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SUMMARY 

The asp viper (Vipera aspis) and the adder (Vipera berus) are small venomous snake species. 

Because both species have large distribution ranges, and as there is insufficient data on their 

decline, they are considered as least concern on the European red list of threatened species, 

although they appear to face extinction in numerous regions. Even if the species are well-

studied, many aspects of their biology are still unknown. Genetic markers are useful to 

investigate genetic diversity, population structure and various life-history traits of many 

species. Such genetic analyses are especially useful to study species with cryptic behaviour 

whose life-history traits can be hardly investigated in the field directly. Cost- and time-efficient 

microsatellite markers are still the preferable tool for many population and conservation 

genetics studies, even if next-generation-sequencing allows to examine whole genomes 

nowadays. This thesis is composed of five studies focusing on the development of specific 

markers and their application in assessing genetic diversity, population structure, sex-biased 

dispersal and hybridization of viper species.  

Investigating genetic diversity of endangered species is essential to detect populations 

which require special consideration in conservation measures. In the Pas-de-Calais department 

in France, populations of V. berus were studied in the course of an action plan on the 

functionality of calcareous grasslands what led to the first study of this thesis. Limited genetic 

diversity of the five investigated populations was revealed. One of the populations showed an 

especially low level of diversity and seems isolated from other populations. Therefore, it is 

crucial to thoroughly monitor this population in the future to detect a possible change in the 

population dynamics due to a lack of genetic heterogeneity. 

Microsatellite loci are highly polymorphic, codominant, easily typed, Mendelian 

inherited and noncoding, therefore they are ideal genetic markers not only for conservation 

genetics studies. Particularly in threatened species, it is of importance to investigate population 

structure, genetic diversity and gene flow within and between populations to assess their chance 

of survival and to take appropriate conservation measures. Since no specific microsatellite 

markers were available for V. aspis at that time, the second study aimed to develop 12 new 

polymorphic microsatellite markers for V. aspis, of which eight can also be amplified in V. 

berus and three in Vipera ammodytes. 

V. aspis is morphologically highly variable species not only showing a variety of 

different colourations but sometimes also deviations from their typical dorsal zigzag pattern 

with unicoloured individuals (without any pattern) or individuals with a dorsal line only (both 

referred to as “concolour”). In a specific location in the French Alps, a high density of these 

particular concolour individuals has been observed. In the third study, I compared the genetic 

with the morphological variation of individuals from different populations of this area and 
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detected a local selection for the concolour phenotype. A local diversifying selection suggests 

better adaptation of the concolour individuals to their mainly rocky habitat. I also found 

evidence for colour-biased dispersal with blotched individuals dispersing further than 

concolour individuals. Within blotched individuals, females dispersed more than males, but no 

sex-biased dispersal could be detected in the overall sample. 

To understand how V. aspis maintains gene flow between populations or colonises 

newly created or restored habitats, it is crucial to study dispersal behaviour. Dispersal behaviour 

often differs between sexes or between locations which is of importance, for example, for the 

design of monitoring programs. While there is a strong tendency towards female-biased 

dispersal in birds and male-biased dispersal in mammals, only a few studies demonstrated male-

biased dispersal in reptiles. As it was shown in other species, a pattern of sex-biased dispersal 

can vary among different habitats. Therefore, I conducted the fourth study at two sites in the 

alpine region of Switzerland and two sites in the lowlands and investigated in each region one 

population in a fragmented and one population in an unfragmented habitat. We found that in 

unfragmented habitats, males dispersed further than females while the latter showed the same 

dispersal propensity in all the study sites irrespective of the habitat. 

Even if there are several contact zones between V. aspis and V. berus, hybridization 

between the two species likely only occurs in two of them. The fifth study aimed to evaluate 

the hybridization rate between V. aspis and V. berus in the Loire-Atlantique department and to 

further investigate morphologically intermediate as well as typical individuals of both parental 

species. I showed that all the investigated individuals with intermediate morphological traits 

were hybrids, while no hybrids with typical morphological traits of either of the parental species 

were detected. We also found that the hybridization rate is quite low (1.5–3%) and that mainly 

first-generation hybrids occur. My results support a unidirectional hybridization with V. aspis 

as the maternal and V. berus as the paternal parent.  

Overall, the findings of my thesis highlight the importance to study numerous aspects 

of a species’ biology in different locations to be able to apply the most appropriate conservation 

measures in the respective habitats to save it from extinction.  
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GENERAL INTRODUCTION  

 

“The more you know about a species, the more you understand about how better to help 

protect them.”                                                                                                            Alan Clark 

 

 

Understanding a species’ biology is essential for its protection (Frankham, Ballou and Briscoe, 

2010). The knowledge on how species maintain gene flow between populations, how species 

react to habitat fragmentation, how genetically diverse populations are and how species can 

interbreed provides valuable information for conservation management programs (Frankham, 

et al., 2010; Ralls, et al., 2018). Especially for species with cryptic behaviour, as many snake 

species, genetic markers are a useful tool to assess various aspects like population structure and 

reproductive behaviour (Gibbs and Weatherhead, 2001). Investigation of population structure 

allows to detect barriers to gene flow and to identify populations of special concern (e.g. Dubey 

and Shine, 2010; Schmidt, et al., 2020; Somers, et al., 2017). A loss of genetic diversity within 

a population can lead to a reduction of evolutionary potential to adapt to altered habitats and to 

inbreeding depression, which in turn increases extinction risk (Frankham, 2005a; Frankham, 

2005b). Therefore, it is crucial to not only conserve biodiversity in terms of species but also to 

conserve genetic diversity by protecting genetically diverse or genetically unique populations 

or by enhancing genetic diversity of populations (Petit, El Mousadik and Pons, 1998; Ralls, et 

al., 2018). The effects of fragmentation on gene flow depend (among other things) on the 

dispersal ability of a species (Frankham, et al., 2010). Dispersal has a beneficial effect on the 

extinction risk because it can counteract deleterious fitness effects of isolation and inbreeding 

by ensuring gene flow to maintain high genetic diversity, which in turn triggers genetic rescue 

(Frankham, 2015). It is also to consider that gene flow can occur between different species what 

could lead to a swamping of taxa, but can also have beneficial effects in some cases (e.g. 

Quilodrán, et al., 2018; vonHoldt, et al., 2018; vonHoldt, et al., 2016).  

Not many snake species are as well-studied as the asp viper (Vipera aspis; Linnaeus, 

1758) and the adder (Vipera berus; Linnaeus, 1758), but still, some fundamental aspects, as 

well as a myriad of more advanced issues are unexplored. Both species are small venomous 

snakes of the genus Vipera, while V. aspis belongs to the subgenus Vipera and V. berus to the 

subgenus Pelias (Nilson and Andrén, 1997). V. aspis is considered as “least concern” (LC) on 

the Red List of France (UICN France, MNHN and SHF, 2015). On the Red List of Switzerland 

(Monney and Meyer, 2005), the conservation status of V. aspis has to be revised as the focal 

subspecies of my thesis, V. a. aspis, classified as “critically endangered” (CR), was 

synonymised with V. a. atra (Golay, et al., 2008) listed as “vulnerable” (VU). V. berus is 
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considered as “vulnerable” (VU) in France and “endangered” (EN) in Switzerland (Monney 

and Meyer, 2005; UICN France, et al., 2015). But as both species (especially V. berus) have 

wide ranges across Europe and because data on population sizes across time are still scarce, 

their threat is probably severely underestimated. There is no doubt that both species are highly 

threatened by human activities, including degradation and fragmentation of suitable habitats 

(Hofer, Monney and Dusej, 2001; Jäggi and Baur, 1999) and persecution (Kaufmann, 1893). 

Moreover, it has been shown that a low genetic diversity can have a strong negative impact on 

the fitness of viper populations (Madsen, et al., 1999; Madsen, Stille and Shine, 1996), therefore 

conservation programs should implicitly integrate genetic information in population risk 

assessments (Pierson, et al., 2016).  

The species can be distinguished by their dorsal zigzag pattern, by the number of rows 

of subocular scales (1.5–3 in V. aspis, 1 in V. berus), by the presence (V. aspis) or absence (V. 

berus) of an upturned snout and by their pileus (V. berus possessing 3 big scales, while V. aspis 

only occasionally have 2 big scales; Saint Girons, 1980; Viaud-Grand-Marais, 1869). 

Moreover, they differ in the number of chromosomes with V. aspis having 42 chromosomes 

and V. berus having only 36 (Saint Girons, 1977). Melanistic individuals exist in both species, 

but V. aspis shows an extraordinary high colour polymorphism and even individuals lacking a 

dorsal zigzag pattern. Although studies investigated the function (e.g. Castella, et al., 2013; 

Santos, et al., 2014) and genetic background (Ducrest, et al., 2014) of polymorphism, the 

selection acting on different phenotypes is still poorly studied (but see below). 

 Reproductive females of asp vipers and adders are viviparous and both species usually 

give birth to 5 to 15 youngs every second or third year, rarely even annually (Geniez, 2015; 

Guiller, Legentilhomme and Lourdais, 2012). Females of both, V. aspis and V. berus, are 

considered as capital breeders (Bonnet, et al., 2002; Lourdais, et al., 2013). Since they save 

their energy for reproduction, females are mostly philopatric, while males actively seek for 

them during the mating season (Monney, 1992; Vacher-Vallas, Bonnet and Naulleau, 1999). 

For these reasons, male-biased dispersal can be expected in both species, but this aspect was, 

to my knowledge, never investigated before (but see below). 

V. aspis occurs in Spain, France, Switzerland and Italy, while V. berus is the most 

widely distributed terrestrial snake worldwide and can be found from northwestern Europe 

through great parts of Russia to China and North Korea and even on small pacific islands  

(Meyer, et al., 2009). In this regard, V. aspis can tolerate drought better (Guillon, et al., 2013), 

while V. berus is better adapted to cold and humid environments (Lourdais, et al., 2013). 

Therefore, they usually occupy different ecological niches (Saint Girons, 1975; Scali, et al., 

2011) even if they have the same thermal preferences (Lourdais, et al., 2013). Nevertheless, 

several contact zones exist between the species (Guiller, Lourdais and Ursenbacher, 2017). 

Even if the species diverged about 10 to 15 Mya ago (Freitas, et al., 2020; Szyndlar and Rage, 
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2002), hybrids between V. aspis and V. berus were detected in only two locations (Geniez, 

2015; Guiller, et al., 2017). However, until recently only a limited number of hybrids were 

investigated and many aspects, for example, the hybridization rate, were still not investigated 

(but see below). 

 

Focus of the thesis  

The main aim of the thesis was to investigate different aspects of the biology of two European 

viper species, V. aspis and V. berus, to assist the planning of future conservation management 

programs.  

The utilization of genetic analyses drastically increased during the last decades. Since the 

costs decreased while the number of specialists increased, such analyses can be applied on a 

wider scale nowadays. The application of population genetics on endangered species resulted 

in the emergence of conservation genetics (Frankham, et al., 2010). Species conservationists 

increasingly demand for studies on small- and large-scale genetic structuring of endangered 

species, whose results can be applied, for example, to improve the connectivity between 

populations in order to promote gene flow. Moreover, scientific studies can greatly encourage 

political authorities to better connect habitats when supporting the importance of this measure. 

In the former Nord-Pas-de-Calais region, V. berus was considered as regionally endangered 

with only ten reported sites, some of which constituted of calcareous grasslands (Godin and 

Quevillart, 2015). The calcareous grasslands harbour an extraordinary high species richness 

and are therefore of great importance for biodiversity. Because the region is strongly affected 

by fragmentation, the calcareous grasslands have been progressively isolated. To counteract the 

progression of fragmentation, the FoCoCa project (“Analyse de la fonctionnalité des coteaux 

calcaires et des habitats de substitution des espèces cibles : la Vipère péliade et le Criquet de la 

Palène”, which can be translated as “Analysis of the functionality of calcareous grasslands and 

substitution habitats for targeted species: the adder and the stripe-winged grasshopper”) was 

launched in 2010. The project aimed to evaluate the functionality of calcareous grasslands using 

two bioindicators with differing dispersal capacities: the adder and the stripe-winged 

grasshopper. Several studies showed that V. berus can move several hundred metres per year 

(Graitson, 2008; Monney, 1996). However, the species seems reluctant to colonise new sites 

and genetic data revealed a limited gene flow between populations in the Jura massif 

(Ursenbacher, Monney and Fumagalli, 2009). Nevertheless, this finding can not be generalised 

and applied to the variety of different adder habitats. Chapter I presents the results of a 

population genetic study in the framework of the FoCoCa project, which focuses on the adders 

of the calcareous grasslands. Population differentiation and gene flow between the populations 

were evaluated to assist further interventions for the conservation for the species. 



General Introduction  

 

~ 8 ~ 

The analyses of Chapter I were conducted with microsatellite markers which were 

specifically developed for V. berus (Ursenbacher, et al., 2009). The study presented in Chapter 

II aimed to develop similar genetic markers for V. aspis to be able to analyse recent 

demographic events (Pearse and Crandall, 2004), connectivity patterns (Johnson, Toepfer and 

Dunn, 2003; Selkoe and Toonen, 2006) and medium to fine-scale population structure (Castoe, 

et al., 2010). Microsatellites were our first choice as they are highly polymorphic, codominantly 

inherited in a Mendelian fashion, easy to genotype and independent of natural selection (Abdul-

Muneer, 2014). Because microsatellite genotyping analyses present a straightforward and cost-

efficient method for many areas of application, microsatellites are still widely utilized (e.g. 

Holderegger, et al., 2020). Whole-genome sequencing is increasingly being used even though 

the use of microsatellites provides enough information to conduct a variety of population and 

conservation genetics studies. In the first step of microsatellite development, the first next-

generation DNA sequencer was used to obtain random DNA sequences by 454 shotgun 

pyrosequencing. After screening, suitable microsatellite loci were selected for primer design. 

Microsatellite primers were subsequently tested on 29 DNA samples of asp vipers from the 

Plateau of western Switzerland. Additionally, six microsatellite markers previously developed 

for V. berus (Carlsson, 2008; Ursenbacher, et al., 2009) were also tested for their applicability 

in V. aspis and, vice versa, the newly developed microsatellite markers for V. aspis were tested 

for their applicability in V. berus as well as in V. ammodytes.  

V. aspis is probably the snake species with the highest degree of polymorphism of whole 

Europe (Meyer, et al., 2009). Asp vipers not only show a huge variety of different colourations, 

but they can also differ in their dorsal pattern. A high density of individuals lacking their 

characteristic dorsal zigzag pattern was found in a location in the French Alps. These 

individuals, called “concolour”, were either unicoloured (without any pattern) or showed a 

dorsal line only. Particular colouration can confer advantages in specific conditions. For 

example, aposematic colours can serve to warn and possibly keep predators away (Poulton, 

1890). Camouflage can also serve as a strategy against predators, as cryptic coloured animals 

are less detected (an idea already developed by Darwin, 1859). The typical dorsal zigzag pattern 

of Vipera species is generally considered as cryptic colouration (Andrén and Nilson, 2008; 

Bauwens and Claus, 2019; Santos, et al., 2014; Shine and Madsen, 1994), even if an aposematic 

function was also demonstrated (Niskanen and Mappes, 2005; Valkonen, et al., 2011; Wüster, 

et al., 2004). The cryptic function of the dorsal zigzag pattern is possibly most pronounced in 

common asp viper habitats comprised not only of stone structures but also of structure-rich 

vegetated areas like hedges or open forests. The concolour individuals in focus were mainly 

found in populations of the core region of the location whose habitats are less vegetated, 

sparsely wooded and rockier compared to the habitats of the peripheral populations. Therefore, 

we assumed that the concolour individuals may be better adapted to their rocky habitat than 
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their typically coloured conspecifics and that their colouration might be a result of local 

diversifying selection rather than the result of random genetic drift. In the study presented in 

Chapter III, I compared the genetic and the morphological variation of individuals of the 

whole location to assess if the colour polymorphism was caused by genetic drift due to a 

reduced gene flow or by a diversifying selection due to varying selection pressures. In this 

process, I also investigated the genetic structure of these populations and tested for colour- and 

sex-biased dispersal. 

Chapter IV presents the result of a study, in which I further wanted to investigate sex-

biased dispersal in the asp viper. It is not only important to assess gene flow between 

populations, but also to understand how gene flow is maintained (Frankham, et al., 2010). To 

understand how V. aspis can disperse between populations or colonise newly created or restored 

habitats is crucial to plan conservation measures like the construction of wildlife crossings. 

Often dispersal is sex-specific because the equilibrium between costs and benefits of dispersal 

often differs between sexes (Greenwood, 1980). The occurrence of sex-biased dispersal can be 

of special interest, for example when a habitat is restored or newly created and individuals for 

monitoring programs have to be chosen. In mammals, male-biased dispersal is prevalent while 

female-biased dispersal is common in birds (Greenwood, 1980). A general pattern of sex-biased 

dispersal is less investigated in reptiles, although several studies found male-biased dispersal in 

crocodiles, turtles and squamates (Dubey, et al., 2008; Johansson, Surget-Groba and Thorpe, 

2008; Paquette, Louis and Lapointe, 2010; Pernetta, et al., 2011; Tucker, et al., 1998). 

Moreover, most studies investigating sex-biased dispersal were conducted in a single study site 

whereas species may react differently in distinct environments. Indeed, a few studies showed 

that sex-biased dispersal can differ between different habitats (Berry, et al., 2005; Lane and 

Shine, 2011; Parga, et al., 2015). Therefore, the aim of our study was to investigate sex-biased 

dispersal in the asp viper in four different locations in Switzerland using microsatellite markers. 

We selected study sites in two different geographic regions (Swiss Alps and Swiss lowlands) 

of Switzerland and for each region, one fragmented and one unfragmented site was chosen. 

Sex-biased dispersal was assessed by comparing spatial autocorrelation as well as isolation by 

distance between sexes. 

Hybridization occurs in about 10% of animal species and is even more frequently observed 

in plants (Mallet, 2008). First-generation hybrids are often sterile, while second-generation 

hybrids are frequently not viable or have a reduced fitness. If hybrids are still able to 

successfully reproduce, genetic introgression can lead to a swamping of taxa. Even if 

hybridization could also have advantageous effects (Quilodrán, et al., 2018; vonHoldt, et al., 

2018; vonHoldt, et al., 2016), the existence of hybrids should be taken into account in the 

planning of conservation management programs. Interspecific hybridization between well-

defined snake species is a rare phenomenon (but see Mebert, 2008; Mebert, et al., 2011; 
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Tarroso, et al., 2014). There are several contact zones between V. aspis and V. berus, but only 

in two of them, hybrids between the species were found (Geniez, 2015; Guiller, et al., 2017). 

One of these contact zones is situated in the Loire-Atlantique department in France. In this area, 

asp vipers are at the northern limit of their distribution while adders reach their southern limit. 

Facing their climatic extremes, both species live in syntopy despite their different ecological 

requirements. The contact zone was already subject of a previous study by Guiller, et al. (2017), 

but an assessment of the hybridization rate was not available as only individuals with 

intermediate morphological traits were genetically analysed. In Chapter V, I present the results 

of a study, in which I further investigated the hybridization in the Loire-Atlantique department. 

The aims of the study were to assess the hybrid status of morphologically intermediate 

individuals, to test for the occurrence of hybrids with typical morphological traits of one of the 

parental species and to genetically evaluate the hybridization rate between the two species. 

Moreover, I wanted to re-evaluate the finding of Guiller, et al. (2017) that hybridization only 

occurs between female V. aspis and male V. berus. I expected to find mostly first-generation 

hybrids since second-generation often show a reduced fitness or do not exist at all (Stebbins, 

1958). Based on the previous expectation, I supposed to find a few individuals with typical 

morphological traits of one of the parental species at most. As only one hybrid between V. aspis 

and V. berus was found in another contact zone (Geniez, 2015) and because the species are 

well-defined, I predicted the hybridization rate to be low. Furthermore, I expected the newly 

investigated morphologically intermediate individuals to be the result of unidirectional 

hybridization as described in Guiller, et al. (2017). 

In the final section of this thesis, the General Discussion, the most important findings of 

the five chapters will be discussed, future studies suggested and implications for the species in 

focus and their conservation presented.   
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Résumé 
espèces. Il a été utilisé pour étudier la diversité et la différentiation génétiques entre cinq populations 
de Vipères péliades (Vipera berus Linnaeus, 1758) dans le Pas-de-Calais. Les résultats montrent une 
diversité assez faible, surtout dans une population 
isolée, alors que trois des cinq populations ont une différenciation génétique significative, mais peu 
marquée 
population est à suivre particulièrement, afin de voir si la faible diversité génétique se traduit dans une 
dynamique limitée au sein de cette population. 

Mots-clés : génétique des populations, Vipère péliade, Vipera berus, Hauts-de-France, conservation, 
flux de gènes. 
 
Summary  Genetics of the population of the common European adder (Vipera berus - Linnaeus, 
1758; Serpentes: Viperidae) in the French -de-  contribution of genetics 
in the local preservation of the species. Genetic tools are frequently used for the protection and 
conservation of species. We used genetic markers to investigate the genetic diversity and genetic 
differentiation between five populations of the adder (Vipera berus) in the French Hauts-de-France 
region. Results demonstrated a limited genetic diversity especially within one population; this one 
seems genetically isolated, whereas three of the five studied populations displayed a limited but 
significant genetic differentiation. Historically they must have been connected and exchanged genes. 
The population with a limited genetic diversity should be specifically monitored, in order to determine 
if the lack of genetic diversity has an impact on the population dynamic. 

Key-words: population genetics, adder, Vipera berus, Hauts-de-France, conservation, gene flow. 
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I. INTRODUCTION 

 
Depuis plus de 30 ans, le développement de la génétique a permis une meilleure 

compréhension de la biologie des espèces animales et végétales. Durant les premières années, 
ces techniques étaient réservées uniquement à la recherche fondamentale. Mais la réduction 
des coûts et l'augmentation du nombre de spécialistes ont permis leur utilisation à plus large 
échelle. De plus, l'intérêt de ces techniques pour la conservation des espèces a conduit à la 
création de la génétique de la conservation. Cette démarche, qui cherche à appliquer les 
approches de génétique des populations à des espèces menacées, s'est considérablement 
démocratisée, permettant actuellement l'analyse génétique d'espèces non emblématiques 
(Frankham et al. 2002). Ainsi, le nombre d'études portant sur la structuration génétique à 
petite ou à large échelle a explosé au cours de la dernière décennie. Les résultats peuvent 
alors être utilisés pour la protection et la conservation des populations de l'espèce cible. Par 
ailleurs, il est fréquent que ce genre d'analyses soit encouragé ou commandité directement 
par les organismes en charge de la conservation des espèces. Ces organismes peuvent alors 
utiliser les résultats ainsi obtenus pour, par exemple, améliorer la connectivité de populations 
afin de favoriser les échanges génétiques. Il est à noter que les autorités politiques sont 
souvent plus enclines à favoriser cette mise en réseau si des études scientifiques appuient leur 
importance et, dans ce cadre, les analyses génétiques peuvent grandement inciter les autorités 
à agir. 

