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SUMMARY 

The geographic ranges of species are a central unit in biogeography, and a comprehensive under-

standing of the factors that limit species’ distributions is of great interest. Ecological properties of 

species and the determinants of their range limits are often studied in terms of their ecological niches. 

In this context, the geographic range of a species is a spatial reflection of its ecological niche and 

defined by the accessibility of an area, abiotic factors (e.g., climate) and biotic factors including all 

interactions with other species (e.g., competition). These factors have been identified to affect a 

species’ distributions with different intensities across spatial scales and their effects are more or less 

visible depending on the scale of investigation.  

Parapatry describes a remarkable distributional pattern in which the ranges of two species meet 

and form sharp range limits with narrow contact zones where the species locally co-occur. Such 

parapatric range limits represent interesting systems for studying the factors that set a species’ range 

limits. In the presence of a sharp environmental gradient, parapatric range limits are most likely a 

result of strong changing abiotic conditions along the gradient. Alternatively, parapatric distributions 

can result from resource competition between species with similar environmental requirements. 

However, it has been repeatedly shown that the interplay of abiotic conditions and species interactions 

plays an important role for parapatric species. 

The geographic ranges of the parapatric land salamanders, Salamandra salamandra and S. atra, 

narrowly overlap in the European Alps with only few recognized syntopic localities and to date, the 

cause of parapatry is unknown. The central goal of this thesis was therefore to identify the causes of 

the species’ parapatric range limits within their contact zones. A “top-down” investigating approach 

was applied to assess the importance of abiotic and biotic factors at different spatial scales.  

On a broad spatial scale, the study in Chapter I investigated the role of climate in determining 

the sharp range limits between the two parapatric species within three contact zones in Switzerland. 

The analysis of climatic conditions at species’ records and species distribution modelling techniques 

were used to explore both species’ climatic niches and to quantify the degree of interspecific niche 

overlap with respect to the available climatic environment. Furthermore, it was assessed whether the 

parapatric range limit coincides with a strong climatic gradient. The results revealed comparatively 

distinct climatic niches for the two species as well as the presence of a strong climatic gradient across 

the species’ range limits which could explain the spatial segregation of the species in the European 

Alps. Nevertheless, there was a moderate interspecific niche overlap in all three contact zones 

indicating that the species may co-occur and interact with each other in areas where they both find 

adequate climatic conditions. The comparison among contact zones revealed geographic variation in 

the niches of the species as well as in the climatic conditions at species’ records. This indicates that the 

species can occur in a much wider range of climatic conditions than they actually do. As an important 

outcome of this study, the findings suggest that climate represents a main factor for the parapatric 

range limits of the two salamander species. Interspecific niche overlap and the observation that both 
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species could occur in a much wider range of climatic conditions provide indirect evidence that 

interspecific interaction may also affect their spatial distribution within contact zones. 

To further study whether competition restricts the species’ ranges on the habitat scale and to 

understand local syntopic co-occurrence of the two salamanders within their Swiss contact zones, site-

occupancy modelling was used (Chapter II). By assessing the species-habitat relationships, this 

approach allowed to find the habitat predictors that best explain the observed spatial distribution of the 

species within contact zones and to test for evidence of competition. The species showed dissimilar 

species-habitat relationships; the slope of the site positively affected the occupancy probability of S. 

salamandra, while no tested habitat predictor explained that of S. atra. Although the results of the 

broad-scale study indicated that the species may interact where they locally co-occur, there was no 

effect of the local occurrence of one species on the occupancy probability of the other. At the habitat 

scale, there was thus no evidence that interspecific competition affects the species’ range limits or, 

should competition occur, it does not lead to spatial segregation of the species within contact zones.  

Biotic interactions most significantly affect the ranges of species on smaller spatial scales. Here, 

resources partitioning was suggested to be key process that facilitates fine-scale segregation and thus 

coexistence of species with overlapping niches in a shared habitat. To investigate whether there is 

evidence for resource competition between the two species, I compared the microhabitat conditions at 

species’ locations within syntopic contact zones and applied a null model analysis to assess the inter-

specific niche overlap in relation to resource availability (Chapter III). Resource selection probability 

function models were used to assess those attributes that influence the species’ habitat selections. The 

results revealed species-specific microhabitat preferences related to leaf litter cover, tree number and 

that the species were active at different temperatures as well as times of the day. The high degree of 

diurnal activity of S. atra may be explained by its preference of forest floor microhabitats that longer 

remain suitable during daytime compared to S. salamandra. This species-specific habitat selection 

suggests fine-scale segregation through resource partitioning, while there was a great niche overlap for 

shelters indicating that the species may compete for this resource during unfavourable weather 

conditions. Differential habitat selection and use of the available shelters at different times of the day 

may minimize species interactions. The findings of this study indicate that interspecific competition 

for resources may play a role for the species’ range limits within contact zones.  

The study in Chapter IV investigated the potential infection of S. atra with the amphibian-

pathogenic chytrid fungus in the European Alps to identify whether the possible chytrid-infection 

could serve as an alternative biotic explanation for its range margins. Since the occurrence of this 

pathogen was detected mostly at lower altitudes of the Alps, it may confine the restricted range of S. 

atra to higher elevations of the Alps. Several populations occurring at different altitudes throughout 

the species’ range were screened for chytrid-infection. Because chytrid was not detected in any of the 

samples, the studied populations were unlikely infected. Hence, infection of S. atra with this pathogen 

can be excluded as a potential biotic factor determining its range limits in the European Alps.  

Overall, these findings underline the complexity of mechanisms that determine the range 

margins of parapatric species and provide an important basis for subsequent studies regarding the 

determinants of sharp range delimitation and limited co-occurrence of the two salamander species. 
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ZUSAMMENFASSUNG 

Die Untersuchungen zur geographischen Verbreitung von Arten und die Aufklärung ihrer 

begrenzenden Faktoren gehören zu den Kerndisziplinen in der Biogeographie. Oft werden die 

ökologischen Eigenschaften einer Art und die bestimmenden Faktoren ihrer Verbreitung in Bezug auf 

ihre ökologische Nische untersucht. In diesem Zusammenhang ist ein Verbreitungsgebiet die 

räumliche Reflexion der ökologischen Nische einer Art, die durch die Erreichbarkeit, die abiotischen 

Umweltfaktoren (Klima, Geologie usw.) sowie die biotischen Interaktionen mit anderen Arten 

(Konkurrenz, Prädation usw.) bestimmt wird. Es ist bekannt, dass diese Faktoren die Verbreitung einer 

Art mit unterschiedlicher Intensität auf verschiedenen räumlichen Skalen beeinflussen kann, wobei 

dieser Einfluss je nach Skala der Untersuchung erkennbar ist. 

Parapatrie beschreibt ein interessantes Verbreitungsmuster, in dem sich die separaten Areale 

zweier Arten entlang einer scharfen Verbreitungsgrenze treffen und wo in schmalen Kontaktzonen ein 

gemeinsames Vorkommen möglich ist. Solche parapatrischen Arealgrenzen und Kontaktzonen stellen 

interessante Untersuchungssysteme dar. Häufig bilden sich parapatrische Arealgrenzen entlang eines 

steilen Umweltgradienten, der durch die abrupte Veränderung der abiotischen Bedingungen 

charakterisiert wird und somit die Arealgrenze erklärt. Alternativ kann Ressourcenkonkurrenz 

zwischen Arten mit ähnlichen Umweltansprüchen ein Grund für ihre parapatrische Verbreitung sein. 

Außerdem wurde gezeigt, dass das Zusammenspiel von abiotischen Bedingungen und zwischen-

artlichen Interaktionen eine wichtige Rolle für parapatrische Arten spielt. 

Die Verbreitungsgebiete der parapatrischen Landsalamander, Salamandra salamandra und S. 

atra, weisen eine schmale Kontaktzone in den Europäischen Alpen auf. Es sind nur wenige syntope 

Fundorte bekannt und bisher wurde der Grund für ihre parapatrische Verbreitung noch nicht unter-

sucht. Das Ziel dieser Doktorarbeit war es daher mit Hilfe eines “top-down”-Ansatzes den Einfluss 

verschiedener abiotischer und biotischer Faktoren auf die Verbreitung beider Arten in ihrer 

Kontaktzone in den Alpen auf unterschiedlichen Skalen zu identifizieren.  

Um zu überprüfen, welche Rolle das Klima bei der Festlegung der abrupten Grenzen zwischen 

den Verbreitungen der Salamander spielt, wurden in der Studie in Kapitel I drei Kontaktzonen in der 

Schweiz auf der Makro-Skala untersucht. Für diese Analysen wurden die klimatischen Bedingungen 

an den Fundpunkten beider Arten verglichen. Mittels ökologischer Nischenmodelle wurden die 

artspezifischen Klimanischen und die interspezifische Nischenüberlappung unter Berücksichtigung 

des verfügbaren Klimaraums bestimmt. Außerdem wurde untersucht, ob die abrupten Arealgrenzen in 

den Kontaktzonen der Arten durch das Vorkommen starker Klimagradienten erklärt werden können. 

Die Analysen ergaben, dass die Arten relativ unterschiedliche Klimanischen aufweisen und dass ihre 

abrupte Arealgrenze innerhalb der Kontaktzonen durch einen starken Klimagradienten erklärt werden 

kann. Dies suggeriert, dass das Klima eine entscheidende Rolle für ihre parapatrische Verbreitung 

spielt. Des Weiteren wurde eine mäßige Nischenüberlappung zwischen den Arten innerhalb der drei 

Kontaktzonen festgestellt. Dies deutet darauf hin, dass es Gebiete gibt, in denen beide Arten adäquate 
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Klimabedingungen vorfinden, und wo sie miteinander vorkommen und interagieren könnten. Ein 

Vergleich verdeutlicht außerdem, dass sich die artspezifischen Nischen sowie die Klimabedingungen 

an den Fundpunkten der Arten zwischen den Kontaktzonen unterscheiden. Es ist daher wahrschein-

lich, dass beide Arten im Vergleich zu den tatsächlichen Bedingungen an ihren Fundpunkten auch 

unter einem breiteren Spektrum an Klimabedingungen vorkommen könnten. Diese Beobachtung in 

Kombination mit der interspezifischen Nischenüberlappung liefern Hinweise darauf, dass Inter-

aktionen zwischen den Salamandern ebenfalls einen Einfluss auf ihre Verbreitungen haben könnten. 

Um auf der Habitat-Skala weitere Hinweise auf zwischenartliche Konkurrenz zu finden und um 

das begrenzte syntope Vorkommen der Arten besser zu verstehen, wurden “Site-occupancy Modelle” 

genutzt (Kapitel II). Mittels dieser Methode wurden die Art-Habitat-Beziehungen untersucht, um 

somit die Habitateigenschaften zu identifizieren, die das lokale Vorkommen der Arten innerhalb ihrer 

Kontaktzonen in der Schweiz bestimmen. Die Ergebnisse zeigten zwischenartliche Unterschiede, 

wobei die Hangneigung des Untersuchungsgebiets das Vorkommen von S. salamandra positiv 

beeinflusst, während das Vorkommen von S. atra durch keine der untersuchten Habitateigenschaften 

erklärt werden kann. Des Weiteren konnte kein Effekt des lokalen Vorkommens der einen Art auf das 

lokale Vorkommen der anderen Art festgestellt werden, wodurch kein Hinweis auf zwischenartliche 

Interaktionen auf der Habitat-Skala vorliegt. Falls Konkurrenz zwischen den Arten auftritt, kann diese 

nicht für ihr räumliche Trennung innerhalb ihrer Kontaktzone verantwortlich sein. 

Da der Effekt von biotischen Interaktionen auf die Artenverbreitung eher auf kleinen 

Untersuchungsskalen sichtbar ist, wurde in Kapitel III eine Mikrohabitat-Analyse durchgeführt. Als 

Folge von Konkurrenz kann die Aufteilung von Ressourcen im gemeinsamen Lebensraum zur klein-

räumigen Segregation von Arten mit überlappenden Nischen führen, wodurch sie koexistieren können. 

Um Anzeichen für Ressourcenkonkurrenz zu finden, wurden innerhalb syntoper Kontaktzonen die 

Mikrohabitate der Arten verglichen und die interspezifische Nischenüberlappung in Relation zur 

Ressourcenverfügbarkeit berechnet. Außerdem wurden jeweils die entscheidenden Habitateigen-

schaften für die Habitat-Wahl der Arten identifiziert. Die Arten zeigten unterschiedliche Mikrohabitat-

Präferenzen bezüglich Laubschichtbedeckung, Anzahl umgebender Bäume sowie Temperaturen und 

Aktivitätszeitraum. Salamandra atra zeigte eine erhöhte Tagesaktivität, welche durch die Präferenz 

von bestimmten Mikrohabitaten erklärt werden kann, die eine längere Aktivität des Salamanders 

begünstigen. Die artspezifische Habitat-Wahl könnte einen Hinweis auf kleinräumige Segregation und 

Ressourcenaufteilung zwischen den Arten liefern. Die signifikante zwischenartliche Nischenüber-

lappung für die Tagesverstecke deutet hingegen darauf hin, dass die Arten während ungünstiger 

Wetterbedingungen um diese Ressource konkurrieren. Durch die Nutzung der Verstecke zu 

unterschiedlichen Tageszeiten könnten die Arten Interaktionen vermeiden. Die Ergebnisse dieser 

Untersuchungen deuten daher an, dass kleinräumige Ressourcenkonkurrenz einen entscheidenden 

Faktor für die Arealgrenze in der Kontaktzone der Arten darstellt.  

In Kapitel IV wurde die potentielle Infektion von S. atra mit dem pathogenen Chytridpilz in 

den Europäischen Alpen untersucht. Mit Hilfe dieser Untersuchung sollte herausgefunden werden, ob 

eine Chytrid-Infektion eine alternative biotische Erklärung für die Verbreitung dieser Art in den Alpen 

liefert. Da der Chytridpilz meist in niedrigeren Gebieten der Alpen nachgewiesen wurde, könnte die 
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Chytrid-Infektion von S. atra in diesen Gebieten die begrenzte Verbreitung der Art in den niedrigeren 

Höhenlagen der Alpen erklären. Für diese Untersuchung wurden mehrere Populationen von 

unterschiedlichen Höhenlagen den Alpen auf Chytrid-Befall getestet. In keiner der Proben konnte ein 

Chytridbefall nachgewiesen werden, wodurch die untersuchten Populationen wahrscheinlich nicht 

infiziert sind. Daher ist die Infektion von S. atra mit dem Chytridpilz als potentielle biotische 

Erklärung für die Arealgrenzen dieser Art in den Europäischen Alpen unwahrscheinlich.  

Die Ergebnisse dieser Doktorarbeit unterstreichen die Komplexität der Faktoren, die für die 

Verbreitung von parapatrischen Arten verantwortlich sind, und sie stellen eine fundierte Grundlage für 

Folge-Studien zur Untersuchung der Bestimmungsfaktoren der abrupten Arealgrenze zwischen den 

Salamandern dar. 
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GENERAL INTRODUCTION 

The spatial occurrence of a species is defined by its unique geographic range, which is a central unit in 

biogeography, ecology and evolutionary biology (Brown & Lomolino 1998; Gaston 2003, 2009; Holt 

& Keitt 2005). Research in these fields often focuses on structure and dynamics of species’ geographic 

ranges, abundances of species within their range limits and mechanisms determining the sizes, 

locations, shapes and overlaps of the species’ distributions (Brown et al. 1996). Brown & Lomolino 

(1998) summarized that geographic ranges of species are characterised by the spatial and temporal 

effect of the conditions of the species’ environment on its survival, reproduction, dispersal ability and 

population dynamics. Comprehensive understanding of the forms and causes of species range limits is 

of great interest. In particular in the context of spatial-temporal dynamics of populations (Sutherland et 

al. 2013), species communities and biodiversity (Cornell & Lawton 1992; Ricklefs 2004; Case et al. 

2005), and distributional responses of species to anthropogenic changes (Pearson & Dawson 2003; 

Peterson 2003; Holt & Keitt 2005; Gaston 2009; Geber 2011; Hof et al. 2011). This includes habitat 

loss, climate change, biological invasion or emerging infectious diseases. Although the need of a 

better knowledge has long been recognized in various research fields, empirical studies still 

considerably lag behind the theoretical work that addresses the causes of species’ range limits (Gaston 

2009). 

When investigating the causes of species’ range limits, it is applicable to consider the general 

concepts on the ecological niche of species, spatial variation in the environment, species dispersal 

capacity and community organization (Brown & Lomolino 1998; Holt 2003; Bridle & Vines 2007; 

Sexton et al. 2009). These concepts are presented in more detail in the following sections.  

 

The causes of geographic range limits and ecological niches 

Several abiotic and biotic environmental factors have been identified to determine the limits of 

species’ distributions (Brown & Lomolino 1998; Gaston 2003, 2009). Physical (abiotic) range limiting 

factors comprise obvious dispersal barriers, such as mountain ranges, rivers, oceans and deserts, or 

less obvious factors, which affect the abiotic environment of the species, e.g. climatic conditions and 

soil type. Biotic factors affecting species distributions are their interactions with other species 

including resource competition, prey availability, predation, parasitism, commensalism, mutualism 

and symbiosis. Previous research showed that the various environmental factors are interconnected 

and operate with different intensities across spatial scales and their effects on species range limits may 

be more or less visible depending on the spatial scale (Wiens 1989; Maurer & Taper 2002; Pearson & 

Dawson 2003; Zanini et al. 2009; McGill 2010; see Fig. 1). 
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Figure 1. Relationship between environmental factors and the spatial scale where they affect geographic ranges 

of species (horizontal axis). The intensity of the grey bar for a factor indicates the importance of the factor at the 

given scale.This figure has been modified and extended from Pearson & Dawson (2003). The microclimate 

refers to the climatic conditions within microenvironments, which are determined by fine-scale abiotic factors 

such as land-cover or soil (Brown & Lomolino 1998; Chen et al. 1999; Fridley 2009). 

At the broad-scale, climate is considered the most important factor, while smaller rather local scales 

factors, such as topography and land-cover, increase in significance (Pearson & Dawson 2003). While 

the effects of climate and topography on species range limits are most visible at larger scales, they can 

also influence regional land-cover, soil type, vegetation, meso- and microclimatic conditions, and 

hence species distributions (Brown & Lomolino 1998; Bennie et al. 2008). Furthermore, spatial 

variation in all these factors is known to affect the type and availability of resources and hence delimit 

the occurrence of suitable habitats to a species in a landscape (Maurer & Taper 2002). At the local to 

micro-scale, biotic interactions and fine-scale abiotic conditions within local habitats are key factors 

that restrict species geographic ranges. Local topography, substrate and vegetation along with regional 

climatic regime characterise the structure of environments close to the ground surface by generating 

unique microclimatic conditions (Chen et al. 1999; Bennie et al. 2008; Fridley 2009). The spatial 

distribution of species and communities are often tightly associated with the distribution of specific 

microclimates, in particular in terrestrial habitats (Chen et al. 1999; Peterman & Semlitsch 2013). 

Ecological properties of species and the determinants of their geographic range limits are often 

studied and interpreted in terms of their ecological niches. Hutchinson (1957, 1978) developed a 

concept where the niche is defined as an n-dimensional ecological hyperspace where the dimensions 

are the environmental conditions that allow a species to have a positive growth rate. This definition 

combined earlier concepts of Grinnell (1917) and Elton (1927) and was itself recently conceptually 

revised by several other authors (e.g. Pulliam 2000; Guisan & Thuiller 2005; Soberón & Peterson 

2005; Soberón 2007; Soberón & Nakamura 2009; Peterson et al. 2011). The area of a species’ 
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distribution in geographic space is a spatial reflection of the ecological niche of the species. There are 

three important classes of factors which determine the range limits (sensu Soberón 2007; Fig. 2). The 

first class comprises factors that restrict the area which is accessible to the species. This includes both 

external causes that hinder species movements and intrinsic factors affecting the species dispersal 

capacity (M, Fig. 2). In the absence of a physical dispersal barrier, Kirkpatrick & Barton (1997) 

suggested that the effect of gene flow can inhibit local adaptation of species to new environmental 

conditions and can thus determine stable geographic range limits. The second class defines the 

‘fundamental niche’ of a species. This is characterised by the spatial distribution of the environmental 

conditions under which the species can persist reflecting its physiological limits (A; Fig. 2). Following 

Soberón (2007), the fundamental niche (also termed ‘Grinnellian niche’) is defined by abiotic non-

interactive (scenopoetic) variables that set the species’ geographic range on a broad spatial scale. The 

third-class factors refer to the favourable biotic environment of a species. This includes all interactions 

with, for example, competitors, predators, and pathogens, as well as resource-consumer dynamics 

operating on the local scale (B; Fig. 2). This coincides with the ‘Eltonian niche’ which sets the fine-

grained structure of the species distribution (Soberón 2007).  

 

Figure 2. Factors that determine a species’ distribution within geographic space, according to the niche concept 

of Hutchinson (1957) as modified by Soberón (2007). G defines the total area. A represents the geographical 

area where the abiotic conditions allow the species to persist and characterises the fundamental niche of the 

species (= Grinnellian niche). B represents the geographical area where biotic interactions are favourable for the 

species (= Eltonian niche). The geographical area of A ∩ B defines the region where the species can potentially 

occur (i.e. its potential distribution). M represents the geographical area, which is accessible to the species. The 

subset of the species’ potential distribution that is accessible defines the area where the species actually occurs 

(i.e. its occupied area). The dots represent the species’ actual locations.  
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Considering the second and third classes factors (Grinnellian and Eltonian niches), the geographic area 

with suitable conditions for a species corresponds to its ‘potential distribution’ (or ‘realized niche’ as a 

fraction of the fundamental niche) (Soberón 2007; Fig. 2). The physically accessible portion of the 

potential distribution where the species can actually be found is called the ‘occupied area’ (or ‘realized 

distribution’) (Soberón 2007). If species are in equilibrium with their environment, they should 

theoretically occupy all suitable and accessible localities while being absent from unsuitable regions 

(Hutchinson 1957). In nature, species are often found in unsuitable habitats or are absent from suitable 

ones and are thus in non-equilibrium with the environmental conditions (Pulliam 2000; Araújo & 

Pearson 2005). A disequilibrium of the species’ realized distribution with its Grinnellian and Eltonian 

niches results from extrinsic environmental changes (in particular climatic seasons and climate 

change) and related ongoing changes of the geographic range limits of species (Gaston 2003; Araújo 

& Pearson 2005; Sexton et al. 2009). Environmental changes of species’ ranges and species’ 

abundance within the ranges have been observed across geographic space and various time scales 

(Hoffmann & Blows 1994; Kirkpatrick & Barton 1997; Jackson & Overpeck 2000; Gaston 2003; Holt 

2003; Sexton et al. 2009). Such environmental and distributional changes appear to be more or less 

synchronic depending on the capacity of the species to respond to environmental changes (Gaston 

2003). From an evolutionary perspective, this particular response of a species strongly depends on its 

dispersal capacity and life-history traits. It may result in evolutionary changes of the species’ intrinsic 

niche characteristics including environmental tolerances and resource requirements (Brown et al. 

1996; Sexton et al. 2009). If extrinsic environmental changes locally exceed the species’ tolerance, the 

population may undergo local extinction, adapt physiologically or morphologically or disperse to 

suitable sites (Jackson & Overpeck 2000). The geographic occurrence of a species at a given time is 

thus defined by the accessible area having the momentarily suitable set of non-interactive abiotic and 

biotic environmental conditions and the equilibrium of the species’ range with the current conditions 

(actual location represented by dots in Fig. 2). 

