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Summary
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In Chapter 2, we investigated the past evolutionary historiRarfia temporarian the
Trentino region, by means of a phylogeographic study based on mtDNA (5ka
individuals from 54 sites)We highlighted a complex scenario, with three different
Pleistocene glacial refugia located in the southern slopes of the Alps, routes-gip@st
recolonization following irregular patterns (reflecting the complex orography of the region),
and a contact zone among different evolutionary lineages in the eastern part of the region.

Notably, different lineages exhibited different levels of gfendiversity at mtDNA.

In Chapter 3, weonducteda population and landscape genetics study, using microsatellite
markers (1522 individuals from 79 sitesfor evaluating patterns of current genetic
variability and genetic structure Rana temporarigpopulations. We detected a main barrier

to gene flow, the Adige river valley, separating the region ingesetically differentiated
clusters Comparing our findings with the pattern emerged from Chapter 2, we concluded
that current levels of intrpopuktion genetic variability seem to be shaped by a combination
of past (e.g. recolonization processes) and present (e.g. isolation) factors. The 4wo sub
regions, West and East Trentino, showed different spatial patterns for both genetic variability

and finescale population structure.

In Chapter 4, we studied the relationship between species diversity of amphibian

rtrebrate, with increasing reports of popu
osystems are heavily affectedndgeg sHiifmad ea
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ragmentation of populations. A growing bo
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mmunities, within a systemic perspective.



communities and genetic diversity of the model spedesia temporariaWe found a
strong negative correlation, and we demonstrated that thedeztpattern was due to the

opposite influence of environmental factors on the two levels of biological diversity.

Genetic diversity is fundamental for the persistence of populations in the face of
environmental change: in the context of the ongoing biosityedeclines, it is therefore of
crucial importance monitoring its levels and understanding the underlying prodesses.
approach, based on two different types of genetic markers (mtDNA and microsatellites),
provided evidence thdhe legacy opast evtutionary historyis still largely evident in the
genetic patterns admall, lowvagility vertebrates such as amphibians, even at fine spatial
scale. Identifyinglifferent evolutionary lineagef,h ot spot so of genetic di
evaluating curretnconnectivity patterns should be considered an essential preliminary step
for developing effective conservation strategietn addition, the detected negative
correlation between species and genetic diversity, perhaps the most important finding of this
study, suggests that species diversity cannot be universally used as proxy for genetic

diversity in conservation planning.
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Riassunto

Nel |l 6attuale cri si gl obale dell a biodiversi
piu a rischio, con declini ed estinzioni di popolazioni riportati in misura sempre piu frequente

da tutto il mondo. Gli ecosistemi alpini risentono in moduatipolare del cambiamento
climatico e dell 6alteraambnemeagl i ehl@abiduai c
in modo particolare per le specie adatte al freddo, con conseguente aumento della
frammentazione delle popolazioni. Evidenze sempiienpimerose stanno mostrando come

i diversi livelli in cui la biodiversita puo essere suddivisa (i.e. geni, specie, ed ecosistemi)
siano in realta strettamente connessi, € come i processi ecologici derivino dalle complesse
interazioni tra le singole compome Di conseguenza, la moderna biologia della
conservazione sta progressivamente riconoscendo in misura maggiore la necessita di un
approccio integrato. In questo progetto si € adottato un tale approccio, analizzando i processi
evoluzionistici ed ecologicnelle comunita e popolazioni di anfibi, in una prospettiva

sistemica.

Focalizzando la nostra attenzione su una regione delle AlpiC8igdtali, il Trentino,
abbiamo scelto un organismo modello, la rana di montdgmaa temporarig come specie

target r lo studio dei pattern di diversita a livello genetico.

Nel Capitolo 2, abbiamo analizzato la storia evolutiva pass&®armi temporariam e | | 6 ar e a
di studio, mediante uno studio di filogeografia basato su dati di DNA mitocondriale (540
individui da 54 #i). Ne € emerso uno scenario complesso, con tre diversi rifugi glaciali
localizzati nelle aree piu meridionali delle Alpi, rotte di ricolonizzazione irregolari (che
riflettono la complessa orografia della regione), e una zona di contatto tra diveese line
evoluzionistiche nella parte orientale della regione. Inoltre, le diverse linee evoluzionistiche

hanno evidenziato diversi livelli di diversita genetica.

Nel Capitolo 3, abbiamo realizzato uno studio di genetica di popolazione e genetica del
paesaggioléndscape genetitzs medi ante | 6utilizzo di mar c
individui da 79 siti), al fine di valutare i livelli attuali di diversita genetica e la struttura
genetica nelle popolazioni Banatemporaria C st at a i denbarrieraa at a u
flusso genico, |l a Valle dell 6Adi ge, che si
geneticamente differenziati. Confrontando i nostri risultati con quanto emerso nel Capitolo

2, abbiamo potuto concludere che gli attuali livelli di valitdbgenetica intrgpopolazione



sembrano essere influenzati da una combinazione di fattori storici (processi di
ricolonizzazione) e attuali (isolamento).

Nel Capitolo 4, abbiamo studiato la relazione tra la diversita specifica delle comunita di

anfibi, e b diversita genetica della specie modeRana temporariaE stata riscontrata una

forte correlazione negativa, che abbiamo din

dei fattori ambientali sui due livelli di diversita biologica.

La diversita geneta € fondamentale per il persistere delle popolazioni al mutare delle
condi zioni ambientali: nel contesto dell 6att
cruciale importanza il monitorarne i livellie comprendere i processi che ne stanbasala

Il nostro approccio, basato su due tipi diversi di marcatori molecolari (DNA mitocondriale

e microsatelliti), ha permesso di evidenziare come la storia evolutiva passata abbia lasciato

undi mpronta ancora f ort e me ntebeati d piccoth¢agine nei p
ridotta mobilit”™, come gli anfibi, persino a
l inee evolutive, degl i Ahot spoto di di versit

di connettivita dovrebbe esserensaerata un passo preliminare essenziale per lo sviluppo

di strategie conservazionistiche efficaci. Inoltre, la correlazione negativa riscontrata tra
diversita specifica e genetica, che costituisce forse il risultato pit importante di questo studio,
indica che la diversita specifica non pu0 essere utilizzata come proxy universale della
diversita genetica nella pianificazione conservazionistica.