  Pas-de-Calais accueille actuellement six espèces de reptiles 
indigènes dont la Vipère péliade (Vipera berus) désormais uniquement présente dans le 
département du Pas-de-Calais. Elle y est considérée comme en danger (« EN ») dans la liste 
rouge régionale (Godin et al. 2015) et est connue sur environ 10 sites dont certains en coteaux 
calcicoles. Au début des années 2000, la région Nord  Pas-de-Calais a développé une 
démarche de définition de trames verte et bleue (TVB) sur l'ensemble de son territoire 
(Conseil régional 2005, Espaces naturels régionaux 2007). Le territoire régional, avec ses 
grandes entités urbaines du bassin minier et de la métropole lilloise, est soumis à une forte 
fragmentation de son pays
une forte richesse en espèce et constituent une des importantes entités paysagères de la région 
sur environ 1000 ha (Conservatoire des sites naturels du Nord et du Pas-de-Calais 2001). Ces 
coteaux calcicoles localisés dans leur grande majorité sur le territoire du Parc Naturel 

constituent est devenu de plus en plus morcelé. Pour répondre au besoin de limiter ce 
morcellement, le projet FoCoCa « Analyse de la fonctionnalité des coteaux calcaires et des 

habitats de substitution des espèces cibles : la Vipère péliade et le Criquet de la Palène » 
émerge en 2010 avec le soutien technique de la fondation pour la recherche sur la biodiversité 
(FRB) et les soutiens financiers du Conseil régional Nord  Pas-de-Calais, ainsi que du 
programme Interreg France (Manche) Angleterre « Land and Nature for all ». Ce projet vise 

 de deux marqueurs biologiques, la Vipère 
péliade et le Criquet de la Palène, deux espèces typiques des coteaux calcaires, aussi présentes 
dans certains milieux de substitution et présentant des possibilités de dispersion différentes. 

La Vipère péliade est une espèce possédant une aire de répartition très importante 
(Saint Girons 1980), mais elle peut être localement très menacée, surtout dans l'ouest de 
l'Europe (par exemple dans le Jura: Montadert 2000, Monney & Meyer 2005). Les principales 
menaces sont la réduction et la fragmentation de son habitat. Bien que les destructions 
volontaires soient actuellement très limitées, les exterminations massives au cours du XIXe et 
début du XXe siècles (Kaufmann 1893) ont aussi conduit à la disparition locale de nombreuses 
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populations. Ce petit serpent venimeux possède une faible dynamique, les femelles 
produisant entre cinq et 12 juvéniles tous les deux ou trois ans suivant les sites (Capula & 
Luiselli 1994, Monney 1994, Ursenbacher 1998). Elles sont par contre longévives puisque 
des individus de 20 ans et plus ont été observés à plusieurs endroits (Sylvain Ursenbacher & 
Jean-Claude Monney, observations personnelles), avec un record répertorié de plus de 30 ans 
(Phelps & Warrell 2010). Plusieurs travaux montrent que les individus de cette espèce sont 
capables de parcourir plusieurs centaines de mètres par an (Monney 1996, Graitson 2008b). 
Cependant, l'espèce semble peu encline à coloniser de nouveaux sites et les données 
génétiques tendent à montrer un flux de gènes limité entre les populations du Massif jurassien 
(Ursenbacher et al. 2009)
de l'aire de répartition de l'espèce. En effet, il a été montré chez d'autres espèces de serpents 
que le flux de gènes pouvait être très différent d'un site à l'autre. Dans le cas par exemple de 
la Coronelle lisse (Coronella austriaca), une différentiation significative a été observée entre 
des populations distantes de quelques kilomètres dans le Dorset (UK; Pernetta et al. 2011). 
Au contraire, les travaux de Jean-Pierre Vacher, en Alsace, tendent à montrer un important 
flux de gènes entre les différentes localités (Vacher 2010), avec des valeurs de différentiation 
génétique similaires à celles trouvées par Pernetta et al. (2011) pour des populations 10 fois 
plus éloignées entre elles. Les travaux récents de Cauwenbergh (2012) tendent à confirmer 

dans des régions différentes. Ainsi, il est nécessaire de conduire d'autres analyses de 
génétique chez la Vipère péliade pour confirmer ou infirmer sa faible aptitude à la dispersion 
observée dans le Massif jurassien.  

Dans le cadre du projet FoCoCa sur le réseau des coteaux calcaires du Pas-de-Calais, il 
nous est apparu intéressant d'étudier la génétique de la population de la Vipère péliade qui 
est régulièrement observée dans ces habitats, le lien entre les différents dèmes, ainsi que 
d'évaluer les flux de gènes dans le cadre de la conservation de l'espèce. Les résultats de ces 
travaux seront mis en relation avec les interventions en cours sur l'espèce dans la région et la 
mise en place d'un plan d'action régional en faveur de la Vipère péliade sur la période 
2012-2016 (Cheyrezy et al. 2012). 
 
 

II. MATÉRIEL ET MÉTHODES 
 

A. Échantillonnage 

Cinq sites ont été échantillonnés dans le cadre de ce projet (Fig. 1). Chaque site a fait 
l'objet de trois à 17 visites entre avril et septembre 2011. Tous les individus capturés ont été 
pesés, mesurés et, lorsque l'animal dépassait la taille totale de 35 cm, marqués à l'aide d'un 
transpondeur (microchip : DATAMARS®, Lugano, Suisse). De plus, un échantillon de 
salive a été prélevé pour faire l'objet d'analyses génétiques. Les recaptures ont aussi été 
notées, mais aucune mesure ou prélèvement génétique n'a été réalisé sur des animaux 
recapturés. Finalement, la surface favorable pour chaque site a été estimée sur carte, pour 
évaluer la densité locale moyenne. Comme pour les sites comparés, nous avons considéré la 
zone où des vipères pouvaient être rencontrée comme surface favorable. Même si la surface 
utilisée par la Vipère péliade peut être compliquée à évaluer, cette donnée permet une 
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Figure 1 : Localisation des sites échantillonnés dans le département du Pas-de-Calais. 
Figure 1: Localization of the sampled sites in the French Pas-de-Calais department. 

B. Évaluation de la taille des populations 

L'évaluation des effectifs des différentes populations a été réalisée à partir d'approches 
de type Capture-Marquage-Recapture (CMR). Nous avons supposé que les différentes 
populations étaient closes, car le taux de survie annuel des adultes est élevé (proche de 0,90 ; 
voir Ursenbacher 1998) et les possibilités d'immigration ou d'émigration sont très faibles au 
sein des cinq sites du fait de leur isolement géographique. Nous avons aussi testé la possibilité 
que la population soit close avec le programme CloseTest (Stanley & Richards 2011). De 
plus, les méthodes utilisées pour les populations closes sont plus adaptées pour une évaluation 
de la taille de populations de Vipères péliades dans des conditions similaires (Ursenbacher 
& Monney 2003). Les estimations ont été calculées avec le module CAPTURE du 
programme MARK v6.1 (White & Burnham 1999) à l'aide d'un modèle autorisant une 
capturabilité variable en fonction des sessions et des individus (mode M[th], Otis et al. 1978). 

C. Extraction de l'ADN et amplification 

À partir des échantillons buccaux prélevés sur tous les animaux capturés, ainsi que des 
mues trouvées sur le terrain (celles-ci ont été contrôlées pour ne pas appartenir à un individu 
déjà échantillonné), la diversité génétique a été évaluée à l'aide de neuf marqueurs 
microsatellites spécifiques à la Vipère péliade (Vb-A8, Vb-A11, Vb-B'2, Vb-B'9, Vb-B10, 
Vb-B'10, Vb-B18, Vb-D'10 et Vb-D17 ; Ursenbacher et al. 2009). Les modalités 
d'amplification des loci microsatellites sont similaires à celles indiquées dans Ursenbacher et 

al. (2009). En résumé, l'ADN a été extrait à l'aide de kits DNeasy Blood & Tissue Kit 
(Qiagen, Hombrechtikon, Suisse) suivant les conditions indiquées par le fabricant à 
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l'exception de deux modifications : l'écouvillon a été placé dans la colonne au niveau de 
l'étape 4, puis cet écouvillon a été enlevé avant l'étape 5. Les mues ont été traitées selon le 
protocole standard. L'amplification en chaîne par polymérase (PCR) de chaque marqueur a 
été conduite dans un volume de 10 µl comprenant 2 µl du produit d'extraction, 1X buffer 
PCR (Qiagen), 2mg/ml de solution Q (Qiagen), du MgCl2 en concentration telle qu'indiquée 
dans Ursenbacher et al. (2009), 0,2mM de chaque nucléotide, 0,5µM du couple d'amorces et 
0,5 Unité de Taq polymérase (Qiagen) avec des machines PCR Mastercylcer (Eppendorf, 
Schönenbuch, Suisse). Un marquage fluorescent avait été ajouté aux amorces forward, 
permettant d'obtenir la longueur de chaque allèle lors du génotypage sur séquenceur 
AB3130xl (Applied Biosystems, Zug, Suisse) et lecture de la taille des marqueurs avec le 
programme PeakScanner v1.0 (Applied Biosystems, Foster City, USA).  

D. Analyses génétiques 

La présence d'allèles nuls ou d'erreurs de lecture a été recherchée avec le programme 
MICRO-CHECKER v2.1 (Van Oosterhout et al. 2004) pour chaque locus et pour chaque 
population séparément. Les loci présentant une trop haute probabilité d'allèles nuls au sein 
de plusieurs populations ne seront pas utilisés pour les analyses. La fréquence des différents 
allèles, le niveau d'hétérozygotie attendue (HE), ainsi que la richesse allélique (AR) ont été 
estimés avec le programme FSTAT 2.9.3 (Goudet 1995). Le déficit en hétérozygotes au sein 
de chaque population (FIS) a été estimé avec le même logiciel, alors que le niveau de 
significativité a été évalué par permutation (1 000 permutations). La comparaison de la 
diversité génétique (AR

du programme SPSS v20.0 (IBM, Armonk, USA). La possibilité d'un événement de 
bottleneck (ancienne et forte réduction de la taille de la population au cours d'une période de 
temps plus ou moins longue) ou d'un événement fondateur (création d'une population à partir 
d'un nombre limité d'individus) a été testée à l'aide du programme BOTTLENECK v1.2.02 
(Cornuet & Luikart 1996; Piry et al. 1999). 

Le niveau de différenciation entre les populations a été évalué avec les F-statistiques 
(Wright 1951). Une valeur de FST de zéro indique l'absence de différentiation génétique entre 
deux populations, alors qu'on considère une valeur significative et plus élevée que 0,25 
comme un signe de forte différentiation (Frankham et al. 2002). Les évaluations ont été 
effectuées avec FSTAT et le niveau de significativité évalué grâce à 1 000 permutations. Une 
approche complémentaire, centrée "individu" et ne tenant pas compte de la localisation des 
individus, a été utilisée afin de déterminer l'appartenance de chaque individu à un cluster 
(groupe génétique relativement uniforme). Cette approche, implémentée dans le programme 
STRUCTURE v2.3.2 (Pritchard et al. 2000) permet d'indiquer le nombre de groupes 
génétiquement différenciés au sein d'un jeu de données suivant la méthode décrite par Evanno 
et al (2005). Finalement, une analyse factorielle des correspondances (AFC) a été effectuée 
avec GENETIX v4.05.2 (Belkhir et al. 1996-2004) afin de visualiser les affinités des 
différents individus entre eux, complétant ainsi l'analyse individuelle effectuée avec 
STRUCTURE. 

 
III. RÉSULTATS 

 

A. Taille des populations et densités 

Entre 15 et 23 individus (huit et 17 individus adultes) ont été capturés sur les cinq 
différents sites (Tab. I). Le manque de recapture n'a pas permis d'évaluer la taille de la 
population 4, ni d'évaluer si elle était close. Les quatre sites restants semblent être isolés et 
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clos selon les résultats de CloseTest (valeur de p-value du Stanley & Burnham Closure Test 
tous suppérieur à 0.30), sauf pour la population 2. Les effectifs estimés pour les quatre sites 
varient entre 26 et 71 individus adultes (Tab. I). La densité moyenne varie entre 0,7 et 4,7 
adultes par hectare de surface favorable à l'espèce.  

Des différences de taille moyenne ont été observées entre les différentes populations 
(  SVL: entre 47,9 et 55,0 cm;  SVL entre 47,1 et 53,2 cm; voir Tab. I), mais aucune 
différence n'est significative (  ANOVA: F4,25 = 1,865, p = 0,148;  ANOVA: F4,33 = 1,759, 
p = 0,161). 

Tableau I : Information sur les cinq populations de Vipère péliade (Vipera berus) dans le 
Pas-de-Calais : n = nombre d'échantillons analysés génétiquement ; N = taille des populations estimées 
par capture-marquage-recapture (voir la partie Matériel et Méthode pour plus de détails); la surface du 
site n'est qu'indicative; le nombre et la taille moyenne pour les mâles et les femelles n'incluent que les 
individus adultes. 
Table I: information about five populations of the common European adder (Vipera berus) in the French 
Pas-de-Calais department: n = number of samples genetically analyzed; N = size of the populations 
estimated by capture-marking-recapture (see the part Material and Method chapter for more details); 
the surface of the site is only indicative; the number and the size averages for males and females include 
only the adult individuals. 

Popul. n 

surface 
du site 

(ha) 
nb sessions N 

densité 
(adultes/ha) 

SVL   
(cm) 

n  
SVL  

(cm) 
n  

1 23 15 7 
71 

30-254 
4,7 

50,5 
41,1-57,5 

4 
49,4 

36,2-58,0 
13 

2 21 50 12 
37 

22-90 
0,7 

52,8 
42,3-58,8 

10 
47,2 

44,2-49,9 
5 

3 18 12 17 
36 

21-94 
3,0 

54,9 
48,9-61,0 

5 
53,2 

43,2-66,1 
9 

4 17 1.5 3 * * 
47.9 

41,8-55,2 
7 40,2 1 

5 16 20 11 
26 

17-64 
0,8 

55,0 
51,6-57,3 

4 
49,2 

41,8-57,9 10 

* À noter : pas d'estimation des effectifs de la population 4 à cause d'un manque de recapture après trois 
séances de captures. 
* To note: no estimation of the size of the population 4 due to a lack of recapture after three sessions of 
captures. 

B. Diversité génétique 

La probable présence d'allèles nuls détectée au sein du locus Vb-B18 par 
MICROCHECKER dans quatre populations nous a conduits à réaliser toutes les analyses 
sans ce marqueur. La diversité génétique a donc été évaluée à partir de huit marqueurs 
microsatellites et elle montre une plus faible richesse allélique dans le site 1. Ce niveau, 
comparé à la population la plus riche (population 5) est approximativement deux fois plus 
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faible (mais la différence n'est pas significative : ANOVA F4,35 = 1,278, p = 0,297). Les trois 
autres populations ont une diversité génétique similaire (Tab. II). Les résultats de la 
comparaison de la diversité génétique mesurée par le niveau d'hétérozygotie attendue (HE) 
sont similaires.  

 
Tableau II : Diversité génétique observée au sein des cinq populations de Vipère péliade (Vipera 

berus) dans le Pas-de-Calais. n = nombre d'échantillons analysés génétiquement; AR = richesse 
allélique, HE = hétérozygosité attendue ; HO = hétérozygosité observée ; na = nombre d'allèles privés ; 
nfix : nombre de loci fixés ; Bottleneck indique la présence ou non d'un "bottleneck" calculé avec le 
software BOTTLENECK (Cornuet & Luikart 1996, Piry et al., 1999) ; FIS correspond à la structuration 
interne (inbreeding) au sein de chaque population, les valeurs significatives étant en gras. 

Table II: Observed genetic diversity within five populations of the common European adder (Vipera 

berus) in the French Pas-de-Calais department. N = number of samples genetically analyzed; 
AR = allelic richness; HE = expected heterozygosity; HO = observed heterozygosity; na = number of 

eles; nfix: number of fixed loci; Bottleneck indicates the presence or not of a "bottleneck" 
calculated with the software BOTTLENECK (Cornuet & Luikart 1996, Piry et al. 1999); FIS 
corresponds to the heterozygote deficiency (inbreeding) within every population, significant values are 
in bold. 
 

Population n AR HE HO na nfix Bottleneck FIS 

1 23 2,07 0,28 0,20 1 1 oui 0,28 

2 21 3,18 0,36 0,35 2 1 oui 0,02 

3 18 3,02 0,46 0,41 1 0 non 0,11 

4 17 4,15 0,58 0,45 3 0 non 0,23 

5 16 3,13 0,46 0,41 2 1 non 0,11 
 

L'analyse de détection d'anciennes réductions de la taille de la population ou 
d'événements fondateurs (bottleneck) a permis de détecter ce genre d'incidents anciens pour 
les populations 1 et 2 (p < 0,05). 

Les mesures de déficit d'hétérozygotie (FIS) indiquent une déviation significative pour 
la population 4 (p < 0,05) et une forte tendance pour la population 1 (0,05 < p < 0,10). Ces 
résultats peuvent indiquer soit une structuration interne, avec par exemple la présence de 
deux (ou plus) groupes homogènes au sein de ces deux populations, soit des populations 
présentant un fort taux de consanguinité (inbreeding). 

C. Relations génétiques entre les différents sites 

Les mesures de différenciation génétique (FST) entre les cinq populations étudiées 
indiquent une très forte structuration, avec une valeur moyenne de 0,34 (Tab. III). La 
population 1 présente l'isolement le plus important (FST moyen = 0,49). Les valeurs par paire 
les plus faibles étant observées entre les populations 2 et 3 (FST = 0,11) et entre les populations 
3 et 4 (FST = 0,13) (Tab. III). Il est à noter que toutes les différenciations sont significatives 
(p < 0,05). 

L'analyse "centrée individu" réalisée avec "STRUCTURE" indique une haute 
vraisemblance pour la présence de trois clusters. Le premier regroupe tous les individus de 
la population 1, alors que le second intègre majoritairement les individus de la population 5 
et partiellement ceux de la population 4 ; le dernier cluster réuni les individus de la population 
3 et la majorité des animaux de la population 2 (Fig. 2). 

[Suite page 9] 
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Tableau III : Valeurs de différentiation génétique (FST) entre les cinq populations de vipère péliade 
(Vipera berus) dans le Pas-de-Calais calculées avec FSTAT v2.9.3.2 (Goudet, 1995); toutes les valeurs 
sont significatives. La dernière ligne indique la valeur moyenne pour chaque population. 

Table III: Values of genetic differentiation (FST) between five populations of common European adder 
(Vipera berus) in the French Pas-de-Calais department calculated with FSTAT v2.9.3.2 (Goudet, 
1995); all the values are significant. The last line indicates the mean value for each population. 
 

 Population 
1 

Population 
2 

Population 
3 

Population 
4 

Population 
5 

Population 
1  0,56 0,5 0,44 0,44 

Population 
2 

  0,11 0,21 0,46 

Population 
3 

   0,13 0,36 

Population 
4 

    0,22 

valeur 
moyenne 

0,49 0,33 0,28 0,25 0,37 

 

 
Figure 2 : Analyse "centré individu" réalisée avec STRUCTURE v2.3.2 (Pritchard et al. 2000) pour un 
nombre de clusters (k) de trois. Chaque barre verticale correspond à un individu et chaque couleur à un 
cluster. Le label de chaque population des abscisses correspond à la figure 1. 
Figure 2: "Individual centered" analysis realized with STRUCTURE v2.3.2 (Pritchard et al. 2000) for 
three clusters (k). Every vertical bar corresponds to an individual and every color to a cluster. The label 
of each population on the x-axis corresponds to figure 1. 
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L'analyse en composante principale réalisée avec GENETIX confirme une isolation de 

des populations 1 et 5, alors que les populations 2, 3 et 4 sont un peu plus mélangées, 
indiquant des flux de gènes plus récents (Fig. 3). 

 

 
Figure 3 : Analyse factorielle des correspondances (AFC) des différents individus à partir de leurs 
génotypes réalisée avec GENETIX (Belkhir et al, 1996-2004). Plan principal. Chaque carré représente 
un individu, alors que chaque couleur correspond à une population. Le numéro de chaque population 
correspond à la figure 1. 
Figure 3: Factorial analysis of correspondences (FAC) of the various individuals from their genome 
performed with GENETIX (Belkhir et al. 1996-2004). Principal plan. Each square represents an 
individual, while each color corresponds to a population. The number of each population corresponds 
to the figure 1. 

 
IV. DISCUSSION 

 

A. Taille des populations et densités 

Les évaluations de la taille des différentes populations sont proches d'une cinquantaine 
d'individus adultes, indiquant que les populations sont probablement de taille suffisante pour 
une survie à long terme (Frankham et al. 2002). L'estimation de la densité d'individus adultes 
par hectare est particulièrement dépendante des limites utilisées pour le calcul de la surface, 
car on peut considérer uniquement les sites où des individus ont été trouvés, ou, plus 
largement, la zone entière comprenant aussi des sites moins favorables à l'espèce cible (voir 
p. ex. Graitson 2008b). Cependant, cette évaluation permet de comparer des sites entre eux. 
La densité observée sur les différentes populations du Pas-de-Calais semble faible à moyenne 
(entre 0,7 et 4,7), comparativement à celles de populations jurassiennes où la densité est 
faible (env. un adulte/ha ; Ursenbacher & Monney 2003), ou aux populations alpines plus 
denses (de trois à 11 adultes/ha ; Luiselli 1993, Monney 1996, Neumeyer 1987). Dans une 
zone similaire (Ardennes belges), la densité calculée sur la totalité du site a été évaluée à 3,5 
adultes/ha (Graitson 2008b), soit un niveau très similaire aux densités maximales calculées 
dans le Pas-de-Calais.  
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La taille moyenne (SVL) des individus du Pas-de-Calais est d'environ 52 cm pour les 
femelles et 48 cm pour les mâles. Ces tailles sont assez similaires à celles observées par 
Forsman (1991) dans différentes îles scandinaves ou par Ursenbacher (1998) dans le massif 
Jurassien. Elles semblent cependant supérieures à celles des animaux alpins (Neumeyer 1987, 
Monney 1996).  

B. Diversité génétique 

L'étude de la diversité génétique tend à montrer que les populations de vipères du 
Pas-de-Calais les plus nordiques ont une diversité plus faible, plus particulièrement dans la 
population 1. Ces résultats confirment les observations publiées dans Ursenbacher et al. 
(2015) suggérant que les populations du nord de la France sont issues de recolonisations 
postglaciaires provenant de la côte Atlantique. De plus, la détection d'un "bottleneck" au sein 
de cette population pourrait indiquer une colonisation par un nombre limité d'individus plus 
récente que la recolonisation post-glaciaire. Il est difficile d'évaluer quand cette colonisation 
a eu lieu, mais le programme BOTTLENECK est capable de détecter ce genre d'événements 
entre deux et quatre Ne générations (Ne = taille efficace de la population). En évaluant le 
temps de générations entre six et 10 ans, avec une taille efficace comprise entre cinq et 20 
individus (10-40 % des tailles de populations estimées), on peut considérer que l'événement 
fondateur a eu lieu entre 60 et 800 ans. Il est donc très probable que la colonisation soit 
relativement récente et ne découle pas directement de la recolonisation post-glaciaire ; il est 
néanmoins possible que le "bottleneck" puisse être lié à une forte réduction des effectifs suite, 
par exemple, à une forte destruction des individus comme observé au sein d'une population 
du Jura suisse (Ursenbacher et al. 2009). Cependant, la réduction devrait avoir été plus 
drastique dans la population du Pas-de-Calais que dans le Jura suisse, car la réduction de la 
diversité génétique est plus marquée. Le fort FIS observé au sein de ce groupe pourrait 
indiquer une structuration interne. La présence d'allèles nuls (mais non détectés avec 
MICROCHECKER) pourrait aussi expliquer le fort FIS observé. Mais au vu de l'habitat, ainsi 
qu'un signal génétique fort pour 4 marqueurs (sur 8), il est plus probable que cette valeur 
indique un fort niveau de consanguinité. Il serait ainsi tout particulièrement intéressant de 
suivre cette population, afin de noter si d'éventuelles réductions de la fitness existent, comme 
il a été observé en Suède (Madsen et al. 1996, Madsen et al. 1999) - voir page 11 : 
« Implication pour la conservation ». 

