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Abstract 

This thesis is focused on improving the knowledge on a group of threatened species, the European 

cave salamanders (genus Hydromantes). There are three main sections gathering studies dealing with 

different topics: Ecology (first part), Life traits (second part) and Monitoring methodologies (third 

part). First part starts with the study of the response of Hydromantes to the variation of climatic 

conditions, analysing 15 different localities throughout a full year (CHAPTER I; published in PEERJ in 

August 2015). After that, the focus moves on identify which is the operative temperature that these 

salamander experience, including how their body respond to variation of environmental temperature. 

This study was conducted using one of the most advanced tool, an infrared thermocamera, which 

gave the opportunity to perform detailed observation on salamanders body (CHAPTER II; published in 

JOURNAL OF THERMAL BIOLOGY in June 2016). In the next chapter we use the previous results to 

analyse the ecological niche of all eight Hydromantes species. The study mostly underlines the 

mismatch between macro- and microscale analysis of ecological niche, showing a weak conservatism 

of ecological niches within the evolution of species (CHAPTER III; unpublished manuscript). We then 

focus only on hybrids, which occur within the natural distribution of mainland species. Here, we 

analyse if the ecological niche of hybrids shows divergences from those of parental species, thus 

evaluating the power of hybrids adaptation (CHAPTER IV; unpublished manuscript). Considering that 

hybrids may represent a potential threat for parental species (in terms of genetic erosion and 

competition), we produced the first ecological study on an allochthonous mixed population of 

Hydromantes, analysing population structure, ecological requirements and diet. The interest on this 

particular population mostly comes by the fact that its members are coming from all three mainland 

Hydromantes species, and thus it may represent a potential source of new hybrids (CHAPTER V; 

accepted in AMPHIBIA-REPTILIA in October 2017). The focus than moves on how bioclimatic 

parameters affect species within their distributional range. Using as model species the microendemic 

H. flavus, we analyse the relationship between environmental suitability and local abundance of the 

species, also focusing on all intermediate dynamics which provide useful information on spatial 

variation of individual fitness (CHAPTER VI; submitted to SCIENTIFIC REPORTS in November 2017). 

The first part ends with an analysis of the interaction between Hydromantes and Batracobdella algira 

leeches, the only known ectoparasite for European cave salamanders. Considering that the effect of 

leeches on their hosts is potentially detrimental, we investigated if these ectoparasites may represent 

a further threat for Hydromantes (CHAPTER VII; submitted to INTERNATIONAL JOURNAL FOR 

PARASITOLOGY: PARASITES AND WILDLIFE in November 2017). The second part is related to the 

reproduction of Hydromantes. In the first study we perform analyses on the breeding behaviour of 

several females belonging to a single population, identifying differences and similarities occurring in 
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cohorting females (CHAPTER VIII; published in NORTH-WESTERN JOURNAL OF ZOOLOGY in 

December 2015). In the second study we gather information from all Hydromantes species, analysing 

size and development of breeding females, and identifying a relationship between breeding time and 

climatic conditions (CHAPTER IX; submitted to SALAMANDRA  in June 2017). In the last part of this 

thesis, we analyse two potential methods for monitoring Hydromantes populations. In the first study 

we evaluate the efficiency of the marking method involving Alpha tags (CHAPTER X; published in 

SALAMANDRA  in October 2017). In the second study we focus on evaluating N-mixtures models as a 

methodology for estimating abundance in wild populations (CHAPTER XI; submitted to BIODIVERSITY 

&  CONSERVATION in October 2017). 

 

Own contribution to chapters: 

 Design of the study Data collection Statistical analyses Manuscript writing  

Chapter 1 80% 100% 70% 60% 

Chapter 2 70% 70% - 60% 

Chapter 3 20% 30% - 10% 

Chapter 4 20% 50% - 20% 

Chapter 5 50% 50% 100% 60% 

Chapter 6 70% 80% 70 70% 

Chapter 7 100% 80% 100% 70% 

Chapter 8 50% 50% - 60% 

Chapter 9 90% 70% 90% 70% 

Chapter 10 90% 80% 100% 90% 

Chapter 11 40% 30% - 10% 
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General summary of chapters 

 

Background 

Conservation: why it matters? 

Conservation actions have as major goals the preservation of ecosystems and species biodiversity. 

The importance to keep "alive" all delicate natural equilibriums is generally far behind our 

imagination; or maybe we just do not want to see. Sure enough, with the development of a strong 

anthropocentric culture, we usually consider important only what is useful for us, from its medical 

applications to a subjective judgment of beauty. But that way of thinking is pretty far from being a 

valid method to protect Nature. 

Nature as a whole, is a mix of multiple and complex ecosystems which, with their complementary 

and synergic work, sustain the life on the planet. Ecosystems provide four main essential services 

(Jørgensen, 2009): three of them are relating to the production, recycling and regulation of resources, 

while the fourth is a pleasuring cultural services mostly appreciated by humans. The importance and 

the value of ecosystem services is a well-known fact (Costanza et al., 1997; Balmford et al., 2002), 

proved also by the multiple illegal attempts to use natural resources (Kauano et al., 2017). The well 

operating of ecosystems is only guaranteed by the support of the local biodiversity. Indeed, 

biodiversity represents the most valuable good we could have (McCarthy et al., 2012). With our 

actions, we unbalanced the natural equilibrium involving the development of new species and 

extinction of some others (Barnosky et al., 2011), provoking an evident boost in extinction rates 

during last centuries and thus, compromising the equilibrium and the efficiency of ecosystems 

(Ceballos et al., 2015). 

Many human actions can result in a threat for a species, from the direct kill of individuals to the 

destruction of its natural environment, and furthermore, from the spread of diseases due to climate 

change (Filippi and Luiselli, 2000; Garner et al., 2006; Ficetola and Maiorano, 2016; Akrfim et al., 

2017; Borzée et al., 2017). Therefore, the main questions would be: How should we now if a species 

is suffering extinction threats? What is representing a threat? What can we do to limit such threat? In 

many cases, our lack of knowledge is the greatest barrier which prevent a complete and exhaustive 

species assessment (Bressi, 2004; Restrepo et al., 2017). The problem of biodiversity loss is extremely 

serious, so several international organisations were born with the aim of manage and gather species 

assessments, in order to attract public interest and provide guidelines to prevent and act against 
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possible threats (IUCN Standards, 2016; BenDor et al., 2017). Indeed, conservationists are working 

on both global and small scale to improve the knowledge of their target species, aiming to discover 

as much as possible on their life traits, evolution and role in ecosystems (Beebee and Griffiths, 2005; 

Akunke Atuo et al., 2016; Brodie et al., 2016; Murray et al., 2017).  

 

The studied species 

European cave salamanders are amphibians belonging to the plethodontid family, and ascribed (with 

no lack of vibrant debates) to the genus Hydromantes (Wake, 2013). The origin of this taxon is 

probably attributable to the Appalachian Mountains (California), the only area in which other 

Hydromantes species are present (Wake, 1966; Lanza et al., 2006); how these species could have 

reached Europe is still a puzzling question, but it is likely that they moved towards West (Carranza 

et al., 2008). The plethodontid family is present in Europe with eight species which are endemic or 

sub-endemic to Italy (Sillero et al., 2014). Three species of Hydromantes (H. strinatii, H. ambrosii 

and H. italicus) are distributed on mainland Italy and (only H. strinatii) in a small part of the south-

west French Provence, while the other five species (H. flavus, H. supramontis, H. imperialis, H. 

sarrabusensis and H. genei) are endemic to Sardinia (Lanza et al., 2006). European Hydromantes 

generally show allopatric distribution, especially in Sardinia, where each species is restricted to one 

single or few massifs (Chiari et al., 2012). The only known natural contact zone between species take 

place in the North of Tuscan Apennines, where H. ambrosii and H. italicus give birth to a viable 

population of hybrids (Ruggi et al., 2005). 

European cave salamanders, as other plethodontid do, show peculiar features. These amphibians lack 

of larval stage and are totally free from aquatic environments (Lanza et al., 2006). This means that 

they lay eggs in terrestrial environments (Lunghi et al., 2014b) and hatchlings are just a tiny copy of 

adults, which usually are four to five fold bigger at their maximum development (Lanza et al., 2006). 

Another important feature of these salamanders is the lack of lungs. During their evolution, 

plethodontid salamanders switched to a total skin-mediated breathing (Spotila, 1972), and such 

features made them extremely sensitive to climatic conditions (Lanza et al., 2006).  

 

 

 

Habitat  
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Despite their vernacular name, Hydromantes are epigean terrestrial salamanders which exploit 

different habitats, from forest floor to cracks, cervices and dry walls (Lanza et al., 2006; Manenti, 

2014; Costa et al., 2016). However, due to their peculiar physiology, these salamanders are able to 

live only in environments which show specific characteristics (high moisture and relative cold 

temperature) (Lanza et al., 2006). Therefore, when external climatic conditions become unsuitable 

(especially during hot and dry seasons), Hydromantes need to find refuge in most suitable places. 

Indeed, these salamanders often exploit underground environments, habitats in which their 

physiological requirements are likely to be held (Lanza et al., 2006; Lunghi et al., 2014a). In such 

environments Hydromantes reach high density and therefore are highly detectable (Ficetola et al., 

2012). Nevertheless, the high and long-lasting microclimatic suitability of underground environment 

offer these species the opportunity to spend there most of their lifetime, making them an essential 

member of underground communities (Lunghi et al., 2017). 