La scelta di una specie comune ed ampiamente diffusa ha permesso di ottenere un quadro
dettagliato (sebbene nosaustivo) della biodiversita anfibia del Trentino, e questo studio
puo fungere da termine di paragone con altre specie, maggiormente a rischio, o per testare

specifiche 1 potesi nel |l 6ambito di progett.i d



Chapter 1. Introduction

1.1 Amphibians biodiversity conservation within a systemic approach: a
global perspective

1.1.1 Global biodiversity decline

I n its most gener al meani ng, fivbairoil eotgy tcoafd | Idiifv
|l evel s obrbaoipongicah (Gaston & Spicer 2004)

The term "biodiversity" was first used i
entomol ogi st E.O. W lIson in 1988. Since t
scientists, environmakhsesal | madagegr soaad!| poQE
definitions. At the same ti me, awareness heé
we l | as the concern about its | oss due to h

The gl obal 1 mportance of bifodtihvee rls9io9t2y Rne
Janeiro Earth Summit, which resulted in th

ultimately ratified by 193 iddwntaansser viahta
bi ol ogical diversity, the sfuasitraiamadb leeg uu stea bad
of the benefits from.GQBhDe pursoev iodfe dg etnheet ifco Irleo
of bi odiversity, whi ch has bé&Rioonki voenres iotfy ti
variability among | ie&s nigholrgdinngmsi irem ali
and other aquatic ecosystems and the ecol o
includes diversity within speo(ilWNEP, beltovwe2e)r
Ther g&BdDr @ ec ogni zceodnptomreengd smaifn bi odi ver si ty.

of this subdivision and its rationale wil/

Wor |l dwi de biodiversity is threatened by
determined ibtyi @sma@l alcali vchange continuous|
communities and natur al environments, expo
maj or threats to biodiversity include: ove

habitattidestrdegradati on and fragmentation
speci es, spread of emerging infectious dis
human driven climate change. All thed$e fact
reinforcing processes (ampl i fyiemng2a@il0e8e)d baancdk s
the extinction of a species is often driven

which only target singl e speatcd eisn otrheilngnd g



As a result of this anthropic pressure, currtr
ever before Thmehpmamoimed thmrtiyscdaenhtugset s from
argue we are enterifmigx tolr maisostpleexntigii ndcgttd oafn t 1
species |l oss comparable to that of the five
of I'ife on our planet (Leakey & Lewvisinxtl®95) .
exti oxdemnat mode entirely dHomens@Ehehschgé&e
Ehrlich 1981), since al/ t he major causes ar
humani ty' s poTphuel aitncorne agsreo wtfh .speci es extinct
assessing the sevealiitawl oft udlurersednets triCitiaet sa dtdo i
10000 times -hugaepr ot hdackgeoundetexlOiosc;t i on
Lawtednl®l|9.5; My d&Nreveldh@d e si,ni ti aln ecsrtiitmactiezse d
by someaaguhhenygswer e based on assumptions tha
& Hubbell 2011; Stecreknt2 dd%)a. aHoewenwem ,conf i r mi
hypot hesis stating that weewert DOldhe®rbd i ck
coll eagues publ i sBedgmoaugdnadwil n ga ntal ayts i suriment

ate are at | east 1000 times faster than in

-

t he same year, anl udedde pteadte nctu rsrteundty rcaotnecs ar e
natur al background rates and futur eetr aale.s ar
2014). Anotchuesri ngt wdy,vefrt ebrates, found speci
up t o 1hli4dg hteirmetshan t he b aecnkpghraosui nzdi negx thiomcetvieorn
estimates were @Gebhéetlvo2Oblmbs)Pespiti®et e disag
numbers (derived from different models and a:
amass extinctionAzvemntexamphaer wambers il 1l us
worl dwi de vertebr atAc csorediing taa el WAGN oRe & hling
Speci es, recogni zed as the world' snmestaatouaaemp
of plant and ani mal speci es, the percentage
from 13 percent of birds to 41 percent of an
could even be worse, Si nce tcaoxnopnloemiec, cwaittahl on
species going extinct before they have even

Living Pl anet Report predicts for vertebrate

(WWF 2016) . 't i s worth ncetdi rbgeltohwata a«read ad np
its eventual extinction is wvirtually assur
generally di spl ay decreased fitness and ar
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gl obal attempts in this direction have been
few concrete positive results. I n 2002, at
Convention on Biological Ditweansht gve wbyl 0Ll
significant reduction of the <current rate o
nati on@alThilsevet at ement has become known as

Unfortunately, this goal owasampdaarmetto khd osdli o
pressures on naturet 2010 n&GoedKLONgr €éBpobaobart
this faiR0de, the tenth meeting of the Conf
(Japan), adopt ed raatreegviics e”dl aann df ourp dBaitoeddi vSetr s i t
the -202Q peri od, known as " Ai chi Bi odi versit

Ai c hi Bi odiversity Targets are summarized as

(1) Stratedddr@éeal tAe underl ybggmaaunseés eamil
bi odiversity across government and society;
(2) StratedQRiedu@Gealt h2 direct pressures on bi
use;

(3) Strat:eglioc iGopalove the status of bi odiver
specig@snamnidc diversity;

(4) Strated&dinhhaGaeaael the benefits to all from &
(59t rategi cEbahcde& | mpl ementation through pa
management and capacity building.

As in CBD, sgamds ecopegcitems di versity are rec
bi odi vahischiyoamdgethe® preservation of al | t h

Strategic Goal C) .