C. Relations entre les sites 

Toutes les différentes approches utilisées indiquent que la population 1 est 
particulièrement différenciée des autres. La population 5 montre des résultats plus contrastés, 
avec une différenciation importante lors de l'analyse AFC, mais moins marquée avec 
STRUCTURE. Au contraire, les sites 2 et 3, et dans une moindre mesure le site 4, semblent 

actuellement. Les faibles distances géographiques et génétiques entre les populations 2 et 3 
suggèrent que ces sites devaient être en contact dans un passé récent. Un niveau de 
différentiation génétique similaire observé entre les populations 3 et 4, alors que la distance 

pourrait indiquer des 
échanges génétiques plus réguliers ou/et la présence de populations intermédiaires non 
échantillonnées. Il est aussi possible que les trois populations soit isolée de manière récente, 
par exemple à cause des activités humaines, alors qu'elles appartenaient historiquement à une 
population continue. Finalement, la population 5 ne semble pas en contact avec les autres 
sites comme indiqué par l'analyse AFC et la valeur élevée de FST moyenne. Des analyses 
complémentaires tendent à montrer que ce groupe est distinct des autres populations du 
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Pas-de-Calais, peut-être lié à une autre route de colonisation postglaciaire (Guillon 2012, 
Ursenbacher et al. 2015).  

D. Implication pour la conservation 

Il a été démontré à de nombreuses reprises que la diversité génétique était un facteur 
important pour la survie d'une population ou d'une espèce. Le cas de la population suivie par 
Madsen et ses collaborateurs (Madsen et al. 1996, Madsen et al. 1999, Madsen et al. 2004) 
montre que les reptiles, et plus particulièrement la Vipère péliade, sont aussi très sensibles à 
une diversité réduite. En effet, ils ont établi que le manque de diversité génétique était la 
source de la diminution des effectifs dans la population de Smygehuk (50 km au nord de 
Lund, Suède) et que l'introduction d'individus capturés à une vingtaine de kilomètres 
permettait de fournir de nouveaux allèles et conduisit à une augmentation significative de la 
population (Madsen et al. 1999, Madsen et al. 2004). On peut donc considérer une faible 
diversité génétique comme un signe potentiel de problèmes au sein de celle-ci. Cependant, 
les analyses génétiques doivent être confortées par des estimations réalisées sur le terrain : 
une diminution régulière de la taille de la population ou une réduction de fitness pourrait 
suggérer l'utilité d'une translocation. En effet, un lien direct entre une faible diversité 
génétique et une translocation est à éviter, car de nombreuses populations animales survivent 
avec une diversité génétique très faible et l'introduction de nouveaux individus pourrait 
conduire, dans ce cas, à une augmentation du risque de disparition par l'introduction de 
maladies, pathogènes voire d'"outbreeding" (croisement avec des individus génétiquement 
non "adaptés" au site). Dans le cas de la population 1, nous ne pouvons que conseiller la 
réalisation d'un suivi plus intensif pour évaluer si la dynamique de ce site est négative. 

La différentiation génétique limitée entre les populations 2 et 3, ainsi qu'entre les 
populations 3 et 4 tendrait à indiquer que le flux génique soit actuellement faible ou que 
l'isolement soit récent. Il serait dès lors intéressant de prospecter les zones intermédiaires 
pour tenter de découvrir de nouvelles populations de Vipères péliades. Dans ce cas, l'aide de 
l'outil SIG pourrait permettre une sélection plus rapide des zones les plus favorables afin 
d'optimiser des prospections, comme réalisé par Lyet (2008) dans le cadre de la recherche de 
la Vipère d'Orsini dans les Alpes françaises. L'élargissement des recherches pourrait même 
être réalisé conjointement avec la Belgique, laquelle possède des populations proches de la 
frontière (Graitson 2008a). Une partie des actions ainsi suggérées ont déjà été conduites au 
cours de l'animation du plan régional d'actions en faveur de la Vipère péliade assuré par le 
Conservatoire d'espaces naturels du Nord et du Pas-de-Calais mis en place en 2011 pour une 

tions génétiques 
. 
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Development of polymorphic microsatellite loci markers for the Asp

viper (Vipera aspis) using high-throughput sequencing and

their use for other European vipers

Silvia Geser∗, Laura Kaiser, Valérie Zwahlen, Sylvain Ursenbacher

Abstract. The Asp viper (Vipera aspis) is a highly endangered species in the Swiss Plateau and in the Jura Mountains of

Switzerland. In the past, numerous populations disappeared due to human activities, but currently the trend is reversed and

several locations seem favourable for this species. However, it is not known if the remaining populations are still genetically

variable and viable. In this study, 12 new microsatellite loci markers were developed for Vipera aspis using Next Generation

Sequencing (NGS) techniques (454 sequencing). All markers proved to be polymorphic with 2-9 alleles. When cross-tested

with two Eurasian widespread viper species, 8 of the newly developed loci provided reliable amplification for V. berus and 3

loci for V. ammodytes.

Keywords: 454 next generation sequencing, conservation genetics, microsatellite loci development, population structure,

Vipera aspis.

The Asp viper (Vipera aspis) is a small ven-

omous snake occurring in Spain, France,

Switzerland, and Italy (Joger and Stümpel,

2005). In the Swiss Plateau and the Jura Moun-

tains of Switzerland – the north-western edge

of its distribution area – the species has dis-

appeared from numerous locations and is cat-

egorised as Critically Endangered (Monney and

Meyer, 2005). Human activities in particu-

lar have led to these disappearances. For in-

stance, the persecution of venomous snakes

was widespread during the last two centuries

and was banned only 50 years ago (Kaufmann,

1893). This persecution has led to the eradica-

tion of numerous populations and has weakened

those that remain. Today however, the main rea-

son for the reduction of population sizes is re-

lated to the degradation and the fragmentation

of suitable habitats. For example, the intensifi-

Section of Conservation Biology, Department of Envi-

ronmental Sciences, University of Basel, St. Johanns-

Vorstadt 10, 4056 Basel, Switzerland
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cation of farming practices, which is often ac-

companied by a loss of landscape structures or

the scrub and tree encroachment in formerly

semi-open habitats, has led to the disappear-

ance of the species in several localities (Jäggi

and Baur, 1999; Müller and Dušej, 2000; Hofer

et al., 2001) and to the fragmentation of the

remnant populations. In the Jura Mountains and

the Swiss Plateau, the Asp viper nowadays is

mainly restricted to areas with no or only exten-

sive farming, to protected areas, vineyards and

open forests.

Several measures have already been taken

to improve or restore habitats that were for-

merly occupied by the asp viper, but it is un-

known whether this species can move through

unfavourable areas and re-colonise these local-

ities. Additionally, information on population

structure, genetic diversity and gene flow within

and between the remaining populations for the

whole Swiss Plateau and Jura Mountain region

is not available.

Genetic markers are commonly used tools

to study population structure at the molecular

© Koninklijke Brill NV, Leiden, 2013. DOI:10.1163/15685381-00002861
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level (Ouborg et al., 1999), and a wide vari-

ety of marker types have already been devel-

oped. Nowadays, microsatellite loci markers are

among the most widely used genetic markers,

especially for population and conservation ge-

netic studies. These markers are highly vari-

able and can be used for the analysis of re-

cent demographic events (e.g. human-induced

impacts on populations, Pearse and Crandall,

2004) and connectivity patterns (Johnson et

al., 2003; Selkoe and Toonen, 2006). Addi-

tionally, medium to fine scale genetic struc-

ture in populations can be revealed with these

markers (Castoe et al., 2010), allowing eval-

uation of the connectivity between sites and

providing valuable information for conservation

management programs (Cegelski et al., 2003;

Gutiérrez-Rodriguez and Lasker, 2004; Ursen-

bacher et al., 2009).

Microsatellite loci markers are mostly species

specific, and as with many non-model species,

such markers have not yet been developed for

the Asp viper. Cross-species amplification can

be an effective method to provide new mi-

crosatellite loci for a sister species, although

different groups of taxa show various degrees

of success in cross-amplification transferabil-

ity tests (Primmer et al., 2005; Chapple and

Thompson, 2009; Hendrix et al., 2010). Primers

designed for a closely related species, the Adder

(V. berus: Carlsson et al., 2003; Ursenbacher et

al., 2009) unfortunately perform poorly in the

Asp viper (lack of PCR product, occurrence of

null alleles, etc.; author’s personal observation).

The development of new microsatellite mark-

ers used to be costly both in terms of time and

money and often generated an insufficient num-

ber of polymorphic loci for reliable statistical

analyses (Buehler et al., 2011a). However, re-

cent high-throughput genomic sequencing tech-

nologies (e.g. 454 pyrosequencing) in combina-

tion with bioinformatics tools now represent a

fast and cost-effective method to produce a large

amount of multi-locus species-specific markers

(Abdelkrim et al., 2009; Santana et al., 2009;

Metzger et al., 2011). In this study, we used

this method to develop specific microsatellite

loci markers for the Asp viper and test for poly-

morphism within a Swiss population. Addition-

ally, we tested whether these primers can also be

used for population genetic studies in two other

widespread European viper species.

Approximately 10 ng of genomic DNA extracted from

liver tissue of an individual found dead in the Geneva re-

gion (Switzerland) was sent to Microsynth AG (Balgach,

Switzerland) to obtain random DNA sequences by 454 shot-

gun pyrosequencing. The reads obtained were screened with

MSATCOMMANDER 0.8.2 (Faircloth, 2008) to select for

microsatellite sequences using standard parameters, and a

second selection was conducted by eye, based on the homo-

geneity and length of their repetitions. For the selected mi-

crosatellites, forward and reverse primers were designed us-

ing OLIGO ANALYZER 1.0.3 (Integrated DNA technolo-

gies Inc., eu.idtdna.com). PCR amplifications were con-

ducted in 10 µl volumes with 2 µl of DNA template, 1×

PCR buffer (Qiagen), 2 mg/ml of Q solution (Qiagen),

MgCl2 concentration according to the selected locus (see

table 1), 0.2 mM dNTPs, 0.5 µM of each primer and 0.2

Units of Taq polymerase (Qiagen). The amplification con-

ditions were as follows: 37 cycles of denaturing at 94°C

for 30 s, specific annealing temperatures (see table 1) for

30 s and elongation at 72°C for 45 s. A first evaluation of

the polymorphism level was conducted using 1.5% agarose

gel electrophoresis and afterwards with a QIAxcel machine

(Qiagen, Hombrechtikon, Switzerland) using a DNA high-

resolution kit. Microsatellite loci markers determined poly-

morphic with these methods were subsequently used to

genotype saliva samples collected from 29 specimens from

a single population of Asp viper located in the Plateau of

western Switzerland (near Geneva) on an ABI 3130 xl Se-

quencer (Applied Biosystems, Carlsbad, US). All DNA ex-

tractions were performed with a DNeasy Blood and Tissue

Kit (Qiagen), using a modified Spin-Column protocol for

animal tissues. The electropherogram profiles obtained from

the sequencer analysis were examined with PEAK SCAN-

NER SOFTWARE v1.0 (Applied Biosystems), and allele

lengths were assessed manually. GENALEX 6.1 (Peakall

and Smouse, 2006) and FSTAT v2.9.3 (Goudet, 1995) were

used to estimate the deviation from Hardy-Weinberg Equi-

librium, observed (HO ) and expected (HE ) heterozygosity,

and linkage disequilibrium. When multiple statistical tests

were carried out, Bonferroni correction was applied.

Six additional microsatellites (Vb-A8, Vb-B10, Vb-D17,

Vb-3, Vb-64, Vb-71) which had been previously developed

for the Adder (Vipera berus, Carlsson et al., 2003; Ursen-

bacher et al., 2009) were also tested for their applicability

in the Asp viper. Additionally, further cross-amplification

tests with the markers developed in this project and with the

same PCR conditions were carried out within one popula-

tion (10 samples) of Vipera berus from the southern Mas-

sif Central region (France) and one population (6 samples)

of the Horned viper (Vipera ammodytes) from the western

Friuli Venezia Giulia region (Italy).

A total of 172 922 random reads were ob-

tained from the 454 shot-gun pyrosequencing.
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Table 1. Primer sequences and characteristics of 13 microsatellite loci developed for Vipera aspis. ∗ This microsatellite

was previously developed for V. berus (Ursenbacher et al., 2009) and analysed here for V. aspis. Range of allelic size,

number of alleles (NA), PCR conditions (annealing temperature and MgCl2 concentration), observed (HO ) and expected

(HE ) heterozygosities are based on 29 specimens from an Asp viper population located near Geneva (Switzerland).

Locus Primer sequences Repeat Size NA Annealing MgCl2 HO HE

(5′–3′) structure range (bp) temperature (°C) concen-

tration (mM)

Va-P8 F: CCCTGATCTCCCTTGTTAATGC (CAAT)11 193-197 2 56 1.5 0.448 0.383

R: CTGGACAGCCACTTGTCTG

Va-P16 F: GTTGGACTAGATGACCTCC (TGA)15 135-155 5 52 1.5 0.708 0.739

R: CCCCTGTCCTAGTGATAAC

Va-P20 F: GGATCTTCTCTAAGACAGAGC (TG)11 190-197 3 54 1.5 0.321 0.275

R: GGAGTGCTTGTAAACCTTCCC

Va-P25 F: GACCAGTTTCCAAACCAGGG (CA)13 232-255 7 54 3.5 0.828 0.725

R: CTGTGCCTCTCTATCCTTG

Va-P26 F: CACTAACCTAATGGCACAC (AAT)22 203-228 9 52 3.5 0.778 0.825

R: CTGAACACTCAAATTGACTGGC

Va-P29 F: CACATTGATGATCCACAC (AGT)14 155-164 4 52 3.5 0.276 0.276

R: GGGAGTTTGGTCAGTTGACAG

Va-P35 F: GCTTCATCATTGGTTGAGC (CAA)18 176-199 6 57 1.5 0.714 0.693

R: GCTGTTGGAATGTACCGCC

Va-P51 F: GTAAGCATCTTCGCCAGCC (GT)11 236-268 7 57 1.5 0.731 0.706

R: ACCAGTATCTCTGCCACGG

Va-P69 F: GGTATAGGGTTTACTGCC (CAA)13 121-138 4 50 1.5 0.593 0.614

R: CGTTCTGAGGAAGATAGC

Va-P70 F: CACCTTGCCCCATTGCTAG (AC)15 147-160 5 57 3.5 0.444 0.526

R: ACCGCCTAAACCACCCTTC

Va-P81 F: CAAGTTCAGCGTCCTAACCC (AAC)16 273-299 7 55 3.5 0.692 0.766

R: GTGGAAAGACAATCATGGC

Va-P91 F: GAACTAGCCCTGAGATGAGC (ATG)15 215-259 7 57 3.5 0.759 0.804

R: GAAAACCTGCCTCCAGAAGCGG

Vb-A8∗ F: ATTTCACCATGCCTCCAGAA (AC)26 160-221 8 55 1.5 0.828 0.768

R: GGTACACTCATTGTGATGAAC

After the screening and selection process, 92

suitable microsatellite loci were selected, and

primers could be designed for 64 out of these

92 sequences. Out of the 64 markers, 17 mi-

crosatellite loci amplified consistently and were

found to be polymorphic for the 29 samples of

Vipera aspis. After the genotyping process, pro-

files for 12 microsatellite loci showed a regular

pattern, allowing a reliable allele length evalua-

tion (see table 1 for PCR conditions and primer

characteristics). Of the six microsatellites devel-

oped for V. berus and tested on V. aspis, only

one marker proved to be useful (successful PCR

amplification, lack of null alleles) for the tested

population after optimisation of PCR conditions

(Vb-A8, see table 1). However, tests with V. as-

pis samples from other regions (Swiss Alps and

France) suggest that at least one additional V.

berus marker (Vb-D17) is also applicable for

analyses in Alpine Asp viper populations (data

not shown).

Observed number of alleles per locus ranged

from 2 (Va-P8) to 9 (Va-P26) (mean = 5.7),

observed heterozygosities ranged from 0.276 to

0.828 (mean = 0.625) and expected heterozy-

gosities from 0.275 to 0.825 (mean = 0.623).

There was no evidence of genetic disequilib-

rium between loci, and no significant deviation

from Hardy-Weinberg equilibrium could be ob-

served. Additionally, no evidence of null alleles,

scoring errors due to stuttering or allele dropout

was found for any microsatellite loci marker in

these samples.

Cross-amplification tests showed that eight

out of the 12 newly developed markers were

reliably amplified and polymorphic in V. berus
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Table 2. Cross-amplification of 9 microsatellite loci designed for Vipera aspis and 1 microsatellite locus designed for V. berus

(see Ursenbacher et al., 2009) in one population of V. ammodytes from the western Friuli-Venezia Giulia region (Italy) and

one population of V. berus from the southern Massif Central region (France). Range of allelic size, number of alleles (NA),

observed (HO ) and expected (HE ) heterozygosities were calculated for each amplified locus.

Locus V. berus (n = 10) V. ammodytes (n = 6)

Size range (bp) NA HO HE Size range (bp) NA HO HE

Va-P8 185-201 4 0.600 0.650 – – – –

Va-P20 198-204 2 0.200 0.420 – – – –

Va-P25 244-254 5 0.800 0.745 238-240 2 0.167 0.375

Va-P26 191-244 9 0.800 0.810 – – – –

Va-P29 155-164 4 0.800 0.685 – – – –

Va-P35 174-179 3 0.400 0.340 161-173 3 0.333 0.542

Va-P51 256-266 5 0.889 0.784 – – – –

Va-P69 122-141 4 0.300 0.465 – – – –

Va-P91 – – – – 247-256 3 0.333 0.403

Vb-A8 171-204 6 0.500 0.640 183-207 2 0.333 0.278

(table 2). In V. ammodytes, three of the new

loci markers and Vb-A8 were reliably amplified

and were polymorphic (table 2). No evidence

of deviation from Hardy-Weinberg equilibrium

and genetic disequilibrium was found, and there

was no evidence of null alleles, scoring errors

or allele dropout in these loci. However, only

a limited number of samples, especially of V.

ammodytes, were tested and such evaluations

are highly sensitive to a small sample size.

In order to establish conservation manage-

ment programs for an endangered species, ge-

netic studies are often essential. But conserva-

tion geneticists may be reluctant to initiate a

research project for an endangered non-model

species for which no genetic markers are yet de-

veloped, this development being cost and time

consuming. The use of NGS in this study and

numerous others (e.g. Castoe et al., 2010; Met-

zger et al., 2011; Frère et al., 2012) demon-

strated that this methodology constitutes an ef-

ficient, rapid and economic way to characterise

numerous polymorphic genetic markers.

The development of specific markers for V.

aspis will allow us to analyse the genetic diver-

sity and population structure of the endangered

Asp viper populations of the Swiss Plateau and

of the Jura Mountains. The results obtained can

then contribute directly to the ongoing conser-

vation management of this species. Addition-

ally, this study showed that cross-amplification

can be an easy way to obtain genetic markers

for closely related species. The newly developed

primers can be used for the Horned viper and

the Adder and will allow further genetic stud-

ies, especially for V. ammodytes, for which no

microsatellite markers had been available.
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Diversifying selection and color-biased dispersal
in the asp viper
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Abstract

Background: The presence of intraspecific color polymorphism can have multiple impacts on the ecology of a species;
as a consequence, particular color morphs may be strongly selected for in a given habitat type. For example, the
asp viper (Vipera aspis) shows a high level of color polymorphism. A blotched morph (cryptic) is common throughout its
range (central and western Europe), while a melanistic morph is frequently found in montane populations, presumably
for thermoregulatory reasons. Besides, rare atypical uniformly colored individuals are known here and there. Nevertheless,
we found in a restricted treeless area of the French Alps, a population containing a high proportion (>50%) of
such specimens.
The aim of the study is to bring insight into the presence and function of this color morph by (i) studying the genetic
structure of these populations using nine microsatellite markers, and testing for (ii) a potential local diversifying selection
and (iii) differences in dispersal capacity between blotched and non-blotched vipers.

Results: Our genetic analyses support the occurrence of local diversifying selection for the non-blotched phenotype. In
addition, we found significant color-biased dispersal, blotched individuals dispersing more than atypical individuals.

Conclusion: We hypothesize that, in this population, the non-blotched phenotype possess an advantage over the typical
one, a phenomenon possibly due to a better background matching ability in a more open habitat. In addition,
color-biased dispersal might be partly associated with the observed local diversifying selection, as it can affect the
genetic structure of populations, and hence the distribution of color morphs.

Keywords: Diversifying selection, Dispersal, Coloration, Reptile, Asp viper

Background
Color polymorphism is strongly correlated with the dis-
tribution of a species, its ecological niche width, as well
as its genetic diversity. Indeed, color polymorphic spe-
cies exhibit larger distributions, can use wider niches,
and are genetically more diverse than monomorphic
species [1-5]. In addition, polymorphic species seems to
be more resilient to environmental modifications, an ad-
vantage which could have a non-negligible effect on
their long-term survival (e.g. [5]). Such correlations may
explain the numerous implications of coloration in pro-
cesses of prey-predator interactions (e.g. aposematism or
camouflage), thermoregulation, and behavior (e.g. [6-10]).

Particular coloration can confer advantages in specific
conditions. For example, the occurrence of melanistic
morphs in ectothermic vertebrates such as reptiles, has
been documented in a large number of species, obviously
for thermoregulatory reasons (e.g. [11-14]). In cold condi-
tions, melanistic reptiles are able to increase their
temperature faster than non-melanistic individuals of the
same species, thus providing multiple advantages in terms
of reproductive output, growth rate, survival or length of
the activity period [10,15-18]. However, such benefits could
be counterbalanced by a reduced level of crypsis or a lack
of aposematic signaling. Therefore, melanistic individuals
might experience a higher predation rate (e.g. [10,11,19]),
possibly leading to increased stress and decreased foraging
efficiency, which in turn could negatively impact their
body condition (e.g. [10,20,21]). In addition, it may also
indirectly affect the dispersal capacity of this morph, as
non-cryptic dispersing individuals are more likely to be
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predated and never reach new habitats, leading to a
color-biased dispersal. Few cases are known in which
dispersal behaviors are color-specific, independently of
the survival rate of dispersing individuals. For example,
recent field studies focusing on the barn owl (Tyto alba)
have shown that darker individuals disperse farther than
paler individuals [22,23]. Similarly, Saino et al., [24]
found that barn swallow (Hirundo rustica) darker males
were more likely to disperse. Such color-biased dispersals
might deeply affect the population genetic structure of a
species and its capacity to colonize new habitats, and
might be partly associated to local diversifying selection.
For these reasons, particular color morphs may be

under strong selection in a given habitat type. In order
to test such a selection, an effective method is to com-
pare color variation with the genetic differentiation (esti-
mated using neutral genetic markers) of different
populations to contrast the degree of adaptive variation
and the degree of differentiation due to potential genetic
drift [25-27]. The genetic divergence of neutral loci can
serve as null-hypothesis to test against the adaptive
divergence as an alternative [28,29].
An appropriate model system to study this type of

selection, and thus the evolution of color polymorphism,
is the asp viper (Vipera aspis), which displays a high
level of color variation in a large part of its distribution
area (central and western Europe, from sea level to
alpine areas). Blotched or zigzag morphs are common
throughout V. aspis range; it is believed that these
patterns have a cryptic function in European vipers, but
also, once detected, reveal an aposematic signal to pred-
ators such as raptors [10,30,31]; Figure 1). In addition, a
melanistic morph is frequently found in montane popu-
lations, particularly in the Swiss Alps, likely for

thermoregulatory benefits [10,32]. Beside these two
morphs, atypical non-blotched individuals (concolor
with or without a middorsal line; Figure 1) are found in
high proportions in the French Alps (; >50% in some
Mont Blanc massif populations based on mark-recapture
analyses; [33,34]), whereas this morph is rarely encoun-
tered in other regions and never in such proportions
[33]). The adaptive function of this atypical coloration
remains enigmatic, however the center of the area where
non-blotched individuals are found in high frequencies
is less wooded (i.e. characterized by large treeless areas)
than its periphery, even at elevations as low as 1500 m
above sea level (upper tree boundary is situated between
1800 - 2000 m). The principal aim of this study is to
bring new insight into the presence of a large number of
individuals with an atypical coloration in central Europe
(Mont Blanc massif ), by studying (i) the genetic struc-
ture of these populations using nine microsatellite
markers, and testing for (ii) a potential local diversifying
selection and (iii) differences in dispersal capacity
between blotched and non-blotched individuals.