 

Conservation status 

The set of above mentioned features (endemism and specific ecological requirements) makes these 

animals very sensitive to environmental changes and thus, the International Union for Conservation 

of Nature (IUCN) classified them as highly susceptible to risk of extinction, and many local and 

international laws include them within strictly protected species. One of the main hurdles for an 

efficient conservation plan towards these species is the still inadequacy of information related to their 

ecology and life traits. Probably, the intrinsic characteristics of environments in which they are more 

easily detectable (caves and underground sites), do not facilitate the activities of researchers, 

discouraging the planning of appropriated studies. Hydromantes exploit two different typologies of 

environments, underground and superficial one, which are intimately connected by a multitude of 

ecological networks (Culver and Pipan, 2009). Therefore, to be effective in Hydromantes 

conservation, is crucial to have understood also the equilibriums of such environments, as they 

deserve conservation plans as well. This mix of missing information also hamper to develop 

appropriated methodologies to perform studies in the field. A multitude of different techniques are 

available for conservation biologists, which chose carefully the most appropriated one for their target 

species (Crovetto et al., 2012; Brannelly et al., 2014). Therefore, multiple studies are required to 

better comprehend how these species live, what they need and consequently, what we can do to 

prevent their disappearing. 
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Ecology 

Phenology 

Understanding species distribution and habitat use is one of the main tasks for ecologists and 

conservationists (Peterson et al., 2011; Bogaerts et al., 2013). Researchers aim to identify the 

combination of environmental features suitable for species and thus, link such information with 

species occurrence (Godsoe, 2010). Indeed, one of the most used approach aim to connect species 

presence/absence to environmental variables, in order to identify a reliable tool to predict species 

distribution (Guisan and Thuiller, 2005). However, a strict species-habitat association is unlikely to 

be held in nature (Saupe et al., 2014), and such inconstancy depend by two main non-exclusive 

hypothesis. On the one hand, a species may select different habitats according to their temporary 

requirements. Such changes are mostly determined by the activities that individuals are going to 

perform, or by the intrinsic differences between age classes (Seebacher and Alford, 1999; Brambilla 

and Saporetti, 2014; Dittmar et al., 2014). On the other hand, the constant evolution of environments 

may force individuals to continue "update" their preference, putting them in the position to move 

somewhere else, or adapt to the new local conditions (Kearney et al., 2013; Saupe et al., 2014). 

In CHAPTER I we tested whether Hydromantes experience such changes and which may be the main 

causes. Such study was performed within subterranean environments, places often believed to be 

refuges far from any environmental fluctuation. In first part we assessed the microclimatic dynamics 

of underground environments, studying the main features which may influence salamanders 

preference: temperature, humidity and illuminance. Then, considering underground salamanders 

distribution throughout the year, was assessed whether individuals respond to such changes and how. 

Hydromantes showed different associations with environmental condition, and such dynamism was 

due to a mix of both above mentioned hypothesis. First, following different requirements, adults and 

juveniles showed a different pattern of habitat association, with the latter more incline to exploit sub-

optimal microclimate in favour of a highest prey availability (Ficetola et al., 2013; Manenti et al., 

2015). Secondly, adult salamanders follow the most suitable microclimatic conditions, which in turn 

shift in different part of the underground environment according to the surface local climate. 

 

Thermal equilibrium  

Within environmental features, temperature is among those which mainly affect species activities 

(Angilletta Jr. et al., 2002). Endothermic species evolved the ability to regulate their own body 

temperature through metabolism, a feature that make them able to buffer environmental thermal 
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excursion remaining within the range of their optimal temperature (Macdonald, 2010). On the other 

hand, all ectotherms lack of such features and thus, they totally depend from environment to regulate 

their body warmth (Raske et al., 2012). Therefore, problems related to climate change are concerning 

a way more "cold-blooded" species, as the global rising of temperature may overcome their tolerance 

limits and thus, paving their way to decline (Gunderson and Leal, 2016). 

In CHAPTER II  we studied the thermoconformity of Hydromantes using one of the most advanced 

tools, the thermocamera, which gave us the opportunity to avoid common problematic arose using 

conventional methods (e.g. thermometric probes). We analyzed the relationship between air 

temperature and salamanders body temperature, in order to assess whether Hydromantes 

thermoconformity and how environmental changes affect their body temperature. We defined as 

natural study-system the underground environments, a habitat in which Hydromantes usually occur 

(Lanza et al., 2006). Considering the natural thermal gradient of such environments (see Chapter I), 

we performed our test during hot season, the period in which Hydromantes escape external unsuitable 

conditions (Ficetola et al., 2012; Lunghi et al., 2014a). In this scenario, underground thermal gradient 

shows and improvement of its suitability going from the connection with surface (low suitability) 

towards deepest area (high suitability). We experimentally tested and quantified the effect of thermal 

changes on salamandersô body temperature, estimating also the time required by individuals to reach 

back thermoconformity after thermal stress. Hydromantes showed a clear thermoconformity with 

surrounding environments; generally, head showed a significant slightly warmer temperature. After 

artificially have changed salamanders body temperature, all individuals reached back their 

thermoconformity in about 15 minutes; juveniles generally needed one third of that time. We 

identified the air temperature as a good proxy of the operative temperature for Hydromantes, also 

providing new insights on their spatial use. 

 

Micro - vs. Macro-habitat 

The idea that phylogenetically related species show similar ecological and life traits, is a common 

thought within ecologists (Losos, 2008). Even if phylogenetic signals are generally reliable for some 

features, such as morphology and life traits (Blomberg and Garland, 2002; Losos, 2008; Enriquez-

Urzelai et al., 2015), was seen that relating to ecological niche, such signals are not always perfect 

predictors (Losos, 2008; Peterson, 2011). This mismatch is mostly related to the method used to 

identify species niche. The most broadly used method is the bioclimatic approach, which combine 

species distribution with climatic variables (Peterson, 2011). However, besides the great 

improvement brought by this method, it also shows some weak points. For example, data used in the 
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bioclimatic approach usually have coarse resolution (Beck et al., 2012); therefore, an approximation 

of the overall abiotic features characterising the area, unlikely representing those really experienced 

by species, which are the result of multiple local interactions (Soberón, 2007; Kearney et al., 2014; 

Sunday et al., 2014). Indeed, a microhabitat approach is necessary to draw species niche and to assess 

the reliability of macrohabitat studies. 

In CHAPTER III we analyzed the niche of the eight Hydromantes species using both macro- and 

microhabitat approach. We used caves as study system, as they have a natural microclimatic gradient 

which produce detailed information about Hydromantes requirements. The study was conducted 

during hot season, period in which cave microclimate shows both high and low suitability for cave 

salamanders, depending on cave area (see CHAPTER I). Considering that cave salamanders strongly 

depend by environmental features (see CHAPTER II), we collected data on occupied areas, in order to 

define preferred combination of microclimatic features and identify salamandersô physiological 

limits. We then compared microclimatic data with those obtained using bioclimatic approach. Finally, 

we assessed niche overlap between Hydromantes species, and we tested whether divergences in 

micro- and macrohabitat show any relationship with evolutionary or geographical distance. Within 

microhabitat analysis, all Hydromantes species showed a general similar relationship with abiotic 

features, preferring dark, moist and cool cave areas; however, in some cases relationships were not 

linear, meaning that some species have stricter tolerance limits against abiotic features. On the other 

hand, considering macrohabitat analysis, Hydromantes niche overlap was very limited, and these 

results were quite in contrast with those obtained considering the microhabitat. Overall, there were 

no evident evolutionary signals at the base of Hydromantes niche dissimilarities. Only for 

macrohabitat analysis we detected a mix of phylogenetic and geographic distance at the base of 

Hydromantes niche similarities; however, disentangle their correlation and evaluate each single effect 

was not possible. We provided data demonstrating a quite strong mismatch between micro- and 

macrohabitat analysis, underlining that phylogenetic distance is not the major cause of ecological 

niche dissimilarities within close related species. 

 

Ecological adaptation of hybrids 

According to its biological definition, a species represents a group of individuals which share a set of 

characteristic features and are able of interbreeding and producing fertile offspring, being therefore 

reproductively isolated from other different species (Fitzpatrick, 2004). However, in some 

circumstance, is it possible that individuals from close-related species are still able to interbreed, 

giving birth to individual characterized by a different genome: the hybrids (Tanaka, 2007; De Hert et 
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al., 2012). Besides the copious studies performed on the hybrids genetic and on the gene flow 

occurring between them and parental species (Ficetola and Stöck, 2016; Grant and Grant, 2016; Bay 

and Ruegg, 2017), very few aimed to characterize the ecological niche of hybrids, which, together 

with phylogenetic data, allows to better understand evolutionary processes like adaptation and 

speciation (Seehausen, 2004). This information may furnish an important instrument to test whether 

hybrid populations have niches that are similar or intermediate to their parental species, or instead 

having a new different one (Ficetola & Stock, 2016). The intermediate niche theory predict that 

hybrids should have an intermediate niche, which represents something in between those of parental 

species (Moore, 1977). Conversely the transgressive niche hypothesis supposes that introgressed 

populations show new ecological niches that differ from those of both parental species (Ficetola & 

Stock, 2016). 

