Enrico Lunghi

Improving the knowledge of European cave

salamanders (genusiydromanteg:

ecological studies for conservation of a highly

threatened endemic species

vom Fachbereich VI Raunund Umweltwissenschaften der Universitat Trier zur Verleihung des

akademi schen Grades abDoktor der Natur wi ssensc

Advisors and Relators:
Betreuender und BerichterstattendeProf. Dr. Michael Veith
2. BerichterstattendeProf. Dr. G. F. Ficetola

3. Berichterstattend®r. Claudia Corti

23 November 2017

Trier, 2018



General summary of chapters

Chapter |
Chapter Il
Chapter IlI
Chapter IV
Chapter V
Chapter VI
Chapter VII
Chapter VI
Chapter IX
Chapter X

Chapter XI

Table of contents

Supplementary materials Chapter I

CVv

Publication list

22

43

51

74

96

109

132

153

161

179

184

201

212

216



Abstract

This thesis is focused on improving the knowledge on a group of threatened species, the European
cave salamanders (gerndgdromantes 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 responseEyafromantego the variation ofclimatic
conditions, analysing 15 different localities throughout a full y€arpTeERI; published inPEERJ in

August 2015). After that, the focus moves on identify which is the operative temperature that these
salamander experience, including how teidy 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®odyrér|l; 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 eighydromantesspecies. The study mostly underlines the
mismatch between macrand microscale analysis of ecological niche, shgwimveak conservatism

of ecological niches within the evolution of speci€sAPTERIII; unpublished manuscript).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 bhryds shows divergences from those of parental species, thus
evaluating the power of hybrids adaptati@MAPTER IV; unpublished manuscript). Considering that
hybrids may represent a potential threat for parental species (in terms of genetic erosion and
competition), we produced the first ecological study on an allochthonous mixed population of
Hydromantesanalysing population structure, ecological requirements and diet. The interest on this
particular population mostly comes by the fact that its memlverscaming from all three mainland
Hydromantesspecies, and thus it may represent a potential source of new hyBHASTER V;
accepted inAMPHIBIA-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 abundémee of
species, also focusing on all intermediate dynamics which provide useful information on spatial
variation of individual fithessGQHAPTER VI; submitted toSCIENTIFIC REPORTSIN November 2017).

The first part ends with an analysis of the interaction eehiMydromantesndBatracobdella 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 tmeat for Hydromantes(CHAPTER VII; submitted to INTERNATIONAL JOURNAL FOR
PARASITOLOGY: PARASITES AND WILDLIFE in November 2017). The second part is related to the
reproduction oHydromantesin 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 GHAPTER VIII; published in NORTH-WESTERN JOURNAL OF ZOOLOGY in
December 2015). In the second study we gather information frdy@lbmantespecies, analysing

size and development of breeding females, and identifying a relationship between breeding time and
climatic conditions CHAPTER IX; submitted toSALAMANDRA in June 2017). In the last part of this
thesis, we analyse two potential methods for monitadpdromantegpopulations. In the first study

we evaluate the efficiency of the marking method involving Alpha t@gaKTER X; published in
SALAMANDRA in October P17). In the second study we focus on evaludtingixtures models as a
methodology for estimating abundance in wild populati@eTER XI; submitted taBIODIVERSITY

& CONSERVATIONIN October 201).

Own contribution to chapters:

Designof 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 andeubeersity.

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 impdrtarly 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 heithcomplementary

and synergic work, sustain the life on the planet. Ecosystems provide four main essential services
(Jargensen, 2009three of them are relating to the production, recycling and regulation of resources,
while the fourth is a pleasuringiitural services mostly appreciated by humans. The importance and
the value of ecosystem services is a swalbwn fact(Costanza et al., 1997; Balmford et al., 2002)
proved also by the multiple illegal attempts to use natural reso{i€eeano et al., 204). The well
operating of ecosystems is only guaranteed by the support of the local biodiversity. Indeed,
biodiversity represents the most valuable good we could (Mu€arthy et al., 2012)With our
actions, we unbalanced the natural equilibrium inv@vihe development of new species and
extinction of some otherBarnosky 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¢étola and Maiorano, 2016; Akrfim et al.,

2017; Borzée et al., 2017)herefore, 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 casesour lack of knowledge is the greatest barrier which prevent a complete and exhaustive
species assessméBtessi, 2004; Restrepo et al., 20IMe problem of biodiversity loss is extremely
serious, so several international organisations were bornhthitn of manage and gather species

assessments, in order to attract public interest and provide guidelines to prevent and act against
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possible threatdUCN Standards, 2016; BenDor et al., 2Q1ligeed, conservationists are working
on both global and sriacale to improve the knowledge of their target species, aiming to discover
as much as possible on their life traits, evolution and role in ecosyd@ertsee 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 gertiydromantegWake, 2013) The origin of this taxon is
probably attributable to the Appalachian Mountains (California), the only area in which other
Hydromantesspecies are prese(iVake, 1966; Lanza et al., 2006jow these species coufve
reacled Europe is still a puzzling @stion, but it is likely that they moved towards Wgsarranza

et al., 2008) The plethodontid family is present in Europe with eight species which are endemic or
subendemic to ItalySillero et al., 2014)Three species dlydromantegH. strinatii, H. ambrosii

and H. italicug are distributed on mainland Italy and (ohlystrinatii) in a small part of the south

west French Provence, while the other five spedtesflavus, H. supramontis, H. imperialis, H.
sarrabusensi@ndH. gene) are endemic to Sdinia (Lanza et al., 2006)EuropearHydromantes
generallyshowallopatricdistribution, especially in Sardinia, where each species is restricted to one
single or few massif&Chiari et al., 2012)The only known natural contact zone between species take
place in the North of Tuscan Apennines, whekeambrosiiand H. italicus give birth to a viable

population of hybrid¢Ruggi et al., 2005)

European cave salamanders, as other plethodontid do, show peculiar features. These amphibians lack
of larval stage rad are totally free from aquatic environmefitanza et al., 2006)rhis means that

they lay eggs in terrestrial environme(itsinghi et al., 2014band hatchlings are just a tiny copy of

adults, which usually are four to five fold bigger at their maxind@velopmen{Lanza et al., 2006)

Another important featur@f these salamanders is the lack of lungs. During their evolution,
plethodontid salamanders switched to a total -skeuiated breathingSpotila, 1972) and such

features made them extremely sensitive to climatic condiflcarsza et al., 2006)

