 0.1532 144–174 13 9.87 0.6067* 0.4662* 0.1827

EEU54H 281–298 9 8.87 0.7193* 0.5333* 0.2602 281–296 12 9.38 0.7376 0.7239 0.017

Mean 10.33 9.84 0.73175 0.6673 0.1768 13.44 10.48 0.6872 0.695 0.0686

For each locus, the following are given: size range; Na, number of alleles; AR, allelic richness; HE, expected heterozygosity; HO, observed heterozygosity; and FIS, inbreeding coefficient. The mean
values for all loci are given at the bottom of the table.
*Significant departure from HWE (Po0.05).
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conducted in E. roumanicus demonstrated contrasting patterns com-
pared to E. europaeus and suggested a moderate population growth.

In parameters describing variability of nuclear markers, both species
demonstrated more similarity than in mtDNA measures. Several
factors could have contributed to this finding. First, given that
mtDNA is haploid and has an effective population size four times
smaller than that of nuclear loci, mtDNA is more sensitive to bottle-
necks. If the spread of E. roumanicus was more rapid, connected with
leptokurtic dispersal and successive bottlenecking, the resulting loss of
genetic diversity would be more obvious in the mtDNA. Second, this
pattern may indicate that dispersal was more sex-biased towards
female philopatry in E. europaeus than in E. roumanicus.

Several loci with excess homozygosity in both species were probably
affected by the occurrence of null alleles, as indicated by analysis in
Micro-Checker. At the loci without the effect of null alleles, deviations
from HWE could have had biological causes. The most meaningful of
these causes could be non-random mating (that is, the existence of
population substructure and inbreeding) and selection. Hedgehogs do
not display a pronounced territorial behaviour or a semifossorial life
strategy (Reeve, 1982), which are two conditions that often lead to
genetic differentiation on small geographic scales. With regard to the
relatively limited dispersal capacity of hedgehogs (Reeve, 1982) and
habitat fragmentation (especially in areas affected by humans such as
urban or agricultural landscapes), the organisation of the gene pool
into more or less isolated demes and a subsequent Wahlund effect is
probable. The existence of population substructure within a study area
was also proposed by landscape genetic approach. The discontinuous
distribution of E. europaeus has been studied using both ecological
and genetic approaches. The correlation of a patchy distribution
with resource availability (Micol et al., 1994) and predator density
(Doncaster, 1992) has also been reported. Becher and Griffiths (1998)
detected a restriction in gene flow among geographically close popula-
tions from a fragmented landscape in Oxfordshire, Great Britain.
Radio-tracking studies have shown that main roads and larger fields
play a role as a barrier (Rondinini and Doncaster, 2002).

The average home range for males is significantly larger than the
range for females in E. europaeus (Reeve, 1982). Because the size of the
home range depends on many ecological factors, there is considerable
variability depending on geographic position and the type of environ-
ment. There is a gradient from the smallest home range size in the
woods (Morris, 1988) to the largest home range size in open areas
(Boitani and Reggiani, 1984). More intense movement of males has
been detected, especially during mating periods (Reeve, 1982).
A juvenile dispersal phase has also been reported (Reeve, 1994).
In E. roumanicus, information with regard to spatial behaviour is
scarce. Our data indicated less sex-biased dispersal and higher levels of
gene flow in this species. These findings are in agreement with an
observed preference for lowlands, which are characterised by open
habitats in Central Europe. These outcomes could be interpreted as a
result of the need for larger home ranges due to less concentrated
sources, as well as more intense movements necessary for seeking a
mate due to lower densities of the species, perhaps contributing to
decreased sex specificities in spatial behaviour. There are also fewer
barriers to dispersal in lowlands, which may serve as corridors for
preferential range expansion.

In E. europaeus, landscape analysis of mtDNA showed one sub-
population in the west of the country, whereas two others formed
a mosaic in the eastern part. We interpreted the latter part of the range
to be the result of a relatively recent postglacial recolonisation with
enough time to evolve moderate genetic substructures. Moreover, the
border between the first group and the other groups coincided with
the big rivers Vltava and Elbe that intersect the Czech Republic from
north to south. The nuclear data showed a homogenous population
and reflected a lower sensitivity of nuclear markers to recent demo-
graphic processes as well as a more intense male-mediated gene flow.
Although the average variability of the mtDNA pool in E. roumanicus
was low, it was divided into two clusters. We presumed that the more
genetically homogenous western group was the result of a recent and
relatively quick expansion during the formation of the sympatric zone.
The intensity of the resulting demographic processes also affected

Figure 6 Tessellation maps illustrating the spatial distribution of subpopulations within Erinaceus europaeus and E. roumanicus, inferred by the Bayesian

clustering method implemented in GeneLand. Black dots represent sample sites. (a) Microsatellites of E. europaeus, (b) microsatellites of E. roumanicus,

(c) mtDNA of E. europaeus and (d) mtDNA of E. roumanicus.
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nuclear DNA with similar east–west structuring. The western position
of the transition zone between both nuclear clusters compared to
mtDNA could be interpreted as the result of lineage sorting of diploid
nuclear markers in later phases of bottlenecking that were caused by
shifting of the range margin. The similarity between mitochondrial
and nuclear patterns is further proof of the similarity in gene flow
patterns for both sexes of E. roumanicus.

Reproductive isolation
E. europaeus and E. roumanicus have compatible karyotypes with
2n¼48 chromosomes as well as differences in heterochromatin loca-
lisation (Sokolov et al., 1991). Interspecific mating and obtaining F1
litter in captivity has been conducted (Poduschka and Poduschka,
1983). The same authors were also able to obtain backcrosses with
E. roumanicus, but attempts to obtain backcrosses with E. europaeus
were not successful. The hybrids showed intermediate states of
external characteristics and considerable variability. This phenomenon
was used to seek hybrids in nature where the frequency of gene
flow between both species remained unclear. Based on morphometric
analyses, the occurrence of hybrids in nature was rare (Ruprecht,
1972). Using multivariate analysis of the skulls of captive-bred hybrids
(Holz, 1978), the status of wild populations has been assessed, thereby
indicating limited crossbreeding of the species (Corbet, 1988).

In contrast to the morphometry analyses, our genetic study did not
reveal recent hybridisation or introgression. Thus, interspecific gene
flow was either absent or its frequency was very low. If the absence
of hybrids from two hybridisable species in nature is taken into
consideration, it is reasonable to deduce that either prezygotic
reproductive isolating barriers or selection against hybrids is a factor
in the wild. The areas of coexistence for both species were delimited by
the mosaic distribution of E. roumanicus and were localised in regions
with lower altitudes. Our results indicate relative abundance of both
species may vary in particular regions. The probability of interspecies
contacts could be higher in populated areas where individuals of both
species could remain ‘trapped’ in isolated habitat patches of fragmen-
ted environments such as gardens. In a study by Suchentrunk et al.
(1998), the contact zone and adjacent regions in Austria were studied
using allozymes and yielded no evidence of hybridisation. This result,
however, was based on limited geographical coverage, especially for
E. europaeus (four localities within the contact zone).

In contrast to these results, the situation in the Eastern European
contact zone might be different. Genetic proof of naturally occurring
hybrids has been found in the Moscow region in Russia (Bogdanov
et al., 2009). Given that the authors found one hybrid among five
of the individuals that were studied, the frequency of hybridisation
events in the contact zone in Russia might be higher than in Central
Europe. The geographic setting and extent of the sympatric distribu-
tion within this zone, however, are less well known, and further
investigations are needed.

Speciation and evolutionary history
The support of phylogeographic scenarios by palaeontological data is
complicated by difficulty to find reliable discrimination criteria
applicable to fragmented fossil material; thus, many published con-
clusions are based on presumptive (range-based) species identifica-
tion. Sommer (2007) hypothesised that the meeting of both species in
Central Europe occurred during the Boreal age and that the absence of
younger E. roumanicus records was an artefact of scarcity in the fossil
record. However, comparison of genetic structure of both species
suggests that E. roumanicus really occurred in central Europe later than
E. europaeus. This event could be synchronous with the large-scale

deforestation at the Neolithic period. It cannot be excluded that south
of the Alps the contact between the species was of much earlier date
owing to proximity to refugia. More detailed sampling in adjacent
regions will be necessary to reconstruct precisely the routes of parti-
cular populations during colonising the zone of sympatry.

The contact zone in Russia was established later, as the Central
European population required some time to spread to the northeast
destinations (Seddon et al., 2001). In the older mid-European zone,
the reinforcement process may have resulted in the formation of
complete reproductive isolation mechanisms that are still incomplete
in the Russian zone. After the completion of the reproductive isolation
in Central Europe, formation of the zone of sympatry (which was
realised by a recent range expansion of E. roumanicus) was possible.
In addition, this process might have been facilitated by human activity
that disintegrated natural barriers between both species, for example,
the climax forests of the western Carpathians and wetlands along big
rivers and the spread of the cultural steppe. In many patterns that
resulted from the postglacial recolonisation of Europe by Mediterra-
nean-born lineages, ranging from tension hybrid zones (for example,
in mice Mus musculus and M. domesticus; Selander et al., 1969)
to broad sympatry (for example, in bats Pipistrellus pipistrellus and
P. pygmaeus; Hulva et al., 2010), European hedgehogs are an interest-
ing intergrade situation of nascent sympatry.

CONCLUSIONS

In our study, we addressed patterns of gene flow at a landscape
level, demography and reproductive isolation for E. europaeus and
E. roumanicus in a transect of mid-European sympatric zone. We have
described and interpreted differences in distribution and genetic
structure in both species. We did not detect interspecific hybridisation
or introgression; thus, the premating isolating mechanisms were
completely formed. The possible matter of differences in ecology of
both species and their reproductive isolating mechanisms (habitat
preference, allochrony, courtship rituals, acoustic and olfactory
communication, and so on) should be addressed by future research.
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Insektenfresser, Herrentiere. Aula-Publisher: Wiesbaden, pp 50–64.

Hulva P, Fornuskova A, Chudarkova A, Evin A, Allegrini B, Benda P et al. (2010).
Mechanisms of radiation in a bat group from the genus Pipistrellus inferred by
phylogeography, demography and population genetics. Mol Ecol 19: 5417–5431.

Kratochvı́l J (1975). Zur Kenntnis der Igel der Gattung Erinaceus in der ÈSSR (Insectivora,
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Igeln Säugetierkdl Mitt 3: 1–12.

Posada D, Crandall KA (1998). Modeltest: testing the model of DNA substitution.
Bioinformatics 14: 817–818.

Pritchard JK, Stephens M, Donnely PJ (2000). Inference of population structure using
multilocus genotype data. Genetics 155: 945–959.

Reeve NJ (1982). The home range of the hedgehogs as revealed by a radio tracking study.
Sym Zool S 49: 207–230.

Reeve NJ (1994). Hedgehogs. T & AD Poyser (Natural History): London.
Rondinini C, Doncaster P (2002). Roads as barriers to movement for hedgehogs. Funct

Ecol 16: 504–509.
Rousset F (2008). GENEPOP ‘ 007: a complete re-implementation of the GENEPOP

software for Windows and Linux. Mol Ecol Resour 8: 103–106.
Rozas J, Sánchez-DelBarrio JC, Messeguer X, Rozas R (2003). DNASP, DNA poly-

morphism analyses by the coalescent and other methods. Bioinformatics 19:
2496–2497.

Ruprecht AL (1972). Correlation structure of the skull dimensions in European hedgehogs.
Acta Theriol 17: 419–442.