Results
F-statistics
We detected no evidence for null-alleles, scoring error
due to stuttering or large allele dropout for the nine loci.
In addition, we did not detect any significant linkage
disequilibrium, or deviation from HWE within our 12
populations. For the nine microsatellite loci, the number
of alleles per locus ranged from 3 to 32, with a total of
82 alleles across nine loci (Table 1). Expected heterozy-
gosity within populations (HE) varied from 0.50 to 0.67
and observed heterozygosity (HO) varied from 0.52 to
0.65 (Table 2), whereas the allelic richness (AR) per

Figure 1 Examples of the color polymorphism present in two male asp vipers (Vipera aspis; blotched: left, non-blotched: right).
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population ranged from 3.0 to 4.33 (for six diploid indi-
viduals). We found a significant difference between
populations with low and high proportions of non-
blotched individuals (pop. 1-4 and 5-8, respectively) for
HE (Low = 0.62; High = 0.56; P = 0.048), but no significant
differences for AR (Low = 3.81; High = 3.41; P = 0.099),
HO (Low = 0.60; High = 0.58; P = 0.27) and FST (Low =
0.069; High = 0.014; P = 0.15).

Gene flow & population structure
The genetic differentiations between populations (pair-
wise FST) ranged from 0.00 to 0.24, with an overall FST
value of 0.07 (P < 0.001; Table 3). In addition, the Mantel
test indicated a genetic isolation by geographical
distance (r2 = 0.325; P = 0.0001).
Following the method of Evanno et al. [35], the soft-

ware STRUCTURE revealed two clusters within our
dataset. Individuals of populations 1-4 mainly belonged

to the first cluster, whereas individuals of populations 5-
12 were more frequently assigned to the second cluster
(Figure 2). Interestingly, populations of the first cluster
are also those exhibiting the highest proportion of non-
blotched individuals (56-64%) and have a central geo-
graphical distribution compared to the other sampled
populations (5-12).
The BAYESASS analysis suggested that recent ex-

change of migrants occurred between some popula-
tions, with a maximum value of m = 0.20 (std: 0.03)
from population 1 into 4. In addition, the evaluation of
gene flow revealed that it was asymmetrical between
most populations (i.e. when standard deviations of gene
flow between two populations did not overlap; see
Additional file 1).

Color and sex-biased dispersal analyses
Considering individuals from all or strictly color poly-
morphic populations (i.e. excluding pops 6,7, and 11),
we found significant differences (Mann–Whitney U-test:
Z = 4.27, P < 0.0001 and Z = 2.99, P = 0.003, respectively)
between the mAIc of non-blotched (all populations:
mean = 0.939; SE = 0.215; polymorphic populations:
mean = 0.477; SE = 0.215; Figure 3) and blotched indi-
viduals (all populations: mean = -0.480; SE = 0.197;
polymorphic populations: mean = -0.340; SE = 0.178),
the latter having lower mAIc values, meaning that
blotched individuals are dispersing the most. In
addition, we found no significant differences between
sexes overall (P = 0.12; males: mean = 0.250; SE = 0.199;
females: mean = -0.159; SE = 0.179), as well as within
non-blotched individuals (P = 0.45; males: mean =
0.104; SE = 0.473; females: mean = -0.055; SE = 0.281).
However, sex biased dispersal was significant within
blotched individuals, with females dispersing more
than males (P = 0.05; males: mean = 0.346; SE = 0.195;
females: mean = -0.243; SE = 0.188).

PST vs FST
The mean PST values for the color trait were 0.17 when
estimated with FSTAT, or 0.099, 0.17, and 0.28 when
estimated with various level of potential heritability, i.e.
1, 0.5, and 0.1 respectively. All PST values were higher
than the empirical 95th percentile of the pairwise FST
distribution (this study: 0.086) and hence were consid-
ered as extreme, meaning that the coloration differenti-
ations between populations might evolve by selection
and not by neutral processes. The Wilcoxon signed rank
tests revealed that there are significant difference be-
tween PST calculated with FSTAT (S = -437.5; P < 0.001),
and with heritabilities of 0.5 (S = -438; P = 0.002) and 0.1
(S = -484; P < 0.001), but not when the heritability was set
at 1 (S = -197; P = 0.18).

Table 1 Mean FIS, expected and observed heterozygosities
(HE and H0), and number of alleles per locus

FIS HE H0 Alleles

Vb-D17 0.05 0.91 0.87 32

Va-P70 −0.07 0.24 0.27 8

Va-P91 0.02 0.55 0.54 6

Va-P69 −0.18 0.73 0.86 8

Va-P35 0.06 0.70 0.66 7

Va-P81 0.13 0.70 0.61 4

Va-P25 0.04 0.58 0.56 7

Va-P20 −0.04 0.56 0.57 7

Vb-A8 0.00 0.37 0.37 3

Table 2 Number of analysed individuals, proportion of
non-blotched individuals (%), mean FIS, expected and
observed heterozygosity (HE and HO), mean FST, and allele
richness (AR) within populations and overall

N non-blotched (%) FIS HE HO FST AR

Pop1 34 55.9 −0.02 0.58 0.59 0.05 3.60

Pop2 18 55.6 −0.068 0.57 0.61 0.05 3.44

Pop3 12 58.3 0.042 0.55 0.53 0.05 3.40

Pop4 14 64.3 −0.074 0.52 0.56 0.07 3.18

Pop5 15 26.7 −0.059 0.61 0.64 0.05 3.70

Pop6 6 0 −0.006 0.64 0.65 0.07 4.33

Pop7 8 0 0.012 0.61 0.61 0.07 4.12

Pop8 18 27.8 0.072 0.63 0.59 0.06 3.66

Pop9 18 5.6 0.038 0.67 0.64 0.06 4.00

Pop10 12 8.3 −0.009 0.60 0.61 0.07 3.86

Pop11 8 0 0.146 0.63 0.53 0.05 3.78

Pop12 7 14.3 −0.032 0.50 0.52 0.18 3.00

Overall 170 33.5 0.0035 0.59 0.59 0.07 4.04
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Discussion
Our genetic analyses revealed a local diversifying selec-
tion and a color-biased dispersal (blotched individuals
disperse more than non-blotched individuals). The com-
bination of these results has several implications.
It is not known if non-blotched individuals are more

frequently attacked by their predators (mainly raptors)
than blotched individuals, in contrast to melanistic indi-
viduals [19,30], but the results of the present study attest
the occurrence of selection for the uniformly colored
phenotype, which is common only in the centre of the
studied area (considering the other populations of the
Mont Blanc massif ). Thus, we hypothesize that this
phenotype has a local cryptic function and is conse-
quently better adapted to its habitat, which is less
wooded, respectively more open than surrounding areas
and characterized by light-colored stones. Indeed, several
birds of prey occur in our study area, such as the short-
toed snake eagle (Circaetus gallicus), which is a specific
snake predator and can have a strong impact on viper
populations [36].
An alternative scenario explaining the observed results

would be selection against the non-blotched phenotype
outside the core region and no selection within it. The
results obtained in this study are also in agreement with
this hypothesis. Indeed, the mAIcs of blotched individ-
uals were lower than those of non-blotched individuals,
meaning than these latter may be poor dispersers, or
that non-blotched dispersers may be unable to survive
out of their restricted geographical range. Based on our
investigation, it is currently impossible to untangle these
two hypotheses. However, mark-recapture and telemetry
studies should provide helpful information concerning
potential differences in the dispersal capacities of the dif-
ferent color morphs. Moreover, studying the predation

rate of color polymorphic decoys could highlight differ-
ences in detectability between color morphs.
Furthermore, we cannot exclude that the observed

pattern might be due to a recent range expansion
(coupled with founder effects) of asp vipers in the study
area. Such event could result in a low genetic structure
and in a non-random distribution of the different color
morphs, as observed in this study. Nevertheless, given (i)
the lack of differences in the genetic diversity (both for
AR and HO) between monomorphic and polymorphic
populations, (ii) the particularity of the habitat where
non-blotched snakes are found and (iii) the observed dif-
ferences in dispersal capacity between blotched and
non-blotched individuals (which might be linked to be-
havioral differences or to different survival rates of dis-
persers), a scenario involving a diversifying selection is
more likely.
In a more general context, this atypical coloration,

showing a lack of blotched or zigzag patterns on the
dorsum of individuals, has been described in other viper-
ids such as the Seoane’s viper (Vipera seoanei), meadow
viper (Vipera ursinii, S. Ursenbacher & J.-P. Baron, pers.
comm.) or Latifi’s viper (Montivipera latifii, [37]), but its
impact on individuals is still unknown. However, several
studies focusing on colubrid snakes and a species of
salamander highlighted behavioral differences between
color morphs in term of aggressiveness and predator
avoidance strategies (Thamnophis ordinoides: [38,39];
Coluber constrictor: [40]; Plethodon cinereus: [41]).
The few studies focusing on color variation and the

genetic structure of populations all showed that diversi-
fying selection occurred. For example, Manier et al. [42]
detected diversifying selection of different ecotypes of
garter snake Thamnophis elegans (in terms of coloration
and scalation). Cox & Rabosky [43] found that strong

Table 3 FST (in bold: significant values; lower triangular matrix) and geographical distance (km) between pairs of
populations (upper triangular matrix)

Pop1 Pop2 Pop3 Pop4 Pop5 Pop6 Pop7 Pop8 Pop9 Pop10 Pop11 Pop12

Pop1 2.46 3.59 6.50 5.36 7.47 10.08 5.02 6.40 6.51 5.95 9.92

Pop2 0.02 2.08 5.29 2.97 5.03 7.62 7.40 8.82 8.97 8.37 11.16

Pop3 0.00 0.02 3.22 3.77 5.31 7.38 8.52 9.81 9.67 8.83 9.95

Pop4 0.02 0.02 0.00 6.09 6.75 7.77 11.05 12.15 11.71 10.66 9.14

Pop5 0.04 0.03 0.03 0.05 2.15 4.90 10.07 11.55 11.83 11.31 13.70

Pop6 0.07 0.06 0.08 0.13 0.02 2.81 12.22 13.69 13.96 13.40 15.18

Pop7 0.06 0.03 0.07 0.07 0.01 0.02 14.94 16.40 16.59 15.95 16.79

Pop8 0.05 0.06 0.06 0.06 0.06 0.09 0.08 1.51 2.38 2.91 10.59

Pop9 0.06 0.06 0.07 0.09 0.06 0.05 0.07 0.02 1.40 2.50 10.54

Pop10 0.06 0.07 0.07 0.10 0.05 0.02 0.06 0.06 0.05 1.28 9.26

Pop11 0.04 0.04 0.02 0.06 0.04 0.06 0.07 0.00 0.01 0.04 8.04

Pop12 0.18 0.19 0.18 0.20 0.19 0.21 0.24 0.14 0.14 0.24 0.13
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selection promotes color polymorphism across spatial
and temporal scales in the highly polymorphic ground
snake (Sonora semiannulata). In birds, Antoniazza et al.
[44] found that local adaptation maintains clinal vari-
ation in melanin-based coloration of European barn owls
(Tyto alba). In addition, the analyses of contact zones be-
tween closely related gull species (genus Larus) showed
that interspecific divergence in plumage melanism and or-
bital ring color, clearly exceeded neutral genetic differenti-
ation [45]. Interestingly, Abbott et al. [46] showed that
diversifying selection occurred in color-polymorphic dam-
selfly (Ischnura elegans) populations in a given year, while
two generations later (two years) population differenti-
ation in morph frequencies fell behind neutral genetic dif-
ferentiation. Consequently, it is consistent with a temporal
heterogeneity in selection in these populations, meaning
that selection might vary over time, where both spatial
and temporal heterogeneities likely play an important role
in promoting and maintaining polymorphism. In addition,
in the Californian spider, Theridion californicum, charac-
terized by at least eleven color morphs, genetic analyses of
several populations revealed that such polymorphism is
maintained through balancing selection, i.e. acting to
maintain polymorphism across populations [47].

Overall, these studies suggested that observed intraspe-
cific color variations in both vertebrates and invertebrates
are often the result of a local adaptation and are not due to
a random genetic drift. Therefore, observed color poly-
morphism in these studies is not neutral from an evolution-
ary point of view. In this respect, recent studies highlighted
that the presence of intraspecific color polymorphism
might increase the adaptive potential of a species hence its
long-term survival and capacity to deal with environmental
variations (e.g. [1]). As a consequence, the important color
polymorphism found in the asp viper might be account-
able for its unique capacity among reptiles to deal with
a large number of habitat types, ranging from Mediter-
ranean coastal areas to alpine regions (up to 2500m
above sea level; [48]). Indeed, color morphs and their
intrapopulational frequencies are tightly linked to
geographical regions and habitat types (e.g. [10,33]). A
recent field study highlighted intrapopulational sex-
specific differences in body condition between
melanistic and blotched V. aspis [10], melanistic females
exhibiting higher body condition than blotched ones.
These results were attributed to the importance of an
efficient thermoregulation for females during gestation,
and to higher rate of predation in melanistic males
compared to blotched ones. Since males are actively
searching for females during the breeding season, and
are forced to move away from their shelter, their chance
of being predated is greater than for females [10]. These
results illustrated the complex role that coloration plays
in ectothermic vertebrates, and how it can be involved
in the evolution of such organisms.

Conclusions
The presence of important color polymorphism within a
species may provide more opportunities to adapt and
cope with different environmental pressures [42], leading
in turn to a potentially larger distribution area and a
higher resilience. Even though the studied area presents
a unique case in the asp viper, investigating the different
environmental characteristics (biotic and abiotic) leading
to the local selection of this particular pattern can be of
major interest to understand i) the selection pressure on
the dorsal coloration in ectothermic vertebrates ii) the
speed of the morphological adaptation and iii) the
importance of such phenotypic diversity within species.

Methods
Study site and tissue sampling
The study site is located in the French Alps (Mont Blanc
massif ), between 1’100 and 2’100 m above sea level. We
collected a total of 170 samples from blotched (N = 113)
and non-blotched (N = 57) snakes between 2006 and
2010. Based on their location, we grouped the samples
into 12 populations (see Figure 4; in red, populations

Figure 2 Summary plot of the individual assignment results of the
STRUCTURE analyses (K = 2; Hubisz et al. [57]).

Figure 3 Mean Assignment Index correction (mAIc) values for blotched
and non-blotched snakes considering all (A) or strictly polymorphic
populations (B).
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with a proportion of non-blotched individuals higher
than 50%).
For each captured individual, we collected the coordi-

nates either with a GPS or with the help of GOOGLE
EARTH v5.0 (Google, Mountain View, US), both methods
allowing an accuracy of about 10 m. We collected DNA
samples for the genetic analyses from blood, ventral scales,
tip of the tail (stored in 90% ethanol prior to DNA extrac-
tion), and/or buccal swab. In order to avoid duplicate sam-
plings, we took dorsal and head pattern pictures (dorsal
and lateral view) for each specimen. Color morphs of indi-
viduals were determined in the field. Several persons scored
the phenotype of snakes simultaneously and none of the
170 individuals used in the present study had an ambiguous

phenotype. Indeed, blotched (characterized by a zigzag-like
pattern) and atypical non-blotched individuals (light-col-
ored individuals with an absence of zigzag-like pattern)
were sufficiently different to avoid misclassifications
(Figure 1).

DNA extraction
We extracted DNA using the QIAGEN DNeasy® kit (QIA-
GEN, Hombrechtikon, Switzerland) according to the
DNeasy® Blood & Tissue Handbook. In order to improve
the quality of extractions, we modified a few steps: (i) over-
night lysis was conducted for most samples, (ii) elution was
performed twice using 100 μl of Buffer AE and finally (iii)
incubation time was extended to 5 min so that a higher

Figure 4 Distribution and proportion of non-blotched individuals of sampled populations. In red and green, populations mainly assigned to the
first and second genetic cluster identified by the STRUCTURE analyses (Hubisz et al. [57]).
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concentration of DNA was obtained. For buccal DNA sam-
pling, the DNA extraction was also following the same
protocol, except that swabs were placed into the DNeasy
Mini spin column and centrifuged to remove the
remaining liquid from them between steps 4 and 5 of the
protocol provided by the manufacturer.

Microsatellite analyses
Seven loci from V. aspis (Va-P70, 91, 69, 35, 81, 25, 20;
[49]) and two loci from V. berus (Vb-A8 and Vb-D17;
[50]) were amplified and scored. We performed PCR in an
Eppendorf Mastercycler Gradient (Vaudaux-Eppendorf
AG, Basel, Switzerland), with a final volume of 12 μl per
reaction, using 2-4 μl of DNA extraction 1x PCR buffer, 2
mg/ml of Q solution, 0.2 mM dNTPs, 0.5 units of Taq
Polymerase, and, depending on the amplified locus, 1.5 -
3.5 mM of MgCl2 (all reagents from QIAGEN) and 0.25 –
0.5 mM of each primer (see Additional file 1 for more
details). Cycling conditions included 37 to 40 cycles of 95°
C for 30 sec, 50 to 57°C (depending on the microsatellite
locus) annealing temperature during 30 sec, 72°C for 45
sec, and a final extension of 72°C for 7 min (see [49] for
more details). Then, we genotyped amplified products
with an ABI3130xl genetic analyzer (Applied Biosystems)
and visualized with PEAK SCANNER™ Software v1.0
(Applied Biosystems).

F-statistics and genetic diversity parameters
First, we tested for the presence of null-alleles, scoring
error due to stuttering and large allele dropout with
MICRO-CHECKER v 2.2.3 [51]. We calculated the geno-
typic disequilibrium between loci in each sample based
on 10,000 randomizations to check for linked loci. We
tested deviations from Hardy–Weinberg equilibrium
(HWE) within samples based on 10,000 randomizations.
We estimated the Wright’s fixation indices for within-
population deviation from random mating (FIS), as well
as pairwise subpopulation differentiation (FST), following
Weir & Cockerham [52]. We computed deviations from
random mating within populations (FIS) per locus and
sample with a bootstrap procedure including 10,000 ran-
domizations. We estimated expected (HE) and observed
(HO) heterozygosities following the methods of Nei &
Chesser [53] and allelic richness (AR) with FSTAT. In
addition, we performed a Mantel test [54] with genetic
distance (pairwise FST) as the dependent variable and
the distance between sites as explanatory variable. We
carried out permutation tests in order to detect signifi-
cant differences in allelic richness, expected (HE) and
observed (HO) heterozygosities and FST indices among
the populations with a high versus a low amount of non-
blotched individuals (populations 1-4 and 5-12, respect-
ively). We performed all summary statistics and tests
using the software FSTAT Version 2.9.3.2 [55]. The

critical p-value of 0.05 was adjusted using the Bonferroni
correction [56] due to multiple comparisons.

Structure of populations
We used the software STRUCTURE version 2.3.4 [57], a
Bayesian model-based clustering method [58], to infer
population structure and to assign individuals to popula-
tions. Based on allele frequencies, we used this MCMC
simulation to assign a membership coefficient for each
individual to each K populations. Ten runs of 600,000 iter-
ations (the first 200,000 considered as burn-in) for K = 1–
12 were performed including all individuals. Then, we
defined the number of clusters that best fits our data set
as described in Evanno et al. [35]. This approach
compares the rate of change in the log probability of
data between successive K and the corresponding
variance of log probabilities.

Unidirectional gene flow among populations
In order to quantify unidirectional migration rates (m) be-
tween populations, we used the software BAYESASS 3.0.3
[59]. This Bayesian method relies on the tendency for im-
migrants to show temporary disequilibrium in their geno-
types relative to the focal population, which allows their
identification as immigrants or offspring of immigrants.
After initial runs were conducted with variable values of
deltaA, deltaM and deltaF in order to improve the accept-
ance levels, the best values were set to deltaA = 1, deltaM
= 0.2 and deltaF = 1. For the final analysis, we used 3 x 106

MCMC iterations, including a burn-in length of 3 x 105

iterations.

Sex and color-biased dispersal
We tested for sex- and color-biased dispersal in our
populations, using GENALEX 6.5 [60]. Then, we
compared the mean of the corrected assignment index
(mAIc; [61]) between sexes (males vs. females), as well as
between colors (blotched vs. non-blotched individuals).
With this statistical approach, residents tend to have
higher mAIc values than immigrants.