Habitat



Despite their vernacular namelydromantesare epigean terrestrial salamanders which exploit
different habitats, from forest floor to cracks, cergieand dry wallfLanza et al., 2006; Manenti,
2014; Costa et al., 201&8)owever, due to thepeculiarphysiology these salamandease ableo

live only in environments which show specific characteristics (high moisture and relative cold
temperaturejLanza et al., 2006)Therefore, when external climatic conditions become unsuitable
(especially during hot and dry seasortdydromanteseed to find refuge in most suitable places
Indeed, these salamanders often exploit underground environments, habitatich their
physiological requirements are likely to be héldnza et al., 2006; Lunghi et al., 2014k) such
environmentHydromantegeach high density and therefore are highly detect@htetola et al.,
2012) Nevertheless, the high and lefagting microclimatic suitability of underground environment
offer these species the opportunity to spend there most of their lifetime, making them an essential

member of underground communitigsinghi 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 highlysseptible 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 trait?robably, 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 studiggiromantesexploit 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 imHydromantes
conservation, is crucial tbave understood also the equilibriums of such environments, as they
deserve conservation plans as wdlhis mix of missing information also hamper to develop
appropriated methodologies to perform studies in the fielchultitude of different techniqueare
available for conservation biologists, which chose carefully the most appropriated one for their target
speciegCrovetto et al., 2012; Brannelly et al., 201%herefore, multiple studies are required to
better comprehend how these species live, whag need and consequently, what we can do to

preventtheir disappearing.



Ecology

Phenology

Understanding species distribution and habitat use is one of the main tasks for ecologists and
conservationist{Peterson et al., 2011; Bogaerts et al., 20R3searchers aim to identify the
combination of environmental features suitable for species and thus, link such information with
species occurrendg&odsoe, 2010)indeed, one of the most used approach aim to connect species
presence/absence to environtavariables, in order to identify a reliable tool to predict species
distribution(Guisan and Thuiller, 2005However, a strict specidsbitat association is unlikely to

be held in natur¢Saupe et al., 2014and such inconstancy depend by two main-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 betwesge classefSeebacher and Alford, 1999; Brambilla

and Saporetti, 2014; Dittmar et al., 201@n the other hand, the constant evolution of environments
may force individuals to continue "update” their preference, putting them in the position to move

somewere else, or adapt to the new local condititfesarney et al., 2013; Saupe et al., 2014)

In CHAPTERI we tested whethddydromantesxperience 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 undergound 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 toaswdEs@nd how.
Hydromanteshowed 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 habassociation, with the latter more incline to exploit sub
optimal microclimate in favour of a highest prey availabi(fjcetola et al., 2013; Manenti et al.,
2015) Secondly, adult salamanders follow the most suitable microclimatic conditions, which in

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

Thermal equilibrium

Within environmental features, temperatuseamong those which mainly affect species activities
(Angilletta Jr. et al., 2002)Endottermic 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 tempergMeedonald, 2010)On the other

hard, all ectotherms lack of such features and thus, they totally depend from environment to regulate
their body warmtt{Raske et al., 2012T herefore, problems related to climate change are concerning

a way more "coleblooded" species, as the global risafdemperature may overcome their tolerance

limits and thus, paving their way to declif@underson and Leal, 2016)

In CHAPTERIl we studied the thermoconformity bfydromantesusing one of the most advanced
tools, the thermocamera, which gave us the opportunity to avoid common problematic arose using
conventional methods (e.ghd@rmometric probe3. We analyzed the relationship between air
temperature and salamanders body teatpes, in order to assess whethdydromantes
thermoconformity and how environmental changes affect their body temperature. We defined as
natural studysystem the underground environments, a habitat in wychromantesusually occur
(Lanza et al., 2006)Considering the natural thermal gradient of such environments (see Chapter ),
we performed our test during hot season, the period in whidhomantegscape external unsuitable
conditions(Ficetola et al., 2012; Lunghi et al., 2014ia)this scenario,nderground 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 satémpersuredestimatidg alboahed time required by individuals to reach
back thermoconformity after thermal streblydromantesshowed a clear thermoconformity with
surrounding environments; generally, head showed a significant slightly warmer tempéeteure
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 operatimpdrature foHydromantesalso

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 ecologistd_osos, 2008)Even if phylogenetic signals are generally reliable for some
features, such as morphology and life tré@mberg and Garland, 2002; Losos, 2008; Enriguez
Urzelai et al., 2015)was seen that relating to ecological niche, such signals are not alwiegd pe
predictors(Losos, 2008; Peterson, 201This 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 variable@eterson, 2D1). 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 resolutgeck et al., 2012therefore, an approximation

of the overall abiotic fatures characterising the area, unlikely representing those really experienced
by species, which are the result of multiple local interact{@aoberdn, 2007; Kearney et al., 2014;
Sunday et al., 2014ndeed, a microhabitat approach is necessary togjyawies niche and to assess

the reliability of macrohabitat studies.

In CHAPTER Ill we analyzed the niche of the eigHtydromantesspecies using both maerand
microhabitat approach. We used caves as study system, as they have a natural microclimatic gradient
which produce detailed information abddydromantesrequirements. The study was conducted
during hot season, period in whichve microclimate shows both high and low suitability for cave
salamanders, depending on cave area(seeTER |). Considering that cave salamanders strongly
depend by environmental features (€ePTER ), we collected data on occupied areas, in otder
define preferred combination of mi crocl i mat.
limits. We then compared microclimatic data with those obtained using bioclimatic approach. Finally,
we assessed niche overlap betwéBmromantesspecies, ad we tested whether divergences in
micro- and macrohabitat show any relationship with evolutionary or geographical distance. Within
microhabitat analysis, allydromantesspecies showed a general similar relationship with abiotic
features, preferring darknoist 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 analysigdromantesniche overlap was verynhited, and these

results were quite in contrast with those obtained considering the microhabitat. Overall, there were
no evident evolutionary signals at the base Hyfdromantesniche dissimilarities. Only for
macrohabitat analysis we detected a mix oflpdgnetic and geographic distance at the base of
Hydromantesiche similarities; however, disentangle their correlation and evaluate each single effect
was not possible. We provided data demonstrating a quite strong mismatch betweeramgcro
macrohabitatinalysis, 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 atlénterbreeding and producing fertile offsprifmeing therefore
reproductively isolated from other different sms (Fitzpatrick, 2004) However, in some
circumstance, is it possible that individuals from closlated species are still able to interbreed,
giving birth to individual characterized by a different genome: the hybraisaka, 2007; De Hert et
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al., 20R). Besides the copious studies performed on the hybrids genetic and on the gene flow
occurring between them and parental speteetola and Stock, 2016; Grant and Grant, 2016; Bay
and Ruegg, 2017Vvery few aimed to characterize the ecological nichkybfids, which, together
with phylogenetic dataallows to better understand evolutionary proces#es ddaptation and
speciation(Seehausen, 2004 his informationrmay furnish an important instrument to test whether
hybrid populations have niches tlat similar or intermediate to their parental spe@esnstead
having a new different on@~icetola & Stock, 2016)The intermediate niche theory predict that
hybrids should havanintermediate nichewhich represents something in between those ohfadre
species (Moore, 1977). Conversely tih@nsgressivariche hypothesis supposes that introgressed
populations show newcologicalnichesthat differ from those of both parental species (Ficetola &
Stock, 2016).