In CHAPTER IV we studied the ecological niche of European cave salamandersô hybrids inhabiting 

the contact zone between Hydromantes ambrosii and H. italicus, occurring in the north of Tuscany 

(Italy) (Ruggi et al., 2005; Lanza et al., 2006). During five years (2012-2106) we surveyed 

Hydromantes populations inhabiting underground environments; survey were performed during hot 

season, as in this period cave salamanders go underground to avoid unsuitable climatic conditions 

(Ficetola et al., 2012; Lunghi et al., 2014a). Following the procedure described in Chapter III, we 

collected microclimatic data on hybrid Hydromantes populations. Our results demonstrated that both 

H. ambrosii and H. italicus introgressed populations showed a significant niche shift, with a manifest 

expansion toward harsher environmental conditions than those experienced by the parental 

populations. 

 

 

Allochthonous distribution and possible source of new hybrids 

Introduction of allochthonous species is always a risk for both local species and habitats, as the new 

species may have the ability to break ecosystems equilibriums and threat native biodiversity (Doherty 

et al., 2016; Gürtler et al., 2017). Such introduction may be accidental (Dyer et al., 2017), or may be 

made wittingly following several purposes (Kraus, 2009). Within Hydromantes, handful relocations 

occurred and always involved mainland species (H. strinatii, H. ambrosii and H. italicus). 

Relocations performed within Italian territory were mostly aimed to study syntopic dynamics 

(Cimmaruta et al., 1999; Forti et al., 2005; Lanza et al., 2006; Cimmaruta et al., 2013), while for other 

cases (not only in Italy), no source of introduction are available (Lanza et al., 2006; Lucente et al., 
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2016). Unfortunately, in no cases the possible impact of Hydromantes on native species was 

evaluated. 

In CHAPTER V we accounted about the oldest known translocations of Hydromantes. Individuals from 

mainland Italy where brought in a subterranean laboratory in the French Pyrenees with the purpose 

to carry out scientific studies (Guillaume and Durand, 2003); however, after the abortion of such 

studies, individuals where released in an abandoned mine. We located the mine and we collected data 

on the exploited environment, on population structure and diet. Given that such population is viable 

since decades and likely composed by a mix of mainland Hydromantes species (Guillaume and 

Durand, 2003), is important to monitor both its ecological requirements and development, as the mix 

of Hydromantes species may produce potential unknown detrimental effects to both local biodiversity 

and parental species. 

 

Using population dynamics to link environmental suitability and species 

abundance 

Multiple biotic and abiotic factors play an important role in shaping species distribution. Generally, 

a species occurs in areas where abiotic conditions are suitable (i.e. positive intrinsic growth rate), 

where biotic interactions allow the persistence of viable populations (i.e. positive total growth rate), 

and where dispersal and colonization are possible (Soberón, 2007; Soberón and Nakamura, 2009). 

Within species range, the combination of both biotic and abiotic factors contribute in creating areas 

with different suitability and, in those with the highest suitability, it is expected that species show 

better performance. Therefore, exist a positive relationship between environmental suitability and 

species abundance (Weber et al., 2017). Such positive relationship is probably the consequence of 

multiple processes acting at the population level (Thuiller et al., 2014); however, until to date most 

of the studies just considered the most evident correlation (i.e. suitability vs. abundance), without 

trying to identify the population-level processes that can determine such relationship. 

In CHAPTER VI we investigated the links between range-wide variation of environmental suitability 

and multiple population parameters (species abundance, activity pattern, feeding performance and 

body condition) using as model species the microendemic Hydromantes flavus. Specifically we 

predicted that: individuals will be more active in most suitable areas (The Activity Hypothesis) 

(Hetema et al., 2012); individuals in high suitable areas can devote more time to foraging and/or can 

find higher food availability (The Foraging Hypothesis); longer activity and better foraging allows 

improving body condition (Díaz-López et al., 2017), which is a fitness-related trait (Jakob et al., 1996) 

(The Body Condition Hypothesis); finally, the positive relationships predicted above will have 
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potential cascade effects on local abundance and thus, making the connection between environmental 

suitability and species local abundance (Weber et al., 2017). Using Maxent we created a species 

distribution model (SDM) using four climatic variables knowing to affect cave salamanderôs 

distribution. Overall, we surveyed 14 caves from June 2013 to May 2017 and, to test each hypothesis, 

we used a different subset of collected data. The Activity Hypothesis. We performed survey during 

hot season, period in which salamanders move underground to escape unsuitable external climatic 

conditions (Lanza et al., 2006; Ficetola et al., 2012); however, also underground the activity of cave 

salamanders is affected by the effect of external environmental conditions (Lunghi et al., 2015). We 

observed that salamanders inhabiting caves located in high suitable areas were more active, 

occupying areas close to the cave entrance. The Foraging Hypothesis. We performed stomach 

flushing on salamanders from three populations, and we compared the frequency of empty stomach 

within such populations. Individuals from high suitable areas had less empty stomach if compared to 

those from less suitable areas. The Body Condition Hypothesis. Using Residual Indexes (Labocha et 

al., 2014), we estimated the Body Condition Index of salamanders and, as we expected, those from 

high suitable areas had higher Body Condition Index. Finally, we estimated salamandersô density and 

we found that higher densities occurred in cave located in high suitable areas. 

 

Do ectoparasites represents a possible threat? 

Hematophagous leeches are a well-known group of ectoparasites feeding on vertebrate blood 

(Sawyer, 1981). When are stuck to their host, leeches induce a chemical reaction aimed to attenuate 

the host immune response (Salzet et al., 2000; DuRant et al., 2015), promoting hosts vulnerability to 

further potential infections (Rigbi et al., 1987; Daszak et al., 1999). Leeches can parasitize amphibians 

during all their life stage, from egg to the adult form (Howard, 1978; Mock and Gill, 1984; Romano 

and Di Cerbo, 2007; Wells, 2007); in some this parasitism may represents an additional threat for 

amphibian populations (Hoffmann, 1960; Merilä and Sterner, 2002; Elliot and Dobson, 2015). The 

interaction between leeches and amphibians is usually studied in freshwater environments, while for 

mere terrestrial once, information is extremely scarce (Lanza et al., 2006; Rocha et al., 2012; Manenti 

et al., 2016). 

In CHAPTER VII  we studied the interaction between the leech Batracobdella algira and the Sardinian 

cave salamanders of the genus Hydromantes, also identifying for the first time ecological traits related 

to the presence of these leeches. From September 2015 to May 2017, we repeated survey in 26 

different underground environments, monitoring at least 2 sites for each Hydromantes species. We 

took data from more than 2,600 salamanders and 130 leeches. Leeches tend to parasitize adults and 
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they usually stuck on body parts which do not compromise salamanders movement. Parasitized 

salamanders showed higher Body Condition Index (BCI) than non-parasitized one; furthermore, the 

higher was the ectoparasite load, the higher was the salamanders BCI. Within Hydromantes flavus 

home range, B. algira showed a significant relationship with water hardness, making this species 

bounded to active karst systems. Furthermore, leeches seem to inhabit mountain areas which favor it 

survival and the chance to get in touch with hosts. Our study arise many questions related to the actual 

biodiversity of leeches parasitizing Sardinian salamanders, and about the effect they produce on the 

local amphibians. 

 

Life traits  

Reproduction 

One of the firsts studies usually performed on species is related to their reproduction, aiming to 

explain mating activities, breeding behavior and potential ability to produce new generations. Such 

information on European Hydromantes are quite rare and mostly related to captive breeding (Lanza 

et al., 2006; Oneto et al., 2010; Oneto et al., 2014). Hydromantes are totally terrestrial amphibian 

species, not requiring the aquatic environment during any of their life stages (Lanza et al., 2006). 

They are oviparous species lacking of larval stage (Lanza et al., 2006); however, one species (H. 

sarrabusensis) is thought to be ovoviviparous (Lanza and Leo, 2001), but such information has not 

well founded base (Wake et al., 2005). Salamanders which have reached sexual maturity (around 

third-fourth year of life; Salvidio, 1993) give birth to a courtship in which males use their typical 

sexual characters (premaxillary teeth and mental gland) to arise females interest and make them 

willing to pick up their spermatophora (Lanza et al., 2006). Courtship has been observed throughout 

the year, while deposition of spemratophora only in autumn; this discrepancy produces an inevitable 

uncertainty about period and dynamics of courtship. Moreover, considering that in these species 

pachytene spermatocytes do not degenerate during the cold season (Mertens, 1923), is possible that 

mating may occur throughout the whole year. Gravid females look for a suitable place to lay their 

eggs, preferring sites far from dangers and where microclimate shows prolonged suitability (Lunghi 

et al., 2014b). Currently, we know about only one breeding season for Hydromantes, going from early 

spring to late summer (Stefani and Serra, 1966; Papinuto, 2005; Lunghi et al., 2014b). Mothers 

involved in breeding are extremely devoted to their clutch, spending several months in the care of 

both eggs and newborns, limiting any other activities, feeding included (Oneto et al., 2010; Oneto et 

al., 2014). 
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In CHAPTERS VIII and IX we produced new findings about breeding in natural environments of 

Hydromantes, enlightening some traits that were still unknown or thought to be possible but without 

any scientific proof. In CHAPTER VIII we identified a general synchrony to carry out the breeding in 

females from the same population. Furthermore, females also showed a common preference for laying 

sites, choosing those with appropriated microclimatic condition, but at the same time, not that far 

from feeding sites. In this section, we observed a general effect of climatic features on Hydromantes 

breeding, but such topic is well accounted in the following CHAPTER IX. In CHAPTER IX we showed 

how the climate influence the time in which females start their breeding (and consequently the 

following hatch), giving evidence of a multiple annual breeding. Nevertheless, we pointed out how 

breeding may represents a critical point for the conservation of Hydromantes, as it takes almost two 

years for the complete cycle and therefore, it occurs just a handful times in the life-span of these 

animals. Finally, oviparity in H. sarrabusensis was also documented. 