Comparison between genetic and morphological
variation
A commonly used method to estimate population differ-
entiation for a quantitative trait is a metric called QST, an
analog of FST, which calculates the genetic differentiation
at neutral genetic markers. Because QST calculation re-
quires experimental estimates of additive genetic variances
and since we did not estimate additive genetic variance for
asp viper coloration, we will refer in this study to PST
(phenotypic or pseudo-QST) rather than QST, as proposed
by Saether et al. [62]. PST was estimated with two different
methods. First, we coded the color as a locus having only
two alleles, blotched individuals being homozygotes coded
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11 at this locus and non-blotched individuals being homo-
zygotes 22. Then, we used FSTAT to calculate the pairwise
PST between populations. Second, we estimated pairwise
PST-values as a function of heritability (h2), within- σ2w and
between-populations phenotypic variances (σ2b; [29,63]):

PST ¼ σ2b
σ2b þ 2h2σ2w

We obtained the within- and between populations vari-
ances by extracting the mean squares (MS) with an
ANOVA on color in JMP 10.0 (SAS Institute, Cary, NC,
USA). Because the heritability of the color pattern is not
known, we used three different values of heritability (0.1,
0.5 and 1). We estimated within-population variance σ2w

� �
without bias by within-population MS, whereas between-
population variance σ2b

� �
is calculated as follows:

σ2b ¼
MSb−MSw

n0

where MSb and MSw are the within- and between-
population MS and n0 is a weighted average of the
sample size for each population comparison estimated
following Sokal & Rohlf [64] as:

n0 ¼ 1
a−1

Xn
ni−

∑a n2i
∑a ni

� �

where ni the number of individuals in the ith population
and a is the number of populations to be compared.
To test whether the coloration differentiations between

populations evolved by neutral processes or selection, we
compared PST values obtained for individual traits and with
the two different methods with the distribution of pairwise
FST values. As in Slavov et al. [65], we considered PST values
as extreme when exceeding the empirical 95th percentile of
the FST distribution (in this study: 0.086). In addition, to
check for significant difference between PST - and FST-
values, we performed a Wilcoxon signed rank test [66].
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Microsatellite genotypes and phenotypes: Dryad doi:
0.5061/dryad.87478.
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Additional file 1: Unidirectional migration-rate estimates within pairs of asp viper populations (in italic: standard deviation). m[i][j] is the 
fraction of individuals in population i that are migrants derived from population j. 
  m[1][1]: 

0.881 0.028 m[1][2]: 
0.013 0.012 m[1][3]: 

0.007 0.007 m[1][4]: 
0.008 0.008 m[1][5]: 

0.015 0.013 m[1][6]: 
0.007 0.007 

m[2][1]: 
0.179 0.040 m[2][2]: 

0.706 0.032 m[2][3]: 
0.011 0.010 m[2][4]: 

0.010 0.009 m[2][5]: 
0.013 0.013 m[2][6]: 

0.011 0.010 
m[3][1]: 

0.180 0.036 m[3][2]: 
0.016 0.014 m[3][3]: 

0.682 0.014 m[3][4]: 
0.013 0.012 m[3][5]: 

0.015 0.014 m[3][6]: 
0.013 0.012 

m[4][1]: 
0.197 0.030 m[4][2]: 

0.013 0.013 m[4][3]: 
0.012 0.012 m[4][4]: 

0.680 0.013 m[4][5]: 
0.012 0.012 m[4][6]: 

0.012 0.011 
m[5][1]: 

0.055 0.049 m[5][2]: 
0.082 0.055 m[5][3]: 

0.012 0.011 m[5][4]: 
0.013 0.012 m[5][5]: 

0.712 0.041 m[5][6]: 
0.013 0.012 

m[6][1]: 
0.020 0.018 m[6][2]: 

0.030 0.027 m[6][3]: 
0.018 0.018 m[6][4]: 

0.018 0.017 m[6][5]: 
0.094 0.047 m[6][6]: 

0.689 0.020 
m[7][1]: 

0.045 0.035 m[7][2]: 
0.066 0.046 m[7][3]: 

0.017 0.017 m[7][4]: 
0.016 0.015 m[7][5]: 

0.044 0.038 m[7][6]: 
0.017 0.016 

m[8][1]: 
0.043 0.030 m[8][2]: 

0.019 0.019 m[8][3]: 
0.011 0.010 m[8][4]: 

0.011 0.011 m[8][5]: 
0.016 0.016 m[8][6]: 

0.011 0.011 
m[9][1]: 

0.031 0.025 m[9][2]: 
0.017 0.016 m[9][3]: 

0.011 0.011 m[9][4]: 
0.011 0.011 m[9][5]: 

0.020 0.019 m[9][6]: 
0.012 0.012 

m[10][1]: 0.030 0.026 m[10][2]: 0.023 0.022 m[10][3]: 0.014 0.013 m[10][4]: 0.014 0.013 m[10][5]: 0.021 0.021 m[10][6]: 0.014 0.014 
m[11][1]: 0.057 0.038 m[11][2]: 0.021 0.021 m[11][3]: 0.017 0.016 m[11][4]: 0.017 0.016 m[11][5]: 0.019 0.018 m[11][6]: 0.016 0.015 
m[12][1]: 0.030 0.025 m[12][2]: 0.019 0.018 m[12][3]: 0.017 0.016 m[12][4]: 0.018 0.017 m[12][5]: 0.019 0.019 m[12][6]: 0.017 0.016 

 m[1][7]: 
0.008 0.008 m[1][8]: 

0.012 0.011 m[1][9]: 
0.016 0.013 m[1][10]: 

0.017 0.015 m[1][11]: 
0.008 0.007 m[1][12]: 

0.009 0.009 
m[2][7]: 

0.010 0.009 m[2][8]: 
0.014 0.013 m[2][9]: 

0.013 0.013 m[2][10]: 
0.011 0.011 m[2][11]: 

0.011 0.011 m[2][12]: 
0.012 0.012 

m[3][7]: 
0.013 0.013 m[3][8]: 

0.014 0.014 m[3][9]: 
0.014 0.013 m[3][10]: 

0.016 0.015 m[3][11]: 
0.013 0.013 m[3][12]: 

0.014 0.013 
m[4][7]: 

0.012 0.012 m[4][8]: 
0.012 0.011 m[4][9]: 

0.014 0.013 m[4][10]: 
0.013 0.012 m[4][11]: 

0.012 0.011 m[4][12]: 
0.012 0.011 

m[5][7]: 
0.013 0.013 m[5][8]: 

0.018 0.018 m[5][9]: 
0.025 0.021 m[5][10]: 

0.033 0.022 m[5][11]: 
0.011 0.011 m[5][12]: 

0.014 0.014 
m[6][7]: 

0.020 0.019 m[6][8]: 
0.020 0.018 m[6][9]: 

0.023 0.021 m[6][10]: 
0.032 0.024 m[6][11]: 

0.018 0.017 m[6][12]: 
0.019 0.017 

m[7][7]: 
0.688 0.019 m[7][8]: 

0.021 0.019 m[7][9]: 
0.021 0.019 m[7][10]: 

0.029 0.025 m[7][11]: 
0.017 0.016 m[7][12]: 

0.018 0.017 
m[8][7]: 

0.011 0.011 m[8][8]: 
0.788 0.048 m[8][9]: 

0.040 0.036 m[8][10]: 
0.024 0.023 m[8][11]: 

0.012 0.012 m[8][12]: 
0.014 0.014 

m[9][7]: 
0.012 0.011 m[9][8]: 

0.092 0.051 m[9][9]: 
0.753 0.047 m[9][10]: 

0.017 0.017 m[9][11]: 
0.011 0.010 m[9][12]: 

0.014 0.013 
m[10][7]: 0.015 0.015 m[10][8]: 0.049 0.045 m[10][9]: 0.055 0.045 m[10][10]: 0.735 0.036 m[10][11]: 0.013 0.013 m[10][12]: 0.016 0.016 
m[11][7]: 0.017 0.015 m[11][8]: 0.059 0.042 m[11][9]: 0.027 0.024 m[11][10]: 0.040 0.033 m[11][11]: 0.687 0.019 m[11][12]: 0.024 0.020 
m[12][7]: 0.018 0.016 m[12][8]: 0.019 0.018 m[12][9]: 0.021 0.020 m[12][10]: 0.018 0.017 m[12][11]: 0.018 0.016 m[12][12]: 0.787 0.036 
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Only males care about their environment: sex-biased 
dispersal in the asp viper (Vipera aspis)
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Sex-biased dispersal is common among vertebrates and numerous studies have documented a tendency towards 
male-biased dispersal in mammals and female-biased dispersal in birds. A few studies have demonstrated that 
male-biased dispersal seems to be prevalent in reptiles. However, most of these studies considered only a single 
study site without taking into account possible local variability. We investigated sex-biased dispersal in Vipera 
aspis in four study sites in Switzerland using microsatellite markers and we predicted a higher dispersal in males 
than females. In two study sites, females were more spatially autocorrelated and showed a stronger isolation by 
distance compared with males, which suggests male-biased dispersal. In the other two study sites, the absence 
of sex-biased dispersal could have been the result of habitat fragmentation. Surprisingly, the dispersal ability of 
females was similar in the four sites, regardless of habitat fragmentation. This finding suggests a limited impact 
of habitat on female dispersal and the opposite for male dispersal. Our study demonstrates the importance of 
inferring sex-biased dispersal in different habitats, because local barriers can affect the outcome of such studies. 
Hence, general conclusions about patterns of sex-biased dispersal should be drawn with caution when studies 
are conducted at a single study site.

ADDITIONAL KEYWORDS:  isolation by distance – reptiles – spatial autocorrelation – Viperidae.

INTRODUCTION

Dispersal of individuals from their native population 
is an important aspect of their life history (Stenseth 
& Lidicker, 1992; Clobert et al., 2001; Lawson Handley 
& Perrin, 2007), and many selective pressures 
positively or negatively act on this parameter. On the 
one hand, dispersal allows, for example, individuals 
to colonize new habitats, avoid kin competition and 
reduce the risk of mating with relatives (Clobert 
et al., 2001). On the other hand, crossing unsuitable 
environments increases mortality (Bonnet et al., 
1999), and familiarity with the native area, a 
potentially important factor for resource acquisition, 

is lost. Thus, immigrants will be disadvantaged 
compared to residents in the case of competition for a 
limiting resource (Greenwood, 1980; Lawson Handley 
& Perrin, 2007). Additionally, dispersal inhibits kin 
cooperation, which provides competitive advantages 
to residents (Le Galliard et al., 2006).

Extensive studies have shown that the equilibrium 
between the costs and benefits of dispersal often 
differs between sexes (Greenwood, 1980). Male- or 
female-biased dispersal may be induced by different 
mating systems, depending on the sex that will 
acquire and defend a territory or the limiting 
resources (see Greenwood, 1980; Perrin & Mazalov, 
2000). If inbreeding avoidance is the only reason 
for dispersal, theory predicts that one sex should 
remain philopatric while the other should disperse 
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(Gandon, 1999; Perrin & Mazalov, 1999). Hence, 
dispersal to avoid inbreeding should also involve 
sex-biased dispersal. In vertebrates, male-biased 
dispersal is the usual pattern observed in mammals, 
whereas female-biased dispersal is common in birds 
(Greenwood, 1980). However, general patterns of sex-
biased dispersal have been less investigated in other 
taxa, such as reptiles, where studies have provided 
evidence for male-biased dispersal in crocodiles, 
turtles and squamates (Tucker et al., 1998; Dubey 
et al., 2008; Johansson et al., 2008; Paquette et al., 
2010; Pernetta et al., 2011). To our knowledge, only 
three documented cases have shown female-biased 
dispersal in reptiles: Niveoscincus microlepidotus 
[Tasmanian snow skink (Olsson & Shine, 2003)], 
Lampropeltis zonata [California mountain kingsnake 
(Myers et al., 2013)] and Oligosoma grande [grand 
skink (Berry et al. 2005)]. Furthermore, there are 
known cases with a lack of sex-biased dispersal; for 
instance, in Sphenodon punctatus [tuatara (Moore 
et al., 2008)] and Natrix tessellata [dice snake 
(Luiselli et al., 2011)].

Most of the published studies on sex-biased dispersal 
were conducted at a single study site. However, it is 
possible that species may react differently in distinct 
environments. Consequently, studying sex-biased 
dispersal within the same species in different study 
sites may provide more valuable information on 
the biology of the species. However, this aspect has 
been investigated in only a small number of studies. 
For instance, Lemur catta (ring-tailed lemur) was 
considered to be a species with male-biased dispersal 
but a study by Parga et al. (2015) showed different 
patterns of sex-biased dispersal between sites in 
south-western Madagascar. Similarly, in two species 
of sea kraits, Laticauda saintgironsi and Laticauda 
laticaudata, Lane and Shine (2011) found female-
biased dispersal in the north-west and male-biased 
dispersal in the south-east of their sampling area in 
the Noumea Lagoon of New Caledonia. In Oligosoma 
grande (grand skink), female-biased dispersal was 
found only in more fragmented sites, whereas sex-
biased dispersal was undetected in less fragmented 
sites (Berry et al., 2005). In the first example, the 
differences were probably due to kin selection, whereas 
the second was explained by sex differences in diets 
and the third by habitat fragmentation.

Even if male-biased dispersal is more frequently 
found in reptiles, particularly in snakes, opposing 
results also exist. To our knowledge, this aspect has 
not been investigated in the Viperidae until now. 
Theoretically, we can expect male-biased dispersal in 
viperids, because males actively search for females to 
mate with (Viitanen, 1967; Andrén et al., 1997; Olsson 
et al., 1997), and can consequently travel several 
hundred metres (Andrén, 1986) or even more than 

1.5 km for breeding (Madsen et al., 1993). This fact 
suggests that males should provide the major part of 
the gene flow in this taxon.

The asp viper (Vipera aspis Linnaeus, 1758) is a medium-
sized [snout-vent length (SVL) rarely > 70 cm] venomous 
snake species that occurs in north-eastern Spain, southern 
France, Italy, north-western Slovenia, western and 
southern Switzerland and southern Germany (Meyer et al., 
2009). Although V. aspis is considered as “least concern” on 
the IUCN Red List (https://www.iucnredlist.org), the threat 
is considered to be increasing. In lowland Switzerland, 
the species is classified as “critically endangered”, because 
it is afflicted by habitat loss and fragmentation, as well 
as persecution during the last two centuries (Monney & 
Meyer, 2005). In the Alps, it is considered as “vulnerable”, 
because the threats there are much more limited (Monney 
& Meyer, 2005).

Even though it is rather secretive, its density and 
ease of detection and capture (Meyer et al., 2009) make 
V. aspis optimal for population studies. Consequently, it 
has been the subject of numerous studies on its biology 
and ecology (Bonnet et al., 2000; Lourdais et al., 2004; 
Zuffi et al., 2009; Dubey et al., 2015; Luiselli et al., 2018). 
Reproductive females are more thermophilic during 
gestation than non-reproductive females and are 
therefore more sedentary at this time (Monney, 1992). 
Furthermore, gestating females usually require more 
energy to disperse as a consequence of their increased 
body mass (Shine, 1980). Females probably only move 
to search for breeding sites or to gain access to further 
resources. In contrast, male asp vipers actively search 
for females during the mating season [to increase their 
reproductive success (Viitanen, 1967)]. However, the 
travelled distance between hibernacula and mating 
places seems to be limited in the species (Flatt & 
Dummermuth, 1993; Bonnet et al., 1999; Luiselli 
et al., 2018). Before mating, male-male combats can 
occur when two or more males compete to mate with 
the same female (Lourdais et al., 2002). However, no 
territorial combat has been observed. Consequently, 
the dispersal abilities of V. aspis appear to be limited 
to a few hundred metres, even in continuous areas 
(Luiselli & Capizzi, 1997).

The aim of our study was to determine the general 
pattern of sex-biased dispersal in the asp viper by 
comparing the genetic structure of four populations 
in variable environments. To cover a wide range of 
different habitats, we selected two study sites in the 
alpine regions of Switzerland and another two in the 
lowlands (one of which was affected by fragmentation). 
We tested whether a similar pattern in the dispersal 
habits of males and females could be detected in all 
the study sites. Using microsatellite markers, we 
assessed the genetic structure of each population, and 
evaluated and compared the dispersal levels of each 
sex. Under the hypothesis that males disperse further, 
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females should be more spatially autocorrelated 
and show a stronger isolation by distance compared 
with males. We also hypothesized that the tendency 
for male-biased dispersal should be similar in all 
populations irrespective of habitat.

MATERIAL AND METHODS

Sampling

We captured snakes by hand in four different regions of 
Switzerland between 2010 and 2012 during the whole 
season of activity (end of March until September) for all 
the different sites. As the dispersal of the vipers seems 
to occur before maturity (Saint Girons, 1996; Bonnet 
et al., 1999), we used only adult individuals with an 
SVL of > 35 cm. We recorded the coordinates of the 
sampling locations with an accuracy of approximately 
10 m. We measured and photographed the captured 
snakes and identified their sex. DNA samples 
comprised clipped ventral scales, buccal swabs, blood, 
shed skin or tail tips (in the case of individuals found 
dead), depending on the study site.

Study SiteS

Four different study sites were selected based on 
their high density of asp vipers, so that we could 
collect sufficient samples for the aims of the project. 
Two places were located in the Swiss Alps (air 
distance between them: about 50 km; distance along 
the distribution boundary of the asp viper: about 
150 km) and two in the Swiss lowlands (air distance 
between them: about 40 km). For each geographical 
region, one fragmented and one unfragmented site 
was chosen. The lowest distance between Alpine and 
Swiss lowlands populations was 50 km (air distance 
between them: 50 km; distance along the distribution 
boundary of the asp viper: about 140 km). Moreover, 
the limits of the considered sites were determined by 
the habitat; indeed, no or very few asp vipers were 
present outside the defined boundaries of our study 
sites. Consequently, we assume that the individuals 
in these four sites are genetically isolated from other 
such groups. Thus we refer to the four study sites as 
four populations.

lötSchental [canton of ValaiS (VS)], alpine 
region

This study site, situated in Lötschental (L), comprises 
an area of approximately 10 km2 on a roughly 
11-km linear transect through the entire valley. The 
snakes were mainly found on hillside pastures in 
close vicinity to rocks or stone piles. As vipers are 

abundant and there is limited human disturbance in 
the whole valley, this area is ideal to study natural 
dispersal in the asp viper. Additionally, the presence 
of a small mountain stream allows investigation of 
the impact of habitat fragmentation in this valley. 
The population is isolated from other populations 
as the species encounters its altitudinal limit at one 
end of the transect and no individuals could be found 
in the surroundings of the lower situated other end 
of the transect. A total of 107 individuals (57 males 
and 50 females) were sampled.

nearby château-d’oex [canton of Vaud (Vd)], 
alpine region

Near Château-d’Oex (C), this sampled area 
encompasses approximately 6 km2 on a transect line 
with a length of almost 11 km. The study site comprises 
different habitat types - e.g. a quarry, forested areas and 
pastures. Human impact is very limited. Additionally, 
a part of the area was designated as a wildlife reserve 
in 1991. The population is spatially restricted by 
the upper limit of its altitudinal distribution and by 
unfavourable habitats (northern exposed slopes). A 
total of 125 individuals (62 males and 63 females) were 
captured.

WeStern Shore of lake biel [canton of bern 
(be)], SWiSS loWlandS

At the western shore of Lake Biel (B), this study site 
covers an area of approximately 2 km2 on a linear 
transect of about 6.5 km in length. The area is modified 
by human activities, especially viticulture. However, 
there are numerous beneficial structures for vipers (e.g. 
stone walls with holes and hedges), and the population 
size appears to be stable (A. Meyer, pers. comm., 6 
November 2019). One hundred and one individuals (48 
males and 53 females) were sampled.

near yVerdon [canton of Vaud (Vd)], SWiSS 
loWlandS

The smallest study site, near Yverdon (Y), covers 
an area of approximately 0.6 km2 on a linear 
transect with a length of about 2.5 km. It is 
fragmented by different elements, including a 
few settlements, farmland and several transport 
routes; even if these elements add difficulties for 
snakes to disperse, we assume that their sizes 
allow vipers to occasionally cross them. However, 
the population seems to be isolated from other asp 
viper populations by at least 5 km of unsuitable 
habitat. Eighty-nine individuals (42 males and 47 
females) were sampled.
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dna extraction and microSatellite 
amplification

We extracted DNA from samples using the DNeasy 
Blood and Tissue Kit (Qiagen, Hombrechtikon, 
Switzerland). We amplified ten microsatellite markers 
using the primers and polymerase chain reaction 
(PCR) conditions developed by Geser et al. (2013) for 
V. aspis and Ursenbacher et al. (2009) for Vipera berus 
(Supporting Information, Table S1). We visualized the 
PCR products with an ABI 3130xl or an ABI Prism 
3130xl Genetic Analyzer (Applied Biosystems) and 
assessed the lengths of the alleles with Peak ScannerTM 
Software v.1.0 (Applied Biosystems).

StatiStical analySiS of microSatelliteS

We tested for the presence of null alleles, scoring 
errors due to stuttering and large allele dropout with 
Micro-Checker v.2.2.3 (Van Oosterhout et al., 2004). To 
check for genotypic disequilibrium, we used FSTAT 
v.2.9.4 (Goudet, 1995; Goudet et al., 2002). We tested 
for possible deviations from the Hardy-Weinberg 
equilibrium (HWE) with Genepop v.4.7.2 (Rousset, 
2008). All these tests were performed separately 
for each subpopulation (see below). Additionally, we 
assessed the number of alleles sampled (NA), observed 
heterozygosity (HO) and expected heterozygosity (HE) 
with the package adegenet v.2.1.1 (Jombart, 2008) and 
allelic richness (AR) using the package PopGenReport 
v.3.0.4 (Adamack & Gruber, 2014) in R v.3.5.2 (R 
Development Core Team, 2018).

genetic Structure

To infer population structure and assign individuals 
to subpopulations, we conducted an individual-based 
spatial Bayesian clustering approach with Geneland 
v.4.0.8 (Guillot et al., 2005) in R v.3.4.0 within each 
study site. We performed ten runs for each K from 
1 to 10, using the no-admixture and uncorrelated 
frequencies model with 1 000 000 iterations, a thinning 
of 100 and an uncertainty of the coordinates of 10 m 
to estimate the most likely number of genetic clusters 
(K). The results were post-processed with a burn-in of 
3000. We used Geneland instead of other clustering 
approaches because this method is more sensitive to a 
weak genetic structure (Guillot et al., 2005).

teStS for Sex-biaSed diSperSal: Spatial 
autocorrelation

We calculated individual-based geographic distance 
matrices separately for each sex in each study site 
with GenAlEx v.6.5 (Peakall & Smouse, 2006, 2012). 
With SPAGeDi v.1.5a (Hardy & Vekemans, 2002), 

we assessed pairwise genetic distance matrices 
independently for sex and site to evaluate the genetic 
differentiation between individuals using Moran’s 
I (Moran, 1950). Subsequently, we compared the 
geographic and genetic distance matrices to test for 
spatial autocorrelation. We performed all calculations 
in SPAGeDi with 20 000 permutations of the location 
(tests of spatial structure) and the gene copy (tests 
of inbreeding coefficients). The same distance classes 
were used for all study sites with a maximal distance 
of 12 km (except for site Y with a maximum distance of 
2.5 km between individuals because the site is smaller) 
and were selected to optimize the values according to 
the rule of thumb (% partic > 50%, CV partic ≤ 1 and 
# pairs > 100; following the suggestions of SPAGeDi) 
for all study sites. Confidence intervals (CIs) around 
the null hypothesis of no spatial autocorrelation were 
used to detect significantly autocorrelated groups at 
specific distance classes. Moreover, we used standard 
deviation values to establish significant differences 
between males and females.

teStS for Sex-biaSed diSperSal: iSolation by 
diStance (ibd)

To test for IBD, we logarithmically transformed 
individual-based geographic distance matrices to 
reduce the relationship between the mean and the 
variance (Spuhler & Clark, 1961; Koenig, 1989; Sokal & 
Rohlf, 1995). For each sex in each study site separately, 
we performed a Mantel test (Mantel, 1967) with 9999 
permutations in GenAlEx, to assess the relationship 
between the geographic distance (ln-transformed) and 
Rousset’s genetic distance ar (Rousset, 2000) between 
individuals calculated with SPAGeDi. We obtained 
CIs of the IBD by calculating the 1st (lower CI) and 3rd 
(upper CI) quantile of the permuted values. To test for 
differences between the sexes, we compared the slopes 
of the regression lines of males and females using a 
Student’s t-test (one-sided) in each of the study sites. 
Additionally, we tested whether the sexes showed a 
similar pattern in all the study sites by comparing 
the four slopes of the different sites (of the males and 
females, respectively) using an analysis of covariance 
(ANCOVA).

RESULTS

genetic SubStructure and genetic diVerSity

Before testing for null alleles, scoring errors 
due to stuttering, large allele dropout, genotypic 
disequilibrium and HWE, we tested for possible 
substructuring within the four study sites with 
Geneland, because substructure could have a strong 
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impact on those elements. In site L, we detected 
four linearly arranged genetic clusters, which will 
subsequently be referred to as subpopulations 
1 to 4. Each subpopulation 1, 2 and 3 regrouped 
individuals within a distance of 2.1 to 3.8 km and 
these subpopulations were separated from each 
other by a distance of at least 500 m. Furthermore, 
subpopulations 3 and 4 were only separated by a small 
mountain stream and a distance of approximately 120 
m. In subpopulation 4, the individuals were spread 
over a distance of about 600 m. The strongest genetic 
differentiation was observed between subpopulation 
4 and the others (Supporting Information, Table 
S2). The individuals from sites C, B and Y were each 
assigned to two subpopulations. In site C, a distance 
of more than 2 km separated the two subpopulations, 
whereas there was only a distance of less than 700 m 
between the two subpopulations of B. Finally, in site Y, 
subpopulation 1 comprised only four animals separated 
from subpopulation 2 by a road. Nevertheless, one 
individual, which was assigned to subpopulation 2, was 
situated next to the individuals from subpopulation 
1. See Supporting Information (Table S2) for the 
number of individuals per subpopulation.