Santucci F, Emerson BC, Hewitt GM (1998). Mitochondrial DNA phylogeography of
European hedgehogs. Mol Ecol 7: 1163–1172.

Seddon JM, Santucci F, Reeve N, Hewitt GM (2002). Caucasus mountains divide
postulated postglacial colonization routes in the white-breasted hedgehog, Erinaceus
concolor. J Evol Biol 15: 463–467.

Seddon JM, Santucci F, Reeve NJ, Hewitt GM (2001). DNA footprints of European
hedgehogs, Erinaceus europaeus and E. concolor: Pleistocene refugia, postglacial
expansion and colonization routes. Mol Ecol 10: 2187–2198.

Selander RK, Hunt WG, Yang SY (1969). Protein polymorphism and genic heterozygosity in
two European subspecies of the house mouse. Evolution 23: 379–390.

Schneider S, Excoffier L (1999). Estimation of past demographic parameters from the
distribution of pairwise differences when the mutation rates very among sites: applica-
tion to human mitochondrial DNA. Genetics 3: 1079–1089.

Sokolov VY, Aniskin VM, Lukyanova IV (1991). Karyological differentiation of two hedgehog
species in genus Erinaceus (Insectivora, Erinaceidae) in the USSR. Zool Zh 70:
111–120.

Sommer RS (2007). When east met west: the sub-fossil footprints of the west European
hedgehog and the northen white-breasted hedgehog during the Late Quaternary in
Europe. J Zool 273: 82–89.

Storfer A, Murphy MA, Spear SF, Holderegger R, Waits L (2010). Landscape genetics:
where are we now? Mol Ecol 19: 3496–3514.

Suchentrunk F, Haiden A, Hartl GB (1998). On biochemical genetic variability and
divergence of the two hedgehog species Erinaceus europaeus and E. concolor in central
Europe. Z Saugetierkd 63: 257–265.

Swindell SR, Plasterer TN (1996). SEQMAN: contig assembly. Methods Mol Biol 70:
75–89.

Thompson JD, Higgins DG, Gibson TJ (1994). CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-specific
gap penalties and weight matrix choice. Nucleic Acids Res 22: 4673–4680.

Van Oosterhout C, Hutchinson WF, Wills DPM, Shipley P (2004). Micro-checker: software
for identifying and correcting genotyping errors in microsatellite data. Mol Ecol Notes 4:
535–538.

Wang IJ (2010). Recognizing the temporal distinctions between landscape genetics and
phylogeography. Mol Ecol 19: 2605–2608.

Supplementary Information accompanies the paper on Heredity website (http://www.nature.com/hdy)

Genetics of hedgehog contact zone
B Bolfı́ková and P Hulva
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Abstract

The crucial steps in biological invasions, related to the shaping of genetic architecture

and the current evolution of adaptations to a novel environment, usually occur in

small populations during the phases of introduction and establishment. However,

these processes are difficult to track in nature due to invasion lag, large geographic

and temporal scales compared with human observation capabilities, the frequent

depletion of genetic variance, admixture and other phenomena. In this study, we com-

pared genetic and historical evidence related to the invasion of the West European

hedgehog to New Zealand to infer details about the introduction and establishment.

Historical information indicates that the species was initially established on the South

Island. A molecular assay of populations from Great Britain and New Zealand using

mitochondrial sequences and nuclear microsatellite loci was performed based on a set

of analyses including approximate Bayesian computation, a powerful approach for dis-

entangling complex population demographies. According to these analyses, the popu-

lation of the North Island was most similar to that of the native area and showed

greatest reduction in genetic variation caused by founder demography and/or drift.

This evidence indicated the location of the establishment phase. The hypothesis was

corroborated by data on climate and urbanization. We discuss the contrasting results

obtained by the molecular and historical approaches in the light of their different

explanatory power and the possible biases influencing the description of particular

aspects of invasions, and we advocate the integration of the two types of approaches

in invasion biology.

Keywords: approximate Bayesian computation, biological invasion, Erinaceus europaeus, estab-

lishment, invasion lag, New Zealand
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Introduction

Human impacts on biota represent an increasingly

important factor in contemporary evolution. For this

reason, certain authors recognize the Anthropocene as a

new epoch (Zalasiewicz et al. 2010). One of the most

intense and least-known effects of human activity is the

rapid growth of bioconnectivity among historically

isolated ecosystems as a result of human-mediated

transfers (Levine 2008). Together with rising conserva-

tion issues and the growing socio-economic costs

related to biological invasions, the extraordinary success

of certain invasive species identifies corresponding
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populations as useful models for studying the mecha-

nisms involved in the colonization of novel environ-

ments and the rise of adaptations (Lee 2002; Sax et al.

2007). From this viewpoint, biological invasions repre-

sent unplanned large-scale experiments and enable

researchers to obtain unique data that would otherwise

be impossible to acquire (Sax et al. 2007).

Several of the key aspects of invasions are related to

a population’s demographic history and the accompa-

nying microevolutionary processes. A dominant feature

of invasive demography is linked to founder effects in

the course of the transfer to and population expansion

in the novel environment, interpretable as a potential

speciation event within the shifting balance theory

(Wright 1932) and the genetic revolution concept (Mayr

1954). Establishment is a crucial stage of biological inva-

sion because the adaptations to a novel environment

develop within this phase (Levine 2008). Related phe-

nomena occurring during the expansion and spread of

a population of an invasive species after its establish-

ment have parallels in the founder-flush (Carson 1968)

and transilience (Templeton 1980) models. Analogies

with natural processes in small populations at the

margin of the population’s range (Bridle & Vines 2006)

can be found in invasive species. In particular, in natu-

ral populations, and by analogy in invasive species,

these processes potentially develop into founder-effect

speciation and peripatry (Barton & Charlesworth 1984).

Another trait typical of species shifting to a new range

is linked to multiple founder events and subsequent out-

crossing, which may compensate for the genetic load

related to bottleneck demography (Dlugosch & Parker

2008; Facon et al. 2008; Kone�cn�y et al. 2013). Recently, the

adaptive role of hybridization has been widely discussed

(Dowling & Secor 1997). Heterosis may elevate the evo-

lutionary potential of a population, for example, via the

formation of a novel combination of alleles or the origin

of transgressive phenotypes, and could thus be one of

the fundamental processes underlying invasiveness

(Ellstrand & Schierenbeck 2000).

Invaders with a high impact often possess traits that

are missing in autochthonous communities (Levine

2008); therefore, invasions with a high impact have

often resulted from transfers between distant regions.

In the case of animal species, the effects of this rule

may be particularly pronounced on islands (Sax &

Gaines 2008). The unique community-related ecological

traits of insular ecosystems as simple trophic networks

and the resulting low functional redundancy, as well as

historical factors, such as the adaptive response to the

relaxation of predatory and parasitic selective pressures,

may contribute to the low resistance of insular ecosys-

tems to the establishment and impact of alien species,

resulting in certain cases in extinctions of native species

(Blackburn 2004; Clavero & Garc�ıa-Berthou 2005) and

invasional ‘meltdowns’ (O’Dowd et al. 2003).

These principles may have played a role in the origin

of successful invasions resulting from introductions of

many placental mammals to the Australasian ecozone

(Bomford & Hart 2002), with particular impact on

island ecosystems, such as New Zealand (NZ), which is

lacking native mammals except for marine species and

bats from the genera Mystacina and Chalinolobus (Allen

& Lee 2006). An assessment of risks related to alien spe-

cies in NZ was a reason for the adoption of stringent

biosecurity conventions, a drop in propagule pressure

and consequently the cessation of the establishment of

new mammal species in the second half of the 20th

century (Simberloff et al. 2012).

One of the most problematic NZ invasions is that of

the West European hedgehog (Erinaceus europaeus).

A series of introductions from the United Kingdom last-

ing until early in the 20th century has been dated to

1869 (Brockie 1990). Recently, this species has reached

considerable population densities, even higher than in

the native range in the case of the North Island (Brockie

1990). As generalist predators, hedgehogs have become

a threat to native fauna (e.g. arthropods, amphibians,

lizards and ground-nesting birds), and there is a risk of

potential competition with local insectivores, such as

the kiwi (Berry 1999). This threat is especially worri-

some in view of the high level of endemism in the NZ

fauna, for example, c. 90% at the species level in terres-

trial arthropods (Wallis & Trewick 2009). Unlike other

introduced predators, hedgehogs are well liked by the

human population, leading to controversies connected

with lethal control methods. The substantial attention

devoted to this species, interpretable within the cultural

keystone species concept (Nu~nez & Simberloff 2005),

has resulted in relatively detailed information on the

progress of colonization based on historical data (Thom-

son 1922; Bull 1969; Brockie 1975). Many unique traits

occurring within the species’ exotic range indicate the

shaping role of the invasion process. For example, the

NZ population is characterized by a small body size

(on average, 50% of the weight of British individuals),

dental anomalies, a lower proportion of insect food,

expansion in habitat range, greater survival rates, an

extended breeding season or the release from several

parasite species (Parkes 1975). In this study, we aim to

infer the details of the invasion dynamics, particularly

the establishment of populations of West European

hedgehogs in NZ, using neutral molecular markers and

a survey of historical records. Our main goals were to:

(i) compare the genetic variability of the source and

invasive populations using basic descriptive parameters

to assess the role of founder events and potential

multiple introductions; (ii) assess population structure

© 2013 John Wiley & Sons Ltd
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and its spatial distribution using modern approaches of

population genetics; (iii) use an approximate Bayesian

computation (ABC) approach to propose and test demo-

graphic and biogeographic hypotheses regarding the

colonization scenario, including the location of the

establishment phase, the mode and direction of spread

during the colonization of the islands and the role of

admixture; and (iv) compare the invasion scenarios

inferred from genetic and historical data and discuss

the explanatory power and possible biases of both of

those approaches.

Materials and methods

Sampling and DNA extraction

The study is based on 245 individuals of Erinaceus euro-

paeus from New Zealand (NZ) and the United Kingdom

(UK; i.e. the source area). The specimens from the UK

(N = 23) originated from hedgehog rehabilitation

centres run by wildlife conservation activists. Further

sequence data from UK (N = 33) were retrieved from

previous study of Seddon et al. (2001); GenBank acces-

sion number of respective haplotype is AF379732. The

samples from NZ (N = 189) were obtained during state-

run biocontrol campaigns between 2005 and 2009. The

population locations included Auckland (AUC; N = 27)

and Palmerston North (PAL; N = 37) in the North

Island and Macreas Flat (MAC; N = 41), Molesworth

(MOL; N = 28) and Twizel (TWI; N = 56) in the South

Island (Fig. 1). Genomic DNA was extracted using a

DNA Blood and Tissue Kit (Qiagen).

Mitochondrial DNA sequencing and nuclear
microsatellite genotyping

The origin and genetic variability of the introduced

populations were verified by sequencing a part of the

mitochondrial control region (430 bp) in 102 specimens

from NZ and 23 from the UK using protocols according

to Seddon et al. (2001) and using UK data from Gen-

Bank. To obtain more details regarding the genetic

diversity, structure and population history, quickly

evolving, biparentally inherited microsatellite markers,

were used. All of the samples were genotyped for 10

loci, including EEU1-6 (Becher & Griffiths 1998) and

EEU12H, EEU37H, EEU43H and EEU54H (Henderson

et al. 2000), according to Bolf�ıkov�a & Hulva (2012). The

length of the alleles was scored manually in GENEMARKER

V1.85 (www.softgenetics.com).