 

Monitoring methodologies 

Evaluating Alpha tags as individually marking method 

One of the most used technique in ecological study is the Capture-Mark-Recapture, which allows 

researchers to collect data on single individuals and, at the same time, have an useful tool to estimate 

population abundance (Emata and Marte, 1992; Pierce et al., 2014). Understanding which is the most 

appropriated marking method represents the first crucial step, as a wrong choice may invalid the study 

and expose individuals to further threats (Swanson et al., 2013; Brannelly et al., 2014; Davis et al., 

2014). 

In CHAPTER X we evaluated if Alpha tags may represent a proper method to mark Hydromantes 

salamanders. During our study we encountered several hurdles. First, Alpha tags have standardised 

size, preventing to mark individuals which are not big enough. Implantation of tags was not always 

easy, sometimes requiring particular conditions. Retention of tags was not high and the tag wounds 

required long time to heal, exposing individuals to possible infections. Our results show that Alpha 

tags are not a valid choice to mark Hydromantes. 

 

Evaluating reliability of N-mixture models to estimate population abundance 
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Estimating species abundance is a crucial task of species monitoring, as in most of cases individualsô 

detection is challenging. This mostly happen for several reasons, such as species elusive behaviour, 

cryptic habits or simply because of the limited ability of surveyors (Mazerolle et al., 2007). Therefore, 

the number of observed individuals rarely represents a reliable estimation of the number of 

individuals actually present in a given area. Several approaches have been developed to estimate the 

true number of present individuals, and among them, those requiring multiple capture sessions (e.g 

capture-mark-recaputre) have a considerable success (Chao, 2001). However, approaches requiring 

the capture and identification are generally labour intensive, as many individuals need to be captured 

and identified to obtain reliable population estimates. In the last years formal approaches have been 

proposed to estimate animal abundance from repeated counts at fixed sites without individual 

marking/identification (Royle and Nichols, 2003; Royle, 2004). The number of individuals detected 

in a given site is counted using standard monitoring techniques (e.g. point counts, observation in small 

plots, fixed area transects), and each site is generally surveyed in multiple occasions. The repeated 

counts in a given site are then used to jointly estimate the detectability of individuals and population 

size on the basis of N-mixture (or hierarchical) models (Royle and Nichols, 2003; Royle, 2004; Kéry 

et al., 2009; Dail and Madsen, 2011). As they do not require capture or manipulation of individuals, 

such models might allow to collect abundance information over larger areas compared to traditional 

approaches, can be also appropriate for protected species, and have been proposed for broad-scale 

assessment of populations (Kéry et al., 2009; Ficetola et al., 2017). 

In Chapter XI we tested the efficiency of N-mixture models on the Ambrosiôs cave salamander 

(Hydromantes ambrosii), comparing estimation obtained from such methodology with that obtained 

from removal sampling. In June 2017, we monitored ten caves of H. ambrosii, as during hot season 

underground activity of Hydromantes is higher (Ficetola et al., 2012). Each cave was monitored six 

times within a period of ten days, to ensure population closure. During first three surveys individuals 

were counted avoiding any type of manipulation to perform estimation using N-mixtures (Royle, 

2004); in the following three, animals were removed to perform estimation with the removal sampling 

method (Chao and Chang, 1999). N-mixture produced an estimation of salamander ranging from 13 

to 135 per site; estimation from removal sampling ranged between 13 and 244 salamanders per site. 

Overall, N-mixture models and removal provided highly correlated and consistent estimates of 

population densities, with overlapping confidence intervals in most of populations. The use of N-

mixture models represents a powerful method to estimate wild population as i) it does not require 

individual manipulation, ii ) it gives the opportunity to add covariates to the model, improving 

accuracy, and iii ) costs related to this method (i.e. man/working days, instruments) are contained.  
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Figure 1 Annual variation of external environment and cave microhabitat. Internal variables are  
(A) temperature, (B) humidity and (C) illuminance (lux). In each graph, colored plots represent 

sectors located at different distance from the entrance (from 3 to 21 m). These sectors 

represent the area in which microclimate variability is higher; at 21 m illuminance was 

constantly 0 lux. Error bars are standard errors. For temperature and humidity, the trend of the 

respective external feature is also shown, represented by a continuous red line.  
 
 
 

 

Lunghi et al. (2015), PeerJ, DOI 10.7717/peerj.1122                                           7/20  



30 



31 

 

 
Table 2 Parameters related to microclimatic change of caves through the year: best-AICc models. The  
dependent variables were three major features of cave microclimate: (A) internal temperature, (B) inter-  
nal humidity and (C) illuminance. Independent variables were: Month of survey, Depth of sector, Temp.  
ext (external temperature), Hum. ext (external humidity), Time (hour of survey). 

Factor B ɢ2 P 
  1  

(A) Temperature (internal)    
    

Month  151 <0.001 

Depth 0.07 0.81 0.368 
    

Temp. ext 0.21 144.2 <0.001 

Hum. ext 0.02 18.96 <0.001 

Month × depth  680.71 <0.001 

(B) Humidity (internal)    

Month  117.03 <0.001 
    

Depth 0.27 105.91 <0.001 

Hum. ext 0.16 205.3 <0.001 
    

Time  27.95 <0.001 

Month × depth  94.92 <0.001 

(C) Illuminance    
    

Depth ī0.03 34.60 <0.001 

Hum. ext ī0.01 49.66 <0.001 
 
 
 

 

(Tables 3A and 4A). Furthermore, significant interactions between month and 

temper-ature and between month and humidity indicated different microhabitat 

selection patterns among months (Table 4A). Specifically, in winter periods 

salamanders were associated with warmest sectors, while in summer periods 

they were associated with coldest and most humid sectors (Figs. 2A and 2B). 
 

The microhabitat selection pattern was similar if adults only were considered. 

Adults were more abundant in sectors with low light and abundant M. menardi 

(Tables 3B and 4B). Furthermore, differences among months were strong, and 

the interactions between month and both humidity and temperature were 

significant. Adults were associated with relatively cold sectors during summer, 

while in winter they were associated with warmer sectors (Fig. 2C). In summer, 

adults were associated with the most humid sectors; however, they showed a 

clear preference for the most humid sectors also in February (Fig. 2D). 
 

Juveniles were more frequent in sectors with high humidity and abundant M. 

menardi spiders; furthermore the effect of month, and the interactions humidity-

month and temperature-month were significant (Tables 3C and 4C). Juveniles 

were associated with the coldest sectors during winter and with warmer sectors 

during spring (Fig. 2E). From late winter until spring, juveniles were associated 

with sectors characterized by lower humidity, while during summer this 

apparent preference shifted in favor of most humid sectors (Fig. 2F). 
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differences in temperature). Analyses were performed using the lme4 and 

lmerTest packages in R (Bates et al., 2014; Kuznetsova et al., 2015). 

 

2.3.  Test of equilibrium of body temperature 
 

To confirm that in our study system salamanders' body tem-perature is at 

equilibrium, and to test the time required to reach thermal equilibrium, we 

manipulated 56 individuals; manipula-tion of salamanders was made using 

latex gloves. Individuals were captured within their habitat, weighed (accuracy: 

0.1 g), kept in the hands of an observer, and then released at the collection point. 

Salamanders were placed on the hand palm and the hand was closed over them 

for 30 s, touching the whole body. The person performing the manipulation was 

always the same, the mean su-perficial temperature of the hand palm was 32.4 

°C (SE¼0.4). In-dividuals were photographed using the infrared thermal 

imager to measure body temperature at the release and 1, 2, 3, 4, 5 and 15 min 

after release. Due to the difficult field conditions, some individuals were not 

photographed at all the time occasions (mean sample size7SD: 38.478.0 

individuals per time occasion). 
 

 

We then used non-linear mixed models (nlmm) (Pinheiro et al., 2014) to 

evaluate how and how fast body temperature goes at equilibrium. We 

considered two potential models: 

 
1) Exponential loss of temperature æT 

°=k + e
a
 
×
 
t
 
+
 
b
 

2) Loss of temperature following an inverse power law æT °=k + 

a × t
b
 

 
where T° is TbïTa, t is the time after release, and k, a and b are the parameters 

to be estimated by the models. The fit of the two models was compared using 

Akaike's information criterion (AIC), and we then estimate model parameters, 

their significance, and the time required to achieve body equilibrium (defined 

as T ° r0.1 °C). 
 

We also tested whether the velocity at which body temperature goes at 

equilibrium was slower in large individuals. Unfortunately, if we put both time 

after release and body size as independent variables in the nlmm, the model 

showed convergence problems. We therefore used standard mixed models to 

analyse the re-lationship between T° and body mass at the six intervals after 

the release (1, 2, 3, 4, 5 and 15 min). 
 