1.1.2 Global amphibian decline

In the context of global biodiversity decline, amphibians deserve special attention. Since the
800s, herpetologists increasingly reported
worldwide and in 1989, at the First World Herpetology Conference, steemifficially

recognized that amphibians were suffering from an unprecedented and dramatic widespread
decline (Barinaga 1990). In order to fulfil the lack of comprehensive data on amphibians
distribution, conservation status and threats, [IUCN (Intematignion for Conservation of

Nature), in partnership with Conservation International, undertook the first Global
Amphibian Assessment (GAA), which was completed in 2004. The GAA found that at least

12



43.2% of amphibian species were experiencing some forpomilation decrease, 32.5%
were globally threatened and 22.5% were too poorly known to assess their conservation
status (Stuaret al. 2004). It is now an undeniable evidence that amphibians are facing a
dramatic declining at a global scale (Houlalea@l. 2000; Mendelsoet al. 2006; Stuaret

al. 2008): they are considered the most endangered group of vertebratesefSiLaao4;

IUCN 2016) ad for this reason they have recently received a great deal of scientific
attention.

In the general scenarad biodiversity crisis, e global amphibian decline is characterized

by three distinctive features: (1) the reported increase in amphibian population declines and
extinctions is more recent than in other groups of animals (starting in the)1880s
simultaneous declines are occurring in vast regions of the planet, spanning from different
habitats and climates; and (3) evestural and protected areas are often affected by this
phenomenoKCollins & Storfer 2003; Drost & Fellers 1996; Knapp & Matthew8@0 The

last point isperhaps the most challenging, indicating that habitat protection alone could be
in some cases an insufficient measure to ensure protection to amphibian populations.

No single cause has been universally recognized for global ampldeieme, with
numerous different factors being invoked as potential explanations on-byeease basis.
Collins and Storfer, in their global review (2003) identified six leading hypotheses (i.e.

stressing factorsyivided into two major groups accordito the following classification:

Class | hypotheses: (1) introduction of alien species; (2) overexploitation; (3) land use
change;
Class Il hypotheses: (4) global change (including increased UV radiation and climate

warming); (5) environmental contanaints; (6) emerging infectious diseases.

According to the authors, Class | includes factors that have negatively affected amphibian
populations for more than a century and we have reached a good understanding of the
underlying processes. On the contrarg, ithpact of Class Il factors is relatively more recent,
involving more complex and subtle dynamics and often indirect eftadtse following, we

will provide a brief discussion of the six factors.

1. Introduction of alien species

Introduced species can often cause declines or even local extinctions of native amphibians,
affecting their populations in different ways, among which the most frequent are: predation
(mainly of eggs and larval stages), competition (between one or meresthfes),

introduction of pathogens and hybridization (Collins & Storfer 2003).

13



These biotic interactions can cause direct and indirect effects on amphibians, such as reduced
growth or survivorship, alterations in behaviour or habitat use and possithlg, landscape

scale, disruption of metapopulation structure (Pilliod & Peterson 2001). The majority of
studies reporting negative effects of alien species introduction on local amphibian
populations are from temperate regions and in North America teegoasidered a primary
cause of decline (Fisher & Schaffer 1996). However, introductions play an important role
also in tropical areas: as an example, in South America about 30% of the amphibian species
are classified by the IUCN as threatened by alieadevs (Rodriguez 2001). Among the

most dangerous amphibian predators we may include introduced fish, other amphibians such
as bullfrogs Rana catesbeianand cane toad8(fo marinu}, and crayfish (Kats & Ferrer

2003). Well documented examples of sexmrphibians declined caused by introduced fish
come from North America, e.g. the yelldegged frogs Rana muscoga(Knapp &
Matthews 2000), the lonped salamandeAMmbystoma macrodactylyrand the Columbia
spotted frog Rana luteiventris (Pilliod & Petason 2001). In Italy, several examples of
amphibiandeclinedue to predation by alloctonous salmonids and cyprinids are reported,
mainly from alpine and apennine lakes (Lapini, 2005).

Concerning the effects of alien amphibians on native species, poputssas due to the
predation by introduced bullfrogfR@na catesbeianaare reported from North America
(Blaustein & Kiesecker 2002) and Europe, e.g. from Po Plain (ltaly) where this large frog
has become established (Lamaal.2009).

Beyond direct e#cts like predation, the introduction of alien species may have negative
effects via other more complex mechanisms. Indeed, alien species (both fish and
amphibians) may act as vectors for emerging pathogens (Daszhk004; Kieseckeet

al. 2001), or @srupt local adaptation and fitness of local populations due to hybridization. A
particular example of this last phenomenon is represented by the introduction of marsh frogs
(Pelophylax ridibundusin several areas of western and central Europe and iiyg@ct on

the autochthonous water fréglessonaeDue to a complex process of hybridogenesis prior

to meiosis, hybridizations among the two species favour the replacementle$sbrae
genome byp. ridibundusalloctonous genes, and therefore to theppsaring oP. lessonae

in these areas (Vorburger & Reyer 2003). Although the role and different effects of exotic
species in amphibian declines is relatively well understood, managing ongoing biological
invasions is generally not straightforward: mangmlspecies are difficult to eradicate and,

in addition, conflicts may arise among conservationists and other social partners, since the

14



introduction of alien fish in many areas reflect primarily economic and recreational goals

(e.g. sporting fishery).

2. Overexploitation

Many amphibian species have long been exploited as a food resource in different parts of
the world. However, largscale effect of amphibian harvesting by humans is poorly known,
although evidence is growing that it can be significantéaa of intense harvesting (Lannoo

et al. 1994; Jennings & Hayes 1985). Other forms of amphibian exploitation for other
purposes include collection for pet trade, education and medical research (Jensen & Camp
2003). In Europgamphibian harvesting may be considered only a secondary cause of

decline, with dangerous consequences only for already declining populations (Lapini 2005).

