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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of ecological niches within the evolution of species (CHAPTER I1l; unpublished manuscript).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evaluating the power of hybrids adaptation (CHAPTER 1V; unpublished manuscript).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%




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
(Jergensen, 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



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



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.



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 | 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 Il 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 1),
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 salamanders’ 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



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 (Soberdn, 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 |1l 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 |). 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 salamanders’ 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 Stock, 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 salamanders’ 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 I1I, 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; Glrtler 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 (Soberdn, 2007; Soberén 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 (Diaz-Lopez 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 salamander’s
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 salamanders’ 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; Meril& 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
etal., 2016).

In CHAPTER VI 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
etal., 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).

14



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 individuals’
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 X1 we tested the efficiency of N-mixture models on the Ambrosi’s 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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ABSTRACT

Relationships between species and their habitats are not always constant. Different
processes may determine changes in species-habitat association: individuals may
prefer different habitat typologies in different periods, or they may be forced to occupy
a different habitat in order to follow the changing environment. The aim of our study
was fo assess whether cave salamanders change their habitat association pattern
through the year, and to test whether such changes are determined by environmental
changes or by changes in preferences. YWe monitored multiple caves in Central Italy
through one year, and monthly measured biotic and abiotic features of microhabitat
and recorded ltalian cave salamanders distribution. We used mixed models and niche
similarity tests to assess whether species-habitat relationships remain constant
through the year. Microhabitat showed strong seasonal variation, with the highest
vanability in the superficial sectors. Salamanders were associated to relatively cold and
humid sectors in summer, but not during winter. Such apparent shift in habitat
preferences mostly occurred because the environmental gradient changed through the
year, while individuals generally selected similar conditions. Nevertheless, juveniles
were more tolerant to dry sectors during |late winter, when food demand was highest.
This suggests that tolerance for suboptimal abiotic conditions may change through
time, depending on the required resources. Differences in habitat use are jointly
determined by environmental vanation through time, and by changes in the preferred
habitat. The trade-offs between tolerance and resources requirement are major
determinant of such variation.

Subjects Animal Behavior, Ecology, Zoology
Keywords Tolerance, Hydromantes italicus, Cave, Distribution, Microclimate,
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INTRODUCTION

The use of habitat models to evaluate factors determining species distributions is becoming
increasingly prevalent in ecological research (Peterson et al., 2011; Warren, 2012; Stein,
Gerstner & Kreft, 2014). Such models help understanding the factors determining species
occurrence, and may allow predicting potential areas of occupancy, with important conse-
guences for planning adequate conservation actions (Dom’iguez-Vega et al., 2012; Bogaerts
et al., 2013). Despite repeated calls for mechanistic modelling (Keamey & Porter, 2009),
correlative habitat models remain the most frequently used approach. Correlative models
combine data on species occurrence (e.g., presence/absence, presence-only, abundance)
with information on environmental features, identifying statistical relationships which
represent the basis for model predictions (Guisan & Thuiller, 2005). Such models are based
on the assumptions that species presence is associated with favorable environmental
features (species-habitat association) (Godsoe, 2010).

However, patterns of species-habitat association may be not consistent during time.
Analyses of habitat associations generally assume that species are at quasi-equilibrium with
the environment, but this assumption may not always hold (e.g., during dispersion or
contraction phases) (Saupe ef al., 2014). Furthermore, differences in habitat association
pattems may occur through two distinct, non-exclusive processes: the species may select
different habitats across their life-time (selection change hypothesis), and environmental
features may change through time (environmental change hypothesis). According
to the selection change hypothesis, a given species may be associated with different
environmental features in different time periods and/or life stages. For instance, many
species show seasonal activities, and select different environments depending on the
activities performed (e.g., nesting, foraging, wintering) (Seebacher & Alford, 1999; Brambilla
& Saporetti, 2014). In the long term, temporal variation for habitat association in a given
species may also occur due to evolution of novel adaptations (Nogu ‘es-Bravo, 2009, Stigall,
2012). According to the environmental change hypothesis, temporal variation that exists for
the many biotic and abiotic features can affect species distribution (Keamey
et al., 2013). Such variation may occur over both short (e.g., variation of vegetation
cover or temperature among the seasons) and longer timescales (e.g., climate change,
habitat degradation) (Saupe et al., 20714). Both selection changes and environmental
changes may influence the possibility of predicting species distribution in different time
periods. Evaluating whether habitat association pattern changes through time, and the
factors determining such variation, is extremely important to assess the transferability
and generality of conclusions drawn from habitat modeling.

Among amphibians, plethodontid salamanders represent a very inferesting study case.
Due to their particular physiology, they need a narrow combination of environmental
characteristics, and actively search places with suitable microclimatic conditions (cold
temperature and high moisture; Spotila, 1972, Camp & Jensen, 2007. Cave salamanders
(genus Hydromantes) may live both in surface and subterranean environments, but must
move underground during the arid and hot Mediterranean summer, when the surface
conditions become hot and dry (Lanza ef al., 2006; Ficetola, Pennati & Manenti, 2012).
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In subterranean environments microclimatic features are often considered to remain
approximately stable, giving organisms the opportunity to inhabit caves constantly. Some
studies have shown that cave salamanders are associated with caves having specific
environmental features, such as low temperature, high humidity and presence of prey
(Ficetola, Pennati & Manenti, 2012; Lunghi, Manenti & Ficetola, 2014), but these studies
have been often performed during summer, when outdoor conditions are particularly
unsuitable for salamanders, and abundance in cave is highest. However, caves are not
closed systems, and environmental characteristics within caves can change over time due fo
extemal influences (Romero, 2009). Such fluctuations mostly affect areas near the entrance
of caves (twilight zone) and can strongly influence cave communities (Ficetola, Pennati

& Manenti, 2013; Camp et al., 2014; Lunghi, Manenti & Ficetola, 2014).
Nevertheless, the few studies analyzing the seasonal variation in the distribution of
European cave salamanders (Salvidio et al., 1994; Vignoli, Caldera & Bologna,
2008) did not test whether habitat selection changes through time.

The peculiar features of both caves and plethodontid salamanders make them an excel-
lent system for species-habitat association studies. Cave environments are dominated by
few, simple environmental gradients, such as light, depth, temperature, humidity and food
availability (Romero, 2009), affording simplistic habitat characterization. Furthermore,
species are easily detectable inside the delimited cave environments (Ficetola, Pennati &
Manenti, 2012), allowing a reliable identification of occupied and unoccupied sectors.

The aim of this study was analyzing the variation through time of species-habitat
association in the Italian cave salamander (Hydromantes italicus). First, we used
habitat models to identify the relationships between the distribution of salamanders and
microhabitat features, evaluating if the pattern of microhabitat association is constant
through time. Second, we assessed whether the temporal variation in microhabitat
occurs because the species selects different environmental features through the year,
or because habitat features are affected by seasonal variation (i.e., we evaluated the
support of the environmental changes vs. selection change hypotheses).

MATERIAL AND METHODS

Authorizations

All applicable institutional and/or national guidelines for the care and use of
animals were followed. The study was conducted under authorization of Apuan
Alps Regional Park (no 5, 4/04/2013), District of Prato (no 448, 2013), District of
Pistoia (no 0022597/2013/P) and District of Lucca (no 731, 21/02/2013).

Surveys

For 12 months (from January 2013 to December 2013) we monitored 15 caves occupied by
Hydromantes italicus in the North of Tuscan Apennines (Central Italy, between

43'5242'N, 11°07 18 E and 43°5951 N, 10°13 48 E). Preliminary surveys performed

in 2012 indicated the presence of H. italicus at all sites. Surveys were conducted during
day-time. The order of cave survey was chosen randomly, and the time interval between
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successive visits was 9—45 days. During surveys, for each cave we recorded monthly
environmental data both inside and outside caves. Ouiside caves, we registered air tem-

perature (accuracy: 0.1 DC) and humidity (accuracy: 0.1%) using a thermo-hygrometer

Lafayette TDP92, in a shaded area 5—-10 m from the entrance. The interior of each cave was
divided into sectors of 3-m length, starting from the entrance and extending to the deepest
explored area: our exploration was conducted until the end of the caves, or until the deepest
sector reachable without speleclogical equipment. Three-m sectors approximately
correspond to the home range of Hydromantes during their hypogean activity (Salvidio et al.,
1994). Overall, we recorded data from 121 cave sectors [average development explored per
cave: 24.2 m (range 6-60), corresponding to 2—20 sectors per cave]. At the time of surveys,
in each sector we recorded four parameters known to influence cave salamanders. Air
temperature, humidity and incident light (illuminance, measured using a Velleman DVM1300
light meter, minimum recordable light: 0.1 lux) represented the abiotic conditions of caves,
which influence metabolism, water balance and activity (Kearney et al., 2013). The
abundance of Meta menardi spiders was considered as a biotic variable. On the one hand,
Meta spiders are major predators of juvenile salamanders (Lanza et al., 2006). Furthermore,
Meta spiders are associated with areas showing high invertebrate abundance, and have
been proposed as an indicator of prey abundance in cave environments (Manenti, Lunghi &
Ficetola, in press). See Ficetola, Pennati & Manenti (2013) for additional details on the
recording of cave features.

We used visual encounter surveys to assess the presence/absence of H. italicus
and M. menardi spiders in each sector. This standardized technique allows to verify
the presence of species in an area during a defined time (Crump & Scott Jr, 1994;
Jung et al., 2000). If possible, salamanders were measured. Salamanders showing
total length >6.5cm or with male secondary characters were considered adults (Lanza
et al,, 2006), the remaining salamanders were considered juveniles. All individuals
were immediately released at the collection point.

Statistical analyses

Variation of environmental features of caves

We used linear mixed models (LMM) to analyze the temporal variation of cave microhabitat.
We used the Akaike's Information Criterion corrected for small sample size (AlCc) fo
identify the combination of parameters that better explain the variation of microclimatic
features inside caves (Stephens et al., 2007). In LMM, we considered cave features
(temperature, humidity, illuminance) as dependent factors, while outdoor features
(temperature and humidity), linear distance from the cave entrance (hereafter, depth) and
month of survey were considered as independent factors. We also considered the
interaction between depth and month of survey. We also included the time of survey (hour
and minute in which we began the survey) as an additional independent variable. Cave and
sector identity were considered as random categorical variables, as they shows a typical
combination of variables (both biotic and abiotic) independently from their position and
location. For all models, Variance Inflation Factor was <5, confirming lack
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of collinearity issues (Fox, 2002). Seasonal variation also occurs for the distribution of
cave spiders but was not analyzed here as it will be the focus of a separate study.

Relationships between species and environmental features
Not detecting a species during a survey does not necessarily mean that species is absent,
as most species have detection probability <1 (MacKenzie et al., 2006). Standard
approaches to the analysis of detection probability assume that sites are closed to changes
in the state of occupancy for the duration of sampling (MacKenzie et al., 2006). However,
cave salamanders quickly modify their occupancy patterns throughout the year in response
to environmental variation (Briggler & Prather, 2006; Camp & Jensen, 2007; Vignoli, Caldera
& Bologna, 2008), and therefore violate the closed population assumption. Approaches
assuming open populations also exist but, in this study case, their implementation would
require assumptions on population dynamics for which no data were available (Dail &
Madsen, 2011). Sampling effort was standardized across sectors. Therefore, following rec-
ommendations by Banks-Leite et al. (2014), we preferred performing analyses using stan-
dard mixed models, while verifying that low detection probability did not bias our results.
First, we used generalized linear mixed models (GLMM) assuming binomial error to identify
the relationships between the presence of salamanders and environmental features (air
temperature, humidity, illuminance and spider abundance) of each sector, throughout
the 12 months of sampling. To assess whether the habitat selection pattern is constant
through time, we included the interactions between sampling month and environmental
features. Sector and cave identity were included as random categorical factors. We built all
possible model combinations, and ranked them using AICc. Complex models with AICc
values higher than the simpler, nested models were not considered as candidate models
(Richards, Whittingham & Stephens, 2011). We used a likelihood ratio test to assess the
significance of terms in the best-AlCc model. As microhabitat selection may be different
among age classes (Ficetola, Pennati & Manenti, 2013), this analysis was repeated three
times: first, considering all individuals, then considering adults and juveniles separately.
The results of the previous models may be affected by imperfect detection. We used
the MacKenzie & Kendall (2002) approach to test detection probability of cave
salamanders, on the basis of data collected in 22 sectors from three different caves.
These caves were surveyed in late June-early July: during this interval, Hydromantes
movements among sectors are expected to be limited (Lanza ef al., 2006). For these
sectors, two surveys were performed 9-14 days apart, therefore we assumed constant
occupancy in this interval and estimated detection probability using single-season closed
population occupancy models with the unmarked package in R (Fiske & Chandler,
2011). The analysis of detection probability was repeated twice: assuming constant
detection across sectors, and assuming that detection probability is related to distance
from cave entrance. We then used AIC to identify the best detection probability model.
Analyses (see results) showed a per-visit detection probability of 0.75, i.e., two surveys
allow to ascertain presence/absences with 94% confidence (Sewell, Beebee & Griffiths,
2010). To assess the robustness of habitat models to imperfect detection, we also repeated
the GLMM analysis by comparing two contrasting periods seasons: January-February
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and June—July. Movements between superficial and deep sectors are more frequent during
spring and autumn (Lanza et al., 2006), thus we assumed that occupancy was relatively
stable within these periods. We merged data from two-months periods respectively into
winter (January—February) and summer (June=July), and repeated the analyses using the
same variables of the best-AlCc models obtained from the analyses of full dataset.

Testing the stability of habitat selection pattern

We used niche equivalency tests to assess whether salamanders select sectors with similar
environmental features in different months, after taking into account differences for the
availability of microhabitat conditions (Broennimann et al., 2012). The similarity of the habitat
selection pattern in two distinct seasons was assessed using Schoener’'s D, a metric of niche
similarity (Warren, Glor & Turelli, 2008; Saupe et al., 2014). For equivalency tests,
salamander occurrences from different months were pooled and then randomly split in two
datasets, maintaining the same number of occurrences of the original datasets; Schoener's D
was then calculated. This procedure was repeated 300 times to assess whether niche
similarity was significantly lower than expected by chance. The equivalency test was
repeated for the two environmental variables (temperature and humidity) for which habitat
models suggested differences among months. We focused on univariate rather than
multivariate tests because we were interested on variation of habitat selection due to change
of specific variables (Saupe et al., 2014). This analysis was performed on four months
(January, February, June and July) showing contrasting patterns of habitat association (see
results), and during which we do not expect major movements among cave sectors (i.e.,
within these intervals the quasi-equilibrium assumption is more likely to be hold than when
seasonal migrations occur). The analysis was performed on all individuals together and for
each age category (juveniles only and adults only). Since six pairwise tests were performed
for each group and for each variable, significance values were corrected using sequential
Bonferroni’s correction (Rice, 1989).

RESULTS
Variation of environmental features inside caves

Internal temperature was strongly related to external temperature and humidity, month,
depth and interaction between month and depth: all variables except depth were significant
(Tables 1A and 2A). Seasonal change led to thermal inversion inside caves: from late
autumn to early spring temperature increased with depth, while from late spring to early
autumn temperature decreased in the deep sectors (Fig. 1A). Humidity inside caves was
strongly related to external humidity, month, depth and to the time of survey. Furthermore,
the significant interaction between month and depth indicated that the humidity gradient was
not constant through the year (Tables 1B and 2B). The deepest sectors showed high
stability of humidity through time, while fluctuations due to external variation were evident in
sectors nearby the cave entrance. External humidity was particulary high in autumn and
spring, determining an increase of humidity in the first sector of caves (Fig. 1B). Internal
light incidence was related to depth and external humidity (Tables 1C and 2C). The deepest
sectors always showed lower light
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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 O 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.
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Table 1 Best AIC models explaining the varation in microhabitat features of caves. We considered
as dependent vanables inner abiolic features of caves: (A} Tem perature, (B}Humidity and (C} llluminance.
We used as independent variables: Month of survey, Time in which the survey began, Depih of seclor,
External Temperature, External Humidity and interaction between Month and Depth (Prof - M). For each
continuous variable, the regression coefficient is reporied if the vanable is included info a given model. For
both categorical vanables and interactions, + indicales their presence into the model For each
independent varable, we repor the first five best models.

Independent variables included into the model df AlCc - AlCc Weight
Month Time of Depth External External Prof: M
survey temperature humidity
{A) Temperature
+ 0.07 0.22 0.02 + 29 5703 O 0.825
+ 0.05 0.07 0.21 0.02 + 30 5,706.3 334 0.155
+ 0.07 0.18 + 28 5,7105 7.50 0.018
+ 0.01 0.07 0.18 + 29 57176 1467 0.001
+ 0.12 0.07 + 28 58117 10878 O
(B} Humidity
+ 0.34 0.27 0.15 + 29 83141 0 0.517
+ 0.31 0.27 0.1 0.16 + 30 8,314.2 0.15 0.480
+ 0.26 024 015 0.17 19 8,325.2 11.09 0.002
+ 0.27 0.16 0.15 + 29 8,3298 15.75 o
+ 0.31 0.24 0.16 18 8,329.8 15.75 ¥
{C) lluminance
-0.04 -0.01 6 32323 0 0.967
-0.04 0.01 -0.01 73,2387 7.41 0.024
-0.01 -0.04 -0.01 3,241.7 940 0.009
-0.01 -0.04 0.01 -0.01 3,248.7 16.39 0
-0.04 0.01 3,256 23.72 0

than the superficial ones. However, incident light increased in summer and during
periods characterized by low humidity (Fig. 1C).

Detection of cave salamanders

Through the 180 cave surveys, we obtained 1,087 detections of cave salamanders (289
adult males, 393 adult females, 49 not sexed adults and 356 juveniles). The average
sampling effort was of 7.5 min/sector. Salamanders were detected throughout the year
with 13% of detections in winter, 39% in spring, 30% in summer and 18% in autumn
months. The model assuming constant detection probability across sectors showed a
lower AIC value (AIC: 53.3) than the model assuming that detection probability is related
to distance from the entrance (AIC: 53.9). Detection probability of salamanders within
sectors was high (detection probability + SE: 0.75 + 0.12).

Analysis of occurrence of H. italicus through the year

Presence of H. italicus was strongly related to month, and was generally associated with
sectors characterized by high humidity, low light and abundant M. menardi spiders
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Table 2 Parameters related to microclimatic change of caves through the year: best-AlCc 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 X2 P

(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 x 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 x depth 94.92 <0.001
(C) llluminance

Depth -0.03 34.60 <0.001
Hum. ext -0.01 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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Table 3 Five best AIC models relating salamander distribution to environmental features. VWe considered as dependent varnable the presence of
(A) the species, (B) presence of Adults and (C) presence of Juveniles We used as independent variables: internal humidity (Humid), Month of survey,
iluminance (Lux), Meta spiders abundance and internal temperature (Temp). Furthermore, we also used as independent variables interaction between month
and internal humidity (Hum : M), month and illuminance (Lux : M), month and Meta spiders (Meta : M) and month and internal

temperature (Temp : M). For each continuous variable, the regression coefficient is reported if the variable is included into a given

model. For categorical variables and interactions, + indicates that the variable or the interaction is included into the model.

Independent variables included into the model df AlCc - AlCc Weight
Humid Month Lux Meta Temp Hum:M Lux:MMera: M Temp : M
(A) Presence of the species
112 + -0.34 0.44 0.27 + + 40 1,3848 0 0.709
1.64 + -0.36 0.26 + + + 39 13889 4.15 0.089
-247 + -20.74 045 0.25 + + 51 1,3893 45 0.075
1.41 + 0.45 0.27 + + 39 1,3902 545 0.046
7.79 + -0.35 0.43 + 28 1,3921 7.35 0.018
(B) Presence of adults
1.27 + -0.43 0.39 0.16 + 40 1,253.8 O 0.721
1.7 + -0.44 0.16 + + 39 12562 244 0.213
1.67 + 042 0.16 + 39 1,261 7.25 0.019
6.83 + -0.42 0.4 + 28 12615 7.78 0.015
1.46 + -0.44 -0.15 0.18 + + + 51 1,2627 8.92 0.008
(C) Presence of juveniles
1.46 + 0.61 0.41 + + 39 8072 0O 0.428
1.23 + -0.26 0.58 0.4 + + 40 807.3 0.1 0.407
214 + -0.3 0.39 + + 39 8105 3.22 0.085
257 + 0.39 + + 38 8108 357 0.072
-285 + -20.8 0.59 0.35 + + + 51 816 8.72 0.005

Analysis between contrasting seasons

As detection probability was imperfect, we repeated the analysis by focusing on the
comparison between two confrasfing seasons (winter/summer), in which migration of
salamanders is probably limited. During these two intervals we observed 112 salamanders in
winter and 257 salamanders in summer. The results of this analysis were generally
consistent with the analysis of the full dataset. If all individuals were pooled, salamanders
were associated with the darkest sectors. Season strongly affected the presence of
salamanders; furthermore, we detected a significant interaction between temperature and
season; the interaction between humidity and season was marginally not significant (Table
S1A). During these two seasons, salamanders were generally associated with sectors in
which microclimate was different from outdoor climate conditions: in fact, they were
associated with the most humid and cold sectors during summer, while in winter they
preferred relatively warm sectors (Figs. S1A and S1B). Results were nearly identical in the
analysis of adults-only (Table S1B; Figs. S1C and S1D). In the analysis of juveniles, only the
interaction between season and temperature remained significant (Table S1C, Figs. S1E and
S1F). However, it should be remarked that sample size was relatively small in this latter
analysis (112 juveniles observed), and this may have limited statistical power, compared to
the previous analyses.
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Table 4 Parameters related to presencelabsence of salamanders. The dependent
variables were the presence of (A) Species, (B) Adults only and (C) Juveniles only. See Table
1 for explanation of variable names. Only the best-AlCc models are shown.

Factor B X2 P

(A) Species

Month 140.2 <0.001
Humidity -2.65 4.3 0.039
Lux -20.79 76 0.006
Meta abund. 0.36 6.3 0.012
Temperature 0.25 1.4 0.238
Hum x month 30.6 0.001
Temp *x month 31.2 0.001
(B) Adults

Month 128.7 <0.001
Humidity -1.57 1.4 0.233
Lux -1.95 94 0.002
Meta abund. -2.31 46 0.033
Temp 1.74 0.3 0.567
Hum * month 373 <0.001
Temp * month 32.7 <0.001
(C) Juveniles

Month 37.8 <0.001
Humidity -3.60 54 0.02
Meta abund. 0.75 57 0.017
Temp 0.35 3.6 0.059
Hum * month 37 <0.001
Temp *x month 39 <0.001

Stability of habitat selection pattern

Most of equivalency tests were not significant, suggesting that habitat selection pattern was
consistent through months (Table 5). However, in the analyses of humidity considering all
individuals and juveniles only, niche equivalency was significantly lower than expected by
chance between February and June, and between February and July. Salamanders were
more tolerant for low-humidity habitats than during winter (Fig. 2). Conversely, if adults only
were analyzed, none of similarity tests were rejected (Table 5).

DISCUSSION

Caves are often described as stable environments (Romero, 2012), but their features and the
distribution of theirinhabitants shows strong fluctuations through the year, particularly in the
superficial sectors. No doubt, the strong seasonal variation of salamander distribution was
mostly dictated by the fluctuations of microhabitats. Nevertheless, habitat preferences and
requirements may change across seasons, as in the case of juveniles that select
microhabitats with slightly different conditions in different times (Figs. 2E and 2F).
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Figure 2 Annual variation of the coefficients of regressions between presence/absence of
cave sala-manders, temperature and humidity. (A)—(B): results of regression models analyzing
all individuals en-countered; (C)—(D) results of models analyzing adults only (E)HF) results of models
analyzing juveniles only. Results for December were not reported due to small sample size.

Cave depth represented the major gradient along with microhabitat features varied: as
expected, humidity always increased and light decreased in the deepest sectors. The
relationship between temperature and depth was more complex. During winter a positive
relationship between temperature and depth was observed, while the relationship became
negative during the warm months (Fig. 1A). Furthermore, all cave abiofic features
(temperature, humidity and light) followed the variation of extemal conditions, which indeed
were the major cause of fluctuations of intemal microhabitats. While this influence
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Figure 3 Violin plots representing humidity in cave sectors available (white) and occupied by cave
salamanders (grey), during three months. The area of violin plots represents the distribution of cave
sectors according to microclimate feature. Width of plots is proportional to the number of sectors showing
such microclimate condition. The black points represent the medians, the grey boxes represent the second
and third quartiles The violin plots for temperature are available in Fig 52

Table 5 Equivalency of species-habitat relationships (measured as Shoener’s D) observed in different
months. Pairs of months for which the species-habitat relationships were not equivalent (after

Bonfer-roni's correction: a = 0.0083) are in bold.

Temperature Humidity

(A) All individuals

Feb Jun Jul Feb Jun Jul
Jan 0.917 0.684 0.771 0.520 0.695 0.762
Feb 0.616 0.639 0.336 0.375
Jun 0.832 0.770
(B) Adults only

Feb Jun Jul Feb Jun Jul
Jan 0.844 0.644 0.703 0.650 0.595 0.612
Feb 0.704 0.795 0.650 0.601
Jun 0.790 0.650
(C) Juveniles only

Feb Jun Jul Feb Jun Jul
Jan 0.807 0.688 0.601 0.234 0.708 0.693
Feb 0.528 0.428 0.077 0.069
Jun 0.700 0.950

was sfrongest in the first meters of the caves, it remained clearly detectable at depths

>20 m (Fig. 1), and therefore influenced the conditions experienced by salamanders.
During our surveys, detection probability of Hydromantes italicus was high, allowing us to

obtain many observations, which are a necessary prerequisite for any habitat association
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study. The observation of H. italicus was strongly related to time of survey. As observed
in other studies (Ficetola, Pennati & Manenti, 2012; Lunghi, Manenti & Ficetola, 2014),
salamanders were strongly associated with sectors characterized by specific microhabitat
features, such as high humidity, low light and abundant spiders. Individuals showed
differences in their response to abiotic features, which resulted in a different distribution of
salamanders inside caves (Ficefola, Pennati & Manenti, 2013). Adults were associated with
the wettest microclimates, while juveniles were present in apparently more stressful sectors
as they were also present in sectors with lower humidity and less suitable temperatures.
Such presence of juveniles also in suboptimal microhabitats has been observed also in other
species of cave salamanders (Ficetola, Pennati & Manenti, 2013), and may allow juveniles to
exploit more superficial environments, where they can find more food.

Beside some differences in habitat selection between adults and juveniles, a strong
interaction between temperature, humidity and time of survey was consistently observed in
most analyses (Tables 3, 4 and Fig. 2). For instance, salamanders tended to be associated to
the coldest and wettest sectors of caves, but this pattern was not evident during late
winter/spring (Figs. 2A and 2B). Such heterogeneity in habitat selection may occur both
because individuals select different conditions during different times or life stage (selection
change hypothesis) or because of the strong variability of available microhabitat conditions
(environmental change hypothesis). In principle, it might be also possible that in certain
periods juveniles are forced to move toward suboptimal areas because of competition with
adults. However, this explanation is unlikely: previous studies explicitly testing this
hypotheses have found evidence that juveniles are not displaced by adults (Ficefola, Pennaii
& Manenti, 2013), while behavioral analyses suggested lack of competition for
territories (Berti & Corti, 2010).

Our data mostly support the environmental change hypothesis. First, the temperature
gradient showed a clear inversion through the seasons (Fig. 1A). If salamanders always

select the same optimal temperature (about 10-15 'C; Fig. S2), they can only find such

conditions in the deepest sectors of caves, in which temperature is relatively warm during
winter, and coolest during summer. Actually, most of equivalency tests were not significantly
different from random expectations, indicating that the species consistently selected the
same microhabitat. In other words, apparent changes in species-habitat relationships (e.g.,
positive relationship with temperature in winter and negative relationship in summer)
occurred because the habitat occupied by salamander remained the same, but
environmental gradients changed through the time. As a consequence, the relationships
between microclimatic conditions and salamanders were not constant with time: in summer
individuals tended to select the coldest, most humid sectors of caves, while the relationship
was different during winter months (Fig. 2 and Table 5). In practice, selection of the same
habitat resulted in regression coefficients that were remarkably different among seasons
(Fig. 2). The difficulty of extrapolating regression resulits and linear relationships beyond the
limits of environmental gradients tested is a major issue in ecological modelling (Randin et
al, 2006; Zurell, Elith & Schroder, 2012). In principle, only sampling the whole spectrum of
potential habitat conditions may allow
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a full reconstruction of hahitat preferences, but this is not feasible in the real world,
because the available environmental gradients generally cover a limited range of
conditions (Soberon & Nakamura, 2009, Elith, Kearney & Phillips, 2010).