 
 
3.  Results 

 
3.1.  Relation between Ta and Tb 

 
The infrared camera provided clear pictures of salamanders' body, with a 

spatial resolution sufficiently fine to measure the temperature of different body 

regions (Fig. 1). Before any manip-ulation, body temperature ranged between 

8.17 and 15.89 °C. Salamanders were at thermal equilibrium with the air: the 

average difference between Ta and Tb was small (mean difference¼ 0.129 °C; 

95% CI¼ 0.541/0.282), and Tb was strongly related to Ta (mixed model: F1, 

22.6 ¼18.8, P¼0.0002; conditional R2 ¼0.98). 

 

 
3.2.  Temperature differences among body parts 

 
We detected small but significant differences between head, body and tail 

(F2, 107.8 ¼9.86, P¼0.0001, Fig. 1, Fig. 2). Specifically, within individuals, 

head was slightly warmer than both the body 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Example of a picture obtained from the infrared thermal camera on a sal-amander, before 

capture.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Partial regression plots, showing temperature differences between body parts. The shaded 

areas represent the 95% confidence bands. 

 
(Tukey's post hoc: mean difference7SE: 0.0570.02 °C, P ¼0.02) 
and the tail (mean difference: 0.0770.02 °C, P o0.0001), while the difference 

between body and tail temperature was not sig-nificant (mean difference: 

0.0170.02 °C, P ¼0.70). 
 
3.3.  Equilibrium Tb Ta 

 

Keeping individuals in hand for 30 s determined an increase of Tb of 6ï10 

°C. When animals were released, the difference between body temperature and 

air temperature ( T°) quickly decreased with time; after 15 min T° was 

essentially zero (Fig. 3). The mixed model assuming exponential decrease 

showed much better fit than the one following an inverse power law 

(exponential model: AIC¼766.0; inverse power law model: AIC¼1044.9). 

 

In the exponential model æT ° = k +e
a
 
×
 
t
 
+
 
b
 the parameter k was not 

significantly different from zero (Table 1), confirming that T° 
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Abstract 

The extent to which closely related species share similar niches remains highly debated. Ecological 

niches are increasingly analyzed by combining distribution records with broad-scale climatic 

variables, but interactions between species and their environment often occur at fine scales. The idea 

that macroscale analyses correctly represents fine-scale processes relies on the assumption that 

average climatic variables are meaningful predictors of processes determining species persistence, 

but tests of this hypothesis are scarce. We compared broad- and fine-scale (microhabitat) approaches 

by analyzing the niches of European plethodontid salamanders. Macroecological niches were 

characterized by combining species presences with bioclimatic variables, while fine-scale analyses 

relied on presence records and microhabitat measurements obtained in the field. Both the microhabitat 

and the macroecological approaches identified niche differences among species, but the 

correspondence between micro- and macroecological niches was weak. Strikingly, species identified 

as dry-tolerant by microhabitat analyses were associated with the wettest climates in macroecological 

analyses. When exploring niche evolution, the macroecological approach suggested a close 

relationship between niche and phylogenetic history, but this relationship did not emerge in fine-scale 

analyses. The apparent pattern of niche evolution emerging in broad-scale analyses likely was the 

byproduct of related species having closely adjacent ranges. The environment actually experienced 

by most of animals is more heterogeneous than what is apparent from macro-scale predictors, and a 

better combination between macroecological and fine-grained data may be a key to obtain robust 

ecological generalizations. 
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Introduction  

The idea that phylogenetically related species also tend to be ecologically similar has intrigued 

researchers since Darwinôs Origin of Species (Losos 2008). Phylogenetic signal is the tendency of 

closely related species to be more similar than expected under randomness (Blomberg and Garland 

2002, Losos 2008). Phylogenetic signal is often observed for morphological and life history traits 

(e.g. Blomberg and Garland 2002, Losos 2008, Enriquez-Urzelai et al. 2015, Mesquita et al. 2016), 

and has also been detected for traits representing species niche, such as eco-physiological features, 

climatic niche, diet and habitat (Losos 2008, Peterson 2011). Nevertheless, signal for niche traits is 

not ubiquitous, as many studies have actually found a high evolutionary lability of niches (Losos 

2008, Peterson 2011). There is thus a growing interest in the study of phylogenetic signal of niches, 

and of the conditions under which effects of phylogenetic signal on niche are stronger or can be better 

detected (Losos 2008, Peterson 2011). 

The evolution of niches is often analyzed through a broad-scale (bioclimatic) approach, i.e. 

by combining species distribution data with coarse, 'scenopoetic' variables (Peterson 2011). These 

macroecological approaches have had increasing appeal given the availability of broad-scale 

information (e.g. species distribution data, climatic information, environmental data from remote 

sensing, phylogenies), and the impressive progress of ecological informatics (Beck et al. 2012). The 

broad geographical scale of these studies is both a strength and limitation. Working over macro-scales 

allows drawing general patterns that are hardly recovered using local analyses, but the data available 

over broad scales generally have a coarse resolution. For instance, most of analyses of relationships 

between animals and climate are performed at scales that are ~10,000 times larger than the study 

organisms (Beck et al. 2012, Potter et al. 2013). However, it is widely recognized that species 

distributions are the product of multi-scalar processes, and many interactions between species and the 

environment occur at fine scales (Soberon 2007, Fraterrigo et al. 2014). Thus abiotic conditions 

actually experienced by individuals do not necessarily correspond to such macro-predictors (Kearney 

et al. 2014, Scheffers et al. 2014a, Sunday et al. 2014), and bioclimatic predictors often are just 

surrogates of the fine-scale environmental features actually experienced by individuals (Kearney et 

al. 2014). 

Until now, many studies have implicitly assumed that broad-scale variables are meaningful 

predictors of the parameters influencing species (mean field approximation; Bennie et al. 2014), 

without comparing the effects of micro- and macro-scale conditions. In order to assess how climate 

determines the distribution of species we need testing the appropriateness of the mean field 

approximation, and thus comparing the outcome of micro- and microclimate analyses (Bennie et al. 
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2014). Such comparison can be performed using statistical downscaling (Fridley 2009, Bucklin et al. 

2013, Kearney et al. 2014) or explicit modelling of microclimate (Sears et al. 2011), but these 

approaches suffer some limitations (Bucklin et al. 2013), and do not empirically assess the actual 

microclimates used by organisms. 

Alternatively, the comparison can be performed using microclimate data from real 

observations (Scheffers et al. 2014a). Microhabitat selection and thermoregulation through behavior 

are major processes allowing animals to maintain body conditions within their physiological limits, 

i.e. within the range of conditions imposed by the fundamental niche of the species (Sunday et al. 

2014). Microhabitat selection by species in the wild can provide accurate data on species 

requirements, thus allowing us to draw measures of species niche, with a rationale analogous to 

analyses of operative temperature (Sunday et al. 2014) or to habitat preference experiments in which 

organisms are exposed to a variety of environmental conditions and can select those within their 

suitability range (Fig. 1; see e.g. Freidenburg and Skelly 2004). Hierarchical approaches, integrating 

analyses at multiple levels, can greatly enhance understanding of niches and help to evaluate under 

which conditions the different approaches are most appropriate (Gallien et al. 2012, Searcy and 

Shaffer 2016), but there are few comprehensive multi-scalar analyses (see Fraterrigo et al. 2014, 

Searcy and Shaffer 2016 for examples). 

Terrestrial salamanders have been a frequent focus of analyses of bioclimatic niche. Niche 

analyses have been used to infer distribution changes and declines caused by climate change, to 

identify broad-scale drivers of biodiversity patterns, to analyze niche evolution in a phylogenetic 

context and even as a tool to describe new species (e.g. Kozak and Wiens 2007, Rissler and Apodaca 

2007, Fisher-Reid et al. 2012, Kozak and Wiens 2016, Searcy and Shaffer 2016). In this study we 

analyzed niches of eight species of terrestrial salamanders [genus Hydromantes, subgenera 

Speleomantes and Atylodes; see Wake (2013)] using the microhabitat selection and bioclimatic 

approaches, and assessed the phylogenetic signal of niches with the two approaches. Despite being 

sometimes named "cave salamanders", these are not true cave-dwelling organisms: underground 

environments just are the habitats where salamander detection is easiest (Lanza et al. 2006). 

European terrestrial salamanders are an interesting group for niche analyses. First, 

salamanders have superficial activity during cool and wet periods (from autumn to spring), but move 

to underground environments during summer, when external conditions would be too harsh (e.g., dry, 

hot). In these environments, they select sectors having microclimatic features within their 

physiological limits (Fig. 1; see Methods). Their microhabitat selection is similar to what is done in 

habitat preference experiments, in which organisms are placed in a gradient where they select 
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environmental conditions within their suitability range (Freidenburg and Skelly 2004), and is thus 

particularly appropriate to identify the tolerance of species. Actually, previous analyses have shown 

that microhabitat selection provides reliable information on the operative conditions of individuals, 

thus allowing a good characterization of species biophysical niches (Lunghi et al. 2016). Second, the 

features of underground habitats are different but strongly dependent on conditions outside the cave 

(epigean). For instance, far from the surface, the mean temperature approximately corresponds to the 

average local temperature of the atmosphere, and underground conditions are heavily influenced by 

epigean variation of temperature and precipitation (Badino 2004, Lunghi et al. 2015). Underground 

environments are not a unique case, as there are many environments in which microclimate might be 

imperfectly modeled by macroclimate, such as streams, ponds, forests with dense understory and 

topographically complex landscapes (Fridley 2009, Sears et al. 2011, De Frenne et al. 2013, Scheffers 

et al. 2014a, Scheffers et al. 2014b), thus insights of our analyses can be relevant for a wide range of 

species and habitats. Finally, the fauna living underground and in the soil is rarely investigated by 

macroecological studies (Beck et al. 2012), even though it includes a major proportion of terrestrial 

biodiversity. 