3. Habitat destruction, degradation and fragmentation

Habitat destruction and alteration are magauses of reduced biodiversity globally and
amphibians are not an exception. Massive deforestation, wetland drainage for agriculture,
urbanization, road construction and other forms of land use change lead to terrestrial and
aquatic habitat loss, degrduben or fragmentation, often preventing migrations to breeding
sites and gene flow among populations (Beebee & Griffiths 2005; Hels & Buchwald 2001).
Evenapparently less severelitat modifications, such as ecologically unsustainable forest
practices, an result in changes in microclimate, soil moisture and habitat complexity, with
detrimental effects for the most sensitive amphibian species (deMaynadier & Hunter 1998;
Gardner 2001; Felirl al. 2010; Semlitsclet al.2009). Land use change has beentified

as an important driver of local and regional amphibian population declines and extinctions
from temperate to tropicatones Alford & Richards 1999, Collins & Storfer 2003).
However, while in Europe and North America temporal patterns of amphie@ines seem

to identify historic habitat loss as the primary driver, in other areas of the planet habitat loss
is a more recent threat for amphibian populations (Houlahaih2000). Despite the obvious
negative impacts of habitat modifications, measyriand fully understanding their
consequences is often not so straightforward, because of commeladin@sponses (often

with a delay of up to several decades, e.g. Findlay & Bourdages 2000) and because of long
range consequences, which may be diffitutietect or to relate to the source of disturbance
(Houlahan & Findlay 2003). Amphibians are small vertebrates characterized by low
desiccation tolerance, different life stages with different habitat requirements and low
vagility: for all these reasonsdy are highly susceptible to environmental changes occurring

from broad to very small spatial scale (Rogteal 2003, Hopkins 2007). In addition, they

15



often have a patchy distribution leading to metapopulation structure (although this is not a
universal ule; see Smith & Green 2005): connectivity plays an important role in amphibian
population dynamics and genetic diversity patterns. Therefore, the effects of fragmentation
seem to be particularly severe for this group of animals (Marsh & Trenham 200m&ush
2006). Fragmentation can lead to a decrease in wibjpulation genetic diversity and
inbreeding depression, and there is little doubt that these genetic processes ultimately

increase the extinction risk of natural populations (Frankégah. 2006).

4. Global change

Ongoing climate change can potentially affect amphibians at individual, population and
community level. Latitudinal and altitudinal range shifts are generally hypothesized in
response to global warming, together with negative effectsnuiidian survival, growing

rates, reproduction and dispersal ability (Blausteinal. 2010). Moreover, changes in
climatic regime may lead to habitat alterations, particularly in terms of vegetation, soll
moisture and hydrology. These alterations mayrn affect food availability and predator

prey interactions, as well as inti@nd interspecific competition (Alford 1989; Alvaretzal.

2002; Cunningharet al.2009).

In addition, climate change can modify hpstthogen dynamics and favour the spread of
emerging infectious diseases (Poumdsal. 2006). Finally, an increase in UV radiation
caused by the reduction of stratospheric o0zone may, according to some studies, contribute to
the decline of some populations and species, although observations fpricamstudies

are discordant (Collins & Storfer 2003). There is growing empirical evidence that
amphibians are already experiencing the negative effects of climate change in Europe.
Declines in some species have been related to chang@satic conditons, particularly in

areas where wetlands are ealdy scarce and aridity is predicted itrease, like
Mediterranean regions (Hend¢ al.2008).

Long-term studies on European amphibians show neardences of phenological changes,
with a general tendency to earlier breeding in response to increased temperatures (Blaustein
et al. 2003). At this regard, herpetologists think that amphibians in Central and Northern
Europe may suffer from an increased risk due to late frosts, withdkefrifreezing for
spawn or adults (Hanninen 1991; Waltleéral 2002). This is particularly the case of early
breeding amphibian, such as brown froBsifa arvalis, R. dalmatina, R. temporgrend

Bufo bufo.Moreover, less snow cover and warmer winteesy disrupt normal rhythms of

hibernation, leading to energy depletion in adults, which in turn negatively affects survival
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and/or reproduction, as suggested by Reading (2007). Finally, an increased likeliness of
extreme events, particularly of extreme ufybts, may cause dramatic fluctuations in
population size due to complete reproductive failures (Peckiari989, Semlitsch 2003).
Complete failures in larval development or metamorphosis have already been reported in
Portugal for a multispecies assdage breeding in temporary water bodies (Malkmus 2006),
and forRana temporarian Poland (Jedrzejewsld al.2003) and Finland (Pihet al.2007).

5. Environmental contaminants and acidification

Contamination of both terrestrial and freshwater habitats fagricultural and industrial
pollutants can have deleterious consequences on amphibians (einder2003; Egea
Serranoet al. 2012). Negative effects of agricultural pollutants (such as pesticides,
herbicides and fertilisers) on amphibians have bmmrfirmed by both observational and
experimental evidence, with embryonic and larval stages being particularly vulnerable
(Carey & Bryant 1995). Well documented direct effects include: larval mortality,
developmental delay and physical deformations, atitam of feeding behaviour (e.g. Boone

et al.2003; Bridges 1999; Ortiet al.2004; GriffisKyle 2007; Shinret al., 2008; Marco &
Blaustein 1999). The case of atrazine deserves a special mention: this herbicide, widely used
worldwide but banned in the Eapean Union since 2004, has be proven to cause
feminisation of frogs even at extremely low concentrations, with negative consequences at
the population level (Hayest al, 2002). Beside direct effects, the importance of indirect
influences on food resotes, predation, and competition cannot be neglected (Betcale

2007; Relyea 2009, Bridges & Semlitsch 2000). Another potential cause of observed
amphibian declines is acid precipitation. Low pH of ground and pond water may be
responsible for enhancedbryo and larval mortality, reduced egg and larval growth, and,
again, a number of dangerous indirect efféEteda & Dunson 1986; Waldman & Tocher
1998; Alford & Richards 1999Negative effects of acidification at the individual level have
been confirmd for some species by laboratory studies (e.g. the wood=<fap@ sylvatica

Freda & Dunson 1986) while some field surveys reported vast detrimental consequences at
population level (e.g. reduction in range size of natterjack Badiol calamita Beebeeet al.