In CHAPTERI V we studied the ecological ni che of E
the contact zone betweétydromantes ambrosandH. italicus occurring in the north of Tuscany

(Italy) (Ruggi et al.,, 2005; Lanza et al., 200®uring five years (20:2106) we surveyed
Hydromantegopulations 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., 2014&pllowing the procedure described in Chapter I, we
collected microclimatic data on hybiitiydromantepopulationsOur results demonstrated that both

H. ambrosiiandH. italicusintrogressed populationb@wed a significant niche shift, withmanifest
expansion toward harshernvironmental 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 habithesnew
species may have the ability to break ecosystems equilibriums and threat native biodivensty

et al., 2016; Gurtler et al., 2018uch introduction may be accident@lyer et al., 2017)or may be
made wittingly following several pugses(Kraus, 2009) Within Hydromanteshandful relocations
occurred and always involved mainland speciels $trinatii, H. ambrosii and H. italicus).
Relocations performed within Italian territory were mostly aimed to study syntopic dynamics
(Cimmaruta eal., 1999; Forti et al., 2005; Lanza et al., 2006; Cimmaruta et al.,, 2008} for other

cases (not only in Italy), no source of introduction are avail@l@aza et al., 2006; Lucente et al.,
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2016) Unfortunately, in no cases the possible impactHgfiromanteson native species was
evaluated.

In CHAPTERYV we accounted about the oldest knavanslocationsf Hydromantesindividuals from

mainland Italy where brought in a subterranean laboratory in the French Pyrenees with the purpose
to carry out scidific studies(Guillaume and Durand, 20Q3)owever, 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. Giverutttapspulation is viable

since decades and likely composed by a mix of mainkydromantesspecies(Guillaume and

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

of Hydromantespecies 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 inghg species distributiorGenerally,

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 wheradispersal and colonization are possit@®berdn, 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 suitahilitys expected that species show
better performance. Therefore, exist a positive relationship between environmental suitability and
species abundange/eber et al., 2017Such positive relationship is probably the consequence of
multiple processes acgrat thepopulation levelThuiller 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 populatiotevel processes that can determine setdtionship

In CHAPTER VI we investigated the links between rasvgéele variation of environmental suitability
and multiple population parametgspecies abundance, activity pattern, feegiegjormance and
body condition) using as model species the neicdemicHydromantes flavusSpecifically we
predicted thatindividuals will be more active in most suitable ar¢@bke Activity Hypothesi$
(Hetema et al., 2012individualsin high suitable areasan devote more time to foraging and/or can
find higherfood availability(The Foraging Hpothesi$; longer activity and better foragindi@avs
improving body conditiofDiazLopez et al., 2017which is a fitnesselated trai{Jakob et al., 1996)
(The Body @ndition Hypothesi3; finally, the positiverelationships predicted above will have
12



potentialcascadeffects onlocalabundancand thus, making the connection between environmental
suitability and species local abundar(¥éeber et al., 2017)Jsing Maxent we created a species
distribution model (SDM) usig f our climatic wvariabl es know
distribution. Overall, we surveyed 14 cavesi June 2013 to May 20Bnd, to test each hypothesis,

we used a different subset of collected datee Activity Hypothesis We performed surveyuting

hot season, period in which salamanders move underground to escape unsuitable external climatic
conditions(Lanza et al., 2006; Ficetola et al., 20lt®wever, also underground the activity of cave
salamanders is affected by the effect of externairenmental conditionfLunghi et al., 2015)We
observed that salamanders inhabiting caves located in high suitable areas were more active,
occupying areas close to the cave entrafite Foraging Hpothesis We performed stomach
flushing on salamandefeom 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 Bodpdition Hypothesis Using Residual Indexdtabocha et

al., 2014) we estimated the Body Condition Index of salamanders and, as we expected, those from
high suitable areas had higher Body Condition

we found that higher densities occurred inecbocated in high suitable areas.

Do ectoparasites represents possiblethreat?

Hematophagous leeches are a walbwn group of ectoparasites feeding on vertebrate blood
(Sawyer, 1981)Whenarestuck to their host, leeches induce a chemical reaction aimed to attenuate
the host immune respong®alzet et al., 2000; DuRant et al., 2Q3Bpmotng hosts vulnerability to

further potential infection@Rigbi et al., 1987; Daszak et al., 199%eches can parasitize amphibians
during all their life stage, from egg to the adult faiiroward, 1978; Mock and Gill, 1984; Romano

and Di Cerbo, 2007; Wells, 2007h some this parasitism may represents an additional threat for
amphibian populationfHoffmann, 1960; Merila and Sterner, 2002; Elliot and Dobson, 201
interaction between leeches and amphibians is usually studied in freshwater environments, while for
mere terrestrial once, informati@extremely scarcf.anza et al., 2006; Rochaadt, 2012; Manenti

et al., 2016)

In CHAPTERVII we studied the interaction between the leBatracobdella algiraand the Sardinian

cave salamanders of the geRrlyglromantesalso 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 fortathiomantespecies. We

took data from more than 2,600 salamanders and 130 leeches. Leeches tend to parasitize adults anc
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they usually stuck on body parts which do not compromise salamanders movement. Parasitized
salamanders showed higher Body Condition Index (BCI) tharpacesitzed one; furthermore, the

higher was the ectoparasite load, the higher was the salamanders BCI. Nydhamantedlavus

home rangeB. algira showed a significant relationship with water hardness, making this species
bounded to active karst systems. Rartnore, 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 effecbtheemn 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 EuropeaHydromantesare quite rare and mostly relatedcaptive breedinglLanza

et al., 2006; Oneto et al., 2010; Oneto et al., 20d¥iromantesare totally terrestrial amphibian
species, not requirinthe aquatic environment during any of their life stafiesnza et al., 2006)