 

The nature of geographic range limits in the community context 

As suggested by the niche concept, a species’ abundance and distribution in geographic space is 

affected by other species and interspecific interactions play an important role in determining the 

geographic distributions of species. Hence, when investigating the causes of species range limits, it 

can be useful to place the observations for a single species’ range limits into the broader context of 

communities. Species communities are defined as complex associations of either closely related or 

ecologically similar species with overlapping ranges that co-occur in syntopy (Rivas 1964; Brown & 

Lomolino 1998; Chesson 2000). In a natural setting, there is a limit to the number of species that can 

co-occur in a specific habitat (a particular set of resources and abiotic and biotic conditions) at a given 

time (MacArthur 1972; Cornell & Lawton 1992; Chesson 2000). In the first place, communities occur 
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because ecological requirements and geographic distributions of species overlap and, in contrast, 

interspecific interactions in local communities are known to determine range limits among species 

(Holt & Keitt 2005). Here, species may either interact directly, e.g. via predation, interference 

competition (aggressive dominance of one species restricts the resources access for the other) and 

parasitism, or indirectly, e.g. via exploitation competition for shared limiting resources (use of 

resources by one species makes them unavailable for the other) (Gotelli 2001; Siepielski & McPeek 

2010).  

In terms of the theoretical ‘competitive exclusion principle’ and niche concept, pairs of 

ecologically identical species with completely overlapping fundamental niches cannot coexist in the 

same habitat (Hardin 1960; MacArthur 1972; Gotelli 2001). This is because the high degree of 

competitive interaction between them will force one species to extinction. Coexistence of two or more 

species thus requires some extent of niche differentiation or partitioning of resources between them so 

that competition between conspecifics is stronger than interspecific competition (Amarasekare 2003). 

For species with little niche overlap, competition plays a limited role and the geographic distribution 

of resources determines whether they co-occur or show spatial segregation (Hofer et al. 2004). In the 

presence of interspecific competition, Amarasekare (2003) summarized three ways of how ecological 

differentiation between species can lead to niche partitioning and species co-occurrence: (i) species-

specific specialization on distinct resources (classical niche partitioning), (ii) differences in the 

temporal exploitation of the shared limiting resource (temporal niche partitioning) or (iii) differences 

in the spatial area where they exploit the limiting resource (i.e. selection of different microhabitats) 

(spatial niche partitioning). Investigating how species niches overlap and assessing species-specific 

habitat selection in relation to the spatial availability of habitat resources can thus provide insights into 

the role of competition in determining species geographic distributions (Morris 2003; Hofer et al. 

2004). 

Although range limits between species and the species’ abundance within their ranges vary in 

space and time, there are some general patterns of interspecific range boundaries (Brown et al. 1996; 

Gaston 2003). Species range margins are found to be either abrupt or gradual where the ranges of 

species become less continuous and fragmented towards their distributional limits (Kirkpatrick & 

Barton 1997; Kawecki 2008). Gradual range limits are usually related to shallow environmental 

gradients. Along these gradients, habitats gradually become less suitable (marginal habitats). This may 

result in a reduced survival and reproduction success (‘sink populations’) of the species and thus in a 

declining population density and habitat occupancy (Kawecki 2008). The observation of sharp range 

limits often coincide with the presence of physical barriers which are accompanied by strong changes 

of abiotic conditions and a fast transition from suitable to unsuitable habitats. Such abrupt 

environmental transitions can result in an allopatric distribution where the ranges of two or more 

species are entirely isolated from each other (Rivas 1962; Key 1981; Fig. 3A). In contrast, sympatry 
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characterises two or more species with similar or spatially overlapping geographic ranges, where the 

species can co-occur in the same habitats (Fig. 3B). These definitions are generally linked to 

speciation processes (Futuyma 2009). A third stable form of distribution between species is notable, 

where the separate but adjacent geographic distributions of species pairs meet along a common range 

boundary with no physical barrier between them (Bull 1991; Fig. 3C). Along their common boundary, 

the ranges of parapatric species only narrowly overlap. Parapatry is commonly observed between 

closely related species, but also occurs among less-related taxa with similar ecological requirements 

(García-Ramos et al. 2000).  

 

Figure 3. Distributional relations of two populations or species, modified after Key (1981): (A) allopatry, (B) 

sympatry and (C) parapatry. 

Studies that investigate the abrupt range margins of parapatric species with limited co-occurrence 

within contact zones offer valuable insights into the factors and processes that determine species’ 

distributions (Bull & Possingham 1995; Arif et al. 2007). In the presence of a sharp environmental 

gradient, parapatric range limits are most likely a result of the strong environmental transition in 

heterogeneous space (‘ecological parapatry’ sensu Key 1981; Bull 1991). Alternatively, parapatric 

range limits can result from mutual spatial exclusion of the species across their common range 

boundary by means of interspecific competition for limited resources (‘competitive parapatry’; Bull 

1991).  

Yet, the coincidence of parapatric range limits with changing conditions along an environmental 

gradient cannot rule out that competition plays a role in the sharp range delimitation between the 

species (Gaston 2003). Theoretical models of parapatric range limits, including the occurrence of a 

competing species, found that competition can cause sharp range limits in either presence or absence 

of strong environmental gradients (Bull & Possingham 1995; Case & Taper 2000; Case et al. 2005). 

Summarizing the theoretical background of these models, Bridle & Vines (2007) suggested that “range 

margins formed at shallower environmental gradients in the presence of a competitor” and that 

“parapatric margin models produce range margins under a wider set of conditions than gradient-only 
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models.” Similar observations can result from other biotic interactions such as predation and 

parasitism etc. (Case et al. 2005; Bridle & Vines 2007). Furthermore, García-Ramos et al. (2000) 

showed that the effect of dispersal in combination with interspecific competition can sharpen 

parapatric boundaries in spatial heterogeneous environments. 

Several empirical studies confirmed the model predictions and often found that rather complex 

combinations of factors than single factors play an important role for parapatric range limits 

(Cimmaruta et al. 1999; Arif et al. 2007; Cunningham et al. 2009; reviewed by Gaston 2009 & Sexton 

et al. 2009; Khimoun et al. 2013). Abiotic conditions can directly influence the physiological limits of 

species and may also indirectly affect a species’ relative competitive abilities. This in turn can 

determine the outcome of interspecific competition, e.g. by restricting the geographic ranges of 

predators or parasites of one of the competing species (Travis 1996; Gaston 2003). Even though 

parapatric range boundaries often coincide with an abrupt environmental gradient, competitive 

interactions were often found to be equally involved in maintaining abrupt range limits between two 

(or more) species (Gaston 2003; Bridle & Vines 2007). For several species, one direction of an 

ecological or geographical gradient becomes less suitable by provoking physical stress, while biotic 

factors determine their range limits towards the other direction of the gradient (Brown & Lomolino 

1998). Following these observations, there is the possibility that dissimilar factors confine the spatial 

distribution of parapatric species on each site of the parapatric boundary. The geographic range of one 

parapatric species may be limited by abiotic conditions along a strong environmental gradient across 

the parapatric boundary, while biotic interactions between species may set the geographic range limit 

for the other species (Hoffmann & Blows 1994; Bridle & Vines 2007). Such observations may result 

from asymmetric interspecific competition, where the range limits of the superior competitor are 

determined by abiotic factors only while competitive interactions confine the range limits of the 

inferior competitor (Sexton et al. 2009). Furthermore, the importance of abiotic conditions for species’ 

range limits and the intensity of biotic interactions can vary between different range limits of one 

species or between geographic regions (Travis 1996; Prinzing et al. 2002; Gaston 2003; Arntzen & 

Espregueira Themudo 2008; Zanini et al. 2008). For example, in montane regions, the upper 

elevational range limits of species appear to be limited by the harsh climatic conditions at higher 

altitudes while their lower elevational range limits are often set by competition with lowland species 

(Gifford & Kozak 2012). 

 

The Amphibian chytrid fungus as an example of alternative biotic determinants of range limits 

In accordance with the above mentioned theoretical background, the negative effects of parasites and 

pathogens, for example, on the species’ population growth rate, can define the geographic range limits 

of species (reviewed by Sexton et al. 2009). Given that range limits of species are often associated 

with changing abiotic conditions, physiological stress for the species within marginal habitats may 
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increase the species’ vulnerability to pathogen and parasite infections. Specifically poikilothermic 

species such as amphibians are susceptible to infectious pathogens under unfavourable climatic 

conditions (Reading 2007). 

More than ever, research on distribution and impact of pathogens on their host species is of 

interest concerning the man-made appearance of emerging infectious diseases and related species 

declines (Rahbek 2007; Crowl et al. 2008; Lips et al. 2008; Smith et al. 2009; Lötters et al. 2011). 

Emerging infectious diseases (EID) can greatly weaken the fitness of their host species followed by a 

decimation of species population abundance (Smith et al. 2009). In many cases, the appearance of 

diseases and the outcome of infections have been attributed to anthropogenic environmental changes 

and activities. Human activities (e.g. international travel, trade) are known to facilitate the 

transmission of pathogens across large geographic scales (Daszak et al. 2003; Fisher & Garner 2007; 

Garner et al. 2009a; Sexton et al. 2009). The synergetic effect of pathogens and other stressors (e.g. 

habitat loss, pollution; climate change, non-native species introduction) can restrict species 

distributions or even result in local or global extinction of species (Kiesecker et al. 2004; Smith et al. 

2009).  

One of the most alarming globally emerging pathogens is the amphibian chytrid fungus, 

Batrachochytrium dendrobatidis (Bd), which can cause the EID chytridiomycosis, lethal to numerous 

amphibian species. Over the last decades, severe population declines and mass mortalities in about 

43% of all amphibian species have been observed and documented all over the world (Blaustein & 

Wake 1990; Berger et al. 1998; Stuart et al. 2004, 2008; Wake & Vredenburg 2008). Some of the 

most dramatic amphibian declines and sometimes even extinctions were characterised as ‘rapid 

enigmatic declines’ because they suddenly appeared for no obvious reason (Stuart et al. 2004, 2008; 

Lötters et al. 2009). In this context, the widespread emergence of chytridiomycosis on all continents 

inhabited by amphibians has been suggested to contribute to the rapid enigmatic amphibian declines 

and mass mortalities (Stuart et al. 2008; Fisher et al. 2009; Lötters et al. 2009; Farrer et al. 2011). 

Bd is genetically quite diverse and only one lineage of this pathogen was found to affect 

amphibians (Fisher et al. 2009; Farrer et al. 2011). The fungus is known to assault and grow on 

keratinised parts of the adult amphibian skin and mouthparts of tadpoles. From here, the growing 

zoosporangia of the fungus release motile water-dependent zoospores that can spread and survive in 

aquatic environments. Temperature and pH level are important factors for survival, growth, dispersal 

and reproduction of the fungus (Piotrowski et al. 2004). Yet, the zoospores can survive and be 

transmitted even via various non-amphibian vectors (e.g. crustaceans) and they were found to infect 

entirely terrestrial amphibian species (Johnson & Spear 2005; Weinstein 2009; Kilpatrick et al. 2010). 

Not all species are equally vulnerable and there are intra- and interspecific differences in the outcome 

of the Bd infections (Blaustein et al. 2005; Garner et al. 2005; Tobler & Schmidt 2009; Weinstein 

2009; Kilpatrick et al. 2010). Some infected species show no symptoms of chytridiomycosis. This is 
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probably due to the presence of particular skin peptides, secretions or the activities of certain anti-

fungal bacteria, while others suffer from the infection of individuals (Kilpatrick et al. 2010; Pasmans 

et al. 2013). Voyles et al. (2009) found that the chytridiomycosis infection may repress 

osmoregulation and ion balance across the amphibian skin and that the infected individuals eventually 

die from cardiac standstill. Most recently, Martel et al. (2013) discovered a second, highly divergent 

chytrid fungus, B. salamandrivorans sp. nov. (Bs). This pathogen was found to cause a rapid decline 

in Salamandra salamandra populations in the Netherlands by inducing a lethal skin infection, similar 

to that observed in case of Bd infection (Martel et al. 2013; Spitzen-van der Sluijs et al. 2013).  

In terms of EID control and conservation planning, a better knowledge about biological and 

environmental factors that affect the species’ susceptibility and distribution of Bd and Bs is important 

(Kriger et al. 2007; Bielby et al. 2008; Rödder et al. 2008; Fisher et al. 2009; Smith et al. 2009; 

Lötters et al. 2011; Martel et al. 2013). It is a central goal to identify the species with a high risk of 

susceptibility and to determine whether the fungal infection affects the species’ distribution or not. 

Bielby et al. (2008) indicated that taxa with restricted geographic distributions at higher altitudes, 

species with aquatic life stages and low fecundity are most likely affected and suffer from Bd 

infection. Besides life history traits, climatic conditions were suggested to play an important role for 

the susceptibility of species to EIDs (Raffel et al. 2006; Fisher et al. 2009). A worldwide risk 

assessment for the potential impact of Bd identified the most suitable climatic conditions and the 

global potential distribution of the pathogen (Rödder et al. 2009; Fig. 4). Bd was found under a wide 

variety of environmental conditions suggesting a wide climatic niche (Walker et al. 2010).  

 

Figure 4. Worldwide potential distribution of the amphibian pathogen Batrachochytrium dendrobatidis (Bd). 

The map was derived from a species distribution model in Maxent (S. Lötters, unpubl.). Warmer colours indicate 

higher suitability for Bd.  
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Rödder et al. (2009) showed that the distribution of vulnerable species greatly overlapped with areas 

of high suitability for Bd, which coincided with near cost and montane regions. A high prevalence and 

intensity of Bd infection was observed for locations with moist and cool climatic conditions (e.g. Drew 

et al. 2006; Kriger et al. 2007; Fisher et al. 2009; Walker et al. 2010). Many amphibian species are 

infected by Bd on various continents and alarming, sometimes fatal, population declines do occur in 

mountainous regions (Berger et al. 1998; Lips 1998; Stuart et al. 2004; Bosch & Martínez-Solano 

2006; Walker et al. 2010). These observations lead to the association of Bd-induced mass mortalities 

with high-altitudes and colder temperatures (Fisher et al. 2009). Unlike for Bd-infection, research on 

the impact of Bs-infection has just started and it is currently not possible to make a rough estimate 

about extent and effect of Bs-infection on different amphibian species (Martel et al. 2013).  

In Europe, infection with Bd have been documented in a broad range of amphibian species, but 

only few reports of the fatal consequences of Bd contagion exist for montane regions on the Iberian 

peninsula, Sardinia and in Switzerland (Garner et al. 2005, 2009b; Bosch & Martínez-Solano 2006; 

Duffus & Cunningham 2010; Tobler & Schmidt 2010; Walker et al. 2010; Sztatecsny & Glaser 2011). 

Interestingly, a recent study by Pasmans et al. (2013) suggested that European salamanders of the 

genus Speleomantes have skin secretions that are capable of killing Bd, resulting in the species’ 

resistance to chytridiomycosis. However, there is a growing investigation effort, combined with an 

increasing number of reports, of Bd infection in Europe. With the exception of chytridiomycosis-

induced mortality in the Midwife toad (Alytes obstetricans) in Switzerland, no fatal impacts were 

found for Bd-infected amphibians in the European Alps and its surroundings (Garner et al. 2005; 

Tobler & Schmidt 2010; Sztatecsny & Glaser 2011). Following the observation of chytridiomycosis-

induced amphibian mass mortalities in regions with high altitudes and colder temperatures (e.g. Fisher 

et al. 2009), the greater region of the European Alps could potentially be a ‘hot spot’ for amphibian 

population declines through Bd infection. This region is characterised by diverse climatic conditions 

that vary across a relatively small area; conditions which are related to the coincidence of three 

principal continental scale climate regimes, in addition to vertical effects caused by the high mountains 

of the Alps (Auer et al. 2007). Such variable climatic conditions, combined with the increased 

susceptibility to Bd infection (Raffel et al. 2006; Bielby et al. 2008; Fisher et al. 2009; Walker et al. 

2010), could significantly determine the distribution of species with geographically restricted ranges 

and low fecundities.  

 

Terrestrial salamanders as models systems in ecology 

Amphibians represent promising model systems for various reasons. This vertebrate group is 

characterised by unique physiological, ecological and life history attributes including their relatively 

small size, complex life cycles that typically comprise aquatic eggs and larvae and entirely terrestrial 



 General Introduction 

16 

 

adults, limited dispersal ability, a poikilothermic physiology and their highly permeable skin (Vitt et 

al. 1990; Wells 2007: 785). The last two characteristics make them highly dependent on water and 

moist habitats, and susceptible to pollutants and environmental changes. Odum (1992) suggested that 

“the first signs of environmental stress usually occur at the population level, affecting especially 

sensitive species”. Because of their higher susceptibility and faster response to natural or 

anthropogenic environmental changes than other taxa, amphibians are considered to be relevant 

biological indicators for ecosystem integrity and on-going degradation of aquatic and terrestrial 

environments (Blaustein & Wake 1990; Vitt et al. 1990; Welsh & Droege 2001; Stuart et al. 2008; 

Böll et al. 2013). Such biological indicators can be of great importance for monitoring ecosystems and 

conservation planning; subsequently there is a great need for research on amphibians because of the 

worldwide amphibian decline (Stuart et al. 2004; Pasmans et al. 2006). 

Due to their complex life cycle most adult amphibians return to water for reproduction, and 

these movements, as well as the metamorphosis of aquatic larvae to terrestrial adults, provide an 

important link for energy and matter between terrestrial and aquatic habitats (Wells 2007; see Fig. 5). 

Amphibians are key components of many ecosystems and greatly contribute to trophic dynamics of 

communities, with a high position in the food chain, and by composing crucial amounts of biomass in 

many habitats (Vitt et al. 1990; Blaustein & Wake 1990; Blaustein et al. 1994; Davic & Welsh 2004). 

Blaustein et al. (1994) thus suggested that their decline might have a major impact on many other 

organisms in aquatic and terrestrial ecosystems.  

Among amphibians, salamanders are less diverse than anurans and currently comprise about 

650 species (http://www.amphibiaweb.org). They are widely distributed in the northern hemisphere 

and exhibit 10 different reproductive modes and morphological specializations in order to exploit 

different terrestrial and aquatic microhabitats (Duellman 1999; Wells 2007; Wake 2009). 

Characteristics like their longevity, slow maturation, site fidelity, low vagility, habitat specialization, 

sensitivity to environmental changes, and occurrence in high densities, make terrestrial salamanders 

particularly suitable for monitoring forest ecosystems (Welsh & Droege 2001; Wells 2007). Besides 

the low vagility of most terrestrial salamanders, their restriction to specific habitats is often related to a 

limited geographic distribution of species, especially for those found in mountainous regions 

(Duellman 1999; reviewed in Wells 2007; Wake 2009). Such salamander species with restricted 

geographic ranges could be especially susceptible to population decline and extinction (e.g. Bielby et 

al. 2008, by implication; Wake & Vredenburg 2008). 

Many terrestrial salamanders are forest-dwelling, and due to the high level of water loss through 

their skin, their activity (e.g. for foraging and mating) greatly depends on moist soil or litter and 

available cover objects on the forest floor (Feder 1983; Klewen 1991; Grover 1998; Welsh & Droege 

2001). Such cover objects are used as refugia during unfavourable conditions; furthermore, the 

salamanders were found to use burrows of other animals, crevices among tree roots, rocks or artificial 
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stone walls to move between the surface and moister areas in the soil or rock (Klewen 1991; Welsh & 

Droege 2001). Davic & Welsh (2004) suggested that terrestrial salamanders perform many ‘key 

ecological functions’ and summarized that; (i) they provide fundamental biotic control for many forest 

litter communities as key predators or as abundant resource of energy for other predators, (ii) their 

complex life cycles and their movements often represent important connections between aquatic and 

terrestrial habitats, and (iii) they facilitate soil dynamics by occupying and altering underground 

refugia (Fig. 5).  

Figure 5. Key ecological functions of salamanders in ecosystems; modified after Welsh & Droege (2001).  

Forest salamanders often share their microclimatic requirements with other small, less mobile and 

sometimes difficult-to-study forest organisms, and their surface activity may help to assess fine-scale 

processes in forest ecosystems (Welsh & Droege 2001).  

Apart from the restricted geographic ranges of many species, communities of terrestrial 

salamanders show various distributional patterns, for example, parapatry and narrow sympatry pose 

interesting questions to biologists. Small geographic ranges of terrestrial salamanders are often related 

to anthropogenic degradation, abiotic conditions, and the specialization of species to fragmented or 

rare habitats (Gaston 2003; Wells 2007; Wake 2009). However biotic interactions, in particular 



 General Introduction 

18 

 

competition, were observed among species (Jaeger 1971; Hairston et al. 1987; Cimmaruta et al. 1999) 

and were found to play a fundamental role for structuring salamander communities in moist forest 

habitats (Krzysik 1979; Adams 2007). Because most terrestrial salamanders are opportunistic 

predators, they most likely compete for space (e.g. spatial distribution of nest sites, shelter or suitable 

microhabitats) rather than food (Wrobell et al. 1980; Hairston 1981; Cimmaruta et al.1999; Riberon & 

Miaud 2000; reviewed by Wells 2007). 

The role of competition for the range delimitation among species has been intensively documented for 

parapatrically distributed North-American salamanders, with focus on forest litter or streamside 

species of the genus Plethodon and Desmognathus (reviewed in Wells 2007). These various studies on 

these salamanders provide valuable information about their evolution, ecology and distribution. In 

contrast to anurans, the morphological evolution in terrestrial salamanders is rather conservative with 

closely related species being very similar in their appearance and ecological requirements (Wells 

2007). This similarity provoked interference competition or even competitive exclusion of species 

from suitable habitats (Jaeger 1971; Hairston 1980; Marshall et al. 2004; Arif et al. 2007). As a result 

of the strong interspecific competition, habitat partitioning has been documented for several 

salamander species. Ecological studies by Hairston (1949, 1951, 1980) and Hairston et al. (1987) 

revealed a competition-driven altitudinal segregation of salamander species in Appalachian mountain 

ranges (‘elevational parapatry’ sensu Toft 1985). Along with the spatial segregation, resource-

partitioning was observed for these species (Hairston 1949; reviewed in Toft 1985). On a small spatial 

scale, Jaeger (1970, 1971), Hairston (1949) and Krzysik (1979) documented that competition between 

species resulted in horizontal segregation by utilization of different microhabitats (‘microhabitat 

parapatry’ sensu Toft 1985).  

Many empirical studies suggested that interplay of the abiotic environment and intensive 

competitive interactions determines parapatry among terrestrial salamanders (Hairston 1951; Jaeger 

1970; Cimmaruta et al. 1999; Arif et al. 2007; Cunningham et al. 2009; Gifford & Kozak 2012). 

Often, interspecific competition is asymmetrical with the range limits of a superior competitor being 

set by abiotic conditions, whereas competition between the species restricts the inferior competitor to 

areas that are less suitable (e.g. Jaeger 1970; Cimmaruta et al. 1999; Arif et al. 2007). 

 

The focus species of this thesis 

This study focused on two terrestrial salamander species, the Alpine salamander (Salamandra atra 

Laurenti, 1768), and the Fire salamander (Salamandra salamandra Linnaeus, 1758) that occur in 

parapatry. Both species belong to the family Salamandridae, the true salamanders, which is an 

ecologically diverse group of urodelans showing a variety of differences in their ecology (Halliday 

1990; reviewed in Wells 2007; Buckley 2012). The genus Salamandra comprises the two Alpine 
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species, S. atra and S. lanzai, and the Fire salamander complex which refers to a polytypic group of 

several species and subspecies (Steinfartz et al. 2000; Bonato & Steinfartz 2005; Hendrix et al. 2010). 

Salamandra salamandra represents the most widespread species of the Fire salamander complex, and 

can be found throughout western, central, southern Europe, and the most northern Africa (Fig. 6A). 

Among these regions, S. salamandra occurs in a wide range of different habitats (up to ground level 

elevations of above 2200 m) and displays considerable spatial variation in its size, colouration, and 

reproductive mode (Klewen 1991; García-París et al. 2003; Thiesmeier & Grossenbacher 2004; Wells 

2007). In contrast to the Fire salamander, S. atra has a more restricted range and is endemic to pre-

montane and montane areas in the central and eastern European Alps with isolated occurrences in the 

Dinaric Alps (Riberon et al. 2001; Guex & Grossenbacher 2004; Fig 6B). The ranges of the two 

species meet in the Alpine arc where the continuous part of the range of S. atra coincides with an 

obvious distributional gap in the range of S. salamandra (see Fig. 6).  