Most of variation in species-habitat relationships was likely caused by the seasonal
variation of temperature and humidity. Nevertheless, particulary in the analysis of humidity
with juveniles, tests of niche equivalency between late winter and summer months were
consistently rejected (Table 5). Cave salamanders are able to exploit the whole cave;
therefore, if salamanders just require optimal abiotic conditions they can remain in farthest
sectors where suitable microclimate is more stable. Conversely, in this study, salamanders
during summer were associated to more humid sectors than in winter. This suggests a higher
tolerance for dry sectors during winter, and supports the selection change hypothesis.
Multiple, non-exclusive explanations are possible for such selection change. First, newborns
Hydromantes normally hatch at the end of summer (Lunghi et al., 2014). Therefore, in the
following winter, acquiring energy is a major priority for juveniles. The most superficial cave
sectors are the ones with driest microclimate (Table 2), but show the highest abundance of
prey. Actually, in our study caves, the potential prey richness (calculated as the summed N of
species of Araneae (excluding M. menardi) and Diptera, as these taxa are the major food
items for cave salamanders (Vignoli, Caldera & Bologna, 2006; Croveito, Romano & Salvidio,
2012)) quickly decreases with depth (generalized linear model with Poisson error, taking into

account month of survey: B £ SE = -0.024 + 0.006, x1 2 =201 .3, P<0.0001). This indicates

that juveniles may trade-off microclimatic optima for food availability (V/iachos et al., 2014).
Actually, the end of winter may be a particularly important period, as in this period many
invertebrates end their winter latency (Bale

& Hayward, 2010). Efficient exploitation of seasonal peaks of food resources may be a key
of fast development during the first years. Furthermore, the negative consequences of low
humidity may be stronger in summer. Low environmental temperature reduces metabolism in
ectotherms, which limits oxygen needs. As lungless salamanders exchange gasses mainly
through their skin, and the efficiency of this skin function increases with high level of moisture
(Spotila, 1972), during the cold season the individuals could be more tolerant to low humidity
because of their lower respiration needs.

The peculiar physiology of plethodontids forces these salamanders to live within very
narrow typologies of habitat. However, under certain circumstances, individuals may
select conditions that are closer to their physiological limits (Kearney et al., 2013). This
is likely the case for juveniles. Underground environments suffer constant food scarcity
(Romero, 2009), but juveniles require consistent food supply in order to grow and reach
maturity. Scarce access to food resources during juvenile stages poses major
constraints on development, and may have prolonged consequences and even impact
lifetime fitness (Wong & Kolliker,” 2014). Therefore, in certain months, young
salamanders exploit superficial sectors with more stressful abiotic conditions, but they
receive enough food input from the outdoor environment to offset the risk.

In principle, the “optimal” habitat of a species should match species requirements for
multiple parameters, ranging from metabolism to water balance and food availability.
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However, such “ideal” conditions are rarely available in the real world, and species have to
deal with environmental variability, which causes frequent changes of habitat conditions and
resources availability (Seebacher & Alford, 1999; Araujo” et al., 2010; Fredericksen, 2014).
Our study explores the complexity of habitat use patterns under variable conditions, and
highlights difficulties in determining habitat selection processes. When necessary resources
are inversely correlated along environmental gradients, habitat choice will be the results of a
trade-off between the multiple requirements of a species. We showed that such trade-off may
be not constant with time or life stage, as both species priorities and habitat features may
change across time. Individuals often require different resources depending on their life
stage, and thus must shift their habitat selection to exploit different environments to satisfy
their needs (Cox & Cresswell, 2014; Dittimar et al., 2014; Webb et al., 2014). Habitat
selection studies are often based on data collected over temporal snapshots. However,
seasonality is a pervasive feature of natural environments, highlighting the importance to
always take into account the potential seasonal variation and considering the interactions
between the requirement of individuals and the variability of habitats.
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Information on species thermal physiology is extremely important to understand species responses to environmental
heterogeneity and changes. Thermography is an emerging technology that allows high resolution and accurate measurement of
body temperature, but until now it has not been used to sudy thermal physiology of amphibians in the wild. Hydromantes
terresinial salamanders are strongly de-pending on ambient temperature for their activity and gas exchanges, but information on
their body temperature is extremely limited. In this study we tested if Hydromantes szlamanders are thermocon-form we
assessed whether there are temperature differences among body regions, and evaluated the time required to reach the thermal
equilibrium. During summers 0f2014 and 2015 we analvsed 36 salamanders (Hydromantes ambrosii and Hydromantes italicus)
using infrared thermocamera. We pho-tographed salamanders at the moment in which we found them and 1. 2. 3. 4. 5 and 15
min affer having kept them in the hands. Body temperature was equal to air temperature; salamanders attzined the equilibrium
with air temperature in about 8 min the time required to reach equilibrium was longer in individuals with large body size. We
detected small temperature differences between body parts the head being slightly warmer than the body and the tail (mean
difference: 0.05 °C). These salamanders quickly reach the equilibrium with the environment. thus microhabitat measurement
allows obtaining accurate information on their tolerance limits.

& 2016 Elsevier Ltd. All rights reserved.

1. Introduction

which biclogical functions can be carried out (Angilletta Jr. et al. 2002;
Gunderson and Leal, 2016; Navas, 1996; Navas etal., 2008). Due to the spatial

In animals, body temperature is a fundamental trait linked to the execution
of all physiological activities, such as locomotion, immune resistance, foraging
and growth (Angilletta Jr. et al., 2002). Each species has its own optimal
temperature, which is the best temperature at which the organism could realize
its functions (Raske et al.. 2012). Endothermic species use their metabolism to
regulate their own temperature and maintain optimal tempera-ture during the
time (Macdonald, 2010). On the other hand, ec-totherms often use surrounding
environments to maintain their body temperature into a specific range, that
define conditions in

" Corrsesponding author at: Universitit Trier Fachbereich VI Raum-und Um-
weltwissenschaften Biogeographie, Campus I, Gebaude N Universitatsring 15, 54286 Trier,
Gemany.
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and temporal heterogeneity of environments, many ectotherms adopt thermal
behaviour to maintain body temperature close to their preferred one (Feder,
1982; Navas, 1997; Raske etal., 2012). Reptiles have a semi-impermeable skin
that prevents water loss, so they quite easily use solar radiation for reach their
favourite temperature (Kaufmann and Bemmett, 1989). On the other hand,
amphibians present some hurdles related to thermoregulation because they
have to balance the intake of en-ergy with evaporation of water through their
skin (Hutchinson and Dupreé, 1992; Seebacher and Alford, 2002; Spotila,
1972; Tracy et al., 2007). In some cases, such as anurans living in ponds ex-
posed to the sun, individuals can thermoregulate avoiding over-heating and
dehydration as they continuously absorb water through their ventral surface,
thus also balancing the incoming heat (Lillywhite, 1970). Furthermore, some
frogs living in arid
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environments with extreme temperature developed a specialized morphology
to minimize heat gain and maximize heat loss while avoiding water loss (Kobelt
and Linsenmair, 1995), and some newts can thermoregulate by selecting the
portions of the water column which hold the optimal temperature (Balogova
and Gvozdik, 2015).

Information on species thermal physiology is increasingly used to
understand species responses to environmental changes. For instance,
ecophysiological analyses can use information on ther-mal tolerance of species
to identify areas where climatic condi-tions are suitable, and to estimate
potential impacts of environ-mental changes (Keamey and Porter, 2009).
Studies on species thermal tolerance often use air temperature (Ta) nearby
active individuals as a proxy of the thermal environment: this informa-tion is
easily available, but in some cases may be a poor measure of the conditions
actually expenenced by individuals (Sunday et al.. 2014). Actually, body
temperature (Ty) of ectotherms may be strongly different from T, because it is
affected by behaviour, solar radiation, metabolism, conduction and evaporation
(e.g. Bakken, 1992; Kearney and Porter, 2009; Pough etal., 2013; Tracy, 1976).
Understanding whether ectotherms are at thermal equilibrium with their
environment (thermoconformity) is extremely im-portant, as this information
is needed to understand species re-sponses to environmental variations, and to
predict potential im-pacts of climate changes (Balogova and GvoZdik, 2015).
In thermal physiology studies, body temperature is traditionally measured with
thermometric probes, but this limits the number of body regions for which
temperature may be recorded, and requires manipulation of individuals, with
the risk of influencing behaviour and body temperature (Lillywhite, 2010).
Infrared thermocameras are an emerging approach for the study of thermal
physiology in ectotherms. They provide instantancous, high resolution images
of surface temperature without the need of handling individuals, allow to
identify thermal heterogeneity within individuals and. for small animals, their
results are consistent with more traditional techniques, such as cloacal
thermometers (Luna and Font, 2013; Sannolo et al., 2014; Tattersall and
Cadena, 2010). Thermocameras have been successfully used to study
thermoregulation in reptiles. but as far as we know they have been applied to
amphibians only once under controlled conditions (Diki€ et al., 2011).

Within amphibians, Plethodontid salamanders are a very in-teresting taxon
for studies on thermal ecology. Plethodontids re-present about 66% of currently
described caudate amphibians (AmphibiaWeb, 2016), and are among the
tetrapods with the lowest metabolic rate (Chong and Mueller. 2012). This
family is characterized by absence of lungs, so their respiration mainly oc-curs
through the skin (Spotila, 1972). Gas exchanges require a constantly moist skin,
thereby imposing limits on their habitat selection and thermoregulation (Feder,
1983; Huey, 1991; Peter-man and Semlitsch, 2014). Several plethodontids are
often asso-ciated with underground environments, in which humidity is very
high but the heat sources are very limited (Camp et al., 2014). Early studies
suggested that plethodontids generally are thermocon-forms (Brattstrom.
1963), but it is possible that individuals regulate temperatures by selecting
specific microhabitats (Spotila, 1972), or that the evaporati ve water loss reduces

Tp at values significantly lower than ambient temperature (Bressin and
Willmer, 2000).

European plethodontids (genus Hydromantes) often exploit underground
environments, in which microclimatic features are suitable for their
physiological needs (Lanza et al., 2006). Under-ground environments are
dynamic systems in which few heat sources (e.g. rocks and external heat)
seasonally interact with air flow and high moisture in determining complex
thermal land-scapes (De Freitas, 1982, 1987; Lunghi et al., 2015), and this
affects the physiology and distribution of cave dwelling species (Sunday et al..
2014).
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In this study we used thermocamera images to study the thermal ecology of
Hydromantes salamanders. First, we assessed whether body temperature of
salamanders 1s equal to air tem-perature (i.e. whether salamanders are at the
thermal equilibrium with the environment). Air temperature is a quick and easy
ap-proach to the characterization of microhabitat for these sala-manders and. if
Ty VaT,, air temperature can be a good proxy of operative conditions actually
experienced by individuals (Kearney and Hewitt, 2009; Sunday et al., 2014).
Second, we evaluated whether there are temperature differences among body
regions. Finally, we manipulated animals to evaluate the time required to reach
the thermal equilibrium, and to assess whether body size confers a higher
thermal inertia, thus increasing the time needed to reach equilibrium.

2. Methods
2.1. Study system

We used a Fluke Ti32 infrared thermal imager (thermal sensitivity 00.045
°C, spatial resolution 1.25 mRad) to photograph salamanders and measure their
body temperature T (emissivity 0.98). Overall. we analysed 31 H. ambrosii
from two nearby caves (Cave Al: 44.18°N, 9.72°E 190 sl.m., max. depth 200
m, external opening: 4 3.7 m; Cave A2, 44.12°N and 9.77°E 330 sl.m., max.
depth 20 m, extemal opening: 1.8 2.5 m) and 25 H. italicus from two nearby
caves (Cave Il: 44.04°N, 10.25°E 912 slm., max. depth 15 m, external
opening: 1.2 2 m; and Cave 12: 44.04°N and 10.26°E 890 sl.m., max. depth 20
m, external opening: 2 4 m). Cavities (A1, A2 and I1) were natural, while the
Cavity 12 was a test mine. Caves examined for H. ambrosii were located in a
karstic area while caves for H. italicus were opened in schist rocks. Individuals
were photographed, without manipulation, at a distance of 35 cm, on the cave
wall where they have been observed to be naturally active. For each individual,
we calculated the temperature of pixels on head, trunk and tail (average7 SE:
57071 pixels per individual measured) without counting limbs. Body

temperature Th was the mean temperature of pixels on head, trunk and tail.

2.2. Does air temperature represent body temperature of
individuals?

Caves were divided in 3-m longitudinal intervals (hereafter: sectors).
covering the whole cave or until the position of the last salamander; the size of
sectors approximately corresponds to home range size (Lanza et al., 2006;
Salvidio et al., 1994), Starting from cave entrance, every 3 m (e.g. at the end of
cach sector) we measured air temperature (°C) using a Lafayette TDP92 digital
thermometer (accuracy: 0.1 °C). In each sector we used visual encounter
surveys to detect the presence of active salamanders. We then photographed
active salamanders using the infrared thermal imager to measure Th. and
calculated the average differ-ence between the air temperature Ta of the sector
and Th. Subse-quently, we used linear mixed models to assess the relationship

between Ta and Th. All mixed models considered sector, cave and species
identity as random factors; this analysis was performed on 29 individuals for
which data on body temperature and air tem-perature at the beginning of the
experiment were available. Sample size was not homogeneous among groups,
therefore in mixed models degrees of freedom were approximated and in some
cases were not integer (Satterthwaite, 1946); the overall amount of variation
explained by mixed models was assessed using condi-tional R? (Nakagawa and
Schielzeth, 2013). Mixed models were also used to test whether temperature

was significantly different between head, trunk and tail within the individuals
(regional
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differences in temperature). Analyses were performed using the Ime4 and
ImerTest 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 (SEY40.4). 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 (nImm) (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 AT
o + ea xt+b
2) Loss of temperature following an inverse power law AT °=k +

a><tb

where T° is Tp—Ta, tis 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 T and Tp

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 Tp was small (mean difference¥ 0.129 °C;
95% Cl1¥4 0.541/0.282), and Th was strongly related to Ta (mixed model: F1,
22.6 ¥218.8, P%40.0002; conditional R2 1,0.98).

3.2. Temperature differences among body parts

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

(F2, 107.8 ¥49.86, P¥40.0001, Fig. 1, Fig. 2). Specifically, within individuals,
head was slightly warmer than both the body
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Fig. 1. Example of a picture obtained from the infrared thermal camera on a sal-amander, before
capture.
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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 %40.02)
and the tail (mean difference: 0.0770.02 °C, P 00.0001), while the difference

between body and tail temperature was not sig-nificant (mean difference:
0.0170.02 °C, P %40.70).

3.3. EquilibriumTp Ta

Keeping individuals in hand for 30 s determined an increase of Tp of 6—-10
°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: AICY4766.0; inverse power law model: AIC%21044.9).

In the exponential model AT ° = k w2t b the parameter k was not

significantly different from zero (Table 1), confirming that T°
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Fig. 3. Difference between body temperature and air temperature ( T) in sala-manders released
in the environment, after being kept in hand for 30 s. Bold lines are the medians, boxes hold the
2nd and the 3rd quartiles, while wiskers extend to the most extreme data point which is no more
than 1.5 times the interquartile range. Outliers beyond 1.5 times the interquartile range are shown
as open dots.

Table 1

t+h

Results of the exponential non-linear mixed effect model A 7= = r+e? * . evaly-ating the

decrease of difference between body temperature and air temperature with time.

Parameter B SE F df P

a 048 0.04 3018 1.215 00.0001

b 211 0.02 19604.3 1.215 00.0001

k 0.06 0.10 03 1.215 0361
Table 2

Relationships between salamander weight and
lease. Sample size was not identical in the six test periods.

T®, at specific moments after re-

Time B SE F df. P
Atrelease 005 020 0.1 123 0.810

1 min after release 052 017 94 147 0.004

2 min after release 081 012 424 144 00.001
3 min after release 077 012 40.0 133 00.001
4 min after release 035 012 228 133 00.001
3 min affer release 044 0.11 15.7 141 00.001
15 min after release 0.04 0.02 3.7 136 0.022

quickly approaches zero. According tothis meodel, T°r0.1°C

after 8.2 min, i.e. body temperature reaches the equilibrium very quickly.

Salamanders with large body size required more time to reach thermal
equilibrium. At the release, T° was unrelated to the weight of salamanders, but
T° decreased more quickly with time in small than in large salamanders. As a
consequence, for a given time after release, T° remained larger in the heaviest
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salamanders (Table 2, Fig. 4). For instance, 5 min after release small
salamanders (weight 01 g) were essentially at the thermal equilibrium, while
the largest salamanders showed a T® of 2=3 °C (Fig. 4b).

4. Discussion
4.1. Thermoconformity of Hydromantes

Our results show that, in Hydromantes salamanders, body temperature is at
equilibrium with environment temperature. Even though the themmal
environment within caves may be het-erogeneous, salamanders have limited
movements and may re-main in the same cave sector for days (Lanza et al.,
2006). If body temperature Ty is at equilibrium, T, comresponds to the operative
temperature Te of individuals (Bakken, 1992), which is the steady-state
temperature organism would attain if placed indefinitely in a given environment
(Kearney and Porter. 2009). As a consequence, in these salamanders important
ecophysiological parameters, such as Ty and Tk, can be easily estimated from
ar temperature, in-dicating that, at least for temperature, microhabitat features
can be a good representation of operative conditions of individuals.

In several salamanders, it has been proposed that individuals can move
within the thermal landscape to keep their body close to their preferred
temperatures (Balogova and GvoZdik, 2015; Heath, 1975; Spotila, 1972).
Hydromantes salamanders are not strictly cave-dwelling species, and can be
active at the surface during cold, humid seasons (i.e. autumm and spring). but
they have to move underground when outdoor conditions are too warm and dry,
such as during Mediterranean summer. In summer, caves constitute a relatively
continuous thermal gradient: cave sectors close to the surface have higher
temperature, and temperature decreases in the deepest sectors (Culver and
White, 2005; Lunghi et al., 2015). On the one hand, food is more abundant
close to the surface (Fi-cetola et al., 2013), thus salamanders are restricted to a
few tens of meters from the surface. On the other hand, given that sala-manders
are at thermal equilibrium (Fig. 3), they must remain in relatively deep sectors,
where conditions are within the pre-ferences of the species. The trade-off
between these and other factors (e.g. humidity. not investigated by the present
study) limits the distribution of salamanders to a narrow region of the under-
ground space. The time needed to reach thermal equilibrium was slightly longer
in salamanders with large body size (Fig. 4). These individuals might have
slightly better opportunities to move to-ward unsuitable places for short time,
and then coming back to more suitable areas. Large individuals can also have
additional advantages, such as a better resistance to desiccation and to food
shortage, and higher mobility. Actually, in the closely related H. stunatii,
juvenile salamanders are restricted to a very narrow re-gion (5—-15 m from the
surface), while adults can exploit a rela-tively broader region of the
underground space, 5—30 m from the surface (Ficetola et al.. 2013; Salvidio
and Pastonino, 2002), sug-gesting that the improved tolerance of large
individuals may allow them to exploit broader niches. In our study,
salamanders were exposed to temperatures 430 °C, which are higher than the
conditions naturally occurning inside caves. Nevertheless, the short
manipulation time (30 s) only increased body temperature of ap-prox. 8 °C (Fig.
1). Inside caves inhabited by salamanders, tem-perature differences of 8 °C
between superficial and deep sectors naturally occur (Lunghi et al., 2015),
therefore our analyses may approximate the thermal variation experienced by
individuals moving from the surface to deep sectors.

Body temperature showed regional differences along sala-manders body,
the head being slightly but significantly warmer (Figs. 1 and 2). Until now, very
limited information was available
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Fig. 4. Difference between body temperature and air temperature ( T) in salamanders with different body size, two and five minutes after release. Salamanders were released in the environment after

being kept in hand for 30 s. The shaded areas represent the 95% confidence bands.

on regional differences of body temperature in salamanders. The high thermal
resolution of thermocamera allowed to clearly detect the very small (about 0.05
°C) temperature differences between the head and the rest of the body (Figs. 1
and 2). Plethodontid salamanders are sit-and-wait predators with a very low
metabo-lism (Lanza et al. 2006). Even though they perform very limited
movements, sensorial organs, such as eyes, Jacobson's organ and buccal
mucous are grouped in the head area (Lanza et al., 2006), and the activities of
metabolism and sensory system probably adsorb most of the metabolism of
these salamanders, which in tum likely produces a small amount of metabolic
heat.

Very few studies used thermography to analyse variation of temperature in
amphibians. Biki¢ et al. (2011) analysed acclima-tion in marsh frogs in
controlled conditions. They simulated in the laboratory the exit from
hibemation sites, and found that the heat gain of frogs is slow, and even after
more than 2 h, frogs are not at equilibrium with the surrounding environment.
This might be caused by several reasons, for instance the larger body size of
frops. Regional differences in body temperature were also ob-served by DikiC
et al. (2011). They identified a circumscribed area in multiple regions of the
body and measured temperature of such areas. The heating rate was generally
similar among body regions, but there were slight differences between their
temperature: the eyes tended to be colder than the body, while limbs were
slightly warmer. However, frogs never reached thermal equilibrium, therefore
it is not clear whether in marsh frogs regional differ-ences persist at
equilibrivm. In our study salamanders were first photographed in their habitat
without any manipulation to un-derstand if under natural conditions these
salamanders showed differences in temperature between body regions. The
existence of such differences in an ectotherm species is very interesting as
thermoconform animals are often supposed to have the whole temperature of
its body conformed to the surrounding one.

5. Conclusions

Thermocamera offers a valuable tool for the study of thermal ecology of
ectotherms. On the one hand, it allows to measure small temperature
differences between body parts without manipulat-ing individuals, thus
enabling us to obtain new insights on the complexity of thermal properties of
ectotherms. Furthermore, it is possible to quickly measure the major
ecophysiological
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parameters of individuals in the wild, and to obtain data that can be used to
better identify the thermmal requirements of species, thus helping the
characterization of species niches and improving our understanding of species
responses to environmental variation.
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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 Darwin’s 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 m?)
(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
etal. 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.
Sla). 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/CCl/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 (GLMMSs) 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 Akaike’s
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 Gémez-Rodriguez 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 < 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). Schoener’s 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, Rédder 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 a-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 - Shoener’s
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 Mantel’s 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, Bolmberg’s
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 Ime4, 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 Bonferroni’s 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: ts4 = -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
(Mantel’s 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: R? = 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
Warren’s (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 (Mclintire 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 species’ 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,
freshwater...) 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 2 P B P p B 2 P B 7 P B 71 p

H. ambrosii 3.5 6.4 0.012 -0.14 102 0.001 -0.6 121 <0.001 -04 155 <0001 -029 0.2 0.644
H. flavus Q 326 <0.001 -0.57 127 <0.001 -76.4 208 <0.001 -36.6 32.0 <0.001 020 01 0.741
H. genei 205 16.2 <0.001 -0.85 7.7 0.006 -1.1 8.7 0.003 -0.4 6.4 0.012 -0.8 1.7 0.192
H. imperialis 75 145 <0.001 -0.39 245 <0.001 -1.8 185 <0.001 -04 13.0 <0.001 055 03 0.598
H. italicus Q 418 <0.001 -0.24 195 <0.001 -3.7 482 <0.001 -0.7 502 <0001 -038 10 0317

H. sarrabusensis 12.8 4.3 0.037 -0.57 41 0.043 -3.8 4.7 0.030 -15 6.0 0.014 284 25 0115
H. strinatii 6.0 16.7 <0.001 Q 25.3 <0.001 -0.8 134 <0.001 -04 159 <0.001 027 04 0527

H. supramontis 149 275 <0.001 -0.62 26.7 <0.001 -3.7 181 <0.001 -06 10.6 0001 -033 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 Mantel’s tests.
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Figure 3

a) Microhabitat analysis b) Analysis at the macroecological scale
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Abstract

Quantification of niche similarity may be an important instrument to test whether hybrid populations
have niches that are similar or intermediate to their parental species, or instead occupy transgressive
niches. However, the evolution of niche is often studied using macroecological data with a coarse
resolution. European cave salamanders (Hydromantes ambrosii, H. italicus and their hybrid
populations) are an excellent experimental model to perform fine- scale assessment of niche

differences between parental species and their hybrids of the species

In June-July 2012-2016, we surveyed 138 natural and artificial caves. We subdivided each cave in 3-
m longitudinal sectors, in which we detected active salamanders and measured microhabitat features
(humidity, air temperature and incident light). We then used the PCA-env approach to assess niche
shifts between pure and introgressed salamander populations, we calculated niche overlap using the
Schoener’s D statistics and we used equivalency tests to assess the significance of niche differences

between taxa.

Pure H. ambrosii populations were linked to dark and cold underground sectors, while pure H. italicus
populations chose dark and wet sectors. H ambrosii introgressed populations showed a significant
(P= 0.001) expansion toward warmer, drier and more luminous conditions compared to the non-
introgressed populations. Introgressed H. italicus showed a significant niche shift (P = 0.006), with

expansion toward conditions with lower humidity and more light compared to H. italicus.

Our results are consistent with the transgressive niche hypothesis: hybrids have a broader ecological

niche than the parental species, allowing them to exploit environments with harsher conditions.

Keywords

Introgressive hybridisation, disruptive selection, adaptive radiation, salamander, salamandra, cave,

biospeleology
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Introduction

Many species of vertebrates are supposed to have attained a post-zygotic reproductive isolation
generally only after millions of years since their original separation from a common ancestor
(Fitzpatrick, 2004). The speciation events carrying reproductive isolation between two or more
populations belonging to the same ancestor can proceed both through a gradual divergence
(Seehausen, 2004), generally involving parapatry or allopatry (Seehausen, 2004), or may instead
involve different genomic events which end in the establishment of novel evolutionary lineages. The
factors that generally promote speciation events are mechanisms determining isolation that are

rewarded by the differential action of selective pressures (Fitzpatrick, 2004; Garrick et al, 2014).

When species extend their geographical range, such as for example following a glacial period that
determined isolation, they exploit new habitats and may interact with species previously unknown to
them. If a species comes across another closely related species, the two may interbreed, eventually

leading to offspring in a more or less narrow hybrid zone.

Since the Mayr’s definition of species as ‘interbreeding natural populations that are reproductively
isolated from other such groups’, the existence of hybrid zones between different species has been
regarded as an element determining the collapse of reproductive isolation (Tanaka, 2007; De Hert et
al, 2012). However, the gene flow between incipient species can also represent a source for potentially
beneficial alleles (Ficetola & Stock, 2016; Bay & Ruegg, 2017). The occurrence of hybrid zones
between closely related species is more frequent than expected and furnishes important case studies
for the comprehension of the evolution of adaptive traits; this is an aspect that is gaining more and
more attention in the research of biodiversity causes (Grant & Grant, 2016). Hybrid zones give to loci
the opportunity to act on new genetic backgrounds and in different environmental conditions and
induce positive or negative responses to new selective pressures. Over time hybrid zones may be

more or less stable depending on the fitness strengths of the hybrids and on the occurring of ecological
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and reproductive barriers. The loss of reproductive isolation, prompting hybridization between
divergently adapted populations is best known in conservation biology as a cause of extinction linked
to anthropic actions like species translocations or dispersal barriers removal and bringing formerly
allopatric species into secondary (Seehausen, 2004), when secondary contact occurs exchange of pre-
zygotic barriers established during the different species evolution may yield to exclusively inviable
or poorly infertile offspring, generating fitness disadvantages and compromising populations viability

(Seehausen, 2004).