They are oviparous species lacking of larval stdgmza et al., 2006)however, one speciesi(
sarrabusensisis thought to be ovoviviparoytanza and Leo, 2001but such inforration has not

well founded baséWake et al., 2005)Salamanders which have reached sexual mat{aitund
third-fourth year of life; Salvidio, 1993jive birth to a courtship in which males use their typical
sexual characters (premaxillary teeth and mlegtand) to arise females interest and make them
willing to pick up their spermatophothanza et al., 2006 Courtship has been observed throughout

the year, while deposition of spemratophora only in autumn; this discrepancy produces an inevitable
uncerainty about period and dynamics of courtship. Moreover, considering that in these species
pachytene spermatocytes do not degenerate during the cold §dastans, 1923)is possible that
mating may occur throughout the whole year. Gravid females look $oiitable place to lay their
eggs, preferring sites far from dangers and where microclimate shows prolonged sujtalvitity

et al., 2014h)Currently, we know about only one breeding seasoHydromantesgoing from early

spring to late summe(Stdani and Serra, 1966; Papinuto, 2005; Lunghi et al., 201Mibjhers
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 incl{deeto et al., @10; Oneto et

al., 2014)

14



In CHAPTERS VIII and IX we produced new findings about breeding in natural environments of
Hydromantesenlightening some traits that were still unknown or thought to be possible but without
any scientific proof. IlCHAPTER 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 ttnieatriar

from feeding sites. In this section, we observed a general effect of climatic featittgdromantes
breeding, but such topic is well accounted in the follov@rgPTERIX. In CHAPTER IX we showed

how the climate influence the time in which feles 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 conservatiblyd@fomantesas it takes almost two
years forthe complete cycle and therefore, it occurs just a handful times in tkspdife of these

animals. Finally, oviparity ifd. sarrabusensigvas also documented.

M onitoring methodologies

Evaluating Alpha tags as individually marking method

One of the most used technique in ecological study is the CaganeRecapture, which allows
researchers to collect data on single individuals and, at the same time, have an useful tool to estimate
population abundand&mata and Marte, 1992; Pierce ket 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 thref@svanson 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 Hyaldomantes
salamanders. During our study we encountered several hurdles. First, Alpha tags have standardised
size, preventing to mark individuals which are not big enough. htgtian 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 che@ to markHydromantes

Evaluating reliability of N-mixture models to estimate population abundance
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Estimating species abundance @acialtask of species monitoringsin mostofcases ndi vi dual
detection is challenging. This mostly hapgenseveral reas@ysuch aspecieslusive behaviour,

cryptic habits or simplpecause of the limited ability of surveydkdazerolle et al., 2007 Therefore,

the number of observed individuals rarely represents a reliable estimation olttiger of
individuals actually present in a given arSaveral approachésve been developed to estimate the

true number of present individuand anong themthoserequiring multiple captursessions (e.g
capturemark-recaputrehave a considerable succé€hao, 20Q). However, approaches requiring

the capture and identification are generally labour intensive, as many individuals need to be captured
and identified to obtain reliable population estimabeshe last years formal approaches have been
proposed to estiate animal abundance from repeated counts at fixed sites withdividual
marking/identification(Royle and Nichols, 2003; Royle, 200dhe 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 gjiven site are then used to jointly estimate the detectability of individuals and population
size on the basis &f-mixture (or hierarchical) mode(Royle and Nichols, 2003; Royle, 2004; Kéry

et al., 2009; Dail and Madsen, 2014 they do not require paure 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 proposedsfaléroad

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

In Chapter XI we tested the efficiency Nfmi xt ur e model s on the Ambr
(Hydromantes ambrogijicomparing estimation obtained from such methodology with that obtained
from removal samplig. In June 2017, we monitored ten caveslodmbrosij as during hot season
underground activity oHydromantess higher(Ficetola et al., 2012Each cave was monitored six

times within a period of ten days, to ensure population closure. During festgbrveys individuals

were counted avoiding any type of manipulation to perform estimation dsmgtures (Royle,

2004) in the following three, animals were removed to perform estimation with the removal sampling
method(Chao and Chang, 1999-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 removarovided highlycorrelated andtonsistent estimates of
population densitiesyith overlappingconfidence interval in most of populationsThe use oiN-

mixture models represents a powerful method to estimate wild populatipnit @oes not require
individual manipulation,i) it gives the opportunity to add covariates to the model, improving

accuracy, andi) 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,
Physiological niche, Spatial segregation, Biospeleology, Plethodontid
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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

Lunghi et al. (2015), PeerdJ, DOl 10.7717/peerj.1122 [ 4120

26



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 G2 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 10.03 34.60 <0.001
Hum. ext 10.01 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).

45

E. Lunghi et al. / Journal of Themmal Biology 60 (2016) 79-85

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 M
ImerTest packages in Bétes et al., 20tKuznetsoveet al., 201

9.5

2.3. Test of equilibrium of body temperature

To corfirm that in our study system salamanders' bodygerature is at
equilibrium, and to test the timequired to reach thermal equilibrium, we 2
manipulated 56 individuals; maniptfian of salamanders was made using Ta PN L
latex gloves. Individuals were captured within their habitat, weighed (accuracy: = =
0.1 g), keptin the hands of an observer, and then relaaieglcollection 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 meanificial temperature of the hand palm was 32.4

°C (SE%40.4). Individuals were photographed using the infrared thermal i ¥ I
imager to measure body temperature at the release and 1, 2, 3, 4, 5 and 15 min X I
after release. Due to the filiult field conditions, some individuals were not °C
photographed at all the tenoccasions (mean sample 3i3®: 38.48.0
individuals per time occasion).

8.5

8.0

Fig. 1. Example of a picture obtained from the infrared thermal camera oraansalder, befo

capture.

We then used nelinear mixed models (nimm)P{nheiro et al.2014) to
evaluate how and how fast body temperature goeeqatlibrium. We
considered two potential models:

13.0

1) Exponential | olss of temperature e

oz + ea xt+b
2)Loss of temperature foT%kewing an @gnver/lse power |aw &

axt® © 125 - °, e :

5 L] d & A
E 5 ° ® '.‘.. ° o P ~“ °
where P is Tpi Ta, tis the time after release, and k, a and b are the parameter@ ‘«'-,‘.o.u' ° *-.}..‘.L‘on_. 3.1 ,’. 3 '. o
L ] L)
to be estimated by the models. Titeof the two models was compared using & < o:® e o ® & . .\.'. o
Akaike's information criterion (AIC), and we then estimate model parameters,‘é = o ©
their signficance, and the time reqed to achieve body equilibrium (ifeed 3 120 - .
o ° = ;

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 independaribles in the nimm, the model
showed convergence problems. We therefore used standard mixed models to 15 -
analyse the rationship between Tand body mass at the six intervals after
the release (1, 2, 3, 4, 5 and 15 min).