Genetic diversity and structure

The presence of null alleles at each microsatellite locus

in each population was tested using Markov chain

Monte Carlo (MCMC) simulations of expected allele-

size differences using 1000 randomizations in Micro-

Checker (Van Oosterhout et al. 2004). The fixation index

(FST) was estimated using 1000 randomizations in Free-

NA (Chapuis & Estoup 2007), which can exclude null

alleles using the ENA correction method (Chapuis &

Estoup 2007). The statistical power to detect the genetic

structure and a error of our data set was tested in

POWSIM 4.0 (Ryman & Palm 2006). This program uses

sample sizes and allele frequencies to test genetic

heterogeneity among populations. The proportion of

significant outcomes shows the power of the data for

various levels of FST. The level of FST is defined by com-

bining the level of the effective population size (Ne) and

the generations of drift (t), which are specified by the

user.

Basic measures of genetic diversity, such as allelic

richness, the expected and observed levels of heterozy-

gosity and the estimation and testing of the significance

of the inbreeding coefficient (FIS), were computed in FST
AT 2.9.3.2 (Goudet 2001). Confirmation of Hardy–Wein-

berg equilibrium (HWE) was tested for each population

with the exact tests in GENEPOP 4.0 (Rousset 2008) using

MCMC simulations with 100 batches of 1000 iterations.

To evaluate the spatial structuring in the NZ popula-

tion, the presence of isolation by distance (IBD; Wright

1943) was tested. The matrix of pairwise geographic

distances was assessed using GEOGRAPHIC DISTANCE MATRIX

GENERATOR 1.2.3. (Ersts 2012), and the pairwise genetic

distances were assessed using the FST/(1�FST) matrix.

A correlation between both matrices was tested using

the Mantel test in IBDWS 3.16 (Jensen et al. 2005).

UK
AUC

PAL

MOL
TWI

MAC

Fig. 1 Distribution of mitochondrial haplotypes in United

Kingdom and New Zealand populations. United Kingdom

(N = 56), Auckland (AUC; N = 20), Palmerston North (N = 20),

Molesworth (N = 16), Twizel (N = 22), Macreas Flat (N = 24).
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To investigate the spatial genetic structure, Bayesian

clustering analysis was run using the admixture model

without a priori information on population membership

with correlated allele frequencies (Falush et al. 2003) as

implemented in STRUCTURE 2.3 (Pritchard et al. 2000).

This technique is able to detect genetically homoge-

neous groups of individuals and to assign individuals

into clusters with no prior knowledge about population

membership. Ten independent runs for each number of

clusters K (from one to six) were performed. Each run

consisted of a burn-in period of 100 000 iterations fol-

lowed by 1 000 000 iterations of MCMC. The results of

multiple runs were combined using the greedy algo-

rithm in CLUMPP 1.1.1 (Jakobsson & Rosenberg 2007) and

displayed using DISTRUCT 1.1 (Rosenberg 2004). The

selection of the best K, based on the widely used

method of Evanno et al. (2005), was performed in STRUC-

TURE HARVESTER (Earl & vonHoldt 2012).

Invasion scenario according to historical data

According to previous studies, hedgehogs were intro-

duced into NZ many times, starting in 1869 (Brockie

1975). The timing and demography of hedgehog libera-

tions and spread were studied by Brockie (1975) using

questionnaires, personal observation data, newspaper

reports and a comparison with the studies of Thomson

(1922) and Bull (1969). Brockie (1975) reported that the

first populations were successfully established around

Dunedin, which is located in the south of the South

Island, in 1890. Initially, hedgehogs were haphazardly

brought by English immigrants for sentimental reasons;

later, the importations were formally encouraged, ironi-

cally to eradicate introduced pests, such as snails and

slugs. Up to 1900, there were reports from other locali-

ties on the South Island, but the spread was likely slow.

The North Island was most likely first invaded after

1900, and by 1930, hedgehogs had spread across the

entire island. A dramatic increase in the population

number and the hedgehog’s impact on indigenous

ecosystems were reported from 1910 to 1940 from the

South Island and from 1920 to 1950 from the North

Island. Presently, the species inhabits all but alpine

habitats.

Modelling invasion scenarios using genetic data

The ABC method represents a powerful and flexible

approach for statistical inference regarding complex

evolutionary scenarios of populations based on genetic

data (Beaumont et al. 2002; Bertorelle et al. 2010). ABC

is based on a comparison between an observed data set

and a large number of data sets simulated under differ-

ent evolutionary scenarios in a multidimensional space

of summary statistics. Only the simulated data sets that

are closest to the empirical data set are retained and

used for a posterior probability estimation of the scenar-

ios and their parameters.

We used the ABC approach to infer the colonization

history of three groups defined according to geographi-

cal location and STRUCTURE results, asking specifically (i)

which groups were established by founder individuals

from the UK, (ii) what are the evolutionary relations

among the three clusters and (iii) whether the events of

the establishment of the NZ-sampled populations were

associated with an admixture of source and previously

established NZ populations. Alternative hypotheses

about invasion history were formulated considering

historical data (reviewed by Brockie 1975) and the

results of Bayesian clustering of the genetic data.

According to the historical data, the introduction of

hedgehogs in NZ occurred in multiple events (modelled

as two events of gene flow from the UK to a particular

group in NZ), and a hypothetical ancestral population

was considered (i.e. a population established by

immigrants from the UK and serving as a source for

subsequent colonization of the three investigated NZ

groups). An advantage of the ABC method in compari-

son with the Bayesian assignment analyses using STRUC-

TURE is that the former allows researchers to distinguish

whether an admixed population (as revealed using

STRUCTURE) is a result of gene flow or an ancestral shared

polymorphism (Sousa et al. 2012).

We run analyses with two types of input data—mito-

chondrial sequences and 10 microsatellite loci. Result of

ABC analysis with sequences alone was unstable with

low capability of distinguishing between scenarios

(likely due to low mutation rate compared with the

short duration of the invasion). Our ABC analysis was

then based on 10 nuclear microsatellite loci and

performed in DIYABC v.1.0.4 (Cornuet et al. 2010) in two

consecutive steps. The first step considered the

establishment of the investigated NZ groups without an

admixture event between a source (either the UK or a

putative ancestral population) and a previously estab-

lished NZ group, and the second step considered the

establishment with such an admixture event. Each of

the competing evolutionary scenarios was characterized

by a set of demographic parameters: divergence time,

admixture or effective population size change

(ti, expressed as the number of generations), stable

effective population size and admixture rate (ri). Fur-

thermore, modelling of a bottleneck event preceding

each establishment of a population was allowed using

parameters of bottleneck duration (bi, in number of gen-

erations) and the effective population size of an intro-

ducing population (fi). The number of parameters

differed among the scenarios, and their values were

© 2013 John Wiley & Sons Ltd
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drawn from prior distributions (Table S2, Supporting

information). A generalized stepwise mutation model

(GSM; Estoup et al. 2002) was set for each microsatellite

locus characterized by parameters such as the mean

mutation rate (l) and mean parameter of geometric dis-

tribution (P). The default values of the mutation param-

eters were used as proposed by DIYABC. To evaluate the

consistency in scenario choice, both of the steps of ABC

analysis were run with two sets of prior parameter dis-

tributions (Table S2, Supporting information): Priors 1

(all of the parameters drawn from uniform distribu-

tions) and Priors 2 (uniform for the times of events and

duration of bottlenecks, log-uniform for the mean muta-

tion rate, Gamma for the mean coefficient P and normal

for the other parameters).

In total, 16 and 19 million data sets (for the first and

second step, respectively) were simulated (1 million data

sets per scenario) and subsequently compared with the

empirical data by simplifying the total information of

the data into summary statistics (52 in the first and 58 in

the second step) equivalent to those traditionally used

by population geneticists (e.g. mean number of alleles,

mean genic diversity and FST; Table S3, Supporting

information). A full description of the summary statistics

is provided in the DIYABC manual (available from http://

www1.montpellier.inra.fr/CBGP/diyabc/). The relative

posterior probabilities of the scenarios were calculated

using polychotomous logistic regression (Cornuet et al.

2008) using 1% of the closest simulated data sets. Subse-

quently, the posterior distributions of parameters were

estimated under the most likely scenario using linear

regression on 1% of the closest simulated data sets.

To evaluate the power of model choice in our ABC

analyses, type I and II errors were calculated for the

winning scenario in both of the steps. One hundred

pseudo-observed data sets were simulated for each

scenario (with the same number of individuals and loci

and with parameters drawn from the same prior distri-

butions, Priors 1, as in the case of the real observed

data). Subsequently, the scenarios were compared using

the relative posterior probabilities of the scenarios based

on a logistic regression analysis of 0.1% of the closest

simulated data sets. Type I errors (false positives) repre-

sented the proportion of pseudo-observed data sets

simulated according to the winning scenario that did

not select this scenario as the correct one, whereas type

II errors (false negatives) represented the proportion of

pseudo-observed data sets simulated according to all

other scenarios (except the winning scenario) that chose

the winning scenario, although it was false (the type II

error was averaged over the scenarios).

Because additional verification of the performance of

the ABC technique is necessary to evaluate the choice

of a model (Robert et al. 2011), we used a new option,

called model checking, implemented in DIYABC v.1, to

estimate the goodness-of-fit of the model (Cornuet et al.

2010). This option allows researchers to compare values

of the summary statistics for the observed data with

those for simulated data under the best-supported

scenario (10 000 of the simulated data sets were used).

As recommended by Cornuet et al. (2010), we used

summary statistics that had not been used for model

selection in the previous ABC treatments.

Results

Genetic diversity and structure

Five mitochondrial haplotypes with P-distance values

<1% were found within 102 samples from NZ. Three of

those haplotypes were found in one or two individuals,

and the majority of the NZ individuals carried the

remaining two haplotypes (Fig. 1). Compared to the

previous studies of Seddon et al. (2001), our sequence

data confirmed that the source population of the NZ

hedgehogs is only in the UK. The sequence data were

submitted to GenBank (the accession numbers are

KC333368–KC333372).

Microsatellite data were obtained from 212 individu-

als. There was no evidence of scoring errors due to

stuttering or large allele dropout, but according to

Micro-Checker, five loci and five populations showed a

significant presence of null alleles. In each of these pop-

ulations, different loci were suspected to contain the

null allele (Table 1). Additional analysis in FreeNA

showed that the values for the uncorrected and

corrected FST did not significantly differ (Table 2). The

statistical power analysis in POWSIM showed that it is

possible to detect genetic differentiation from

FST = 0.006 with a probability >95% (Fig. 2). The pair-

wise FST values indicated the differentiation of NZ

populations from UK, which was lower for North

(0.0843–0.0949) compared to South Island (0.1360–

Table 1 The level of FST among all of the sampled populations

with ENA null allele correction (above diagonal) and without

any correction (below diagonal)

UK MAC TWI MOL PAL AUC

UK — 0.1703 0.1286 0.1525 0.0841 0.0947

MAC 0.1832 — 0.0165 0.0757 0.0495 0.0907

TWI 0.1360 0.0165 — 0.0850 0.0509 0.0646

MOL 0.1596 0.0807 0.0862 — 0.0545 0.0824

PAL 0.0843 0.0546 0.0525 0.0570 — 0.0399

AUC 0.0949 0.0930 0.0690 0.0824 0.0394 —

UK, United Kingdom; MAC, Macreas Flat; TWI, Twizel; MOL,

Molesworth; PAL, Palmerston North; AUC, Auckland.
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0.1832; Table 1). Only the PAL and MOL populations

were in HWE. The rest of the populations showed a sig-

nificant heterozygote deficit (P < 0.05). The highest alle-

lic richness was in the UK (4.96); the NZ populations

reached values from 3.02 in PAL to 3.91 in MAC

(Table 2). FIS across all of the loci was lowest in MOL

(�0.02) and highest in AUC (0.27). The Mantel test sug-

gested no support for IBD in our data (P = 0.059).