On the other hand, the gene flow between related species can also be a source for potentially beneficial
alleles. For example, the different stages of introgression recorded between Darwin’s finch species
that differ for the beaks size, have been hypothesized to play a strong adaptive role during long
droughts (Grant & Grant, 2016). During drought seasons, mortality is extremely high with selective
pressures acting on beak size and favouring hybrids by a strong increase of the gene flow levels
between species (Grant & Grant, 2016). This aspect is confirmed by a recent study (Bay & Ruegg,
2017) analysing genetic mechanisms acting in hybrid zones, which revealed that the occurrence of
hybrid zones, with contact between related species, can provide opportunities for the existence of

adaptive introgression phenomena at the genomic level.

If the genetic aspects involved in the occurrence and maintenance of hybrid zones are currently being
widely studied, much less attention has been paid to the characterization of the ecological niche of
hybrid populations. Species niche differentiation is an important trait, that can enhance the
comprehension of the factors determining the occurring differences between related species and

explain the geographical separation that are observed among them.

Interspecific differences in ecological niche among species may be impressive, even between closely
related species, but very few information is available on the difference that may occur from hybrid
populations and parental species and how they may be related to introgression phenomena. The

increasing availability of large data sets allowing the comparison between both species’ distributions
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patterns and environmental features, together with the strong improvement of powerful statistical
tools, slows the identification of the species-specific ecological conditions, at least over broad
geographical scales (‘realized Grinnelian niche’; Soberon & Nakamura, 2009). In particular, the
quantification of niche similarity and overlap among different taxa, together with phylogenetic data,
allows to better understand evolutionary processes like adaptation and speciation (Seehausen, 2004)
and may furnish an important instrument to test whether hybrid populations have niches that are
similar or intermediate to their parental species or instead occupy transgressive niches (Ficetola &

Stock, 2016).

The intermediate niche theories predict that hybrids should have intermediate niche occupancy
features compared to their parental species, that would be inferior competitors by respect to the
hybrids’ performances that would be maximal when occupying intermediate niches (Moore, 1977).
This condition has been reported for different vertebrates and occurs when the geographical and
environmental partitioning between parental species is a consequence of a gradient of habitat features
along which hybrid individuals can profit of intermediate conditions (Pagano et al, 2001; Otis et al,
2017). Conversely the transgressive niche hypothesis (Ficetola & Stock, 2016) supposes that
introgressed populations show ecological niches that differ to those of both parental species meaning
that hybrid populations can have advantages and exploit harsher habitat conditions. In a recent study
on the realized ecological niches of five Palaearctic green toad species, (Ficetola & Stock, 2016)
found evidences for transgressive niche in two hybrid species that are able to face harsher climatic

condition than their parental lineages.

However, the study of ecological niche in hybrid zones is challenging as the niche evolution is often
studied using macroecological data and based on a broad-scale (bioclimatic) approach, that even if
may allow to draw general patterns hardly recoverable using local analyses, generally leads to a coarse
resolution of the processes (Noriega et al, 2013). Hybrid zones often occur between the two parental

species and have limited extensions (Garrick et al, 2014), increasing the risk of confounding features
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linked to geographical conditions with evolutionary processes that often occur at the microhabitat

scale if only a broad scale approach is involved (Warren et al, 2014).

For this reason, the high potential to disentangle the processes leading hybridisation that is played by
the study of ecological niche, is hard to be used as micro-scale studies approach cannot be applied to
all the species or require experiments under controlled environmental conditions. A valid
experimental model to perform micro-scale analyses to assess niche differences in hybrid zones may
be furnished by European cave salamanders of the genus Hydromantes (Wake, 2013). Hydromantes
salamanders have superficial activity during cool and wet seasons (from autumn to spring), while
exploit different underground environments during dry and hot periods (e.qg., late spring and summer);
when underground, they select sectors having microclimatic features within their physiological
constraints (Ficetola et al, 2012; Lunghi et al, 2016). Thus the microhabitat features at which these
salamanders are recorded during summer periods approximate well the body conditions and the
tolerance to the limiting factors that once surveyed may allow an efficient and refined comparison
between hybrid and parental populations/species. In particular, the habitat selection of Hydromantes
species during summer is analogous to a habitat selection experiment along a continuous gradient of
light, humidity and temperature. In this study, we analysed the niches of two European cave
salamanders species, Hydromantes ambrosii and H. italicus and their hybrid populations. H. ambrosii
and H. italicus show a narrow hybrid zone derived from a secondary contact event following the last
glacial stage (Ruggi et al, 2005); in this area both H. ambrosii populations introgressed with H.
italicus genes and H. italicus populations introgressed with H. ambrosii genes occur. We performed
surveys during the central hours of sunny and dry days in early summer, when the outdoor conditions
are most unfavourable (hot and dry) and the salamanders underground activity is highest and tested
if hybrid introgressed populations show intermediate environmental requirements (intermediate niche
hypothesis) or exploit different habitat conditions (transgressive niche hypothesis) beside parental

non-introgressed populations.
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Materials and Methods

Study sites

To measure the microhabitat of pure and introgressed populations, we surveyed natural and artificial
caves along the hybrids contact zone and within the range of the two salamander species (Fig. 1a).
Surveys were performed in early summer (June-July 2012-2016), when conditions outside the caves
are unfavorable and the detectability of salamanders active underground is highest (Lunghi et al,
2015). We performed all the surveys during the central hours of dry and sunny days. We subdivided
each cave in 3-m longitudinal intervals (hereafter: sectors), covering the whole cave. The size of these
sectors approximately corresponds to the size of salamander home ranges (Lanza et al, 2006; Ficetola
et al, 2013). We stopped surveys when access was impossible without speleological equipment. In
each sector we used visual encounter surveys (Crump & Scott, 1994) to detect active salamanders,
and measured three abiotic variables known to influence salamander distribution: relative humidity
(%), air temperature (°C) and maximum incident light (illuminance, measured in lux) (Ficetola et al,
2012; Lunghi et al, 2017). Air temperature and humidity were recorded using a LAFAYETTE TDP-
92 thermo-hygrometer. Illuminance was recorded using a EM882 light-meter (PCE Instruments), by
performing >10 measures in the portions of the sector receiving more light. See (Ficetola et al, 2012;
Ficetola et al, 2013) for additional details on sampling methods. In very deep caves, we stopped

measuring microhabitat 6 m after the deepest detected salamander.

Definition of the genetic status of study populations

The introgression between H. ambrosii and H. italicus was previously studied by Ruggi (2007), who
analysed the genetic features of the study species, with a special focus on the contact zone. Ruggi
analysed 646 individuals from 39 populations covering the whole range of both species; 24 of these

populations (471 individuals) were located within the hybrid zone. Individuals were analysed using
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mitochondrial DNA and 24 allozyme loci. Seven of these allozyme loci were discriminant between
H. ambrosii and H. italicus. These genetic data were used to identify pure populations, and to
calculate the average frequency of introgressed genes in each population (see Fig. 14 and table 11 in
Ruggi, 2007).

The sites analysed by the present study were assigned to four genetic groups: pure H. ambrosii
(H. ambrosii sites with limited or no introgression of H. italicus genes); introgressed H. ambrosii (H.
ambrosii sites in which the average frequency of H. italicus genes was > 10%); pure H. italicus (H.
italicus sites with limited or no introgression of H. ambrosii); introgressed H. italicus (H. italicus in
which the average frequency of H. ambrosii genes was > 10%). We assumed that each study site had
the same genetic features of the nearest population with available genetic data (Ruggi, 2007). Within
the hybrid zone, the distance between study populations and reference genetic data was always small

(average £ SD: 746 + 590m), suggesting that the introgression status can be reliably attributed.

Statistical analyses

First, we used generalized mixed models (GLMM; binomial error distribution) to confirm that the
distribution of salamanders of each group is related to the recorded microhabitat features. In GLMM,
detection/non detection was the dependent variable, microhabitat features (temperature, humidity and
light) were the independent variables, and cave identity was included as random effect. Non-detection
of salamanders may represent either real absences or failure of detecting them; not taking into account
potential misdetections can influence regression results (MacKenzie et al, 2006). With our sampling

protocol, detection probability is high but lower than one (approx. 0.75 per visit) (Ficetola et al, 2012;
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Lunghi et al, 2015). Therefore, in our models absences received a weight of 0.75 (following Gomez-

Rodriguez et al, 2012).

We built models with all the combinations of independent variables, and ranked them using
the Akaike’s Information Criterion (AIC) to identify the minimum adequate model for each species,
i.e. the model explaining more variation with fewer variables (Burnham & Anderson, 2002). In caves,
there was a strong negative correlation between air temperature and humidity (r = -0.57, P <0.0001),
and collinearity can bias the results of regression analyses. Models including both these correlated
variables were excluded from the list of candidate models. For each candidate model, we also
calculated the AIC weight (w) (Lukacs et al, 2007). Before analyses, light intensity was transformed
using logarithms, while humidity (%) was square-root-arcsine transformed to improve normality and

reduce skewness.

We then used the PCA-env approach (Broennimann et al, 2012; Petitpierre et al, 2012; Di
Cola et al, 2017) to assess niche shifts between pure and introgressed salamander populations. First,
we built univariate plots, to compare the frequency distribution of pure and introgressed populations
under the range of available environmental conditions. Subsequently, we used Principal Component
Analyses (PCA-env) to perform multivariate niche comparisons, using the three available
microhabitat features (air temperature, relative humidity and incident light in the cave sector). Niche
overlap was calculated using the Schoener’s D statistics (Schoener, 1970; Warren et al, 2008), which
ranges between O (lack of overlap) and 1 (complete overlap). Schoener’'s D shows excellent
performance compared to other overlap metrics (Warren et al, 2008; Rodder & Engler, 2011), and is
among the most widespread metrics of niche overlap in ecological, evolutionary and biogeographical
studies. The niche expansion of introgressed populations compared to the parental ones was the
proportion of the occurrence density of introgressed populations that lay outside the conditions

occupied in the native distribution (Di Cola et al, 2017).
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We used equivalency tests (Warren et al, 2008; Broennimann et al, 2012) to assess the
significance of niche differences between taxa (999 random permutations). Equivalency tests were
performed using the ecospat niche equivalency test function with the R software ecospat (Di Cola et
al, 2017).

Population were assigned to the different groups (introgressed vs. non-introgressed) on the
basis of subjective thresholds. In the main analyses, we assigned populations with the frequency of
introgressed genes >10% to the "introgressed" group, and populations with frequency of introgressed
genes < 10% to the "pure™ group. In a second analysis, we considered populations with frequency of
introgressed genes > 20% as the introgressed ones (Endler, 1977), and repeated analyses to assess the
robustness of our results to this subjective threshold. All analyses were performed using R 3.3.3 (R

Development Core Team, 2017)

Results

Overall, we monitored 121 caves (694 cave sectors) and observed 1190 salamanders in 278
sectors (Fig. 1, Table 1). Sample size was larger for pure populations than for introgressed
populations. For H. ambrosii, the frequency of introgressed genes was always <1% in pure
populations, while in the sites of introgressed populations the frequency of H. italicus genes ranged
between 20 and 43% (Table 1, Fig. S1). For H. italicus, the frequency of H. ambrosii genes was <8%
in sites assigned to the "pure™ group, while ranged between 13 and 36% for sites of the introgressed

group (Table 1, Fig. S1).

Hydromantes ambrosii: introgressed vs. non-introgressed populations

For non-introgressed H. ambrosii populations, the best-AIC model suggested that

salamanders were related to sectors with lack of light and cold temperature (Table 2a). The

84



relationships between microhabitat and salamander presence were analogous for introgressed H.
ambrosii. Also for introgressed populations the best-AlIC model indicated a relationship with low
temperature, but an alternative candidate model, with similar AIC value, also suggested association
with the darkest sector.

Despite both groups being associated with similar microhabitat, the conditions of occupied
sectors were not identical, as introgressed H. ambrosii were often observed in sectors with warmer
temperature, lower humidity and more light, compared to the non-introgressed populations. For
instance, 50% of cave sectors with introgressed H. ambrosii showed temperature >14.4°C, humidity
below 91% and light above 0.13 lux (Fig. 3a-c). These conditions also existed in caves with pure H.
ambrosii (Fig. 3), but were only rarely occupied. As a consequence, the median conditions of sectors
with pure H. ambrosii were characterized by lower temperature, higher humidity and lower light
(Table 2b).

Overall, PCA-env showed strong and significant niche shift (P = 0.001) of introgressed
populations, with expansion toward harsher conditions (warmer, drier and more luminous sectors)

compared to the non-introgressed populations (Fig. 3a).

Hydromantes italicus: introgressed vs. non-introgressed populations

In non-introgressed H. italicus populations, the best-AIC model suggested association with
the darkest, most humid sectors, and the relationship between microhabitat and salamanders was very
similar for introgressed populations (Table 2).

Despite both groups were associated to similar microhabitat, the conditions of occupied
sectors were not identical, as introgressed H. italicus were also observed in sectors with slightly

higher temperature, lower humidity and more light, compared to the non-introgressed populations.

85



For instance, introgressed populations were more often observed in cave sectors with humidity below
92% and light above 0.5 lux, compared to non-introgressed populations (Fig. 2e-f).

Overall, introgressed H. italicus showed a significant niche shift (P = 0.006), with expansion
toward harsher conditions (with lower humidity and more light; Table 3, Fig. 3b). Results remained
identical if only sites with proportion of introgressed genes > 20% were defined to be the introgressed
ones (niche similarity test: I = 0.636, P 0.022).

Equivalency tests did not detect significant differences between introgressed H. ambrosii and

introgressed H. italicus (Table 3).

Discussion

Our surveys extensively covered the distribution range of H. ambrosii and H. italicus
salamanders showing that both species during dry and hot periods do not randomly occur in caves
but select underground sites with specific features. In particular, pure H. ambrosii populations are
linked to dark and cold underground sectors and pure H. italicus populations choose dark and wet
sectors. These results confirm the habitat choice of H. italicus as reported by previous studies (Lunghi
et al, 2014; Lunghi et al, 2015) which report the correlation of the species also with sectors with high
occurrence of troglophilous Meta menardi spiders that are indicator of higher trophic richness for
caves (Manenti et al, 2015). The results provide a first assessment of microhabitats requirements for
H. ambrosii., even if its occurrence in sites with lower humidity levels as already been recorded by
(Cimmaruta et al, 1999). The fact that caves show heterogeneous environmental conditions affecting
species presence / absence patterns is in agreement with results of studies performed on other species
of the Hydromantes genus and on different North American plethodontid salamanders (Briggler &
Prather, 2006; Camp & Jensen, 2007).

The most interesting result obtained by our analyses is that both H. ambrosii and H. italicus

introgressed populations showed a significant niche shift, with a manifest expansion toward harsher
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environmental conditions than those experienced by the parental populations. The use of underground
habitats by Hydromantes salamanders is linked to the necessity to find suitable conditions in terms of
temperature and humidity to maintain viable physiological conditions (Lanza et al, 2006; Lunghi et
al, 2015). Depending on these physiological constraints salamanders try to frequent the underground
sectors closest to the surface, which usually offer richer trophic resources that the deeper ones. As
these lungless salamanders are at equilibrium with the surrounding environment in terms of
temperature (Lunghi et al, 2016), the recorded features of the exploited sectors, when underground,
reflect the physiological limits that they are able to experience. Our findings underline that from an
ecological point of view, the hybrid populations are able to survive at stricter conditions than the
parental populations. Hybrid zones are often reported to occur along ecological gradients, as
transitional environments may allow contact between species that exploit different ecological niches
(Culumber et al., 2012). In such a situation, hybrids might be both less fit than parental in either niche
or at the contrary better occupy intermediate niche. Our results support from an ecological point of
view the recent evidences that the occurrence of hybrid zones may also provide opportunities for the
existence of adaptive introgression phenomena at the genomic level (Grant & Grant, 2016; Bay &
Ruegg, 2017). In our case the introgressed populations of both parental species, during dry periods,
may exploit harsher underground spaces than pure populations and likely access underground spaces
richer of food resources.

Our results are consistent with the transgressive niche hypothesis (Ficetola & Stock, 2016)
hybridisation allowed the salamanders in the hybrid zone to have an ecological niche that reach
beyond those of the parental species. The occurrence of hybrid zones is quite spread worldwide and
involves plants, invertebrate and vertebrate species. In the scientific literature there is a huge amount
of studies that are investigating the role of hybrid zones (Seehausen, 2004) trying to disentangle both
extrinsic and intrinsic factors that s can affect hybrid zones occurrence and maintenance along time.
While several studies have evaluated the genetic mechanisms favouring hybridisation, the past and

current biogeographical, processes determining the existence of contact zones between similar
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species, the fitness of hybrids and its consequences (Barton & Hewitt, 1985; Arnold & Hodges, 1995),
few attempts exist in the comparison of ecological niche between hybrids and parental species
(Ficetola & Stock, 2016).

The comparison of niche similarity among pure and introgressed populations, together with
phylogenetic data, allows to better understand evolutionary processes like adaptation and speciation.
Moreover, the papers that deal with niches, usually use macroecological data and compare the
realized niche (i.e. the environmental conditions under which individuals are effectively found)
instead of the fundamental niche. However, determining fundamental niche is challenging, as it
generally requires assessing individual performance and fitness under controlled conditions, and this
approach cannot be realistic to all the species. In our case, the niche analysis of pure and introgressed
Hydromantes salamanders provide the first approach based on environmental conditions reflecting
the fundamental niche in a hybrid zone. The genetic surveys of the population outside and inside the
hybrid zone carried out with allozyme electrophoresis evidence that H italicus and H ambrosii have
secondarily met and hybridized in the narrow area constituted by Apuan Alps (North-West Tuscany).
The population in the hybrid zone have alleles typical of both species with various frequencies. Ex
situ experiments of artificial sintopy between H. italicus and H ambrosii have shown that the two
species hybridize forming viable and fertile hybrids confirming the relationship occurring between
the two species likely linked in the past before the glacial events (Ruggi et al, 2005). On the whole
our study provide new insights on the relationship that may occur between hybridisation and niche
evolution; in particular our study shows that the natural fusion of two different species is possible in
taxa like may amphibians and urodeles in particular in which populations are generally small, they
occupy confining habitats such as in the case of cave salamander single or limited karst mountains
and the environment is naturally perturbed by the recurring of intense dry periods. Our research poses
also the bases to identify genetic adaptive traits in populations of endangered amphibians species that

are exposed to the ongoing climate change.
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Table 1. number of analysed sites for the four groups, and average frequency of introgressed genes +
SD (estimated from Ruggi, 2007).

Group Ncaves N cavesectors N sectors with Frequency introgressed
presence genes

Pure H. ambrosii 41 276 136 0+0%

Introgressed H. ambrosii 10 37 16 37+7%

Introgressed H. italicus 28 187 66 28 + 9%

Pure H. italicus 42 194 60 2+2%

Table 2. a) Relationships between the presence/absence of salamanders in cave sectors, and

microhabitat features. For each group, we show the best AIC model and, if any, candidate models

within four AIC units from the best model (Richards, 2005). For each model, we list the predictors

and the regression coefficients. I: introgressed populations; K: number of parameters in the model; w:
AIC weight; R?v: marginal R? (Nakagawa & Schielzeth, 2013).

a) Relationships between presence and habitat features

Group
H. ambrosii

H. ambrosii
(introgressed)

H. italicus

H. italicus (1)

Model
Light (-0.35); temperature (-0.32)

temperature (-0.47)
Light (-0.46); temperature (-0.40)

Light (-0.56); humidity (14.0)

Light (-0.54); humidity (5.7)

K

4

w

4

AIC

285.9

39.8
40.0

162.5

188.7

w R%m
0.97 0.34
049 041
043 0.44
099 0.63
0.89 0.28
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Table 3. Niche similarity (Shoener’s D) and niche equivalency tests between pure and introgressed
populations of salamanders. We also show the comparison between Introgressed H. ambrosii and

introgressed H. italicus, and between pure H. ambrosii and pure H. italicus.

D P Niche expansion
H. ambrosii vs. 0.608  0.001 0.26
introgressed H. ambrosii
H. italicus vs. 0.654  0.006 0.22

introgressed H. italicus

Introgressed H. ambrosii 0.609  0.078
vs. introgressed
H. italicus

pure H. ambrosii vs. pure  0.757  0.001
H. italicus
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Figure legends

Figure 1. Distribution of study localities. The blue and orange polygons are the range of H. ambrosii

and H. italicus, respectively.

Figure 2. Density of occurrence of pure and introgressed salamander populations, in relation to
environmental features (solid coloured areas). Grey areas represent the overlap between pure and
introgressed populations; lines represent the environmental conditions available to each group of

populations.

Figure 3. PCA-env performed on pure and introgressed salamander populations. Grey areas represent
the overlap between pure and introgressed populations, while solid coloured areas are the
environmental conditions only occupied by one group of populations. Lines represent the conditions
available to each group of populations. The figure also show the correlation circles of principal

component analyses performed on the data.

93



Figure 1

pure H. ambrosii
introgressed H. ambro
introgressed H. jtalic
pure H. italicus

0 256 &0 75 100km
— — ]

- 44.0°N

-43.0°N

1 I
10.0°E M.0E

Figure 2

1.0

density of occurrence
density of occurrence

00 02 04 06 08

10 15 20 25

Temperature (°C)

. H. ambrosii vs. introgressed H. ambrosii .

o o

-~ 7 b) = 7] Q)

w ==}

S 7 g S 7

w w

S g S

< | 5 T |

o g o

o™ (']

S 2 o 7

(=] o

c i<« & S

80 85 90 95 100 0.00 0.1 1 10 100 100(
Humidity (%) Light (lux)

_italicus vs. introgressed H. italicus .

o o o
- - e - 7 f)
© © ©
g =] (=T g (=
© © ©
g = S g S
5 = - | R
%. o o S o
o o~ o
3 o S 2 o
< e S
e e T T 11T T e T T T 11T 7T
10 15 20 25 80 85 90 95 100 000 0.1 1 10 100 100C
Temperature (°C) Humidity (%) Light (lux)

94



Figure 3
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Abstract

The introduction of allochthonous species often represents a serious problem for ecosystems and
native species. Usually, these cases involve common widespread species that show high adaptability
and strong competitiveness against local species. Within amphibians, the introduction of
allochthonous species mainly deals with anurans, while cases involving caudata are few and poorly
studied. We report the first assessment of an introduced population of European plethodontid
salamanders. This population is located in the French Pyrenees and represents the oldest
allochthonous Hydromantes population. We reconstructed the history of its introduction and collected
data on the ecology and feeding habits of this population. Our results show that this population is
stable and reproductive, showing strong similarities to Italian mainland species of Hydromantes. This
study provided the base for further studies focused on this allochthonous population of European cave

salamanders.

Keywords: Pyrenees, Speleomantes, alien, Plethodontidae, biospeleology, amphibian, hybrid, cave

biology
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The introduction of allochthonous species is often detrimental to the environment (Nori et al, 2011,
Gdrtler et al, 2017). This is particularly true for invasive species, which are leading causes of
biodiversity loss worldwide (Doherty et al, 2016; Ward-Fear et al, 2016). Introductions may be
deliberate (i.e., to create food stock, to introduce control agents for pests, to perform research), but
they can also occur naively or accidentally (Sket, 1997; Franch et al, 2007; Dyer et al, 2017).
Regarding amphibians, in a few cases species were introduced as food resources, while the pet trade
is considered the main source of allochthonous species (Kraus, 2009). Among the most invasive
amphibian species there are Lithobates catesbeianus and Xenopus laevis. The well-known literature
relating to such introduced species report that they represent one of the major causes of biodiversity
loss, directly affecting both native species and biotopes (Lillo et al, 2005; Ficetola et al, 2007; Ficetola
et al, 2010). L. catesbeianus is often infected by the fungus Batrachochytrium dendrobatidis, so it
may also represent one of the major vectors promoting the spread of chytridiomycosis (Garner et al,
2006). Furthermore, as in the case of the green frogs of the genus Pelophylax, introduced species can
breed with native species, promoting the spread of hybrids and thus representing a serious threat to
biodiversity (Holsbeek et al, 2008; Maletzky et al, 2008; Meilink et al, 2015).

Along with these numerous and well-known introductions of frog species, there are a few
understudied cases related to the introduction of salamander species in Europe as in the case of
information relating to the introduction of European plethodontid salamanders (genus Hydromantes;
see Wake, 2013). European plethodontids are terrestrial salamanders which lack lungs and an aquatic
stage (Lanza et al, 2006a). The distribution of these species is almost confined to Italy; only one has
a small range in a portion of the French Provence (Lanza et al, 2006a). Three of eight species (H.
strinatii, H. ambrosii and H. italicus) are distributed in mainland Italy, while the other five (H. flavus,
H. imperialis, H. supramontis, H. sarrabusensis and H. genei) exclusively inhabit Sardinia island
(Lanza et al, 2006b; Chiari et al, 2012). The biogeographic factors that determined such a distribution
are unclear and still debated (Macey, 2005; Lanza et al, 2006a; Carranza et al, 2008; Wake, 2013).
Despite their vernacular name, European cave salamanders are mainly epigeous species which exploit
several types of environments, such as forests, bare rocks and even dry stone walls (Lanza et al,
2006a; Manenti, 2014; Costa, Crovetto and Salvidio, 2016). However, because of their specific
physiology (Spotila, 1972), when external conditions become too harsh, they move underground
looking for a suitable microclimate (Ficetola, Pennati and Manenti, 2012; Lunghi, Manenti and
Ficetola, 2014a). In such environments, these salamanders tend to occupy areas in which adequate
microclimatic conditions are realized (i.e. relatively cold temperature and high moisture) and where
prey are likely to be more abundant (Salvidio et al, 1994; Ficetola, Pennati and Manenti, 2013;

Lunghi, Manenti and Ficetola, 2014a; Lunghi, Manenti and Ficetola, 2017). Recent studies show that
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the microhabitat features at which Hydromantes salamanders are recorded during summer periods,
approximate well the body conditions and the tolerance to the climatic limiting factors (Lunghi et al,
2016). Indeed, the high sensitivity of these salamanders forces them to select different parts of the
subterranean environment according to seasonality (Lunghi, Manenti and Ficetola, 2015), as they
quickly reach thermal equilibrium with their surrounding environment (Lunghi et al, 2016).
Hydromantes carefully chose underground sites also because such environments represent safe places
in which they can breed and escape most of their natural predators (Lanza et al, 2006a; Lunghi et al,
2014b; Salvidio et al, 2017).

Hydromantes species have been introduced six times beyond their natural range. An

experiment of artificial ex situ syntopy between H. italicus and H. ambrosii was done in 1983 in an
Italian cave located outside the range of both mentioned species (Forti et al, 2005; Lanza et al, 2006a).
The species successfully persisted in the new location, giving birth to viable and fertile hybrids (Forti
et al, 2005; Cimmaruta et al, 2013). There is no data on their spreading to surrounding sites available.
A transplantation experiment of H. ambrosii individuals in a cave within the range of H. strinatii was
performed during the summer of 1991 (Cimmaruta et al., 1999). The experiment established an
allochthonous population of H. ambrosii in syntopy with H. strinatii (Cimmaruta et al., 1999).
Another case deals with H. italicus in a population recently established in an artificial site in central
Germany (Veith M., pers. comm.). Two cases deal with H. strinatii, a population was established in
the Italian Karst (North-East Italy) and still persists (Lanza et al. 2006a) and another population was
recently discovered in a natural cave of west-central France, 500 km far from the natural range of the
species (Lucente et al, 2016). The last case represents the most ancient and interesting case of the
Hydromantes salamander translocations. In 1970, at least 20 individuals belonging to a rearing
established in the Subterranean Laboratory of the Scientific Station of Moulis (Fr) were released in a
mine in the French Pyrenees (Pascal et al, 2003). Progenitors were caught from about fifteen localities
in France and Italy (from Maritime Alps to Tuscan Apennines). At the time of collection, those
Hydromantes were all considered to belong to the same species (H. italicus); however, individuals
were probably sampled from all three of the mainland species (H. strinatii, H. ambrosii and H.
italicus) (Guillaume and Durand, 2003).
Ecological studies on these allochthonous populations may produce new data reporting on how
species adapt to a novel area. In this study, we report the first status assessment of the oldest
introduced population of Hydromantes salamanders, with emphasis on their ecology and feeding
habits.