We analyzed the niche of salamander species using both a fine-grained (microhabitat, 

representing the operative conditions actually experienced by individuals) and a broad-scale 

perspective (i.e. combining presence localities with broad-scale bioclimatic variables). We tested to 

what extent information on niche features and evolution is conserved between these two scales of 

analysis, and identified the geographical and evolutionary factors determining the mismatch between 

fine-grained and coarse-grained analyses of niche evolution. 

 

Methods 

Study system 

In summer, underground environments show a continuous microclimatic gradient: the superficial 

sectors have conditions similar to the epigean ones (light, high temperature, low humidity). However, 

far from the surface the microhabitat becomes wetter, colder and dark (Fig. 1). Salamanders move 

underground because they must reach the sectors where conditions are within the tolerance limits of 

the species (Sunday et al. 2014) but, as food is more abundant in superficial sectors (Ficetola et al. 

2013, Lunghi et al. 2015, Lunghi et al. 2017), they are restricted to a few tens of meters from the 

surface. Generally, the realized niche does not correspond to the fundamental niche because of 

dispersal limitations and biotic interactions (Soberon and Nakamura 2009). These issues exist for all 
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the environments (Peterson et al. 2011), but within this system, they are alleviated because the full 

environmental gradient exist within a few meters, well within the dispersal ability of individuals, and 

because of the lack of predators and competitors within these environments (Hydromantes species 

are allopatric, Fig. S1, no other terrestrial salamanders are present, and they are apex predators in 

these environments) (Lunghi et al. 2014). Movements are limited and home ranges small (6-22 m2) 

(Lanza et al. 2006), therefore observations are unlikely to represent transient individuals. The study 

system thus can be viewed as a natural habitat selection experiment, in which individuals are exposed 

to continuous environmental gradients, within which they select the favorable conditions (i.e., the 

conditions within their fundamental niche). Furthermore, previous studies showed that the 

microhabitat conditions selected by salamanders are consistent through the year, and niche estimates 

from summer surveys are generally similar to estimates for the other seasons (Lunghi et al. 2015). 

Summer is the period in which salamander detection is easiest, thus analyses performed on summer 

observation allow an appropriate characterization of species niche. Finally, terrestrial salamanders 

are generally at equilibrium with their environment for temperature and water and, in the field, the 

average temperature difference between air and body temperature is < 0.5°C (Spotila 1972, Lunghi 

et al. 2016). Thus air conditions are an excellent proxy of operative conditions of individuals (Sunday 

et al. 2014, Lunghi et al. 2016). 

 

Surveys and data collection 

To measure species distribution and habitat at fine spatial scale (microhabitat) we surveyed caves in 

Mediterranean Italy and France, widely covering the range of all European Hydromantes species (Fig. 

S1a). We excluded caves from the narrow hybrid zone between H. ambrosii and H. italicus (Ruggi 

2007). Surveys were performed in early summer (June-July 2011-2014; 270 caves and 1180 cave 

sectors surveyed), when the conditions outside the cave are unfavorable and underground 

detectability is highest (Lunghi et al. 2015). All surveys were performed during the central hours of 

sunny and dry days. Each cave was subdivided in 3-m longitudinal intervals (hereafter: sectors); the 

size of sectors approximately corresponds to home ranges size (Lanza et al. 2006, Ficetola et al. 

2013), covering the whole cave or until the first empty sector after the last salamander. In each sector 

we used visual encounter surveys to detect the presence of active salamanders, and measured four 

abiotic variables known to influence salamander distribution: air temperature (°C; accuracy: 0.1°C) 

and relative humidity (%; accuracy: 0.1%) were recorded with a EM882 multi-function thermo-

hygrometer, waiting until the measurement was stable (variation <0.1°C or <0.1% for > 60 seconds). 

Minimum and maximum incident light (illuminance, measured in lux, accuracy 0.01 lux) were 
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recorded by performing at least 10 measures of illuminance in the portions of the sector receiving 

more and less light, respectively. Furthermore, as a biotic parameter, we counted the number of adult 

large Meta spiders (M. menardi or M. bourneti). These spiders are the major predators of arthropods 

in the study caves, and have been proposed as indicators of prey availability for salamanders (Ficetola 

et al. 2013, Manenti et al. 2015). 

To analyse the bioclimatic niche, we obtained distribution records covering the whole range of all the 

Hydromantes species from the present study and from the literature (Lanza et al. 1995, Lanza et al. 

2006, Ruggi 2007, Fiacchini et al. 2008, Lanza et al. 2009, Chiari et al. 2013, Pasmans et al. 2013). 

We only considered localities with accuracy of 1-km or better; localities within the hybrid zone 

between H. ambrosii and H. italicus were excluded (Ruggi 2007). To match the number of 

microhabitat predictors, we considered five bioclimatic parameters: mean temperature and summed 

precipitation during the period in which salamanders are active outside the cave (from September to 

May), temperature seasonality, precipitation seasonality and normalized digitizing vegetation index 

(NDVI) extracted at the 30 arc-second resolution from Worldclim (Hijmans et al. 2005) and from the 

ESA Land Cover CCI (http://maps.elie.ucl.ac.be/CCI/viewer/download.php). Tolerance to these 

parameters is assumed to directly influence animals, particularly during the periods in which they 

perform outdoor activity. To assess the robustness of our conclusions to the selection of parameters, 

we also repeated analyses using annual climatic features. 

 

Microhabitat preferences of species 

We used generalized linear mixed models (GLMMs) with binomial error to assess the within-cave 

relationships between each species and the features of cave sectors. In GLMMs, cave identity was 

included as random effect, salamander presence as independent, and the five microhabitat variables 

were the predictors. First, for each species we built the univariate models relating salamander 

presence to the five microhabitat variables. We tested both linear and quadratic relationships; 

quadratic terms were retained if they significantly improved fit. We then used the Akaikeôs 

Information Criterion (AIC) to build the minimum adequate models, best describing the occurrence 

pattern of each species on the basis of multiple predictors (Burnham and Anderson 2002). We built 

models considering all possible combinations of microhabitat variables, and ranked them using AIC. 

Some microhabitat variables were strongly correlated: minimum illuminance was related to 

maximum illuminance, while temperature data were negatively correlated with humidity (in the 

datasets of most species, |r| > 0.7). Models including highly correlated variables were excluded from 
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the candidate models. The lowest-AIC model, i.e. the one explaining more variation with fewer 

predictors, was considered as the minimum adequate model for each species (Burnham and Anderson 

2002).  

A species is certainly present where it is detected, while non-detection may represent either 

real absences or failure of detecting the present species; not taking into account misdetection can 

influence regression results (MacKenzie et al. 2006). Previous analyses on a subset of species showed 

that, with our sampling protocol, detection probability is high but imperfect (approx. 0.75 per visit) 

(Ficetola et al. 2012, Lunghi et al. 2015). Therefore, in our models we weighted absences with a 

weight of 0.75 (following Gómez-Rodríguez et al. 2012). We calculated significance of variables 

using likelihood-ratio tests. For all species the residual deviance was similar or lower than the residual 

degrees of freedom (variance inflation factor of best-AIC models always Ò 1.06), therefore 

overdispersion was not an issue. Before running analyses, illuminance was log-transformed, while 

humidity % was transformed using square-root-arcsine to improve normality and reduce skewness. 

 

Niche overlap and equivalency among species 

We used an approach based on Principal Component Analyses of environmental variables (PCA-env) 

to perform multivariate comparisons of niche overlap between pairs of species (Broennimann et al. 

2012). PCA-env measures niche overlap between pairs of species or populations on the basis of 

occurrence and environmental data, is among the most reliable techniques for niche comparisons, and 

shows better performance than approaches based on species distribution modelling (Broennimann et 

al. 2012). PCA-env uses a kernel density function to compute the density of occurrences in the 

multivariate PCA space, in order to take potential bias into account that stems from unequal sampling 

effort. We calculated niche overlap and equivalency using the Schoener´s D metric (Warren et al. 

2008). Schoenerôs D ranges between 0 (lack of overlap) and 1 (complete overlap), and is among the 

most widespread metrics of niche overlap in ecological, evolutionary and biogeographical studies 

(e.g. Warren et al. 2008, Rödder and Engler 2011). For the niche comparison of a species pair, PCA-

env performs a principal component analysis (PCA) on the environmental spaces available to the two 

species (Broennimann et al. 2012). In the micro-habitat analysis, the "available space" was the 

microhabitat of all the sectors of caves within the species range. In the bioclimatic analysis the 

available space corresponded to the grid cells within 150 km from known presence points. This 

distance is three times the largest gap within a species range, thus likely includes all the areas 

potentially available to species dispersal (see Godsoe 2010). 
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Species distribution data and bioclimatic variables often show strong spatial autocorrelation, 

and this can influence the outcome of ecological analyses, but no formal approaches are currently 

available to incorporate autocorrelation into PCA-env. To assess the robustness of PCA-env to spatial 

autocorrelation, we repeated the bioclimatic analysis including an additional predictor representing 

spatial autocorrelation. For each species, we first built a spatial generalized additive model (GAM) 

with binomial error, using species presence / absence as dependent variable, and incorporating 

geographic coordinates of sites as tensor product smooth terms, using thin plate regression splines 

(Beale et al. 2010). We then used the spatial predictions of GAMs as an additional covariate in PCA-

env. Even though the incorporation of spatial predictions as covariates is not a perfect approach to 

deal with autocorrelation, simulations showed that this implementation of GAMs helps to correctly 

estimate relationships in spatially structured datasets with relatively good performance (Beale et al. 