The Bayesian clustering analysis in STRUCTURE revealed

that the investigated genotypes were structured in sev-

eral clusters (Fig. 3). The method of Evanno et al. (2005)

suggested four clusters (K = 4). One of the clusters

contained hedgehogs from the UK (the orange cluster

in Fig. 3), whereas the three others consisted of

individuals from NZ (Fig. 3). Although the individual

genotypes of NZ hedgehogs were often mixed, the three

NZ clusters roughly corresponded to the sampled loca-

tions: yellow corresponded to MAC and TWI, blue cor-

responded to MOL, and pink corresponded to AUC

and PAL. Nevertheless, 77% of individuals showed

admixed origin (0.1 < q < 0.9).

ABC modelling

Because the Bayesian clustering analysis suggested

genetic separation between the two southernmost

subsamples (MAC and TWI) and the northern part of

the South Island (MOL), three NZ groups were consid-

ered the operational units for ABC analyses: the North

Island (locations AUC and PAL), the northern part of

the South Island (MOL) and the southern part of the

South Island (MAC and TWI). Given the historical

evidence for the UK to be the source for NZ coloniza-

tion (Brockie 1975), the UK group and consequently a

hypothetical unsampled ancestral population (A) were

always modelled as the source populations.

Both the steps of the ABC analysis revealed a single

consistently selected scenario (Scenario 10) of hedgehog

invasion with credibility intervals (95% CI) that did not

overlap with any other scenario (see Table S1, Support-

ing information for a detailed list of the analyzed

scenarios). This scenario had a posterior probability of

0.2594 with CI [0.2203, 0.2985] and 0.4065 with CI

[0.3654, 0.4476] in the first and second step, respec-

tively. This scenario included multiple introductions of

hedgehogs from the source population (UK) to a puta-

tive non-sampled ancestral population (A). This ances-

tral population gave birth to populations located on the

North Island (AUC+PAL). Subsequently, hedgehogs

spread to the South Island, where the MOL and

MAC+TWI populations were established independently

(Fig. 4). Because the same scenario (Scenario 10) was

selected in the second ABC step, no admixture of geno-

types with source or ancestral populations was sup-

ported. The posterior distributions of the parameters

estimated according to Scenario 10 are listed in Table

S4 (Supporting information).

Consistency in the scenario choice was tested by per-

forming the two steps of the ABC analysis with the

same competing scenarios but using different prior

distributions of the parameters (Priors 2; Table S2, Sup-

porting information). The most-supported scenario was

Scenario 10 with a posterior probability of 0.3249 and

CI [0.2710, 0.3788] for the first step and a posterior

probability of 0.2629 and CI [0.2274, 0.2984] for the

Table 2 Estimates of genetic diversity of the sampled hedgehog populations, number of analysed individuals (N), allelic richness

(AR), inbreeding coefficient (FIS), expected heterozygosity (HE), observed heterozygosity (HO) and loci showing significant presence of

null alleles (Null Al.)

Population N AR FIS HE HO Null Al.

UK* 23 4.34 0.116 0.4761 0.4209 EEU4

MAC* 41 3.91 0.109 0.5212 0.4713 EEU3, EEU54

TWI* 56 3.88 0.141 0.5737 0.4937 EEU2, EEU54

MOL 28 3.32 �0.015 0.5102 0.5255

PAL 37 3.02 0.053 0.5471 0.5244 EEU1

AUC* 27 3.17 0.270 0.5683 0.4209 EEU1, EEU2, EEU3

UK, United Kingdom; MAC, Macreas Flat; TWI, Twizel; MOL, Molesworth; PAL, Palmerston North; AUC, Auckland.

*Significant departure from Hardy–Weinberg equilibrium (P < 0.05).
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Fig. 2 Statistical power simulations for testing the genetic dif-

ferentiation within our data set using POWSIM software.
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second step (Table S1, Supporting information). These

results are consistent with the scenario choice in the

ABC analyses using Priors 1.

An evaluation of the confidence in scenario choice

showed that the probability of type I error (estimated

from pseudo-observed data sets simulated according to

Scenario 10 for both of the steps) was 0.54 and 0.64 for

the first and second step, respectively. Although these

high values indicate that a scenario other than the true

scenario was the most probable more than one-half of

the time in those cases, the alternative scenarios were

not unambiguously selected (the 95% confidence inter-

vals of the posterior probabilities overlapped). The

averaged type II error (estimated from pseudo-

observed data sets simulated according to all of the

scenarios other than Scenario 10) was low (0.057 and

0.043 for the first and second step, respectively),

indicating a low probability of selecting the true Sce-

nario 10 when the data were simulated under other

scenarios.

Model checking was based on 12 summary statistics

not previously used for model selection: the genetic

distance (dl)2 between two populations and the shared

allele distance between two populations (Table S3,

Supporting information). Only two of them (the genetic

distance between the UK and MAC+TWI and that

between the MAC+TWI and AUC+PAL populations)

had significantly higher probability values (value of

the simulated summary statistic < value of the

observed summary statistic) when the best-supported

Scenario 10 was checked (Table S5, Supporting

information).

Palmerston

UKUKUK

AUCAUC AUC

PALPALPAL

MOLMOL MOL
TWI TWI TWI

MACMAC MAC

MolesworthUnited Kingdom Macreas Flat Twizel

(A)

(B)

Auckland

Fig. 3 Population structure of New Zealand hedgehogs inferred by STRUCTURE for K = 2, 3 and 4. (A) Distribution of particular clus-

ters in United Kingdom, Auckland, Palmerston North, Molesworth, Twizel and Macreas Flat. The colours of circle segments repre-

sent the membership of populations in assigned clusters. The size of each circle is proportional to the mean allelic richness of each

population. (B) The result of the best-supported sorting. Each vertical bar represents an individual, and the bars are divided into pro-

portions based upon the probability of assignment to each cluster for K = 4.

Fig. 4 Scenarios of invasion dynamics in New Zealand hedge-

hogs inferred by historical (grey arrows) vs. genetic (black

arrows) data.
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Discussion

Invasion dynamics and the population genetics of
establishment

Genetic data are typically used to locate the source pop-

ulation of an invasion (Muirhead et al. 2008; Hoos et al.

2010; Lombaert et al. 2011). However, the problem of

inferring the place of establishment is less well studied.

In our study, the FST values and Bayesian clustering of

the nuclear microsatellite data found the greatest simi-

larity between the native populations from Great Britain

and the invasive populations from Palmerston on the

North Island, suggesting the parsimonious interpreta-

tion that this area harboured a bridgehead population

that played a dominant role in founding the gene pool

of the recent NZ lineage. An ABC supported this

scenario. The Palmerston population also showed the

lowest values of allelic richness, indicating the role of

founder effect and/or drift (Clarke & Grant 1996).

A sudden bottleneck could have a negative impact on

population fitness (e.g. via the fixation of deleterious

alleles); however, successful biological invasions despite

a severe genetic load have been reported (Zayed et al.

2007), and the potential positive effect of bottlenecks

due to mechanisms for the purging of deleterious

alleles in small populations has been explicitly

discussed (Facon 2011).

Although the evolutionary scenarios modelled in the

ABC analyses considered the admixture of the NZ and

source populations, such scenarios were consistently

not supported, suggesting no significant population

merging with the original populations. A certain level

of admixture in particular individuals may be caused

by multiple introductions, which are a priori common

during the initial stages of invasion, and may cause an

increase in genetic diversity (Kolar & Lodge 2001;

Lockwood et al. 2005). A standard prerequisite for

mammalian invasive species, especially those intro-

duced over long distances, is their potential of being

subject to human-mediated transport. Human interfer-

ence with species dispersal may continue within the

exotic range, although the resulting level of gene flow

was not sufficient to outweigh the effects of genetic

drift (Wright 1931) in our case.

The highest proportions of mitochondrial haplotypes

from Great Britain were found in Molesworth and

Palmerston. The rest of the island was dominated by

the unique haplotype EE1, which most likely evolved

during the course of the invasion. The disjunct distribu-

tion of this haplotype indicated either its parallel

origins or its complex lineage sorting and the disap-

pearance of the ancestral variant due to genetic drift in

the northern and southern parts of NZ. The differences

in the affinity of the Molesworth population according

to nuclear and mitochondrial inference may reflect dif-

ferent modes of inheritance of those loci (Avise 2004),

which often results in contrasting patterns of geo-

graphic distribution in nuclear and mitochondrial varia-

tion (Toews & Brelsford 2012). For example, these

distortions may be underlain by sex differences in

movement ecology, which were also indicated in previ-

ous studies of the West European hedgehog (Reeve

1994). However, because the signal in mitochondrial

data was based on only three nucleotide positions, the

scenario of establishment in Molesworth obtained no

support from the ABC modelling.

Ecology of establishment

It is difficult to assess the role of site-specific adapta-

tions in the evolution of distributional patterns due to

the high complexity of organism–environment interac-

tions. However, the exotic ranges of successful invaders

often mirror the climatic conditions of their ancestral

habitats; for example, many invasive plant species origi-

nating in the Mediterranean are capable of successful

establishment in other Mediterranean climatic regions

of the world (Levine 2008). One of the most important

factors affecting the distribution of insectivorous hedge-

hogs is temperature. The native range history and

genetic architecture of the species of the genus Erinaceus

were substantially influenced by climatic oscillations

and refugial isolation during the Pleistocene (Hewitt

2000; Seddon et al. 2001). Great Britain represents an

environmental margin for the group. It is not clear

whether hedgehogs spread to this area naturally during

the short period of existence of the isthmus between

continental Europe and England in the interglacial

period or whether the population was introduced by

humans and, thus, also represents a biological invasion

(Seddon et al. 2001). The environmental conditions on

the North Island of NZ appear to be closer to the

climatic optimum of the species, as illustrated by the

high population densities (even higher than in Great

Britain) and the ability to produce two litters per year

(Parkes 1975). In contrast, the South Island, with its

higher latitudinal position and higher average altitudes,

may show a higher abiotic resistance to the species

invasion, which often represents a more intense limiting

factor than biological resistance (Levine 2008). Further-

more, the North Island is more densely populated by

humans and represents a suitable environment for spe-

cies with synanthropic tendencies, such as hedgehogs.

Finally, biological invasions have a higher probability of

occurrence in urban ecosystems (Shochat et al. 2010).

However, obtaining detailed information about the cli-

mate envelope of a species with a broad distribution is

© 2013 John Wiley & Sons Ltd
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a difficult task. Moreover, the application of these data

to invasive populations may be complicated by possible

shifts in ecological characteristics, by variation in the

microclimatic conditions of particular anthropogenic

habitats and by other factors. For example, in addition

to habitats similar to those favoured in Europe, NZ

hedgehogs have expanded to novel environments

including alpine tussock grasslands and some forest

types (Berry 1999). The use of explicit spatio-geographic

data and predictive modelling (Richards et al. 2007;

Brown & Knowles 2012) will be necessary to test the

abovementioned hypotheses.

Traces of invasion in genomes and in society:
agreement, conflict or compromise?

Historical evidence of biological invasions is compli-

cated for several reasons. First, it is difficult to predict

which populations from the pool of introduced individ-

uals will be successfully established. A possible meta-

population structure could result in differences between

the range and the genealogical histories. In our model

system, the replacement of ancient populations on the

South Island by subsequent waves of invasion from the

north is possible. The existence of extinct metapopula-

tion lineages can only be reflected by historical data.