Micro-Checker did not find any scoring errors 
due to stuttering and no large allele dropout in the 
selected markers within the previously assigned 
subpopulations. In all the assigned subpopulations, a 
maximum of two (out of a total of 10) markers showed 
signs of null alleles at a specific locus (loci P16 and 
P35, each in two subpopulations; loci P8, P20, P25, 
P51 and P70, each in one subpopulation). Similarly, 
for HWE, a maximum of three markers were not in 
equilibrium in one of the assigned subpopulations (loci 
P16, P25 and P35, each in two subpopulations; loci P8, 
P51, P70, P91 and PA8, each in one subpopulation). 
Based on the total number of analysed subpopulations, 
we kept all the loci for further analyses as they did not 
show signs of null alleles or deviations from the HWE 
in the other subpopulations. Furthermore, we detected 
no significant genotypic disequilibrium. HO and HE, as 
well as the allelic richness and the number of alleles, 
are presented in Supporting Information (Table S1).

teStS for Sex-biaSed diSperSal: Spatial 
autocorrelation

In all the study sites, females showed a significant 
positive spatial autocorrelation up to a distance of 
500 m and a negative spatial autocorrelation at long 
distances (see Fig. 1). Males showed a similar pattern 
with the exception of site C, where there was no 
significant positive autocorrelation up to 1500 m. The 
spatial autocorrelation was significantly higher in 
females compared to males (suggesting male-biased 
dispersal) up to a distance of 500 m in all the study 

sites except site Y, where there were no differences 
between sexes (males were even slightly more 
spatially autocorrelated than females up to a distance 
of 1000 m).

Site Y showed a different spatial autocorrelation 
pattern and our hypothesis regarding the isolation by 
distance was not confirmed in site L. Thus, we conducted 
additional analyses of the data of these two sites. In both 
sites, a closer examination of the borders of the assigned 
subpopulations revealed a major barrier that separates 
subpopulations and could strongly affect dispersal 
ability. In site L, there is a stream that separates 
subpopulation 4 (16 individuals) from the others. In 
site Y, there is a road that separates subpopulation 
1 (and an additional individual) from subpopulation 
2. Therefore, we investigated the spatial autocorrelation 
of subpopulations 1–3 in site L and subpopulation 
2 in site Y (Fig. 1). Subpopulation 4 in site L and 
subpopulation 1 in site Y were not analysed separately 
due to a small sample size of 16 and 4 individuals, 
respectively. In comparison with all four subpopulations 
of site L, subpopulations 1–3 showed a greater difference 
in spatial autocorrelation between males and females. 
Furthermore, females of subpopulations 1–3 showed a 
positive spatial autocorrelation up to a distance of 2500 
m, while it was only up to 1500 m in the whole population. 
As in the whole population of site Y, subpopulation 2 of 
site Y showed no difference in the spatial autocorrelation 
between males and females. However, in contrast to the 
whole population, females were slightly more spatially 
autocorrelated compared with males.

teStS for Sex-biaSed diSperSal: ibd

IBD was significant for both sexes in all the locations. 
There were significant differences in the slopes of IBD 
between males and females in C (t3840 = 2.89, P = 0.002) 
and B (t2502 = 2.40, P = 0.008) but not in L (t2817 = 1.33, 
P = 0.091) and Y (t1938 = 0.95, P = 0.171; Fig. 2). The slopes 
of IBD of males were significantly lower compared to 
those of females in C and B but only slightly lower in 
Y and slightly steeper in L. The slopes of the males 
differed significantly (F3,5468 = 12.66, P < 0.001) 
among the sites (minimum: 0.033; maximum: 0.083), 
whereas the slopes of the females did not (F3,5629 = 1.48, 
P = 0.218, minimum: 0.056; maximum: 0.077; Fig. 3). 
See Supporting Information (Table S3) for more details 
about the different slopes.

With regards to spatial autocorrelation, we 
additionally tested the IBD of subpopulations 1–3 in 
site L and subpopulation 2 in site Y (see Fig. 2 and 
Supporting Information, Table S3). Considering 
only subpopulations 1–3 in site L, the slope of the 
isolation by distance of females was significantly 
larger compared to the slope of the males (t2041 = 2.10, 
P = 0.018), while there was a slight opposite trend 
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in the whole population. Subpopulation 2 of site Y 
showed the same pattern as the whole population, and 
the difference between the slopes of males and females 
was significant (t1766 = 1.76, P = 0.039).

DISCUSSION

Male-biased dispersal is considered the norm in 
snakes (Rivera et al., 2006; Keogh et al., 2007; Dubey 

et al., 2008; Pernetta et al., 2011; Hofmann et al., 
2012; Folt et al., 2019) and thus we expected a similar 
pattern at all our study sites. We found significant 
evidence for male-biased dispersal in two (sites B 
and C) of the four study sites (supported by spatial 
autocorrelation and IBD). In site L, only one of the 
two applied methods showed male-biased dispersal 
in the asp viper, whereas no evidence for sex-biased 
dispersal was found in site Y. Sites L and Y each have 
one major barrier (in contrast to the study sites B and 
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Figure 1. Spatial autocorrelation of female (in pink) and male (in blue) V. aspis in the four study sites. Standard deviations 
(SD) are illustrated using error bars. Significant differences between females and males are indicated with *. Symmetrical 
upper and lower bounds of the 95% confidence interval about the null hypothesis of no spatial structure are shown separately 
for females (pink dotted line) and males (blue dotted line). Subpopulations of L and Y were assessed with Geneland and 
regrouped 85% and 95.5%, respectively, of the whole populations.
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Figure 2. Isolation by distance (IBD) of female (in pink) and male (in blue) V. aspis in the four study sites and in the 
additionally investigated subpopulations. Subpopulations of L and Y were assessed with Geneland and regrouped 85% and 
95.5%, respectively, of the whole populations. The corresponding confidence intervals are indicated with dashed lines. All 
comparisons of the genetic distance (Rousset’s ar) with the geographic distance (ln-transformed) were highly significant 
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C). Therefore, we hypothesize that the lack of evidence 
for male-biased dispersal in site L and Y is related to 
fragmentation caused by barriers. The major barrier 
in site L is a mountain stream that separates one 
subpopulation from the others. Similar to the stream 
in site L, there is a highly-used road that crosses study 
site Y. It is possible that males lose the tendency to 
disperse in search of females when strong barriers are 
present.

Additional investigations within subpopulations 
1–3 in site L and subpopulation 2 in Y support this 
latter hypothesis. In site L, females showed a positive 
spatial autocorrelation even up to a distance of 
2500 m after the exclusion of subpopulation 4 (16 
individuals), which was separated from the others by 
a stream. Furthermore, the differences of the spatial 
autocorrelation between males and females were 
significant in all the distance classes, presenting 

a more pronounced male-biased dispersal in 
subpopulations 1–3 compared to the whole population. 
Consistent with the spatial autocorrelation, our 
additional investigation of the IBD of subpopulation 
1–3 in site L confirmed our hypothesis. Analysed 
without subpopulation 4, the slope of the females 
was significantly steeper compared to the slope of the 
males, in contrast to the result of the whole population, 
which showed the opposite trend. However, the 
pattern of the spatial autocorrelation in site Y was not 
substantially altered if we excluded subpopulation 1 
(with only 4 individuals), which was separated from 
subpopulation 2 by a road. Nevertheless, the females 
of subpopulation 2 were slightly more spatially 
autocorrelated compared to males, while the opposite 
was the case in the whole population. Moreover, the 
difference between male and female slopes of the IBD 
was significant after the exclusion of subpopulation 1.

(***), except for males in C (**), males and females in Y (**), males in B (*) and males in subpopulation 2 of Y (*). The slopes 
of the IBD of males were significantly lower than those of the females in C (**), B (**), subpopulations 1–3 in L (*) and 
subpopulation 2 in Y (*), whereas in the whole populations of L and Y the slopes did not differ significantly between sexes. 
* = P < 0.05; ** = P < 0.01; *** = P < 0.001.
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Figure 3. Comparison of the slopes of the isolation by distance between male (left side) and female (right side) V. aspis 
from the four study sites. Corresponding confidence intervals are indicated with thin dashed lines. Slopes of males differed 
significantly (P < 0.001), whereas slopes of females were not significantly different from each other. L: solid line; C: dashed 
line; B: dotted line; Y: dash-dotted line.
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The impact of distance on female differentiation 
was identical in the four study sites, as they presented 
similar IBD slopes even in the presence of barriers 
in two sites. This result suggests that the dispersal 
propensity of females does not depend on the 
populations, and consequently on their surrounding 
environment. In contrast to females, male IBD varied 
significantly among locations. Vipers are considered to 
be “capital breeders” (Bonnet et al., 2002); consequently, 
females are assumed to be primarily sedentary. Unlike 
females, males actively search for mates during the 
breeding season, and their movement during this 
period could substantially contribute to a male-biased 
dispersal (Monney, 1992; Vacher-Vallas et al., 1999). 
Our results demonstrated that spatial autocorrelation 
is more pronounced in females especially at short 
distances, suggesting a lower level of dispersion in 
females than in males. Even if the main dispersal 
is accomplished by males, similar slopes of IBD in 
females suggest similar dispersal in this sex in all the 
sites (possibly induced by searching for food resources 
or seeking new breeding sites) without impact of the 
habitat or the occurrence of barriers. On the other 
hand, the variability observed in male dispersal may 
be explained by the environment. Indeed, the four 
studied populations are situated in different habitat 
types (in lowlands or Alps, with limited or stronger 
impact of human activities on the habitats, sometimes 
with natural or human-created barriers to dispersal). 
For instance, the stream in site L probably acts as a 
strong barrier for asp viper dispersal (Supporting 
Information, Table S2). Indeed, the ectothermic and 
non-aquatic asp viper is likely to avoid crossing a 
perennial cold mountain stream. Additionally, crossing 
the stream would probably cause the viper to be washed 
away, especially in spring during the breeding season 
(when the water flow is at its maximum due to thaw). 
Similarly, the road in site Y may function as a strong 
barrier for dispersal. Road avoidance was documented 
in another viper species (Andrews & Gibbons, 2005) 
and can also be expected in the asp viper. Furthermore, 
in contrast to large snake species, small snake species 
seem to avoid crossing roads (Andrews & Gibbons, 
2005), presumably because they have more avian 
predators and may suffer a greater predation risk in 
exposed terrain (Fitch, 1999). We also argue that males 
with a high tendency to explore the habitat during the 
breeding season have a high risk of being killed during 
their attempts to cross the road (Brehme et al., 2018). 
Indeed, during the breeding season, males are very 
active and are more likely killed by predators or be run 
over (Bonnet et al., 1999). Additionally, similar to the 
findings of Andrews and Gibbons (2005), asp vipers 
may react to an approaching or passing vehicle by 
becoming immobile, a phenomenon that could increase 
their road mortality. In this respect, as a species with 

a relatively high mass to length ratio, the asp viper 
presumably crosses the road at a low velocity (Andrews 
& Gibbons, 2005), which further increases the risk 
of mortality. Higher male mortality in the breeding 
season was confirmed by Bonnet et al. (1999), both in 
the asp viper and other snake species. More frequent 
roadkill of males, especially the more explorative ones, 
could explain the pattern of the spatial autocorrelation 
observed in site Y. Indeed, if males are unable to cross 
this obstacle, the male population might split into 
genetically distinct clusters. As the IBD of the females 
was very similar in all the study sites (compared to 
the variable IBDs observed in males), even though the 
environments are different, it is probable that some 
environmental elements which cause a high mortality 
rate (and are not complete physical barriers), such as 
roads, could have a differential effect on the sexes. We 
thus hypothesize that females avoid crossing hazardous 
environmental elements, like roads or streams, and 
use other longer but less precarious routes. However, 
this hypothesis needs to be tested in other study sites, 
combined with capture-mark-recapture or telemetry 
approaches, and also in other viper species.

Testing for sex-biased dispersal in different 
study sites is essential to detect the true natural 
behaviour of the studied species. The pattern may 
differ depending on the site, as demonstrated both in 
this study and the one by Lane and Shine (2011) on 
two sea krait species. In reptiles, a general pattern 
of male-biased dispersal is observed; however, 
certain circumstances (habitat fragmentation, road 
or railway constructions, sex differences in diet, 
etc.) may change this pattern (Martin et al., 2008). 
The dispersal propensity in fragmented landscapes 
may be diminished because individuals may avoid 
crossing habitat patch borders (Fahrig, 2007). In 
our study, the rather strong fragmentation of site Y 
affects the dispersal behaviour of male asp vipers. 
The partition in sites L and Y could even lead to 
selection for individuals with a lower dispersal rate 
in contrast to the other, less fragmented sites, as 
shown in butterflies (Travis & Dytham, 1999; Heino 
& Hanski, 2001). As females are generally more 
sedentary and had a similar dispersal ability in all 
sites, we hypothesize that males would show a loss 
in their predisposition to disperse. In butterflies, 
20 generations were necessary for the evolution of 
a reduced dispersal propensity (Dempster, 1991). 
The small mountain stream in site L is old, as it was 
already present on an early Swiss map [1854 (https://
map.geo.admin.ch, selecting ‘Journey through time 
– Map’ option)]; therefore a similar evolution of 
reduced dispersal propensity could be hypothesized. 
Conversely, the fragmentation of the site Y is more 
recent; even though the road was already present 
170 years ago, road traffic strongly increased only 
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about 50 years ago. In this site, the reduced dispersal 
propensity of the asp viper will probably only appear 
sometime in the future. Indeed, the impact of such 
landscape features has been found to affect the 
genetic diversity of timber rattlesnakes after seven 
or eight generations (Clark et al., 2010).

In conclusion, habitat fragmentation seems to be 
an important factor that influences the dispersal 
behaviour of asp vipers. A study of the impact of 
distinct degrees of fragmentation would give a clearer 
idea of the processes involved. From a conservation 
perspective, it would be crucial to connect suitable 
habitats as well as to create broad, asp-attractive 
corridors, enriched by specific habitat features such 
as shrubs, which are known to have an influence on 
the abundance of V. aspis (Luiselli & Capizzi, 1997). 
Finally, the pattern observed in the asp vipers should 
be tested in other snake species and other taxa with 
high road mortality. This would help us determine 
whether increased male mortality has a significant 
impact on the detection of sex-biased dispersal.
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Table S2 Number of sampled individuals per study site and subpopulation and the genetic differentiation (FST values calculated with FSTAT). The number of males and females are indicated in round brackets. 
         Study site Subpopulation   N (M/F)   FST values between the subpopulations      1 2 3 4 

L 1   51 (31/20)   -        2  21 (12/9)  0.064 -   
 3  19 (7/12)  0.111 0.118 -  
 4  16 (7/9)  0.19 0.214 0.269 -  Total  107 (57/50)      

C 1   24 (6/18)   -        2  101 (56/45)  0.062 -   
 Total  125 (62/63)      

B 1   70 (37/33)   -        2  31 (11/20)  0.063 -   
 Total  101 (48/53)      

Y 1   4 (2/2)   -        2  85 (40/45)  0.178 -   
  Total   89 (42/47)            



Table S3 Slope formulae of the isolation by distance in the four different study sites 
and their additionally investigated subpopulations.  

L 
Males y = 0.032 + 0.083x *** P < 0.001 R2 = 0.100 

Females y = 0.001 + 0.070x *** P < 0.001 R2 = 0.072 

L Males y = -0.005 + 0.078x *** P < 0.001 R2 = 0.092 

 Subpopulations 1–3 Females y = -0.100 + 0.100x *** P < 0.001 R2 = 0.176 

C 
Males y = −0.033 + 0.033x ** P = 0.004 R2 = 0.018 

Females y = −0.040 + 0.056x *** P < 0.001 R2 = 0.050 

B 
Males y = 0.039 + 0.044x * P = 0.012 R2 = 0.018 

Females y = −0.019 + 0.072x *** P < 0.001 R2 = 0.071 

Y 
Males y = 0.007 + 0.054x ** P = 0.006 R2 = 0.012 

Females y = 0.035 + 0.077x ** P = 0.003 R2 = 0.019 

Y Males y = -0.001 + 0.050x * P = 0.012 R2 = 0.011 

Subpopulation 2 Females y = -0.001 + 0.091x *** P < 0.001 R2 = 0.033 
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Abstract. Asp vipers (Vipera aspis) and adders (Vipera berus) coexist in the Loire-Atlantique department in France where
the two species reach their respective range limits. This contact zone is of special interest since hybridization has been
recently discovered there. We carried out extensive sampling to further investigate the hybrid status of morphologically typical
individuals and to evaluate the proportion of genetically admixed individuals in this area. Using microsatellite markers, no
hybrids with typical morphological traits of either asp vipers or adders were detected. All recently investigated individuals
with intermediate morphological traits were shown to be hybrids. A rather low proportion of genetically admixed individuals
(1.5-3%) and a very small number of supposed second-generation hybrids suggest reduced fertility of first-generation hybrids
or low viability of their progeny. The investigation of mtDNA of newly sampled hybrids support the finding that hybridization
only occurs between female V. aspis and male V. berus. Several possible explanations for the unidirectional hybridization are
discussed and consequent future studies suggested.

Keywords: contact zone, Eurasian vipers, interspecific hybridization, Viperidae.

Introduction

Studying contact zones is essential for under-
standing hybridization processes (Tarroso et al.,
2014). Natural hybridization can be observed in
about 10% of species in major faunal groups,
while it is even more frequent in plants (Mallet,
2008). While hybridization is mainly detected
in closely related taxa due to the lack of (or
limited) reproduction barriers, it can sometimes
also be observed in well-defined species (Mal-
let, 2008). Reproductive barriers can be either
pre- or postzygotic (Rundle and Nosil, 2005).
Prezygotic barriers to hybridization include spa-
tial and temporal isolation, natural selection
against immigrants, sexual isolation and post-
mating, prezygotic isolation (Rundle and Nosil,

2005). In the absence of prezygotic repro-
ductive barriers, postzygotic barriers can still
impede hybridization as F1 hybrids are often
sterile, while F2 hybrids are often not viable or
exhibit reduced fitness (Stebbins, 1958). These
latter barriers can be related to either intrin-
sic or ecologically-induced postzygotic isola-
tion, while sexual selection against hybrids may
represent another postzygotic barrier (Rundle
and Nosil, 2005). If reproductive barriers do
not fully isolate two species, introgression can
result in reticulated phylogenies, adaptations
and speciation (Mallet, Besansky and Hahn,
2016). Introgression does not always affect both
species equally and asymmetric introgression is
frequent (Currat et al., 2008).

© Valerie Zwahlen et al., 2022. DOI:10.1163/15685381-bja10091
This is an open access article distributed under the terms of the CC BY 4.0 license.
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In snakes, it has been shown that some valid
species are hybridizing in the wild (e.g., Mebert,
2008; Mebert et al., 2011), but it was mostly
observed for phylogenetically closely related
ones. However, introgressive hybridization is
still a rarely observed phenomenon in snakes
(e.g., Sanders, Rasmussen and Guinea, 2014;
Kindler et al., 2017; Schultze et al., 2019).
In the genus Vipera, the speciation of most
taxa is quite recent (about 17 Myr ago for
the oldest one, but less than 2 Myr for the
youngest; Freitas et al., 2020), leading to sev-
eral contact zones with F1 and later-generation
hybrids, with variable levels of introgression,
mainly dependent on the time since the species
have been separated. For instance, in the con-
tact zone between Vipera aspis, V. latastei

and V. seoanei in Spain, frequent hybridiza-
tion between V. aspis and V. latastei occurrs
(two closely related species), whereas hybrids
between V. latastei and V. seoanei (belonging to
two different subgenera) are only rarely present
(Tarroso et al., 2014). Natural hybrids of viper
species are also found e.g., between V. berus

and V. ammodytes (Mihalca et al., 2003; Czir-
ják et al., 2015), V. aspis and V. ammodytes

(Lapini, 1988; Bagnoli, Capula and Luiselli,
2014) and between V. berus and V. renardi

(Pavlov et al., 2011). Additionally, hybrids of
viper species were repeatedly bred in captiv-
ity (Mertens, 1964; Saint Girons, 1977; Faoro,
1986; Saint Girons, 1990; Schweiger, 2009). In
the Vipera genus, many species show parapatric
distributions (Chamorro et al., 2020) and fre-
quently a lack of total genetic isolation (e.g.,
Czirják et al., 2015) with evidences for incom-
plete reproductive barriers (Pavlov et al., 2011;
Tarroso et al., 2014). However, not all contact
zones result in hybridization between the para-
patric species (e.g., Luiselli, Filippi and Lena,
2009).

The para-Mediterranean Vipera aspis (asp
viper, subgenus Vipera) and the Euro-Siberian
Vipera berus (adder, subgenus Pelias) diverged
about 10 to 15 Mya (Szyndlar and Rage, 2002;
Freitas et al., 2020). While the warm-adapted

V. aspis occurs throughout northeastern Spain,
the southern half of France, Italy, northwest-
ern Slovenia and the Black Forest, the cold-
adapted V. berus is distributed throughout a
large Eurosiberian range (Saint Girons, 1980a).
Both species can easily be distinguished by their
morphology, including dorsal pattern, head sca-
lation and the presence (V. aspis) or absence
(V. berus) of an upturned snout (Saint Girons,
1980a). While V. aspis has 42 chromosomes,
V. berus has only 36 (Saint Girons, 1977).
The two species usually occupy contrasted cli-
matic niches and habitats (Saint Girons, 1975;
Scali et al., 2011) as they differ in physiology
and water requirements (Guillon et al., 2013).
Still, contact zones exist in Switzerland (Mon-
ney, 1996), Italy (Scali et al., 2011), Slovenia
(Mebert et al., 2015) and France (Saint Girons,
1975; Naulleau, 1986). Even if the ecologi-
cal niches are different between both species,
there is always some slight overlap at the mar-
gin of both niches, where the species usually
occupy contrasted microhabitats (Guillon et al.,
2013), and where supposed hybrids were found
in different parts of France: one individual with
mixed morphological traits was photographed
in Auvergne (Geniez, 2015), a few individuals
were found and morphologically identified as
hybrids by Viaud-Grand-Marais (1869) in the
Deux-Sèvres department (V. berus population
currently extinct) and by Saint Girons (1975)
in the Loire-Atlantique department. These sup-
posed hybrids showed intermediate morpholo-
gical traits, specifically head scalation, dorsal
pattern, or eye colour, not typical for either V.

aspis or V. berus. The existence of hybrids in the
Loire-Atlantique department was later geneti-
cally confirmed by Guiller, Lourdais and Ursen-
bacher (2017).

In the study of Guiller, Lourdais and Ursen-
bacher (2017), ten individuals from the contact
zone showing mixed morphological traits were
genetically analysed and compared to reference
individuals of each parental species (N = 2 ×
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20) sampled about 10 km away from the con-
tact zone. No individuals with typical morpho-
logical traits of V. aspis and V. berus from the
contact zone itself were analysed in this former
study. Therefore, an evaluation of the propor-
tion of genetically admixed individuals as well
as an assessment of a potential hybrid status of
individuals with typical morphological traits is
not available. Herein we performed an expanded
sampling to answer the following questions:

(i) What is the hybrid status of morpholog-
ically intermediate individuals? We pre-
dict that mainly F1 and only rarely post-
F1 lineages occur.

(ii) Are there hybrids with typical mor-
phological traits of one of the parental
species? Since we predicted a rare pres-
ence of post-F1 lineages, we expect at
most a few hybrids with typical morpho-
logical traits.

(iii) What is the proportion of genetically
admixed individuals in the contact zone?
By analysing randomly sampled indi-
viduals using microsatellite markers we
expect a low proportion of genetically
admixed individuals.

(iv) Is gene flow directional? By investigat-
ing the mtDNA as a marker of the mater-
nal lineage, we expect a unidirectional
hybridization with V. aspis as the mater-
nal parent as it was the case for all
hybrids analysed in the study of Guiller,
Lourdais and Ursenbacher (2017).