The allochthonous population of Hydromantes inhabits a mine situated in Parc naturel

régional des Pyrénées Ariégeoises, France. The mine has a total development of 39 m. The inner
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environment shows a general uniform morphology, having an average width (£ SD) of 1.57 + 0.04 m
and average height of 2.04 £ 0.04 m. In the first 18 m of the mine, seepage of water created a pool
which held several larvae of the fire salamander (Salamandra salamandra) and had the following
physical characteristics: pH = 8, hardness = 15 °d, NO2 = 0 and NOz = 10. Nearly no information is
present in the literature about this population; the only available information being contained in the
breeding books of the Subterranean Laboratory of the Scientific Station of Moulis. From 1966 to
1970 several individuals of the Hydromantes species were kept in captivity inside the laboratory to
perform studies on their breeding behavior. In 1967 at least 90 adults were reared in the laboratory
(Durand, 1967; Durand, 1970; Lanza et al, 2006a). It is not possible to quantify how many individuals
died or were fixed in alcohol between 1966 and 1970 (books of subterranean laboratory report with
security the fixing of 34 adults and 40 eggs). In 1970 the CNRS aborted the study program on
Hydromantes, so that year likely represents when individuals were released inside the mine. The only
available information reports the release of about 20 individuals (Guillaume and Durand, 2003);
however, considering that in 1970 no further individuals were fixed in alcohol, we do not know if all

the other remaining Hydromantes from the laboratory were also released in the mine.

The inner environment of the mine was divided into portions of 3 m-length (hereafter sector),
such subdivision allows a reliable data collection of microclimatic features (Lunghi, Manenti and
Ficetola, 2015) and roughly represents the known home range of mainland Hydromantes species
(Salvidio et al, 1994). During the first half of August 2016 we visited the mine twice, in late morning,
and in each sector we recorded data on temperature and humidity using a TDP92 thermo-hygrometer
(accuracy: 0.1°C and 0.1%) adopting precautions to avoid influence on cave microclimate (Lopes
Ferreira et al, 2015), while the average incident light of sectors was estimated using a PCE 170 light
meter (minimum recordable light: 0.01 lux). In each sector we also recorded the abundance of Meta
menardi spiders, because this species is considered to be a good proxy of prey availability (Manenti,
Lunghi and Ficetola, 2015).

In each sector two surveyors dedicated 3.5 min each to assess the presence of Hydromantes
by Visual Encounter Survey (Crump and Scott, 1994), an efficient method used to detect caudata
species (Flint and Harris, 2005). For each individual, we recorded the position (distance from the
mine entrance) and we took biometrics (SVL and weight). Individuals were divided into three groups:
we considered juveniles all Hydromantes with SVL <40 mm, while within adults we separated males

and females basing on the presence of secondary sexual characters of males (Lanza et al, 2006a).

During the first survey we randomly selected 26 individuals (3 juveniles, 11 males and 12

females; 65% of observed population, see Results) to perform stomach flushing to check for prey
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items stored in their stomachs (Salvidio, 1992). Stomach flushing was performed using a 5 ml syringe
connected to a soft-plastic pipe with a 0.1 mm diameter. The plastic pipe was inserted into the mouth
and 5 ml of water was gently injected into their stomach. Reflux was collected in a graduated pipette
using a small funnel (Salvidio et al, 2012). Contents of the pipettes were examined with an optic
microscope and all recognizable prey items were classified at least until order level. For each

individual, we counted the number of recognizable items with the following equation:

n

Zi=a+b+c

i=1

where: a) is the number of integer items; b) is the number of lone heads; c) is the difference between
lone abdomens and lone heads (only when abdomens > heads) and i represents the number of

taxonomic order.

European cave salamanders have a high detectability during their underground phase (Lunghi,
Manenti and Ficetola, 2015); thus, giving that we observed most of the individuals present in the mine

in that time, we used the program Past to identify age classes within adult Hydromantes.

We used Generalized Linear Mixed Models (GLMM) to identify if occurrence of cave
salamanders was related to both environmental and biological features. As the dependent variable we
used the salamanders presence observed in each sector. We used temperature, humidity and minimum
light as environmental variables, while abundance of Meta spiders as a biological variable and sector
identity as a random factor. All possible models were built and ranked following AICc while nested
models and models with AICc higher than the simplest were not considered (Richards, Whittingham
and Stephens, 2011).

Finally, we used Linear Mixed Models (LMM) to identify if age class or sex influenced the
distribution of cave salamanders inside the mine. We used the respective abundance of sexes and age
classes as dependent variables, while distance from mine entrance was used as an independent

variable.

GLMM and LMM were performed in the R environment using packages Ime4, nime, MuMIn
and MASS (Venables and Ripley, 2002; Bates et al, 2015; Barton, 2016; Pinheiro et al, 2016; R Core
Team, 2016).

Hydromantes presence was positively related to sector temperature (Table 1), with
salamanders tending to occupy areas in which temperatures were warmer (B = 606.5, x> = 12.84, P <
0.001). Occupied sectors showed a temperature range of 12.2 — 12.9 °C, while humidity fluctuated
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between 93.5 and 95.5 % and minimum light ranged from 0 to 8.47 lux. Within our surveys the
maximum number of observed Hydromantes was 40 (9 juveniles, 14 males and 17 females). Based
on SVL size, we identified two age classes for adult males and one for adult females and juveniles
(Table 2). Juveniles significantly occupied sectors closest to the mine entrance (Fi37 = 21.06, P<
0.001), while within adults, sex did not have any influence on their distribution (F1,29 = 2.64, P =
0.161). Considering the 26 individuals which underwent stomach flushing, none had an empty
stomach and only 6 of them (3 males and 3 females) regurgitated prey items which were not possible
to identify due to their advanced state of digestion. Within the other sampled Hydromantes (77%) we
identified 82 prey items belonging to 6 taxonomic orders: Diptera (92%), Araneae (3%), Coleoptera
(2%), Isopoda (1%), Hemiptera (1%) and Trichoptera (1%).

The Pyrenean Hydromantes population showed a preference for relative warmer temperature
during the study period (Table 1). The features of the occupied sectors matched those observed in
Italian mainland species during the same period, where salamanders occupied sectors close to the
cave entrance, but deep enough to show specific microclimate (Lunghi, Manenti and Ficetola, 2015).
Even spatial distribution of individuals followed what was already observed in Italian species, with
juveniles occupying sectors close to the main entrance, which are areas where prey is likely to be
more abundant (Ficetola, Pennati and Manenti, 2013). The studied mine has a gate at the entrance
which limits environmental influences from external surrounding areas, promoting suitable

conditions for Hydromantes within the first few meters.

Based on our observations the current population is comprised of approximately 22%
juveniles and 78% adults with a similar proportion of both sexes (Salvidio, 2008). Considering all
adults, the difference in dimensions of the two sexes falls within the size gap which normally occurs
in Hydromantes mainland species (Salvidio and Bruce, 2006). However, looking at the two different
groups of males, we could clearly see that the size of the second group was definitively bigger (around
20%), so they probably represent an older group/generation. Release of Hydromantes in the French
Pyrenees happened about 50 years ago (Guillaume and Durand, 2003) thus, considering the available
information on Hydromantes life span, this population has likely reached at least the fourth/fifth
generation (Lanza et al, 2006a). Evaluating all information obtained by this study, the Pyrenean

Hydromantes population seems to be dynamic and reproductive.

Our study represents the premier data on the diet of an allochthonous population of
Hydromantes. These salamanders show a generalist and opportunistic diet, hunting on any available
prey nearby using their protrusible tongue (Deban and Richardson, 2011). Their diet includes several

invertebrate orders, making them able to feed on a large number of different prey items (Salvidio,
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1992; Vignoli, Caldera and Bologna, 2006; Salvidio et al, 2012). Observed stomach contents of this
allochthonous population of Hydromantes allows us to hypothesize that its feeding behavior basically
remained the same of that of the mainland Italian species (Salvidio, 1992; Vignoli, Caldera and
Bologna, 2006). In fact, more than 90% of their summer diet was composed by dipterans (mostly
Limonia nubeculosa adults), a taxon which often shows high abundances in subterranean
environments during hot seasons (Salvidio et al, 1994; Manenti, Lunghi and Ficetola, 2015). The only
Hemiptera found within prey items belong to the family Veliidae. Riffle bugs are generally found in
bodies of water or on emergent vegetation; however, is it possible to find some individuals on plants
away from water (Epler, 2006). Therefore, it is possible that Hydromantes preyed on this bug directly
from the body of water present in the first few meters of the mine.

This study provides new insights on a poorly studied phenomenon, the introduction of a
European salamander in areas outside of their native range. Currently, most of the existing reports on
such phenomenon deal with the olm (Proteus anguinus), one of the most intriguing species which
has been relocated on different occasions mainly for scientific purposes in some Italian, French and
German localities; however, the studies of their impact on the native cave communities remain partial
and confined in the grey literature (Dolce and Pichl, 1982).Our assessment of the allochthonous
population of Hydromantes represents a first step to understanding if these salamanders may be
detrimental for native communities or not. The data obtained from stomach content analyses revealed
the capability to capture a wide range of native invertebrates that enter the mine during the summer
and the predation pressure of this allochthonous salamander population may affect the dynamics of
the autochthonous invertebrate community. The results clearly show that the studied population can
persist at the site of release with abundances similar to those observed, for example, in H. italicus in
its natural range (Lunghi, Manenti and Ficetola, 2014a; Lunghi, Manenti and Ficetola, 2015).
Although such population is often considered to be composed only by H. strinatii individuals
(Raffaélli, 2007; Lucente et al, 2016), our study emphasizes the fact that founders of the Pyrenean
Hydromantes population potentially belonged to all three mainland species, and therefore may be
genetically unique. This study provided the first ecological data on this allochthonous Hydromantes
population, representing the foundation for further studies which will deeply investigate the ecology,

the genetic structure and the potential impact of these animals on local species.
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Table 1: First best five AICc models relating Hydromantes distribution. Presence of species were
considered as dependent variable, while Humidity, llluminance (Lux), Temperature and Meta

abundance were considered as independent variables.

Independent variables included into the model df AlCc A-AlCc weight
Humidity Lux Meta Temp

712.3 3 9.4 0 0.802

-1285 579.4 4 14.7 5.24 0.058

-298 724.1 4 14.7 5.24 0.058

-421.20 716.8 4 14.7 5.24 0.058

2 18.3 8.91 0.009

Table 2: Biometrics of Hydromantes. For each group of salamanders (adult Males, adult Females and
Juveniles) we show average weight (x SD), maximum and minimum SVL and the average SVL (+

SD) of identified age class.

Weight SVL min  SVLmax Ageclassl Averagex£SD  Ageclass2  Average + SD

+SD () (mm) (mm) (proportion) (mm) (proportion) (mm)
Males 2.91+0.44 50 65 0.57 52.62 + 1.65 0.43 62.66 + 2.06
Females 414 +0.95 45 75 1 66.59 + 5.52 - —
Juveniles 1.17+0.32 30 45 1 36.2 £6.43 — -
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Abstract

Species can show strong variation of local abundance across their ranges. Recent analyses suggested
that variation in abundance can be related to environmental suitability, as the highest abundances are
often observed in populations living in the most suitable areas. However, there is limited information
on the mechanisms through which variation in environmental suitability determines abundance. We
analysed populations of the microendemic salamander Hydromantes flavus, and tested several
hypotheses on potential relationships linking environmental suitability to population parameters. For
multiple populations across the whole species range, we assessed suitability using species distribution
models, and measured density, activity level, food intake and body condition index. In high-suitability
sites, the density of salamanders was up to 30-times higher than in the least suitable ones. Variation
in activity levels and population performance can explain such variation of abundance. In high-
suitability sites, salamanders were active close to the surface, and showed a low frequency of empty
stomachs. Furthermore, when taking into account seasonal variation, body condition was better in the
most suitable sites. Our results show that the strong relationship between environmental suitability
and population abundance can be mediated by the variation of parameters strongly linked to

individual performance and fitness.
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Introduction

Organisms show a strong diversity of distribution patterns: some species are limited to very narrow
ranges such as mountaintops or islets, while others are widespread throughout entire continents.
Multiple factors, both biotic and abiotic, interact to shape species ranges. 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 12, In the last decade, the combination of these concepts with
species distribution models has boosted our understanding of processes affecting species distribution,
allowing to assess the factors determining the limits of species ranges and to predict distributional
changes in response to past and future environmental changes 3. However, within the range of a
species, there is often huge heterogeneity of key parameters (both biotic and abiotic), and such
variability can have profound effects on populations. In the areas with highly-suitable environmental
features, it is expected that individuals have a better performance. In the last years, there is a growing
interest on relationships between the spatial variation of environmental suitability within species
ranges, and key parameters of populations, such as fitness and demography #®, with many studies
assessing correlations between environmental suitability (derived from correlative ecological niche
models) and population abundance. A recent meta-analysis summarized the relationship between
environmental suitability, derived from SDM, and the spatial variation of population abundance
across multiple species of plants, invertebrates and vertebrates, and found consistently highest

abundances in the most suitable sites .

Such positive relationship is probably the consequence of multiple processes acting at the
population level #. For instance, in sites where the environment is highly favourable, individuals can
focus on activities allowing resource acquisition (e.g., foraging) rather than on buffering negative
environmental effects &1, In this scenario, suitable conditions can promote survival and breeding

success of individuals >*2, leading to an increase of local abundance ** and thus to the perceived
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correlation between abundance and environmental suitability 8”4 (Fig. 1). Alternative pathways that
can explain the relationship between environmental suitability and local species abundance involve
the variation of available resources. For instance, climatic or environmental variations can influence
food availability, with cascade effects on the growth rate and fitness of individuals *>*’. Such
relationship can be particularly important for animals with highly specialized diet. Nevertheless, more
work is needed to assess the multiple and complex relationships that can occur between
environmental suitability and population parameters, given that 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 (Fig. 1).

In the present work we investigated the links between range-wide variation of environmental
suitability and multiple population parameters: species abundance, activity pattern, feeding
performance and body condition. We focused on the micro-endemic cave salamander, Hydromantes
flavus (see Material and methods), which represents an excellent model species. Hydromantes flavus
has a very narrow distribution range (Fig. 2), facilitating an adequate sampling. Collecting data across
the entire range of a species is usually challenging 8, but is important to accurately describe responses
to environmental gradients 1°. Furthermore, H. flavus is a generalist predator of small invertebrates
2021 "has few known predators, and there are no other terrestrial salamanders (i.e., main competitors)
within its distribution range 22, thus biological interactions probably do not determine major biases to

our study.

We predicted that spatial variation of environmental suitability can have multiple
consequences on population features, and we explored multiple potential pathways (Fig. 1). H1) The
activity hypothesis predicts that a species is more active when environmental conditions are suitable
°. When they are active, salamanders exit their underground refuges (e.g., deep areas of caves) to
reach the surface, were prey abundance is highest and most salamander activity occurs 232, If the

activity hypothesis is correct we expect that, in areas with higher environmental suitability,
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salamanders are more often found close to the surface (i.e., they are active outside their underground
refuges; see Material and Methods). H2) The foraging hypothesis predicts that in highly suitable areas
individuals can devote more time to forage and/or can find higher food availability, thus we expect
better foraging performance. H3) The body condition hypothesis predicts that longer activity and
better foraging allows improving body condition (i.e., more muscles, more energy stored) 26, which
is a fitness-related trait 2’. H4) Positive relationships between environmental suitability and activity
pattern, feeding and body condition are expected to improve fitness, with potential effects on
abundance ’. Therefore, we finally predict a positive relationship between the spatial variation of

suitability and local abundance across the whole species range.

Results

Environmental suitability. Overall, records of H. flavus were available from 25 grid cells (Fig. 2).
An ensemble species distribution model (SDM) showed an excellent performance, with an overall
true skill statistic = 0.879 (sensitivity: 100%; specificity: 87.7%). The SDM suggested that
environmental suitability increased in the highest elevation areas of the Monte Albo, where mean

temperature was low and annual precipitation was high (Fig. 2).

Distribution of salamanders. We measured the distance from the surface (depth) of 173 salamanders
from eight populations (Table 1). The average depth was highly variable among populations (Table
1), ranging from 8.5 to ~150 m. The average depth was significantly higher in sites with low

environmental suitability (ES) (r =-0.87, P = 0.011; Fig. 3a).
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Stomach contents. We collected stomach contents from 212 salamanders in three populations (Table
1). One population live in an area with limited suitability (ES = 0.431), while two were found in areas
with high suitability (ES >0.53). Thirty-seven stomach contents showed only unidentifiable material
and were therefore discarded from the analyses (13 for Site 1, 21 for Site 5 and 3 for Site 7). Twenty-
three salamanders had empty stomach, while in 152 cases we recognized at least one prey item. The
frequency of salamanders with empty stomach differed strongly among populations (x* = 14.52, df =
2, P <0.001); empty stomachs were more frequent in salamanders living in less suitable sites (Fig.
3b). The frequency of empty stomachs was unrelated to the survey period (x* = 1.39, df=1, P =
0.239). Bayesian Cls confirmed that the salamanders of the two sites with the highest ES had a
similarly low frequency of empty stomachs, as their 95% Cls showed wide overlap, while the pattern

was clearly different in the least suitable site (Fig. 3b).

Body condition index (BCI). Within the eleven sites, we measured and weighted 313 salamanders
(141 females, 104 males and 68 juveniles). The BCI did not show correlation with salamanders length
(r =0.071, df = 311, P = 0.213). Average BCI was significantly higher in populations living in areas
with high environmental suitability (F1, 7.7s= 10.08, P = 0.013) (Fig. 4a), and showed significant
variability among survey month (Fs, 2517 = 4.73, P = 0.001), being higher in late spring-early summer
(Fig. 4b). Furthermore, we detected significant variation among age/sex groups (F2, 30232 = 4.62, P =
0.01). Orthogonal contrast showed that differences between adults and juveniles were not significant
(F1, 30423 = 3.3, P = 0.07) while, within adults, males showed significantly lower BCI than females

(F1,30026 = 6.56, P = 0.011) (Fig. 4c).

Abundance and density of populations. Population abundance was estimated using a N-mixture

model with Poisson error, as it showed lower AIC than zero-inflated models (Poisson model: AIC =
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555.74, zero-inflated Poisson: AIC = 557.74). N-mixture models indicated a high detection
probability of individuals (mean + SE: 0.504 + 0.029). The estimated number of salamanders was
highly variable among sites, ranging from five to 103 individuals per site (Table 1); the average of
density estimates across all sites was 0.06 + 0.03 individuals/m?. Salamander density strongly differs
among sites, being significantly higher in areas showing the highest environmental suitability (r =

0.893, N =7, P =0.007; Table 1 and Fig. 3c).

Discussion

Analysing multiple population parameters is essential to unravel the complex processes linking
environmental suitability and individual fitness, and to understand the factors determining spatial
variation of species abundance (Fig. 1). In this study, intensive sampling on multiple populations
provided data on several key features and allowed to test multiple hypotheses that can affect the ES-
abundance relationship of a species. Even though we did not consider all the potential processes and
population features (e.g., no data on breeding success or survival are available, Fig. 1), our study
provides a first insight on how the interplay of multiple processes can determine the variability of

abundance that can be observed across a species’ range.

Modelling the ES of Hydromantes flavus allowed us to identify strong suitability
heterogeneity within the Monte Albo, with suitability variation at least in part related to altitude. At
the mountain base, the microclimate is drier and warmer compared to the top, and the humid
conditions at the top of the mountain probably increases suitability for Hydromantes salamanders.
Hydromantes are lungless salamanders that require high environmental humidity for breathing they
have a narrow thermal niche, and their activity at the surface is only possible during wet, fresh periods
22 In higher ES areas, local climate shows a prolonged suitability for Hydromantes, a condition that

likely reduces their inactivity period 3. Indeed, when external climate is cool and moist, salamanders

116



exit from their refuges to prey in environments with high prey abundance 28. As a consequence, SDM

identified a suitability gradient from the lowest to the highest altitudes of the Monte Albo.

The activity hypothesis predicts that a species is more active when environmental conditions
are suitable °. Hydromantes are epigean terrestrial salamanders that can spend long periods in
underground environments to escape unsuitable environmental conditions, particularly during dry
and hot seasons %. However, underground environments are not homogeneous, and are strongly
influenced by external environmental conditions 2°. The activity of salamanders, and their relative
exploitation of microhabitats, is strongly affected by a trade-off between their physiological
constraints and the need of food. On the one hand, microclimatic conditions of shallow cave sectors
are similar to the ones found outdoor, and these sectors can be highly unsuitable when external
conditions are harsh (dry and hot) 3. On the other hand, food availability is generally higher close to
the surface, therefore the exploitation of these sectors is important, particularly when the need of
resources for growth or reproduction is particularly high 2. Salamander populations inhabiting the
areas with most suitable climate (i.e., wet and cool climate) were more frequently found close to the
surface than the ones inhabiting the least suitable sites, probably because the outdoor climatic
conditions have a direct impact on the microclimate of sites where salamanders live. Therefore, high
climatic suitability favours a prolonged activity and the exploitation of cave sectors where more

resources are available .

The foraging hypothesis predicts better foraging performance in highly suitable sites, and the
high frequency of empty stomachs that we recorded in the less suitable sites confirms that foraging
events occurring in these populations may do not have the same frequency compared to high ES sites.
Sampling was performed during spring and autumn, which likely are the periods of highest activity
22 During these seasons, salamanders probably intensify their foraging activity before aestivation and
the winter diapause. Several processes can determine differences in foraging success between

populations that inhabit different sites. In high ES areas salamanders can devote more time to
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foraging, while in low ES areas prolonged unsuitable conditions force individuals to remain in
shelters 225, Furthermore, it is also possible that resource availability shows spatial heterogeneity,
and more resources can be available in the best sites, thus favouring preying activity *. Distinguishing
between these non-exclusive processes is not easy; moreover, we did not measure variation of prey
abundance. However, Hydromantes salamanders are generalist predators consuming a wide range of
prey, and are able to feed on most of the underground and outdoor invertebrates 2%2; thus we expect
that preys are generally present throughout the whole species range. Nevertheless, detailed analyses
are needed to assess whether the spatial variation of prey availability determines the differences in

feeding performance across populations.

The body condition hypothesis predicts that longer activity period and/or better foraging allow
improving the conditions of individuals. Body condition of salamanders showed strong variation
among populations, being significantly higher in high ES areas (Fig. 4a). The higher activity and
better foraging are likely involved in the difference in body conditions among salamanders from
different areas. However, ES was not the only factor determining BCI variation. In our analyses, body
condition was measured using the Residual Index. This index has an excellent performance in limiting
the effect of body size on BCI !, thus it is not surprising that BCI differences between adults and
juveniles were small. Within adults, body condition of females was significantly higher than in males
(Fig. 4c), and this probably happens because females accumulate reserves for the breeding activities,
which can last several months *2. Body condition also showed a strong seasonal variation, with better
body condition in June (Fig. 4b). Starting from June, outdoor conditions become extremely unsuitable
for cave salamanders who move in deep underground shelters where food availability is low 2.
Therefore, Hydromantes likely intensively forages during the previous months in order to store more

energy for aestivation 22, and this explains the good body condition observed in June.

Positive relationships between suitability and activity pattern, feeding and/or body condition,

are expected to improve fitness, with potential effects on abundance. Given that the previous
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hypotheses were confirmed, we expected a positive relationship between the spatial variation and
local abundance across the whole species range. The density of salamanders showed a 30-fold
variation among sites and, following our prediction, populations living in high ES areas showed the
highest densities (Fig. 3c). We hypothesize that such high density is related to the co-action of
multiple processes, such as prolonged activity and better feeding, which in turn improve body
condition (Fig. 1). Individual body condition is a key factor which increases individual fitness and,
indirectly, can affect species local abundance through different pathways 7. First, a better body
condition makes individuals able to better withstand stressing events (e.g., starvation, adverse
environmental conditions), thus improving survival 3*2* Furthermore, individuals showing better
body conditions may devote more resources to breeding and parental care, improving the number and
survival of offspring *. These two paths are not mutually exclusive and can work synergistically.
Both paths can promote population growth, especially if biological interactions do not represent a
major limitation 1. In the study species, measuring survival and breeding success is challenging, as
these amphibians show an elusive behaviour, and monitoring breeding activity in nature is rarely
possible. For instance, in 40 years of studies on H. flavus, only one egg clutch was observed during a
speleological exploration 2%, Nevertheless, given that the detection probability of these salamanders
in caves is very high, in future studies capture-mark-recapture might provide better information on

the differences of survival and individual growth rate across populations .

Identifying the processes determining correlations between ES and local species abundance is
not easy, as many factors may affect the final outcome . Indeed, given that the relationship between
ES and species abundance is not always positive 4, in some circumstances analysing the multiple
processes that interact in determining population performance may allow to unravel the complex
dynamics acting at a local scale; nonetheless, they may also help in linking local-scale population
processes to processes acting at broader scales, such as range-wide variation of suitability. Measuring
multiple population parameters represents a key tool to understand the actual effects of environmental

variation on populations. Such approach will allow to move beyond the mere measure of population
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abundance, to improve our understanding of the variation of fitness and population dynamics across

species ranges, and also provide key data to inform explicit and mechanistic modelling of populations

3

Material and methods

Ethic statement. All studies were authorized by the Italian Ministry of Environment (9384/PNM of

12/05/2015),

Study species and area. Hydromantes flavus is one of eight European plethodontid salamanders 38,
It has a small distribution range (< 90 km?) and is endemic to the Monte Albo in north-eastern Sardinia
22 ltaly (Fig. 2). Plethodontid salamanders are lungless and breathe mostly through the skin 22, thus
they have a narrow ecophysiological niche, requiring high moisture and relatively cold temperature
2239 Sych microclimatic requirements are generally found in underground environments (e.g., caves),
where the species can be observed throughout the year 23, especially when outdoor conditions became
unsuitable 4%41, However, H. flavus is not an obligate cave dweller: during suitable seasons it is active
outdoor, preying on invertebrates 2. When underground, these salamanders usually occupy sectors
not far from the surface, to be closer to food resources °. Underground shallow areas are strongly
influenced by external climatic condition, thus external climate influence salamanders even when

they are underground %,

Suitability modelling. Correlative species distribution models were used to assess relationships
between salamander distribution and major bioclimatic variables, and to obtain measures of broad-

scale environmental suitability (ES). We considered four bioclimatic variables: annual mean
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temperature, temperature seasonality, annual total precipitation and precipitation seasonality; these
variables were extracted from the Worldclim dataset at the 30 arc-seconds resolution (approx.
920x700m within the study area) “2. These variables represent average conditions and their variability
across the year, and are major determinants of vertebrate distribution “3. Furthermore, these variables
are enough to explain most of the climatic variation #4, and other important variables (e.g., winter and
summer temperatures) are strongly related to linear combinations of the four variables considered.
We did not include variables representing the biotic habitat ’, because these salamanders are mostly
related to fine-scale microhabitat variables that are not captured by remote sensing or broad-scale
habitat maps 2°. To calibrate models, we used all published presence records of the species (reviewed
in 224%) updated with records from our own surveys (Fig. 2). SDM were built using five modelling
approaches: Generalized Additive Models, Boosting Regression Trees, Classification Trees, Multiple
Adaptive Regression Splines and Random Forests. Models were calibrated using a 67% random
sample of the presence data and evaluated against the remaining 33% data using the True Skill
Statistic 6. This analysis was repeated five times, thus providing a fivefold cross-validation; models
were run using biomod2 #” in R. Given that alternative SDM can provide variable outputs, ensemble

forecasting of the different SDM “® was then used to obtain an overall suitability map following ref.

49

Surveys. From June 2013 to May 2017, we performed multiple detailed surveys in a total of 14
underground sites (caves) where Hydromantes flavus was known to be present, covering the whole
range of the species ?? (Table 1, Fig. 2). Surveys were performed from April to October, the period
in which Hydromantes salamanders are more active and show the highest abundance and detectability
in underground environments 20, During the first survey, we divided each cave in 3-m longitudinal
sectors, and measured the maximum height of the ceiling and the maximum width of each sector .