Second, the initial phases of invasion occur in popula-

tions with small numbers of individuals, decreasing the

probability of observation. Due to invasion lag, many

recent invasions result from introduction events that

occurred before biological invasions were perceived as

a serious threat to biodiversity and when distribution-

monitoring programmes were not as well developed as

those presently in effect. It is possible that the hypothe-

sized introduction and establishment of hedgehog

populations on the North Island were not adequately

mirrored by historical records for these reasons. For

example, information about early transport is incom-

plete because of the loss of many of the records of the

Acclimatisation Societies, which were often responsible

for deliberate introductions.

Inferring evolutionary scenarios from recent biodiver-

sity is indirect and demands complicated phylogenetic

reconstructions. However, the use of high-quality data

resulting from the application of cutting-edge technolo-

gies is possible. Molecular markers have proven espe-

cially useful for revealing evolutionary processes (Avise

2004). The historical approach provides direct evidence

of the evolutionary past; however, historical data could

be biased by incompleteness and erosion, for example,

in palaeontology. Data derived with different methods

often produce discordant hypotheses. For example,

reconstructions of evolutionary histories based on an

analysis of genotypes may contradict the results based

on an analysis of phenotypic traits (Patterson 1987) at

different levels of divergence, from deep phylogenies

(Murphy et al. 2001) to shallow genealogies (Hulva et al.

2004). Different evolutionary conclusions might also

originate from studies based primarily on molecular

phylogenetic methodology in comparison with palaeon-

tological data (Patterson 1987). Our study illustrates the

possible discrepancy between genetic and historical

data at the level of population biology and the timescale

of current evolution in a model of an invasive popula-

tion. Different inferences resulting from these two types

of data sources were also obtained in an evaluation of

the evidence for the probable sources of the invasion of

the Atlantic amethyst gem Gemma gemma in California

(Hoos et al. 2010). The reasons for these discrepancies

may include the differences in the explanatory power

and biases of the historical and genetic approaches in

describing different aspects of particular invasions,

which may involve very complex population scenarios.

Therefore, we advocate the integration of direct demo-

graphic evidence and genetic data to reveal the

proximate mechanisms underlying biological invasions.

In future studies, DNA analyses of museum specimens

(Wandeler et al. 2007) may also help to integrate histori-

cal and genetic approaches and provide further infor-

mation about the invasion scenario for NZ hedgehogs.
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Abstract 

Providing descriptive data of parasite diversity and load in sister species is a first step to 

address the role host-parasite coevolution in speciation process. In this study we compare the 

parasite faunas of closely related hedgehog species Erinacues europaeus and E. roumanicus 

from the Czech Republic, where both lineages occur in sympatry.  We investigated 109 

hedgehogs from 22 localities within the secondary contact zone in Czech Republic. We 

observed three species of ectoparasites and nine species of endoparasites. Significantly higher 

abundances and prevalences were found for Capillaria spp. and Brachylaemus erinacei in 

Erinaceus europaeus compared to E. roumanicus and higher mean infection rates and 

prevalences for Physaloptera clausa and Nephridiorhynchus major in E. roumanicus 

compared to E. europaeus. Divergence in parasite fauna composition indicate possible lineage 

specific changes in particular parasite species related to complicated demography of their 

hosts connected with Pleistocene climate oscillations and consequent range dynamics. The 

fact that all parasite species with documented different occurrence in E. europaeus and E. 

roumanicus belong to intestinal forms indicates possible diversification of trophic niche 

between both sister hedgehog species. 

 

Keywords: Erinaceus europaeus, Erinaceus roumanicus, sister species, parasite fauna, 

speciation, sympatry 
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Introduction 

Speciation represents a complex and variable process, influenced by many factors and 

occurring in diverse geographical settings (Coyne and Orr 2004). Regarding ecological 

connotations of speciation, factors like trophic and habitat differentiation and resource 

competition are often studied. The works addressing the role of parasitism in speciation are 

less well represented among empirical studies (Karvonen and Seehausen 2012), despite the 

frequency of parasitic interactions in ecological networks (Price 1980) and the important 

status of parasitism in theoretical evolutionary biology (Dawkins and Krebs 1979). Divergent 

patterns of parasite communities in sister species may be interpreted as a neutral byproduct of 

phylogenetic and ecological diversification and may also indicate adaptive changes in the 

parasite and / or in the host species during mutual coevolution. Providing descriptive data of 

parasite diversity and load in sister species is a first step to address these topics. In the present 

study, we provide such information for sister species of European hedgehogs, the group with 

model status in revealing mechanisms of speciation connected with Pleistocene climate 

oscillations in the western Palearctic. 

The Western Palearctic is inhabited by three hedgehog species of the genus Erinaceus the 

European hedgehog E. europaeus (EE), the southern white-breasted hedgehog E. concolor 

(EC) and the northern white-breasted hedgehog E. roumanicus (ER). Studies based on 

mitochondrial and nuclear sequence data suggest sister position of ER and EC with the 

divergence time of approximately 1.7-2.2 myr (Santucci et al. 1998, Seddon et al. 2001, 

Berggren et al. 2005). EC occurs from Asia Minor to Israel, including Turkey and some of the 

Mediterranean islands (Aulagnier et al. 2009), while ER is found in Eastern Europe, the 

Balkan States, the majority of the Mediterranean islands, Russia and the Baltic states 

(Hutterer 2005, Aulagnier et al. 2009). These two species are separated by the Caucasus 

Mountains, but information about this contact zone is missing completely. There is more data 

available for EE which occurs in Ireland, Great Britain, southern Scandinavia, and Western 

Europe (Reeve 1994). In Central Europe and in Russia and Estonia, the range of EE overlaps 

with the range of ER. EE is a sister taxon to ER and EC (Seddon et al. 2001). The speciation 

event was dated to 3.2-4.5 myr by Seddon et al. (2001) proposing a pre-Pleistocene origin of 

the species. Cyclic climatic changes had great impact on the genetic architecture of the 

species during the Pleistocene (Hewitt 1999). Hedgehogs and also other species were 

repeatedly restricted to glacial refuges with subsequent re-colonization of Europe (Santucci et 
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al. 1998, Hewitt 2000). The secondary contact of ER and EE in central Europe probably 

originated after the last ice age during the Neolithic deforestation (Bolfíková and Hulva 

2012). The widest zone of sympatry is situated in the Czech Republic and until now, no 

interspecific hybridization in the area of Central Europe has been recorded (Bolfíková and 

Hulva 2012). 

More detailed comparison of the ecology of both species is still missing. The existence of a 

relatively large zone of sympatry between EE and ER can be viewed as a natural large scale 

common-garden experiment, which could be utilized for studying ecological diversification of 

both lineages in the same environmental background. The landscape genetics analysis from 

central Europe noticed differences in altitudinal distribution of EE and ER, indicating at least 

particular ecological differentiation (Bolfíková and Hulva 2012). However, both species can 

occur in the similar types of habitats and even syntopically, with a trend of inhabiting rural, 

suburban and urban habitats. EE and ER seem to be essential similar in their feeding ecology 

(e.g. Shilova-Krassova 1952, Kruuk 1964, Campbell 1973, Yalden 1976, Obrtel and Holisova 

1981, Grosshans 1983). The diet is consisting mainly of a variety of invertebrates, usually 

with a few main prey types such as beetles, caterpillars, earthworms, slugs and snails, which 

can act as intermediate hosts of various parasite species (Reeve 1994). However animals from 

different regions show their own particular spectrum of prey items (Reeve 1994). 

Investigating parasite species composition may provide valuable information regarding 

phylogenetic differentiation, niche and population dynamics diversification and species 

interactions in this group. Regarding the important role of parasites concerning morbidity and 

mortality of hedgehogs (see e.g. Pfäffle et al. 2009) and the role of hedgehogs as reservoir 

hosts, this information is important also from the point of conservation biology and the 

epidemiology of various pathogens such as the rabies virus, Borrelia spp., Anaplasma 

phagocytophilum and Ricketttsia spp. (Farago 1997, Skuballa et al. 2010, 2012, Silaghi et al. 

2012, Speck et al. 2013). In this study we compare the parasite faunas of ER and EE from the 

Czech Republic, where both species occur in sympatry. We interpret the data in the context of 

phylogeography of studied parasite-host assemblages. 
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Material and Methods 

The hedgehogs from this study were either provided by wildlife rescue centers, where the 

animals died or were collected as road kills. All hedgehogs were frozen at –20 °C until they 

were used for dissection. Frozen hedgehogs were thawed at room temperature and then 

weighed accurate to the gram. Hedgehogs were classified either as hoglets (< 100g), juveniles 

(< 500g) or adults (> 500g) and determined to sex.  

Fleas and ticks were collected, identified to species after Beaucournu and Launay (1990) 

and Arthur (1963) respectively and quantified subsequently. Due to the difficulty of 

quantifying infestation rates, mites were not included in the examination. The body cavity 

(peritoneum), connective tissue and the surface of the organs were examined for encysted 

acanthocephalans (Plagiorhynchus cylindraceus). The lung was examined under a binocular 

microscope (Stemi 2000, Carl Zeiss Mikroskopie,Jena, 07740, Germany) for nematode 

infections. Crenosoma striatum and Capillaria aerophila from the bronchi and bronchioles 

were quantified. The intestine was divided into eight sections of the same length (not 

including the stomach). The stomach and the single sections were stored overnight in tap 

water in the refrigerator at 4°C to allow the intestinal parasites from the intestinal wall to 

move into the water. The next day, the water and the intestinal sections were examined under 

a binocular microscope (water with transmitted light, intestinal sections with direct light). All 

parasites found were identified to species after Beck and Pantchev (2012) and quantified.  

All statistical analysis were conducted using IBM® SPSS® Statistics Version 20. 

 

Results 

The hedgehogs originated from 22 different areas in the Czech Republic (table 1). 

Collections were made from 2008-2011. In total we examined 109 hedgehogs (ER = 27, EE = 

82). For ER we collected 19 juveniles (female = 11, male = 8) and seven adults (female = 2, 

male = 5). For EE we found eight hoglets (female = 3, male = 5), 61 juveniles (female = 30, 

male = 31) and 12 adults (female =5, male = 7). Both animals from Dvur Kralove nad Labem 

and two animals from Prague (table 1) were already to decomposed to properly determine the 

age or the sex. Those animals were excluded from the parasite analysis.  
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In total, twelve parasite species were determined (see table 2). As ectoparasites we found 

one flea species, the hedgehog flea Archaeopsylla erinacei and two tick species, the hedgehog 

tick Ixodes hexagonus and the castor bean tick I. ricinus. In the lungs we found the lungworm 

Crenosoma striatum and Capillaria aerophila. In the intestines we found Capillaria spp., 

Physaloptera clausa (only found in the stomach) and one unidentified nematode, the 

trematode Brachylaemus erinacei, the cestode Hymenolepis erinacei and the acantocephalans 

Nephridiorhynchus major and Plagiorhynchus cylindraceus.  