T T T
Head Body Tail
Fig. 2. Partial regression plots, showing temperature differences betweepanslyThe shad:

3. Results areas represent the 95% fidence bands.
3.1. Relation bsveen Taand T (Tukey's post hoc: mean differe@&E: 0.050.02°C, P%40.02)

and the tail (mean differenc@:0770.02°C, P00.0001), while the differen

The infrared camera provided clear pictures of salamanders’ body, with guyeen body and tail temperature was notnéfigant (mean differenc
spatial resolution sfitiently fine to measure the temperature of different body

regions Fig. 1). Before any manijilation, body temperature ranged between 0.0170.02°C, P%0.70).

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

average difference betweeg and T was small (mean differene0.129°C; 3.3. Equilibium®  Ta

95% CV4 0.541/0.282), andpfwas strongly elated to { (mixed model: k, R ) ) .

22 6Y418.8, P/i0.0002; conditional 13!1/40.98). Keeping .|nd|V|duaIs in hand for 30 s determined an increasg of @1 1C
°C. Whenanimals were released, the difference between body temperat
air temperature ( °J quickly decreased with time; after 15 mirf Was
essentially zeroHig. 3). The mixed model assuming exponential deci

3.2. Temperature differences among body parts showed much bettefit than the one following an inverse power

(exponentiamodel: AIG/766.0; inverse power law model: A¥1044.9).
We detected small but siditiant differences between head, body and tail

(F2, 107.8%49.86, P40.0001,Fig. 1, Fig. 2). Spedically, within individuals, In the exponential modekr ° = k LR b the parameter k was 1
head was slightly warmer than both the body significantly different from zeroT@abe 1), corfirming that P
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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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2 minutes after release
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5 minutes after release
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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 detaliegical

niches are increasingly analyzed by combining distribution records with -boadel climatic
variables, but interaicins between species and their environment often occur at fine scales. The idea
that macroscale analyses correctly representssfine processes relies on the assumption that
average climatic variables are meaningful predictorsrofesses determinirgpecies persistence

but tests of this hypothesis are scarce. We compared-lanoddinescale (microhabitat) approaches

by analyzing the niches of European plethodontid salamanders. Macroecological niches were
characterized by combining species presemgds bioclimatic variables, while fingcale 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
corresponderebetween microand macroecological niches was weak. Strikingly, species identified

as drytolerant by microhabitat analyses were associated with the wettest climates in macroecological
analyses. When exploring niche evolution, the macroecological appreaggested a close
relationship between niche and phylogenetic history, but this relationship did not emergsaal@ne
analyses. The apparent pattern of niche evolution emerging in-bcade analyses likely was the
byproduct of related species hayiclosely adjacent range$he environment actually experienced

by most of animals is more heterogeneous than what is apparent fromsoaler@redictors, and a
better combination between macroecological and-dimaned 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 Dosow2008Phylo@enatiggsigmal isotlie teBdereycof e s
closely related species to be more similar than expected under rand¢Biloesserg and Garland
2002, Losos 2008)pPhylogenetic signal is often observed for morphological and life history traits
(e.g. Blomberg and &land 2002, Losos 2008, Enrigugezelai et al. 2015, Mesquita et al. 2016)

and has also been detected for traits representing species niche, suchbtasietogical features,
climatic niche, diet and habitéitosos 2008, Peterson 201Neverthelesssignal for niche traits is

not ubiquitous, as many studies have actually found a high evolutionary lability of ficises

2008, Peterson 2011)here is thus a growing interest in the study of phylogenetic signal of niches,
and of the conditions undeihveh effects of phylogenetisignal on niche are stronger or can be better
detectedLosos 2008, Peterson 2011)

The evolution of niches is often analyzed through a beuate (bioclimatic) approach, i.e.
by combining species distribution data with coatseenopoetic' variablg®eterson 2011)These
macroecological approachdsmve had increasingppeal given the availability of broadale
information (e.g. species distribution data, climatic information, environmental data from remote
sensing, phylogees), and the impressive progress of ecological informégiesk et al. 2012)The
broad geographical scale of these studies is both a strength and limitation. Working ovesaalesro
allows drawing general patterns that are hardly recovered usin@lugkes, 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. 201.3However, it is widely recognized that species
distributions are the product of muficalar processes, and many interactions between species and the
environment occur at fine scaléSoberon 2007, Fraterrigo et al. 201#hus alwotic conditions
actually experienced by individuals do not necessarily correspond to suchprediciory Kearney
et al. 2014, Scheffers et al. 2014a, Sunday et al. 2@b4) bioclimatic predictors often are just
surrogates of the finscale environmdal features actually experienced by individugdsarney et
al. 2014)

Until now, many studies have implicitly assumed that breeale variableare meaningful
predictors of theparameters influencingpecies(mean field approximation; Bennie et al. 2p14
without comparing the effects of mierand macrescale 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 mind mcroclimate analyse@Bennie et al.
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2014) Such comparison can be performed using statistical downs¢atidgey 2009, Bucklin et al.
2013, Kearney et al. 2014 explicit modelling of microclimat€Sears et al. 2011put these
approaches suffer somienitations (Bucklin et al. 2013)and donot empirically assess the actual

microclimates used by organisms

Alternatively, the comparison can be performed using microclimate data from real
observationgScheffers et al. 2014aicrohabitat 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 s(fomezy eal.

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 temperat(einday et al. 2014 to halitat preference experiments in which
organisms are exposed to a variety of environmental conditions and can select those within their
suitability ranggFig. 1; see e.g. Freidenburg and Skelly 2064¢rarchical approaches, integrating
analyses at multigl levels, can greatly enhance understanding of niches and help to evaluate under
which conditions the different approaches are most approffeetien et al. 2012, Searcy and
Shaffer 2016) but there are few comprehensive mattalar analyseésee Fratgigo 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 broadscale drivers of biodiversity patterns, to analygehe evolution in a phylogenetic
contextand even as a tool to describe new spdeies Kozak and Wiens 2007, Rissler and Apodaca
2007, FisheRReid et al. 2012, Kozak and Wiens 2016, Searcy andesh2016) In this study we
analyzed niches of eight species of terrestrial salamanders [déydr®mantes subgenera
Speleomanteand Atylodes seeWake (2013) using the microhabitat selection and bioclimatic
approaches, and assessed the phylogenetial§ niches with the two approaches. Despite being
sometimes named "cave salamanders”, these are not truelwaNieg organismsunderground

environments just are the habitats where salamander detection is @asizatet al. 2006)

European terresal 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, wddarnal conditions would be too harsixy, 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, which organismsare placed in a gradient where they select
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environmental conditions within their suitability ran@&eidenburg and Skelly 2004and 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 characterizatiohspeciediophysicalniches(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 cdsrestien
average local temperature of the atmosphere, and underground conditions are heavily influenced by
epigean variation of temperature and precipita(®adino 2004, Lunghi et al. 2013Ynderground
environments are not a unique case, as there amg anvironments in which microclimate might be
imperfectly modeled by macroclimate, such as streams, ponds, forests with dense understory and
topographically complex landscagé&sidley 2009, Sears et al. 2011, De Frenne et al. 2013, Scheffers

et al. 2014, Scheffers et al. 2014khus 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 studigBeck et al. 2012)even though itricludes a major proportion of terrestrial

biodiversity.