These measures were then used to estimate the explored cave surface. Subsequently, we measured
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multiple features of the populations living in these caves: distribution of salamanders in these caves,
stomach content, body condition and abundance. Some of these population features required sampling
during specific months and/or capturing a minimum number of individuals (see below for details).
Due to sampling constraints, it was impossible to measure all the population features for all the caves,

nevertheless for all the features we gathered data covering the whole range of the species (Table 1).

Distribution of salamanders within caves. To measure salamander’s distribution, we performed
surveys in May-June, as in this period the exploitation of cave environments is the highest 23, Since
several caves received multiple surveys (11 caves surveyed; average: 4.82 surveys per cave; Table
1), for each cave we considered the survey with the highest number of observations. Only caves with
> 5 individuals detected in at least one survey were considered. We measured the depth (distance
from the cave entrance) of all salamanders detected inside the caves, using a 30-m fibre glass tape
meter and a laser-meter (accuracy 2 mm). We used the correlation between the average depth of

salamanders (log-transformed) and environmental suitability to test the activity hypothesis.

Stomach content. In three populations (Table 1), we performed stomach flushing, which is an
unharming technique widely used to check stomach contents of amphibians . For each population,
we performed two capture sessions in spring and two in autumn (period: autumn 2015-spring 2017),
obtaining in total four samples per site. Stomach flushing was performed using a 5 ml syringe
connected to a 1 mm @ plastic pipe; the far end of the pipe was introduced in the oral cavity of the
salamander and 5 ml of water was gently injected in the stomach. Reflux was canalized by a funnel
into a plastic jar. The obtained stomach contents were preserved in 75% ethanol and then identified
using an optical microscope. Stomach contents were separated in two groups: empty (no items

detected) and full (at least one food item was observed).

122



To assess if the frequency of empty stomachs differs among caves (i.e., to test the foraging
hypothesis), we run the binomial Generalized Linear Models (GLMM, R packages Ime4 and
ImerTest; °2°%) using the stomach condition (empty/full) as dependent variable, while season
(autumn/spring) and cave identity were used as independent variables. We also used the Bayesian
equal-tailed Jeffreys intervals (package MKmisc; >4 to estimate 95% CI of the frequency of empty
stomachs across populations, as Jeffreys intervals are a robust approach for the estimation of binomial

Cl *.

Body condition index. Captured salamanders were weighted (using an electronic scale; precision:
0.01 g) and measured (total length; using a plastic ruler). To consider the maximum number of sites
in this analysis, we included also the cave in which only one salamander was measured (Site 6, Table
1); however, excluding this cave the results did not change. For each individual we calculated the
Residual Index, which is the differences between the observed and the predicted body mass of animals
and is considered among the most reliable body condition indexes 31°¢. To calculate the residual
index, we performed a regression analysis using log-transformed weight and total length of
salamanders, as this improves the linearity of the relationship, and extracted the residuals for each
individual 3%, We considered the total length because these animals often store fat also in the tail >’
We identified age classes and sex on the basis of secondary sexual characters and body size.
Salamanders with male sexual characters (mental glands and premaxillary teeth) were considered
adult males; individuals without male characters but >80 mm were considered adult females (80 mm

is the size of the smallest observed adult males); individuals <80 mm were considered juveniles 22,

Populations were surveyed in different periods of the year (from October 2015 to April 2016),
and salamander body features were measured in 20 surveys performed in 11 populations (average:
1.8 surveys per site). To avoid pseudoreplication, for each population we considered only one survey

per month, selecting the one with the highest number of measured salamanders. Body weight can

123



show seasonal variation. To test the body condition hypothesis, we run a LMM (package Ime4; °?)
considering BCI of salamanders as dependent variable, ES, month of survey and group (m/f/j) as
independent variables, and population identity as random factor. Sample size was not homogeneous
among populations, thus residual degrees of freedom were approximated following Satterthwaite %8,
Given that we detected significant BCI differences between the tree groups, we used orthogonal
contrast to test whether there are differences between juvenile and adults and, within adults, and

between males and females.

Population abundance and density. In seven caves, we performed repeated visual encounter
surveys in a short period, to estimate salamanders abundance. During each survey, the same person
dedicated 7.5 min. of observation to each 3-m long longitudinal sectors counting the active
salamanders *°. Each cave was surveyed five times in 2016, from May 4" to June 27™. In this period,
cave occupancy and detection probability of salamanders is the highest, immigration/emigration
to/from the cave is minimum, and no hatches are known to occur 2>%, thus allowing to meet the

closed population assumptions of N-mixture models *°.

We used N-mixture models to estimate population size on the basis of repeated counts . This
approach provides accurate estimates of actual population size, particularly in species with high
detection probability such as cave salamanders 1. We used Akaike’s Information Criterion (AIC) to
select the most appropriate error distribution (Poisson or zero-inflated Poisson); negative binomial
models were not considered as they can produce infinite abundance estimates %2. We used Empirical
Bayes methods to estimate the posterior distribution of the abundance (mean and 95% Bayesian
confidence intervals, CI) ®3. We calculated population density on the basis of abundance estimates
and the surveyed surface of caves, and then assessed the correlation between population density

(square-root transformed) and ES. N-mixture models were run using the unmarked package in R .
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Table

Table 1. Monitored sites (caves). For each site we report: geographic coordinates; elevation (m a.s.l);

environmental suitability (ES); total number of performed surveys; average depth of observed

salamanders (x SE); number of empty and sampled stomachs; body condition index (residual index

+ SE; in parenthesis the N of salamanders); estimated population size (mean and 95% CI); estimated

density (salamanders/m?).

Site Lat Long Elevation ES Surveys Salzr;w;ader stEonr;F:gh Residual Index poElSJ};Tiit‘legize Efjteirrg?tt;d
Sitel 4049 9.59 267 0.431 9 41.75+6.14 8/24 (51) -0.140 £ 0.02 10.06 (8-13) 0.008
Site 2 4051 9.61 116 0.470 7 (10) -0.030 + 0.04 -
Site3 4051 9.61 116 0.470 7 10.3 £0.46 (5) -0.149 £ 0.06 6.96 (5-9) 0.051
Site4 4056 9.64 777 0.701 5 (3) 0.241 £ 0.06 5.50 (4-8) 0.231
Site5 4046 9.52 1029 0.647 10 12.36 +0.58 15/166 (158) -0.001 £0.01  103.59 (98-109) 0.077
Site6 4051 9.61 107 0.343 6 (1) -0.075 -
Site7 4047 953 679 0.531 5 8.5+3.32 0/22 (29)-0.010 + 0.03 9.7 (8-12) 0.031
Site8 4054 9.65 265 0.476 5 14.9+0.94 - 5.69 (5-8) 0.006
Site9 4058 9.68 94 0.425 16 19.71+2.33 (6) -0.027 + 0.05 9.69 (7-13) 0.014
Site10 4056 9.68 116 0.420 1 (6) 0.040 +0.03 -
Site1l1 4057 9.64 954 0.726 1 (21) 0.060 + 0.05 -
Site12 4055 9.62 902 0.786 1 (23)0.180 £ 0.04 -
Site 13 4058  9.69 50 0.339 1 148.27 +1.72 - -
Site14 4049 958 349 0.431 1 21.43+2.76 - -
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Figures

Figure 1: Potential relationships between climatic suitability, population parameters and species
abundance. In blue the proposed pathways, in orange pathways for which no data are available. Filled

arrows represent hypotheses tested in the present study.

Figure 2: Distribution area of Hydromantes flavus showing the relationship between climatic variables
and Environmental Suitability (ES). Orange circles indicate all sites used in SDM analysis to estimate

ES for the species; red squares represent surveyed site in the present study.

Figure 3: Relationship between features of salamander populations and environmental suitability. a)
Activity pattern (distance from cave entrance); b) Feeding performance (frequency of empty stomachs);

c) Estimated density. Bars represent standard errors.

Figure 4: Variables related to the variation of body condition index (BCI) of salamanders. Plots represent
relationships between BCI and a) environmental suitability; b) month of survey; c) age class and sex.

Horizontal line represents median values, while shaded box are 95% CI.
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Abstract

Leeches can parasitize many vertebrate taxa. In amphibians, leech parasitism often has potential
detrimental effects, being one of the causes of local decline of populations. Most of the information on
host-parasite interactions involving leeches and amphibians is related to freshwater environments, while
they are extremely limited for terrestrial amphibians. In this work, we studied the relationship between
the leech Batracobdella algira and the European terrestrial salamanders of the genus Hydromantes,
identifying, for the first time, environmental features related to the presence of the leeches and possible
effects on these hosts. We performed our observation throughout Sardinia (Italy), covering the
distribution area of all Hydromantes species endemic to this island. From September 2015 to May 2017,
we performed >150 surveys in 26 underground environments, collecting data on 2,629 salamanders and
131 leeches. Water hardness was the only environmental feature related to the presence of B. algira,
linking this leech to active karstic systems. Leeches were more frequently parasitizing salamanders with
large body size and better Body Condition Index. Our study shows the importance of abiotic
environmental features for host-parasite interactions, and poses new questions on complex interspecific

interactions between this ectoparasite and amphibians.

Keywords: parasitism, cave, interaction, leech, Speleomantes, BCI.
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1. Introduction

Leeches, with around 700 different species, represent a specialized group of annelids widespread
across the world (Sket and Trontelj, 2008). One particular group, the order Rhynchobdellida, includes
leeches lacking jaws and teeth, which are commonly feeding on vertebrate blood (Sawyer, 1981; Moser
etal., 2009). Because of their particular feeding strategy, hematophagous leeches arouse a special interest
in researchers, as they may cause both negative and positive effects on hosts' health (Nehili et al., 1994;
Wells, 2007; Al-Khleif et al., 2011; Elliot and Kutschera, 2011; Brisola Marcondes et al., 2017).
Hematophagous leeches are able to parasitize on a wide range of vertebrates and, in some circumstances,
they may be specialized on specific taxa (Sawyer, 1981). After having stuck to their host, leeches induce
a chemical reaction aimed to attenuate the host immune response (Salzet et al., 2000; DuRant et al.,
2015). This particular feeding strategy, may also promote hosts vulnerability to further potential
infections (Rigbi et al., 1987; Daszak et al., 1999). However, despite these notable effects, the biology
of many leech species, and the effects of their interspecific interactions, remain poorly studied.

Interactions between leeches and amphibians have been described several times (Trauth and Neal,
2004; Beukema and de Pous, 2010; Tiberti and Gentilli, 2010). Leeches feed on Amphibian larvae, adults
and, most likely, on their eggs as well (Howard, 1978; Mock and Gill, 1984; Veith and Viertel, 1993;
Romano and Di Cerbo, 2007; Wells, 2007), sometimes being considered an additional cause of species
decline (Stead and Pope, 2010). Interactions between leeches and amphibians seem to be opportunistic,
as these ectoparasites do not show particular adaptations to exploit amphibians as hosts (Elliot & Dobson,
2015). Generally, leeches use amphibians as food source, without leading the hosts to death (Getz, 2011,
Rocha et al., 2012); however, some studies documented that leeches represented a serious threat for local
amphibian populations. In the lake area of Dungeness (Kent, UK), where the Marsh frog (Pelophylax
ridibundus) represents the most important host of the leech Hirudo medicinalis, several Smooth newts

(Lissotriton vulgaris) were found dead with leeches bites (Wilkin and Scofield, 1990; Elliot and Dobson,
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2015). In a pond in Luxemburg, adults of the Common toad (Bufo bufo) were heavily parasitized by H.
medicinalis, being unable to reproduce (Hoffmann, 1960); H. medicinalis represented a threat also for
the Moor frog (Rana arvalis) from Gotland (Sweden) (Merild and Sterner, 2002), and authors pointed
out that strong negative effects of leeches may be enhanced by environmental changes (Berven and Boltz,

2001; Ayres and Comesaria Iglesias, 2008).

Interactions between amphibians and leeches were mostly observed in freshwater environments,
while data from terrestrial environments remain scarce (Rocha et al., 2012). During several
herpetological activities performed in Madagascar, Rocha et al. (2012) documented the parasitism of
Malagabdella leeches on at least four species of Mantellid tree frogs. In their report, authors highlighted
the scarcity of observations carried out on leeches-amphibians interaction in terrestrial environments.
Very few data exist on the interactions between the Hydromantes terrestrial salamanders (for furhter
discussion on nomenclature see Wake, 2013) and the leech Batracobdella algira. Hydromantes
salamanders are amphibians of high conservation value, including species endemic to very small areas
(Lanza et al., 2006). While environmental and human factors affecting their distribution have been
investigated, few studies have been devoted to the interaction with pathogens and parasites (Pasmans et
al., 2013). Until now, reports of interactions between leeches and Hydromantes salamanders is limited
to a list of records on the occurrence of this ectoparasite, with little information on interspecific
interactions, on ecological factors that can promote parasitism, and on their potential impacts (Lanza et

al., 2006; Manenti et al., 2016).

In this paper, we provide a brief overview of both Hydromantes and B. algira, followed by new
data on the ecology of B. algira, reporting for the first time information related to its effects on
Hydromantes. In particular, we tested whether leeches may be detrimental to salamanders’ body

condition.
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2. Materials and methods

2.1. The ectoparasite: Batracobdella algira.

After the first description of Batracobdella algira by Moquin-Tandon (1846), few studies dealt
with this species, mostly describing development and distribution. B. algira is a greenish dorsoventrally
flattened leech belonging to the group of jawless leeches (Ben Ahmed et al., 2015). It is mostly distributed
in the Mediterranean basin (Minelli, 1979; Nesemann, 1991; Ben Ahmed et al., 2015), where it
parasitizes several species of amphibians (Ben Ahmed et al., 2015; Manenti et al., 2016); it is the only
known ectoparasite of the Sardinian Hydromantes salamanders (Lanza et al., 2006). This leech is also
identified as a vector of some pathogenic micro-parasites, such as the protists Lankesterella and the
protozoan Trypanosoma (Jiménez Sanchez, 1997). Batracobdella algira has been reported for different
freshwater habitats (both lentic and lotic) and was even found in subterranean ones, generally sticking
themselves to hosts like Discoglossus and Pelophylax frogs (Minelli, 1979). In both surface and
subterranean terrestrial habitats it was found parasitizing Hydromantes in different localities of Sardinia
(Mertens, 1929; Manenti et al., 2016). However there are very few ecological observations on B. algira,
and almost no investigations have been carried out on the factors affecting its distribution and phenology
(Nesemann, 1991). Breeding occurs only once in its life: adult individuals (>20 mm) mostly breed during
spring, producing several eggs hatching after nearly 3 weeks (Ben Ahmed et al., 2009; Romdhane et al.,
2015). Parents provide pre- and post-hatch parental cares and later, 2-3 weeks after eggs hatched, they

die (Romdhane et al., 2015).

2.2. The hosts: Sardinian Hydromantes salamanders.

137



Sardinian Hydromantes (H. flavus, H. supramontis, H. imperialis, H. sarrabusensis, H. genei) are
lungless salamanders endemic to Sardinia (Sillero et al., 2014), all showing allopatric distribution (Chiari
et al., 2012). Hydromantes are mostly epigean species which exploit a variety of different terrestrial
habitats (Lanza et al., 2006; Manenti, 2014; Costa et al., 2016). However, these salamanders have a
narrow thermal niche and require high humidity level (Spotila, 1972). They are strongly influenced by
environmental conditions (Lunghi et al., 2016a), and thus, when external climate becomes unsuitable
(too hot and too harsh), they refuge underground (Ficetola et al., 2012; Lunghi et al., 2014a), where
suitable microclimate is present throughout the year (Lunghi et al., 2015a). These salamanders have
direct development and mostly reproduce in underground habitats (Lanza et al., 2006). Females lay about
6-14 eggs in caves characterized by stable microclimate and low predation pressure (Lunghi et al., 2014b;
Lunghi et al., 2015b; Salvidio et al., 2017); the mother attends and protects eggs and hatchlings for more
than nine months (Oneto et al., 2010, 2014). The Italian IUCN Red List classifies the majority of the
Sardinian Hydromantes (Speleomantes) species as vulnerable to extinction risks (Rondinini et al., 2013);

all these species are therefore deserving protection.

2.3. Surveys

From September 2015 to May 2017, we performed surveys throughout the whole distribution
range of the Sardinian Hydromantes species, exploring underground environments where individuals are
easily detectable (Ficetola et al., 2012; Lunghi et al., 2016b). To prevent the spread of pathogens (Stegen
et al., 2017), salamanders were handled using disposable latex gloves, and the used instruments were
cleaned with bleach before every survey. Hydromantes were searched by VES (Visual Encounter
Surveys; Crump and Scott, 1994). Salamanders were hand-inspected in order to detect Batracobdella
algira. When leeches were observed, we first recorded the salamander body part at which the

ectoparasites were attached and then leeches were removed using tweezers. For each leech we estimated
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the body size (during the relaxation phase) defining four categories (in mm; Small = up to 5; Medium =
from 5.1 to 10; Large = from 10.1 to 20; X-Large > 20). When possible, for each salamander we recorded:
the linear distance from the cave entrance (measured by a laser meter, accuracy ~2 mm; hereafter depth),
snout-vent length (SVL) and total length (TL) (using a transparent plastic rule) and weight (using a digital
scale, accuracy 0.01 g); weighted salamanders were all free of leeches. Salamander age class was
assessed on the basis of SVL, considering as juveniles all individuals with SVL < 45 mm (< 40 for H.
genei) (Lanza et al., 2006). Adults were sexed on the basis of the presence/absence of male secondary
sexual characters (mental gland and premaxillary teeth) (Lanza et al., 2006). Body Condition Index (BCI)
was estimated using the Residual Index (Labocha et al., 2014), an appropriated method to estimate
amphibians’ physical condition (Béancila et al., 2010). To calculate the BCI we performed a regression
analysis using log-transformed weight and the total length of salamanders (logBM and logBL), as this
improves the linearity of the relationship (Labocha et al., 2014). We then extracted the residual of each
individual, representing the difference between the observed and the predicted body mass of salamanders
for a given size. We considered the total length because tail is usually used as energy storage (Scott et
al., 2007). For H. flavus sites (see Table 1), if present, we seasonally recorded the physical parameters of
the dripping water (pH, permanent hardness and NO) using multi-parameter stripes. Considering that
the presence of dripping water was not constant across caves and time (in each cave it was observed

during 2.37 £ 0.26 seasons), for each parameter we calculated the average value.

2.4. Statistical analyses
For each site where leeches were observed, we estimated the average frequency of parasitized
salamanders. We run a binomial generalized linear mixed model (GLMM) to test if the presence of

leeches on salamanders was related to the depth of salamanders and to the age and sex of the host. In
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these analyses we only considered the three species for which we collected data on salamanders’ depth
(Hydromantes flavus, H. imperialis and H. sarrabusensis). In a first GLMM we used as dependent
variable the presence/absence of the ectoparasite, with both salamander age class and depth as
independent variables; we used the year, month of survey, cave identity and host-species as random
factors. We did not consider the size of salamanders (total length) as it was strongly correlated with age
class (r = 0.85, P < 0.001). The same analysis was repeated replacing age class with sex, in order to test
if adult males and females are parasitized with different frequencies. We then tested whether leech
presence is related to salamander BCI. To avoid pseudoreplications, in following analyses we only
considered measures from marked individuals and from just one survey per cave (the one in which
collected the highest number of data) (Lunghi and Veith, 2017). We run a binomial GLMM to evaluate
the difference between the BCI of parasitized salamanders with the non-parasitized ones; the
presence/absence of leeches was used as dependent variable, salamanders BCI as independent variable
and cave identity, year, month of survey and host-species as random variables. Given the difference in
BCI between parasitized and non-parasitized salamanders, and that the number of leeches parasitizing a
single salamander was variable (see results), we run a GLMM considering only parasitized salamanders
to assess how salamanders BCI varies in relation to the number of leeches stucking simultaneously. We
used leech abundance (log-transformed) as dependent variable, while salamanders BCI and leech size
were independent variables; year, month of survey, cave identity and host-species were used as random
factors. Furthermore, for the caves where Hydromantes flavus was present, we used a binomial
generalized linear model to assess whether the presence of leeches was related to the physical water
parameters; in this analysis we merged data from all surveys. We used the presence of leeches inside
caves as dependent variable (if the leeches were observed at least once, they were considered present),

while the average water parameters were used as independent variable.
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3. Results

We performed 162 surveys in 26 different caves (average 6.38 + 5.1 surveys per cave), overall
exploring 1,366 m of underground environments, and examining 2,629 salamanders (Table 1); we
measured and weighed 513 salamanders (Hydromantes flavus: N =287; H. supramontis: N = 66; H.
imperialis: N = 76; H. sarrabusensis: N =84). and, for them, we calculated BCI. The BCI of salamanders
did not show any correlation with salamanders’ length, species and interaction between them (all P >

0.05).

We observed 131 individuals of Batracobdella algira (Small = 35, Medium = 16, Large = 31, X-
Large = 43) in nine caves inhabited by four Hydromantes species (H. flavus =5; H. supramontis = 1; H.
imperialis = 2; H. sarrabusensis =1) (Table 1); 107 salamanders were found with parasites (8 juveniles,
37 females and 62 males). About one-third of the observed leeches (32.82%) were adults, as our largest
category corresponds to the size of sexual mature leeches (Romdhane et al., 2015). Almost all the
observed leeches (130) were parasitizing Hydromantes (Fig. 1a), while one was found attached to a stone
located 6.1 m from the cave entrance (Fig. 1b). Leeches were found attached to the hosts’ tail (N = 12),
limbs (N = 24), back (N = 14), belly (N = 7), flanks (N = 36) and head (N = 11). Populations of
Hydromantes showed a different frequency of parasitized salamanders, (chi-squared test; % = 19.475,

P < 0.001), which ranged from < 1% to > 30% (Table 1).

The presence of leeches was significantly higher in adult salamanders (y® = 17.44, df= 1, P <
0.001) and in individuals close to the cave entrance (x~ =715.37, df= 1, P < 0.001). Analysis carried out
on adults only showed significant correlation with both sex (y* = 98619.26, df=1, P < 0.001) and depth
(x> = 310.28, df= 1, P < 0.001); leeches were more frequent on females and in adults close to the cave

entrance.
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Overall, the BCI of parasitized salamanders did not differ from that of not parasitized ones (y” =
0.33, df=1, P = 0.568) (Fig. 2). Parasitized salamanders carried in average 1.57 £+ 0.23 leeches (max:
11). Within parasitized salamanders, those having higher parasite load showed lower BCI (F1,80.41 = 7.21,
P =0.009), while smaller leeches were found to be more aggregated than bigger ones (Fzg2.95 = 46.94, P

< 0.001).

For seven caves inhabited by H. flavus, we recorded data describing chemical features of
underground water (Table 1). The presence of leeches was significantly higher in sites with high water
hardness (% = 7.59, df = 1, P < 0.004), while no significant correlation with other water parameters was

found (for both pH and NO., P > 0,05).

4. Discussion

Our study adds new information on the ecology of Batracobdella algira and on its relationships
with Hydromantes salamanders, describing for the first time the parasitism on Hydromantes
sarrabusensis (Lanza et al., 2006; Manenti et al., 2016). Considering that all Sardinian Hydromantes
species show an allopatric distribution (Chiari et al., 2012), it is unlikely that this ectoparasite moves
from one Hydromantes species to another. Two hypotheses may help in explaining the presence of this
ectoparasite on all Sardinian Hydromantes. On the one hand, other amphibian species could drive the
spread of B. algira among all Hydromantes species. For example, Hydromantes could get in touch with
Discoglossus sardus, a species which is found in both epigean and subterranean environments, and which
is paratized by B. algira (Minelli, 1979). On the other hand, no information exists on the gene flow
between leech populations, and it is possible that leeches paratizing the different Hydromantes species
actually are isolated. If this was the case, current diversity of leeches in Sardinia would be higher than

assumed. However, none of these hypotheses has been tested yet.
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Manenti et al. (2016) reported a strong spatial autocorrelation of caves in which B. algira was
present, and also identified H. flavus as the species showing the highest frequency of parasitized
salamanders. Considering only the distribution of H. flavus (limited to a single massif; see Lanza et al.,
2006), we observed a particular distribution of leeches. Caves in which we observed B. algira were
located along the major longitudinal length of the massif, mostly avoiding lower altitudes (min and max
recorded altitude, 267 and 1029 m a.s.l.) (Fig. 3). The presence of B. algira decreased with altitude,
where evergreen forests are replaced by sporadic xeric shrubs (AA. VV., 2006). Forests may be preferred
by leeches because evergreen trees buffer seasonal variation of local climate, and because it represents a

suitable habitat to search for hosts.

In this study we identified one cave parameter related to the presence of leeches: we found that
B. algira was associated to caves where the hardness of the dripping water is high. To our knowledge
this is the first report concerning the relationship between B. algira and physical/chemical environmental
features. Hard water can be an indicator of water flowing through in active karst systems, where water
determine the alteration of rocks (Culver and Pipan, 2009). Water flowing through the karst might play
a role in the underground diffusion of leeches, and B. algira might more easily spread in caves of active

karst systems.

Salamanders’ flanks and limbs seem to be the body parts where leeches more frequently are found
sticked on (chi-squared test; y%s = 38.03, P < 0.001), while they are rarely observed on the belly. Where
Hydromantes get in touch with its ectoparasites is still unknown. Moreover, it is likely that leeches tend
to avoid to stick on the ventral body parts of the salamanders, which generally adhere to the substrate
(Bicca-Marques and Calegaro-Marques, 2016). In our study, we identified a higher frequency of
parasitized salamanders in cave areas close to the surface, which are the cave zones where prey

availability for salamanders is higher (Ficetola et al., 2013; Manenti et al., 2015; Lunghi et al., 2017).
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However, it is still not clear if salamanders encounter leeches more frequently in areas close to the cave
entrance, or if the necessity of getting more food due to the presence of the ectoparasite induce
salamanders to frequent more often foraging sites (Ficetola et al., 2013). We also identified a tendency
of female salamanders to be more parasitized. This is probably well explained by body-size of
salamanders: in these species, females are bigger than males (Lanza et al., 2006) and indeed, previously

was assessed that bigger salamanders were the most parasitized by leeches (Manenti et al., 2016).

The BCI of parasitized salamanders was not significantly lower than that of non-parasitized ones
(Fig. 2); however, a negative effect on salamanders’ BCl was observed when they were highly
parasitized. The host-parasite relationship is generally negative for the host, which is going to suffer the
cost of the parasite nourishment, activity mostly determined by both host tolerance and parasite
invasiveness (DuRant et al., 2015; Budischak et al., 2017; Fleskes et al., 2017; Miller and Cotter, 2017).
However, our observations were limited to the salamanders’ body condition, and future investigations
are needed to explore other aspects of this host-parasite relationship such as the possible transfer of

pathogenic micro-parasites, changes in the host immunologic response and in behavior.

Adult salamanders were more frequently parasitized than young individuals and, within adults,
females showed higher frequency of parasitism. Our findings agree with a previous study where bigger
salamanders were observed to be the most parasitized (Manenti et al., 2016). The number of leeches
simultaneously recorded on a single salamander was variable, and was mostly related to the size of
parasites. Given that these leeches carry their eggs in a specific area of their ventral part (Ben Ahmed et
al., 2009), they likely release the newborns on a ‘high suitable’ host before dying (Romdhane et al.,
2015). In this scenario, selected salamanders will have to provide nourishment to several hatchlings,

event that surely affects salamanders’ body condition.
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5. Conclusion

The present study provides one of the firsts contributions on the ecology of Batracobdella algira
(Jiménez Sanchez, 1997; Ben Ahmed et al., 2015; Romdhane et al., 2015; Manenti et al., 2016). Given
the wide distribution of this species (Ben Ahmed et al., 2015), further research considering the whole
range of the species will be needed to better understand its ecology, in order to assess whether local
adaptations are occurring. Our first assessment on B. algira-Hydromantes relationship did not highlight
any particular negative effect on salamanders body condition (Stead and Pope, 2010). However, further
studies are needed to better understand the dynamics occurring between these leeches and cave
salamanders, as well as to evaluate the impact of B. algira on the long-term performance of Hydromantes

and on the whole amphibian communities.
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Table 1: Data of each single monitored cave inhabited by Hydromantes species. In this table are shown: Coordinates; Elevation (meters a.s.l.); Length

of the explored cave area (meters); average values (xES) of the water parameters (pH, permanent Hardness and NO2); number of the examined

salamanders; total number of leeches observed; average frequencies (£ES) of the parasitized salamanders. * indicate one single data collection.