Since none of the hoglets were parasitized, they were eliminated from further statistical 

analysis. In both hedgehog species we tested for differences in mean abundances of parasites 

between male and female hedgehogs with a t-test, separated after age group and parasite 

species. We did not find any significant differences in parasitisation between males and 

females. We therefore pooled the sexes in each age group. We then tested for differences in 

parasitisation between the age groups for both hedgehog species (t-test). We could not find 

any differences between age groups for ER. For EE we found higher mean abundances of C. 

striatum (p = 0.001), Capillaria spp. (p ≤ 0.001) and Brachylaemus erinacei (p = 0.001) in 

juveniles compared to adult animals. Nevertheless we only examined twelve EE adults; 

therefore the significances could be a result of the low sample size of adult individuals. Thus 

we pooled age groups in both hedgehog species for further statistical analysis.  

When we compared the differences in mean parasite infection rates between the two 

hedgehog species (t-test) we found significant differences for Capillaria spp. from the 

intestines (p = 0.002), B. erinacei (p ≤ 0.001), P. clausa (p = 0.02) and N. major (p = 0.004). 

The infection rates with Capillaria and B. erinacei were higher in EE, while ER showed 

higher infection rates with P. clausa and N. major (table 2). Similar results were found when 

we compared the prevalences of the parasite species between EE and ER (chi-square-test). EE 

showed higher prevalences of B. erinacei (p ≤ 0.001), while ER had higher prevalences for P. 

clausa (p ≤ 0.001) and N. major (p ≤ 0.001). 
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Discussion 

Divergent patterns of parasite diversity and load 

A lot of studies on the parasite fauna of EE were done in the late 1970s and 1980s (see e.g. 

Timme 1980, Barutzki et al., 1984, 1987, Majeed et al. 1989), the information about parasites 

of ER are more scarce. Nevertheless there are some more recent studies which deal with the 

parasites of EE (Gaglio et al. 2010, Smales et al. 2010, Haigh et al. 2013), EC (Cirak et al. 

2010) and ER (Mizgajska-Wiktor et al. 2010). With the exception of the work of Mizgajska-

Wiktor et al. (2010) about the helminths of EE and ER in the contact zone in Poland, 

comparative studies for both species are lacking. Our study represents a first step to fill this 

gap.  

All parasites we found in our study were found in hedgehogs before (see e.g. Furmaga 

1961, Timme 1980, Boag and Fowler 1988, Skuballa 2010, Smales 2010). Abundances and 

prevalences of the flea A. erinacei from our study are relatively low. Egli (2004) reports 

prevalences from EE of 43.7% in Switzerland and Visser et al. (2001) of 84.2% in Germany. 

This also applies for ER from Hungary, where Földvari et al. (2011) found prevalences 

between 26.3% and 72.1%. Beck and Clark (1997) and Beck et al. (2005) even state that 

every hedgehog is to a greater or lesser intent infested with the hedgehog flea.  

Both I. ricinus and I. hexagonus are frequently found on hedgehogs. Just as for the 

hedgehog fleas, tick abundances and prevalence were lower in our study compared to others. 

Ixodes ricinus prevalences on hedgehogs from Germany (23.4%, Pfäffle 2010) and 

Switzerland (11.1%, Egli 2004) were higher than 0% for EE and 4% for ER in our study. For 

I. hexagonus Pfäffle (2010) found prevalences of 53.3% and 40% for EE from Germany and 

the UK respectively. Egli detected I. hexagonus prevalences of 58.5% for EE. However 

Földvari et al. (2011) found I. hexagonus prevalences of only 1.1% on ER from Hungary. 

They indicate that this low prevalence could be related to the high hedgehog density on 

Margaret Island, where the study was conducted, because high hedgehog population densities 

in semi-natural environments might lead to higher densities of I. ricinus compared to I. 

hexagonus (see Pfäffle et al. 2011). Almost all of our animals came from wildlife rescue 

centers where they were treated for injuries or symptoms of disease. During this time both 

ticks and fleas might have been collected by the caretakers or left and dropped of the host 
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respectively. Therefore our data for ectoparasite prevalences and abundances might be 

imprecise and do not express the natural infestation rates of EE and ER in the Czech Republic.  

One of the most common parasites of hedgehogs is most likely the lungworm C. striatum, 

with prevalences between 45% and 77.5% (Barutzki et al. 1987, Majeed et al 1989, Feliu et 

al. 2001, Liesegang and Lehmann 2003, Pantchev et al. 2005) depending on the habitat and 

the type of examination (coprological vs. dissection). This is comparable with the results of 

our study. Capillaria aerophila, which is also found in the lung, is not as abundant as C. 

striatum, but can cause similar symptoms like weight loss, bronchitis and pulmonary damage 

(Saupe 1988, Majeed, 1989, Pfäffle 2010).  

As to our knowledge, and in addition to the findings from Edelenyi and Szabo (1963), this 

is the only time that P. cylindraceus was described for ER. It is an intestinal parasite from 

passerine birds, which is sporadically found in the intestinal tracts of mammals, causing 

diarrhea, peritonitis and sometimes increased mortality (Skuballa et al. 2010). Infections seem 

to occur more often in juveniles than in adult animals, since younger animals also feed on 

unpalatable prey like wood lice, which are the intermediate hosts for this parasite (Dimelow 

1963, Skuballa 2010).  

Cestode infections are rare for EE (Carlson 1980, 1990, Barutzki et al. 1984, 1987, Boag 

and Fowler 1988) but are more common in ER and EC (Cirak et al. 2010, personal 

observations), though prevalences seem to be generally low. In our study only two EE and 

three ER were infected with H. erinacei. This supports results from other studies.  

As described in the result paragraph we found higher abundances and prevalences for 

Capillaria spp. and B. erinacei in EE compared to ER and higher mean infection rates and 

prevalences with P. clausa and N. major in ER compared to EE. Capillaria spp. are common 

parasites of hedgehogs and can reach high prevalences (up to 90%) and intensities (see Gaglio 

et al. 2010, Mizgajska-Wiktor et al. 2010, Pfäffle 2010). Capillaria spp. can be transmitted 

directly or indirectly via the ingestion of earthworms (Romashov 1981). They can have a 

severe effect on the body condition of hedgehogs, which might be increased during periods of 

high stress like the reproductive phase or hibernation and higher hedgehog population 

densities might increase the transmission rates between individuals, hence increasing 

prevalences and abundances (Pfäffle 2010). Regarding Capillaria spp. infections in EE and 

ER, the results Mizgajska-Wiktor et al. (2010) showed the opposite from ours, with ER having 
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higher prevalences than EE. It seems that this parasite is neither specific for, nor occurs 

predominantly in a certain hedgehog species and that there is a high variability in infection 

rates concerning different regions and habitats. 

Brachylaemus infections were both higher in prevalence and abundance in EE than in ER. 

This is comparable to the study by Mizgajska-Wiktor et al. (2010), where only EE were 

infected with trematodes. Brachylaemus erinacei is host specific (Schütze 1980), transmitted 

via the ingestion of various intermediate gastropod hosts (Krehmer 1967) and can cause 

diarrhea, hemorrhagic enteritis, inflammation of the bile ducts, anemia and death (Carlson 

1980, Saupe 1988, Beck 2007).  

Both N. major and P. clausa are not common in EE but occur in both Eastern European 

hedgehog species (Furmarga 1961, Schmidt 1972, Giannetto et al. 1993, Feliu 2001, Cirak 

2010, Mizgajska-Wiktor et al. 2010). More recent studies could not find any of those species 

in EE from Central Europe and the UK (Gaglio et al. 2010, Pfäffle 2010, Haigh et al. 2013) 

Both parasite species are transmitted via the ingestion of infected insect intermediate hosts 

(Kutzer 1992).  

 

Evolutionary interpretations 

Given the phylogenetic distance between ER and EE, it is likely that there are certain 

differences concerning for example their physiology, circadian activity, seasonality, habitat 

preferences and their diet, leading to different exposures to and interactions with particular 

parasite species. Discussing this topic is complicated due to limited information available for 

ER. Differences in ecology of both species were indicated in the study of Bolfíková and 

Hulva (2012). The fact that all parasite species with documented different occurrence in EE 

and ER belong to intestinal forms indicates possible diversification of trophic niche between 

both sister hedgehog species.  

However, adaptive changes during parasite-host coevolution might play the role in origins 

of different composition and structure of parasite communities as well. In the host species 

with demography and range history affected by Pleistocene climatic oscillations, parasites 

may undergo complicated evolution as well (Hoberg 1995). Neutral evolution might occur 

during refugial peripatric isolation and recurrent bottlenecks during population re-expansions, 
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including founding demography causing parasite release, genetic drift and other factors acting 

in small populations. Site-specific adaptive response may occur as well. Abovementioned 

facts may culminate in the extinction of particular parasite in particular lineage or in allopatric 

speciation, and contribute to divergence of parasite faunas between sister host species. 

Analysis of geographic distribution and phylogeography of particular parasite species might 

shed light to these phenomena 

Adaptive response of the host may include parasite-mediated selection acting in genes of 

immune defense, their possible pleiotropic effects and other factors. In certain cases, parasite-

mediated divergent selection may contribute to speciation process and reinforcement 

(Karvonen and Seehausen 2012). The impact of abovementioned processes to parasite-host 

interactions after secondary contacts of allopatrically evolved lineages of the host might be 

complex. Further studies focusing on biology of both species in the sympatric zone are 

necessary to test these hypotheses in detail. 
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Table 1: Origins from dissected hedgehog from the Czech Republic. ER = Erinaceus 

roumanicus, EE = E. europaeus. 

Location ER EE Total 

Beroun 0 1 1 

Bruntal 0 10 10 

Ceska Lipa 0 2 2 

Decin 0 1 1 

Doksy 0 1 1 

Dvur Kralove nad 

Labem 

1 1 2 

Jaromer (Nachod) 0 2 2 

Kocbere 0 1 1 

Kolin 1 0 1 

Litomerice 4 5 9 

Louny 0 1 1 

Mlada Boleslav 0 1 1 

Most 0 1 1 

Novy Bor 0 1 1 

Petrovice 1 0 1 

Prague 17 9 26 

Roudnice nad Labem 0 2 2 

Skalice 1 0 1 

Steti 0 1 1 

Trutnov 0 2 2 

Vlasim 1 40 41 

Vlkov 1 0 1 

 



 

86 

Table 2: Macroparasite prevalences, abundances and ranges of dissected hedgehogs from the 

Czech Republic. Hedgehogs from different sexes and ages are pooled, EE = Erinaceus 

europaeus, ER = Erinaceus roumanicus, N = number of samples, SD = standard deviation, 

Hoglets (N = 8) are not represented in the table. Note: developmental stages of ticks were 

pooled. 