We analyzed the niche of salamander species using both -gréimed (microhabitat,
representing the operative conditions actually experienced by individuals) and astatsad
perspective (i.e. conmiing presence localities with broadale 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 deterraingsmatch between

fine-grained and coarsgrained analysesf 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, calagrdark (Fig. 1). Salamanders move
underground because they must reach the sectors where conditions are within the tolerance limits of
the speciegSunday et al. 2014)ut, as food is more abundant in superficial sedtéicetola et al.

2013, Lunghi etal. 2015, Lunghi et al. 201,7)hey are restricted to a few tens of meters from the
surface. Generally, the realized niche does not correspond to the fundamental niche because of
dispesal limitations and biotic interactioiSoberon and Nakamura 2009hese issues exist for all
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the environment§Peterson et al. 201,1hut 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 galators and competitors within these environmasygl{omantespecies

are allopatric, Fig. S1, no other terrestrial salamanders are present, and they are apex predators in
these environmentglunghi et al. 2014)Movements are limited and home rangesls(6a22 nr)

(Lanza et al. 2006}herefore 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 gradientgthin which they select the favorable conditions (i.e., the
conditions within their fundamental niche). Furthermore, previous studies showedhéhat t
microhabitatconditionsselected by salamandeneconsistenthrough the year, and niche estimates

from summer surveys agenerallysimilar to estimates for the other seas@insghi et al. 2015)

Summer is the period in which salamander detection is easiest, thus analyses performed on summer
observation allow an appropriate characterization of speae®.nkinally.terrestrial salamanders

are generallyat equilibrium with their environment for temperature and watsd, in the field, the
average temperature difference between air and body temperature is <Spbti& 1972, Lunghi

et al. 2016)Thus air conditionare an excellemroxy of operative conditions of individuglSunday

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 Eurépeinmantespecies (Fig.

S19. Weexcludedcaves from the narrow hybrid zone betwé&erambrosiiandH. italicus (Ruggi

2007) Surveys were performed in early summer (Jduky 2011-2014; 270 caves and 1180 cave
sectors surveygd when the conditionsoutside the caveare unfavorable and underground
detectability is higheqt_unghi et al. 2015)All surveyswereperformed during the central hours of
sunny and dry day&ach cavevas subdivided in-8n longitudinal intervals (hereafter: sectors); the
size of sectorgpproximatelycorresponds to home ranges sjzanza et al. 2006, Ficetola et al.
2013) covering the whole cave or urttile first empty sector after the last salamaniheeach sector

we used visual encounter surveys to detect the presence of active salamandersasuréd four
abiotic variables known to influence salamander distribution: air temperatyrag¢@acy: 0.1°C

and relative humidity (% accuracy: 0.1%were recorded with &M882 multi-function therme
hygrometerwaiting until the measurement was stable (variation <0.1°C or <0.1% for > 60 seconds).

Minimum and maximum incident light (illuminance, measured in kocuracy 0.01 luxwere
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recorded by perfoning at least 10 measures of illuminance in the portions of the sector receiving
more and less light, respectively. Furthermore laistic parameter, we counted the number of adult
largeMetaspiders f. menardior M. bournet). These spiders are the major predators of arthropods
in the study caves, and have been proposed as indicators of prey availability for salafRraredels

et al. 2013, Manenti et al. 2015)

To analyse the bioclimatic niche, we obtained distributioandccovering the whole range of all the
Hydromantespecies from the present study and from the litergtiaeza 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 congiered localities with accuracy ofKim or better; localities within the hybrid zone
betweenH. ambrosii and H. italicus were excluded(Ruggi 2007) To match the number of
microhabitat predictors, we considered five bioclimatic parameters: mean temparatlg@mmed
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 arsecond resolidn from Worldclim(Hijmans et al. 20054nd from the

ESA Land Cover CCIHhttp://maps.elie.ucl.ac.be/CCl/viewer/download phpolerance to these
parameters is assumed to directly influence animals, particularly during the periods in which they
perform outloor 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 (GL&IMith binomial error taassess the withinave
relationships between each species and the features of cave sectors. IrsGlaviMidentity was
included as random effect, salamander presence as independent, and the five microhabitat variables
were the predictors. First, for eacbpecies we built the univariate models relating salamander
presence to the five microhabitat variablgge tested both linear and quadratic relationships;
guadratic terms were retained if they significantly improvedMite t hen used t he
Informaion Criterion (AIC) to build the minimum adequate ma&lekstdescribing theccurrence

pattern of each species on the basis of multiple predi@oraham and Anderson 2002)e built

models considering all possible combinations of microhabitat vasiadtel ranked them using AIC.

Some microhabitat variables were strongly correlated: minimum illuminancerelaed to
maximum illuminance, while temperatudata werenegatively correlated with humiditgin the

datasets of most specia$> 0.7) Modelsincluding highly correlated variables were excluded from
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the candidate model The lowestAIC model, i.e. theone explaining more variationvith fewer
predictors, was considered as the minimum adequate model for each @@ciaam and Anderson
2002)

A species is certainly present where it is detected, whiledetection mayepresentither
real absences or failure of detecting the present species; not taking into account misdetection can
influence regression resulfglacKenzie et al. 2006Previousanalyses on a subset of species showed
that, withour samplingprotocol detection probability is high but imperfeeipprox.0.75 per visit)
(Ficetola et al. 2012, Lunghi et al. 2019herefore, in our models we weighted absences with a
weight of 0.75(following GémezRodriguez et al. 2012)Ve calculated significance of variables
using likelihoodratio tests. For all species the residual deviance was similar ortleavghe residual
degrees of freedom (variance inflation factfr bestAIC models alwgs O 1. 06) , t he
overdispersion was not an issue. Before running analyses, illuminascgtransformedwhile

humidity % was transformed using squamt-arcsine to improve normalignd reduce skewness

Niche overlap and equivalency among spexs

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

to perform multivariate comparisons of niche overlap between pairs of spgmesnnimann et al.

2012) PCAenv measures niche overlap between pairs of epami populations on the basis of
occurrence and environmental data, is among the most reliable techniques for niche compadsons
shows better performance than approaches based on species distribution m@iekingimann 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 iche overlap and equivalency using the ScleoeyD metric (Warren et al.