 

Figure 6. Map of the geographic ranges of (A) Salamandra salamandra and (B) S. atra (taken from the IUCN 

Red List, available at http://www.iucnredlist.org/). For S. salamandra, the range was modified for the area of the 

Alpine Arc and in northern Germany according to Thiesmeier and Grossenbacher (2004).  

These two salamanders represent compelling study species for investigating the determinants of 

parapatry. The species’ geographic ranges meet in narrow contact zones in the Alpine arc and are 

mostly separated by sharp range borders, excepting only few localities where the two taxa locally co-

occur (Klewen 1986, 1991; Günther 1996; Guex & Grossenbacher 2004; Thiesmeier & Grossenbacher 

2004). In central Europe where the contact zones between the species can be found, the Fire 

salamander is represented by the two subspecies Salamandra s. salamandra and S. s. terrestris 

(hereafter ‘S. salamandra’; Thiesmeier & Grossenbacher 2004). Both subspecies are ovoviviparous 

and most often inhabit broadleaf forests that provide suitable shelter and small streams or ponds 

(Klewen 1991; Thiesmeier & Grossenbacher 2004). Female Fire salamanders use such water bodies 

(A) (B) 
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for deposition of the fully internally developed larvae, which remain in aquatic habitats until 

metamorphosis is completed. Juvenile and adult life stages of this species are fully terrestrial and all 

activities, including mating, are conducted on land (Thiesmeier & Grossenbacher 2004). Salamandra 

atra, on the contrary, is viviparous and gives birth to generally one or two completely metamorphosed 

terrestrial juveniles (Häfeli 1971; Klewen 1991; Guex & Grossenbacher 2004). This allows the species 

to inhabit Alpine regions where aquatic habitats are scarce. Other life history traits such as the limited 

activity in the summer, slow maturation, low fecundity and the long gestation of two to three years, are 

also said to be adaptations to Alpine environments. Besides its association with humid montane forests 

and Alpine habitats above the tree line, S. atra occurs in a variety of different habitats ranging between 

elevations of 400 to over 2500 m above sea level (a.s.l.), including different forest types, rocky 

grasslands, meadows, talus and ravines. Klewen (1986) documented that these habitat differences were 

strongly associated with the elevation where the individuals were found. Highest population density 

was found in rocky alpine meadows (with more than 3000 individuals/ha; Helfer et al. 2012), while 

the habitats at the lower elevational range limits of S. atra were characterised by broadleaf forests and 

much lower abundances (with up to 120 individuals/ha; Klewen 1986). Here, the species prefers the 

forest edges where suitable shelter is available (Thiesmeier & Grossenbacher 2004).  

Apart from the differing reproductive modes, the two species are ecologically similar. Both 

exhibit nocturnal and elusive behaviour by remaining most of the time under shelter, while their 

surface activity (e.g. foraging and mating) is limited by the availability of cool and moist weather 

conditions (Klewen 1986, 1991; Guex & Grossenbacher 2004; Thiesmeier & Grossenbacher 2004). 

Both the Alpine and the Fire salamander are generalized predators that usually conduct a sit-and-wait 

strategy on the forest floor to catch prey. Site-fidelity has been documented for both species (Klewen 

1986, 1991; Rebelo & Leclair 2003; Schulte et al. 2007), although the migratory activity in these 

species, through transients between populations, is higher than commonly thought (Schmidt et al. 

2007; Helfer et al. 2012). 

The observations of similar life histories and shared ecological requirements of the two species 

pose interesting questions to biologists. These questions regard the role of abiotic and biotic factors for 

the determination of the parapatric range limits between them and their limited co-occurrence. Both 

species are generally flexible in the matter of species-habitat-relationships. Currently, we know that 

the distribution and larval abundance of S. salamandra are strongly related to abiotic characteristics of 

the terrestrial and aquatic breeding habitats (Manenti et al. 2009; Ficetola et al. 2011; Tanadini et al. 

2012). While the factors that determine the habitat selection and restrict the distribution of S. atra are 

less clear. The abiotic environment, in particular the changing climatic conditions along the altitudinal 

gradient, may only be one possible explanation for the parapatric distribution of the two salamanders. 

However, investigations are not available for both species. Within contact zones at the foothills of the 

Swiss Alps, Fire and Alpine salamanders occur in the same forest habitats (Thiesmeier & 
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Grossenbacher 2004) where they may compete for limited resources such as cover objects on the 

forest ground. Both salamanders use similar shelter within their habitats and in syntopy, individuals of 

both species were sometimes even found under the same cover object (Klewen 1986; Thiesmeier & 

Grossenbacher 2004). For S. atra, Klewen (1986) proposed that the upper elevational range limit is set 

by climatic factors in addition to the availability of shelter; competitive interactions with lowland 

species such as S. salamandra most likely restrict the species distribution at lower elevations. In turn, 

the Fire salamander could theoretically occur in higher elevations of the Alps, but there is no available 

explanation as to why they do not occur here (Thiesmeier & Grossenbacher 2004). Klewen (1986) 

disproved that the lack of suitable breeding site at higher elevations could explain the upper 

elevational range limit of this species. He proposed further research in the contact zones of the two 

salamander species. Yet, the wider geographic range of S. salamandra and its larger size plus stronger 

constitution compared to S. atra (Klewen 1985, 1986; Luiselli et al. 2001) may suggest asymmetrical 

competition; with S. salamandra being the superior competitor and restricting the distribution of S. 

atra to montane and pre montane habitats. However, there has been no study of whether interspecific 

competition is an important range-determining factor for the two salamanders, although competition 

between the species has often been suggested and this was important for several North-American 

salamanders (Klewen 1986; Guex & Grossenbacher 2004). 

Alternatively, other biotic factors such as the chytrid fungus Bd (or Bs) could limit the 

distribution of S. atra. In Europe, infection prevalence for Bd was exceptionally high in Switzerland 

(Garner et al. 2005) and 30% of all sample sites in Austria were tested positive (Sztatecsny & Glaser 

2011). In their assessment of globally suitable regions for Bd prevalence, Rödder et al. (2009) 

identified that regions of higher elevations of lower latitudes and of lower elevations of higher 

latitudes are most suitable. In concert with this, the presence of Bd was detected in mostly lower 

elevations of the European Alps, with the exception of one high record of 1630 m a.s.l. in Austria 

(Tobler, U. & Schmidt, B.R., unpublished data for Switzerland; Sztatecsny & Glaser 2011). For S. 

atra, the high Bd prevalence in lower elevation may restrict the species to higher elevations. 

Chytrid infection has been detected in several salamander families (reviewed in Weinstein 

2009), with some species like the European Speleomantes salamanders appearing to be resistant to 

chytridiomycosis (Pasmans et al. 2013). In contrast, Bd-associated mass mortality has been observed 

for the congeneric S. salamandra on the Iberian Peninsula (Bosch & Martínez-Solano 2006; Bosch et 

al. 2007). As suggested earlier, the greater region of the European Alps, where the Alpine salamander 

occurs, provides climatically suitable conditions for Bd (Rödder et al. 2009; Walker et al. 2010). Due 

to its restricted geographic range at higher altitudes and its low fecundity, this species is likely to be 

susceptible to Bd infection, which may in turn determine its distribution (Bielby et al. 2008, by 

implication). Alternatively, the infection with the recently discovered chytrid fungus Bs (Martel et al. 

2013) may also play a role for both Salamandra species. At the edge of the north-western distribution 
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of S. salamandra, this pathogen was found to cause dramatic population declines of this species 

(Martel et al. 2013; Spitzen-van der Sluijs et al. 2013), which may also be the case for other 

populations of this species or of S. atra. 

 

Structure of this thesis 

The central goal of this doctoral thesis was to identify the role of the abiotic and biotic environment 

for the parapatric distribution and sharp range delimitation within the contact zones of Salamandra 

atra and S. salamandra in the European Alps. More specifically, I aimed to assess how climatic 

conditions, habitat characteristics, species interactions and the possible infection of S. atra with the 

amphibian pathogen Bd affect the realized distributions of Fire and Alpine salamanders within their 

narrow contact zone in Switzerland. Various abiotic and biotic environmental factors affect species 

distributions with different intensities across geographic and spatial scales (Wiens 1989; Pearson & 

Dawson 2003; Zanini et al. 2011). This results in intraspecific variation in the species-environment 

relationships and the importance of these factors. To better understand parapatry between the species 

and to capture possible spatial variation, I designed an integrated “top-down” investigating approach 

(from a broad to small spatial scale). This comprised macroecological niche models together with 

regional and fine-scale habitat selection models that investigate species-environment relationships and 

the most important factors on varying spatial scales.  

Chapter I summarizes a study that aimed to identify the broad-scale role of climate in 

determining the sharp range limits between the two parapatric species within their contact zones. 

Through cooperation with the Swiss national amphibian distribution database ‘karch’ 

(http://www.karch.ch), it was possible to identify contact zones in Switzerland and to obtain large sets 

of records for each species as well as high-resolution climatic data for my analyses. First, general 

climatic conditions at records of Fire and Alpine salamanders were compared. In a subsequent step, I 

applied species distribution modelling techniques (Peterson et al. 2011) and a recent approach by 

Broennimann et al. (2012). These approaches were used to assess the climatic niches of both species 

and to quantify the degree of niche overlap or differentiation between them with respect to the 

available climatic environment within their contact zones. In contrast to high levels of ecological 

differentiation, a strong niche overlap combined with the restricted spatial overlap of the two 

salamanders suggests that interspecific competition is an important determining factor for species 

distributions (Hofer et al. 2004). Furthermore, a range-breaking test was applied (Glor & Warren 

2011) to investigate whether there is a strong climatic gradient that coincides with the sharp range 

limits between the two species and that could thus explain parapatry. All analyses were carried out 

separately for three contact zones in Switzerland to evaluate whether the degree of ecological 

differentiation between Alpine and Fire salamander, or the effect of climate on their range limits, 

varied among the contact zones. Finally, the combined results of the climatic data analyses and the 
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multivariate approaches were used to interpret whether climatic conditions explain the sharp range 

limits between the species, or whether competition may play a role for range delimitation. The results 

of this study are published by Werner et al. (2013) in Ecography 36: 1127-1137. 

In Chapter II, the ecology of the two salamander species and their narrow contact zones at the 

parapatric range boundary was studied on a habitat scale. To better understand the local syntopic co-

occurrence of the species within the contact zones and to further assess whether competition affects 

the species’ distributions, site-occupancy modelling sensu MacKenzie et al. (2002) was used. This 

approach allows for imperfect detection during data collection. It also allows for consideration of 

various environmental variables as potential model covariates in order to assess the effect of these 

variables on the species’ occupancy probabilities at a site. To account for possible geographic 

variation, I selected two salamander contact zones in central Switzerland for the study where local co-

occurrences have been documented. During field work in the summer months of 2010, I collected 

detection/non-detection data for each species. I also measured several predictor variables at local 

syntopic and allotopic occurrences of the species within these contact zones. By assessing the species-

habitat relationships, I was able to identify the habitat predictors that best explained the observed 

spatial distribution of the species within contact zones. Besides several abiotic habitat covariates, I 

tested whether the local presence of one species affected the site-occupancy probability of the other 

species. If interspecific competition determines the distribution of the two species, the presence of one 

species was expected to have a negative effect on the presence of the other. The results of this study 

have been accepted for publication in the Journal of Zoology. The manuscript is currently in press 

(doi: 10.1111/jzo.12079). 

In contrast to the studies on the macro and the local habitat scales (Chapter I & II), the study 

represented in Chapter III was designed to investigate the factors that play the most important role 

for the spatial distributions of the two salamanders on the fine-spatial scale. For this study, I chose a 

local study area in Switzerland where both species occur in syntopy. During field work in the summer 

months of 2011 and 2012, I collected microhabitat data by characterizing the microclimatic and 

vegetative conditions at the location of each encountered salamander. Biotic interactions most 

significantly affect the distributions of species on smaller spatial scales (Pearson & Dawson 2003; Fig. 

1). Hence, the main objective in this study was to explore whether there is considerable evidence for 

an impact of interspecific resource competition on the spatial distributions of the two species on the 

micro-spatial scale. Differential microhabitat utilization and resources partitioning in order to 

minimize interspecific competition within a shared habitat were suggested to be key processes that 

facilitate coexistence of species with similar niches (Amarasekare 2003; Hofer et al. 2004). If 

competition shapes the local spatial distribution of S. salamandra and S. atra, then they should exhibit 

a greater niche overlap than expected by chance. They should also show some degree of resource 

partitioning through selection of different microhabitats that allows them to locally co-occur in 
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syntopy. To investigate this, I first estimated the niche overlap between the species and compared it to 

the values of overlap estimated for random points in their accessible habitat using a null model 

analysis (Gotelli 2000). Secondly, I identified the microhabitat characteristics that determine the 

species’ habitat selection and assessed whether there are interspecific differences by using resource 

selection probability function models (Lele & Keim 2006). The results are summarized in an 

unpublished manuscript. 

The study in Chapter IV aimed to investigate the potential infection of the Alpine salamander 

with Bd at different altitudes in the Swiss, Austrian and German Alps. Furthermore, with the help of 

this study, I aimed to identify whether the possible infection of S. atra with Bd could serve as an 

alternative biotic explanation for the spatial distribution of this species, which is restricted to higher 

elevations of the Alps. For the infection assessment, individuals from different populations occurring 

at different altitudes across the species geographic range in the European Alps were sampled through 

swabbing of the salamander skin. Subsequently, theses samples were tested for the presence of Bd 

using quantitative real-time PCR analysis (Hyatt et al. 2007). At the time of this study, the new chytrid 

fungus Bs was not yet discovered and therefore not considered in this study (see Martel et al. 2013). 

The detailed results of this study have been published by Lötters et al. (2012) in Salamandra 48: 58-

62. 

The most important results and conclusions of the studies in Chapters I – IV are summarized in 

the overall concluding section (Conclusions and outlook) of the dissertation.  
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CHAPTER I 

 

 

The role of climate for the range limits of parapatric European 

land salamanders 

 

 

Werner, P., Lötters, S., Schmidt, B.R., Engler, J.O. & Rödder, D. (2013) The role of climate 

for the range limit of parapatric European land salamanders. – Ecography 36: 1127-1137. 
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Abstract 

Abrupt range limits of parapatric species may serve as a model system to understand the factors that 

determine species’ range borders. Theory suggests that parapatric range limits can be caused by abiotic 

conditions along environmental gradients, biotic interactions or a combination of both. Geographic 

ranges of the parapatric salamanders, Salamandra salamandra and S. atra, meet in small contact zones 

in the European Alps and to date, the cause of parapatry and the restricted range of S. atra remain 

elusive. We combine multivariate approaches and climatic data analysis to explore niche 

differentiation among the two salamanders with respect to the available climatic environment at their 

contact zones. Our purpose is to evaluate whether climatic conditions explain the species’ sharp range 

limits or if biotic interactions may play a role for range delimitation. Analyses were carried out in 

three contact zones in Switzerland to assess possible geographic variation. Our results indicate that 

both species occur at localities with different climatic conditions as well as the presence of a strong 

climatic gradient across the species’ range limits. Although the species’ climatic niches differ 

moderately (with a wider niche breadth for S. atra), interspecific niche overlap is found. Comparisons 

among the contact zones confirm geographic variation in the species’ climatic niches as well as in the 

conditions within the geographically available space. Our results suggest that the change in climatic 

conditions along the recognized gradient represents a determining factor for species’ range limits 

within contact zones. However, our analyses of geographic variation in climatic conditions reveal that 

both salamander species can occur in a much wider range of conditions than observed within contact 

zones. This finding and the interspecific climatic niche overlap within each contact zone provides 

indirect evidence that biotic interactions (likely competition) between the two species may also 

determine their range limits. 
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Introduction 

Understanding the factors that determine the edges of species ranges continues to be a challenge in 

ecology and evolution (Holt and Keitt 2005, Bridle and Vines 2007, Geber 2008, 2011). Parapatric 

species are an interesting system for studying range limits. They are characterized by stable adjacent 

but non-overlapping ranges and co-occurrence is only found in small contact zones (Bull 1991). When 

the ranges of two parapatric species meet where there is a strong environmental gradient, it can be 

expected that climate or other factors of the physical environment (e.g. topography, soil) are the 

predominant determinants of the range limits (‘ecological parapatry’ sensu Key 1981). The reason for 

this phenomenon is that a strong change in abiotic conditions along the environmental gradient may 

exceed the physiological capacities of the species involved (Bull 1991, Gifford and Kozak 2012). In 

more homogeneous habitats, parapatric range borders may result from resource competition between 

the species with similar environmental requirements (‘competitive parapatry’ sensu Haffer 1986) or 

from other biotic interactions (e.g. predation; Bull 1991, Case et al. 2005). Models of parapatric range 

limits show that in the presence of a competing species, range margins can form at shallow 

environmental gradients (Case et al. 2005, Bridle and Vines 2007). Empirical studies suggest that 

combinations of mechanisms rather than single mechanisms are involved in range delimitation 

(Cimmaruta et al. 1999, Case et al. 2005, Cunningham et al. 2009, Gifford and Kozak 2012). Abiotic 

conditions can greatly affect the relative competitive abilities of species suggesting that competition 

may also be important for parapatric range borders that coincide with a strong environmental gradient 

(Gaston 2003). Furthermore, if there is intraspecific variation in either species-environment 

relationships or species interactions (Travis 1996, Bridle and Vines 2007, Zanini et al. 2009), then the 

mechanisms that set parapatric range margins might vary in space. 

Whether abiotic conditions or biotic interactions or a combination of both determine parapatric 

range limits is a contentious topic, because parapatric margins often coincide with strong 

environmental gradients (Bridle and Vines 2007). Previous studies have proved ecological niche 

modelling as a useful tool to study parapatric range margins (e.g. Cunningham et al. 2009, Beukema et 

al. 2010, Glor and Warren 2011, Scali et al. 2011). In this context, the classic definition of the niche 

by Hutchinson (1957, 1978) has recently been conceptually updated (Soberón 2007). Previously, 

Hutchinson combined the earlier concepts of Grinnell and Elton, which considered two different, 

scale-dependent types of niches (Soberón 2007, Soberón and Nakamura 2009, Peterson et al. 2011). 

The ‘fundamental Grinnellian niche’ is defined by primarily abiotic (‘scenopoetic’ in the terminology 

of Soberón 2007) conditions at coarse spatial scales and reflects the physiological limits of a species. 

Biotic interaction and resource-related variables define the Eltonian niche, which usually operate on 

the local scale. The area in geographic space, where a species finds suitable conditions given by its 

Grinnellian and Eltonian niches, represents its ‘potential distribution’ (JR in Soberón 2007). However, 
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a species is unlikely to be present in the entire potential distribution. The part of the potential 

distribution that is accessible and actually colonized is termed ‘occupied area’ (Jo in Soberón 2007). 

Jackson and Overpeck (2000) refer to environmental conditions within the occupied area as the 

momentarily ‘realized niche’. The realized niche is contrasted by the ‘potential niche’ (= ‘scenopoetic 

existing fundamental niche’ sensu Peterson et al. 2011), which is the intersection of the species’ 

fundamental Grinnellian niche with the set of accessible environments actually existing at a given 

time. Identification and comparison of species’ potential and realized niches can help clarify if abiotic 

factors explain parapatric range limits entirely or if other factors such as competition may play a role 

for range limitation.  

In this study, we combined multivariate approaches and climatic data analyses to find 

explanations for the sharp range limits of two parapatric salamander species whose ranges meet in the 

European Alps. We study the two terrestrial salamanders Salamandra salamandra (Fire salamander, 

FS) and S. atra (Alpine salamander, AS). FS is widely distributed throughout western and central 

Europe, while AS is restricted to pre-montane and montane regions in the central and eastern alpine 

arc and the Dinaric Alps (Klewen 1991, Guex and Grossenbacher 2004, Thiesmeier and 

Grossenbacher 2004). Both species have similar natural histories, but only few contact zones are 

known where the species locally co-occur (Guex and Grossenbacher 2004, Thiesmeier and 

Grossenbacher 2004). In contact zones, FS tends to be more common at lower elevations while AS is 

more often found at higher elevations, but in restricted areas both species can be found together in the 

same microhabitats (Guex and Grossenbacher 2004, Thiesmeier and Grossenbacher 2004). 

In montane regions, where the contact zones between the two studied salamanders are located, it 

can be stated that parapatric range limits of species are generally associated with changing climatic 

conditions along altitudinal gradients (Gaston 2009, Gifford and Kozak 2012). Nevertheless, several 

studies showed that competition may also play a role (Jaeger 1971, Hairston et al. 1987, Cunningham 

et al. 2009, Gifford and Kozak 2012). In order to analyse whether climate may determine the abrupt 

parapatric range limits of AS and FS in their contact zones, we first tested whether these species 

occupy areas with similar or different climatic conditions. We also compared the species’ potential and 

realized Grinnellian niches (sensu Soberón 2007) to identify the degree of ecological differentiation 

between them. Niches were described using climate variables; henceforth, we refer to them as climatic 

niches. We then tested whether there is a strong climatic gradient that may have caused the sharp 

range limits within contact zones. Because several studies showed that a species’ niche, as well as the 

strength of biotic interactions may vary in space (e.g. Travis 1996, Graf et al. 2006, Arntzen and 

Espregueira Themudo 2008, Zanini et al. 2009), we finally asked whether the degree of ecological 

differentiation between AS and FS or the effect of climate on their range limits vary geographically by 

analysing three contact zones in Switzerland. 



 Chapter I 

29 

 

Even though there is evidence that climate determines the abrupt range limits of AS and FS within 

contact zones (e.g. through a climatic gradient along with elevational change; Guex and 

Grossenbacher 2004, Thiesmeier and Grossenbacher 2004), it should be noted that in other co-

occurring salamander species interspecific interactions are important (e.g. Jaeger 1971, Hairston et al. 

1987, Cunningham et al. 2009). Following these observations, we here test the hypothesis that climatic 

conditions determine the parapatric range limits of AS and FS within contact zones while interspecific 

interactions do not play a role. 

To discuss the results of the combined multivariate approaches and climatic data analyses and 

how they support or reject our hypothesis, we formulate four alternatives: 1) if AS and FS are found at 

different climatic conditions and show no overlap between their niches and if their sharp range limits 

coincide with a climatic gradient, we hypothesize that climate rather than biotic interactions 

determines the parapatric range limits. 2) If AS and FS occur under both the same and different 

climatic conditions combined with a high degree of interspecific niche overlap and if there is a 

climatic gradient, we expect that there are areas with adequate conditions for both species where they 

interact with each other and compete for resources. As a consequence, we hypothesize that both 

climate and interspecific competition play a role in determining the sharp range limits of AS and FS 

within contact zones. 3) If AS and FS occur at similar climatic conditions with a high degree of niche 

overlap and if there is no strong climatic gradient within contact zones, we hypothesize that 

interspecific competition rather than climate determines the parapatric range limits. 4) If AS and FS 

are found at different climatic conditions and show no interspecific niche overlap and if there is no 

climatic gradient, we hypothesize that the parapatric range limits are neither explained by climate nor 

by interspecific competition. 

 

Methods 

Species records and climate data 

We obtained occurrence data for AS and FS from the Swiss national amphibian distribution database 

(‘Koordinationsstelle für Amphibien- und Reptilienschutz in der Schweiz’ KARCH, 

<http://www.karch.ch>). This database is composed of a high density of species records for 

Switzerland which allowed us to identify contact zones in which the two species locally co-occur. We 

divided the entire contact zone within Switzerland into three study regions in 1) western, 2) central 

and 3) eastern Switzerland defining the locally available (potential) climatic niche space. The data sets 

for AS/FS contained 1) 121/233, 2) 558/494 and 3) 300/163 unique records (Fig. 1).  
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Figure 1. Location of salamander records (AS: light grey triangles; FS: dark grey dots) and investigated contact 

zones (frames) in Switzerland used to estimate the SDMs and Principle component analysis (PCA-env). The 

frames cover most areas of local co-occurrence of AS and FS and available surrounding. 