Parasites Hedgehog 

species 

N Prevalence 

%  

Abundance 

(SD) 

Range 

Archaeopsylla erinacei EE 72 5.6 0.28 (1.49) 0-9 

ER 25 0 0  

Ixodes hexagonus EE 72 8.3 0.28 (1.12) 0-7 

ER 25 8.0 0.8 (3.27) 0-16 

I. ricinus EE 72 0 0  

ER 25 4.0 0.64 (3.2) 0-16 

Crenosoma striatum EE 71 51.4 15.25 (35.5) 0-227 

ER 25 48.0 8.48 (11.9) 0-36 

Capillaria aerophila EE 71 26.4 3.3 (13.75) 0-112 

ER 25 12.0 0.68 (2.21) 0-10 

Capillaria spp.  EE 72 75.0 261.93 

(379.6) 

0-1498 

ER 25 64.0 65.4 (215.38) 0-1083 

Physaloptera clausa EE 72 2.8 0.18 (1.31) 0-11 

ER 25 36.0 9.36 (18.35) 0-76 

Nematode EE 71 4.2 0.96 (6. 6) 0-54 

ER 25 4.0 0.16 (0.8) 0-4 

Brachylaemus erinacei EE 72 58.3 82.0 (184.18) 0-1184 

ER 25 12.0 0.12 (0.33) 0-1 

Hymenolepis erinacei EE 71 2.8 0.11 (0.95) 0-8 

ER 25 12.0 2.68 (11.8) 0-59 

Nephridiorhynchus major EE 71 4.2 0.14 (1.07) 0-9 

ER 25 40.0 4.88 (7.5) 0-23 

Plaghiorhynchus 

cylindraceus 

EE 72 5.6 0.18 (0.79) 0-5 

ER 25 16.0 1.6 (5.11) 0-24 
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Abstract 

Hedgehogs Erinaceus europaeus and E. roumanicus formed a secondary contact zone with 

sympatric occurrence of both species in Central Europe, probably during Neolithic period. In 

presented study we assess the role of reinforcement and ecological character displacement 

using geometric morphometric and genetic approach. We measured 47 skull landmarks in 37 

Erinaceus europaeus, 30 E. roumanicus and 15 interspecific hybrids, totally 27 specimens 

were from allopatry and 40 from sympatry. Skull size and shape was assessed using three 

dimensional landmark-based geometric morphometric approaches. E. europaeus had larger 

crania and mandibulae than E. roumanicus. In sympatry, both species were smaller and more 

similar in size than in allopatry. This pattern is in contradiction to ecological character 

displacement. Hybrids showed mostly intermediate characters between both species. We also 

used 94 different specimens for genetic analyses to detect possible hybridization at range 

margins and to detect differences in population structure of allopatrical and sympatrical 

populations. For the first time, we confirmed individual with mixed origin in Central Europe. 

This individual was found in Slovakia at the edge of E. europaeus range. Landscape genetic 

approaches confirmed differences between sympatrical and allopatrical populations of E. 

roumanicus. We discuss evolutionary and ecological aspects of observed pattern. Possible 

hybridization and introgression during reinforcement stage might play significant role in the 

history of the species. As the recent gene flow is limited, we also consider role of abiotic 

(clinal variability) and biotic (species interactions) factors.  

 

Keywords: character displacement, Erinaceus, geometric morphometrics, hybridization, 

species interactions 
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Introduction 

The speciation process is often initiated in allopatry, with may later be finished in 

secondary contacts of evolutionary lineages (Coyne and Orr, 2004). Variety of phenomena 

may occur in this phase. If the genetic integrity of both lineages is maintained, two 

components of diversification are often present; a) establishing of a prezygotic reproductive 

isolation mechanisms (reproductive character displacement/reinforcement) and b) reduction 

the competition between the lineages/species (ecological character displacement; Brown & 

Wilson 1956). 

The reproductive character displacement or reinforcement is a process, which increases 

isolation and can complete the speciation even when postzygotic isolation mechanisms are 

still incomplete (Rice & Hostert, 1993; Rudle & Schluter, 1998; Hoskin et al., 2005; 

Silvertown et al., 2005). Reinforcement may leads to partial or complete reduction of 

hybridization between the species (Dobzhansky, 1940).  

The ecological character displacement widely occurs when two closely related or 

morphologically/genetically compatible species of organisms have overlapping ranges of 

distribution (Reifová, et al. 2011). The differences between the species are highlighted in the 

sympatric zone and weakened or lost completely in the parts of their ranges outside this zone. 

In the zone of sympatry, where the two species occur together, the populations tend to be 

more divergent and thus are easily distinguishable (Brown & Wilson 1956). Models of 

ecological character displacement typically consider two species, that use the same sources 

(usually considering trophic competition), and which exhibit phenotypic plasticity induced by 

environment as a condition for facilitating mechanisms for dividing resources. Phenotypic 

evolution allows species respond to character of the environment, in which they live – for 

example, regulating the size of body according to climatic factors or shift some characters in 

the presence of closely related competitor (Pfenning et al. 2006). The characters involved in 

this dual divergence-convergence pattern may be morphological, ecological, behavioral, or 

physiological (Brown & Wilson 1956). On the other hand, the interspecific convergence in 

sympatric zone can be caused by introgressive hybridization when reproductive barriers are 

not complete (Haavie et al., 2004; Grant et al., 2004). 

Central Europe is a suture zone for many species (Taberlet et al., 1998, Hewitt, 1999) and 

therefore plays a major role in the understanding of the genetic and morphometric changes 

that occurred when two distinct species that live in isolation for millennium become 

sympatric. The recent distribution of Erinaceus europaeus and E. roumanicus is parapatric 

with wide contact zone in Central Europe (Italy, Czech Republic, Austria and Poland) and in 
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Russia and Estonia. The zones of sympatry were established after expansion from southern 

refuges during the Holocene (Seddon et al. 2001). History and position of secondary contact 

zones allow to investigate a number of microevolutionary processes connected with 

interactions between closely related species (e.g. hybridization and introgression, character 

displacement, reinforcement, etc.). For this reason the hedgehogs of the genus Erinaceus are 

very suitable model taxa for studying these effects. In our work we were concentrated to 

Central Europe as we have a greater amount of data about this locality.  

Identification of E. europaeus and E. roumanicus on the basis of traditional morphometry 

or non-metric characters in cranial phenotype is relatively difficult. Most of studies are 

focused on interspecific comparison (e.g. Hrabě, 1975; Herter, 1965; Rödl 1966) or large 

scale intraspecific comparison (e.g. Ruprecht, 1972; Holz, 1978; Zaitsev, 1982; Kryštufek 

2009), but comparison of populations living in sympatry is almost missing (Škoudlín 1982). 

The aims of the present study were with aid of geometric morphometric approach applied 

to skull morphology a) to compare skull size and shape between both species; b) compare 

phenotypic differences between allopatric and sympatric populations within and among 

species; c) to assess the situation in hybrids in relation to the two parental species; and d) 

integrate abovementioned results with genetic data and obtain novel insights into 

microevolutionary processes ongoing in secondary contact zone of Central European 

hedgehogs 

 

Material and Methods 

 

3D Geometric Morphometrics approach and Statistical analyses 

 

A total of 82 skulls of adult hedgehogs were examined:  37 Erinaceus europaeus, 30 E. 

roumanicus and 15 interspecific hybrids of these species. The studied specimens came from 

different localities situated in zone of sympatry (Czech Republic – 22 E. europaeus, 18 E. 

roumanicus) and allopatric localities in Central Europe (Germany – 15 E. europaeus, 

Slovakia – 12 E. roumanicus). Samples from the zone of sympatry were obtained from 

individuals which died in rescue center. Skulls from zone of allopatry were loaned from the 

Museum für Naturkunde, Berlin (Germany; MFN) and Institute of Vertebrate Biology, Brno 

(Czech Republic; IVB). Skulls of interspecific hybrids are also deposited in the MFN (Berlin). 

Seven individuals originated from hybridization experiments in captivity by Herter (1934). 

And eight hybrids were collected in the wild (w-hybrid) in Germany and the Czech Republic. 



93 

 

These individuals show the morphological traits of both species (seven hybrids from 

experiments, eight wild hybrids - Herter). We were not allowed to take genetic samples from 

the skulls that were borrowed from the museums and to verify the origin of the hybrids.  

Skull size and shape was assessed using three dimensional landmark-based geometric 

morphometric approaches. A total of 47 three-dimensional coordinates were recorded 

corresponding to 13 landmarks on both the mandibular and the ventral side of the skull and 21 

on the dorsal side of the skull (Fig. 1). The landmark coordinates were acquired using Reflex 

Microscope and Axel software (Reflex Measurement Ltd., Butleigh, Somerset BA6 8SP, UK) 

at the Museum and Institute of Zoology in Warsaw, Polish Academy of Sciences. All 

measurements were taken by the same person (M.K.). 

Coordinates were superimposed using a generalized procrustes analysis algorithm (Rohlf 

& Slice, 1990; Goodall, 1995). During this procedure, all specimens are translated so their 

centre of gravity of their landmark configuration coincides, normalized to unit centroid size 

and rotated to minimize the squared summed distances between corresponding landmarks. 

Centroid size (CS) corresponds to the square root of the sum of squared distances of the 

landmarks from their centroid (Bookstein, 1991). Coordinates after superimposition 

correspond to the shape data. 

Differences in the logarithm of centroid size between groups were depicted by boxplot, and 

their significance tested with Wilcoxon rank tests for two-group comparisons and Kruskal-

Wallis tests when more than two groups were compared. 

Differences in shape were tested using one-way MANOVA and Canonical Variate 

Analyses (CVA) paired with leave-one-out cross validation. Differences along CVA axes 

were visualized by computation of the shape changes along the factorial axes by multivariate 

regression (Monteiro, 1999). Because the sample sizes were relatively small compare to the 

number of variables, we used a dimensionality reduction of the data prior to the MANOVAs 

and CVAs. The scores of the first axes of a Principal Component Analyses (PCA) were 

substituted to the primary data (i.e. Sheets et al., 2006; Baylac and Friess, 2005), and the 

number of scores retained for the analyses were selected following the protocol proposed by 

Baylac and Friess (2005) that recommends “to select the number of retained components in 

each analysis so as to minimize the total cross-validated misclassification percentages” (in 

Baylac and Friess 2005, page 152). 

Allometries (shape changes related to size changes) were tested using multivariate 

regression, and homogeneity of the allometric patterns was assessed using MANCOVAs. 
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To test for possible common differences in size and shape between allopatric and 

sympatric populations of the two species we used two-way ANOVAs and MANOVAs using 

size or shape, respectively, as variables, species as the main classifier and allopatric versus 

sympatric distribution as a sub-classifier factor. 

The overall phenotypic similarities between groups were depicted using neighbor-joining 

networks computed from the Mahalanobis’ D
2
 distances (Mahalanobis, 1936). 

 

Genetic analyses 

We collected 94 tissue samples of hedgehogs from the Czech Republic (N=61), Slovak 

Republic (N=31) and Italy (N=2). All specimens were taken from road-killed animals. 

Samples are completely different from the morphometrical part of the study. All samples were 

analyzed at nine microsatellite loci and were sequenced at control region of mtDNA. Each 

individual was genotyped twice to avoid errors during the laboratory proceeding. All 

laboratory procedures were run according to Bolfíková and Hulva (2012).  

For detection of possible hybrids, we used Bayesian clustering analysis in Structure 

(Pritchard et al., 2000) with the admixture model of correlated allele frequencies (Falush et 

al., 2003). The length of the MCMC was set to 1 000 000 steps after 100 000 steps long burn-

in period. The results of ten independent runs for each K were combined using the greedy 

algorithm in CLUMPP 1.1.1 (Jakobsson & Rosenberg 2007). Detection of the likeliest 

number of clusters (K) was done in Structure harvester according to Evanno et al. (2005) and 

output for bet K was displayed in DISTRUCT 1.1 (Rosenberg 2004). Additional analysis was 

performed in NewHybrids 1.1 (Anderson and Thompson 2002) which tested six genotype 

categories - pure E. europaeus, pure E. roumanicus, F1 hybrid, F2 hybrid, backcross of F1 

with  E. europaeus and backcross of F1 with  E. roumanicus. The burn-in period had 10 000 

steps followed with 100 000 steps of analysis. The convergence of chains was tested visually 

during independent runs of the program. Internal genetic structure of the E. roumanicus and 

its' correlation to geographic coordinates of was tested in Geneland (Guillot et al., 2005).  