Hydromantes . Explored Hardness NO; Examined Total Parasitized
Cave . Coor_X Coor_Y Elevation pH
species area (°dH) (mg/L) salamanders leeches salamanders (%0)

Cave_flal H. flavus 9.59 40.49 267 147 78+0.6 20 30+2 112 67 31.06 + 8.02
Cave_fla2 H. flavus 9.52 40.46 1029 105 7.87+053  18.33+1.67 20.00 +1.53 675 33 5.94+2.01
Cave_fla3 H. flavus 9.61 40.51 116 99 7.73+£0.35 16.67 +3.33 101.67 £ 7.64 17 0
Cave_fla4 H. flavus 9.61 40.51 116 15 8.00£0.4 20.00 10.00+1.33 12 0
Cave_fla5 H. flavus 9.64 40.56 777 12 23 12 28.33+13.84
Cave_fla6 H. flavus 9.61 40.51 107 18 7.60+0.4 1750+ 25 10.00 2 0
Cave_fla7 H. flavus 9.65 40.54 265 54 5 0
Cave_fla8 H. flavus 9.68 40.58 94 48 8.00+04 18.33+1.67 33.33+£1.67 22 0
Cave_fla9 H. flavus 9.62 40.55 902 9 32 3 9.37*
Cave_flal0 H. flavus 9.64 40.57 954 18 39 0
Cave_flall H. flavus 9.53 40.47 679 45 8.4* 20* 0* 58 2 114+1.14
Cave_flal2 H. flavus 9.68 40.56 116 24 7 0
Cave_supl H. supramontis 9.34 40.08 937 90 40 5 10*
Cave_sup2 H. supramontis 9.33 40.17 142 30 170 0
Cave_sup3 H. supramontis 9.29 40.15 206 36 191 0
Cave_sup4 H. supramontis 9.36 40.19 200 150 81 0
Cave_impl H. imperialis 8.57 39.53 180 33 304 0
Cave_imp2 H. imperialis 9.27 39.51 833 39 170 3 214+ 150
Cave_imp3 H. imperialis 9.27 39.51 820 72 25 1 3.33+£3.33
Cave_sarl H. sarrabusensis 9.26 39.17 765 261 5 0.38+£0.26
Cave_sar2 H. sarrabusensis 9.26 39.17 780 6 26 0
Cave_sar3 H. sarrabusensis 9.26 39.17 718 6 3 0
Cave_genl H. genei 8.25 39.21 200 36 23 0
Cave_gen2 H. genei 8.31 39.15 412 139 266 0
Cave_gen3 H. genei 8.44 39.07 234 117 47 0
Cave_gen4 H. genei 8.31 39.15 440 12 18 0
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Figure 1. Two adults of Batracobdella algira. (A) parasitizing Hydromantes flavus, (B) attached to a

stone.

Figure 2. Boxplots showing BCI of Hydromantes. On left side (0) BCI of salamanders free from

leeches, while on the right side (1) BCI of the parasitized salamanders.

Figure 3. Distribution of studied sites for Hydromantes flavus. The map shows the altitude levels of the
studied area; the polygon represents the whole distribution area of H. flavus. Yellow circles indicate
sites where B. algira was not observed, while green squares indicate sites in which the leech was

present.
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Abstract. During the dry season, the European Plethodontid salamanders (genus Hydromantes) usually occupy
underground environments (i.e. caves), where they can find cold temperatures and high moisture. Hydromantes
breed in hypogean environments, where they usually lay eggs in hidden shelters. Mothers perform a long-
lasting parental care of the eggs, which also continues after hatching. Due to the cryptic habitat and behaviour,
their breeding biology is poorly known. Most of the available data refer to observations in captivity, while data
from wild populations are scarce and deal with the findings of single nests. Here we report the first study on
the Imperial cave salamander H. imperialis nesting ecology and behaviour, by performing quantitative
observations on multiple nests. We found four nests in a cave located in Central Sardinia. We monitored them
through five months, recording environmental features. Nests were associated with cold, humid and dark
sectors of the cave, but sectors with nests did not show greater climatic stability than the superficial ones. Nests
were continuously attended by females; temporary desertion became more frequent when temperatures were
high and it was later in the season. Newborns were attended by their mothers for up to 52 days after hatching.
The comparison of breeding biology across multiple Hydromantes species suggests earlier hatch in
population/species living in warmer areas, with similar post-hatch brood attendance among species.

Keywords: Microclimate, temperature, humidity, parental cares, brood attendance, cave fauna, amphibians.

Introduction

Cave salamanders of the genus Hydromantes Gis-
tel, 1848 are fully terrestrial and lay eggs in sub-
aerial environments (Lanza et al. 2006). Such fea-
tures force these salamanders to live and repro-
duce in environments with specific microclimate,
such as cold temperature and high moisture (Fice-
tola et al. 2012, Lunghi et al. 2014a). In Europe there
are eight species of Hydromantes, five of which are
endemic to Sardinia (Sillero et al. 2014). Seven of
these species belong to the sub-genus Speleomantes,
while one species belongs to the sub-genus Atylodes
(Wake 2013).
salamanders

In Mediterranean ar-eas,
can exploit both epigean and
hypogean environments; however outdoor

cave

environments are avoided during the hottest and
driest seasons (Cimmaruta et al. 1999, Lanza et al.
2006). On the other hand, hypogean environments
represent a shelter in which Hydromantes can find
suitable microclimatic conditions even during un-
favourable periods (e.g. hot and dry summers)
(Salvidio et al. 1994, Vignoli et al. 2008, Ficetola et
al. 2012, Lunghi et al. 2014a). In these habitats, Hy-
dromantes select the most appropriate zone to breed
and to perform their long-lasting egg care (Stefani
& Serra 1966, Papinuto 2005, Lunghi et al. 2014b).
Until few years ago the knowledge on the
reproduction of these salamanders was quite scarce
(Lanza et al. 2006). Recent studies per-formed both
in natural and semi-natural condi-tions improved
our understanding of their repro-
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Multiple nesting of Hydromantes imperialis

ductive biology, and showed the complexity of
parental cares in these salamanders (Stefani & Serra
1966, Papinuto 2005, Lanza et al. 2006, Oneto et al.
2010, Oneto et al. 2013, Lunghi et al. 2014b, Oneto
et al. 2014). Observations in both natural and
controlled environments can be useful to un-
derstand the breeding behaviour of these sala-
manders. Oneto et al. (2010, 2014) recently studied
the parental cares of H. strinatii, by performing ob-
servations on individuals under semi-natural con-
ditions. H. strinatii females constantly attended the
nests, keeping their body in touch with the eggs
(Oneto et al. 2010). During egg care, the mother
rarely moved from the nest; however, temporary
desertion of the nest became more frequent after all
eggs had hatched (Oneto et al. 2010). Post-hatching
parental care lasted six weeks, during which
newborns tried to keep their body in touch with the
mother as much as they could. During this time, the
mothers moved away from the nest only
occasionally, and they actively defended the
broods against conspecific intruders (Oneto et al.
2014). However, observations performed in wild
conditions, and on a wider range of species, are
needed to assess the generality of results obtained
under controlled conditions. Until now, informa-
tion on the breeding behaviour of Hydromantes in
nature was extremely limited and available for
three species only. Papinuto (2005) observed a
clutch of H. genei in an abandoned mine, and no-
ticed that the mother stayed constantly close to the
eggs, rarely moving away from the nest and only
for a short time. Newborns left the nest after two
weeks. Lunghi et al. (2014b) reported two observa-
tions: a clutch of H. flavus in a deep zone of a cave
system and a clutch of H. italicus in an abandoned
mine. In these species, the mothers were never ob-
served far from the nest, and post-hatch parental
cares lasted from one week to one month, in H.
flavus and H. italicus, respectively. However, due to
the difficulty of accessibility and finding cave
salamander nests, all the studies from natural en-
vironments reported observations on single nests,
without possibilities to compare the nesting be-
haviour of different females of the same popula-
tion, and only recorded few quantitative data.
Here we report the first study on the Imperial
cave salamander H. imperialis nesting ecology and
behaviour, by performing quantitative observa-
tions on multiple nests. First, we assessed whether
the selection of nesting areas was related to cave
environmental features. Specifically, we tested two
non-exclusive hypotheses: i) cave sectors with
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eggs are characterized by high humidity, low light
and temperature (as observed for the adults of
other Hydromantes species (Ficetola et al. 2013)); i)
sectors with eggs have particularly stable micro-
climatic conditions (Lunghi et al. 2014b). Second,
we quantitatively recorded the brooding behav-
iour of females, and evaluated whether it was re-
lated to specific microhabitat features (Oneto et al.
2010). In particular we assessed whether the peri-
ods in which females leave the nest unattended
(Oneto et al. 2010) were related to specific envi-
ronmental conditions.

Material and methods

Surveys were conducted during a herpetological field ac-
tivity performed in a cave located in Oristano District in
Central Sardinia (39° 53'N, 8° 58' E). The presence of H.
imperialis was assessed using visual encounter surveys in
June 2014, following the same procedure described by
Ficetola et al. (2013). After the first observation of clutches,
the site was repeatedly surveyed until the com-plete
abandonment of all nests by mothers and newborns: from
15 June to 25 October 2014 the cave was surveyed 20 times.
Eggs or brooding females were never touched or directly
disturbed. Using a metric wheel we measured the
maximum depth of the cave (from the entrance to the
deepest point) and determined the position of each nest
(distance from the entrance and height from the ground).
We also measured the height and width of each nest’s en-
trance. Starting from the entrance, we divided the cave
environment in 3-meter sectors. This size approximately
corresponds to the size of Hydromantes home-ranges dur-
ing their underground activity (Salvidio et al. 1994). In
each sector we recorded microclimatic parameters [air
temperature, relative humidity and max/min incident
light (illuminance)] using an EM882 multi-function Envi-
ronmental Meter (PCE Instruments; minimum illumi-
nance 0.01 lux). Data on temperature and relative humid-
ity was recorded 17 times through the whole period. As
previous studies suggest that Hydromantes select cold,
humid and dark sectors of caves (Ficetola et al. 2012,
Lunghi et al. 2014a), we used one-tailed t-test to evaluate
whether nest sites were associated with these microhabi-
tat conditions. We used Levene’s test to assess whether
eggs were associated with areas with particularly stable
microclimate (as hypothesized by Lunghi et al. 2014b), by
testing whether sectors in which nest were present varied
significantly in respect to temperature and humidity,
compared to the first sector of the cave (parameters re-
corded within the cave, 3 m from the cave entrance).
Moreover, we used Generalized linear mixed models
(GLMM) assuming binomial error distribution to test if
mothers move away from their nest under specific micro-
climatic features or in particular periods. To analyse
mother’s choice to move away from nest, we considered as
dependent variable female attendance to the nest dur-ing
each survey. As independent variables, we considered

155



326

microclimatic conditions (temperature, relative humid-ity),
day of survey, and presence of hatched eggs. Nest identity
was considered as random factor. We used the Aikake’s
Information Criterion corrected for small sample size
(AICc) to identify the combination of variables that
explains attendance/nonattendance of females to the nest
(Stephens et al. 2007). If a model showed AICc higher than
a simpler nested model, it was not included among the
candidate models (Richards et al. 2011). We tested
significance of each variable included into the best model
(i.e. the model with lowest AICc) using a likelihood ratio
test. Prior to performing analyses, humidity was trans-
formed using square-root arcsine, while illuminance was
log-transformed to better meet the assumptions of para-
metric analyses. All statistical analysis were performed in
R 3.1.1 (R Development Core Team 2014).

Results

We found four clutches of Hydromantes imperi-
alis during the first survey performed on 15 June
2014. The maximum cave depth was 30 m. Nests
were located at different points through the de-
velopment of the cave, into small holes present on
cave walls (Table 1). Sectors with nests showed
significantly higher humidity (tzos = -2.26, P =0.029)
and lower illuminance (tr = 2.05, P = 0.04) compared
to sectors without nests. Furthermore, sectors with
nests tended to have lower tempera-ture, although
this test was marginally non-significant (tses = 1.66;
P = 0.067). Considering tem-perature, not a single
nest was located in cave sec-tors with lower
variability than the first sector of the cave (Levene’s
test: all P > 0.29). Similarly, sec-tors with nests did
not show lower variability than the first sector in
respect to humidity (all P > 0.10).

Clutches were composed of 7-11 eggs each, all
provided with a peduncle (Fig. 1). During the first
surveys (June) eggs were transparent and the em-
bryos inside were perfectly observable (Fig. 2 and
Fig. 3a). In early July almost half of the yolk was
absorbed and embryos started to have a defined
shape, allowing us to recognize various morphol-
ogy features of the animals. In late July-early Au-
gust embryos had filled up all the available space
inside the eggs, making their aspect more dark and
opaque (Fig. 3b-c). The first newborns were
observed on 16 August in the nest furthest from the
entrance, while in the other nests the first newborns
appeared on 25 and 28 August (Table 1; Fig. 3d).
Eggs the hatch
simultaneously, but required up to 10 days for
hatch completion (Table 1).

During surveys mothers constantly took care

from same nest did not

E. Lunghi et al.

Figure 1. Seven eggs provided with peduncle that draws
them close (third nest; 15 June).

Figure 2. First nest during a survey on 15 June: eggs show
high transparency and embryos and yolk are clearly

recognisable.

Table 2. Candidate AIC models created using the follow-
ing dependent factors: Day (day of survey); Eggs hatch
(presence of hatched eggs); Temp (air temperature);
Hum (relative humidity); Day*T (interaction between
day of survey and air temperature).

Day Eggs Temp Hum Day*T df AICc delta weight
hatch

-1.612 -4.615 0.08958 5 31.0 0.00 0.71

-0.04962 1.0960 4 338 277 018

2 347 370 011

of their broods, rarely moving away from them
(Table 1). The best-AIC model suggested that nests
were more frequently unattended by mothers
when temperature was higher (nearly significant
effect; xz1 = 3.404, P = 0.06) and in the last part of
breeding season (xz = 4.52, P = 0.03) (Table 2). A
significant positive interaction between
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Table 1. Position and morphology of nests and data on their occupancy: Distance (distance
from entrance); Height (height from the ground); Size of the nest-hole (height and width
of the entrance of nests); First born (date of first eggs hatched); All born (date when all eggs
were hatched); Empty (date when the nest was completely uninhabited); Nest unat-tended
(date when mother left unattended the nest). * The fourth nest was not checked between

14 and 26 September due to the high risk of stepping on salamanders that were covering

the ground floor.
Distance from Height Size of the Firstborn All Born Empty Nest
entrance nest-hole unattended
1st nest 148 m 100cm 2x2cm 28/08 3/09 25/10 17/08
2nd nest 17.6 m 50cm  5x2cm 25/08 3/09 20/09 7/09
3rd nest 20 m 20cm  3x2cm 28/08 7/09 13/09 7/09
4th nest 21.7 m 150cm  4x3cm 16/08 25/08  27/09* 9/08

Figure 3. Third nest observed at different times. A) On 23 June eggs were transparent and

embryos in early developmental stage are detectable; B) On 9 August embryos were grown
up and showed an advanced body-shape; C) On 17 August yolks were continu-ously less
visible due to embryos development; D) First salamander hatched on 28 Au-gust.

Table 3. Mean hatch date and length of post-hatch parental cares, in different studies on Hydroman-tes
nests, from natural and semi-natural environments. Mean annual temperature is the mean an-nual
temperature of the outdoor environment, obtained from the world climate (Hijmans et al. 2005).

Mean Post-hatch
. Mean Number
Species Study outdoor parental cares
hatch date  of clutches
temperature (days)
H. genei (Papinuto 2005) 31 August 1 13.7 14
H. imperialis present study 24 August 4 15.0 6-52
H. italicus ~ (Lunghi et al. 2014b) 11 September 1 12.0 30
H. flavus (Lunghi et al. 2014b) 26 August 1 15.9 7
H. strinatii  (Oneto et al. 2010, 2014) 6 October 3 10.2 42
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temperture and day of survey indicated that the
effect of temperature was particularly important
later in the season (2 = 5.10, P = 0.024).

Before leaving the nests unattended, females
changed eggs position, by moving them to the
deepest and most hidden part of the nest-holes.
After hatching, newborns followed their mothers
into and outside the nests for 6-52 days (mean: 27).
Sometimes some newborns explored areas just
outside the nest, while the mother remained inside
with the rest of her brood. This behaviour was ob-
served 6 times, most frequently for the deepest
nest: we found newborn salamanders outside of the
fourth nest 4 times and only one time outside of the
first and the second. By the 25 October all nests
were abandoned.

Discussion

This study describes the first finding of multiple
nests for the genus Hydromantes (Speleomantes) un-
der natural conditions, by analysing the first col-
lection of quantitative parameters on environ-
mental features potentially related to nest site
choice and parental care behaviour for the genus.
Before this study, Hydromantes clutches in natural
environments have been observed only few times
(Stefani & Serra 1966, Papinuto 2005, Lunghi et al.
2014b), while clutches of H. imperialis were only
observed in captivity (Lanza et al. 2006). Clutches
of H. imperialis were inside small holes located on
cave walls, as observed by studies on the other
species (Stefani & Serra 1966, Papinuto 2005,
Lunghi et al. 2014b). Females look for hidden places
in order to protect their eggs as much as possible
(Lanza et al. 2006, Pastorelli & Laghi 2006, Oneto et
al. 2010). Normally, observed females laid their
eggs not too close to the entrance, in ar-eas that
present suitable microclimatic features (cool
temperature, high moisture and darkness), with a
pattern of microhabitat selection similar to the one
observed by individuals of other Hydro-mantes
species (Ficetola et al. 2013, Lunghi et al. 2014a).
During previous observations, females with eggs
were always relatively far from the en-trance, and
previous work suggested that these areas might be
characterized by high microcli-matic stability
(Lunghi et al. 2014b). Females of H. imperialis also
selected nest-holes relatively far from the entrance,
and the recording of microcli-matic parameters in
multiple occasions allowed to test this hypotheses.
Actually, the cave sectors se-

E. Lunghi et al.

lected for nesting did not show particularly high
microclimatic stability, compared to the areas of the
cave closest to the surface, i.e. where the high-est
microclimatic variability is expected (Romero
2009). This suggests that the microclimatic stabil-
ity, that is characteristic of the whole cave envi-
ronment (Romero 2009), is sufficient to maintain
suitable microhabitat conditions during the sev-
eral months required for egg development (Lanza
et al. 2006). To lay their eggs, females probably se-
lect the first suitable area of the cave (cold and
humid enough) which is at the same time not too
far from food resources (Ficetola et al. 2013). This
choice might help females to obtain food without
distancing too much from their clutches. Female
choice might therefore result from the trade-off be-
tween environmental features, clutch security and
food availability.

Clutch size was similar to the one previously
reported for other species (Lanza et al. 2006). For all
the nests, hatching was relatively synchronous,
toward the end of the summer, similar to what was
observed in all the other Hydromantes species
(Papinuto 2005, Lanza et al. 2006, Lunghi et al.
2014b) (Table 3). The end of the summer may be an
extremely suitable period for juveniles, as it
generally corresponds to the end of the dry sea-son,
and thus juveniles may move outside of the caves,
where food availability is higher. Neverthe-less,
across the different Hydromantes species, av-erage
hatch date was significantly related to the mean
annual temperature: eggs hatched signifi-cantly
earlier in populations living in the warmest areas
(Table 3; linear regression, weighted for the
number of clutches, between mean hatch date and
mean annual temperature: Fi3 =52.2, P = 0.005, Rz
= 0.93). Cave temperature is strongly related to the
mean annual outdoor temperature (Romero 2009),
and in amphibians high temperature increases me-
tabolism, accelerating embryo development (Mor-
rison & Hero 2003). Overall, the good synchrony of
hatches, with earlier hatch in the warmer locali-ties,
suggests that the whole breeding cycle may follow
a similar seasonal pattern across the whole
Hydromantes genus.

Within a nest, eggs hatched over a relatively
long period (Table 1). As was observed for H. stri-
natii (Oneto et al. 2010), eggs from all 4 nests of H.
imperialis never hatched in the same day: a single
clutch required up to 10 days for all newborns to
come out of their eggs (Fig. 3d).

Mothers look carefully after their broods, at-
tending and protecting them against predators
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and infections (Lanza et al. 2006, Oneto et al. 2014).
However, it is already known that some-times
mothers leave their nest unattended (Oneto et al.
2010). From our observations we could see that the
mothers’ choice to distance for a while from their
nest was related to some environmental features.
Mothers left nests mostly when air tem-perature
was relatively high and during later pe-riods.
However, before moving away, mothers moved the
eggs in a concealed part of the nest. During our
observations we always saw mothers curled on
their eggs inside holes; however, in two instances,
before leaving the nest, mothers hid the eggs in the
backside of nest walls, making their detection
extremely difficult (or impossible). For all species,
after hatching, mothers continued to occupy the
nest with newborns in average for one month, with
great differences among females (min

6 days, max 52 days). The post-hatch nest atten-
dance overlaps with what has been observed in
other species (Table 3), suggesting a lack of inter-
specific differences in post-hatching behaviour, but
rather some variation among females, which could
depend on both environmental features and
physical status. As observed by Oneto et al. (2010)
newborns never feed before leaving definitively the
nest. Time of permanence inside the nest after
hatching might thus also depend on how long
would last the yolk absorption by newborns
(Lunghi et al. 2014b). However, in contrast to the
observations performed on H. strinatii (Oneto et al.
2010), in our study newborns were more inclined to
explore areas around the nest, even without their
mother, as also reported by Papinuto (2005). This
difference in behaviour might be due to inter-
specific behavioural differences or to the different
environmental conditions (natural vs. semi-natural)
which may influence the behaviour of both mother
and newborns.

Our study adds new insights on the brooding
behaviour of European cave salamanders; how-
ever information remains limited to a handful of
species (Table 3), and for each species no more than
one population has been investigated. Fur-ther
researches, comparing the results of multiple nests
and multiple populations will be necessary to
better understand the complex breeding behav-
iour of these cryptic salamanders.
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Abstract

Information on the life history of European cave salamanders remains limited. Despite a handful of
studies carried out both under natural and controlled conditions, one of the least known aspects concerns
the reproductive and breeding behaviour. Here we present information on the breeding behaviour of eight
European Hydromantes species collected during four years of intensive monitoring (2014-2017). We
provide information on the breeding phenology, suggesting that the breeding seasons are likely linked to
environmental variables. Nesting sites were used repeatedly in different years by different females. Our
data indicated a seasonality of mating activity and the possibility of sperm storage. Furthermore, we
report on the presence of a single large-sized oviductal egg in H. imperialis, possibly indicating invariable
clutch size. Finally, we documented oviparity in Hydromantes sarrabusensis, the only species that was

suggested to be viviparous.

Keywords

Speleomantes, Plethodontidae, Cave, Amphibia, Urodela, Mating behaviour, Mediterranean,

Biospeleology, Seasonality

163



Introduction

European cave salamanders (genus Hydromantes; see WAKE 2013 for discussion on
nomencalture) include eight species distributed in Italy and in a small part of South-Eastern France
(LANZA et al. 20064, SILLERO et al. 2014). The two main characteristics of these amphibians are the lack
of lungs and direct development (LANZA et al. 2006b). Lack of lungs force these animals to fully rely on
cutaneous and bucco-pharyngeal respiration only (LANZA et al. 2006b), which occurs efficiently only in
specific environmental conditions, i.e., high moisture and cool temperature (SPOTILA 1972).
Underground habitats (e.g., caves, mines, cracks and other epikarst-environments) are therefore optimal
refuges from adverse outside environmental conditions (FICETOLA et al. 2012, CULVER & PIPAN 2014,
LUNGHI et al. 2014a). Even though underground detection of salamanders is higher in summer, these
habitats are exploited throughout the year, suggesting that they are extremely suitable for these species
(LUNGHI et al. 2015a); moreover, besides the suitable microclimate, they mostly lack predators
(PASTORELLI & LAGHI 2006, MANENT!I et al. 2016, SALVIDIO et al. 2017a), and, therefore, represent an

optimal choice to carry out a delicate life-phase such as reproduction.

Giving the elusive habits of Hydromantes, many of their life-history traits are still poorly known,
and reproduction is among the less known traits. During the last years, several studies on the biology and
physiology of these salamanders have been performed to better understand their reproduction (all related
papers are gathered in the latest review written by LANZzA et al. 2006). Sexual maturity in Hydromantes
is generally reached at the third or fourth year, while in the big-sized Sardinian species is likely reached
a bit later (SALVIDIO 1993, SALVIDIO et al. 2017b). Courtship has been observed throughout the year,
while the deposition of spermatophores was observed only in autumn (for further details on courthship
see also BRUCE et al. 2000, LANZA et al. 2006b). However, given that in these species the pachytene
spermatocytes do not degenerate during the cold season, it is likely that European cave salamanders can

mate throughout the year (MERTENS 1923, LANZA 1959).

Besides some physiological analyses, only a few studies performed in controlled conditions were
focused on Hydromantes’ breeding behaviour (DURAND 1967, LANZA et al. 2006b, ONETO et al. 2010,
ONETO et al. 2014). Recently some authors monitored clutches in nature, improving the knowledge on
this topic and allowing comparison with findings obtained in controlled conditions (PAPINUTO 2005,
LUNGHI et al. 2014b, LUNGHI et al. 2015b, MURGIA et al. 2016). The first field report on the breeding

behaviour was provided by PAPINUTO (2005), who monitored one clutch of H. genei in an abandoned
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mine. The female was observed curled up on her eggs for nearly five months until hatching occurred.
This behaviour not only allows the transfer of her skin secretion to the eggs providing protection against
bacteria and fungi, but also protects the nest from intruders (LANZA et al. 2006b, ONETO et al. 2014).
Monitoring activities on clutches was also carried out on H. italicus, H. flavus and H. imperialis (LUNGHI
et al. 2014b, LUNGHI et al. 2015b, MURGIA et al. 2016). Findings of these studies were generally
consistent with those observed for H. strinatii in controlled conditions (ONETO et al. 2010, ONETO et al.
2014). Embryos require a long time to develop before being ready to hatch, and during this span of time
the mother rarely leaves the clutch unattended (LANZzA et al. 2006b, LUNGHI et al. 2014b, ONETO et al.
2014). After hatching, the mother provides parental care to the hatchlings for some weeks before they
leave the nest (ONETO et al. 2010, LUNGHI et al. 2015b). MURGIA et al. (2016) also observed that the
highest density of nest sites was found in a section of a cave showing the most stable microclimate,
characterized by high humidity levels (close to saturation) and a yearly fluctuation of temperature of only
2°C.

Nevertheless, many aspects of the breeding biology of cave salamanders remain poorly known.
a) Does Hydromantes breed more than once a year? All studies on European cave salamanders carried
out in nature report that only one breeding season occurs during the warmer periods of the year
(PAPINUTO 2005, LUNGHI et al. 2014b, LUNGHI et al. 2015b, MURGIA et al. 2016). b) Do cave salamanders
show nest site selection? Observations performed in nature described the location chosen by females to
nest, but it is not known whether and how females select the breeding site, nor if nest-site fidelity occurs.
The present long-term study attempts to answer the above mentioned questions, adding unpublished
insights to the behaviour of these salamanders. Furthermore, for the first time oviparity in Hydromantes

sarrabusensis is reported, a species that was thought to be viviparous (LANZA et al. 2006b).