1990). Because of atmospheric transport of contaminants, acid precipitation and other forms
of atmospheric pollution may affect even pristine environments far from the primary source
of contamination, and amphibians have provided important evidendkefee largescale

effects (Davidson 2004; Davidsat al. 2002; Fellerset al. 2004; Sparlinget al. 2001).

However, it must beemembered thaamphibians exhibit marked interspecific variation in
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their susceptibility to botlagricultural chemicals and iddication (Bridges & Semlitsch
2000; Pierce 1985; Snodgrastsal. 2008).

6. Infectious diseases

Amphibians are afflicted with a wide variety of diseases, suefrals bacterial, fungal and
trematode infectionfCareyet al.2003; Wright & Whitaker 2001).

Dramatic mass mortalitissaused by outbreaks of emerging pathogene been reported

for many different species and geographical regions, suggesting that diseases may play a
significant role in global amphibian declinesgie Cunninghanet al., 1996; Bergeet al.

1998; Lips 1999; Daszakt al. 2003). In particularconcern is growing onwo major
amphibian emerging infectious diseases: chytrid fungasr@chochytrium dendrobatidis

and ranaviruses (Iridoviridae) (Caretyal. 2003; Collins & Storfer 2003).

The chytrid fungusBatrachochytrium dendrobatidiss probably the most worrying
amphibian pathogen so far discovered and in the last 20 years. It has been associated with
population or even species extinctions in $oanhd North America, Africa, Europe,
Australia and New Zealand (e.g. Bergeral. 1998; Bosclet al. 2001; Bradleyet al.2002;
Garneret al. 2005; Lipset al. 2006; Weldonret al. 2004). The fungus attacks keratinized
tissues of juvenile and adult amphibians causing the disease known as chytridiomycosis,
consisting in disorders of the adult epidermis and mouthparts of larvae, which in turn lead
to a vast array of symptoms, from wipted respiration and osmoregulation to anorexia,
behavioural changes and eventually death (Bexgeat. 1998; Kilpatricket al. 2010). The

first recognized case of chytridiomycosis in Europe dates back to11¥¥, when it was
identified as the causef anass mortalities of the common midwife toadlytes
obstretrican$ in central Spain (Boscht al. 2001). In ltaly, the fungus was first detected
during a survey on populations of the Apennine yellmilied toad Bombina pachypys

and later its widespesl occurrence was demonstrated for this species both in contemporary
and historical samples (Lane&al.2009; Canestrelket al.2013).

The disease is now broadly distributed across Europe, affecting many amphibian species
belonging to different familieswith records from Spain, Portugal, ltaly, Switzerland,
Luxembourg, France, Hungary, Germany, Denmark and Great Britain (reviewed ine®Ison

al. 2013). Catastrophic declines in many distant areas of the world, together with molecular
studies seem to inchte that the pathogen is expanding its geographic distribution and/or
increase in virulence (Morehouseal.2003). However, amphibians exhibit great interd

intraspecific variation in susceptibility to this pathogen and some species may evenecarry th
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fungus without showing clinical signs, potentially acting as pathogen reservoirs (Daszak et
al. 2004).

A second species of chytrid funguBagrachochytrium salamandrivorangs recently
emerging in Europe, severely threatening European urodele amphifmenss and
salamanders) (Martelt al. 2014). It was first described in 2013 in the Netherlands, where
this new pathogen caused dramatic mass mortality events in fire salam&alansandra
salamandrg, bringing the species to the edge of local extimc{i®pitzervan der Sluijset

al. 2013; Martelet al.2013). Recent surveys are now showing evidence for a rapid spread
to Belgium and Germany, with infections extending to alpine ndeali$hyosaura alpestrjs

and smooth newtd {ssotriton vulgari$ (Spitzn- van der Sluijet al.2016).

Another important group of emerging amphibian pathogens is represenRahayirus a

genus of viruses that infects fish, reptiles and amphibians and can be transmitted between
these taxonomic classes of vertebrates (Beebee & Giriffiths 2005; Detffak 2015).
Ranaviruses are known to have caused amphibiaofidieon five continent¢Gray et al.

2009). In North America, they have been associated with high levels of mortality in tiger
salamanders Ambystoma tigrinum; ahcovich et al. 1997). In Europe, Ranaviruses
outbreaks have been documented at least since the 1980s, whescédegeortalities in
common frog Rana temporaria populations, unambiguously related to this group of
pathogens, were reported in southeast of England.

(Cunninghamet al. 1996). Afterwards, infections have been reported from Croatia,
Denmark, Netherlands, Swérland, Spain and Portugal, mainly on European green frogs
(Pelophylaxspp.),Alytes obstetricanand several European newt species (reviewed in Gray
et al.2009). As for chytridiomycosis, the susceptibility, letegm impacts and resilience to
Ranavirusinfections vary widely among amphibian species and populations (Hoveaiman

al. 2010; Teacheet al.2010).

For bothRanavirusand chytrid fungus infections, an important role is supposed to be played
by anthropogenic spread, e.g. via importation of fish and amphibians for pet trade, tourism
or even herpetological surveys (Collins & Storfer 2003; Jancaatici. 2003; Bletz et al

2015; Halliday 1998). However, the scenario could be more complex and disease outbreaks
seem to often originate from complex dynamics involving different ecological drivers, e.qg.
climate change (Poundst al. 2006), increased UVB radiation (Kieseckeral. 2001),

pollution and water eutrophication (Johnson & Chase 2004).
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The complex interactions characterizing emergent amphibian diseases seem to be the rule
rather than the exception in explaining global amphibian declines. Indeed, many scientists

now argie that amphibian declines are complex phenomena: although some simplifications

can be made in specific situations, they seem to be generally driven by multiple abiotic and

biotic stressors acting simultaneously. Moreover, the relative contribution afusari

stressors to population declines may differ from region to region, among species, among
populations of the same species, and even among life stages within a population, giving rise

to a vast array of complicated local interaction (Blaustein & Kiese2882; Blaustein &

Bancroft 2007; Blausteiret al. 201 1) . Due t o t his 66cont ext
conservation strategies are difficult to develop and often inadequate: there is a strong need

for local studies in order to find effective local solutions (Gerdl. 2016).