 

Results 

 

Differences between species 

The two species share common morphological differences between their allopatric and 

sympatric populations allowing to study more precisely the differences between the two 

species independently of the geographic origin of the specimens. In average E. europaeus 
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show large crania and manibula than E. roumanicus (fig. 2). Shape differences between the 

two species are depicted in figure 3. E. roumanicus possesses a ventral size of the brain case 

proportionally more rounded (fig. 3a), a dorsal skull side proportionally narrower (fig. 3 b) 

and a mandibular proportionally less high with the most anterior part shifted backward (fig. 

3c). 

 

Differences between species in allopatry 

In allopatry, the two species exhibit significant differences in crania and mandibula size 

and shape. Using size between 82% and 93% of the specimens can be assigned to the correct 

species, and between 89% and 96% using shape depending of the structure analysed. E. 

roumanicus show a smaller skull size than E. europaeus for all comparison (fig 2). 

 

Differences between species in sympatry 

The two sympatric population of E. europaeus and E. roumanicus exhibit differences in 

shape for all structure, with cross validation percentages ranging from 84% to 90%. The 

sympatric populations also differ in size but only for the ventral side of the skull with a 

corresponding cross validation of 68%, with E. roumanicus showing smaller ventral size (Fig. 

2). 

 

Comparison of allopatric and sympatric populations 

Cross validation percentages between the two species appeared always higher in allopatry 

than in sympatry. Both species are smaller in size in sympatry, where they are more similar in 

size than in allopatry (Fig 4). CVA computed for the three part of the skull all show that the 

first axes (most of the total variance) tend to separate the two species, whereas second axes 

tend to separate allopatric and sympatric populations. For the ventral and dorsal side of crania, 

the first axes (63% and 80% of variance respectively) clearly separate allopatric populations 

of the two species, as well as the sympatric populations. Conversely, the first axis of the CVA 

computed for the mandibula (47% of total variance) separate the allopatric populations, 

whereas the sympatric populations overlap. 

 

Differences between the two hybrids populations 

Both hybrid groups (from captivity and nature) occupied similar position in the 

morphospace (Fig. 5). The wild and captive hybrids specimens differ only in their ventral 

skull size, with the wild population being smaller than the captive population. All other size 
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and shape comparison were not significant (all p>0.5). Neighbor joining networks reveal a 

closer proximity of the hybrids with the allopatric populations of both species for the ventral 

side of the skull (Fig. 5 a) and the mandibular (Fig. 5 c). For the mandibular, the hybrids 

cluster between the two parental species (Fig. 5 b). 

 

Genetic analyses 

94 individuals were genotyped at D-loop of mtDNA and nine microsatellite loci. Analysis 

in Structure revealed, that the best result was for K=2 where each K corresponded to 

respective species (Fig. 6). Sample sk27 was suspect to be the interspecific hybrid (Fig. 6). 

MtDNA of this individual clustered with the E. europaeus. There wasn't any other 

cytonuclear conflict in the data. Structure also indicated possible internal structure in E. 

roumanicus, which could correspond to sympatric and allopatric zone (Fig. 6). All individuals 

were tested in NewHybrids, which showed, that individual sk27 ranked to the categories F2 

(0,439) and backcross of F1 with E. roumanicus (0,553). While structure showed the best 

result for two clusters, Geneland determined three populations, corresponding to E. 

europaeus, E. roumanicus approximately in sympatry and E. roumanicus approximately in 

allopatry (Fig. 7) similarly as it is seen in output for K=3 in Structure (Fig. 6). 

 

Discussion 

 

Traditional morphometrics 

Despite that the morphological differences between both species have been widely studied 

(Herter, 1934; Rödl, 1966; Ruprecht, 1972; Wolf, 1976; Holz 1978 a,b; Škoudlín, 1978, 1982; 

Zaitsev, 1984) identification of species according to classical morphometrical indexes is still 

difficult. Traditionally, hedgehogs are distinguished by cranial indexes and length of naso-

maxillary sutures (Holz and Niethammer, 1990 a,b; Kryštufek, 2002), but all these characters 

show high intraspecific variability and interspecific overlap. Sexual dimorphism in size was 

never found in both E. roumanicus and E. europaeus (Hrabě, 1976; Niethammer and Krapp, 

1990). Detailed comparison using novel three dimensional approach have never been used 

before.  

 

Variation within species in allopatry and sympatry 
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Škoudlín (1982) measured 23 metric characters and four proportional indexes on the skulls 

and compared individuals of E. roumanicus from the Czech Republic, Poland and Belarus. 

The specimen from Poland and Belarus were greater in most of studied characters. But this 

result could be influenced by Bergmann´s rule. 

In allopatry, differences in both size and shape are very clear between the two species. E. 

europaeus show larger skull and mandibula than E. roumanicus. In sympatry, both species 

show a similar reduction of sizes with an overlap much larger than in allopatry. Indeed, in 

sympatry, the two species show similar dorsal and mandibular sizes. 

Regarding shape, the two species always differ but the overlaps between them also 

increase in sympatry (the percentages of cross validation are always higher in allopatry). Most 

of the shape variation appeared to be clustered by the allopatric/sympatric differences for the 

ventral skull shape and the mandibula, whereas the dorsal skull shape appeared to be 

primarily structured by the differences between species. Indeed, looking at the neighbor-

joining network for the dorsal side of the skull, the sympatric populations appeared the two 

groups the most divergent suggesting potentially a character displacement for this component 

of the phenotype. 

Character displacement is observed in many species (Rice and Pfenning 2010; Reifová et 

al. 2011) with accentuated phenotypic differences among similar species when they occur in 

sympatry. Here, the two sympatric populations share morphometric characteristics in both 

size and shape suggesting that some aspects of the differences between the two species are 

attenuated in sympatry. 

 

Hybridization and reinforcement 

Establishment of reproductive isolation barriers could be at different stages in contact 

zones of different age. In western Palearctic, typically the northern zones are younger (Sætre 

et al. 2003). This phenomenon presumably occurs also in western Palearctic hedgehogs. 

While in the younger Russian zone the high frequency of hybrids were ascertained (Bogdanov 

et al. 2009), the opposite is true for older central European zone (Bolfíková and Hulva 2012). 

The endogenous cline in dominance of selection over recombination in loci responsible for 

reproductive isolation may exist also alongside and across particular zone. Thy hybrid 

individual in our study was revealed on the eastern edge of relatively broad zone of sympatry 

of approximately 450 km width. In this area, the contact of both lineages could be relatively 

recent and the reproductive isolation mechanisms could not be fully established. The nature of 

the hybrid (backcross with E. roumanicus) is concordant with results of breeding experiments 
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by Poduschka and Poduschka (1983), where backcrossing with E. europaeus was not 

successful. This asymmetry could result in preferential introgression of E. europaeus alleles 

into E. roumanicus genome. However, considering the concept of “porous genomes” and 

“genomic islands of speciation” (Turner et al. 2005), the genomic approach will be necessary 

to achieve sufficient coverage of genomes to reveal the processes in the contact zone in detail.  

Hybridization can induce diverse effect on the phenotypic evolution. It could be seen as a 

source of phenotypic novelty by creating strictly intermediate phenotypes between the two 

parental species as typical for quantitative traits, the hybrids can be more similar to one of the 

two parents because of effects of dominance or they can show transgressive phenotypes. 

Usual is also higher phenotypic variance (Renaud et al. 2009). 

In this study, hybrids show intermediate dorsal skull shape between the two species, whereas 

for the ventral skull shape and the mandibula, the main structuration of the shape variation is 

lead by the differences between the factor of allopatry and sympatry and the hybrids show 

more similar shape to the allopatric populations. Regarding size, the hybrids are large, more 

similar in size to E. europaeus that may reflect a dominance of the E. europeaus genome in 

the determinism of size.  This finding might also reflect the asymmetry in the ability of 

producing backcrosses. 

 

Reduction of size in sympatry 

The populations of both species living in sympatry showed interesting common trend in 

reduction of size. This outcome is in contrast with traditional expectation of character 

displacement (Brown & Wilson 1956). What are possible factors that could unify population 

phenotypes in sympatry? First, introgressive hybridization may result in exchange of nuclear 

genes responsible for morphology and cause respective phenotypic shifts (Grant et al. 2004). 

Transgressive segregation may occur in hybrids as well due many factors connected with 

complexity of genome interactions (Rieseberg et al. 1999). As the past reinforcement stage 

could not be excluded, this process could act also in our model. However, recently the gene 

flow between both species is not intense (Bolfíková and Hulva 2012). Moreover, based on 

experiments of Poduschka and Poduschka (1983) and our data, assymetric introgression (and 

thus also assymetric changes in morphology) would be expected. Finally, in our analyses, 

hybrids and sympatric populations occupy rather distant position in the morphospace, 

indicating that these units were affected by diverse evolutionary factors.  
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Second explanation would involve general trends in clinal variation of both species, 

possibly affected by the same abiotic selective gradient. However, it is difficult to imagine the 

gradient acting longitudinally from east and west, with extreme values in Central Europe.  

Third hypothesis would involve biotic factors, i.e. the species interactions within the 

contact zone. The general expectation of character displacement is based on presumption of 

sufficiently narrow ecological valence, thus the resource competition can generate sufficiently 

intense selection to cause niche diversification. In animals with high rates of metabolism like 

insectivores, presumably the strongest selection pressures will be connected with the trophic 

niche. In generalist species like hedgehogs, it is possible to imagine, that the diet 

specialization could not evolve in short evolutionary time. In our study, the ventral side of the 

skull and the mandibulae show similar patterns. As these parts of the skull involve major 

insertions sites of mastication muscles, teeth and other structures connected with alimentary 

behavior, it could be a demonstration of similar selective pressures acting in both species in 

the trophic niche. The dorsal side of the skull could be affected less intense because this part 

is morphologically less complex and only musculus temporalis is acting on the lateral side of 

the braincase. Consequently, if two species with the large overlap in trophic niche form the 

sympatric zone, the resultant guild can get close to the carrying capacity of the environment, 

and thus the resource competition results rather in reduction of body size than in character 

displacement.  

To conclude, evolution of ventral and dorsal sides of the skull and of the mandibular did 

not appear similar and phenotype of the modern sympatric populations may result from an 

admixture of evolutionary factors such as hybridization, clinal variation and competition. 
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Tables and Figures 

<Figure 1> Location of the 3D landmarks measured on the (a) ventral, (b) dorsal side of the 

skull, and on (c) the mandibular. 

< Figure 2> Cranial and mandibular size differences and variability between allopatric, 

sympatric and hybrid populations of Erinaceus europaeus and E. roumanicus. Boxplots of the 

log centroid sizes of the ventral (a) and dorsal (b) sides of the skull, and mandibula (c). 

<Figure 3> Cranial and mandibular shape differences between Erinaceus europaeus (in grey) 

and E. roumanicus (in black). Ventral (a) and dorsal (b) sides of the skull, and mandibula (c). 

<Figure 4> Cranial and mandibular shape variability between the allopatric and sympatric 

populations of E. europaeus and E. roumanicus: first two axes of the canonical variate 

analyses (CVA) computed for the ventral (a) and dorsal (b) skull sides and the mandibular (c). 

<Figure 5> Overall shape differences among groups (allopatric, sympatric and hybrid 

populations of E. europaeus and E. roumanicus. Neighbour-joining networks of the 

Mahalanobis distances for the ventral (a) and the dorsal (b) side of the skull, and the 

mandibular (c). 

<Figure 6> Output from Structure for K=2 (atop) and K=3 (below). 

<Figure 7> Analysis in Geneland revealed three populations in our data. White = E. 

europaeus, orange = E. roumanicus "sympatry", green = E. roumanicus "allopatry" 
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