Climatic data recorded in the period 1961 to 1990 (i.e. climate elements) and information on ‘slope’ 

and ‘altitude’ (i.e. climate factors) were obtained from the national database of the Swiss Biological 

Records Centre (CSCF, <www.cscf.ch>) as GIS-layers with a resolution of 100 x 100 m 

(Zimmermann and Kienast 1999). Using the software DIVA-GIS 7.3 (Hijmans et al. 2005), we 

extracted climatic data for the three contact zones by clipping the climatic GIS-layer for selected areas. 

To evaluate climatic conditions for the salamander records within the three contact zones, we extracted 

all variables with a resolution of 100 x 100 m at each salamander record. We selected variables for 

further analyses based on a Spearman rank correlation analysis that was conducted in R 2.12.0 (R 

Development Core Team 2011). For further analyses, we used those variables from the total available 

data set that were not highly correlated (correlation coefficient ≤ 0.75; Table 1) and chose only one 

variable (i.e. the one considered biologically most meaningful to the salamanders) from a set of highly 

correlated variables (e.g. Scali et al. 2011). Thus, we selected five climatic variables for evaluating the 

species’ climatic niches for each contact zone (Table 1). 
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Table 1. Spearman rank correlation coefficient matrix (* = correlation coefficient ≥ 0.75) for the available set of 

climatic variables (i.e. climate elements or factors): ‘altitude’ (alt), ‘slope’, ‘mean annual temperature’ (tyear), 

‘mean temperature in January’ (tjan), ‘mean annual precipitation’ (pyear), ‘mean precipitation in July’ (pjul), 

‘mean annual radiation’ (ryear), ‘mean radiation in July’ (rjul). The five variables in bold font were used to 

characterize the niches and the potential distribution of AS and FS. 

 Range of variation Alt slope pjul pyear rjul ryear tjan 

alt 398-2994 m        

slope 0°-61° 0.339       

pjul 72.4-255.2 mm 0.283 0.215      

pyear 965.5-2301.3 mm 0.550 0.278 0.877*     

rjul 2863-9096 /100 KJ m
-
² 0.553 0.031 0.106 0.263    

ryear 56737-278307 /100 KJ m
-
² 0.013 0.025 0.014 0.013 0.143   

tjan -7.6-0.1°C 0.968* 0.343 0.372 0.639 0.525 0.015  

tyear 3.7-18.5°C 0.963* 0.376 0.416 0.676 0.499 0.017 0.977* 

Climatic conditions at records of AS and FS 

To visualize the climatic conditions in which AS and FS occurred and to investigate possible 

differences between the species and the three contact zones we plotted the range of values using a 

series of box plots for each of the selected climatic variable. In addition, we generated random 

background points in relation to the combined number of species records, i.e. 354, 1052 and 463 for 1) 

to 3), and extracted the variable values for each background point within each contact zone in DIVA-

GIS. In order to compare the ranges of climate conditions at records of AS and FS within the 

geographically available space in each contact zone, we included background points when computing 

the box plots. Observed outliers and extreme values that differed considerably from the statistical 

distribution of the data (e.g. outside the value range confined by 1.5 times of the 25th and 75th 

percentile of the box plot) were removed during box plot generation. 

We tested for differences in climatic conditions at the records of both species using generalized 

linear squares (GLS) regression models. We choose GLS, because these models do not assume 

homogeneity of variance in the dataset which is crucial in linear regression and additive models (Zuur 

et al. 2009). In short, the GLS enables independent variance estimation for each combination of the 

two nominal explanatory variables (i.e. species and site). Thus, it prevents the inflation of standard 

errors in regression parameters, which may invalidate test statistics of null hypothesis tests (Zuur et al. 

2009). In this analysis, we also tested whether there were differences among contact zones and 

interactions between species and contact zone (Zanini et al. 2009). Background points were excluded 

from this analysis, because they are not expected to provide biologically relevant information 
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regarding species-specific differences in this approach. GLS models were fitted using the R nlme 

package (Pinheiro et al. 2012).  

 

Comparisons between climatic niches of AS and FS 

To characterize the climatic niches of AS and FS and to quantify the degree of ecological 

differentiation, we employed two multivariate approaches. One is a species distribution modelling 

(SDM) technique and the other a multivariate analyses framework proposed by Broennimann et al. 

(2012). In the first approach, we built SDMs for the two species for each of the three contact zones 

with Maxent 3.3.3a (Phillips et al. 2005, 2006, Phillips and Dudík 2008) under default settings with 

bootstrapping and with mean calculation of 100 model runs (logistic output). We tested the 

significance of the models using a null-model approach (Raes and ter Steege 2007). For this test, we 

first assessed the average area under the receiver operating characteristic curve (AUC) of the SDMs 

(Phillips et al. 2006) with 30% of the salamander records set aside for testing. Subsequently, we 

developed null-models for each species in each contact zone wherein null distributions were created 

by running 10 000 SDMs fitted with randomly selected records equalling the respective number of 

species records. The AUC scores of these random models were used to calculate the 99% upper 

confidence limit (CL) following Raes and ter Steege (2007). A SDM developed for a species was 

classified as useful and accurate if its AUC exceeded the upper CL of the random models (Raes and 

ter Steege 2007). Null-models were developed in R using functions of the dismo package (Hijmans et 

al. 2013). 

In a subsequent step, we employed ENMtools 1.2 (Warren et al. 2010) to evaluate the degree of 

niche overlap based on the two species’ SDMs using the Schoener’s D index which ranges from 0 (no 

overlap) to 1 (identical niches; see Warren et al. 2008, 2010). Rödder and Engler (2011) proposed 

Schoener’s D as reliable measure for the computation of niche overlaps from SDMs.  

In the second approach, following Broennimann et al. (2012), we computed multivariate 

environmental niche overlaps between AS and FS. The authors proposed several techniques for this 

task, wherein the best performing was based on a Principal Component Analysis (PCA) trained with 

the environmental space potentially available for the two species (termed PCA-env). The 

environmental space represents the species’ potential niche and is defined by the principle component 

axes that summarize the range of climatic conditions found across the study area (background) 

(Broennimann et al. 2012). The approach of Broennimann et al. (2012) provides the implementation of 

modified niche similarity and niche equivalency tests sensu Warren et al. (2008) via simulated niche 

overlaps of randomly generated datasets (herein 100 replications) for niche comparisons. Before 

running PCA-env analyses, we added the climatic data extracted for the background points to the set 

of climatic conditions at the actual species’ records in order to account for the available environmental 

space within each of the three contact zones (Fig. 1). Running the PCA-env approach in R, we 
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compared the climatic niches of the two salamander species and we assessed whether niche overlap 

among species was affected by the available environmental space in the contact zones. 

 

Testing for the presence of a climatic gradient 

To test whether the contact zones coincide with a sharp climatic gradient, we used ENMtools to 

perform range-breaking tests for each contact zone as proposed by Glor and Warren (2011). A range-

breaking test allows for the detection of the presence of sharp environmental gradients across two 

parapatric species’ range limits and to test the hypothesis that the change of environmental conditions 

at the contact zone is responsible for the species’ range limits. In the presence of a sharp gradient the 

observed SDMs of AS and FS are predicted to be more different than SDMs of data sets generated by 

random geographic division of a pooled sample (Glor and Warren 2011). To test this hypothesis, we 

created null distributions of the niche overlap index Schoener’s D between the two species in each 

contact zone via randomizations using the blob range-breaking test (see Glor and Warren 2011). This 

randomization analysis operates through a replication of pooling records of both species, randomly 

dividing these points into two data sets with the same size as the original data sets and subsequently 

generating SDMs (i.e. ENMtools accesses Maxent) for both data sets in order to estimate the niche 

overlap for each replicate. By generating 100 random replicates for the species’ data sets, we obtained 

a null distribution of D-values for all three contact zones. For testing the null hypothesis that the 

species’ range limits within the contact zones were not associated with a sharp climatic gradient, we 

compared the actual niche overlap based on species records with the generated null distribution for 

each contact zone. The null hypothesis was rejected when the actual value of D was lower than 95% of 

the values in the null distribution (corresponding to a 5% significance level; Glor and Warren 2011). 

 

Results 

Climatic conditions at records of AS and FS 

By visually comparing the variable scores for actual AS and FS occurrences, we found wider ranges of 

climatic conditions for AS and some variation between the contact zones (Fig. 2). The GLS models 

revealed that the differences between species and contact zones were significant for nearly all climate 

variables (Table 2). Additionally, there was a species-by-contact zone interaction for most climate 

variables. For ‘mean temperature in January’, we found significant differences between species, 

contact zones and their interaction. Both species were found under almost equal maximum 

temperatures among contact zones (Fig. 2). Minimum temperatures observed for AS decreased from 

the western towards the eastern contact zone and were notably lower than those observed for FS (Fig. 

2). Within each contact zone, FS was more often found in the drier areas than AS (Fig. 2). We found 

variation among contact zone as well as interaction between contact zone and species for the ‘mean 

annual precipitation’. Figure 2 shows that there was a precipitation gradient from the west to the east.  
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Figure 2. Comparison of the environmental variable scores for records of AS and FS as well as for randomly 

chosen background points (BG; grey) in the western, central and eastern contact zones in Switzerland. Box plots 

are defined by the median and the 25th and 75th percentile (Interquartile range, IQR) of the data set which are 

not influenced by outliers. The outer box plot fences are confined by the value of 1.5 times the IQR for the 

identification of extreme values of the data distribution. Observed extreme values and outliers have been 

removed during box plot generation. 

The differences in the variable scores for ‘mean radiation in July’ at species’ records were significant 

between species, contact zones and interaction between species and contact zones (Table 2). FS was 

always found in areas with less radiation and with a smaller range between minimum and maximum 

radiation during July than AS. In contrast, the range observed for AS was as wide as or even wider 

than observed for the background (Fig. 2). For ‘mean annual radiation’, only the species effect was 

significant. FS was always found in areas with higher annual radiation than AS, which is the opposite 

pattern from radiation during July. For ‘slope’ we found a significant difference between species. 
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Besides the greater span between minimum and maximum slopes at AS records, this species occurred 

at steeper slopes than FS.  

As observed for the variable scores of both salamanders’ records, we found relatively narrow 

background data ranges for all climatic variables within the western compared to the central and 

eastern contact zones (Fig. 2). Interestingly, the background data range increased from the western 

towards the eastern contact zone. The differences in the climate conditions at records of AS and FS in 

relation to the potential niche represented by the background data within the three contact zones 

suggest some geographic variation with the western being most different from the other two contact 

zones. 

Table 2. Relationships between environmental factors and species and regions according to the GLS models. 

The intercept for each variable is shown at the top. 

  Estimate SE t-value p-value RSE 

Tjan -4.32 0.18 -23.90 < 0.0001 1.64 

 species 1.23 0.06 19.43 < 0.0001  

 contact zone 0.44 0.10 4.45 < 0.0001  

 species x contact zone -0.16 0.03 -4.80 < 0.0001  

Pyear 1462.35 29.56 49.47 < 0.0001 192.67 

 species 9.90 11.02 0.90 0.37  

 contact zone 283.83 20.92 13.57 < 0.0001  

 species x contact zone -136.96 7.25 -18.90 < 0.0001  

Rjul 7384.14 135.66 54.43 < 0.0001 1232.45 

 species -576.14 48.76 -11.82 < 0.0001  

 contact zone -366.49 73.88 -4.96 < 0.0001  

 species x contact zone 127.73 26.01 4.91 < 0.0001  

Ryear 189455.38 5327.70 34.56 < 0.0001 43913.99 

 species 9288.88 2099.20 4.43 < 0.0001  

 contact zone -3148.21 3154.18 -1.00 0.32  

 species x contact zone 85.52 1201.75 0.07 0.94  

Slope 23.98 1.15 20.95 < 0.0001 9.45 

 species -3.71 0.46 -8.01 < 0.0001  

 contact zone -1.46 0.69 -2.12 0.03  

 species x contact zone 0.05 0.26 0.17 0.86  

RSE = residual standard error on 1,865 degrees of freedom  
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Comparisons between climatic niches of AS and FS 

Based on occurrence data of AS and FS, we generated SDMs and subsequently estimated the niche 

overlap between the species for each contact zones (Table 3A; for visualization of SDMs and area of 

potential niche overlap see Supplementary material Appendix 1). The SDMs for all contact zones 

predicted species distributions significantly better than expected by chance (corresponding to a 1% 

significance level; Raes and ter Steege 2007). For the western, central and eastern contact zones, the 

AUC values were 0.855 ± 0.026 (upper 99% CL of random null-model = 0.747), 0.750 ± 0.016 (upper 

99% CL of random null-model = 0.648) and 0.781 ± 0.022 (upper 99% CL of random null-model = 

0.696) for AS and 0.829 ± 0.023 (upper 99% CL of random null-model = 0.709), 0.852 ± 0.013 (upper 

99% CL of random null-model = 0.656) and 0.886 ± 0.017 (upper 99% CL of random null-model = 

0.750) for FS, respectively. Based on the average percentage of variable contribution, the main 

predictor variables of the SDMs of AS were the ‘mean annual precipitation’ and ‘slope’ (Fig. 3). In the 

western contact zone, a third variable, ‘mean temperature in January’, was important. The predictor 

variables of the SDMs with the highest contributions to the final models for FS varied among contact 

zones. In the central and eastern contact zones, ‘mean temperature in January’ was the variable that 

contributed the most to the SDMs of FS, whereas ‘mean radiation in July’ and ‘slope’ were the main 

SDM contributors in the western contact zone (Fig. 3). In the western contact zone, the average 

percentage of variable contribution varied more than in the two other contact zones. These regional 

and species-specific differences are also reflected in the corresponding response curves (Appendices 

2-4). 

Table 3. (A) Niche overlap between AS and FS and 95% confidence intervals of the by the range-breaking test 

generated null distribution of the overlap measure Schoener’s D for three contact zones in Switzerland using 

SDMs (* = observed niche overlap Schoener’s D below 95% of the values of the null distribution), as well as (B) 

the results of niche overlap estimation, equivalency test, and similarity tests by using the PCA-env approach (* = 

significance level of p < 0.05). 

Approach  Western Central Eastern 

(A) SDMs     

Niche overlap D 0.50* 0.45* 0.42* 

95% confidence interval 

of null distribution 

D 0.62-0.85 0.65-0.81 0.49-0.70 

(B) PCA_env     

Niche overlap D 0.33 0.41 0.36 

Equivalency test  p-value 1 1 1 

Similarity test AS to FS p-value 0.36 0.2 0.48 

Similarity test FS to AS p-value 0.04* 0.48 0.18 
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Figure 3. Visualization of the average percentage contributions of the SDM predictor variables and validation 

for AS (black) and FS (grey) in the (A) western, (B) central and (C) eastern contact zones. 

The two species showed notable differences in the spatial position of suitable conditions within all 

three contact zones (Supplementary material Appendix 1). However, the values for niche overlap 

measure D ranged from 0.42 to 0.50. According to the classification scheme provided by Rödder and 

Engler (2011), the D values suggest a moderate niche overlap between the two salamander species for 

all contact zones. Visual comparison of SDMs showed that the areas of potential overlap of the two 

study species’ distributions coincided with geographic areas characterized by mid-range elevations 

(Supplementary material Appendix 1). Regions of high suitability for AS coincide with higher 

altitudes compared to better suitability of lower elevation areas for FS. The results of the similarity 

tests suggest that the observed niche overlap between AS and FS in each contact zones can mostly be 

explained by regional similarities or differences in their occupied habitat (Table 3B; see Warren et al. 

2008). In the western contact zone only, FS’ niche was more different to that of AS than expected by 

the given climatic conditions, although the significance of this single test was weak. The hypothesis of 

niche equivalency between the species was rejected because of a significant difference between 

observed and simulated niche overlap (Table 3B). 
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The PCA-env resulted in the separation of two PC axes explaining 87.79% of the total variation of the 

five climatic variables in the western, 85.46% in the central and 80.8% in the eastern contact zone 

(Fig. 4). For all three contact zones, we found a similar correlation pattern between the climatic 

variables and the two PC axes. The variable ‘mean temperature in January’ correlated positively to 

PC1, whereas ‘mean annual precipitation’, ‘mean radiation in July’ and ‘slope’ correlated negatively 

to PC1 (correlation circles; Fig. 4). The ‘mean annual radiation’ and ‘mean radiation in July’ 

correlated positively, while ‘slope’ correlated negatively to PC2. 

 

Figure 4. Principle component analysis plots (PCA-env) describing niche separation of AS and FS in climatic 

space in the (A) western, (B) central and (C) eastern contact zones. The PCA-env approach makes use of kernel 

smoother to densities of species occurrences in the gridded environmental space (Broennimann et al. 2012). The 

solid and dashed contour lines represent 100% and 50% of the entire available environmental space 

(background), respectively. Grey shadings illustrate the density of the occurrences of AS and FS by cell. The 

correlation circles show the contribution of incorporated climatic variables on the two PC axes and the 

percentage of variation explained by these axes: ‘mean temperature in January’ (tjan), ‘mean annual 

precipitation’ (pyear), ‘mean annual radiation’ (ryear), ‘mean radiation in July’ (rjul), ‘slope’.  
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Climatic niche space separation of the salamander species within the respective potential niches is 

visualized in Figure 4. It is noteworthy that in all three contact zones, AS used a niche space wider 

than that of FS, indicated by the wider niche space separation on both PC axes. The available climatic 

environment was similar within the central and eastern contact zones, whereas the climatic space was 

somewhat smaller within the western contact zone. The density of occurrence of AS was broader on 

both PC axes compared to the more limited density of FS’ occurrence (Fig. 4). By estimating the niche 

overlap between AS and FS through PCA-env, we found low to moderate overlap of the species’ 

niches with the highest niche overlap obtained for the eastern contact zones (0.33-0.41; Table 3B). 

 

Testing for the presence of a climatic gradient 

The null distribution of the niche overlap measure D for all three contact zones generated by the range-

breaking test is shown in Table 3A. The observed niche overlap between AS and FS were lower than 

95% of the values in the null distribution of D suggesting the presence of a sharp climatic gradient 

within the potential climatic niche space in each contact zone.  

 

Discussion 

Abrupt range borders are a fascinating biogeographic phenomenon. We compared the potential 

climatic niche space and the realized climatic niches of two parapatric salamander species which co-

occur in small contact zones. Our approach aimed to identify the role of the climate as a potential 

range limiting factor at salamander contact zones. The results demonstrate that the two species show 

differences in their potential climatic niche spaces and that the species’ realized climatic niches 

differed moderately despite some overlap. Further, we identified a strong climatic gradient across the 

species’ range limits within all studied contact zones. 

 

Species potential and realized climatic niches 

AS is known to be well adapted to inhabit alpine regions, wherein key adaptations comprise e.g. 

vivipary (Guex and Grossenbacher 2004). The limited range of AS and its spatial restriction to the 

European and Dinaric Alps suggest a rather small range of climatic conditions in which this species 

can occur. Instead, our results indicate that AS occurs in a wider range of climatic conditions within 

the studied contact zones than the geographically widespread FS. These interspecific differences were 

significant for most of the studied variables (Table 2). For some variables (e.g. ‘mean annual 

radiation’, ‘mean temperature in January’; Fig. 2), the ranges of variable scores at AS locations even 

exceeded those of randomly chosen background points. This indicates that AS should be able to occur 

at ‘extreme’ conditions that are not represented by the average given conditions within the contact 
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zones. In comparison, within contact zones, FS occurs at lower elevations, where slopes are less steep, 

temperatures in the coldest month are warmer and the mean annual radiation is more limited. Thus, 

within the studied contact zones, FS tends to be more responsive to the studied environmental 

conditions than AS. The reason may be that the occurrence of FS depends on both aquatic and 

terrestrial habitat (Ficetola et al. 2009, Manenti et al. 2009) whereas AS only needs terrestrial habitat.  

Likewise, the PCA-env approach identified a broader potential niche for AS in environmental 

space than for FS (Fig. 4). Differences in the realized niche space of both species in all three contact 

zones can be explained by the observation that FS was found at a smaller range of climatic conditions 

compared to AS (Fig. 2; correlation circles in Fig. 4).  

Besides the coincidence of the species’ range limits with a strong climatic gradient, we found 

comparatively distinct realized climatic niches of AS and FS within each contact zone (similarity and 

equivalency tests in Table 3B, Supplementary material Appendix 1). Beukema et al. (2010) identified 

a significant environmental divergence between the distributions of two reproductive types of the 

Moroccan Salamandra algira tingitana in a comparable SDM approach. This divergence between 

viviparous and ovoviviparous reproductive types of the Moroccan species was characterized by the 

dependence on different climate, geology and vegetation. Predicted distributions of different 

reproductive types did not overlap due to adaptive differentiation. In contrast, our study identified a 

moderate realized niche overlap between AS and FS in geographic space (Table 3A, B, Supplementary 

material Appendix 1). This interspecific niche overlap provides evidence that the potential niches of 

AS and FS share some similarity and that these two species potentially can co-occur in areas where 

they both find adequate climatic conditions. 

Climate at AS and FS records, the potential climatic niche space and the realized climatic niche 

varied across the three contact zones. Geographic variation in niche characteristics can best be seen in 

a west-to-east gradient in precipitation with highest rainfall in the east (Fig. 2). No matter what the 

average precipitation in a contact zone was, AS was always associated with higher rainfall, whereas 

FS was found in comparatively drier areas. Yet, there is little overlap between the range of 

precipitation at AS and FS localities within each contact zone. 

Comparisons of all contact zones revealed that each salamander species could occur within the 

range of climatic conditions of the other species. Even the range of the ‘mean annual precipitation’ in 

which AS is found in the western or central contact zones is almost identical to that at FS localities in 

the central or eastern contact zones. This is remarkable, because it implies that both species exhibit 

plasticity in the occupancy of habitats with different characteristics and can occur in a much wider 

range of climatic conditions than they actually do. These differences in their realized climatic niches 

depend on regional differences in the species’ potential niches. We believe that this result is important 

when assessing the causes of the species range limits within the contact zones (see below). 
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What causes the range limits within the contact zones? 

The results of the range-breaking test (Table 3A) indicate that a strong climatic gradient within each of 

the three contact zones may explain distribution limits of AS and FS. Therefore, we reject our 

hypotheses 3 and 4 which assumed the absence of a climatic gradient. The sharp changes in climatic 

conditions along the gradient are likely to represent the main determining factors for the species’ range 

limits within contact zones, in particular for FS. Because of the wide potential climatic niche and the 

occurrence at a wide range of climatic conditions, climate does not seem to restrict the realized 

distribution of AS. This observation, in addition to the geographic variation in climatic conditions at 

AS and FS’ records suggests that there has to be an explanation why the species, especially AS, do not 

occur at localities where the species can find suitable climatic conditions (Fig. 2). Following 

hypothesis 1, in the presence of a strong climatic gradient, we expected AS and FS to have distinct 

potential and realized climatic niches with limited overlap. Instead, the observed interspecific overlap 

of the potential climatic niche within each contact zone (Table 3A, Supplementary material Appendix 

1) suggests the occurrence of areas with adequate conditions for both species where AS and FS can get 

into contact and interact with each other. Thus, we reject the hypothesis where climate alone and no 

interspecific interactions determine the parapatric range limits among AS and FS. 

It has been shown in other terrestrial salamanders that either unsuitable climatic conditions at 

lower or higher altitudes or competitive interactions with closely related species prevent them from 

extending their upper or lower elevational range limits (Hairston 1951, Jaeger 1971, 1980, 

Cunningham et al. 2009, Gifford and Kozak 2012). Competitive (or other biotic) interactions between 

AS and FS within contact zones may particularly be important for the determination of the parapatric 

range limits supporting our hypothesis 2. Indeed, theory suggests that parapatric range margins are 

more likely to form along environmental gradients when species compete with each other (Bridle and 

Vines 2007). Detailed inspection of our results provides a hint for competitive interactions between 

AS and FS (Fig. 2). Within each of the three contact zones, the two species occur in places that differ 

in the mean annual precipitation. However, the range of the ‘mean annual precipitation’ in the eastern 

contact zone for FS is almost identical to the range for AS in the central contact zone. Here, FS occurs 

in the same range of ‘mean annual precipitation’ as AS in the western contact zone. Thus, the species 

can occur under a wider range of conditions than observed within contact zones. Given the repeated 

observation that competitive interactions determine range limits in salamanders (Hairston 1951, Jaeger 

1971, 1980, Cunningham et al. 2009, Gifford and Kozak 2012), we believe that the most likely 

explanation for such a pattern are biotic interactions, either competitive or predatory. 