Materials and methods

Species ecology in the study area

The Loire-Atlantique department constitutes the northern
limit of the asp viper distribution, while it represents the
southern limit of the adder distribution (Naulleau, 1986). In
this area, V. berus is growing faster, reach sexual maturity
earlier and give birth to a higher number of viable offspring
than V. aspis (Saint Girons, 1975; Guiller, 2012; Guiller,
Legentilhomme and Lourdais, 2012). The main mating sea-
son of both species is in spring, but V. aspis can also occa-
sionally mate in autumn (Saint Girons, 1975). The spermio-
genesis of V. berus takes place in spring and a pre-mating
ecdysis is required before the onset of reproduction. In V.

aspis, spermiogenesis mainly occurs in summer and males
are ready to mate soon after their emergence from hiberna-
tion (Saint Girons, 1975). While male V. aspis are ready to
mate earlier than male V. berus, in contrary, the ovulation of
female V. aspis takes place a bit later than this of female V.

berus (Saint Girons, 1975).

Sampling

A total of 170 V. aspis, 212 V. berus and 11 individuals with
intermediate morphological traits were sampled randomly
since 2010 in one particular location of the contact zone
(municipality of Blain in the Loire-Atlantique department).
More details about the extent (1.35 km2) and structure of
the study area can be found in Guiller et al. (2018). Of
those 11 morphologically intermediate individuals, seven
were specifically chosen to investigate their hybrid status
in Guiller, Lourdais and Ursenbacher (2017). The other
four individuals with intermediate morphological traits were
newly sampled following the previous study and included
in the present one. To assess the proportion of genetically
admixed individuals of V. aspis and V. berus in the study site
and to detect possible hybrids lacking intermediate morpho-
logical traits, 112 of the remaining 386 non-analysed indi-
viduals were chosen randomly for genetic analyses (select-
ing the first 112 samples collected, checking for a similar
proportion of both species and both sexes: 30 male and 28
female V. aspis, 24 male and 28 female V. berus and two
females with intermediate morphological traits).

Furthermore, the two morphologically intermediate indi-
viduals which were not included in the random sample as
well as three additional morphologically intermediate indi-
viduals newly sampled in other parts of the contact zone
(in municipalities of Le Gâvre and Marsac sur Don) were
also investigated. These last three samples were only con-
sidered to assess if individuals with intermediate morpholo-
gical traits are hybrids and if hybridization is directional.

Since in the previous study (Guiller, Lourdais and Ursen-
bacher, 2017), microsatellite primers, which could only
be amplified in one of the two focal species, were also
included, and as Structure and NewHybrids (see methods
below) could not deal with a large number of missing
data, it made sense to re-analyse the samples using only
microsatellite markers working for both species. Therefore,
six of the seven samples collected after 2010 (mentioned
above) as well as two of three additional samples with
intermediate morphological traits collected during a non-
random sampling before 2010 were re-analysed with the
same microsatellite markers as in the present study (see
below). One of these latter two re-analysed individuals was
showing intermediate morphological traits but was genet-
ically identified as pure V. aspis by Guiller, Lourdais and
Ursenbacher (2017). Two samples could not be re-analysed
due to a lack of extant DNA. For the previous study, ref-
erence samples of individuals showing typical morpholo-
gical traits (20 V. aspis and 20 V. berus) were collected
about 10 km away from the contact zone and were also re-
analysed. Consequently, the complete dataset for the genetic
analysis regrouped a total of 165 samples (120 collected
after 2010 in the contact zone of which 112 randomly cho-
sen to assess proportion of genetically mixed individuals; 43
from different locations).
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DNA extraction and microsatellite amplification

DNA of 165 individuals was extracted from clipped ven-
tral scales using the DNeasy Blood and Tissue Kit (Qiagen,
Hombrechtikon, Switzerland). Polymerase chain reactions
(PCR) of microsatellite markers were initially conducted
using 21 fluorescent-labelled primers developed for V. aspis

(Geser et al., 2013) and V. berus (Ursenbacher, Monney and
Fumagalli, 2009) in five different multiplex PCR. Multiplex
PCRs were performed in 10 µl reactions with the Type-
it Microsatellite PCR Kit (Qiagen) following manufac-
turer’s instructions (32 cycles using 2 µl template DNA and
primers with a concentration between 0.1 and 0.3 µM after
preliminary tests) in an Eppendorf Mastercycler Gradient
(Vaudaux-Eppendorf AG, Schönenbuch, Switzerland). PCR
products were visualized with an ABI 3130xl Genetic Ana-
lyzer (Applied Biosystems, Foster City, CA) and lengths of
the alleles were assessed using Peak Scanner™ Software
v2.0 (Applied Biosystems). Due to poor performance of the
multiplex PCR, a lack of cross-species amplification or a
lack of polymorphism, 14 primers were removed after first
tests. Finally, only seven microsatellite markers (Va-P8, Va-
P20, Va-P25, Va-P26, Va-P29, Va-P51 and Vb-A8) could be
amplified and were polymorphic in both species and were
kept for further analyses.

Assessment of population structure and hybridization level

To detect possible hybrids and to see if the results with seven
microsatellites are consistent with the previous results, a
Bayesian cluster analysis was performed using Structure
2.3.4 (Pritchard, Stephens and Donnelly, 2000). Structure
was run three times with different settings. First, correlated
allele frequencies were used and no prior information was
entered into the software (Falush, Stephens and Pritchard,
2003). Second, the same analysis was performed using
independent allele frequencies (as the involved species
diverged > 10 Mya ago). Finally, a third analysis was
performed using prior population information to test for
hybrids (reference samples were denoted as pure using
USEPOPINFO = 1 with POPFLAG = 1 for V. aspis and
POPFLAG = 2 for V. berus, and USEPOPINFO = 0 for
individuals of the contact zone; Hubisz et al., 2009). All the
three analyses were performed using the admixture model
which can “deal with hybrid zones in a natural way” as
mentioned in Pritchard (2009). Ten replicates per K ranging
from 1 to 10 were ran, each with 400 000 MCMC iterations
after a burn-in of 200 000 iterations. As the results were sim-
ilar with all the three methods, only the outcome of the first
analysis is shown hereinafter.

The most probable number of clusters K was assessed
using the mean log-likelihood L(K) as well as the 1K
method (Evanno, Regnaut and Goudet, 2005), both imple-
mented in StructureHarvester Web 0.6.94 (Earl and von-
Holdt, 2012). The ten runs corresponding to the most prob-
able number K were pooled using the pipeline CLUMPAK
(Kopelman et al., 2015).

To assess the level of hybridization of individuals,
NewHybrids 1.1 beta (Anderson and Thompson, 2002) was
used allowing to calculate the probability of an individual

being assigned to one of the following genotypes: pure V.

aspis (PVa), pure V. berus (PVb), F1, F2, first-generation
backcross with V. aspis (F1 × V. aspis; BcVa) and first-
generation backcross with V. berus (F1 × V. berus; BcVb).
The analysis was performed twice with a burn-in of 100 000
followed by 1 000 000 sweeps, once using “Jeffreys” priors
and once using “Uniform” priors, both without placing pri-
ors on mixing proportions and allele frequencies. As the two
methods yielded similar results and as assignments of the
simulated data were more efficient and accurate using Jef-
freys priors, only results of the analysis with Jeffreys priors
are shown below. The 20 V. aspis and 20 V. berus reference
individuals from Guiller, Lourdais and Ursenbacher (2017)
were included in the analysis denoted as pure individuals
collected from another location (using the z and s option of
the program). The three additional individuals with interme-
diate morphological traits were also denoted as sampled in
another location (using the s option of the program).

To assess the statistical power of Structure and NewHy-
brids for correctly identifying individuals as purebreds or
hybrids, 500 individuals of each of the following levels were
simulated with HybridLab 1.0 (Nielsen, Bach and Kotlicki,
2006; Vähä and Primmer, 2006): pure V. aspis (PVa), pure V.

berus (PVb), F1, F2, first-generation backcross with V. aspis

(F1 × V. aspis; BcVa) and first-generation backcross with V.

berus (F1 × V. berus; BcVb). To simulate the 500 individ-
uals of each parental species, only individuals which were
assigned> 99% to one of the species with Structure (= 110
individuals in total) were used as input. Using those simu-
lated 1000 individuals as input, 500 F1 and subsequently,
500 F2 and 1000 backcrosses (500 BcVa and 500 BcVb)
were simulated. With those simulated 3000 individuals, the
analyses with Structure and NewHybrids were repeated with
the same settings stated above.

A Principal Coordinates Analysis (PCoA) was per-
formed on a matrix of genetic distances using GenAlEx
6.51b2 (Peakall and Smouse, 2006; Peakall and Smouse,
2012) to visualize the genetic differences between the
species and to assess a supposed intermediate status of
hybrids.

The proportion of genetically admixed individuals was
calculated in two different ways. First, only the 112 ran-
domly chosen individuals were taken into account for the
calculation. Second, all the individuals sampled from 2010
onwards were included in the calculation: on one hand, all
morphologically intermediate individuals were genetically
analysed (sampled after 2010: N = 11, newly analysed
and re-analysed: N = 10) to ensure their hybrid status; on
the other hand, the proportion of hybrids in the randomly
chosen morphologically typical individuals (×/110 as 2 of
112 were morphologically intermediate) was applied to the
total number of morphologically typical individuals sam-
pled since 2010 (N = 382). The sum of hybrids (number of
hybrids among morphologically intermediate individuals +

proportion of hybrids in randomly sampled morphologically
typical individuals ∗ total number of morphologically typi-
cal individuals) was finally divided by the total number of
sampled individuals to get a second measurement of the
proportion of genetically admixed individuals. For this eval-
uation, the three additional individuals with intermediate
morphological traits sampled in other parts of the contact
zone were excluded.



Genetic admixture between Vipera aspis and Vipera berus 185

Figure 1. Structure analysis (K = 2) of V. aspis and V. berus samples collected in the Loire Atlantique department
(France). Morphologically intermediate individuals include individual 4.14 which was genetically assigned to V. aspis. The
hybridization level of individuals 14 and 71 could not be clearly assigned.

Assessment of the maternal lineage

To assign the maternal lineage, a portion of the cytochrome
b of the putative hybrids was amplified following the pro-
tocol mentioned in Ursenbacher et al. (2006), or, when
only short DNA fragments could be replicated, a small
part of the cytochrome b (but sufficient to discriminate
between V. aspis and V. berus) was amplified using the new
primers L15192Vb (5′-CACACATTGCACGAGGC-3′) and
H15301Vb (5′-AACATAGCCGAAGAAGGC-3′) and sim-
ilar PCR conditions were applied. The sequences were later
compared to already published sequences of V. berus and
V. aspis with Nucleotide BLAST in order to determine the
maternal lineage.

Results

Assignment analyses

Among the 165 genetically analysed individu-
als, 14 could be identified as hybrids, all of them
having intermediate traits. One morphologically
intermediate individual (4.14) was genetically
identified as pure V. aspis, as in Guiller, Lour-
dais and Ursenbacher (2017). All the morpho-
logically typical individuals were identified as
purebred (78 individuals as pure V. aspis and 72
individuals as pure V. berus).

StructureHarvester identified the most prob-
able number of clusters K = 2 (fig. 1) using
the mean log-likelihood L(K) (supplementary
fig. S1) as well as the 1K method (supplemen-
tary fig. S2). Structure assigned all the 14 mor-
phologically intermediate individuals (except
for 4.14) on average 50.8% to V. aspis (max
value: 76.3%, individual 71; table 1), while the
morphologically typical individuals were genet-
ically assigned to their according species by at
least 85.1% to V. aspis and 94.2% to V. berus

and on average 98.6% to V. aspis and 99.1% to
V. berus (tables 1 and 2).

As NewHybrids performed better in identify-
ing later generation hybrids using Jeffreys pri-
ors, only the output of this analysis is shown
(tables 1 and 2 and fig. 2). NewHybrids con-
firmed the result of Structure and none of
the morphologically intermediate individuals
(except for 4.14) could be assigned to either one
of the parental forms with a probability of more
than 22.7%. Twelve of the 14 morphologically
intermediate individuals (except for 4.14) were
considered to be F1 with a probability of at least
81.3%, while one (71) was assigned as F1 with a



186 V. Zwahlen et al.

Table 1. Genetic assignment of morphological intermediate individuals (putative hybrids between Vipera aspis and V. berus)
in the Loire-Atlantique department (France) using Structure (K = 2) and NewHybrids. Probabilities of classification using
NewHybrids > 0.6 are highlighted in bold. The individuals 70, 71 and 106 are not from exactly the same location but were
found about 1 km apart. Individuals in italics were non-randomly sampled before 2010, while the other individuals were
randomly sampled after 2010. PVa = pure Vipera aspis; PVb = pure Vipera berus; BcVa = F1 × Vipera aspis; BcVb = F1 ×

Vipera berus.

Individual Sex Structure NewHybrids Jeffreys mtDNA

q1 q2 PVa PVb F1 F2 BcVa BcVb

1.32 Female 0.655 0.345 0.002 0.000 0.880 0.039 0.077 0.001 V. aspis

4.28 Male 0.469 0.531 0.000 0.000 0.813 0.115 0.051 0.021 V. aspis

4.7 Female 0.473 0.527 0.000 0.000 0.986 0.006 0.006 0.002 V. aspis

4.8 Female 0.596 0.404 0.000 0.000 0.973 0.008 0.019 0.001 V. aspis

6.16 Female 0.439 0.561 0.000 0.000 0.973 0.014 0.008 0.005 V. aspis

10.16 Male 0.551 0.449 0.000 0.000 0.971 0.013 0.015 0.001 V. aspis

14 Male 0.624 0.376 0.024 0.000 0.055 0.442 0.479 0.000 V. aspis

59 Female 0.524 0.476 0.000 0.000 0.972 0.011 0.014 0.002 V. aspis

62 Female 0.573 0.428 0.000 0.000 0.978 0.007 0.014 0.001 V. aspis

76 Male 0.357 0.643 0.000 0.000 0.953 0.024 0.008 0.015 V. aspis

82 Male 0.545 0.455 0.000 0.000 0.978 0.008 0.013 0.001 V. aspis

70 Female 0.426 0.574 0.000 0.001 0.895 0.066 0.019 0.019 V. aspis

71 Female 0.237 0.763 0.000 0.227 0.453 0.193 0.007 0.120 V. aspis

106 Male 0.636 0.364 0.001 0.000 0.927 0.023 0.046 0.002 V. aspis

4.14∗ Male 0.989 0.011 0.995 0.000 0.000 0.000 0.005 0.000 V. aspis

∗Genetically identified as pure V. aspis despite its intermediate morphological traits.

Table 2. Assignment and classification of the individuals of V. aspis (PVa) and V. berus (PVb) analysed in the Loire Atlantique
department (France). On the left, results of Structure (K = 2) are shown followed by the percentage of correctly identified
individuals using two different thresholds (0.9 and 0.95, respectively). On the right, the percentage of correctly identified
individuals using two different thresholds (0.9 and 0.6, respectively) in NewHybrids.

Category STRUCTURE (CLUMPAK-results) NEWHYBRIDS – Jeffreys

Average proportion of Correct Average probability Correct
assignment (range) assignment (range) classification

q1 q2 0.9 0.95 Q 0.9 0.6

PVa 0.986 (0.851-0.996) 0.014 (0.004-0.149) 98.72% 94.87% 0.991 (0.857-1.000) 98.72% 100%
PVb 0.009 (0.005-0.058) 0.991 (0.942-0.995) 100% 98.61% 0.999 (0.968-1.000) 100% 100%
Morph.

intermediate
0.507 (0.237-0.655) 0.4963 (0.345-0.763) – – – – –

4.14∗ 0.989 0.011 – – 0.995 – –

∗Genetically identified as pure V. aspis despite its intermediate morphological traits.

probability of 45.3% and the last individual (14)
as a BcVa (47.9%) or less likely as F2 (44.2%).

Evaluation of statistical power

The different methods performed relatively well
in assigning and classifying simulated pure indi-
viduals of both species (table 3). Structure was
able to correctly identify 90.4% of the simulated
pure V. aspis and 97.8% of the simulated pure

V. berus when using a threshold of 0.9. How-
ever, using a threshold of 0.95, only 18.6% of
the simulated pure V. aspis and 31.4% of the
simulated pure V. berus could be correctly iden-
tified. Similarly, NewHybrids was able to cor-
rectly assign 76.2% of simulated pure V. aspis

and 96.6% of simulated pure V. berus using a
threshold of 0.9. Structure as well as NewHy-
brids performed better in identifying pure V.

berus than pure V. aspis. As hybrids are usually
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Figure 2. NewHybrids results using Jeffreys priors of V. aspis and V. berus samples collected in the Loire Atlantique
department (France). Morphologically intermediate individuals include individual 4.14 which was genetically assigned to
V. aspis. The hybridization level of individuals 14 and 71 could not be clearly assigned. BcVa = F1 × Vipera aspis; BcVb =

F1 × Vipera berus.

Table 3. Assignment and classification of the simulated individuals with different hybridization levels based on V. aspis and
V. berus samples collected in the Loire Atlantique department (France). On the left, the percentage of correctly identified
simulated pure individuals using two different thresholds (0.9 and 0.95, respectively) in the Structure analysis (K = 2). On
the right, the percentage of correctly identified simulated individuals of the different hybridization levels using two different
thresholds (0.9 and 0.6, respectively) in NewHybrids. PVa = pure Vipera aspis; PVb = pure Vipera berus; BcVa = F1 ×

Vipera aspis; BcVb = F1 × Vipera berus.

Category STRUCTURE (CLUMPAK-results) NEWHYBRIDS – Jeffreys

Average proportion of Correct Average probability Correct
assignment (range) assignment (range) classification

q1 q2 0.9 0.95 Q 0.9 0.6

PVa 0.931 (0.779-0.958) 0.069 (0.042-0.221) 90.40% 18.60% 0.915 (0.192-0.992) 76.20% 96.40%
PVb 0.056 (0.045-0.142) 0.944 (0.858-0.955) 97.80% 31.40% 0.966 (0.609-0.989) 96.60% 100%
F1 0.504 (0.295-0.651) 0.496 (0.349-0.706) – – 0.817 (0.061-0.963) 34.20% 90.20%
F2 0.511 (0.130-0.905) 0.489 (0.096-0.870) – – 0.581 (0.008-1.000) 34.60% 51.20%
BcVa 0.733 (0.308-0.954) 0.267 (0.046-0.692) – – 0.677 (0.004-0.967) 24.40% 72.20%
BcVb 0.268 (0.046-0.553) 0.732 (0.447-0.954) – – 0.695 (0.007-0.951) 18% 77.20%

identified with lower statistical power, a sec-

ond threshold for the assignment probabilities

of NewHybrids was set to 0.6 as it was also done

by do Prado et al. (2017). Using this threshold of

0.6, NewHybrids was able to correctly classify

90.2% of simulated F1, 51.2% of simulated F2,

72.2% of simulated BcVa (F1 × Vipera aspis)

and 77.2% of simulated BcVb (F1 × Vipera

berus). NewHybrids performed badly in identi-

fying hybrids using a threshold of 0.9 and could

only classify 18-34.6% of the individuals cor-

rectly. The application of the different thresh-

olds on our real data demonstrates the reliability

of our results: using a threshold of 0.9, Struc-

ture and NewHybrids yielded exactly the same

outcome and could correctly assign 98.72% of
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Figure 3. Principal Coordinates Analysis (PCoA) based on 10 microsatellite markers showing the distribution of morpholog-
ically intermediate individuals in between the pure V. aspis and pure V. berus individuals in the Loire Atlantique department
(France). Individual 4.14 was morphologically intermediate but genetically assigned to pure V. aspis.

the pure V. aspis and 100% of the pure V. berus

(table 2). Among the 15 individuals with inter-
mediate morphological traits 12 could be classi-
fied as F1 with NewHybrids using a threshold of
0.6 (lowest value 0.813 for individual 4.28, table
1). Two individuals with intermediate morpho-
logical traits (14 and 71) could not be clearly
assigned to any hybrid category with NewHy-
brids using a threshold of 0.6 (highest values
0.479 and 0.453, respectively, table 1). Only one
individual was assigned to one of the species
with Structure using a threshold of 0.9 (highest
value 0.763 for individual 71, table 1).

Principal coordinate analysis (PCoA)

The PCoA showed an intermediate position of
the hybrids between the two parental species
(fig. 3). The first coordinate axis of the PCoA
explained 21.4% of the variation, the second
coordinate axis 5.5%, respectively. The genet-
ically pure V. aspis with intermediate morpho-
logical traits (4.14) was situated in between
other genetically pure V. aspis even though it
was placed at an edge position. The morpho-
logically intermediate individual 71, which was
assigned with a probability of 76.3% to belong
to V. berus, was situated among the other puta-
tive hybrids yet nearer to pure V. berus sam-
ples than to pure V. aspis samples. Similarly,
the morphologically intermediate individual 14,

which was assigned to V. aspis with a probabil-
ity of 62.4% in Structure and which could not be
clearly assigned with NewHybrids, was situated
in between the pure V. aspis and the hybrids.

Proportion of genetically admixed individuals

and direction of gene flow

Two of the 112 newly analysed and randomly
selected individuals were identified as hybrids
what results in a proportion of genetically
admixed individuals of 1.79%. Using the sec-
ond evaluation method, we estimated a pro-
portion of genetically admixed individuals of
2.80% ([11 + (0/110) ∗ 382]/393), which is
very close to the evaluation based on randomly
selected samples only. Consequently, the pro-
portion of genetically admixed individuals can
be assumed to be between 1.5% and 3% in
this particular contact zone. The analysis of the
cytochrome b revealed that the mtDNA of all
the individuals with intermediate morphological
traits can be assigned to the haplotype of V.

aspis from the reference population (GenBank
No: KX781250, table 1).

Discussion

Our study demonstrates that hybridization
between the two species occurs but is rare
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and we confirm unidirectional crossing. All
analysed individuals showing typical morpho-
logical traits of one species could be properly
assigned to their supposed species suggesting
that hybrids can be already identified based on
their intermediate morphology. We discuss our
findings below.

Hybridization mainly to F1 level

In contrast to the previous study by Guiller,
Lourdais and Ursenbacher (2017), most of the
hybrids (except of individuals 14 and 71) could
be assigned to F1. The differences can be
explained by the use of markers that amplified
well in both species and likely provide more
reliable results.

Only one individual (14) could be most likely
assigned as a backcross (F1 × parental) or
F2. We can assume that F1 hybrids (and rare
F2 or backcrosses) have a low fitness. Even
if F1 hybrids seem to have the same sur-
vival rate as their parental species (several F1
individuals from this study were observed in
the field over several years by GG), a simi-
lar fecundity would result in a higher propor-
tion of F2 and backcrosses. Low viability of
second-generation hybrids was observed in lit-
ters of wild F1 females that gave birth in cap-
tivity. These litters (N = 6) produced only
three viable second-generation hybrids (born by
two different females) and these juveniles were
never found after release. Additionally, the dif-
ferent litters of these six F1 females produced
three stillborn, one undeveloped embryo and 14
undeveloped ova (GG, unpubl. data). Likewise,
Schweiger (2009) tried to cross hybrids between
V. aspis and V. ammodytes with each other, but
F2 hybrids or backcrosses were either not viable
at all or lived at most 1.5 years. Similarly, Faoro
(1986) was able to breed a generation of F2
hybrids of V. aspis with V. ammodytes, but only
one offspring was born healthy. Although V.

aspis is more closely related to V. berus than
to V. ammodytes (Freitas et al., 2020), it can be
expected that viable F2 hybrids of V. aspis and
V. berus exist only exceptionally. Consequently,

the proportion of hybrids in the contact zone is
possibly quite stable and virtually no introgres-
sion occurs.