Lastly, beyond the externtdctors potentially threatening amphibian populations, in
the context of declines we must not forget the evolutionary role of genetic diversity: it is
universally recognized that a decrease in genetic variation can lead to a reduction in fitness
and adapfaility to environmental changes (Frankhaitral.2006). Amphibians, due to their
particular breeding strategy (often characterized by small effective population sizes and
whole clutch mortality), their low dispersal and high philopatry (limiting connégji\seem
to be especially prone to such genetic processes. Indeed, a growing number of studies are
showing a reduction in genetic variation for many amphibian species or populations. The
potential negative effects of external drivers (e.g. habitat fratatien) on genetic diversity
have been already discussed above, now it must be remembered that low genetic diversity
can in turrmagnify the effects of other stressing factors evehtually leading to extinction
vortex (Hoglund 2009). Genetic monitoringaaild therefore beonsidered a fundamental
aspect m the study of amphibian declines, together with a better understanding of the

underlying evolutionary processesAl | ent of t & OO6Brien 2010; Bl a

Amphi bians as biloioardg amitsomss iam de anmoldegi c al an
Amphi bi ans have beébn owiodgeilcyaorfeicaoginciazbeodn sanst a |
and ecosysteem haBl@0ti h Méentd BDIf.6mdeed, t heir pe
physiology (e.g. thin and permeable skin, un
to changes in microclimatic conditioes, envi
al2003) . Mor eover, becgube,ofbenbent | gompkcéexdl
and aquatic phase, they are exposed to the e
( Duneto h®19.2) .
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I n addition, the impemvamoea mehlt i @amip énd Int @& «

theitrloipghc i mportance. I ndeed, sever al a my
fraction of vertebrate biomass in manylaqu:
1994) , being i mportant components ofmgfood
di fferent | ife stages-potomepneimrmoaméert $0 WX
characterized by high conversion efficiency
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2007; eNh2aoles) .
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S
(

hed nighe o©auses and mechanisms involved
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research in this field may foster the devel
dependency, a property that seems to be pre
i n gener al ecol ogical theory and conservat.
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bi ol ogy make amphibians perfect candidates

t oBecause of their patchy distribution, | ow
change, they are indeed parotainadu lreavcorlyou suo h ab
processes at the population and species | ev
pond breeding anurans) are often philopatr

making them easy to gampwethat adubhtigel yar
result, they have become popul ar subjects i
application of mol ecul ar tool s for addr es
Mc Car-Meleyt ad & Sohrafaf erre vilOelwbaord aprhyhiolgieams Jap
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reduction of population size, | ocal adapt at

21



underrmsg antdhie consequences of past evol uti

reductions/ expansions due to climatic oscill/l
Ecol ogical and evolutionatwyngdingnt ingtes e stthud
antdhis group of animals contributed | argely
fields. Academic researchers and environment
which consi st i noftaer tappdiicemttiifoiny othetsh eagp 8r & @
conservation questions, specifically focusin
for drawing more general concl usivensst(aBll aku st

Shaffer 2015) .

1.1.3 The three levels of biodiversity: genespscies and ecosystems

As already introduced, according to the defi
Bi ol ogi cal Diversity (see section 1.1.1 for
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ecosystem diversity. This definition has bec
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natural selection (Fisher, | 29830nhs bedngpehke
to a changing en2®06n mRe@HPEBoo H° gl und 2009)
words, the genetic variati on i n feav oplouptuiloantairac
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exceptionalkky ofii gph apny eerrsdM§Imd &8n, 2200 T h e
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on hobtasspeodt strategies is a controversial and
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biwedrsity and not to neglect the importance
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Neteler 2012).

1.1.4 New approaches to the conservation of biodiversity: conseri@at genetics and

its implementation in conservation policy

The evolutionary consequences of a | oss of ¢

The growing awareness of this problem in thi
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new I ntardgi daisgliipdn i ne, conservation genet.]
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conservation genetics could be defined as t
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di fferent evolutionary processes and genet
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(8) wusing molecul ar genetic analyses to unde
et hology which are i mportant for conservatio
(9) detecting hybridization phecdebketse(pgenst
on fitness that may occur as a result of out
(10) managing reintroductions and captive po
(11) detecting and defining invasive species
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via DNA barcoding and metabarcoding).
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Targets"; S @ dargbtel8 éexpliotlya dld.rle.slses t he conser Vv:
diversity (SCBD 2010) . Nevedbhehbessa] dedpit

means of conservation genetics and | andsca

research and applied conservation is stil
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Consequently, a much <cl oser partnership
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i ncorporatiomndf agaehgsi e datmmadkn snegr & dHoidbdam
2013) .

1.1.5 New approaches to the conservation of biodiversity: a systemic perspective

considering the three levels of biological diversity and their local interactions

It is now well establishethat the three main levels in which biological organization is
commonly divided are indeed intimately linked and ecological processes results from the
complex interactions between them (Gaston & Spicer 2004). The above presented
subdivision must be theref® viewed as a mere operational classification: from a practical
point of view, each level requires different monitoring techniques, different analytical
methods and different approaches to management. For these reasons, the different aspects of
biologicaldiversity have so far been confined to separate lines of research, corresponding to
the different fields of evolutionary biology and ecology. Nonetheless, this historical division
led to severe limitationsWe still have a very poor knowledge about thedamental
relationships among the three levels of biological diversity and we are far from the
formulation of general theoretical framework which could help us in a better understanding
of current crisis. Therefore, modern conservation biology is nowasorgly recognizing

the importance of investigating the intrinsic connections among the different components of
biological diversity within a systemic perspective (Magurran 2005).