Regional differences in environmental conditions have been recognized to influence the pattern 

of competitive interactions in salamander species (Cunningham et al. 2009). As we show that the 

climatic potential and realized niches of AS and FS vary, the identified influence of climate as 
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determinant of the species’ range borders may differ among the three contact zones studied. In turn, 

biotic interactions may be of varying importance to AS and FS among these contact zones. 

 

Conclusions and outlook 

Using different multivariate approaches, we identified the presence of a sharp climatic gradient within 

the three contact zones of two parapatric salamander species. Our analyses provide evidence that 

climate plays an important role for their parapatric range limits. However, they also suggest that biotic 

interactions, most likely interspecific competition, may restrict the ranges of the two species, as 

suggested by theory (Bridle and Vines 2007). However, the methods employed here are not sufficient 

to entirely resolve the role of biotic interactions (Godsoe and Harmon 2012). 

Given the available literature, interactions between AS and FS remain poorly understood (e.g. 

Guex and Grossenbacher 2004, Thiesmeier and Grossenbacher 2004). Follow-up life history studies 

are necessary in order to study the axes of the species’ Eltonian niches (sensu Soberón 2007). For this, 

detailed field or laboratory observations are required. Our results suggest that AS and FS provide an 

interesting system to study sharp range limits along environmental gradients in regard to both 

intraspecific geographic variation and biotic interaction. Alternatively to our correlative approaches, 

research questions examined in this paper can be addressed in a mechanistic way, once more data are 

available. Mechanistic species distribution models provide insight into the Grinnellian niches of a 

species by linking information on functional traits and physiological constraints to its environment 

(Kearney et al. 2008, 2010, Kearney and Porter 2009, Dormann et al. 2012, Gifford and Kozak 2012, 

Godsoe and Harmon 2012).  

With regard to our approach, future studies may encompass a geographically wider area. Our 

results suggest variation among contact zones and that AS has a wider realized niche within contact 

zones than FS. We cannot rule out that these observations are affected by geographic restriction of our 

study to the three contact zones, especially for the widely distributed FS. However, we found that 

consideration of geographic variation can be important to the interpretation of the factors that 

determine the species’ distribution limits. 
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Supplementary material 

Appendix 1. Maxent SDMs for AS (A-C) and FS (D-G) and the potential overlap (red grid; H-J) on grey-scale 

altitude with higher altitudes indicated by decreasing brightness for western, central and eastern contact zones 

(from top to bottom). In A-G warmer colors suggest higher suitability.  
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Appendix 2. Response curves of the variables ‘mean temperature in January’ (A), ‘mean annual precipitation’ 

(B), ‘mean annual radiation’ (C), ‘mean radiation in July’ (D) and ‘slope’ (E) for SDMs of AS and FS in the 

western contact zone. Median scores are indicated as red line, wherein the blue area corresponds to a standard 

deviation of 1. 
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Appendix 3. Response curves of the variables ‘mean temperature in January’ (A), ‘mean annual precipitation’ 

(B), ‘mean annual radiation’ (C), ‘mean radiation in July’ (D) and ‘slope’ (E) for SDMs of AS and FS in the 

central contact zone. Median scores are indicated as red line, wherein the blue area corresponds to a standard 

deviation of 1. 
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Appendix 4. Response curves of the variables ‘mean temperature in January’ (A), ‘mean annual precipitation’ 

(B), ‘mean annual radiation’ (C), ‘mean radiation in July’ (D) and ‘slope’ (E) for SDMs of AS and FS in the 

eastern contact zone. Median scores are indicated as red line, wherein the blue area corresponds to a standard 

deviation of 1. 
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Analysis of habitat determinants in contact zones of parapatric 

European salamanders 

 

 

Werner, P., Lötters, S. & Schmidt, B.R. (in press) Analysis of habitat determinants in contact 

zones of parapatric European salamanders. – Journal of Zoology, doi: 10.1111/jzo.12079. 
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Abstract 

Parapatry is a remarkable distributional pattern where the ranges of two species come into contact but 

only narrowly overlap. Theory predicts and empirical data suggest that parapatric range margins are 

most likely to form along environmental gradients when there is interspecific competition. Here, we 

study the ecology of the narrow contact zones of two parapatric European land salamanders, 

Salamandra salamandra and Salamandra atra. Previous research showed that abiotic conditions 

determine parapatric range margins of these two species. However, in contrast to other parapatric 

salamander species and theoretical predictions, there is no evidence for competitive interactions in the 

two Salamandra species. To study whether competition restricts these species’ ranges and to 

understand local syntopic co-occurrence within their contact zones, we used site-occupancy models (i) 

to assess species-habitat relationships and (ii) to test whether there is evidence for competition. We 

found that the two salamanders show dissimilar species-habitat relationships. The slope of the site 

positively affected the site-occupancy probability of S. salamandra, while none of the habitat 

characteristics explained the occupancy probability of S. atra. The local presence of one species had 

no effect on the occupancy probability of the other, suggesting that there is no effect of competition on 

local occurrence or that competition does not lead to spatial segregation. To fully understand the 

mechanisms that determine the parapatric range margins between the salamander species and to 

unravel the role of interspecific interactions it is necessary to further study species’ functional traits. 

 

Keywords: site occupancy, Salamandra atra, S. salamandra, interspecific competition, species-

habitat relationship, contact zone 
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Introduction 

The mechanisms that generate the margins of species distributions are of central interest in ecology, 

evolution and biogeography (Gaston, 2003; Holt & Keitt, 2005; Geber, 2011). Parapatry refers to a 

pattern in which the stable ranges of two species meet and form range margins with narrow contact 

zones where the species locally co-occur (Bull, 1991). Bridle & Vines (2007) reviewed the theory for 

the formation of range margins in parapatric species and found that both abiotic and biotic factors may 

cause parapatric range limits. This prediction was confirmed by subsequent empirical studies (Arntzen 

& Espregueira Themudo, 2008; Cunningham, Rissler & Apodaca, 2009; Khimoun et al., 2013). 

Interestingly, Bridle & Vines (2007) suggested that parapatric range margins were more likely to be 

predicted by models that included competition than by models that included only environmental 

gradients.  

Parapatry has been observed in terrestrial salamanders where often an interplay of species-

specific habitat preferences and interspecific competition determine the range limits (Hairston, 1951; 

Jaeger, 1970; Cimmaruta et al., 1999; Arif, Adams & Wicknick, 2007; Cunningham et al., 2009; 

Gifford & Kozak, 2012). Here, we study the ecology of the narrow contact zones of two parapatric 

European land salamanders, the fire salamander (Salamandra salamandra) and the alpine salamander 

(Salamandra atra). The two species have similar terrestrial habitat requirements but differ in the mode 

of reproduction. S. salamandra has an aquatic larval stage in most of its geographic range while S. 

atra is viviparous (see below). Yet, the determinants of syntopy and allotopy within contact zones 

remain unknown (Klewen, 1991; Guex & Grossenbacher, 2004; Thiesmeier & Grossenbacher, 2004). 

A recent study on the ecology of the parapatric range margins of these salamanders in the Swiss Alps 

suggested that climatic gradients can partially explain the sharp range margins but also that 

interspecific competition might play a role (Werner et al., in press). There is, however, no direct 

evidence for competition between S. atra and S. salamandra yet. This salamander system might 

therefore be one of the few examples where environmental gradients alone explain parapatric range 

margins (Bridle & Vines, 2007). Because the effect of competition on distributional patterns is more 

easily detected at a smaller rather than at larger spatial scales (Wiens, 1989; Prinzing et al., 2002; 

Soberón & Nakamura, 2009), we here study local co-occurrence of the two salamander species within 

contact zones. If interspecific competition affects the distribution of the two species, then they should 

have spatial ranges that do not strongly overlap at local scale (Hofer, Bersier & Borcard, 2004). To 

further study whether interspecific interactions restrict the species’ ranges and to better understand 

patterns of local co-occurrence of these parapatric salamanders within their contact zones, we use site-

occupancy models (MacKenzie et al., 2002; MacKenzie, Bailey & Nichols, 2004; Yackulic et al., in 

press) to study species-habitat relationships by comparing syntopic and allotopic occurrences at a local 

scale in Switzerland. Specifically, we aim (i) to identify the habitat predictors for the species’ 
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distributions within the contact zones and (ii) to test whether the presence of one species affects the 

occupancy probability of the other species. Based on previous research on parapatric salamanders 

where both abiotic and biotic factors were important, we expect (i) that the alpine and fire salamanders 

show dissimilar species-habitat relationships and (ii) that the presence of one species negatively affects 

the presence of the other.  

 

Methods 

Natural history of the salamanders 

Salamandra salamandra is widely distributed throughout western and central Europe, while S. atra is 

restricted to sub-montane and montane areas of the central and eastern European and the Dinaric Alps 

(Guex & Grossenbacher, 2004; Thiesmeier & Grossenbacher, 2004). In the European Alps, the 

geographic range of S. atra coincides with a distribution gap of S. salamandra but small contact zones 

with few localities of local syntopic co-occurrence are known (Klewen, 1986; Guex & Grossenbacher, 

2004; Thiesmeier & Grossenbacher, 2004). Across its large distribution in geographic space, S. 

salamandra occurs in a wide range of different habitats. However, within the contact zones of the 

parapatric range margins it (S. s. terrestris and S. s. salamandra) often inhabits deciduous forests with 

small streams, a habitat also used by alpine salamanders (S. a. atra) (Klewen, 1986; Thiesmeier & 

Grossenbacher, 2004). Streams are used by female S. salamandra for the deposition of larvae, which 

here remain until metamorphosis. In contrast, S. atra is viviparous and does not require water bodies 

for reproduction (Guex & Grossenbacher, 2004). While reproductive modes are different, the two 

species both are primarily nocturnal and remain most of the time under shelter, while their foraging 

and reproductive activity is highly dependent on rainy weather conditions (Guex & Grossenbacher, 

2004; Thiesmeier & Grossenbacher, 2004). 

 

Study areas and surveys 

We conducted surveys in two contact zones in the cantons Zug and Nidwalden in Switzerland, each 

covering about 80-100 km² (Fig. 1). Here, co-occurrence of the two salamander species (S. s. terrestris 

and S. a. atra) has been documented across a wide altitudinal range (500 m a.sl. to 1000 m a.s.l.) in an 

area characterized by mixed forest, or grassland with small streams (Klewen, 1986; Werner et al., in 

press). We selected 23 and 19 watersheds of low order streams, respectively, potentially suitable and 

accessible to both species (Fig. 1). Watersheds had an average surface area of 27852 m
2 

(ranging 

17309-43668 m
2
) and covered areas of deciduous to mixed forests at elevations of 450-900 m a.s.l. 

Though S. atra is water-independent with regard to its reproductive mode, Klewen (1986) observed 

highest species’ densities in the vicinities of streams. Thus, we chose haphazardly an accessible 100 m 
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section along a small fishless stream within each watershed for salamander surveys (hereafter 

‘sampling site’). Because of the steep terrain of the watersheds, our surveys covered an area of up to 

100 m width on both sides of the stream. 

We obtained detection/non-detection data for both salamander species at each sampling site by 

visiting the sites three to four times in a randomly chosen order between 9 May 2010 and 6 July 2010. 

A single observer conducted visual encounter surveys (Vonesh et al., 2010) of about an hour during 

daytime to search for salamander larvae in the stream and to search for juvenile and adult salamanders 

in the terrestrial habitat. Suitable shelter objects on the forest floor were turned and inspected for 

salamanders.  

 

Figure 1. Location of the two study areas (A) Nidwalden and (B) Zug and distribution of the sampling sites in 

central Switzerland (the top map shows the borders of the Swiss cantons). The grey network in the background 

indicates the distribution of streams and lakes within study areas. The black squares represent the sampling sites, 

where both species were found in common; at grey circles only Salamandra atra was found while at grey 

triangles only S. salamandra was found; white squares indicate the sampling sites where no salamanders were 

found. Detection/non-detection data for both salamander species at each sampling site were used for the species’ 

site-occupancy modelling. 
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Table 1. Selection of the ecological variables for each sampling site that are used as predictors of the occurrence 

of the fire and alpine salamander 

Variable Description Mean (range) Data source 

Area Location of sampling site 0.45 (0 = Zug, 1 = Nidwalden) Field 

Forest Proportion of deciduous trees [%] 60.95 (20 – 100) Field 

Altitude 
Elevation of the sampling site above sea 

level [m] 
685.8 (484.7 – 907.0) GIS layer 

Slope Inclination of the sampling site [°] 16.6 (3 – 30) GIS layer 

PCA climate 
Factor describing the climate within the 

watershed obtained via PCA 
0 (-4.68 – 3.33) GIS layer 

Pools
a
 

Proportion of areas with low current within 

the stream [%] 
43.57 (10 – 95) Field 

Hides
a
 

Amount of hiding possibilities in the stream 

[expressed in 4 classes] 
2.6 (1 = many – 4 = few) Field 

Stream bank 

slope 
Slope towards the stream bank [m] 0.6 (0.06 – 0.92) Field 

AS 
Occurrence of alpine salamander at the 

sampling site 
0.52 (0 = absence, 1 = presence) Field 

FS 
Occurrence of fire salamander at the 

sampling site 
0.69 (0 = absence, 1 = presence) Field 

a
 Variable not used for S. atra. 

AS, alpine salamander; FS, fire salamander; GIS, geographic information system; PCA, principal component 

analysis. 

 

Ecological predictors 

To analyse which factors affect the occupancy probabilities of the two salamander species, we 

measured habitat and climatic predictor variables (Table 1). Variables characterizing the stream and 

the surrounding terrestrial habitat of each sampling site were estimated directly in the field. We 

measured two variables that describe stream features. For the variable ‘pools’, we estimated the area 

with a low stream current, which provide suitable microhabitats for the aquatic larvae of S. 

salamandra (Baumgartner, Waringer & Waringer, 1999) as proportion to the total area within the 

stream section. For three haphazardly chosen 1 m² sample plots within each stream, we counted and 

classified the mean amount of hiding possibilities for salamander larvae (i.e. stones or dead wood with 

a surface of at least 100 cm²; Thiesmeier & Schuhmacher, 1990) by using a rank scale (1 = more than 

a mean of 25 hiding possibilities; 2 = mean of 15-24.9 hiding possibilities, 3 = mean of 5-14.9 hiding 

possibilities; 4 = less than a mean 4.9 hiding possibilities). To characterize the terrestrial habitat at 

each sampling site, we quantified the mean stream bank slope by measuring the distance [m] per meter 

height at three randomly chosen points at 1.5 m distance to the bank on both sides of a stream 

(indicating stream accessibility for deposition of salamander larvae; Manenti et al., 2011). 
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Furthermore, we used the variables ‘forest’ as proportion of deciduous trees (estimated as proportion 

of the total number of trees > 15 cm diameter within an area of 100 m² along the stream section; 

Manenti, Ficetola & De Bernardi, 2009) and either ‘AS’ or ‘FS’ indicating the occurrence of the other 

species (0 = absence; 1 = presence). As control variable for possible geographic differences, we 

included the effect of ‘area’ (either Nidwalden or Zug) into the modelling. 

We obtained climate and landscape data from geographic information system (GIS) layers with 

a resolution of 100 x 100 m (Zimmermann & Kienast, 1999) from the Swiss Biological Records 

Centre (CSCF, www.cscf.ch). We extracted climate variables and landscape features within a 100 m 

buffer of each watershed using zonal statistic tools in ArcGIS 9.3 (ESRI, Redlands, CA, USA). The 

choice of this buffer was due to the limited accessibility of the terrestrial habitat of various watersheds 

as well as the observation that S. salamandra strongly responds to habitat features within riparian 

buffers of 100-400 m (Ficetola, Padoa-Schioppa & De Bernardi, 2009). The two extracted variables 

‘slope’ and ‘altitude’ are topographic characteristics of the sites (Table 1; Tanadini et al., 2012; 

Werner et al., in press), while the other seven variables provide information on the climate: ‘mean 

temperature in January’ [°C], ‘mean temperature in July’ [°C], ‘mean annual temperature’ [°C], ‘mean 

radiation in July’ [/100KJ/m²], ‘mean annual radiation’ [/100KJ/m²], ‘mean precipitation in July’ 

[mm] and ‘mean annual precipitation’ [mm] (Werner et al., in press). 

We tested for collinearity among the all variables using a Spearman’s correlation analysis. 

There were no strong correlations between the habitat predictors (Spearman’s correlation, all -0.5 < |r| 

< 0.5), suggesting that the collinearity would not strongly affect the modelling of species-habitat 

relationships. All seven climatic variables and the variable ‘altitude’ were significantly correlated (|r| 

ranging 0.7 to 0.9 or -0.7 to -0.9). Thus, we excluded the variable ‘altitude’ from all analyses. 

Climatic variables were processed in a principal component analysis (PCA; using varimax 

rotation and Kaiser normalization) to reduce the number of predictors and to create a new variable 

describing variation in climate among sites. We extracted the first principal component explaining 

69.81% of the total variance (eigenvalue = 4.89) and used it as covariate during site-occupancy 

modelling. This variable (hereafter ‘PCA climate’) was correlated to the climatic predictors ‘mean 

annual precipitation’ (r = -0.88), ‘mean precipitation in July’ (r = -0.87), ‘mean radiation in July’ (r = -

0.86), ‘mean temperature in January’ (r = 0.95), ‘mean temperature in July’ (r = 0.89) and ‘mean 

annual temperature’ (r = 0.86) (P < 0.05 for all correlations). As an exception, the ‘mean annual 

radiation’ was not represented by ‘PCA climate’; however, it was not further considered for analyses. 

All statistical analyses were performed using XLSTAT 2011 software (Addinsoft, Paris, France).  

Predictor variables that could affect detectability of larval and adult salamanders were collected 

during each visit. We measured the duration of survey [min], air temperature [°C], humidity [%] and 

classified the weather conditions (1= rainy, 2 = cloudy, 3 = sunny). 
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For site-occupancy modelling (MacKenzie et al., 2002), all predictor variables for the occupancy and 

detection probability were entered and normalized in PRESENCE 4.4 (available at http://www.mbr-

pwrc.usgs.gov/software/presence.html). 

 

Assessment of model fit 

In PRESENCE, we performed a goodness-of-fit test on the global model, which included all 

occupancy predictors for S. salamandra and only terrestrial habitat predictors for S. atra (Table 1; 

MacKenzie & Bailey, 2004). The test (n = 5000 bootstrap samples) showed that the global model did 

not fit the data well because there was overdispersion (S. salamandra: χ² = 13.57, P > 0.05, ĉ = 

2.2263; S. atra: χ² = 18.18, P < 0.01, ĉ = 7.1953). Therefore, we used quasi-likelihood Akaike 

information criterion (QAIC) instead of AIC for model selection and adjusted standard errors 

(Burnham & Anderson, 2002; MacKenzie & Bailey, 2004). We also calculated the Akaike weight of a 

model, which is the probability that a model has the best explanatory power among the candidate 

models.  

 

Site-occupancy modelling 

The goal of site-occupancy modelling in PRESENCE was to find the set of predictors that adequately 

describes the observed data while accounting for imperfect detection (MacKenzie et al., 2002). A 

intercept-only-model with no covariates for neither occupancy nor detectability (model ψ(.) p(.)) 

showed that detection probabilities were high. Under this model, the estimated detection probability p 

for S. salamandra was 95.8 ± 2.1% (mean ± SE) and 85.9 ± 4.2% for S. atra. Given three to four visits 

per site, we could be highly confident that we detected both species where they were present (Kéry & 

Schmidt, 2008). For this reason, we did not use two-species occupancy models (e.g., MacKenzie et al., 

2004). For further occupancy modelling, we only varied the predictor variables for site occupancy and 

always used a model with constant detection probability (i.e. model ψ(predictor variables) p(.)). 

We used an a priori candidate model selection approach (Burnham & Anderson, 2002). 

Because sample size was small, we considered only a small set of candidate models and decided to 

keep candidate models simple (Anderson et al., 2001; Anderson & Burnham, 2002). We used identical 

sets of candidate models for both species except that we did not fit models with stream characteristics 

to the S. atra data. We fitted a total of 23 models to the S. salamandra data and 17 models to the S. 

atra data (see Supporting Information Tables S1 and S2). We defined models with a single predictor 

variable to assess their effect on the species occurrence (Table 1; e.g. ψ(area) p(.)). Further, we had 

models where we combined the single predictor variables with the presence of the other salamander 

species (e.g. model ψ(area + AS) p(.) for S. salamandra). In addition to these models, we set up 

candidate models with combinations of predictor variables. The first model describing the terrestrial 
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habitat included the predictors ‘area’, ‘forest’, ‘slope’ and ‘PCA climate’ (model ψ(habitat) p(.)). The 

second model, which was only used for the S. salamandra data, included the predictors ‘slope’, 

‘stream bank slope’, ‘pools’ and ‘hides’ to assess the effect of stream parameters on the species’ 

occupancy probability (model ψ(stream) p(.)). Two more candidate models were obtained by adding 

the presence of the other species to the two multi-variable models. Based on the results of the a priori 

models for each species, we additionally combined the predictors of the QAIC-best ranked models 

into four new a posteriori candidate models with combination of two or three predictor variables (see 

Supporting Information Tables S1 and S2). 

Because there was model selection uncertainty, we used model averaging techniques for 

parameter estimation (Burnham & Anderson, 2002). For model averaging, models with ΔQAIC > 7 

were dropped from the set of candidate models for each species and Akaike weights were re-calculated 

for the set of models with ΔQAIC ≤ 7. Based on the new Akaike weights, model averaging was 

performed for all predictor variables in models that were retained in order to assess their effect on the 

species’ occupancy probability.  

 

Results 

During field surveys (mean duration per visit ± standard deviation was 53.8 ± 14.5 min for Zug; 46.4 ± 

14.0 min for Nidwalden), we detected Salamandra salamandra at 16/23 of the sampling sites in the 

contact zone in Zug and 13/19 in Nidwalden. Salamandra atra was found at 5/23 of the sampling sites 

in Zug compared to 17/19 in Nidwalden. Co-occurrence of the salamanders was found at 3/23 

sampling site in Zug and at 12/19 sites in Nidwalden. 

Table 2 shows the top-ranking models (based on QAIC) for both salamander species. For both 

species, top-ranking models always included ecological predictor variables and were better than the 

intercept-only-models (i.e. null models). The analysis revealed that the model including ‘slope’ and 

‘pools’ as predictors for the fire salamander’s occupancy probability was best supported by the data. 

Model averaging showed that only the 95% confidence interval of ‘slope’ did not include zero (Table 

3). The positive effect of the slope of the sampling sites on the occupancy probability is shown in 

Figure 2. The confidence intervals of all other predictor variables included zero. In particular, while 

the estimated effect of alpine salamander on fire salamander occupancy was negative, the 95% 

confidence interval included zero (Table 3). 

The observed data for S. atra were best explained by the model with the predictor variable 

‘area’. In this model, we estimated a four times lower occupancy rate for S. atra in Zug (0.22, SE 

0.09) than in Nidwalden (0.90, SE 0.07). However, model averaging revealed that the 95% confidence 

intervals of all predictor variables included zero. Specifically, the effect of fire salamander on alpine 
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salamander occupancy was rather small and the 95% confidence interval widely overlapped zero 

(Table 3). 