Low proportion of genetically admixed

individuals

Interspecific hybridization rates in natural popu-
lations are usually 0.1% or less per generation
(Mallet, Besansky and Hahn, 2016). Species are
alleged to be able to hybridize more often if
their divergence time is less than 15 Mya (Bol-
nick and Near, 2005). This is supported by our
study, where the occurrence of hybridization is
confirmed with a divergence time of 13-14 Mya
between the two focal species (Freitas et al.,
2020). In the Loire-Atlantique department, the
proportion of genetically admixed individuals
is still quite low (between 1.5 and 3%) and
could be considered comparable to the contact
zone occurring in Slovenia (one single indi-
vidual with some signs of ancient hybridiza-
tion among 28 genetically tested V. berus and
V. aspis individuals; Mebert et al., 2015) or
in northern Spain, where hybrids between V.

aspis and V. seoanei (two species separated by
the same time span as V. aspis and V. berus;
Freitas et al., 2020) were not detected (but
the habitat is not considered optimal for V.

seoanei) and only one between V. latastei and
V. seoanei was found (Tarroso et al., 2014).
Even if V. seoanei possesses a similar repro-
ductive cycle as the asp viper, with an addi-
tional mating period in autumn (in opposite to
V. berus; Saint Girons 1980b), the differenti-
ation between these species belonging to two
different subgenera (Pelias and Vipera 1) seems
to be sufficient to imply a limited gene flow.
Similar observations were conducted between
Vipera 1 and Vipera 2 groups (following Nil-
son and Andrén, 1997) as no hybrids were
detected in Slovenia between V. aspis and V.

ammodytes (Mebert et al., 2015). In contrast,
hybridization within the same subgenus (e.g.,
within Vipera 1 or Pelias) is more common, as
locally observed between V. latastei and V. aspis

(Tarroso et al., 2014) or related to old gene flow
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between V. kazankovi and V. renardi (Zinenko et
al., 2016) or V. renardi and V. berus (Pavlov et
al., 2011). The old split between the 3 subgenera
(about 10 Myr) is perhaps sufficient to strongly
reduce reproductive compatibility to the forma-
tion of only a few F1 and backcross individuals,
whereas the more recent speciation within the
subgenus (< 10 Mya; see Freitas et al., 2020)
permits more important gene exchanges, which
is still possible to detect long time after intro-
gression (Zinenko et al., 2016; Pavlov et al.,
2011).

Because no hybrids have been found in the
Alps (Monney, 1996; Scali et al., 2011), eco-
logical factors could explain the occurrence of
hybrids at lower altitudes like in the studied
area. Even if habitat segregation was demon-
strated in high altitudes (Monney, 1996; Scali
et al., 2011; Mebert et al., 2015), as well as
in our study area, where V. berus occupies
basking sites with higher humidity and colder
microconditions (Guillon et al., 2013), recent
anthropogenic disturbance induced by the inten-
sified agricultural farmland could be a possible
explanation for an increased contact between
the species and consequently the occurrence of
hybrids in our study area (Grabenstein and Tay-
lor, 2018). Furthermore, a higher homogene-
ity of habitats in the degraded farmland com-
pared to the Alps could possibly reduce the
effect of differentiated microhabitat selection
by both species, leading to increased encoun-
ters between the two species and thus more
frequent hybridization events. Additionally, dif-
ferences in phenology probably pose the most
likely explanation for the absence of hybrids in
higher altitudes as different mating periods were
observed in the Alps (Monney, 1996) while
overlapping mating periods were demonstrated
in our lowland study area (Guillon et al., 2013;
Guiller et al., 2014).

Evidences for directional hybridization

In all hybrid individuals (N = 14), the mtDNA
was always provided by V. aspis, meaning
that the hybridization is unidirectional (male V.

berus with female V. aspis). If the abundance
of one species is exceeding the abundance of
the other species in a contact zone, the prob-
ability of an interspecific hybridization would
be enhanced (Rohde et al., 2015). As the abun-
dance of both species is similar in the study
site (Guiller et al., 2018), there is likely no
impact on the hybridization in this regard. Sev-
eral possible explanations for the unidirectional
hybridization can be proposed:

(1) Prezygotic barriers: as V. berus is cold-
adapted in opposite to V. aspis, one can hypoth-
esise that males of V. berus are emerging ear-
lier from hibernation and thus the likelihood
for a female asp viper to encounter a male
adder during the early mating season is bigger.
However, in the study site, it has been shown
that male V. aspis and male V. berus emerge at
about the same time from hibernation (Guiller,
Legentilhomme and Lourdais, 2014). Addition-
ally, only male V. berus need to terminate their
spermiogenesis (Prestt, 1971; Nilson, 1980) and
undergo a pre-mating ecdysis after hibernation
(Saint Girons, 1980b). This implies that male
adders likely start their search for females later
in the year than male V. aspis. Because of year-
to-year variation in temperature and precipita-
tion, the probability of an interspecific mating
is likely fluctuating.

Moreover, both species use specific phero-
mones (Saint Girons, 1980a) and mating exper-
iments conducted by Saint Girons (1975) de-
monstrated that single specimens of different
viper species do not interbreed when placed
in the same artificial enclosure. But when he
formed an “artificial population” out of differ-
ent species, interspecific copulations occurred.
This observation could be explained by a blend-
ing of pheromones within the enclosure which
impedes males from identifying their conspe-
cific females. As those observations would
explain interspecific copulation in a habitat
where both species are abundant, an impact on
the unidirectional hybridization remains ques-
tionable. But we can hypothesize that male
asp vipers perform better in recognizing their
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conspecific females in mixed populations than
adders, what would prevent them from mating
with female adders; or alternatively that adders
are also attracted to asp viper pheromones.
Differences in courtship behaviour could also
explain unidirectional hybridization if V. aspis

females respond to the courtship behaviour of
V. berus males, but V. berus females not to that
of V. aspis males.

Another possibility for a pre-zygotic repro-
ductive barrier could be an incompatibility of
V. aspis hemipenes with V. berus cloaca since
hemipenes of V. aspis are longer with more
basal spines than those of V. berus (Zuffi, 2002).
Because copulation between a male asp viper
and a female adder was observed by Saint
Girons (1975), this explanation is not supported.

As multipaternity is known from both species
(V. aspis: S. Nanni personal communication; V.

berus: Ursenbacher, Erny and Fumagalli, 2009),
it is likely that some females are mating with
males of both species. Sperm competition could
lead to the survival of V. berus sperms only what
would explain the unidirectional hybridization.
But if this would be the only reason, the lack
of matings of female V. berus with only male V.

aspis is improbable.
(2) Postzygotic barriers: copulation may be

possible in both directions, but the genomes of
the two species may form a viable zygote only
in one direction resulting in asymmetric viabil-
ity. As asp vipers have 42 chromosomes (2n),
while adders have 36 chromosomes (2n), we
can hypothesise that hybridization is only possi-
ble between females with 42 chromosomes and
males with 36 chromosomes. In fishes, it has
been shown that hybrids can survive if the num-
ber of maternal chromosomes is greater than or
equal to the number of paternal chromosomes,
whereas a hybridization hardly produces liv-
ing progeny if the chromosomal number of the
maternal fish is lower than that of the paternal
fish (Liu, 2010). However, a crossing between a
female V. seoanei (2n = 36 as for V. berus) and
a male V. aspis (2n = 42) resulted in viable indi-
viduals with 39 chromosomes (2n; Saint Girons,

1977). But still, other genetic incompatibilities
between V. berus females and V. aspis males
are likely, e.g., due to cytoplasmic issues (Fer-
ree and Barbash, 2009) or sex chromosomes
(Matute and Gavin-Smyth, 2014).

Differential survival represents another post-
zygotic barrier which could explain the ob-
served results. If there is embryonic survival, the
hybrid neonates mothered by V. berus possibly
do not survive in the wild. Considering the
extensive sampling in the area by one of the
authors (GG), it seems very unlikely that all
hybrids between female V. berus and male V.

aspis older than one year would have been
overseen if there would be any.

The hypotheses mentioned before could be
tested in captivity or semi-captivity. Monitoring
of the hybrids in the field should give a better
insight into the fitness, survival and fecundity
of the hybrids. In fact, during the writing of
this article three additional adult hybrids were
detected and a female V. aspis produced a lit-
ter of four young, one typical V. aspis and three
with intermediate morphological traits. By com-
paring the reproduction rates of the parental
species as well as of the hybrids, a better
understanding of the unidirectional hybridiza-
tion could be achieved.
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Figure S1 Result of the log-likelihood obtained from StructureHarvester 

 

Figure S2 Result of ΔK method obtained from StructureHarvester  

 

 

 

 

 

 

 



 

Figure S1. Result of the log-likelihood obtained from StructureHarvester; the lowest 
value of K after a considerable increase in the mean log-likelihood L(K) shows the most 
probable number of K = 2. 



 

Figure S2. Result of ΔK method obtained from StructureHarvester, the highest value of 
ΔK shows the most probable number of K = 2.  
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GENERAL DISCUSSION  

The threat of asp vipers and adders is probably greatly underestimated as both species are affected by 

degradation and fragmentation of habitats, habitat loss and persecution (Jäggi and Baur, 1999; 

Kaufmann, 1893; Luiselli and Capizzi, 1997; Madsen, Stille and Shine, 1996; Madsen and Ujvari, 

2011). Both species are subject of numerous studies, but still many aspects of their biology are unknown. 

The present thesis examines different aspects of species’ biology using self-developed microsatellite 

markers. The results of my thesis can be taken into account in the planning of conservation management 

programs and will hopefully contribute to the preservation of these species.  

In the study presented in Chapter I, adder populations in the Nord-Pas-de-Calais region were 

investigated to assess their population sizes, population densities, genetic diversity and the genetic 

differentiation between them. We found population sizes close to 50 adult individuals. Population 

densities were calculated based on the favourable habitat area for each site, where individuals were also 

actually found. Therefore, the densities might be overestimated because the species could also occur in 

less favourable areas, which were not taken into the account for the calculation (see Graitson, 2008). 

Nevertheless, the method applied allows comparing the densities of different populations. The densities 

of the populations of the Nord-Pas-de-Calais region ranged from 0.7 to 4.7 individuals per hectare. 

Compared with other studies, the densities observed in our study can be considered as low to medium 

(Graitson, 2008; Luiselli, 1993; Monney, 1996; Neumeyer, 1987; Ursenbacher and Monney, 2003). 

Moreover, we found that the northern populations of the Nord-Pas-de-Calais region exhibit the lowest 

genetic diversity. This finding is in line with the result of the study by Ursenbacher, et al. (2015), 

suggesting that the populations of northern France are the result of a post-glacial recolonisation from 

the Atlantic coast. But as a bottleneck was detected in the most northern population (population 1), with 

a founding event estimated to have taken place between 60 and 800 years ago, this population could 

also be the result of a more recent colonisation by a limited number of individuals. Alternatively, the 

bottleneck event could also have been caused by a dramatic decrease in the number of individuals of 

this population, for example, due to persecution or destruction of the habitat. Since not only a limited 

genetic diversity was detected in this population, but also indications for a high level of inbreeding, 

monitoring of this population should be prioritised. Furthermore, population 1 showed the highest 

genetic differentiation from the other populations. Populations 2, 3 and 4 seem to belong to the same 

genetic cluster which implies that they were either connected in the past, still are able to exchange genes 

or are connected by unsampled populations. Furthermore, population 5 was strongly differentiated from 

the other populations and further analyses suggested an emergence through other post-glacial 

recolonisation routes (Ursenbacher, et al., 2015). This study is a good example on the use of genetic 

markers to determine the most threatened populations, or to evaluate which populations are (or were 

recently) in contact, all this information being of primary importance for population management. 
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The results from the study presented in Chapter I are based on genetic analyses of eight 

microsatellite markers, specifically developed for their utilisation in V. berus (Ursenbacher, Monney 

and Fumagalli, 2009). Due to the genetic attributes of microsatellite markers and their facile, time- and 

cost-efficient application, microsatellite markers are still the preferable tool for a variety of studies in 

the field of ecology, conservation and evolution. As no specific markers were available for V. aspis 

before the beginning of this project, together with my colleagues, I successfully developed 12 

microsatellite markers for this species in the course of the study presented in Chapter II. 454-

pyrosequencing is a valuable method to get random reads of the genome, and consequently of parts of 

it where microsatellites are present. Therefore, this approach is really efficient to rapidly develop 

microsatellite markers in a cost-efficient way (Drechsler, et al., 2013). The successful cross-

amplification in V. berus of eight of our new markers allowed the investigation of the hybrids in focus 

of Chapter V. Furthermore, the microsatellite primers were successfully applied in the Chapters III and 

IV and in other published studies (Guiller, Lourdais and Ursenbacher, 2017; Mebert, et al., 2015). 

Moreover, these primers are still used in ongoing projects focusing on V. aspis or V. ursinii (S. 

Ursenbacher, pers. comm.). 

Chapter III showed the results of the first published study using our self-developed 

microsatellite markers (focus of Chapter II). We investigated asp viper populations of the Mont Blanc 

massif where a high density of concolour individuals was detected in the central populations. Our genetic 

analyses revealed a local diversifying selection. Other studies showed a higher predation risk of 

melanistic individuals in V. berus compared with blotched individuals (Andrén and Nilson, 1981; 

Wüster, et al., 2004). But as the results of our study suggested a selection for the concolour phenotype, 

we expect the concolour individuals to be attacked less frequently than their blotched conspecifics. 

Indeed, the concolour phenotype could have a local cryptic function as it occurs mostly in the core 

region of the location, where it is less vegetated and rockier than in the surroundings. A selection for a 

locally cryptic phenotype seems even more plausible regarding the occurrence of several birds of prey 

in this region, like the short-toed snake eagle (Circaetus gallicus; Maumary, et al., 2013). The results of 

this study could also be explained by a selection against the concolour phenotype outside the core region. 

Further studies would be needed to confirm one of the explanations. In fact, the concolour individuals 

of the polymorphic populations were also shown to have a lower mean of the corrected assignment index 

(mAIc; Favre, et al., 1997), which either indicates a lower dispersal capacity of these individuals 

compared with blotched individuals (colour-biased dispersal) or a reduced survival of dispersing 

concolour individuals outside the core region. Moreover, a possible recent range expansion coupled with 

founder effects could also result in the observed pattern. However, since the concolour phenotypes seem 

to be better adapted to the core region as their blotched conspecifics and as we observed differences in 

dispersal capacity between concolour and blotched individuals, the diversifying selection appears more 

likely. A diversifying selection was also found in other studies investigating colour-polymorphic snake 

species, which further reinforces our interpretation of the results (Cox and Davis Rabosky, 2013; 
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Manier, Seyler and Arnold, 2007). The presence of intraspecific colour polymorphism might increase 

the adaptive potential of a species and consequently its long-term survival and capacity to deal with 

environmental variations (e.g. Forsman and Åberg, 2008). Therefore, the capability of V. aspis to cope 

with a variety of habitats could be the result of the pronounced colour polymorphism (Meyer, et al., 

2009). 

In Chapter III, no clear pattern of sex-biased dispersal could be detected in the overall sample, 

but blotched females dispersed further than blotched males. However, it has been shown that sex-biased 

dispersal can vary among different habitats (Berry, et al., 2005; Lane and Shine, 2011; Parga, et al., 

2015). Nevertheless, male-biased dispersal was frequently found in other snake species (Dubey, et al., 

2008; Folt, et al., 2019; Hofmann, et al., 2012; Keogh, Webb and Shine, 2007; Pernetta, et al., 2011; 

Rivera, Gardenal and Chiaraviglio, 2006). Consequently, I expected to find the same pattern in V. aspis 

and aimed to investigate populations in different habitats to detect possible inter-population variations. 

The results of Chapter IV showed that males dispersed further than females in two of four study sites. 

The presence of strong barriers in the habitats of the other two study sites could explain the absence of 

male-biased dispersal. After exclusion of small subpopulations separated from the others by a strong 

barrier, my investigation also showed evidence for male-biased dispersal in the remaining individuals 

of each site. Therefore, I hypothesise that males lose their tendency to disperse when strong barriers, 

like roads, are present. This hypothesis is, for example, supported by an observed road avoidance in 

another viper species (Andrews and Gibbons, 2005). While isolation by distance (IBD) of males varied 

significantly among the study sites, females presented similar IBD slopes even in the presence of barriers 

in two sites. This result suggests that the dispersal propensity of females does not depend on their 

surrounding environment. As capital breeders, female vipers are considered to be primarily sedentary 

(Bonnet, et al., 2002), while males actively seek for females during the mating season (Monney, 1992; 

Vacher-Vallas, Bonnet and Naulleau, 1999). Even if the main dispersal is accomplished by males, 

females still disperse (possibly to seek for prey or new breeding sites). Since female IBD slopes did not 

differ between the study sites, it is possible that a road, or another element causing mortality, could have 

a differential effect on sexes. Therefore, we hypothesise that females avoid crossing hazardous 

environmental elements and use other, longer but less precarious routes. In conclusion, habitat 

fragmentation seems to strongly influence the dispersal behaviour of V. aspis. The findings highlight 

the importance to test for sex-biased dispersal in distinct study sites to detect possible inter-population 

differences. Additionally, the study underlines the importance to connect suitable habitats as well as to 

create broad, asp-attractive corridors enriched by specific habitat features like shrubs, which positively 

influence the abundance of V. aspis (Luiselli and Capizzi, 1997). 

Several contact zones between V. aspis and V. berus exist (Guiller, et al., 2017; Mebert, et al., 

2015). In the study presented in Chapter V, I investigated one of the two known contact zones where 

hybrids have been detected. The hybridization rate was found to be low which could be associated with 

the fact that mainly first-generation hybrids were detected. Only two individuals could not be clearly 
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assigned as F1 hybrids (and could be F2 hybrids or backcrosses) suggesting a low fitness or at least a 

reduced fertility of hybrids. Even if F1 hybrids do not seem to have a lower survival rate than their 

parental species (G. Guiller, pers. obs.), their fecundity is presumably lower, as a higher proportion of 

F2 hybrids and backcrosses would have been found otherwise. However, low viability of second-

generation hybrids, which was observed in captivity-bred litters of F1 females (G. Guiller, pers. obs.), 

could also explain the lack of their detection. As a consequence of the assumed rare occurrence of 

second-generation hybrids, the proportion of hybrids in the contact zone is possibly quite stable and 

virtually no genetic introgression takes place. In natural populations, interspecific hybridization rates 

were shown to be usually 0.1% or less per generation (Mallet, Besansky and Hahn, 2016). Nevertheless, 

compared with another viper contact zone in northern Spain, where hybrids between V. aspis and V. 

seoanei – a sister species of V. berus – were frequently found (Tarroso, et al., 2014), the observed 

hybridization rate in the Loire-Atlantique department is still quite low (between 1.5 and 3%). I further 

found that hybridization occurs only between female V. aspis and male V. berus and proposed several 

possible explanations for this finding. Ecological reasons, pre- or postzygotic barriers or a differential 

survival could have led to this unidirectional hybridization. Conclusively, we assume that virtually no 

genetic introgression occurs, which could affect species integrity, and that both species should be better 

protected from agricultural practices, which are common in this area (Boissinot, et al., 2015). As the 

region in the Mont Blanc massif, where concolour individuals of Chapter III occur, the contact zone in 

the Loire-Atlantique department constitutes an exceptionally interesting place to study uncommon 

phenomena in viper species. 

 

Implications and Outlook  

This thesis provides new insights into different aspects of the biology of V. aspis and V. berus. Overall, 

the findings of this thesis highlight the importance to consider aspects like genetic diversity, population 

structure and dispersal capacity in the planning of conservation management programs. The high colour 

polymorphism in V. aspis is expected to allow a colonisation of a wide variety of habitats. For example, 

melanistic individuals frequently occur in higher altitudes, where their black colour confers 

thermoregulatory advantages (Castella, et al., 2013). As the concolour phenotype provides a better 

adaptation to sparsely vegetated habitat, it is crucial to maintain this source of genetic diversity. 

Furthermore, the finding of male-biased dispersal in the asp viper (Chapter IV) can be taken into 

account, for example, when a habitat is newly created. In this case, males would likely be the first to 

colonise it and the presence of females could indicate that a population is being successfully established. 

Even if it was previously known that fragmentation can seriously affect viper populations (Madsen, et 

al., 2020; Madsen, et al., 1999; Madsen, et al., 1996; Madsen and Ujvari, 2011), Chapter IV emphasises 

the need to connect suitable habitats. Additionally, the finding that fragmentation seems mainly to affect 

the dispersal capacity of males can be considered in the evaluation of the quality of wildlife crossings. 

The absence of genetic introgression between V. aspis and V. berus in the Loire-Atlantique department 
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(Chapter V) could be considered as beneficial for both species as their species integrity is not affected. 

However, hybridization can also enhance the adaptive potential of a population and enable it to survive 

the current era of rapid environmental change (Chan, Hoffmann and van Oppen, 2019). Consequently, 

it can be inferred that the populations in the Loire-Atlantique department should be protected regardless 

of their hybrid status or hybridization rate since both species are endangered and threatened by 

agricultural intensification in this area (Boissinot, et al., 2015). 

The application of genetic analyses allows to detect populations of special concern, for example, 

exhibiting a low genetic diversity, a high level of inbreeding or a strong population differentiation (as 

e.g. in Chapter I). Genetic diversity has often been shown to be of great importance for the survival of 

populations and species (e.g. Madsen, et al., 1996). However, complementary monitoring of these 

populations is often required to ensure that the right measures are being taken to protect them. After 

monitoring, the low genetic diversity of an adder population of Smygehuk (50 km north of Lund, 

Sweden) was demonstrated to be the cause for their decline, and introduction of translocated individuals 

led to a significant increase in population size (Madsen, et al., 2020; Madsen, et al., 1999; Madsen, et 

al., 1996; Madsen, Ujvari and Olsson, 2004). Still, translocation of individuals is not always beneficial 

and can even be counterproductive when diseases are introduced, local adaptation gets reduced or even 

outbreeding depression occurs (Weeks, et al., 2011). Moreover, there are various examples of species, 

whose long-time survival is not affected by their low genetic diversity (e.g. Johnson, et al., 2009; 

Robinson, et al., 2016; Westbury, et al., 2019). Consequently, I recommend monitoring populations 

with low genetic diversity (e.g. population 1 of Chapter I) over several years to detect a possible steady 

decrease in population size or a reduction in fitness (as it was observed in Madsen, et al., 1996), what 

would suggest the suitability of a translocation program.  

 Monitoring of other, not necessarily genetically undiversified, populations can also provide 

valuable additional insights into results of genetic studies. For example, the polymorphic populations of 

Chapter III should be monitored to detect a possible increase or decrease of concolour individuals or a 

potential range alteration. It would be also of interest to investigate biotic and abiotic factors which have 

led to the establishment of these specially coloured individuals. In this regard, probable differences 

between the predation rate on concolour and typically blotched individuals could be tested by placing 

colour polymorphic decoys (like it was done in Wüster, et al., 2004). These approaches could bring 

valuable new insights into the observed diversifying local selection in this site. Moreover, especially the 

populations of the fragmented study sites in Chapter IV should be monitored in the field, for example, 

to investigate if the sex ratio is affected by the supposed higher road mortality of male asp vipers 

compared to their female conspecifics. Genetic monitoring of these populations over several years 

would allow to find out whether the presence of a barrier will even have a stronger impact on them in 

the future. In many genetic studies, no impact of barriers on the target species can be observed, but we 

can suppose that the impact will be perceptible in the future. Therefore, it would be of special interest 

to evaluate the time span after which a barrier has a detectable effect on the genetic makeup of vipers 
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and also of other species. Other worthwhile subjects of monitoring are also the hybrids of Chapter V. 

Without the extensive monitoring that has been conducted in the Loire-Atlantique department, the 

occurrence of hybrids in this area would probably still be hypothetical. The ongoing monitoring will 

hopefully bring new insights into the fitness, survival and fecundity of the hybrids.   
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