In this context, of particular interest are a growing number of studiesssiidg how
genetic (withinspecies) and species diversity can be correlated in space (dadlesb
speciesgene diversity correlation, SGDC), and how ecological factors can affect these two
organizational leveldn 2005, Vellend proposed a first tentatitheoretical model in order

to explain this relationship, inspired by a review on previous empirical study suggesting a
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general positive correlation (Vellend, 2003). In this seminal theoretical work, based on the
universally accepted theory of island gemgraphy (MacArthur & Wilson 1967) aod the

island model of population geneti€é/right 1931), the authr hypothesized that species
diversity and genetic diversity should be p
processes that influencethed | evel s of di v eAceordingyto thim par al
hypothesis, a parallel action of evolutionary processes such as drift, migration, and spatially
varying selection may have the same effects on species diversity and genetic diversity, giving

riseto a positive correlation (Vellend 2005; Vellen & Geber 2005).

The relevance of this potential correlation was immediately clear. Indeed, genetic
diversity, despite its recognized evolutionary importance, is often neglected in conservation
strategies sireit is difficult and costly to measure at large scale (CIT). On the other side,
species richness is the most widely applied measure in biodiversity assessment and
conservation. A positive correlation among these two levels of biodiversity could imply the
use of species richness as surrogate of species diversity. Indeed, under a positive SGDC, a
conservation prioritization based on species diversity should ensure the preservation of
genetic diversity, tooHowever, caution is needed. Indeed, the few englirgtudies
available are still contradictory, showing variegate patterns including examples of negative
correlation (e.g. Taberleget al. 2012). Moreover, recent theoretical models including
previously overlooked parameters such as mutation and specaamw showing a more
complex and heterogeneous scenario. The predicted SGDCs assume different values, from
positive to negative, depending on the strength of different processes such as mutation,
competition or nomeutral evolutionary forces (Laroche&t al. 2015). Therefore, the
generality of a positive correlation between species richness and genetic diversity remains
controversial and the extent to which one level of biodiversity can act as a surrogate of the
other remains uncertainln conservation practice, the three main levels of biodiversity
should be therefore adequately considered, and/or their relationships should be evaluated in
order to avoid the negative consequences of implementing wrong assumptions.

Finally, a further dticism to traditional biodiversity assessment and conservation
prioritization came from the consideration that they generally focus on global biodiversity,
while a major imminent threat is the loss of local biodiversity. Indeed, ecosystems
functioning isprofoundly local, depending on local populations of plants and animals and
their local interactions. Therefore, while much concern focuses on the global extinction of
species, the effects of regional and local extinction should not be underestimated and

conservation efforts should also be directed in order to prevent the local loss of biodiversity
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(Stork 2009). In addition, while most species are still globally distributed, their regional
contribution to ecosystems has often been reduced because of wadesppellatiodevel
extinctions, threatening "ecosystem services" taking place at a local level and being the
prelude to speciegvel extinction (Ceballost al.2009).

To conclude, from the vastness of theoretical and empirical studies focusing on
biodiversity and its ongoing decline, a common pattern strongly emerges: the complexity of
biological and ecological systems. Biodiversity may still be a valuable concept for bridging
the gap between scientists and fgperts, but could not be oversimplifi@ehd merely
reduced to thenumber of species in a regiofConservation strategies need to be
reconsidered, fostering interdisciplinary approaches aiming at thedomgconservation of
species, ecosystems and evolutionary procedéaover, an enhancedatbgue among

scientists, conservationists, local administrations and other stakeholders should be promoted.

1.2 Amphibians biodiversity conservation within a systemic approach: a

local perspective
1.2.1Study area

Our study area is Trentino (Autonomdeiovince of Trento, Italy), a mountainous region of
6212 knt locatedcentrateastern Italian Alpsncluding part of the Dolomites and Prealps.
Elevation ranges from 65 to 3764 m above sea levete than 70% of the region lies above
1000 m a.s.l and abbR0 % above 2000 nithe region is characterized by a complex terrain,
with numerous valleys, among which the Adige river valley (230 a.s.l.) represents the
major discontinuity, dividing the area into western and eastern halves, wahhesouth
orientation. The geology of the region is variegated, including sedimentary rocks ranging
from the middle of the region to the Venetian Prealps in the smagtern part, a vast
porphyric area (Athesian porphyric platform) flanking the Adige river valleyystaltine
complex in the west (AdameHBresanella) and dolomitic rocks mainly located in the Rorth
eastern part of the regiobue to the complex relief, the climate is also heterogeneous,
varying from the typical Alpine climate in the most elevated areathe sukcontinental
moderate climate of the minor valleys, and the-Blgaliterranean conditions approaching
the southernmost part of the region, characterized by the mitigating effect of Lake Garda.
The landscape is characterized by forests, covering more5éfarof the area, mainly
composed of spruc®icea abies592%), followed by European larchdrix decidua about

17.3%), other conifersand broadeaved trees (only 5%). The rest of the regn includes
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grassland and pastures, higlevation heaths (overall 30%), with agricultural crops (mainly
intensive vineyards and orchards) and urban areas limited to mémliuetevations.
The region is sparsely populated (population density: 77 peopte lehow the average for

Italy); about 50 % of the population is concentrated in the valley floors, below 250 m a.s.l.
(APPA 2012).

Fig. 1 Geographical map of the Trentino regi@utonomous Province of Trento)
Yellow-spotted areas correspond to agricultural argr@sy, areas to urban aredie Adige
river is depicted in lnle in the middle of the regioihe inset shows the location of the study

area in the Italian peninsula.
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1.2.2Focal species for the evaluation of diversity patterns at the genetic lev&ana

temporaria

Our focal species for the assessment of genetic diversity patterns is the commBaifiag (
temporariaLinnaeus, 1758). Here we provide a brief description ofsghecies, together
with a justification for its choice.