Materials and Methods
Data collection

During a period of four years (2014 - 2017) we performed extensive field activities with the aim
to cover as much as possible the distribution range of the eight Hydromantes species (LANZzA et al.
2006a). Overall, we surveyed >150 underground sites (caves and mines) where the salamanders were
present. Twenty-four of them (seven for H. flavus, three for H. supramontis, three for H. imperialis, three
for H. genei, three for H. sarrabusensis and five for H. italicus) were repeatedly surveyed during the
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entire study period. Surveys on H. flavus were performed during all seasons, while for the other species
they were mainly concentrated in spring/early summer and autumn. During each survey, we first checked
if salamanders were performing courtship behaviour. These salamanders adopt the so called
“vaccination”: after mounting on the female, males use their pre-maxillary teeth to produce scratches on
the females skin in order to transfer the edonic secretions produced by their mental gland directly in the
female circulatory system; all these actions are performed with the purpose to increase the female interest
and make her willing to collect the spermatophora (LANZA et al. 2006b). We then measured snout—vent
length (SVL, using a plastic transparent rule) to the nearest mm in females salamanders, considering
gravid those showing fully developed eggs (~3-5 mm in diameter) visible in the abdominal cavity; when
possible, we also recorded salamanders’ distance from the cave entrance. Using Linear Mixed Models,
we tested whether gravid females occupy different cave areas when compared to the non-gravid ones.
For this analysis we used the square-root transformed distance from the cave entrance as dependent
variable, female condition (gravid/non-gravid) and species identity as dependent variables, and cave
identity as random factor. We then used Linear Models to test whether gravid females showed larger
size. To avoid pseudo-replication, for this analysis we only used the females collected during the survey
where the highest number of individuals was measured, plus individually marked females (LUNGHI &
VEITH 2017). In this analysis, SVL was used as dependent variable, while condition (gravid/non-gravid),

species identity and the interaction between these two, as independent variables.

Extended monitoring

Hydromantes imperialis. One cave located in the Oristano Province was monitored for 3 years
(2014 to 2016). During 2014, the monitoring of clutches started in early summer and lasted until late
summer, when nests became empty (LUNGHI et al. 2015b). In 2015 and 2016, surveys always started in
January and ended when nests were empty: we performed 19 surveys in 2015 and 9 in 2016. We used an
endoscope to check for mothers and eggs inside rock cracks, when inspection by bare eyes was not
possible. On September 14", 2016, four gravid females were marked using Visual Implant Elastomers
(SALvIDIO 2013).

Hydromantes sarrabusensis. On May 17", 2016, we found in two sites some females with
externally visible developed eggs. One female per site, apparently in advanced pregnancy, was placed in

a terrarium on site. Soil and stones were placed in the terrarium to imitate the natural substratum and
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holes were drilled to allow air circulation. Females were regularly fed with invertebrates captured on site

(Diptera, Coleoptera and Orthoptera).

Results
Gravid females

Out of 787 observed females, 112 from 29 different underground environments were observed carrying
eggs in their abdomen (Table 1). The number of externally visible eggs ranged from six to ten (Fig. 1a);
in two cases (in Hydromantes imperialis) females showed just one single large egg (~10 mm, Fig. 1b).
Gravid females were found at an average depth (x SD) of 19.99 m £ 2.90 (N =57, min =3 m, max = 102
m); no significant differences between the position of gravid and non-gravid females were found
(condition-gravid, F1523 = 0.592 and P = 0.441; no significant differences between species: Fe 2 = 1.30,
P = 0.29). The smallest gravid females observed for the mainland species Hydromantes strinatii and H.
ambrosii was 52 mm (SVL), while for the Sardinian species was 56 mm long (H. flavus and H.
imperialis). The average SVL of gravid females was significantly larger than for those in which we did
not detect eggs (N of females analysed= 454; ANOVA: F1433 = 59.16, P < 0.001) (Fig. 2). SVL was
significantly different among species (F7.438 = 8.7, P < 0.001), but the interaction between species and
egg presence was not significant (F743s = 0.71, P = 0.655), indicating that the pattern is the same across

all the species.

Courtship, breeding behaviour and clutches

From May to September, couples of different species were observed performing the so called
“vaccination” (Fig. 3a-b). In two occasions, we observed the exchange of a spermatophore. On
September 17", 2014, a female and a male of H. italicus were found sharing the same crack in a cave
located in the Prato Province. The female showed visible developed eggs in her abdomen and a
spermatophora attached to the cloaca. On May 28", 2017, in a cave located in the Oliena area, a female

without any visible egg was observed with a spermatophora attached to the cloaca.

One female of H. genei, one of H. supramontis and two of H. ambrosii were observed close to

oviposition on September 11™ 2016, in a cave located in the Carbonia-lglesias Province, on May 18",
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2017, in a cave located in the Oliena area, and on June 22™, 2017, in a cave located in La Spezia Province,
respectively. During manipulation an egg was almost extruded from the cloaca (Fig. 4a-b). On September
7', 2016, a large number of H. supramontis hatchlings were found in a cave located in the Dorgali area;
more than 70 small salamanders (total length 25-30 mm) were found on the walls and on the cave floor.
Finally, on April 24", 2017, a female H. supramontis was found guarding a litter of young in a cave in

the Baunei area (Fig. 5).

Prolonged monitoring

Hydromantes imperialis. Seven clutches were found in 2015 (Table 2; the first one on March
22", The first hatchlings were observed on August 21 and all nests were empty on September 30™. In
2016, nine clutches were found (Table 2): the first on February 21%, the first hatchlings appeared on July
19" all nests were empty on August 14™. In 2017, the first oviposition was recorded on March 8. The
cave was occupied by a few males (N = 10), by gravid females (carrying externally visible eggs, N = 17)
and by females who already oviposited (N = 3) (Table 2) on this date. Ten nests were counted on April
29" (Table 2). Overall, 13 different nesting sites were detected (Table 2) and the majority were used for
more than one season: ten were used at least twice, while three of them were used consecutively for three
or even four times (Table 2). All the nesting sites were located between 15 m and 30 m from the cave

entrance and showed variable shapes (holes, cracks, cervices) and positions (height from the ground).

Hydromantes sarrabusensis. On April 22", 2017, one female produced a clutch of 14 eggs in the

terrarium (Fig. 6), while the second female was still retaining the eggs in her abdomen.

Discussion

In Hydromates, body size of gravid females is highly variable; the body size of the smallest gravid
females recorded in this study for both mainland and Sardinian species, was smaller than observed by
SALVIDIO (1993) during individual dissections performed on one of the smallest Hydromantes species,
H. strinatii. The case of H. imperialis females carrying a single large egg is noteworthy (Fig. 1b) since
the clutch size for Hydromantes reported by LANZA et al. (2006b) varies from 6 to 14 eggs; however,

there are no reports on the correlation between clutch and egg size, nor for unusual large eggs. A
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dissimilarity in the number of fertilised and unfertilised eggs has been never reported; therefore,

additional studies are urgently required to understand the significance of single large eggs.

Our observations on the mating behaviour mostly correspond to the literature, describing
aseasonal courtship (LANZA et al. 2006b). We observed mating throughout the year, and both gravid and
non-gravid females collecting spermatophores. If mating occurs throughout the year, but egg laying (at
least for Sardinian species) is mostly restricted to spring (Table 2), it likely indicates that Hydromantes
females may be able to store sperm, as known for other plethodontids (ADAMS et al. 2005). ONETO et al.
(2010) rearing wild salamanders for breeding experiments temporarily reported that they captured
“apparently gravid females” in June 2007 with visible fully developed eggs. The females were placed in
a terrarium without any contact with males. Egg laying occurred after more than four months, and 45
weeks later authors observed the first hatchlings. Two females of the present study were observed picking
up a spermatophora each: one had visible fully developed eggs, while the other did not show any egg
presence in her abdomen. In plethodontids male competition for reproduction is well documented
(Houck et al. 1985, VERRELL 1991, Houck & VERRELL 1993), and females have the opportunity to mate
with several males by storing their sperm (Houck & ARNoLD 2003). Therefore, according to our

observations sperm storage may also occur in European Hydromantes.

Another interesting information concerns the time of egg retention. The recapture of the marked
gravid female (H. imperialis) and the observation of the two H. sarrabusensis females kept in the
terrarium show that fully developed eggs are carried over a very long period (up to 12 months),
confirming the observations reported for other Hydromantes species (ONETO et al. 2010). Females need
to allocate a large amount of resources for reproduction, and the long period lasting from fecundation to
egg deposition is followed by more than six months of clutch attendance and parental care (LUNGHI et
al. 2014b, LUNGHI et al. 2015b; Table 2). Therefore, the reproductive cycle is extremely long and likely
lasts at least two years. Considering the limited lifespan of these salamanders (max. 11 years in captivity)
(SNIDER & BowLER 1992) and that sexual maturity is reached at around the third-fourth year (SALVIDIO
1993), it implies that females can only complete a limited number of breeding cycles during lifetime.
This limits the potential growth rate of populations and is an additional concern for the conservation of

these strictly endemic species.

Hydromantes salamanders are usually reported to lay eggs in springs while hatching mostly

occurs in late summer — early autumn (LANZA et al. 2006b, LUNGHI et al. 2015b, MULARGIA et al. 2016,
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SERRA & ARGIOLAS 2016). Most of our observations match the above schedule (see Table 2), although
in some cases a different seasonal pattern occurred. A female of H. genei was observed in September
close to lay eggs (Fig. 4a), while previous studies on this species reported clutches in spring only
(STEFANI & SERRA 1966, PAPINUTO 2005). For H. supramontis we observed hatchlings in a nest on late
April (Fig. 5) and a female close to lay eggs in late May (Fig. 4b); the only available information on this
species reports an egg clutch observed in February (MULARGIA et al. 2016). These data suggest that
breeding activity may be not constant, and thus might occurs in different periods. Given that these
observations of non-standard breeding activity were performed in different caves, such differences might
be related to local environmental condition (e.g., temperature, humidity). However, additional data are

needed to confirm this hypothesis.

Given the length of the Hydromantes breeding cycle (LANzA et al. 2006b, ONETO et al. 2010,
LUNGHI et al. 2015b, MURGIA et al. 2016), the choice of the breeding period has a strong impact on the
breeding success. It is generally assumed that caves are characterised by relatively stable environments
with limited seasonal variation. However, recent analyses suggest that the impact of seasonal variation
on underground communities may be strong (LUNGHI et al. 2017). The earliest ObServations of H. imperialis
clutches ranged between late February (in 2016) to late March (in 2015; Table 2), suggesting some
variation in the phenology of Hydromantes among years. Meteorological data showed that February 2015
was much colder than February 2016 [average air temperature: 2015: 9.4 £ 0.1°C; 2016: 12.8 £ 0.1 °C;
data from the nearest weather station (Cagliari; www.eurometeo.com)], suggesting that meteorological
conditions could affect breeding phenology. Underground microclimate is partially affected by the
variation of outdoor conditions (LUNGHI et al. 2015a), and this might influence underground activity
because of the peculiar physiology of Hydromantes (SPOTILA 1972, LANZA et al. 2006b, LUNGHI et al.
2016). However, in the above mentioned cave the nesting area has a rather stable microclimate (LUNGHI
et al. 2015b, MURGIA et al. 2016).

In the visited cave, several nesting sites were used in different years, suggesting nesting site
selection (Table 2). This is the first time that such behaviour was observed in Hydromantes. The repeated
use of nesting sites cannot only represent site fidelity, because it is unlikely that a female breeds for two
consecutive years. Our data suggest that different females use the same nesting site, as the majority of
nests were used multiple times (Table 2). The reason of such behaviour is still unknown, and might be
related to favourable environmental conditions that drive all females to breed together in such a reduced

space (LUNGHI et al. 2015). Breeding site defence might be an alternative hypothesis. Females actively
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defend their offspring against intruders (ONETO et al. 2014), and laying eggs in deep crevices might
improve egg protection. In the study cave, the number of such sites may be somehow limited, thus
increasing the probability that the most suitable ones are repeatedly used.

Until the present study, the breeding biology of H. sarrabusensis was uncertain. Only a single
report on a captive female suggested ovoviviparity, mostly based on the record of the birth of one
salamander (LANZA & LEO 2001). Such information is strongly in contrast with the available knowledge
related to the other Hydromantes species, which are known to be oviparous. Conversely, our data indicate
that H. sarrabusensis is oviparous and thus shares the reproductive mode with its congeners (Fig. 6). The
case of a record of “viviparity” might have been the result of stress caused by the prolonged cooled

condition at which females were kept.

The study of underground habitats is extremely challenging, especially because animals exploit
small environments that humans cannot access and where observations are extremely difficult to obtain.
Therefore, only the future collection of a large amount of data will allow a comprehensive understanding
of the breeding biology of subterranean cave salamanders. As we have presented novel interesting
information on the breeding behaviour of European cave salamanders we hope to stimulate future

investigations.
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Table 1. Number of females with visible abdominal eggs of eight species of Hydromantes observed
from different caves per month. Last columns show the number of surveyed caves, the total number of
surveys performed and the total number of females observed per each species. Each cave was surveyed

max once per month; x = no surveys performed.

Species Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec ca’:l/es sur’\\l/eys fem’\;Ies
H. strinatii X X X X X 7 X X X X X X 1 1 40
H. ambrosii X X X X X 10 X X X X X X 4 10 113
H. italicus X X X X X 3 X X 1 X X X 5 5 27
H. flavus 1 0 0 12 2 1 0 0 4 3 0 0 10 47 282
H. supramontis X X X 0 1 X X X 2 X X X 3 10 82
H. imperialis X X 9 1 7 1 6 X 25 X X X 7 14 157
H. sarrabusensis X X X X 7 X X X 1 X X X 2 8 46
H. genei X X X X 3 X X X 3 X X X 3 10 40
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Table 2: Data on monitored clutches of Hydromantes imperialis. First column = numbered nests; per each year columns = date in which eggs were

observed for the first time, date in which new-borns were observed for the first time, date in which the nest was empty; wide dash = nest used during

the monitoring year; “n.o.” = hatchlings not observed; “Failed” =

breeding was interrupted. Data for 2014 were taken from Lunghi et al. (2015).

2014 2016 2017

Nest First eggs ) First eggs First eggs First eggs
site observation Hatehlings  Empty observation Newborns - Empty observation Newborns  Empty observation
1 15.VI 28.VIII 25.X 18.1IV n.o. 27Vl 21.11 n.o. 11V 12.11
2 15.VI 25.VI1II 20.1X 4.1V 21.vV1l 30.1X 5.1 n.o. 19.vil 8.1l

3 15.Vi 28.VIII 13.1X - - - - - -

4 15.Vi 16.VI1II 27.1X - - - - - - 29.1V
5 22.111 Failed 1VI n.o. 24.V1

6 28.111 Failed 6.1V n.o. 24.V1

7 18.1IV 26.V1II 30.1X 5.1 19/07 14Vl 8.1l

8 18.1IV 21Vl 26.VII 1.VI n.o. 19.vil

9 26.1V n.o. 27Vl - - -

10 - - - 5.1 n.o. 11V 2.1V
11 - - - - - - 6.1V n.o. 11V 25.1vV
12 - - - - - - 11V n.o. 24.V1 8.111
13 29.1V
14 1V
15 25V




Figure legends

Figure 1. Gravid females of various cave salamanders species. (A) Hydromantes flavus with eight
visible developed eggs; (B) H. imperialis showing a single large-sized egg. Females of (C) H. genei

and (B) H. supramontis almost dropping an egg from their cloaca.

Figure 2. Boxplots showing average SVL (mm) of non-gravid (N, white) and gravid (Y, pink) females
for each Hydromantes species (H. strinatii, N =33 (N) and N =7 (Y); H. ambrosii, N = 103 (N) and N
=9 (Y); H. italicus, N = 21 (N) and N = 4 (Y); H. flavus, N =97 (N) and N = 11 (Y); H. genei, N = 17
(N) and N =4 (Y); H. imperialis, N = 48 (N) and N = 24 (Y); H. sarrabusensis, N = 24 (N) and N = 6

(Y); H. supramontis, N = 43 (N) and N = 3 (Y)).

Figure 3. Hydromantes imperialis (A) and H. ambrosii (B) during courtship.

Figure 4. (A) Female of H. supramontis attending the nest with her brood and (B) Female of H.

sarrabusensis with her clutch.
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H. supranmontis

Figure 1
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During the last decades, studies on species ecology has im-
proved considerably, becoming continuously more
focused on individual needs (Emata & Marte 1992, Link &
He-sed 2015, Mazerolle et al. 2007). To this end, research-
ers increasingly use Capture-Mark-Recapture (CMR) tech-
niques, which allow to obtain ecological and behavioural
data on individuals (Emata & Marte 1992, Pierce et al.
2014, Sanchez-Camara & Booth 2004). One of the cru-cial
aspects is the selection of appropriate marking meth-ods, a
decision that may strongly affect the outcome of a study
(Brannelly et al. 2014, Davis & Ovaska 2001, Ro-bison-
Cox 1998, Swanson et al. 2013). Therefore, many studies
aim at evaluating the efficiency of marking meth-ods
(Buckmeier & Irwin 2000, Jerry et al. 2001, Lemarié et al.
2000, Potts 2012, Woods 2005) and related activi-ties
(Anholt et al. 1998, Kinkead et al. 2006) in various species.

Visual Implant Alpha tags (VIA; Northwest Marine
Technology, Inc., Shaw Island, Washington) are one of the
more widely used marking methods (Buckley et al. 1994,
Heard et al. 2008, Measey et al. 2001, Osbourn et al. 2011).
VIA are biocompatible tags (standard size 1.2 x 2.7 mm or
large size 2 x 5 mm) that have black text on a fluorescent and
coloured background on one side (see Fig. 1) meant for being
implanted subcutaneously; their combination of an alpha-
numeric code (one letter and two numbers) with four colours
facilitates up to 10,000 differ-ent markings. Tags are inserted
under the skin of animals by means of a specialized injector.
However, despite the number of successful studies (Arce et al.
2003, Crook & White 1995, Emata & Marte 1992, Turek et
al. 2014), this method seems to have some limitations that will
prevent its use in various circumstances. Firstly, there may be
handling

problems related to tag implantation, e.g., the insertion of tags
seems to be not that easy in some instances, requiring a team
of experts and maybe controlled conditions, render-ing this
method not always practical in the field (Heard et al. 2008).
In some species, anaesthesia and/or skin cuts are required to
properly implant the tags (Buchan et al. 2005, Gower et al.
2006). Furthermore, tags may be accidentally flipped over
during insertion or slip beneath muscle tis-sue, or come to rest
under heavily pigmented skin, all of which will affect their
readability (Heard et al. 2008, Isely et al. 2004, Wagner et al.
2013). Secondly, there are some concerns about tag retention,
which seems to be not high enough in several circumstances
(Isely & Grabowsky 2004, Pillai et al. 2009, Replinger &
Wood 2007) and probably positively correlated with the sizes
of individu-als, making this method not the best choice to
mark early life-stages of small-sized amphibian species
(Davis et al. 2014, Isely et al. 2004). Finally, some authors
reported that wounds produced by the injector may require a
long time to heal, i.e., several days, consequently paving ways
for tag expulsion and pathogen infections (Buckmeier &
Irwin 2000, Heard et al. 2008, Replinger & Wood 2007, Robi-
son-Cox 1998). As far as amphibians are concerned, VIA tags
were tested only in few species (Buchan et al. 2005, Gower et
al. 2006, Heard et al. 2008, Kaiser et al. 2009, Kinkead et al.
2006, Osbourn et al. 2011, Pittman et al. 2008). Considering
the potential problems it is extreme-ly important to test VIA
tags in other study species prior to their application since the
method may produce biased data.

Two types of marking techniques were successfully ap-
plied in previous studies on European cave salamanders
(genus Hydromantes, see also Wake 2013), i.e., Visual Im-

©2017 Deutsche Gesellschaft fiir Herpetologie und Terrarienkunde e.V. (DGHT), Mannheim, Germany

Available at http://www.salamandra-journal.com

541
180



Correspondence

plant Elastomers (Salvidio 2013) and photographic recog-
nition (Salvidio et al. 1994); however, to the best of our
knowledge, VIA was never tested before for them. Here
we report on our tests and evaluation of VIA tagging in two
species of European cave salamanders, Hydromantes itali-
cus and H. flavus.

VIAs are provided as plastic sheets (100 tags each) in
which the single tags are attached by at their short sides. To
load the injector, a label must be placed inside the nee-dle,
and it is released from the sheet by twisting the in-jector.
However, this sometimes produces an imperfect tag
separation, creating sharp edges that represent a serious
danger to individuals. In such cases we cut away the sharp
parts using small scissors. Given the limited plasticity of tags
(although being soft their shape will not change) and
considering possible dangers due to sub-optimal tag load-ing,
we preferred to apply tags only on limbs, as these body parts
do not hold vital organs and can be regenerated if necessary
(Lanza et al. 2006, Scaravelli et al. 2002). We also avoided
tagging tails, as these salamanders are able to autotomise them
(Lanza et al. 2006). We chose to ap-ply standard-size VIAs
only in individuals large enough to withstand the size of the
needle (for standard tag ~2 mm). We first applied alpha tags
on three individuals of H. itali- cus from a cave in the northern
Tuscan Apennines (lat. 43.90°, long. 11.11°); however, the
dark colouration of the ventral side obscured the tags even
right after applica-tion, so that we aborted the test with this
species. We then applied them to individuals of H. flavus from
six caves in Monte Albo, northwestern Sardinia (lat. 40.53°,
long. 9.63°). This species has a pale/white ventral colouration,
so that tag readability would probably be better. Perforat-

ing the salamander skin with the injector was not always easy,
and the large wound left behind by the injector nee-dle
allowed tags to easily slip out from their subcutaneous
position. In these cases, we manually reinserted the tags using
tweezers. In a few instances tags slid between mus-cles and
became partially illegible, while in one case the tag flipped
and became unreadable thus. Well-positioned tags were
easily readable with bare eyes (Fig. 1). After tag application,
individuals were observed for 15 minutes to monitor their
physical well-being. Injections into H. itali- cus legs were
performed by only one operator, while the application of VIA
tag in H. flavus were carried out by at least two operators in
most of the surveys. All operations were performed while
wearing sterile latex gloves, and all equipment was
disinfected with bleach and then washed with water after each
survey.

We marked 114 individuals of Hydromantes flavus (61
females, 50 males, and 3 juveniles) with VIA tags. No sal-
amander incurred any problematic injury. Time required for
individual marking differed substantially depending on the
number of operators, ranging from an average of 90 seconds
needed by one operator to an average of 15 sec-onds with two
operators. Within twelve surveys, we recap-tured 14 different
individuals (~12% of total marked), and only one of them was
recaptured twice. None of these sala-manders showed
injuries. First recaptures were made af-ter six days and last
recaptures were made after 272 days. During our first revisits
(within 14 days), four out of eight recaptured salamanders
showed incompletely healed tag-ging wounds, making us
aware of an apparent risk of tag loss. In fact, in two recaptured
individuals, tags were par-tially hanging from the wound, and
in one of them we had

Figure 1. Example of a successfully implanted VIA tag in the forelimb of a Hydromantes flavus.

542

181



Correspondence

to implant a new one, as the previous tag was lost during
handling. Proper tag retention (not counting flipped and
slipped tags) in recaptured individuals occurred in 60%
within the first 30 days and 50% thereafter.

Given the low number of recaptures, we were not able to
provide any relevant information on the sizes of the studied
populations. Thus, we only discuss the reliability of VIA
marking technique here. VIA tags represent one of the newest
commonly used marking methods, which seems to be fit for
use in a wide range of species (Emata & Marte 1992, Gower
et al. 2006, Turek et al. 2014, Woods 2005). Some of its
advantages are the relatively low costs of tags (around 0.80—
0.90 $ each) and a fixed code for each tag. However, the use
of this marking method encounters several obstacles in some
species, which may significant-ly influence the entire study
outcome (Heard et al. 2008, Replinger & Wood 2007, Wagner
et al. 2013). During our test of VIA tags on Hydromantes, we
basically experienced all problems previously noted by other
authors (Buckmei-er & Irwin 2000, Davis et al. 2014, Heard
et al. 2008, Ise-ly & Grabowsky 2004). Our major concerns
were related to the survival of individuals. The most risky
phase of the marking procedure occurred during the insertion
of tags, i.e., performing the injection without assistance was
more or less impossible. Also, the needle size for standard
tags basically equals the average width of limbs in adult
Hydro- mantes and, considering both needle rigidity and
length, it is easy to imagine that an imperfect application can
be harmful to the salamanders. We did not use any anaesthe-
sia, so the presence of a second operator was essential for
keeping individuals immobile and succeeding in tag ap-
plication. The size of the needle strongly limits the range of
salamander species this method can be used on; thus,
considering the body size of Hydromantes species (Lanza et
al. 2006), only few adults and almost no juveniles were
suitable for being marked with VIA tags. This renders this
method unsuited for long-term studies aiming at record-ing
data on, e.g., individual growth. Tag retention was low and
probably influenced by the length of time wounds re-quired
to heal. Open wounds provided a chance for easily losing tags.
This was observed in 50% of the individuals re-captured
during the first 14 days, so that it is reasonable to assume that
it may frequently occur in tagged salamanders. Seemingly low
recapture rates may therefore plausibly ex-plained simply by
tag loss. Even if VIAs were retained by the marked
salamanders, the readability of their tags was not always
adequate since improper tag implantation may impede their
detection.
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Abstract

Accurate measures of species abundance are essential to identify conservation strategies. N-mixture
models are increasingly used to estimate abundance on the basis of species counts. In this study we tested
whether abundance estimates obtained using N-mixture models provide consistent results with more
traditional approaches requiring capture (capture-mark recapture and removal sampling). We focused on
two endemic, threatened species of salamanders, for which accurate abundance data are needed for
periodical assessment of conservation status: the the Lanza’s Alpine salamander Salamandra lanzai and
the Ambrosi’s cave salamander Hydromantes ambrosii. For Alpine salamanders, detection probability
was low (0.14). Nevertheless, even if a few surveys were performed, abundance estimates obtained using
N-mixture models were mostly consistent with the ones obtained through capture-mark-recapture. For
cave salamanders, detection probability was higher (~0.6). In this case, we obtained an excellent match
between the estimates of N-mixture models and the ones of removal sampling. Overall, N-mixture models
provide reliable abundance estimates that are well comparable with the ones of more traditional
approaches, and offer several additional advantages such as a smaller sampling effort and no need of
manipulating individuals, which in turn reduces the risk of harming animals and spreading infectious

diseases.

Keywords: Amphibian conservation: capture-mark-recapture: detectability: Hydromantes ambrosii:

monitoring: removal sampling: Salamandra lanzai.
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Introduction

Estimating species abundance is a pivotal task of species monitoring. Unfortunately, in most of cases
detecting individuals of the target species can be challenging. Very often we are not able to detect all
individuals present in a given place, and this may happen for several reasons, such as their 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.

Multiple approaches have been developed to estimate the true number of present individuals.
Among them, approaches requiring multiple sessions of capture have a considerable success. For
instance, in capture-mark-recapture (CMR) approaches animals of a population are captured, individually
marked or photographed to allow identification, and released at the capture site. The frequency of marked
individuals observed in subsequent capture sessions is then used to estimate abundance (Chao 2001;
Mazerolle et al. 2007). Removal sampling (sometimes named catch-effort model) is an alternative
approach, which requires the systematic capture and removal of individuals. Population size is then
estimated on the basis of the decline in catch size during sequential capture sessions (Chao and Chang
1999; Chao 2001; Petranka and Murray 2001). These studies have been particularly useful to obtain
reliable estimates of population size, and have revealed long term temporal trends, allowing to identify
the factors determining the survival of individuals and the decline of populations (Schmidt 2004; Schmidt
et al. 2005; Lindstrom et al. 2010; O'Donnell and Semlitsch 2015; Romano et al. 2016).

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. Therefore,
the broad scale monitoring of the abundance of wildlife has been a challenge for decades (Pollock et al.
2002). In the last years formal approaches have been proposed to estimate animal abundance from
repeated counts at fixed sites, without marking individuals to identify them (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
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proposed for broad-scale assessment of populations (Kéry et al. 2009; Griffiths et al. 2015; Ficetola et
al. 2017). The usefulness of N-mixture models to estimate abundance of amphibians and reptiles is
advocated since several years (Mazerolle et al. 2007; Kéry et al. 2009; Romano et al. 2017) and, given
their high cost-effectiveness, these approaches have also been suggested to obtain broad scale estimates
of the population trends of amphibians and reptiles (Ficetola et al. 2017). For instance, repeated counts
analysed with N-mixture models have been proposed for the periodic monitoring of several species of
amphibians and reptiles listed in the EU Habitat Directive at the national scale (Stoch and Genovesi
2016). However, these approaches are not yet widely used to estimate population abundance, perhaps
because practitioners remain unsure about their efficiency, compared to more traditional techniques
requiring capture. Studies comparing the performance of mixture models with more traditional
approaches (e.g. CMR) found similar abundance and density estimates (e.g. Priol et al. 2014; Courtois et

al. 2016) but, until now, such comparative analyses have focused on a limited range of species.