Table 2. Model selection results 

 
Model K QAIC ΔQAIC w 

Salamandra salamandra 

 ψ(slope + pools) p(.) a posteriori 4 35.71 0.00 0.3276 

 ψ(slope + pools + AS) p(.) a posteriori 5 36.68 0.97 0.2017 

 ψ(slope) p(.) 3 37.73 2.02 0.1193 

 ψ(stream) p(.) 6 38.91 3.20 0.0661 

 ψ(slope + AS) p(.) 4 39.10 3.39 0.0601 

 ψ(slope + stream bank slope) p(.) a posteriori 4 39.23 3.52 0.0564 

 ψ(slope + hides) p(.) a posteriori 4 39.50 3.79 0.0492 

 ψ(pools) p(.) 3 39.58 3.87 0.0473 

 ψ(stream + AS) p(.) 7 40.43 4.72 0.0309 

 ψ(pools + AS) p(.) 4 41.57 5.86 0.0175 

 ψ(.) p(.) 2 42.24 6.53 0.0125 

 ψ(habitat) p(.) 6 42.44 6.73 0.0113 

Salamandra atra 

 ψ(area) p(.) 3 19.17 0.00 0.2327 

 ψ(.) p(.) 2 20.13 0.96 0.1440 

 ψ(area + PCA climate) p(.) a posteriori 4 21.03 1.86 0.0918 

 ψ(area + FS) p(.) 4 21.17 2.00 0.0856 

 ψ(forest) p(.) 3 21.61 2.44 0.0687 

 ψ(slope) p(.) 3 21.70 2.53 0.0657 

 ψ(PCA climate) p(.) 3 21.77 2.60 0.0634 

 ψ(stream bank slope) p(.) 3 22.07 2.90 0.0546 

 ψ(FS).p(.) 3 22.13 2.96 0.0530 

 ψ(area + forest + FS) p(.) a posteriori 5 23.15 3.98 0.0318 

 ψ(slope + FS) p(.) 4 23.45 4.28 0.0274 

 ψ(forest + FS) p(.) 4 23.61 4.44 0.0253 

 ψ(PCA climate + FS) p(.) 4 23.76 4.59 0.0234 

 ψ(stream bank slope + FS) p(.) 4 24.07 4.90 0.0201 

 ψ(habitat) p(.) 6 25.01 5.84 0.0126 

Only the best fitting site-occupancy models (i.e., models with ΔQAIC ≤ 7) for Salamandra salamandra and S. 

atra are shown. The symbol (.) indicates a constant parameter with no covariate and K is the number of 

parameters in the model. QAIC is the quasi-likelihood version of Akaike information criterion (AIC; ĉ = 2.2263 

for S. salamandra, ĉ = 7.1953 for S. atra). ΔQAIC is the difference between the QAIC score of the model and 

the best ranked model. w is the Akaike model weight. 

AS, alpine salamander; FS, fire salamander; PCA, principal component analysis. 
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Table 3. Model-averaged parameter estimates and 95% confidence intervals of all predictor variables for 

Salamandra salamandra and S. atra; variables for which 95% confidence intervals that did not overlap zero are 

indicated in bold 

 Variable Estimate 95% confidence interval 

Salamandra salamandra 

 Intercept 1.55 -0.78, 3.87 

 Area -0.01 -0.35, 0.32 

 Forest -0.01 -0.27, 0.24 

 Slope 1.64 0.39, 2.89 

 PCA climate -0.00 -0.12, 0.12 

 Pools 1.22 -0.29, 2.72 

 Hides -0.03 -0.42, 0.35 

 Stream bank slope 0.38 -2.17, 2.93 

 AS -0.41 -1.97, 1.15 

Salamandra atra 

 Intercept -0.43 -2.34, 1.48 

 Area 1.56 -1.20, 4.31 

 Forest 0.07 -0.39, 0.53 

 Slope 0.06 -0.39, 0.52 

 PCA climate 0.09 -0.39, 0.57 

 Stream bank slope -0.09 -1.25, 1.07 

 FS -0.05 -0.96, 0.85 

AS, alpine salamander; FS, fire salamander; PCA, principal component analysis. 

 

Figure 2. The effect of the slope on the occupancy probability of the fire salamander. The dotted lines show the 

limits of the 95% confidence interval. 
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Discussion 

Theory predicts that both abiotic factors and interspecific competition determine sharp range margins 

among species (Bridle & Vines, 2007). Empirical studies have generally confirmed the importance of 

both of these factor groups for the range margins of parapatric salamanders (Cimmaruta et al., 1999; 

Arif et al., 2007; Cunningham et al., 2009; Gifford & Kozak, 2012). As expected, we found that the 

two species had dissimilar species-habitat relationships in their contact zones. The ‘slope’ of a 

sampling site affected the occupancy probability of Salamandra salamandra, while none of the habitat 

characteristics explained the occupancy probability of S. atra. Unexpectedly, we found no evidence 

for competition as the local presence or absence of one of the two species had no effect on the 

occupancy probability of the other one at the same site. 

In previous studies, both positive and negative effects of slope on salamanders from North 

America were found (Diller & Wallace, 1996; Stoddard & Hayes, 2005), while some studies found no 

effect of slope (Welsh & Lind, 2002). Slope was shown to affect occurrence or abundance of larval S. 

salamandra (Baumgartner et al., 1999; Tanadini et al., 2012). Our results imply that slope positively 

affected the occupancy probability of S. salamandra (Table 3, Fig. 2). Both the terrestrial and the 

aquatic habitats are important for this species with stream characteristics being the more important of 

them (Ficetola et al., 2009, 2011; Manenti et al., 2009). Slope affects both the terrestrial and the 

stream habitat. Assuming that the stream characteristics are important (Manenti et al., 2009), an 

explanation could be that the effect of slope is caused by its influence on stream characteristics. This 

interpretation is supported by the fact that ‘pools’ were also in the top ranking models, even though the 

confidence interval of the parameter estimate included zero (Tables 2 and 3). One possible explanation 

is that the streams with limited slope were closer to the valley floor where human modification of 

streams is most intense (P. Werner, unpubl. data). Stream modifications are known to result in 

physical changes of stream and riparian characteristics and that are likely to negatively influence 

amphibian habitats (Hazell, Osborne & Lindenmayer, 2003). This will especially be the case if human 

modification of streams resulted in a loss of microhabitats, such as pools with lower current velocity 

that are important for fire salamander larvae (Baumgartner et al., 1999; Thiesmeier & Schuhmacher, 

1990; but see Tanadini et al., 2012).  

In contrast to S. salamandra, none of the habitat predictors explained occupancy probability of 

S. atra. Interestingly, the variable ‘area’ was included in three of the four top ranking models (Table 

2); however, the confidence interval for the effect of ‘area’ included zero. The fact that no ecological 

factor explained the distribution of S. atra could be due to the fact that the species was widespread in 

Nidwalden and comparatively rare in Zug. With such a pattern of distribution, differences between 

Zug and Nidwalden rather than differences (i.e., ecological factors) within the areas Zug and 

Nidwalden are likely to explain the distribution. 
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The possibility of interspecific interactions was suggested for contact zones where alpine and fire 

salamanders co-occur (Werner et al., in press). Competing species of salamanders often show little 

spatial overlap in their distributions (Hairston, 1951; Jaeger, 1970; Arif et al., 2007). Yet, our analysis 

of site occupancy within contact zones provided no evidence that one salamander species affected the 

occupancy probability of the other, although species interactions were observed in the field (P. 

Werner, unpubl. data). This may imply that the species distributions are independent or influenced by 

different habitat characteristics or that competition does not lead to spatial segregation (Rissler, Barber 

& Wilbur, 2000; MacKenzie et al., 2004; Indermaur et al., 2010). However, absence of evidence is not 

evidence for the absence of competition, as competition may affect species’ traits such as growth, 

body size, morphology or abundance (Price & Secki Shields, 2002; MacKenzie et al., 2004; Adams, 

West & Collyer, 2007; Arif et al., 2007). If interspecific competition occurs, the parameter estimates 

in Table 3 suggest that competitive interaction may possibly be asymmetric (the effect of S. 

salamandra on S. atra was close to zero, whereas the effect of S. atra on S. salamandra was negative), 

as it was found in other pairs of parapatric salamanders (e.g. Arif et al., 2007). 

In conclusion, our results underline the complexity of the mechanisms that determine the range 

margins of parapatric species. The analysis of local syntopic and allotopic occurrences within the 

species’ contact zones provided evidence for dissimilar species-habitat relationships, but the expected 

effect of competition on the occupancy probabilities of the species was not detected even though 

competition can affect occupancy (MacKenzie et al., 2004; Yackulic et al., in press). We suggest that 

these findings provide an important basis for studies that aim to investigate the role of interspecific 

competition within contact zones at smaller scales. Furthermore, although parapatry describes a 

distributional pattern, the study of patterns of species’ distributions may not be sufficient to entirely 

unravel the role of interspecific interactions for the parapatric range margins. It may be informative to 

study functional traits (i.e., traits that strongly influence organismal performance) of the species to 

better understand parapatric range margins (McGill et al., 2006). 
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Supporting information 

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

Table S1. List of the 23 a priori and a posteriori candidate models used to assess the effect of the predictor 

variables on the occupancy probability of Salamandra salamandra (with constant detection probability).  

Model Description 

ψ(area) p(.) Area important for occupancy 

ψ(forest) p(.) Forest important for occupancy 

ψ(slope) p(.) Slope important for occupancy 

ψ(PCA climate) p(.) PCA climate important for occupancy 

ψ(pools) p(.) Pools important for occupancy 

ψ(hides) p(.) Hides important for occupancy 

ψ(stream bank slope) p(.) Stream bank slope important for occupancy 

ψ(AS).p(.) AS important for occupancy 

ψ(area + AS) p(.) Area and AS important for occupancy 

yyyyψ(forest + AS) p(.) Forest and AS important for occupancy 

ψ(slope + AS) p(.) Slope and AS important for occupancy 

ψ(PCA climate + AS) p(.) PCA climate and AS important for occupancy 

ψ(pools + AS) p(.) Pools and AS important for occupancy 

ψ(hides + AS) p(.) Hides and AS important for occupancy 

ψ(stream bank slope + AS) p(.) Stream bank slope and AS important for occupancy 

ψ(habitat) p(.) Area, forest, slope and PCA climate important for occupancy 

ψ(stream) p(.) Slope, stream bank slope, pools and hides important for 

occupancy 

ψ(habitat + AS) p(.) Area, forest, slope, PCA and AS climate important for 

occupancy 

ψ(stream + AS) p(.) Slope, stream bank slope, pools, hides and AS important for 

occupancy 

ψ(slope + pools) p(.) a posteriori Slope and pools important for occupancy 

ψ(slope + pools + AS) p(.) a posteriori Slope, pools and AS important for occupancy 

ψ(slope + stream bank slope) p(.) a posteriori Slope and stream bank slope important for occupancy 

ψ(slope + hides) p(.) a posteriori Slope and hides important for occupancy 

AS, alpine salamander; FS, fire salamander; PCA, principle component analysis. 
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Table S2. List of the 17 a priori and a posteriori candidate models used to assess the effect of the predictor 

variables on the occupancy probability of Salamandra atra (with constant detection probability). 

Model Description 

ψ(area) p(.) Area important for occupancy 

ψ(forest) p(.) Forest important for occupancy 

ψ(slope) p(.) Slope important for occupancy 

ψ(PCA climate) p(.) PCA climate important for occupancy 

ψ(stream bank slope) p(.) Stream bank slope important for occupancy 

ψ(FS).p(.) FS important for occupancy 

ψ(area + FS) p(.) Area and FS important for occupancy 

ψ(forest + FS) p(.) Forest and FS important for occupancy 

ψ(slope + FS) p(.) Slope and FS important for occupancy 

ψ(PCA climate + FS) p(.) PCA climate and FS important for occupancy 

ψ(stream bank slope + FS) p(.) Stream bank slope and FS important for occupancy 

ψ(habitat) p(.) 
Area, forest, slope and PCA climate important for 

occupancy 

ψ(habitat + FS) p(.) 
Area, forest, slope, PCA and FS climate important for 

occupancy 

ψ(area + forest) p(.) a posteriori Area and forest important for occupancy 

ψ(area + PCA climate) p(.) a posteriori Area and PCA climate important for occupancy 

ψ(area + forest + FS) p(.) a posteriori Area, forest and FS important for occupancy 

ψ(area + slope) p(.) a posteriori Area and slope important for occupancy 

AS, alpine salamander; FS, fire salamander; PCA, principle component analysis. 
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Abstract 

Contact zones of parapatric species, in which their ranges narrowly overlap, offer various options for 

investigating the determinants of sharp range margins in species distributions. In parapatric taxa, these 

range limits are often set by abiotic conditions in conjunction with competitive interactions between 

species. When competition plays a key role, species with overlapping niches may exhibit fine-scale 

segregation within contact zones through differential microhabitat selection. The European land 

salamanders Salamandra salamandra and S. atra are parapatric and exhibit small contact zones in the 

Alps where they locally occur in syntopy. To identify the determinants of their parapatric range 

margins within contact zones and to test whether competition affects their local spatial distribution, we 

compared microhabitat conditions at salamander locations and used a null model analysis to assess the 

degree of interspecific niche overlap. Using resource selection probability function models, we 

assessed those attributes affecting the species’ habitat selections. The two species were active at 

different temperatures and times of the day. We found species-specific habitat preferences related to 

leaf litter cover and tree number, while interspecific niche overlap for shelters was greater than 

expected by chance. Habitat selection of S. salamandra was slightly related to the availability of 

shelters, while the tree number was most important for S. atra. Our findings indicate that S. atra 

prefers microhabitats on the forest floor that remain suitable during daytime for longer periods. This 

may explain its higher degree of diurnal activity compared to S. salamandra. The species-specific 

habitat selection within syntopic habitats indicates fine-scale segregation through resource 

partitioning, which may be result of past competition. For shelters, the observed interspecific niche 

overlap suggests that the species may still compete for this resource. Shelters are important for land 

salamanders during unfavourable weather conditions. The use of the shelters at different times of the 

day could minimize competitive interactions between the species for this resource. In turn, this may 

explain their local syntopic co-occurrence within contact zones, even if the two salamanders compete 

for shelters. Our findings indicate that interspecific competition for resources may play a role for the 

species’ local distributions within contact zones and represent an important basis for further studies 

that assess the role of competition for the species’ parapatric range limits. 

 

Key-words: Parapatry, Salamandra, competition, differential resource selection, resource partitioning, 

niche overlap. 
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Introduction 

Understanding the nature and determinants of species’ geographic range borders is an elementary 

focus in biogeography, ecology and evolutionary biology (Gaston 2003; Sutherland et al. 2013). 

Parapatry describes a conspicuous pattern in which two species exhibit sharply bordered abutting 

distributions with narrow contact zones (Bull 1991). Here, their limited co-occurrence is possible. It is 

a common form of distribution between closely related species but also among less-related taxa with 

similar ecological requirements (García-Ramos et al. 2000). When trying to better understand 

parapatry, the contact zones of parapatric taxa offer various options for investigating the mechanisms 

that determine their spatial segregation and local co-occurrence (Bull & Possingham 1995; Arif et al. 

2007). This is particularly challenging when the species exhibit a relatively high degree of niche 

overlap. In theory, the more similar two species’ niches are the more their coexistence over time is 

hampered (Hardin 1960; MacArthur & Levins 1967). In order to coexist, species with a priori similar 

niches need to evolve some extent of niche differentiation, so that competition for (key) resources 

between conspecifics is stronger than between heterospecifics (Schoener 1974; Amarasekare 2003).  

Beside the species’ fundamental niche requirements, biotic interactions, and dispersal ability, 

the local spatial distribution of resources within habitats has been emphasized to play a role in species’ 

spatial segregation and co-occurrence (MacArthur 1968; Krzysik 1979; Amarasekare 2003). For 

example, Manly et al. (2002) formulated that the resource availability is generally not uniform across 

space and that differential resource selection of species is one of the principle processes that enables 

them to coexist. To investigate whether a species preferentially uses resources and to compare 

resource selection between species, the quantity of utilized resources should thus be compared to the 

quantity of resources that are available within the accessible environment (Manly et al. 2002). Species 

with similar niches might demonstrate spatial fine-scale segregation through selection of different 

microhabitats with differing but overlapping parts of the resources (spatial partitioning) (Schoener 

1974; Krzysik 1979; Amarasekare 2003). Alternatively, they might exhibit temporal resource 

partitioning by exploiting resources at different times. The partitioning of resources can minimize 

interspecific competition within shared habitats. Investigating how species’ niches overlap and how 

microhabitat attributes and resource availability potentially affects the species’ habitat selection where 

they co-occur can thus help to understand the mechanisms behind the spatial distribution of parapatric 

taxa (Krzysik 1979; Winemiller & Pianka 1990; Hofer et al. 2004; Vieira & Port 2007; Indermaur et 

al. 2009).  

Parapatry has been investigated at a certain extent in land salamander species. Studies have 

revealed that often the abiotic environment combined with competitive interactions determine sharp 

range limits and delimit species’ co-occurrence within their contact zones (Hairston 1951; Jaeger 

1971; Keen 1982; Cimmaruta et al. 1999; Arif et al. 2007; Cunningham et al. 2009). The selection of 
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different microhabitats within a shared habitat has been identified to be important for competition 

avoidance and in facilitating coexistence in several salamander taxa (Jaeger 1971; Krzysik 1979; Keen 

1982; Hairston et al. 1987; Cimmaruta et al. 1999). The two European land salamander species 

Salamandra salamandra (Fire salamander) and S. atra (Alpine salamander) are parapatrically 

distributed and exhibit small contact zones in the Alps (Werner et al. 2013, in press). Different to 

North American salamanders, the cause of parapatry and the limited co-occurrence of these two taxa 

have received relatively little attention (Klewen 1991; Guex & Grossenbacher 2004; Thiesmeier & 

Grossenbacher 2004). We believe that a close look might be promising, as a study on the broader scale 

found climate to play a role in determining the salamanders’ parapatric range limits within contact 

zones (Werner et al. 2013). Apart from this, a moderate niche overlap was observed between the two 

species. This leaves the possibility that interspecific competition may be possible where the 

salamanders get into contact and both find adequate climatic conditions (Werner et al. 2013).  

Since various environmental factors operate with different intensities across spatial scales, their 

effect on species range limits may be more or less visible, depending on the spatial scale (Wiens 1989; 

Prinzing et al. 2002; Pearson & Dawson 2003; Indermaur et al. 2009, 2010). Pearson & Dawson 

(2003) suggested that biotic interactions most significantly affect the distributions of species on a 

small spatial scale. For Fire and Alpine salamanders, this could mean that interspecific competition 

affects the range limits on a local scale, e.g. in habitats that are climatically suitable for both species. 

Activity patterns of terrestrial salamanders generally depend on the availability of shelters and moist 

microclimate (Feder 1983; Grover 1989; Klewen 1991; Cimmaruta et al. 1999). Within shared 

habitats, S. salamandra and S. atra therefore presumably compete for resources and demonstrate 

resource partitioning.  

To further investigate whether competition between the species affects their spatial distributions 

within contact zones, we studied the resource utilization and the degree of niche overlap of the Fire 

and Alpine salamanders on a fine-spatial scale. For species with little niche overlap, Hofer et al. 

(2004) suggested that competition plays a limited role and that the species’ spatial distributions depend 

on the availability of resources. In case of competition for limited resources, we thus expect that a 

greater interspecific niche overlap for resources than expected by the resource availability may suggest 

a non-random spatial distribution of S. salamandra and S. atra within their local contact zones. 

Moreover, if competition is an important factor for their local distributions, we expect the species to 

show some degree of resource partitioning through selection of different microhabitats. To investigate 

this, our objectives were (i) to generally compare the microhabitat conditions at salamander locations, 

(ii) to assess the degree of niche overlap between them in relation to the resource availability within 

the shared habitat and (iii) to identify the microhabitat parameters that determine their habitat selection 

and whether the habitat selection is species-specific. 
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Methods 

Study area and surveys 

Our study area was located on the higher slopes of the Engelberger Aa valley in the communities of 

Wolfenschiessen and Dallenwil in the Canton of Nidwalden, Switzerland (Figure 1). While the valley 

floor of this section of the Engelberger Aa valley is largely cleared and used as pastures, the slopes are 

covered with mixed forest and crossed by small streams. The higher slopes are bordered by steep and 

rocky mountain sites. On the forested slopes of this valley, the ranges of the two salamander species 

meet and form narrow syntopic contact zones (Klewen 1986; Werner et al. in press). Salamander 

surveys were carried out between 400 and 900 m above sea level (a.s.l.). 

 

Figure 1. Location of the study site in central Switzerland. The white circles mark locations of Salamandra 

salamandra while black squares represent the locations of S. atra. These locations may correspond to multiple 

salamander records. 

Data collection 

Field work was carried out 7 August to 5 September 2011 and 29 May to 21 July 2012. For data 

collection, we conducted 94 visual-encounter surveys (2-6 man hours; Vonesh et al. 2010) on 

opportunistically chosen walking routes. The surveys were done mostly during the nocturnal activity 

time of the species, but also during daytime when it was rainy. At first sighting of each encountered 

salamander specimen, we noted species, sex, time, date and marked the exact location of each 

individual with a small flag and latitude/longitude coordinates by GPS (Garmin eTrex Vista Cx). To 

ensure that each individual was only considered once, we photographed the unique dorsal pattern of 
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each encountered S. salamandra with a digital camera (Panasonic LUMIX, TZ10). This allowed us to 

compare the dorsal pattern of each individual with the photos of earlier encounters. Because of the 

limited possibility of individual recognition for the entirely black S. atra, each study site was only 

surveyed once in search for active individuals. 

Table 1. List of microhabitat parameters that were collected at salamander locations in order to estimate species 

microhabitat utilization. For assessing niche overlaps between species, metric variables were reclassified into 

discrete groups. 

Variable 

Modelling 

abbreviation Description 

Variable 

type 

Original states of ordinal variables or 

classes for niche overlap estimations 

Altitude Alt 

Elevation [m] above sea level 

of salamander position  metric  

1 = < 600 m, 2 = 600-700 m, 3 = 700-

800 m, 4 = > 800 m 

Aspect Trasp
a
 

Orientation [°] of salamander 

position metric 

SW = 203-248°, W = 248-293°, NW = 

293-338°, N =338-23°, NE = 23-62° 

Activity 

time  

Time of the day when active 

salamander was encountered nominal  

night = 21h
00

-5h
30

, dawn = 5h
30

-7h
30

, 

day = 7h
30

-19h
00

, dusk = 19h
00

-21h
00

 

Slope S 

Slope [m] of area surrounding 

salamander position  metric  

no slope = 0.0-0.2 m, small = 0.2-0.4 

m, medium = 0.4-0.6 m, steep = 0.6-

0.8 m 

Deciduous 

forest Df
b
 

Proportion of deciduous trees 

in the surrounding forest metric  

0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 

100% 

Trees T 

Number of large trees 

surrounding salamander 

position metric  0.0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0  

Shelter R 

Number of shelters around 

salamander position  metric  

1 = < 5, 2 = 5-9, 3 = 10-14, 4 = 15-19, 

5 = > 20 

Type of 

shelter  

Type of potential refugia at 

salamander position nominal 

stone, dead wood, crevice under tree 

roots, crevice in rock or stonewall, 

dense shrubs 

Leaf litter 

cover Lc
b
 

Proportion of leaf litter 

covering the forest floor metric  

0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 

100% 

Ground 

vegetation 

cover Vc
b
 

Proportion of small plants and 

shrubbery covering the forest 

floor metric  

0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 

100% 

Type of 

ground 

vegetation  

Type of ground vegetation 

growing surrounding 

salamander position nominal  

grass, moss, ground ivy, forbs, dense 

shrubs (> 1m height) 

Temperature  

Air temperature [°C] at the 

location of active salamander  metric 10, 12, 14, 16, 18, 20, 22°C  

Humidity 
b
 

Ranked relative air humidity 

[%] at salamander position  metric 1 = 80-89%, 2 = 90-99%, 3 = 100% 

a
 Transformation to radiation index (Roberts & Cooper 1989) 

b
 Arcsin transformation (McDonald 2009) 
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To compare the microhabitat preferences between the species, we collected several microclimatic and 

vegetation parameters at recorded salamander locations (Table 1). We focused on abiotic habitat 

features that may potentially be important for these ground-dwelling and elusive animals. Given that 

both salamander taxa are opportunistic food generalists (Guex & Grossenbacher 2004; Thiesmeier & 

Grossenbacher 2004), we did not consider prey availability in our analysis. Air temperature and 

relative humidity above ground were measured directly at each salamander encounter using a digital 

thermo- and hygrometer (Greisinger electronic, GFTH 95). Parameters characterizing the terrestrial 

habitat surroundings of the marked positions of Fire and Alpine salamanders were estimated in the 

field. We guessed the proportion of deciduous trees in relation to all trees (including coniferous trees) 

within the broader forest surrounding. Starting from the salamander positions, we quantified the 

number of trees (> 15 cm diameter at 1 m height), slope of the area (distance per meter height), 

number of potential shelters on the forest floor (with a surface size of at least 100 cm²), proportion of 

leaf litter and ground vegetation cover on strips of 1 m breadth and 10 m length into the four cardinal 

directions. On basis of these estimates, we assessed average variable values for each salamander 

record. We additionally noted the type of shelters and ground vegetation surrounding these locations 

(multiple types were possible). Topographic data were obtained as GIS-layers from the Swiss 

Biological Records Center (CSCF, www.cscf.ch; Zimmermann & Kienast1999) and we extracted the 

altitude and aspect for all salamander records using the ‘Extract Values by Point’ function in DIVA-

GIS 9.3 (Hijmans et al. 2012). Likewise, we recorded identical data for random selected sampling 

points in the vicinity of salamander locations representing the resource units that are considered 

potentially available for both species. Using ArcGIS 10 (ESRI, Redlands, CA, USA), random points 

were generated according to the number of salamander locations within the forest areas where both 

species locally co-occur. For data collection in the field, the random points were transferred to the 

GPS in order to locate them within the study area.  