2010). For both the microhabitat and bioclimatic analyses, significance of niche differences between 

species was assessed using the niche equivalency tests through 1999 permutations. 

 

Relationships between microhabitat, bioclimatic niche and evolutionary history 

Genetic distance between species pairs was calculated on the basis of three mitochondrial (12S, 16S 

and cyt-b) and two nuclear (RAG-1 and BNDF) genes, amplified by van der Meijden et al. (2009). 

We considered the 49 individuals for which data from all five genes were available (2-15 individuals 

per species). The concatenated genetic dataset contained 3494 base pairs (van der Meijden et al. 

2009). The Tamura-Nei distance was calculated for each species pair, using the between group mean 

distance function in Mega 6. To calculate the geographical distances among species, we generated 

the polygon of the range of each species on the basis of presence records using Ŭ-hulls (Ficetola et al. 

2014), and then calculated the Euclidean distances between the centroids of the ranges. 

Microhabitat and bioclimatic niche distances between species were calculated as 1 - Shoenerôs 

D. We then evaluated the relationships between microhabitat, bioclimatic and genetic distances. First, 

we used non-metric multidimensional scaling (NMDS) for the graphical representation of niche 

distances among species (Legendre and Legendre 2012). For the graphical representation of among-

species differences in habitat relationships, we calculated the mean values of environmental variables 

in the presence localities, and then fitted them to the NMDS space using vector fitting (Borcard et al. 

2011). Vector fitting returned essentially the same niche differences between species obtained with 

PCA-env (Figs S2-S3), with the advantage of synthetically illustrating the relationships between all 

the species pairs in one single plot. Relationships between niche dissimilarity at micro- and macro-
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ecological level and genetic differentiation were analyzed with Mantelôs test for ranked data (bivariate 

analyses) or with rank multiple regressions on distance matrices (MRDM; multivariate analyses) 

(Legendre and Legendre 2012), using 9999 permutations to assess significance. Previous studies have 

shown that the Mantel test and other metrics of phylogenetic signal (e.g. Abouheif index, Bolmbergôs 

K) are closely related to each other because they are all based on a cross-product statistic, and the 

Mantel test is thus appropriate to assess phylogenetic signal for dissimilarity matrices (Hardy and 

Pavoine 2012, Pavoine and Ricotta 2013, Pavoine et al. 2014). After MRDM, we used commonality 

analysis to assess the unique and common contribution of intercorrelated independent variables 

(Prunier et al. 2015). Statistical analyses were run using the packages lme4, MuMIn, raster, vegan, 

ecodist and hyat in R 3.1 (www.r-project.org). 

 

Results 

In field surveys, we detected >2700 salamanders in 524 out of the 1180 cave sectors; the number of 

sectors in which we detected salamanders was heterogeneous among species (Table S1, Fig. S1). 

 

Niche analyses at the microhabitat level 

Relationships between species presence and abiotic variables were similar across the eight 

salamander species. All species were significantly associated with the sectors having highest 

humidity, lowest temperature, and lack of light. Relationships with spiders were generally weak (Fig. 

2, Table 1). The relationship between humidity and two species (H. flavus and H. italicus) was non-

linear, as probability of presence quickly decreased when humidity was <80% (Fig. S2). Furthermore, 

a non-linear relationship between temperature and H. strinatii indicated a sharp drop of suitability 

above 20°C (Fig. S2). Multiple regression models confirmed the univariate analyses: all species were 

associated with dark sectors characterized by high humidity and/or low temperature (Table S2). 

Nevertheless, similarity tests showed significant niche differences for nearly all the species 

pairs. Niche overlap ranged between 0.165 and 0.799. Niche equivalency was rejected in 21/26 

pairwise tests, and remained significant after sequential Bonferroniôs correction in 19/26 tests (Table 

S3a). The majority of non-significant comparisons involved the species with most restricted range 

and smallest sample size (H. sarrabusensis). According to the microhabitat analyses, H. ambrosii and 

H. strinatii were the species most tolerant to light and to dry conditions, H. sarrabusensis was the 
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species associated with warmest temperatures, while H. genei, H. italicus and H. supramontis were 

restricted to the darkest, wettest and coldest sectors (Figs. 2 and 3, Fig. S3). 

 

Bioclimatic analysis 

We obtained 556 presence localities, widely covering the range of all the species (5-179 records per 

species; Table S1, Fig. S1). Niche overlap measured at the bioclimatic level was generally limited 

(range: 0.001 - 0.504), and was lower than the overlap measured at the microhabitat level (paired 

samples t-test for unequal variances: t54 = -6.1, p < 0.0001). Niche equivalency was rejected in 25 out 

of 26 pairwise tests (Table S3b), and the single non-significant test involved the two species with 

smallest sample size (H. sarrabusensis and H. supramontis). According to the bioclimatic analyses, 

H. ambrosii and H. strinatii were associated with the coldest and wettest climates, while H. 

sarrabusensis, H. supramontis, H. genei and H. flavus were associated with warm and dry conditions 

(Fig. 3 and Fig. S3). 

 

Microhabitat, bioclimatic niche and phylogenetic relationships 

The correspondence between microhabitat and bioclimatic niches was weak. For instance, the 

microhabitat analysis identified H. strinatii and H. ambrosii among the species with the highest 

tolerance to dry sectors, while in the bioclimatic analyses they were associated with the wettest 

climates. Similarly, in the microhabitat analysis H. genei was associated with the coldest sectors, 

while it was among the species living in the warmest climates (Fig. 3). Overall, we found no 

relationship between niche dissimilarities calculated using the fine- and the coarse-scale approaches 

(Mantelôs test: r = -0.17,  p  = 0.36, Fig. 4a). 

Microhabitat distances were unrelated to evolutionary distances (r = -0.06,  p  = 0.95, Fig. 4b), 

while phylogenetically distant species showed the largest bioclimatic distances (r = 0.53, p = 0.001, 

Fig. 4c). However, the relationship between bioclimatic distance and evolutionary history was 

complicated by the fact that species phylogenetically distant also live in distant geographical areas (r 

= 0.47, p = 0.013), and bioclimatic distance was positively related to geographical distance between 

species ranges (r = 0.52, p = 0.01). Altogether, geographical and evolutionary distances explained 

bioclimatic distance well (MRDM: R2 = 0.39, p < 0.003), but disentangling their relative role was 

difficult. In a commonality analysis, both variables showed a limited unique effect (phylogenetic 

distance: unique effect = 0.12; geographical distance: unique effect = 0.11), while more explanatory 
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power was shared between these two parameters (Table S4). These results were robust to different 

approaches to the calculation of niches at both the microhabitat and bioclimatic level, and to the 

incorporation of parameters representing spatial autocorrelation (Supplementary Results). 

 

Discussion 

Both microhabitat and bioclimatic analyses identified clear niche differences between species, but 

the outcome of the two approaches showed striking dissimilarities. The bioclimatic analyses 

suggested a close relationship between niche and evolutionary divergence, i.e. a strong phylogenetic 

signal of niches, while the microhabitat divergence was unrelated to either phylogeny or to the 

bioclimatic pattern. 

Theory clearly acknowledges the multi-scalar nature of niches, and several studies have 

shown that species distribution is the product of processes acting at both broad and fine scale 

(reviewed in Peterson et al. 2011). An increasing number of studies has tested whether ecological 

niches retain a signal of phylogenetic history, and many of them have used a bioclimatic approach 

for niche definition (Peterson 2011). However, the geographical distribution of organisms is strongly 

related to their evolutionary history, and recent work suggests that complex interplay between 

present-day distribution, evolutionary history, and the spatial autocorrelation of bioclimatic variables 

may complicate the reconstruction of niche evolution (Warren et al. 2014). Warren et al. (2014) 

proposed a conceptual framework, in which diversification mostly occurs through allopatric 

speciation. Sister-species are thus generally allopatric, and only phylogenetically distant species may 

have overlapping ranges, because they have limited competition. Under this framework, closely 

related clades may show the strongest apparent niche divergence, even if the opposite may be true 

(e.g., unrelated species exist in sympatry because of limited competition, i.e. small niche overlap) 

(Gutiérrez et al. 2014). Our study shows that a similar interplay between evolutionary history and 

geography may even determine the opposite pattern. Allopatric speciation was the most likely driver 

of the differentiation between terrestrial salamander species (Carranza et al. 2008, Chiari et al. 2013), 

but strong interspecific competition (Cimmaruta et al. 1999) and barriers likely cause the absence of 

sympatry between species (Fig. S1), while poor dispersal limits their geographical spread. Under 

these conditions, closely related species often have proximate ranges, and this may cause a pattern 

with closely related species sharing similar niches (Fig. 4c), even in absence of a true phylogenetic 

effect. As a consequence, niche comparisons only on the basis of bioclimatic data can miss the full 

history: the geography of speciation might be the actual driver of most observed patterns on niche 
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evolution, instead of the inferred ecological processes (Warren et al. 2014). The niche comparison 

method used here (Broennimann et al. 2012) is considered to be able to correct at least in part for the 

similarity determined by spatial autocorrelation (Warren et al. 2014), yet, a clear effect of 

geographical distance on bioclimatic niche differentiation remained evident. Actually, it was hard to 

tell whether the niche similarity between closely related species was the result of niche conservatism, 

or whether it was just the byproduct of related species having nearby ranges (Table S4). 