In this study, we compared population estimates obtained using N-mixture models with estimates
obtained applying more traditional approaches, i.e. removal sampling and capture-mark-recapture. We
focused on two threatened species of salamanders endemic of Italy and adjacent areas: the Lanza’s alpine
salamander Salamandra lanzai, and the Ambrosi’s cave salamander Hydromantes ambrosii. Both species
are fully terrestrial and do not require water for reproduction (Lanza et al. 2007), thus other traditional
approaches to estimate the abundance of amphibians (e.g. egg counts, monitoring of breeding sites)
cannot be used. Therefore, the reliability of monitoring approaches based on the observation of unmarked
active individuals is a key aspect to provide effective information for management plans.

Methods

Study area and sampling
Lanza’s Alpine Salamander Salamandra lanzai

Salamandra lanzai is endemic of a small area of the Alps, between NW Italy and W France, and
lives at altitudes of 1200-2650 m. This salamander is viviparous, and individuals are active at the surface
from late spring until early autumn, mostly at night and during humid periods (Andreone 2007). The
study was performed at the Pian del Re area (approx. 44.70°N, 7.10°E; altitude: 2000-2150m; Fig 1),
which is an alpine meadow with multiple small streams, and is the type locality of S. lanzai.
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Repeated counts. We defined 28 rectangular (20 x 10 m) plots, across the whole Pian del Re.
Each plot was surveyed by a 6-8 people team, actively searching and counting all the salamanders at the
surface for 10-15 min. Plots were surveyed 2-3 times (average: 2.3 surveys per plot) in the period 16-19
August 2015 after dusk, between 9.00 pm and 1.00 am.

Capture-mark-recapture data were obtained from previously published studies performed in the
same area in 1992-2003, which sampled a surface of approx. 41,000 m? (Fig. 1; Andreone et al. 1999;
Andreone et al. 2007).We positioned the 28 plots performed in 2015 as follows: eight were inside the
study area were Andreone et al.(1999; 2007) performed they CMR study, 17 were nearby the Andreone
et al. (1999; 2007) study area (<250 m from the area), and three were 500-750 apart (Fig. 1).

Cave salamander Hydromantes ambrosii

The Ambrosi’s cave salamander H. Ambrosii (see Wake 2013 for discussion on nomenclature) is
endemic of a small area of peninsular Italy. This terrestrial salamander does not live exclusively in caves,
as from autumn to spring it is often active at the surface. However, during the dry and hot Mediterranean
summer it often moves to underground refugia, where its detectability is highest (Lanza et al. 2006;
Lunghi et al. 2015). In June 2017, we monitored ten cavities in Central Italy using both repeated counts
and removal sampling. We considered the Spelerpes cave (44.13°N, 9.78°E), six cavities within the
Pignone karst Area (44.18°N, 9.72°E) and the Alta di Casté cave (44.12°N, 9.77°E). Explored depth of
caves ranged between 9 and 48m. For repeated counts, each cave was monitored by 6-7 observers during
daytime in sunny, dry days, by actively searching and counting all the salamanders visible on both cave
walls and floor, as described by Lunghi et al. (2015). Each cave was surveyed two times within 3-10
days, to ensure meeting assumption of population closure. Survey effort was approx. 0.5 man/hour for
each m of explored cave. Subsequently, we performed a three-sample removal experiment (Chao and
Chang 1999). Immediately after the end of the last count survey, 6-7 people collected and stored
salamanders in specific fauna boxes (40x25x15 cm) which were left inside caves. Removal session ended
after 10 minutes without captures. At the end of the third session of capture, animals were released in the
same cave areas in which they were found. Individuals were manipulated with disposable nitrile gloves,
and all the equipment was disinfected following guidelines for preventing the spread of infectious
diseases (Speare et al. 2004).
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Data analysis

For both species, repeated counts were analysed using N-mixture models for closed populations
(Royle 2004). We used Akaike’s Information Criterion (Burnham and Anderson 2002) to select the most
appropriate error distribution (Poisson or zero-inflated Poisson); we did not consider negative binomial
errors as can produce infinite abundance estimates, particularly when detection probability is limited
(Dennis et al. 2015). In models, we used 100 + the maximum observed species abundance as upper bound
to approximate an infinite summation of the likelihood, since preliminary analyses suggested that this
value provides robust estimates (Ficetola et al. 2017). For S. lanzai, activity is often higher early after
dusk (Andreone et al. 2007), thus we considered hour of survey as a covariate potentially affecting
detection probability; all surveys were conducted within four days, with constant meteorological
conditions (similar temperature; no rain). For both species we then used empirical Bayes methods to
estimate the posterior distribution of the abundance (mean and 95% Bayesian credible intervals) (Royle
and Dorazio 2008). N-mixture models were run using the unmarked package in R 3.3.3 (Fiske and
Chandler 2011).

To estimate population size from removal sampling of H. ambrosii, we used the sampling
coverage estimator for heterogeneous model of Chao and Chang (1999), which is able to estimate
population size with low bias, assuming that capture rate can be different among individuals. In
preliminary analyses, we also tried using methods assuming homogeneous detection probabilities (Chao

and Chang 1999), and obtained very similar estimates.

Results

Lanza’s Alpine salamander

During repeated surveys, we obtained 63 salamander detections (range: 0-9 individuals per plot
in each survey). In N-mixture models, we used a zero-inflated Poisson model as it showed AIC values
lower than the Poisson model (model without covariates: AIC: 180.9 vs. 207.2). N-mixture models
estimated an average detection probability of 0.14 (95% CI: 0.02-0.62). The model including hour of
survey as covariate showed a higher AIC value than the model without hour (AIC = 182.5), and hour did
not have a significant effect on salamander detection (z = -0.20, P = 0.608), therefore we kept the model
without covariates. The estimated number of individuals ranged between 0.4 and 14.7 individuals per
plot (Fig. 1).
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Andreone et al. (1999; 2007), using capture-mark-recapture, estimated a density of ~300
individuals / ha. If we only consider the six plots within the CMR study area, the average density of
salamander was 141 individuals / ha (95% CI: 38 - 450 individuals / ha). However, if we also include the
plots nearby the CMR study area, the average density of salamanders was much higher, and closer to the
estimates obtained using CMR. For instance, if we also consider plots within 250 m, the average density
was 254.3 individuals / ha (95% CI: 130 — 544).

Ambrosi’s cave salamander

During repeated counts, we obtained 599 salamander detections overall (range: 0-123 detections
per cave in each survey). In N-mixture models, we used a Poisson error distribution as it showed AIC
values lower than zero-inflated Poisson models (AlICc: 510.4 vs. 512.4). N-mixture models estimated an
average detection probability of 0.62 (95% CI: 0.59-0.76); empirical Bayes estimates indicated

population abundances between 13 and 135 individuals / site (Table 1).

During the removal experiment, we captured 507 individuals (range: 0-99 individuals per cave in
each session). In removal models, estimates of population size ranged between 13 and 244 individuals
per cave (Table 1). The depletion method was unable to estimate population size for the two cavities with
less captured individuals (False Snake and Ambrosi’s sinkhole), in which zero individuals were captured

during the second and third capture sessions.

Overall, N-mixture models and removal provided highly correlated and consistent estimates of
population densities, with overlapping confidence intervals in most of populations (Table 1). In the
populations with more individuals, N-mixture models tended to estimate smaller population sizes (Table
1). Nevertheless, a linear regression model, relating log-transformed abundance estimated with the two
approaches revealed a strongly significant relationship (R? = 0.91; F16 = 57.2, P < 0.001), with a slope
not significantly different from one (B = 1.32, 95% CI = 0.89 - 1.74) and an intercept not significantly
different from zero (k = -1.00, 95% CI = -2.63 — 0.61).

Discussion

Accurate estimates of population size provide baseline data for many studies on population

ecology, are essential to assess the conservation status of populations, and allow to identify management
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priorities. For instance, in the European Union the Habitat Directive protects several hundreds of animal
species, and requires regular reports on the conservation status of all species protected by the directive.
Such reports should include measures of population size and trends for all these species across the
continent. Obtaining quantitative measures of population size of hundreds species over broad areas
requires considerable monitoring efforts, and volunteers are a key resource for such a broad scale
monitoring (Kéry et al. 2009; Sewell et al. 2010; Bonardi et al. 2011; Sewell et al. 2012; Griffiths et al.
2015; Maes et al. 2015). Approaches based on the capture of individuals such as capture-mark-recapture
or removal sampling can provide reliable estimates of population size, but also have drawbacks. First,
the capture of many individuals often requires more time than just observing their presence, therefore it
can be less effective if we need monitoring many populations. For instance, for cave salamanders the
removal sampling required approx. 80 man-days of work, while only 28 man-days were required for the
visual surveys of N-mixutre models. Second, some techniques used to mark amphibians are expensive,
or can harm individuals and pose ethical issues (e.g. toe clipping) (McCarthy and Parris 2004). Finally,
the manipulation of specimens can pose threats to the study populations, such as the risk of transmission
of infectious diseases (Lunghi and Veith 2017). Actually, European salamanders currently face the risk
of infection by the chytrid fungus, Batrachochytrium salamandrivorans, which is lethal to most
salamanders and is causing dramatic declines to several populations (Spitzen-van der Sluijs et al. 2013;
Martel et al. 2014; Stokstad 2017). Under these circumstances, protocols requiring the capture of
individuals by a large number of volunteers cannot be advocated. N-mixture models just require the
observation of individuals, and thus are a promising alternative that do not require the manipulation of
individuals. Our study shows that this approach provides reliable estimates of population size, which are

highly comparable with the ones obtained by more traditional approaches.

Simulations suggest that population sizes estimated through N-mixture models generally have a
limited bias (Ficetola et al. 2017), but the accuracy of these analyses still requires assessment. If detection
probability is ~0.15 (as we recorded for the Lanza’s alpine salamander) and sites are surveyed only a few
times, simulations suggested that the relative bias of mixture models is 45-50%, i.e. they can over- or
underestimate population size by approx. 50%. The accuracy of mixture models increases in easily
detectable species and, if detection probability is 0.5, the expected bias is ~12-20%, and the correlation
between true and estimated population size is expected to be ~0.9 (Fig. S2 in Ficetola et al. 2017). Testing
the validity of these predictions is difficult, as in real populations we hardly know the true population
size. Nevertheless, if we compare mixture models with CMR and removal sampling, we obtain measures

of bias that are in agreement with these predictions. For alpine salamanders, the differences between
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CMR and mixture models was 17-52% (depending if we consider all transects nearby the CMR study
area, or only transects within the CMR study area; see below). For cave salamanders, the average relative
bias was 26%, and the correlation between the two population size estimates was 0.95. The match
between empirical data and simulations confirms the robustness of conclusions obtained through the
virtual ecologist approach (Zurell et al. 2010), and supports mixture models as a reliable tool for the

analysis of monitoring data.

In the Lanza’s alpine salamander example, the two population estimates (N-mixture vs. CMR)
were not performed in the same year. Salamander populations can undergo strong temporal variation, for
instance in response to habitat modifications, climatic variation and variation of biotic factors (e.g.
Schmidt et al. 2005; Whiteman and Wissinger 2005; Salvidio et al. 2016), and population fluctuations
can occur even in absence of evident habitat changes (Pechmann et al. 1991). Despite we do not have
quantitative data on this, the available information suggests that the study populations did not undergo
strong variation of abundance through time. For instance, for S. lanzai, CMR estimates of abundance
obtained in 1992 and in 2003 were very similar (Andreone et al. 1999; Andreone et al. 2007).
Furthermore, the study area is a protected site, for which no major habitat modifications occurred in the
last 20 years. Differences between CMR and N-mixture models were stronger if we only consider the
eight plots falling within the CMR area. However, only eight plots were inside the target area, and
sampled just 1,600 m?, which represent 3.9% of the surface sampled by CMR. Therefore, the imperfect
match between the estimates probably occurred because the sampling effort inside the target area was
too low. Conversely, if all the plots nearby the Andreone et al. (1999; 2007) study area are considered,
N-mixture models sampled a much larger surface (5,400 m?). Salamander distribution is not
homogeneously distributed across the landscape (Fig. 1), and the more intense effort probably allows a
better representation of the overall landscape. The quality of population estimates generally increases at
high sampling efforts (Boitani and Fuller 1999) which, in this case, is related to both the number of
surveys per plot, and the total area covered by plots. When planning surveys, both these parameters must
be defined a priori. Increasing the surface of each plot, and increasing the number of plots, are alternative
approaches to increase sampling efforts. Deciding the best strategy (a few large or several small plots)
strongly depends on parameters such as population density, detection probability, spatial heterogeneity
and logistic constraints, and should be decided a priori, on the basis of study aims and resources
availability. For instance, the number of individuals that are detected at each survey is generally higher
in larger plots. Therefore, large plots and / or a large number of surveys per plot are a more effective

strategy for species with limited detectability, while surveying several small transects can be preferable
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if populations have high detection probability (MacKenzie et al. 2006; Guillera-Arroita 2012; Ficetola et
al. 2017; Guillera-Arroita 2017).

With cave salamanders, detection probability estimates were very high (=0.4) using both
approaches. High detection probability has already been demonstrated in other species of cave
salamanders, particularly during their underground activity phase (Lindstrom et al. 2010; Ficetola et al.
2012; Lunghi et al. 2015), and this favors studies on the ecology and dynamics of cave salamander
populations (e.g. Lunghi et al. 2015; Salvidio et al. 2016). The match between mixture models and
removal sampling was excellent for the caves with fewer salamanders. Mixture models tended to
underestimate population size in the two caves where removal estimated more individuals (Table 1, Fig.
2). It should be remarked that capture rate, estimated by removal sampling, is unrelated to both cave
depth and salamander abundance (Jr| < 0.4 and P > 0.25 for both correlation), suggesting that this does
not occur because sampling quality was weaker in larger caves and / or in caves with more salamanders.
Overall, the slope of the regression between population sizes estimated with the two approaches was not
significantly different from one, and in most of cases abundance estimates were extremely similar,

confirming that N-mixture models are an excellent approach to estimate the abundance of these animals.

We showed that N-mixture models can provide effective measures of the abundance of
populations, but just measuring abundance provides limited information for conservation. An additional
advantage of N-mixture models is the possibility of including covariates as potential predictors of species
abundance also at very fine spatial scale (Romano et al. 2017). Assessing the factors that can determine
differences in abundances among sites, or differences in abundance in a site surveyed during different
years would provide more complete information and, for instance, can allow the identification of
threatening factors that should be targeted by conservation strategies (Nichols and Williams 2006; Purse
and Golding 2015). During surveys, experienced observers can also record parameters representing
habitat quality or threats (Purse and Golding 2015) that can be successfully integrated within N-mixture
models to provide quantitative management indications (e.g. Romano et al. 2017). The elaboration of
comprehensive monitoring schemes, that allow the integration of species abundance data with
information on habitat features and on drivers of abundance is not easy (Sutherland et al. 2015), but will

provide essential information for more effective management.
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Table 1. Population abundances in ten populations of Hydromantes ambrosii, estimated with different

approaches. N max: max number of individuals detected in one single survey session.

Cave N max N-mixture models Removal sampling
Abundance 95% ClI Capture rate  Abundance 95% ClI
Pignone left entrance 27 33.8 29/39 0.5 24 *
Pignone right entrance 38 50.1 45/56 0.702 53 51/63
Pignone main cave 38 53.3 48 /59 0.636 59 571770
Pignone — False snake’s hole 5 11.0 7116 i i
Pignone — Ambrosi’s sinkhole 3 8.7 5/13 i t
Fornace 30 433 38/49 0.38 76 *
Fornace left entrance 15 2338 19/29 0.6 20 19/33
Pignone abandoned mine 52 57.8 54 /63 0.386 114 92 /240
Spelerpes 6 13.1 9/18 0.426 13 *
Alta di Caste 123 1445 138/ 152 0.382 244 219/300

1 The method was unable to estimate population size

* Estimation of 95% CI was not available
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Figure legends

Figure 1. Plots used to assess the abundance of Salamandra lanzai, and spatial variation of abundance
estimates. The violet line is the approximate limit of the area sampled with capture-mark-recapture
(Andreone et al. 2007).

Figure 2. Abundance of H. ambrosii: comparison between removal sampling and N-mixture models.
Error bars are 95% confidence intervals of each estimate, the black dashed line has intercept = zero and

slope = 1.
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SUPPORTING INFORMATION

Microhabitat analyses challenge broad-scale patterns of niche evolution in

terrestrial salamanders

Gentile Francesco Ficetola, Enrico Lunghi, Claudia Canedoli, Emilio Padoa-Schioppa, Roberta

Pennati, Raoul Manenti

Appendix A. Supplementary results: niche analyses repeated measuring niches using different

approaches, and supplementary figures.

SUPPLEMENTARY RESULTS

Niche analyses repeated measuring niches using different approaches

Microhabitat niche measured using the tolerance limit approach

Species distribution is often defined by tolerance limits for the fundamental niche. For instance, the
northern limit of species may be defined by the tolerance limit to low temperatures (e.g. Hutchinson
1957, Whittaker et al. 2001). The approach to microhabitat niche in the main text compared the
conditions at all the presence points where individuals were observed. We repeated the analyses by using
the limits instead. For all study species, within cave distribution was determined by temperature,
humidity and light, being positively related to humidity and negatively related to light and temperature
within the observed range of these variables (Fig. 2, Table 1). We therefore calculated the tolerance limit
of each species as the value of each variable below which there are 95% of salamander records (for
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temperature and light), or the value above which there are 95% of records (humidity). For instance, for
H. flavus the tolerance limit for temperature and humidity were 18.1°C and 88.4%, respectively, because
95% of sectors with salamanders showed temperature < 18.1°C and humidity > 84.4%. The between-
species differences in tolerance limits were then calculated as the pairwise Euclidean distances. Spiders
were not considered in this analysis, as we never found clear relationships between spiders and

salamanders (Table 1).

Microhabitat distance measured using the tolerance limit approach (Table A5) was positively
correlated to microhabitat distances on the basis of Shoener’s D (Mantel’s test: r = 0.45, P = 0.01), while
it was unrelated to phylogenetic distance (r = 0.001, P 0.997) and was not positively related to bioclimatic

distance (r = -0.30, P = 0.26), confirming the results presented in the main text.

Bioclimatic niche measured using annual climatic features

We repeated the bioclimatic analysis using mean temperature and summed annual precipitation, instead
than temperature and precipitation measured in the activity period (autumn, winter and spring). Niche
overlap using annual features (Table A5) was nearly identical to the overlap obtained considering climate
during the activity period (Mantel’s test: r = 0.98, P = 0.0001; compare Fig. 2 with Fig. A4). Bioclimatic
distance measured using annual climate was unrelated to microhabitat distance (r = -0.2, P = 0.28), while
it remained positively related to both genetic (r = 0.49, P = 0.004) and geographical distance (r = 0.56,
P =0.004), confirming the results in the main text.

Bioclimatic niche measured incorporating spatial autocorrelation

Spatial autocorrelation might affect the results of PCA-env, therefore we repeated the bioclimatic
analysis also including the prediction of a spatial generalized additive model as an additional variable.
Niche overlap measured using this additional variable (Table A5) was strongly correlated to the overlap
measured using standard PCA-env (Mantel’s test: r =0.75, P = 0.0006). Also in this analysis, bioclimatic
distance was unrelated to microhabitat distance (r = 0.003, P = 0.99), while it remained positively related
to both genetic (r = 0.60, P = 0.002) and geographical distance (r = 0.75, P = 0.0002), confirming the

results in the main text.
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Table Al. Caves and cave sectors sampled for the microhabitat analyses, and presence localities used for

the bioclimatic analyses.

Species Microhabitat analyses Bioclimatic analyses
N caves surveyed N sectors N sectors with presence N presence localities

Hydromantes ambrosii 40 151 93 56

H. flavus 33 69 22 43

H. genei 29 183 66 54

H. imperialis 27 223 98 60

H. italicus 57 245 84 122

H. sarrabusensis 8 12 5 5

H. strinatii 61 178 124 179

H. supramontis 23 119 32 37
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Table A2. Relationships between the occurrence of nine species of salamanders in underground sectors
and microhabitat features: best-AIC generalized linear mixed models taking into account imperfect
detection. R%c: conditional R?> (Nakagawa and Schielzeth 2013); B: unstandardized regression

coefficients.
Best AIC models
R%c B 71 P

H. ambrosii 0.315
Max light -0.44 151 <0.001
Temperature -0.13 9.8  0.002

H. flavus 0.99
Max light -29.93 53  0.020
Humidity 169.73 50 0.025
Humidity (Q) -61.65 4.4  0.035

H. genei 0.73
Min. light -0.63 25 0111
Humidity 1751 101 0.002

H. imperialis 0.39
Min. light -1.32 86  0.003
Temperature -0.31 146 <0.001

H. italicus 0.57
Max. light -0.62 29.1 <0.001
Humidity 8.92 178 <0.001

H. sarrabusensis 0.70
Max. light -145 6.0 0.014

H. strinatii 0.44
Max. light -0.39 9.8 0.002
Temperature 124 10.6  0.001
Temperature (Q) -0.04 135 <0.001

H. supramontis 0.80
Min. light -1.53 3.7  0.055
Temperature -0.50 123 <0.001
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Table A3. Niche overlap between terrestrial salamanders, measured at both the microhabitat and the
broad scale (bioclimatic) levels. In bold, significance values that remained significant after sequential

Bonferroni’s correction.

a) Niche overlap at the microhabitat-level
Schoener’s D

H.ambrosii H.flavus H.genei H.imperialis H.italicus  H.sarrabusensis H.strinatii
H.flavus 0.201
H.genei 0.24 0.443
H.imperialis 0.451 0.408 0.633
H.italicus 0.334 0.518 0.608 0.607
H.sarrabusensis 0.467 0.681 0.322 0.262 0.444
H.strinatii 0.719 0.221 0.534 0.429 0.429 0.759
H.supramontis 0.335 0.613 0.835 0.482 0.785 0.359 0.57

Significance of niche equivalency tests
H.flavus <0.001
H.genei <0.001 <0.001
H.imperialis <0.001 <0.001 <0.001
H.italicus <0.001 <0.001 <0.001 <0.001
H.sarrabusensis 0.465 <0.001 <0.001 0.017 <0.001
H.strinatii <0.001 <0.001 <0.001 <0.001 <0.001 0.907
H.supramontis 0.023 0.554 0.099 <0.001 <0.001 0.081 <0.001
b) Niche overlap at the broad-scale
Shoener’s D

H.ambrosii H.flavus H.genei H.imperialis H.italicus  H.sarrabusensis H.strinatii
H.flavus 0.220
H.genei 0.028 0.081
H.imperialis 0.408 0.366 0.065
H.italicus 0.264 0.052 0.001 0.236
H.sarrabusensis 0.072 0.188 0.018 0.488 0.004
H.strinatii 0.504 0.287 0.012 0.219 0.331 0.053
H.supramontis 0.201 0.465 0.042 0.457 0.055 0.378 0.299

Significance of niche equivalency tests

H.flavus <0.001
H.genei <0.001 <0.001
H.imperialis <0.001 <0.001 <0.001
H.italicus <0.001 <0.001 <0.001 <0.001
H.sarrabusensis <0.001 <0.001 <0.001 0.015 <0.001
H.strinatii <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
H.supramontis <0.001 0.002 <0.001 <0.001 <0.001 0.086 <0.001
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Table A4. Results of commonality analysis evaluating the unique, common and total contribution of

genetic and geographical distance on the bioclimatic differentiation of niches.

Independent variables Contribution

Unique Common  Total

Genetic distance 0.116 0.166 0.282

Geographical distance  0.105 0.166 0.272
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Table A5. Alternative approaches to the measure of niche overlap between salamander species. a): niche
distances at the microhabitat-level: Euclidean distances calculated using species tolerance limits; b) niche
overlap at the broad scale (bioclimatic), calculated using annual values of temperature of precipitation;
c) niche overlap at the bioclimatic scale, calculated also including a term representing spatial
autocorrelation. In bold, significant values after sequential Bonferroni’s correction. In a), no significance
values can be calculated.

a) Niche distances at the microhabitat-level: Euclidean distances calculated using species tolerance limits

H.ambrosii H.flavus H.genei H.imperialis H.italicus  H.sarrabusensis H.strinatii
H.flavus 29.16
H.genei 26.07 4.30
H.imperialis 16.69 15.46 11.72
H.italicus 26.12 4.01 2.88 11.72
H.sarrabusensis 29.53 3.89 3.52 14.71 4.90
H.strinatii 12.21 17.55 1457 8.93 14.92 18.02
H.supramontis 23.85 7.65 5.41 8.81 3.67 7.84 1351
b) Niche overlap at the broad-scale, calculated using annual values of temperature of precipitation

Shoener’s D

H.ambrosii H.flavus H.genei H.imperialis H.italicus  H.sarrabusensis H.strinatii
H.flavus 0.276
H.genei 0.013 0.157
H.imperialis 0.469 0.369 0.072
H.italicus 0.257 0.032 0.001 0.206
H.sarrabusensis 0.044 0.184 0.025 0.498 0.002
H.strinatii 0.541 0.276 0.008 0.231 0.271 0.032
H.supramontis 0.246 0.451 0.065 0.359 0.028 0.415 0.307

Significance of niche equivalency tests
H.flavus <0.001
H.genei <0.001 <0.001
H.imperialis <0.001 <0.001 <0.001
H.italicus <0.001 <0.001 <0.001 <0.001
H.sarrabusensis <0.001 <0.001 <0.001 0.017 <0.001
H.strinatii <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
H.supramontis <0.001 <0.001 <0.001 <0.001 <0.001 0.113 <0.001
c) Niche overlap at the broad-scale, integrating an additional term representing spatial autocorrelation
Shoener’s D

H.ambrosii H.flavus H.genei H.imperialis H.italicus  H.sarrabusensis H.strinatii
H.flavus 0.238
H.genei 0.069 0.506
H.imperialis 0.249 0.426 0.235
H.italicus 0.387 0.217 0.000 0.205
H.sarrabusensis 0.008 0.247 0.070 0.452 0.009
H.strinatii 0.349 0.240 0.170 0.162 0.243 0.027
H.supramontis 0.189 0.468 0.443 0.492 0.174 0.302 0.249
H.flavus <0.001
H.genei <0.001 <0.001
H.imperialis <0.001 <0.001 <0.001
H.italicus <0.001 <0.001 <0.001 <0.001
H.sarrabusensis <0.001 <0.001 <0.001 <0.001 <0.001
H.strinatii <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
H.supramontis <0.001 <0.001 <0.001 <0.001 <0.001 0.020  <0.001
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Supplementary figures

Figure Al. Distribution of a) caves sampled for the microhabitat analyses; b) presence localities used for

the broad scale, macroecological analyses.

Sites surveyed for microhabitat analyses Presence localities for macroecological analyses

Franecs

H. ambrosii 3’ L4
H. flavus ] % 3\
H. genei & o _

H. imperialis

H. italicus

H. sarrabusensis
H. strinatii

H. supramontis

o X X K NOX ]

Figure A2. Relationships between microhabitat features and presence of salamanders. The plots show

the three relationships that are significantly non-linear (See Table 1).
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Figure A4. Niche differences among species according to a) microhabitat and b) bioclimatic analyses
(multidimensional scaling plots), using annual temperature and precipitation instead than conditions

during the activity seasons. Blue arrows are environmental variables added to plots using vector fitting.
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Figure A5. Relationship between operative temperature (mean temperature of sectors with active

salamanders), and mean annual temperature measured on the basis of broad-scale variables.
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