Prior to statistical analyses, we transformed the variables ‘deciduous forest’, ‘leaf litter cover’, 

‘ground vegetation cover’ and ‘humidity’ using arcsin transformation while the variables ‘trees’ and 

‘shelter’ were log-transformed (McDonald 2009). Because the variable ‘aspect’ was measured on a 

circular scale, we transformed it to a radiation index as proposed by Roberts & Cooper (1989) which 

resulted in a continuous variable with values between 0 and 1. To identify correlations among the 

metric microhabitat parameters (Table 1), we used a Spearman rank correlation analysis for non-

parametric data in R 2.15.3 (R Development Core Team 2013). Since there were no strong significant 

correlations between microhabitat variables (Spearman rank correlation, all -0.52 < |r| < 0.52), we 

included all metric variables into further analyses. All metric variable values were standardized before 

the analyses by subtracting the mean and dividing by the standard deviation (following Lele 2009). 
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Statistical analyses 

To compare the microhabitat preferences and resource selection of Salamandra salamandra and S. 

atra, we used three approaches. First, we tested for general interspecific differences in the 

microhabitat at species’ records using Generalized Linear Squares (GLS) regression models (Zuur et 

al. 2009) for the metric data (Table 1) with ‘species’ as explanatory variable. We fitted the GLS 

models using the nlme package for R (Pinheiro et al. 2013). The advantage of GLS models is that they 

are weighted linear regressions that do not assume homogeneity of variance in the data set which is 

critical in other linear regression and additive models (Zuur et al. 2009). For nominal data (Table 1), 

we chose the χ² cross table test or Fisher’s exact test when the expected frequencies were less than five 

(McDonald 2009). Prior to this, we accounted for indifferent sampling sizes of the species by 

estimating the relative frequencies of microhabitat utilization by each species for each state of the 

nominal variables. 

In a second approach, we estimated the niche overlap between the two salamander species for 

all microhabitat parameters and we tested whether the observed overlap values differed significantly 

from values expected by the availability of the parameters within the habitat (Table 1) using the 

Czekanowski index (Feinsinger et al. 1981). This index can be used to measure niche overlap of two 

groups and can range from 0 (no overlap in microhabitat use between the species) to 1 (total overlap) 

(Gotelli & Entsminger 2001). In order to reduce the amount of potential resource states per variable 

for this approach, we reclassified or rounded the metric microhabitat variables into discrete states (see 

Table 1). For all microhabitat variables, we finally calculated the relative frequency of utilization of 

each variable state by the two study species. 

To estimate niche overlaps between the species via the Czekanowski index and to test whether 

the observed overlap values differed significantly from values expected by chance, we performed null 

model analyses with EcoSim 7.0 (Gotelli & Entsminger 2001). In EcoSim, we obtained the random 

overlap values for the two species by randomization of the observed species data using 30,000 

iterations and the algorithm RA3. This randomization algorithm retains the observed niche breadth of 

each species, but randomizes the resource states that are actually used by allowing for potential use of 

the other resource states (Winemiller & Pianka 1990). With the help of the microhabitat data for the 

random sampling points, we identified the availability of each variable state in the environment using 

identical classification and frequency estimation as for species data.  

In a third approach, we analysed the probability of selection of resources by the salamander 

species compared to their availability within the habitat based on the ‘used’ microhabitat data for the 

two species compared to the available microhabitat data (use-versus-available study design; Lele 

2009). We assessed the species-specific microhabitat selection by using logistic resource selection 

probability function (RSPF) models (Lele & Keim 2006; Lele 2009). Based on logistic regression, the 

RSPF calculates the probability that a specific resource unit is used by a species (Manly et al. 2002). 
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For a detailed description of the approach see Lele & Keim (2006). In our microhabitat selection 

analysis, we considered the variables ‘altitude’, ‘aspect’, ‘slope’, ‘deciduous forest’, ‘trees’, ‘shelter’, 

‘ground vegetation cover’ and ‘leaf litter cover’ as model covariates (Table 1). Due to the small 

sample size, we considered only a small set of simple candidate models (Anderson et al. 2001; 

Anderson & Burnham 2002). 

Table 2. List of candidate models used to assess the microhabitat selection of each salamander species. 

Model Covariates Description 

1 Alt + Trasp + S + Df + Vc + Lc + T + R Global model, all main factors without interaction 

important 

2 Alt Altitude important 

3 Trasp Aspect important 

4 S Slope important 

5 Df Proportion of deciduous forest important 

6 Vc Proportion of vegetation cover important 

7 Lc Proportion of leaf litter cover important 

8 T Number of trees important 

9 R Number of shelters important 

10 Alt + (Alt)² Altitude and squared effect important 

11 Trasp + (Trasp)² Aspect and squared effect important 

12 S + (S)² Slope and squared effect important 

13 Df + (Df)² Proportion of deciduous forest important 

14 Vc + (Vc)² Proportion of vegetation cover and squared effect 

important 

15 Lc + (Lc)² Proportion of leaf litter cover and squared effect 

important 

16 T + (T)² Number of trees and squared effect important 

17 R + (R²) Number of shelters and squared effect important 

18 Alt + Asp + S Topographical predictors important 

19 Alt + Trasp + S + (Alt x Trasp) + (Alt x S) + 

(Trasp x S) + (Alt x Trasp x S) 

Topographical predictors and all their interactions 

important 

20 Vc + Lc Cover of vegetation and leaf litter important 

21 Vc + Lc + (Vc x Lc) Cover of vegetation and leaf litter and their 

interactions important 

22 Vc + Lc + R Cover of vegetation and leaf litter and number of 

shelters important 

23 Vc + Lc + R + (Vc x Lc) + (Vc x R) + (Lc x R) 

+ (Lc x Lc x R) 

Cover of vegetation and leaf litter and number of 

shelters and their interactions important 

Notes: See Table 1 for description of the microhabitat parameters. Abbreviations used: Alt, altitude; Trasp, 

transformed aspect to radiation index; S, slope; Df, arcsin(deciduous forest); Vc, arcsin(ground vegetation 

cover); Lc, arcsin(leaf litter cover); R, shelter; T, trees. 
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For each species, we fit a total of 23 logistic RSPF models (Table 2) to the data using the 

ResourceSelection package for R (Lele et al. 2012) and 5,000 bootstrap iterations. Hosmer and 

Lemeshow goodness-of-fit test, incorporated in this package, was used to identify those models that 

did not fit the data and were excluded from the model selection (Burnham et al. 2011). To identify the 

model with the covariate set that adequately describes the observed data, we ranked the candidate 

models using Akaike’s information criterion adjusted for small sample size (AICc) to calculate AICc 

model weights (Manly et al. 2002; Burnham et al. 2011).  

 

Results  

In total, we encountered 36 individuals of Salamandra salamandra and 68 of S. atra. The microhabitat 

preferences of these species differed for the variables ‘leaf litter cover’, ‘trees’ and ‘temperature’ 

(Table 3; Figure 2). Locations of S. atra were characterized by (mean ± SD) a higher number of trees 

(1.67 ± 0.87) and a higher leaf litter cover (0.43% ± 0.24), contrasted by conditions at locations of S. 

salamandra (number of trees: 1.03 ± 0.70; leaf litter cover: 0.29% ± 0.23). Salamandra salamandra 

was active at lower temperatures (15.98 °C ± 1.88) compared to S. atra (17.03 °C ± 2.30). For other 

metric microhabitat parameters, we did not find interspecific differences (p > 0.05; Table 3). The 

‘activity time’ differed significantly between the two species (Fisher’s exact test: p = 9.79 x 10
-9

). The 

Fire salamander was more often observed during the night (75%) compared to the Alpine salamander 

which showed a similar activity during night time (37%), dawn (35%) and dusk (25%) and which was 

also active during day time (3%) (Figure 3). We found no interspecific differences in the relative 

frequencies of ‘type of ground vegetation’ (χ² cross table test: DF = 4, χ² = 4.14, p = 0.388; Figure 3) 

and ‘type of shelter’ (Fisher’s exact test: p = 0.930; Figure 3) surrounding species’ positions. 

The observed niche overlap among Fire and Alpine salamander was significantly greater than 

expected by chance for the microhabitat predictors ‘deciduous forest’, ‘shelter’ and ‘type of shelter’ 

(Table 4). Overlap values ranged from 73.4% for ‘deciduous forest’ to 95.8% for ‘type of shelter’ and 

were thus quite high, especially for the two covariates describing the shelters. For all other variables, 

the interspecific niche overlap did not differ from the expected niche overlap. 

The RSPF modelling resulted in the selection of the model including the covariates ‘shelter’ and 

the squared effect of this variable as best fit to the data of S. salamandra (model 17: AICc = 240.6, 

weights = 1.0; see Supporting Information Appendix 1 for a ranked list of the models used for model 

selection). For S. atra, the model including the covariate ‘trees’ and its squared effect best fitted the 

data (model 16: AICc = 504.3, weights = 1.0; see Supporting Information Appendix 1). The selection 

probability in relation to the covariates of the best ranked resource selection probability models for S. 

salamandra and S. atra are shown in Figure 4 (see Supporting Information Appendix 2 for the 

maximum likelihood estimates and non-parametric bootstrap standard errors). 



 Chapter III 

79 

 

 

Figure 2. Comparison of the microhabitat conditions at records of (A) Salamandra salamandra and (B) S. atra 

within their contact zones in Switzerland. Box plots are defined by the median and the 25
th

 and 75
th

 percentile 

(Interquartile range, IQR) of the data set which are not influenced by outliers (shown as circles). The outer box 

plot fences are confined by the value of 1.5 times the IQR. 
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Table 3. Results of the GLS models showing the relationships between microhabitat parameters and species. 

Significant differences between the species are denoted by * for a significance level of p < 0.05 and ** for a 

significance level of p < 0.01. 

Variable  Estimate SE t-value p-value RSE 

Altitude Intercept -0.24 0.30 -0.80 0.43 1.06 

 Species 0.18 0.19 0.90 0.37  

Aspect Intercept 0.54 0.29 1.85 0.07 0.91 

 Species -0.40 0.22 -1.83 0.07  

Slope Intercept 0.09 0.30 0.31 0.76 0.96 

 Species -0.07 0.21 -0.32 0.75  

Deciduous forest Intercept -0.08 0.29 -0.28 0.78 0.92 

 Species 0.06 0.22 0.27 0.79  

Trees Intercept 0.88 0.27 3.21 <0.01** 0.56 

 Species -0.65 0.25 -2.64 <0.01**  

Shelter Intercept -0.42 0.29 -1.46 0.15 0.84 

 Species 0.31 0.23 1.37 0.17  

Leaf litter cover Intercept 0.82 0.28 2.92 <0.01** 0.92 

 species -0.61 0.21 -2.98 <0.01**  

Ground vegetation cover Intercept -0.51 0.29 -1.78 0.08 0.87 

 species 0.38 0.22 1.71 0.09  

Temperature Intercept 0.63 0.29 2.19 0.03* 1.04 

 Species -0.47 0.19 -2.48 0.02*  

Humidity Intercept 0.28 0.29 0.95 0.35 0.86 

 Species -0.20 0.23 -0.89 0.37  

RSE = residual standard error on 104 degrees of freedom 

Table 4. Observed and expected mean niche overlap (Czekanowski index) among Salamandra salamandra and 

S. atra. Niche overlap between the species was computed for each data set using EcoSim 7.0 and 30,000 

iterations in the simulation. Significant p-values are marked with * for a significance level of p < 0.05 and ** for 

a significance level of p < 0.01. 

Variable Resource states 

Observed mean 

niche overlap 

Expected mean 

niche overlap 

p (observed ≥ 

expected) 

Altitude defined 0.791 0.816 0.749 

Aspect defined 0.684 0.539 0.100 

Activity time undefined 0.620 0.452 0.166 

Deciduous forest  defined 0.734 0.571 0.008** 

Trees defined 0.445 0.381 0.333 

Slope defined 0.843 0.631 0.083 

Shelter defined 0.921 0.353 0.017* 

Type of shelter defined 0.958 0.750 0.034* 

Leaf litter cover defined 0.812 0.652 0.072 

Ground vegetation cover defined 0.633 0.571 0.224 

Type of ground vegetation defined 0.863 0.884 0.765 

Temperature undefined 0.633 0.411 0.053 

Humidity undefined 0.840 0.548 0.335 



 Chapter III 

81 

 

 

Discussion 

Habitat selection and interspecific niche overlap can be important aspects when investigating the role 

of resource competition for the sharp range limits and limited syntopic co-occurrence of parapatric 

species within their contact zones (Pianka 1974; Amarasekare 2003; Hofer et al. 2007; Vieira & Port 

2007). Parapatric species with overlapping niches that compete for limited resources may exhibit fine-

scale segregation within their narrow contact zones through resource partitioning and selection of 

different microhabitats (Schoener 1974; Krzysik 1979; Amarasekare 2003). To identify the 

determinants of the parapatric range margins between Salamandra salamandra and S. atra and their 

local syntopic co-occurrence, we investigated their habitat selection within their contact zones and the 

degree of interspecific niche overlap.  

We found significantly different activity times for the two species and species-specific habitat 

selection that was related to different habitat predictors. While their preferred microhabitats differed in 

some habitat parameters, the species also demonstrated niche overlap for other parameters. The 

exploited habitats of the species were characterized by significantly different proportions of leaf litter 

cover and numbers of trees accompanied by differences in the exploited temperature values. Our 

findings indicate that two species select differential parts of the shared habitat resources and exhibit 

different temporal activity patterns. Generally, both species are ground-dwelling and perform their 

Figure 3. The histograms show the relative 

frequencies of (A) the relative air humidity 

and (B) the time of activity when 

Salamandra salamandra (grey) and S. atra 

(black) were encountered, as well as the 

different types of (C) ground vegetation and 

(D) shelter at locations of S. salamandra 

(grey) and S. atra (black) in comparison to 

random sampling points (white). 
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foraging and mating activities mostly on the forest floor (Klewen 1991; Guex & Grossenbacher 2004; 

Thiesmeier & Grossenbacher 2004). They are known to remain most of the time in underground 

refugia and to be nocturnal with highest activity during rain (Klewen 1991). This is a common 

observation in terrestrial salamanders which greatly rely on moist and cool microclimates on the forest 

floor due to their high levels of evaporative water loss (Feder 1983; Klewen 1991; Grover 1998; 

Peterman & Semlitsch 2013). In accordance with these observations, in both studied taxa we found 

activity peaks at night-time when the relative air humidity was 100% (about three fourth of the 

individuals of each species). However, S. atra was almost equally active during dusk and dawn; 

occasionally even during day-time and we conclude that this activity behaviour might be related to 

preferences of different microclimatic conditions. A dense, shady forest and a thick layer of leaf litter 

favour microhabitats on the forest floor that longer remain moist and cool (Chen et al. 1999). The high 

number of trees and thick leaf litter cover at Alpine salamander locations thus likely create conditions 

that allow it to be active on the forest floor at higher air temperatures. This could explain its activity 

during twilight and daytime; in addition to its general nocturnal pattern. A similar observation was 

made in terrestrial salamanders of the North American genus Desmognathus where the interspecific 

differences in the degree of nocturnal activity were correlated with temperature and moisture in the 

habitats (Hairston 1949).  

Besides their different temporal activity patterns combined with the preference of different 

microhabitat conditions, the Fire and Alpine salamanders exhibited interspecific niche overlap for the 

parameters ‘deciduous forest’, ‘shelter’ and ‘type of shelter’ (greater than expected by chance). For the 

parameters describing the availability and type of shelters, the overlap was remarkably high indicating 

that the species show similar utilization and requirements of this resource (Gotelli & Entsminger 

2001). Several studies have suggested that shelters represent a highly important resource because they 

offer refugia with suitable microenvironments for salamanders during dry and warm weather (Mathis 

1990; Cimmaruta et al. 1999; Riberon & Miaud 2000; Rebelo & Leclair 2003). Grover (1998) has 

shown that the experimental increase of the moisture level on the forest floor and a high number of 

shelters increased the foraging success of terrestrial salamanders by regulating the abundance of prey 

on the forest floor and thereby the species’ activity. Beside the importance for species 

thermoregulation and foraging activities, the availability of shelters also plays a role for predation 

avoidance in salamanders (Keen 1982). Given that competition for shelters has been observed in other 

land salamanders (e.g. Mathis 1990; Cimmaruta et al. 1999), the observed niche overlap between Fire 

and Alpine salamander suggests that they may compete for shelters within their shared habitat. 

Nevertheless, only the habitat selection of S. salamandra was positively associated with the number of 

shelters though this effect of ‘shelter’ on the species’ habitat selection was low. For S. atra, the 

parameter ‘trees’ was the best predictor for its habitat selection which indicates that it preferentially 

selected habitats with a higher number of trees. As suggested earlier, this observation proposes that a 
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suitable microclimate on the forest floor is the most important factor for S. atra, while there is 

indication that the availability of shelters is most important for S. salamandra.  

 

 

Figure 4. Estimated habitat selection probability of (A) Salamandra salamandra and (B) S. atra in relation to 

the habitat predictor in the top-ranked model. The solid lines refer to the probability of selection of the habitat 

attributes by the species while the dashed lines mark the 95% confidence interval. 

As expected in case that resource competition plays a role for the sharp range limits of the two species 

within their local contact zone, we found similar resource use and a greater interspecific niche overlap 

for shelters than expected by chance. This provides evidence that the species may compete for this 

resource. The different temporal activity patterns and preference of different microhabitat conditions 

of Alpine and Fire salamanders in turn suggest partitioning of other resources on the microhabitat 

scale. This resource partitioning could be the result of competition for these resources in the past in 

order to avoid strong interspecific interactions (Schoener 1974; Amarasekare 2003). Similar to our 

observation, field and laboratory experiments with two salamander species of the genus 

Desmognathus revealed differential habitat utilization and temporal activity pattern (Keen 1982). Due 

to these observed differences between the species, the author suggested interspecific competition to be 

a main determining factor for their distributions. Likewise, there was strong evidence that the co-

occurrence patterns for North American Plethodon salamanders were non-random and that 

interspecific competition was prevalent in this group (Adams 2007). For European land salamanders, 

interspecific competition between two parapatric taxa most likely explained their different patterns of 

habitat use and thereby their local co-occurrence (Cimmaruta et al. 1999). Following the observations 

for other land salamanders, the observed differential habitat selection of S. salamandra and S. atra and 

their different temporal activity times indicate that they may avoid competitive interactions by using 

the available shelters at different times of the day. This in turn could explain their syntopic co-

occurrence within local contact zones. Hofer et al. (2007) have shown that ecologically similar anuran 
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species co-occurred more often than expected by chance and that species were apparently more 

constrained by their resource requirements than by competition. Dispersal-limited species like 

terrestrial salamanders are highly dependent on their immediate environmental structures which also 

limit their possibility of active selection of favourable microhabitats (Peterman & Semlitsch 2013). 

Fire and Alpine salamanders both require shelters as refugia during unfavourable weather conditions 

and this may be why they do not partition this resource and show a high degree of niche overlap. Due 

to their different activity times, competition for shelters may be generally low and only occurs during 

particularly dry and warm weather.  

Our results, compared to previous studies on the two species, revealed that it is important to 

investigate the mechanisms that determine species geographic distributions on different spatial scales. 

This allows accounting for spatial variation in the habitat predictors of species distributions and the 

intensity of interspecific competition. Climatic conditions were found to be most important for the 

parapatric range limits between the species on the broad spatial scale (Werner et al. 2013). On the 

microhabitat level, we found evidence for resource competition and partitioning between Fire and 

Alpine salamanders through differential microhabitat selection within their local syntopic contact 

zone. This mechanism is in turn likely the consequence of competition and facilitates their local co-

occurrence within contact zones, even if the two species are strong competitors for shelters. These 

findings indicate that interspecific competition for resources may play a role for the species’ range 

limits within contact zones and represent an important basis for further studies investigating the role of 

competitive interactions in determining the species’ parapatric range limits. However, we cannot rule 

out that there are other explanations for the observed habitat selection of the two species. Future 

studies should therefore encompass behaviour experiments or investigations of the effect of 

competition on species’ morphology or abundance (McGill et al. 2006; Arif et al. 2007). These studies 

could help to unravel the role of microhabitat selection and competition for the sharp range 

delimitation and limited co-occurrence of these parapatric salamanders.  
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Supporting information 

Appendix 1. Model selection results for evaluating the habitat selection separately for Salamandra salamandra 

and S. atra. The models were ranked using the Akaike information criterion adjusted for small sample size 

(AICc; Burnham et al., 2011); the best ranked models are shown in bold. Candidate models that did not fit the 

data observed for the species were excluded from the model selection (Hosmer and Lemeshow goodness-of-fit 

test, p < 0.05). -2l reports twice the negative log-likelihood of the model and k the number of parameters in the 

models. ∆AICc is the difference between the AICc score of the model and the best ranked model and w is the 

AICc model weight. 

Salamandra salamandra Salamandra atra 

Model 

ID 

-2l k AICc ∆AICc w Model 

ID 

-2l k AICc ∆AICc w 

17 234.6 3 236.9 0.00 0.997 16 502.0 3 504.2 0.0 1.0 

22 244.8 4 248.2 11.33 0.003 17 546.8 3 549.1 44.8 1.9E-10 

15 287.6 3 289.8 52.89 3.3E-12 22 549.6 4 552.9 48.7 2.7E-11 

18 285.6 4 289.1 52.20 4.6E-12 9 552.6 2 553.8 49.5 1.7E-11 

12 293.2 3 295.5 58.63 1.8E-13 18 558.8 4 562.1 57.8 2.8E-13 

16 302.0 3 304.2 67.34 2.4E-15 15 561.8 3 564.0 59.8 1.0E-13 

      13 565.0 3 567.1 62.9 2.2E-14 

      14 566.0 3 568.1 63.9 1.3E-14 

Notes: See Table 2 for description of the models. Prior to analysis, all parameters were standardized. The smaller 

the ΔAICc, the better the model approximates the observed data for the species (Burnham et al., 2011). 

Appendix 2. Maximum likelihood estimates and standard errors for the parameters in the best ranked models for 

predicting the habitat selection of the two salamander species (based on B = 5,000 non-parametric Bootstraps).  

Species modelled Parameters Estimate SE 

Salamandra salamandra Intercept -18.805 0.439 

 R 0.771 0.205 

 (R)² 0.8391 0.191 

Salamandra atra Intercept -1.510 5.480 

 T 2.910 0.883 

 (T)² 1.646 0.606 

Notes: See Table 1 for description of the parameters. All parameters were standardized prior to the analysis. 