2008) S c h eanges between O (lack of overlap) and 1 (complete overlap), antbisgthe

most widespread metrics of niche overlap in ecological, evolutionary and biogeographical studies
(e.g. Warren et al. 2008, Roddard Engler 2011} or the niche comparison of a species [RIGA-

env performs a principal component analysis (PCA) on the environmental spaces aditesieo
species(Broennimann et al. 2012)n the micrehabitat analysis, théavailable spacewas the
microhabitat of all the sectors of caves within the species rdngie bioclimatic analysisthe
available space correspondedthe grid cells within 150 km from known presence poiiisis
distance is three times the largest gap within a speargge, thus likely includes all the areas
potentially available to species disper&de 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 analysgsno formal approaches are currently
available to incorporate autocorrelation into R€Av. To assess the robustness of R to spatial
autocorrelation, we repeated the bioclimatic analysis including an additional predictor representing
spatial autoorrelation. For each species, we first buiipatialgeneralized additive model (GAM)
with binomial error, using species presence / absence as dependent variabieogatating
geographic coordinates of sites as tensor product smooth terms, usiptate regression splines
(Beale et al. 2010)Ve 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 autocorrelatiorsimulations showed that this implementation of Ga\MIps to correctly
estimate relationships in spatially structured datasets with relatively good perforfBaatz et al.

2010) For both the microeabitatandbioclimaticanalyses, significance of nichéferences between

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

Relationships between microhabitat, bioclimatic niche and evolutionary history

Genetic distance between spe@eagswas calculated on the basistbfee mitochondrial (12S, 16S

and cytb) and two nuclear (RAG and BNDF) genes, amplified man der Meijderet al. (2009)

We considered the 49 individuals for which data from all five genes were availgtiar{@ividuals

per species)The concatenatedenetic dataset contained 3494 base p&aa der Meijden et al.

2009) The TamuréNei distance was calculated for each species pair, using the between group mean
distance function in Mega .0 calculate the geographical distances among species, waigehe

the polygon of the range of each spedeshe basis of presence recouds i +hgls (Ficetola et al.

2014) and then calculated tligiclideandistances between the centroids of the ranges.

Microhabitat and bioclimaticiohedistancedetween species were calculatedaSh oener 6 s
D. We then evaluated the relationships between microhdtitatimaticand genetic distances. First,
we used nommetric multidimensional scaling (NMDS) for the graphical representation of niche
distancesamong specief_egendre and Legendre 201Bpr 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 sysaug vector fitting Borcard et al.
2011) Vector fitting returned essentially the same niche differences between species obtained with
PCA-env (Figs SZ53), withthe advantage of synthetically illustrating the relationshigtsveen all
the species paiiig one single plot. Relationshifpetween niche dissimilarity at micrand macre
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A

ecological level and genetic differentiatmre r € anal yzed with Mantel 6s
analyses) or with ranknultiple regressions on distance matrices (MIRDmultivariate analyses
(Legendre and Legendre 2018%ing9999permutations to assess significance. Previous studies have
shown that the Mantel test and other metrics of phylogenetic signaA@gheifindexBo | mb er g 0 s
K) are closely related to daother because they are all based on a -g@ustuct statistic, and the

Mantel test is thus appropriate to assess phylogenetic signal for dissimilarity m@tiacdg and

Pavoine 2012, Pavoine and Ricotta 2013, Pavoine et al..28ftd) MRDM, we used @mmonality

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 (wwwproject.org).

Results

In field surveyswe detected >2700 salamanders in 524 out of the ddB&sectors; the number of

sectors in which we detected salamanders was heterogeneous among speci&s,(Faplg).

Niche analyses at the microhabitat level

Relationshipsbetween species presence and abiotic variables were siautass the eight
salamanderspecies. All species were significantly associated with the sectors having highest
humidity, lowest temperature, and lack of ligRelationships with spidemweregererallyweak (Fig.

2, Tablel). The relationship between humidity and two spedieslavusandH. italicus) was non

linear, as probability of presence quickly decreased when humidity was <80% (Fig. S2). Furthermore,
a nonlinear relationship between temperature &hdstrinatii indicated a sharp drop of suitability
above 20°C (Fig. S2Multiple regression magls confirmed thenivariate analysesll speciesvere

associateavith dark sectorgharacterized biigh humidityand/orlow temperatureTable S2.

Neverthelesssimilarity testsshowedsignificart 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 afte
S3a). The majority of nesignificant comparisons involved the specigith most restricted range
and smallest sample sizé.(sarrabusensjs According to the microhabitat analyskls ambrosiiand
H. strinatii were the species most tolerant to light and to dry conditidnsarrabusensisvas the
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species associated withamwnest temperatures, white genej H. italicusandH. supramontisvere
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 spetisrécords per
species; Table S1, Fig. S1). Niche overlap measured at the bioclimatic level was generally limited
(range: 0.00% 0.504), and was lower than the overlapasured at the microhabitavel (paired
sampleg-test for unequal variancess =-6.1, p < 0.0001). Niche equivalency was rejected in 25 out

of 26 pairwise tests (Table S3b), and the single-significant test involved the two species with
smallest ample sizeHll. sarrabusensiandH. supramontis According to the bioclimatic analyses,

H. ambrosii and H. strinatii were associated with the coldest and wettest climates, while
sarrabusensiH. supramontisH. geneiandH. flavuswere associated witlvarm 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. strinatii and H. ambrosiiamong 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 analy$is geneiwas 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 thedimethe coarsecale approaches

( Mant efr=9-817tpe=9.86, Fig. 4a).

Microhabitat distancesere unrelated to evolutionary distances {0.06, p = 0.95, Fig. 4b),
while phylogenetically distant species showed the largest bioclimatic distarc@s53, p= 0.001,
Fig. 4c). However, the relationship between bioclimatic distance and evohytibistory was
complicated by the fact that species phylogenetically distant also live in distant geographical areas (
=0.47, p= 0.013), and bioclimatic distance was positively related to geographical distance between
species ranges € 0.52, p= 0.01) Altogether, geographical and evolutionary distances explained
bioclimatic distance well (MRDMR? = 0.39, p< 0.003), but disentangling their relative rovas
difficult. In a commonality analysis, both variables showed a limited unique effect (phylmgene

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 treeaimabitat 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 unrelatesittier phylogeny or to the

bioclimatic pattern.