Two complementary approaches may help to improve analyses of niches. On the one hand, 

measures more closely related to the fundamental niche (e.g. performance, microhabitat selection, 

tolerance limits, operational conditions), if available, can be used to test the reliability of bioclimatic 

analyses (Grandcolas et al. 2011). For instance, in terrestrial salamanders, the average operational 

temperature measured at the microhabitat level was unrelated to the average air temperature during 

the activity season, obtained from global gridded data (Fig. S6), and such discrepancy casts doubts 

on the reliability of the bioclimatic results alone. On the other hand, the growing availability of spatial 

datasets and analytical tools allows quickly extracting information that would be much harder to 

obtain at the microhabitat level, and this has likely helped the fast progress of macroecological 

studies. Joint availability of broad-scale and fine-grained data is limited (Beck et al. 2012), and 

researchers need to assess the validity of macroecological analyses, even in the absence of 

information on performance at the small-scale. If the relationship between niche and history abruptly 

changes when taking into account geography, or if we cannot tease apart their relative role, then 

Warrenôs (2014) hypothesis that we are mistaking geography for biology is a likely explanation. 

Spatial patterns are inherently linked to ecological processes, thus researchers must utilize approaches 

that allow explicitly take into account the spatial structure of their data. For instance, the simple effect 

of geographical distance may be considered as a null-model, over which the phylogenetic history can 

be compared (McIntire and Fajardo 2009), even though the spatial effect of past geography, 

topographical and ecological barriers may be complex, and it is not so easy to explicitly take them 

into account. 

Microhabitat and macroecological analyses certainly characterize non-identical aspects of the 

niche, still parameters such as thermal preferences have relevant implications on broad scale species 

distribution (Kearney and Porter 2009), and thus we expected some relationships between them. We 

suggest that in our study system the microhabitat approach may better represents species niches 

because i) at least for some parameters (e.g. temperature), microhabitat is an excellent proxy of 

operative eco-physiological conditions of salamanders (Lunghi et al. 2016), which are a major 

approach to the measurement of fundamental niches (Kearney and Porter 2009); ii ) the microhabitat 
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approach is not biased by dispersal limitations or biotic interactions and iii ) within each cave, a full 

range of conditions generally exists, from the harshest to the most suitable, enabling a parallel with 

habitat preference experiments (Fig. 1). 

Niche analyses are increasingly used to answer multiple ecological and evolutionary 

questions, such as predictions of speciesô responses to climate change, analyses of biodiversity drivers 

and even to analyze local adaptations and identify species. Studies combining distribution data with 

macroecological predictors can be extremely effective, and some of them have been able to analyze 

thousands of species at the continental or even global scale. Such broad scale analyses are based on 

the assumption that grid-cell average climatic conditions provide a good prediction of the probability 

of species persistence in a site (Bennie et al. 2014), but in most of cases, this assumption is untested. 

A few studies have evaluated whether species fitness can be actually predicted by broad-scale 

analyses (e.g. Brambilla and Ficetola 2012, Searcy and Shaffer 2016), and found mixed results. For 

instance, Searcy and Shaffer (2016) tested whether climatic variables important in broad-scale species 

distribution models are also related to salamander recruitment, and observed some match between the 

two approaches. However, the strength of the match was strongly dependent on metrics and methods 

used to develop the distribution models, and different approaches yielded non-identical predictions 

of species responses to climate change (Searcy and Shaffer 2016).  

Differences between microhabitat and macrohabitat approaches can be particularly relevant 

for animals living in complex landscapes and specific microhabitats (e.g. soil, vegetation, 

freshwateré) where conditions are very different from the commonly used measures of climate, such 

as mean air temperature (Fridley 2009, Sears et al. 2011, De Frenne et al. 2013, Scheffers et al. 2014a, 

Scheffers et al. 2014b). Actually, such organisms include many amphibians, insects (Sunday et al. 

2014) and likely other terrestrial invertebrates. These taxa are not those most studied in macroecology 

(Beck et al. 2012), but comprise the majority of terrestrial animals, thus the discrepancy between 

microhabitat and bioclimatic analyses may be present for many organisms. 

Nevertheless, there are also systems in which this pattern was not observed, as some studies 

on surface-living salamanders found concordance between fine-scale (microclimate, body 

temperature) and bioclimatic data (Kozak and Wiens 2007, Fisher-Reid et al. 2013). Still some of 

these studies analyzed a small number of taxa, or only considered a limited range of microhabitat 

parameters, therefore assessing the correspondence between our conclusion and these previous 

studies is not easy. It might also be argued that animals associated with underground environments 

are special cases, if they shelter in microhabitats that are independent from macrohabitat conditions. 

However, this is not the case, given that underground temperature and water availability are tightly 
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linked to epigean temperature and precipitation (Badino 2004, Lunghi et al. 2015). Actually, 

underground environments receive a much lower interest in the macroecological / biogeographical 

literature than more visible aboveground habitats, but host a major portion of Earth biodiversity 

(Brandmayr et al. 2013). 

Macroecology has allowed us to move from reductionist, small scale ecology to a much 

broader approach with great potential for generalization, which can provide key responses to the 

global biodiversity crisis (Brown 1995, Kerr et al. 2007). Nevertheless, when laying the foundations 

of macroecology, Brown (1995) described himself as an oddball that continues combining 

reductionist and holistic approaches. The integration of multiple approaches certainly requires more 

time and investments, but the urgency to obtain answers should not preclude the need of robust, 

biologically sound data (Bernardo 2014). The integration of studies at multiple scales allows to take 

into account a broader spectrum of processes influencing populations, thus providing more accurate 

inference on niche evolution (Searcy and Shaffer 2016). A better combination between bioclimatic 

and fine-grained data (Sandel 2015), and also considering additional niche components such as diet 

and other biotic interactions, may be a key to obtain robust generalizations that can help us to address 

the consequences of global changes. 
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Table 1 Relationships between the occurrence of eight species of salamanders in underground sectors 

and microhabitat features. Results of univariate generalized linear mixed models taking into account 

imperfect detection. B: unstandardized regression coefficients. Q: quadratic relationships (see Fig. 

S2); all the other models are linear. Significant values are in bold. Degrees of freedom are 1 for linear 

models, and 2 for quadratic models. 

 

Species Humidity Temperature Min. Light Max. Light Spider presence 

 B ɢ2 P B ɢ2 P B ɢ2 P B ɢ2 P B ɢ21 p 

                

H. ambrosii 3.5 6.4 0.012 -0.14 10.2 0.001 -0.6 12.1 <0.001 -0.4 15.5 <0.001 -0.29 0.2 0.644 

H. flavus Q 32.6 <0.001 -0.57 12.7 <0.001 -76.4 20.8 <0.001 -36.6 32.0 <0.001 0.20 0.1 0.741 

H. genei 20.5 16.2 <0.001 -0.85 7.7 0.006 -1.1 8.7 0.003 -0.4 6.4 0.012 -0.85 1.7 0.192 

H. imperialis 7.5 14.5 <0.001 -0.39 24.5 <0.001 -1.8 18.5 <0.001 -0.4 13.0 <0.001 0.55 0.3 0.598 

H. italicus Q 41.8 <0.001 -0.24 19.5 <0.001 -3.7 48.2 <0.001 -0.7 50.2 <0.001 -0.38 1.0 0.317 

H. sarrabusensis 12.8 4.3 0.037 -0.57 4.1 0.043 -3.8 4.7 0.030 -1.5 6.0 0.014 2.84 2.5 0.115 

H. strinatii 6.0 16.7 <0.001 Q 25.3 <0.001 -0.8 13.4 <0.001 -0.4 15.9 <0.001 0.27 0.4 0.527 

H. supramontis 14.9 27.5 <0.001 -0.62 26.7 <0.001 -3.7 18.1 <0.001 -0.6 10.6 0.001 -0.33 0.1 0.705 
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Figure legends 

 

Figure 1. How microhabitat selection can mirror habitat selection experiments. At increasing depths, 

temperature decreases and humidity increases: salamanders are only found when conditions are 

within the species range. The figure represents the microhabitat and salamander distribution actually 

observed in the cave "Brecca su Fenugu" (39°42'N, 9°25'E). 

 

Figure 2. Microhabitat conditions in cave sectors where salamanders were detected (colored dots) or 

undetected (black dots). Dots represent the mean conditions of occupied / unoccupied sectors; error 

bars are twice the standard errors. 

 

Figure 3. Niche differences among salamander species according to a) microhabitat and b) broad-

scale bioclimatic analyses (multidimensional scaling plots). Dots represent the scores of species in 

the multivariate space; blue arrows are environmental variables added to plots using vector fitting. 

 

Figure 4. Relationships between microhabitat, bioclimatic, and genetic distances between salamander 

species. Values on the plots are the results of Mantelôs tests. 
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