Abbreviations used: Alt, altitude; Trasp, transformed aspect to radiation index. 
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Amphibian declines and species extinctions are worrying conservationists around the globe, and the 

emerging infectious disease chytridiomycosis is suggested to play a key role in these processes 

(FISHER et al. 2009). The disease’s etiological agent, the chytridiomycete fungus Batrachochytrium 

dendrobatidis (Bd), has been reported to be present on all continents inhabited by amphibians (FISHER 

et al. 2009). Amphibian mass mortalities, however, seem to be geographically restricted, and it has 

recently been suggested that one particular currently emerging, globalised and highly virulent strain of 

Bd is responsible for the most dramatic consequences of the disease (FARRER et al. 2011). Besides the 

strain, the specific susceptibility of host species or populations as well as host-environment 

interactions might play a role in the outcome of an infection (e.g., WOODHAMS et al. 2007a, TOBLER 

& SCHMIDT 2010, SAVAGE & ZAMUDIO 2011, SEARLE et al. 2011).  

Bd is known to infect more than 400 amphibian species of both anurans and salamanders, and 

the most dramatic mass mortalities have occurred in mountainous areas of the Americas, Australia and 

southern Europe (BERGER et al. 1998, BOSCH & MARTINEZ-SOLANO 2006). The pathogen spreads 

through motile infectious zoospores released from zoosporangia growing on keratinised parts of the 

amphibian skin. Despite this aquatic transmission stage, Bd is known also to infect purely terrestrial 

amphibian species (WEINSTEIN 2009). If an individual is infected and develops symptoms of 

chytridiomycosis, it may eventually die from a breakdown of neurological functions (VOYLES et al. 

2009).  

To better understand possible consequences of Bd spread, it is important to know which species 

are susceptible to Bd infection and chytridiomycosis. BIELBY et al. (2008) provided evidence that, at 

least in anuran amphibians, Bd susceptibility is related to life history. They found that species from 

high altitudes within a geographically ‘restricted’ range and having an aquatic life stage accompanied 

by low fecundity suffer from higher risk of Bd-related decline. WOODHAMS et al. (2007a, b) provided 

evidence that susceptibility can also depend on species-specific skin peptides or skin bacteria. Bd 

susceptibility may furthermore be related to the environment in which amphibians live. Based on the 

pathogen’s temperature sensitivity, RÖDDER et al. (2009) identified worldwide regions in which 

climatic conditions are most suitable to Bd and concluded that at lower latitudes higher elevations and 

at higher latitudes lower elevations would provide the best environment for the survival of Bd. 

Bd infection is widespread among European amphibians including those occurring in the Alps 

(GARNER et al. 2005, SZTATECSNY & GLASER 2011). While it has caused mortality and population 

extinctions in some mountain ranges (BOSCH & MARTINEZ-SOLANO 2006, BIELBY et al. 2009, 

WALKER et al. 2010), Bd apparently leaves many European species and populations unaffected. Here, 

we report the results of a study on Bd infection in the viviparous and entirely terrestrial Alpine 

salamander, Salamandra atra LAURENTI, 1768 (Fig. 1). This caudate is endemic to the Alps and the 

Dinaric Alps (GRIFFITHS 1996). 
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We suggest that there is reason for concern that this species may be at risk of Bd infection 

because (i) it has a low fecundity (BIELBY et al. 2008, by implication), (ii) it occurs under climatic 

conditions where outbreaks of chytridiomycosis may occur (see WALKER et al. 2010), (iii) it inhabits 

mountain ranges climatically suitable to Bd (RÖDDER et al. 2009) and where this fungus occurs 

(SZTATECSNY & GLASER 2011), and (iv) Bd-associated mass mortality has been observed in the 

congeneric Salamandra salamandra (BOSCH & MARTINEZ-SOLANO 2006). 

We tested for Bd infection 310 Alpine salamanders living at different altitudes in nine separated 

populations well spaced over the species’ geographic range (Table 1, Fig. 2). For sampling, we used 

sterile cotton swabs (Copan Italia S.p.A., Brescia, Italy; Medical Wire & Equipment, Wiltshire, 

England) to swab ventral surfaces of body, hands and feet of salamanders. To avoid that the same 

individuals would be tested twice, one site within a population was only sampled once and specimens 

were released only after all specimens had been swabbed. Afterwards, swabs were frozen as quickly as 

possible upon return from the field trip (HYATT et al. 2007). For Bd screening, we used quantitative 

real-time PCR (polymerase chain reaction) of the ITS-1/5.8S ribosomal DNA region of Bd (BOYLE et 

al 2004) with internal positive control (HYATT et al. 2007). Bd data has been made available to the 

global Bd mapping project at http://www.bd-maps.net/maps/. 

Bd was detected in none of our samples (Table 1), indicating that none of the S. atra specimens 

sampled were infected. To obtain a Bayesian 95% credible interval for prevalence, we used WinBUGS 

to estimate the posterior distribution of prevalence (KÉRY 2010, see Appendix). Posterior distributions 

were left-skewed towards zero and all 95% credible intervals included a prevalence of zero.  

 

Figure 1. Alpine salamander from the Hintersteiner Tal, Bavarian Alps, Germany (not collected).  

Photo: U. SCHULTE 
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Table 1. Details of Alpine salamander and accompanying amphibian species sampling (see Fig. 2). Altitude is in metres above sea level. 

Country State, locality,  

altitudinal range  

Approximate 

coordinates 

Number of 

individuals 

Observed prevalence 

(Bayesian 95% 

Credible Interval) 

Date Additional species  

sampled (n) 

Austria Salzburg, Hagengebirge 

(Schlumsee), 490-1,200 m 

13.1 E, 47.5 N 35 0% (0.00, 0.10)  7 July 2009  

Austria Salzburg, Krimmler Achental 

(NP Hohe Tauern), 1,622 m 

12.19 E, 47.14 N 20 0% (0.00, 0.16)  14 June 2009  

Austria Steiermark, Wörschach  

(Totes Gebirge), 1,715 m 

14.13 E, 47.60 N 8 0% (0.00, 0.35)  11-12 June 2009  

Austria Tirol, Imst (Lechtaler Alpen), 

1,700-1,800 m 

10.6 E, 47.26 N 10 0% (0.00, 0.28)  30 July 2009  

Austria Vorarlberg: Schoppenau 

(Bregenzer Wald), 915-1,000 m 

10.03 E, 47.31 N 8 0% (0.00, 0.35)  31 July 2009  

Germany Bayern, Hintersteiner Tal 

(Allgäu), 850-1,825 m 

10.4 E, 47.4 N 120 0% (0.00, 0.03)  9-12 July 2009 Bufo bufo (13), Ichthyosaura alpestris 

(59) 

Switzerland Nidwalden, near 

Wolfenschiessen, 550-1,705 m 

8.38 E, 46.9 N 53 0% (0.00, 0.07)  24-25 July,  

10 August 2009 

Bufo bufo (2), Ichthyosaura alpestris 

(3), Salamandra salamandra (2) 

Switzerland St. Gallen, Murgtal,  

1,160-1,604 m 

9.11 E, 47.03 N 41 0% (0.00, 0.09)  2 August 2009 Bufo bufo (1), Ichthyosaura alpestris (4) 

Switzerland Glarus, near Braunwald,  

1,500 m 

8.98 E, 46.93 N 15 0% (0.00, 0.20)  8 August 2008  
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Figure 2. Distribution of the Alpine salamander (blue solid line, taken from www.iucn.org) and populations 

sampled (blue squares, Table 1). 

How can we explain the apparent absence of Bd infection in the Alpine salamander? We here discuss 

four possible explanations. 

(1) The simplest explanation would be that we failed to detect Bd when it was in fact present. 

Given our sample sizes, we may have missed Bd in some localities (DIGIACOMO & KOEPSELL 1986, 

MARTI & KOELLA 1993). The range of possible prevalences is given by the 95% credible intervals 

(Table 1). However, because all 95% credible intervals included zero and because total sample size 

was 310 (Table 1), our results suggest an absence or at least a very low prevalence of Bd in the 

populations studied (DIGIACOMO & KOEPSELL 1986, MARTI & KOELLA 1993). PEYER (2010) tested 

52 museum specimens of S. atra for Bd and none tested positive (one specimen collected in 1972 gave 

an equivocal result, but this also occurred in other species that were tested by PEYER [2010]). 

Although it is clear that Bd may occur in very low prevalence in nature, our data support that Bd was 

most likely truly absent rather than not detected.  

(2) One might also argue that Bd was simply not present in the general area of our tested 

salamander populations. This, however, seems unlikely, as Bd is known to occur at high elevations 

and in cold climates (SEIMON et al. 2007, KNAPP et al. 2011, MUTHS et al. 2008) including the Swiss 
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and Austrian Alps (PEYER 2010, SZTATECSNY & GLASER 2011). We note, however, that at some 

localities, we tested syntopic amphibian species (Table 1) for Bd and they all tested negative either.  

(3) Another explanation could be that the risk of Bd infection is minimized in this species as a 

result of its strictly terrestrial life cycle. Under this assumption, the Alpine salamander might be 

susceptible to Bd, but in practice does not, or rarely becomes, infected and/or has a low intraspecific 

transmission rate. Several studies of life history trades and Bd susceptibility suggest that it is more 

likely to affect species linked to permanent water bodies (BIELBY et al. 2008, BANCROFT et al. 2011). 

However, experimental infection trials conducted on strictly terrestrial salamanders clearly 

demonstrated susceptibility to both Bd infection and clinical chytridiomycosis (CHINNADURAI et al. 

2009, VASQUEZ et al. 2009, WEINSTEIN 2009). Moreover, a wealth of studies have provided field 

records of Bd-infected terrestrial salamanders and anurans both in temperate and tropical zones (BELL 

et al. 2004, CUMMER et al. 2005, KOLBY et al. 2009, WEINSTEIN 2009, BECKER & HARRIS 2010, 

LONGO & BURROWES 2010). Thus, a strictly terrestrial life history does not per se exclude or reduce 

the likelihood of infection by Bd.  

(4) We favour an alternative explanation. We suggest that it is plausible that S. atra is resistant 

to Bd because of innate immunity caused by skin peptides or skin microbiota in the manner observed 

in a number of other amphibians (WOODHAMS et al. 2007a, b). This hypothesis should be tested 

through experimental infection trials on S. atra involving infection of salamanders under natural 

environmental conditions with and without suppressed immune function. In principle, a species that is 

immune because of skin peptides or microbiota should become susceptible by a combination of 

disinfection using antimicrobials and mechanical or chemical depletion of skin peptide reservoirs. 

Additionally, it could be studied in vitro whether the salamander’s skin peptides and bacteria inhibit 

the growth of Bd. If such anti-Bd properties were found, they might be used as part of a strategy to 

mitigate the effects of Bd on wild amphibians (WOODHAMS et al. 2011).  
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Appendix 

WinBUGS code to compute Bayesian 95% credible intervals for prevalence. 

We assume that the reader will access WinBUGS from the statistical software R (see KÉRY 2010 for 

an introduction to both R and WinBUGS). In R, if there are, say, 20 individuals that tested negative for 

Bd, data could be entered using the command  

 

data <- c(rep(0,20)) 

 

The code for the WinBUGS model is  

 

prevalence ~ dunif(0,1)    # uniform, non-informative prior 

for (i in 1:n.ind) {     # n.ind is the number of individuals in the data set 

data[i] ~ dbern(prevalence)  

}  

 

We ran three parallel Markov chains with 2,000 iterations each and discarded the first 1,000 iterations 

as burn-in; we did not thin the chains.  
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CONCLUSIONS AND OUTLOOK 

Disentangling the role of abiotic and biotic factors in the determination of a species’ geographic range 

limits is one of the fundamental goals in biogeography, ecology and evolutionary biology (Gaston 

2003, 2009; Holt & Keitt 2005; Sutherland et al. 2013). Yet, studies addressing the causes of range 

limits are biased towards theoretical approaches with very few empirical investigations of the 

determinants of species range delimitation (Gaston 2009). This thesis focussed on the empirical 

investigation of the parapatric spatial distributions of Salamandra salamandra and S. atra in the 

European Alps. Here, the species ranges meet along sharp range boundaries with only few known 

localities where the species co-occur in syntopy and to date, the cause of parapatry between the species 

is unknown. When investigating the causes of range limits, the consideration of the spatial scale can 

provide valuable insights into the importance of different factors for the species (Wiens 1989; Pearson 

& Dawson 2003; McGill 2010; Fig. 2). A top-down investigating approach was thus used to assess the 

impact of the abiotic and biotic factors on the spatial distributions of the salamanders in their contact 

zone in Switzerland in order to identify the most important determinants for the species’ parapatric 

range limits at different spatial scales.  

On a broad spatial scale, the study intended to identify the role of climate as a potential range 

limiting factor for the Fire and Alpine salamanders. Species distribution modelling in conjunction with 

a recent approach by Broennimann et al. (2012) provided excellent methods for exploring the 

differentiation of the realized and potential climatic niches between the two species within three 

contact zones in Switzerland. This was done with respect to the available climatic environment within 

the contact zones. Furthermore, it was investigated whether the sharp interspecific range limits 

coincide with a strong climatic gradient. The results revealed comparatively distinct climatic niches 

for the two species. In addition, the range-breaking test clearly demonstrated that there is a strong 

climatic gradient across the species’ parapatric range limits which could explain the geographic 

segregation of the two species in the European Alps (Chapter I, Table 3; Fig. 3 & 4). Yet, the 

moderate interspecific niche overlap observed in all three contact zones indicated that the two species 

potentially can co-occur and interact with each other in areas where they both find adequate climatic 

conditions (Chapter I, Table 3; Appendix 1). Besides, the comparison among contact zones revealed 

geographic variation in the species’ niches as well as in the climatic conditions at species’ records. 

This suggests that the species can occur in a much wider and more overlapping range of climatic 

conditions than they actually do (Chapter I, Table 2; Fig. 2 & 4). The range of S. atra is restricted to 

the European and Dinaric Alps and the species is known to be well adapted to inhabit alpine regions, 

e.g. through vivipary (Klewen 1991; Guex & Grossenbacher 2004). It was therefore surprising to find 
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no strong climatic restriction for this species with a much wider niche breadth and range of climatic 

conditions at records for this species than for the geographically widespread Fire salamander. As an 

important outcome of this broad-scale study, the results suggest that climate is an important factor but 

does not alone explain the species’ parapatric range limits within their contact zones. There is indirect 

evidence that interspecific interaction may also affect their spatial distribution, especially of S. atra. 

It has been repeatedly shown that the interplay of climatic conditions and intensive competitive 

interactions set parapatric range limits among other terrestrial salamanders (Hairston 1951; Cimmaruta 

et al. 1999; Arif et al. 2007; Cunningham et al. 2009; Gifford & Kozak 2012). Hence, interspecific 

competition is most likely involved in the determination of parapatry between S. atra and S. 

salamandra. The observed variation in the species’ niches among the three studied contact zones 

indicate that the role of climate and interspecific competition for the range limits of the two species 

may also vary in space. These findings demonstrate that the consideration of geographic variation can 

provide promising insights for the interpretation of the factors that set species’ range limits which 

would not have been detected by analysing the entire contact zone at once. Nevertheless, the 

correlative methods used in this study are not sufficient to resolve the role of biotic interactions for 

these salamander species (Godsoe & Harmon 2012).  

To further study whether competitive interactions affect the species’ distributions and to better 

understand patterns of local syntopic and allotopic occurrences of the salamanders within their narrow 

contact zones in Switzerland, site-occupancy modelling represented a suitable approach (MacKenzie 

et al. 2002). This approach assessed the species-environment relationships at the habitat scale. The 

results showed that the slope of the site positively affected the site-occupancy probability of S. 

salamandra, while none of the habitat characteristics explained the occupancy probability of S. atra 

(Chapter II, Table 3; Fig. 2). These dissimilar species-habitat relationships can be explained by the 

greater effect of the slope on stream characteristics than on terrestrial habitat features which are highly 

important for larvae of S. salamandra (Ficetola et al. 2011; Manenti et al. 2009). A possible 

explanation for the positive effect of the slope of a site for this species is the observation that streams 

with limited slope were closer to the valley floor where intense human modification are likely to 

degrade amphibian stream habitats. For S. atra, the studied habitat predictors did not affect its 

occurrence at a site. This result could be due to the fact that S. atra was widespread in one study area 

and comparatively rare in the other; differences between the study areas are likely to explain the 

species’ distribution. Although the results of the broad-scale study suggested that Alpine and Fire 

salamanders possibly interact where they locally co-occur, there was no effect of the local presence or 

absence of one species on the occupancy probability of the other (Chapter II, Table 3). Thus, there was 

no evidence that interspecific competition determines the species’ spatial distribution at the habitat 
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scale or, should competition occur, it does not lead to spatial segregation of the species within their 

contact zones.  

Because the spatial distributions of species in terrestrial habitats are often associated to specific 

microhabitat conditions (Chen et al. 1999; Peterman & Semlitsch 2013), the species-habitat 

relationships were investigated at a finer spatial scale in Chapter III. At this scale, interspecific 

interactions most significantly affect the distributions of species and this effect may thus be rather 

visible on the micro-scale than on broader spatial scales (Pearson & Dawson 2003). If competition 

plays a role in determining range limits, species with overlapping niches may exhibit fine-scale 

segregation through differential microhabitat selection that allow their local syntopic co-occurrence 

within contact zones. To further investigate the determinants of their parapatric range margins between 

S. salamandra and S. atra and to test whether competition for resources may affect their local 

distributions, I compared the microhabitat conditions at species’ locations and assessed the 

interspecific niche overlap in relation to resource availability. In addition, habitat attributes that 

determine the species’ habitat selection were identified to test for interspecific differences. The results 

suggested species-specific microhabitat preferences related to leaf litter cover, number of trees, and 

that they were active at different temperatures as well as times of the day (Chapter III, Table 3; Fig. 2 

& 3). Moreover, the habitat selection of S. atra was related to the availability of trees while shelters 

were most important for S. salamandra although this association was low (Chapter III, Fig. 4). The 

activity of terrestrial salamanders is strongly linked to moist and cool microhabitats (Feder 1983; 

Grover 1998). The greater number of trees and the higher proportion of leaf litter cover at locations of 

S. atra may create conditions on the forest floors that remain suitable during daytime for longer 

periods. This could explain its higher degree of diurnal activity compared to S. salamandra. The niche 

overlap was greater than expected by chance for the covariates describing the availability and type of 

shelters which indicates that the species show similar utilization and requirements of this resource 

(Chapter III, Fig. 2). Since shelters offer suitable microenvironments for ground-dwelling salamanders 

during unfavourable weather conditions (Mathis 1990; Grover 1998; Riberon & Miaud 2000), the 

niche overlap indicates that shelters may represent a key resource for both species. Thus, they likely 

compete for available shelters within local syntopic habitats as it has been repeatedly observed in other 

terrestrial salamanders (e.g. Mathis 1990; Cimmaruta et al. 1999). The species may be more 

constrained by their requirement for shelters during unfavourable conditions than by competition and 

this dependence could potentially confine partitioning of this resource. To minimize competitive 

interactions, S. salamandra and S. atra may use the shelters at different times of the day. The results 

also indicate that the species exhibit some degree of partitioning for other important resources through 

the selection of different microclimatic conditions. This resource partitioning could be consequence of 

past competition for these resources and explain why the species locally co-occur in syntopy within 

contact zones, even if the two salamanders are competitors for shelters or other shared key resources.  
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Apart from competition, other biotic factors could play a role for the sharp range delimitation 

between the two salamanders. For instance infectious diseases often show a negative effect on the 

population growth rate and fitness of their host species and can thus restrict the species’ spatial 

distributions (Sexton et al. 2009; Smith et al. 2009). For S. atra, the occurrence of the amphibian 

chytrid fungus, Batrachochytrium dendrobatidis (Bd), which was detected mostly at lower altitudes of 

the European Alps (U. Tobler & B.R. Schmidt, unpubl.; Sztatecsny & Glaser 2011), may restrict its 

geographic distribution to higher elevations of the Alps. To analyse whether the possible infection 

with Bd could serve as an alternative biotic explanation for the restricted range of S. atra, the study in 

Chapter IV screened several populations from different altitudes throughout the species’ range for Bd. 

Although this species was likely to be susceptible to the infection with Bd (Bielby et al. 2008, by 

implication), it was detected in none of the samples from Switzerland, Austria and Germany (Chapter 

IV, Table 1). Consequently, the studied populations of S. atra were likely not infected or the results at 

least suggest a very low prevalence of Bd. Because infection prevalence was found in the Swiss and 

Austrian Alps (Garner et al. 2005; Sztatecsny & Glaser 2011), the negative test result was unlikely due 

to the general absence of Bd in the study area. It is possible that S. atra may own skin peptide or 

microbiota that could cause its resistance to Bd as observed in other amphibians (e.g. Pasmans et al. 

2013). However, the infection of S. atra with Bd can thus not serve as a possible explanation for its 

range limits and geographic distribution, which is restricted to higher elevations in the European Alps.  

Alternatively, the spatial distributions of both Salamandra species may be affected by the 

infection with other pathogens such as the recently discovered B. salamandivorans (Bs). This chytrid 

fungus is known to be responsible for severe population declines in infected Fire salamander 

populations at the edge of the species’ distribution in north-western Europe (Martel et al. 2013; 

Spitzen-van der Sluijs et al. 2013). The emergence of this pathogen points out the urgent need for 

species’ monitoring and research on Bs-infection, which may also provide insights into whether Bs-

infection may play a role in restricting the geographic distribution of the two salamander species. 

Overall, the results underline the complexity of the mechanisms that determine the range 

margins of parapatric species. The studies in Chapter I & III revealed that it was important to use 

several studies operating on different spatial scales when investigating the determinants of the species’ 

distributions. With the top-down investigating approach of this doctoral thesis, I was able to account 

for spatial variation in the importance of abiotic predictors and interactions between the two 

salamander species. The studies on the broad and medium scale revealed that at these spatial scales 

abiotic factors were most important for the species’ distributions. Yet, in particular for S. atra, the 

studies demonstrated that the considered abiotic predictors do not entirely explain the distributions of 

the species within their contact zones. Although there was evidence that species interactions may play 

a role, an effect of competition between Fire and Alpine salamanders on the occurrence of the species 
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at a site was not detected. Nevertheless, the study on the microhabitat scale provided evidence for 

some degree of interspecific partitioning of some of the shared resources and species-specific 

microhabitat selection which could be the result of competition. This small-scale segregation within 

the shared habitat may facilitate the local co-occurrence of the species within contact zones. Although 

competition between Fire and Alpine salamanders is likely, there could be other explanations for their 

observed habitat selection. To better understand the species’ geographic distributions, in particular 

with regard to the role of interspecific competition in causing the sharp range limits between the two 

species, more research is needed.  

The findings of all four doctorate studies provide an important basis for subsequent studies 

regarding the mechanisms that determine the sharp range delimitation and limited co-occurrence of 

these parapatric salamanders. To entirely unravel the role of species interactions, the study of patterns 

of species’ distributions may not be sufficient. On the broad scale, future studies could explore the 

causes of the species’ range limits using mechanistic species distribution models. For this approach, 

information on the species’ functional traits (i.e., traits that strongly influence its performance) and 

physiological constraints through detailed field or laboratory observations are required (McGill et al. 

2006; Kearney & Porter 2009; Gifford & Kozak 2012; Godsoe & Harmon 2012). Also, future studies 

may encompass a geographically broader area because it is possible that the findings are affected by 

geographic restriction of the studies to the contact zone in Switzerland, especially for the widely 

distributed S. salamandra. Even more important might be behavioural or translocation experiments in 

order to disentangle the role of interspecific interactions for the species’ geographic range limits. For 

terrestrial salamanders, such experiments provided strong evidence that competition between 

parapatric species is an important determinant of their spatial distributions (Hairston 1980; Hairston et 

al. 1987; Cimmaruta et al. 1999; Jaeger et al. 2002; Arif et al. 2007). For instance competition is 

known to affect growth, morphology or abundance of species (Smith & Brown 1986; Price & Secki 

Shields 2002; Adams et al. 2007) and investigating the effect of competition on the functional traits of 

S. salamandra and S. atra may provide important insights into the importance of biotic factors for the 

species’ geographic range limits.  
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