Theory clearly acknowledges the midtialar 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 Petersoet 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 2011However, the geographical distribution ofjanisms is strongly
related to their evolutionary history, and recent work suggests that complex interplay between
preserdday distribution, evolutionary history, and the spatial autocorrelation of bioclimatic variables
may complicate the reconstruction mthe evolution(Warren et al. 2014)Warrenet al. (2014)
proposed a conceptual framework, in which diversification mostly occurs through allopatric
speciation. Sistespecies 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 limitegatiion, i.e. small niche overlap)
(Gutiérrez et al. 2014)0ur 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 differentiatio between terrestrial salamander spe(@zsranza et al. 2008, Chiari et al. 2Q13)
but strong interspecific competitig€immaruta et al. 1999nd barriers likely cause the absence of
sympatry between species (Fig. S1), while poor dispersal limits ghegraphical 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 consequenaaiche comparisons only on the basis of bioclimatic data can miss the full

history: the geography o$peciationmight be the actual driver of most observed pattemsiche
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evolution instead othe inferred ecological process@¥arren et al. 2014)The nche comparison
method used hel@roennimann et al. 2018 considered to be able to correct at least in part for the
similarity determined by spatial autocorrelatigwarren et al. 2014)yet, a clear effect of
geographical distance on bioclimatic niatiferentiation 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 usedttihéereliability of bioclimatic
analyseqGrandcolas et al. 2011ror instance, in terrestrial salamanders, the average operational
temperature measured at the microhabitat level was unrelated to the average air temperature during
the activity season, tdined 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 informationwbald be much harder to
obtain at the microhabitat level, and this has likely helped the fast progress of macroecological
studies. Joint availability of broagtale and fingrained data is limite@Beck et al. 2012)and
researchers need to assess thédiy of macroecological analyses, even in the absence of
information on performance at the smsdhle. If the relationship between niche and history abruptly
changes when taking into account geography, or if we cannot tease apart their relativeemole, t
Wa r r €201d)sypothesis 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 spasitlicture of their data. For instance, the simple effect
of geographical distance may be considered as amadkl, over which the phylogenetic history can
be comparedMcintire and Fajardo 2009)even though the spatial effect of past geography,
topograhical and ecological barriers may be complex, and it is not so easy to explicitly take them

into account.

Microhabitat and macroecological analyses certainly characterizeleotical aspects of the
niche, still parameters such as thermal preferencesrdetevant implications on broad scale species
distribution(Kearney and Porter 2009nd thus we expected some relationships between them. We
suggest that in our study system the microhabitat approach may better represents species niches
becausa) at least for some parameters (e.g. temperature), microhabitat is an excellent proxy of
operative ecgphysiological conditions of salamandgtsunghi et al. 2016)which are a major
approach to the measurement of fundamental nigteesrney and Porter 200 ii) the microhabitat
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approach is not biased by dispersal limitations or biotic interactionsi amdthin each cave, a full
range of conditions generally exists, from the harshest to the most suitable, enabling a parallel with

habitat preference expments (Fig. 1).

Niche analyses are increasingly used to answer multiple ecological and evolutionary
guestions, such as predictions of speciesd re:s
and even to analyze local adaptations and idespécies. 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 o
the asumption that gridell average climatic conditions provide a good prediction of the probability
of species persistence in a giB&nnie et al. 2014)ut in most of cases, this assumption is untested.

A few studies have evaluated whether species fiteassbe actually predicted by breadale
analysege.g. Brambilla and Ficetola 2012, Searcy and Shaffer 2@b@) found mixed results. For
instanceSearcy and Shaffer (201&sted whether climatic variables important in breadle species
distributionmodels 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 approachesd/ietshidentical predictions

of species responses to climate chaf@garcy and Shaffer 2016)

Differences between microhabitat and macrohabitat approaches can be particularly relevant
for animals living in complex landscapes and specific microhabitats @wil, vegetation,
freshwateré) where conditions are very differ:
as mean air temperatufferidley 2009, Sears et al. 2011, De Frenne et al. 2013, Scheffers et al. 2014a,
Scheffers et al. 2014bActualy, such organisms include many amphibians, insg&usday 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 giaoey 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 surfacdiving salamanders found concordance between-doae (microclnate, body
temperature) and bioclimatic daidozak and Wiens 2007, FishBeid 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 correspondmtaeen 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, tlis is not the case, given that underground temperature and water availability are tightly
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linked to epigean temperature and precipitat{i@adino 2004, Lunghi et al. 2015Actually,
underground environmenteceive a much lower interest in the macroedoklg biogeographical
literature than more visible abovegrouhdbitats 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 gaepotential for generalization, which can provide key responses to the
global biodiversity crisigBrown 1995, Kerr et al. 2007INevertheless, when laying the foundations
of macroecology, Brown(1995) described himself as an oddball that continues caoimdpin
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 datéBernardo 2014)The integratia of studies at multiple scales allows to take
into account a broader spectrum of processes influencing populations, thus providing more accurate
inference on niche evolutioiBearcy and Shaffer 20163 better combination between bioclimatic
and finegrained datgSandel 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 detectionB: unstandardized regression coaéints. 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 g P B & P B & P B & P B 2] p
H. ambrosii 35 64 0012 -0.14 102 0.001 -0.6 12.1 <0.001 -04 155 <0.001 -0.29 0.2 0.644
H. flavus Q 326 <0.001 -0.57 12.7 <0.001 -76.4 20.8 <0.001 -36.6 320 <0.001 020 0.1 0.741
H. genei 20.5 16.2 <0.001 -0.85 7.7 0.006 -11 8.7 0.003 -0.4 6.4 0.012 -0.85 1.7 0.192
H. imperialis 75 145 <0.001 -0.39 245 <0.001 -1.8 18,5 <0.001 -04 13.0 <0.001 055 0.3 0.598
H. italicus Q 418 <0.001 -0.24 19.5 <0.001 -3.7 48.2 <0.001 -0.7 50.2 <0.001 -0.38 1.0 0.317

H. sarrabusensis 12.8 4.3 0.037 -057 4.1 0.043 -3.8 4.7 0.030 -15 6.0 0014 284 25 0.115
H. strinatii 6.0 16.7 <0.001 Q 253 <0.001 -0.8 13.4 <0.001 -04 159 <0.001 0.27 0.4 0.527

H. supramontis 149 275 <0.001 -0.62 26.7 <0.001 -3.7 18.1 <0.001 -0.6 106 0.001 -0.33 0.1 0.705
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Figure legends

Figure 1. How microhabitat selection can mirror habitat selection experiments. At increasing depths,
temperature decreases and humidity increases: salamanders are only fountbndigons are

within the species range. The figure represents the microhabitat and salamander distribution actually
observed in the cavdtecca su Fenugu39°42'N, 9°25'E).

Figure 2. Microhabitat conditions in cave sectors where salamanderdetected (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) microhabitabraradt b)
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 microhabitaiclmatic, and genetic distances between salamander

species. Values on the plots are the results
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