Geographical and altitudinal distribution

The common frog Rana temporariaLinnaeus, 1758) is one of the most widespread
amphibian in Europe, inhabiting a wide range of environments from northern Sph@ to
Scandinavian Peninsula in the north, and to the Urals, western Siberia and northwestern
Kazakhstan in the easbésc 1997see Fig. 2a).

In the Italian peninsula, the species is common in the Alps and the Ligurian Apennines, while
being more scarce in the Tuseamilian Apennines (Lanzeat al.2009). A relict population

of the species survives in the Laga Mountains (NE batigee Fig. 2b). In lItaly, its
altitudinal range spans from about 20 m a.s.l. (Savona; Liguria) to at least 2760 m a.s.l. (Gran
Paradiso National Park; Bernini & Razzetti 2006).

(@) (b)

Figure 2 a) Global (adapted from Kuzmét al.2008) and b) Italian (adapted from Laretal.2009)
distribution range of the common froBdna temporaria)The arrow indicates the relict population

in the Laga Mountains (NE Latium)
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Description and biology

The common frog, with alengthofaboul60 c¢cm i s t he | argest of
(genusRang, and is characterized by a robust body with relatively short hind legs. Other
distinctive features include the large dark temporal spot (Fig. 3a), a prominent tympanum
andhorizontal pupils The colour is variable from olivgreento greybrown, brown, ey,

yellowish and reddish (Fig. 3b). Males can be distinguished from females due to hard
excrescences, called nuptial pads, on the first finger. Moreover, they tend to turn-greyish

blue during the mating season, particularly in the throat area.

(b)

Figure 3 Rana temporariaa) closeup showing the characteristic large dark temporal spot; b)

variation in colour pattern among different individuals
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Outside of the breeding seasétanatemporariais mainly a terrestriafrog, although in

some sites individuals may remain by the water for most of the séagoss its distribution

range the speciesan be found in a great variety of habitdisf in Italy seems to prefer
forested area@articularly coniferous forests, but also mixed woodk)ine grasslands and
pastures, bogs and mirdspoks, etc. (Lanzat al.2009).

The species is an fAexplosive br e e2dwaks) : t
generally from early spring to early summer, although it may widely accordingo
latitude and altitude (exceptionally also in early autumn at low elevationsgsMedch the
breeding sites before the females, starting to call for attracting them. The call is of medium
intensity, usually emitted at dusk and at night, but sometimes also in the daytime, often in

water.

Eggs are laid in the shallow-&® cm) waters fosmall lakes, ponds, swamps, peat bogs,
ditches, strearand brook pools, temporary water bodies, etc. Each spawn consists of about
700-3000 eggs, combined in 1 or 2 globular clutches, often forming aggregates from a few

up to several hundred of clutchg®get al. 1997; Fig. 4a).

Larvae hatch after-3 weeks and appears a® 6nm long, blackistbrown tadpoles with
well-developed external gills (Fig. 4b). Metamorphosis is completegdim®nths, with a
high variability according to different environmeiiserila et al.2000).

(b)

Figure 4 Rana temporariaa) typical aggregate consisting of several egg clutches; b) larvae at

hatching
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Common frogs hibernate through the winter, eithexater (e.gat the bottom of ponds) or
on land éspecially juveniles)Frogs usually reackexual maturity at second or third year,
but in highaltitude elevation even at@lyears (Miaucet al. 1999); nean lifespan in the
wild is about 5 years, althouglases of longevity up tb5 years are documented (Lareta

al. 2009).

Among ltalian anuran®}. temporarias the most resistant to cold, sometimes being active
at temperatures near or even below 006 the other side, the species is highly sensitive to

high temperatures, particularly when associated with low humidity (Letnai2009).

Intraspecific variability

Across its wide distribution, the species shows high morphological variability, whidtchas
to the description of numerous subspe¢@&@®ossenbacher 1997; Veighal.2003; Lanzaet
al. 2009):

1. R.t. parvipalmatgCantabrian Mountains, NE Spain);
2. R.t. canigoensighigh elevation areas of the Pyrenees);
3. R.t. gasser{lowland areas adjacent to the Pyrenees);
R. t. aragonensifAragon; NE Spain);

R. t. honnorat{BassesAlpes, SE France);

o o k&

R. t. temporarigoccurring in most of the distribution range).

However, the different morphotypes do not always correspond to genetically divergent
lineages. For example, phylogenetic analyses (\&itl. 2002; Veithet al.2012) showed

that lowaltitude Pyrenean populations (includiri®. t. gasset) and highaltitude Pyrenean

frogs (including R. t. aragonensis a mRdt. cénifgonensi} do not constitute different
evolutionary lineages, and also the subspecific statRs ohonnoratis questionable based

on genetic data (Stefaet al. 2012). By contrastR. t. parvipalmatais genetically well
differentiated and is supposed to have diverged during the Pleistocene (approximately 1.1
Ma; Veithet al.2003).Among the different supposed subspecies, only the nominalRorm

t. temporariais present in ltaly (Stahiet al.2012).
Status and conservation

Overall,Rana temporarias widespread and abundant in Eur¢fp#CN 2016), as well as in
the Italian Alps (Lanzat al. 2009),and there are no glob#ireds to this species (IUCN

2016). Nevertheless, significaniocal declines have been reported in different areas.
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Specifically,diseasadrivenmass mortalities have occurred in England since the 1980s (see
Sectionl.1.2. In Italy, at the southern limit of its range the species is more fragmented and
there is a tendency towards local declines and extinctions, particulatie Prealps and
northern Apennines (Lanz al. 2009).Local threats to the persistence of comnimg
populations include the destruction and alteration of breeding sites and surrounding
terrestrial habitats, the introduction of fishes and exotic species in alpine lakes and ponds
androad mortalityoccurring during migration® and from the breedisites. The situation

is particularly critical for the relict population in the Laga Mountains, which is completely
isolatedand threatened Isevere habitat alterations (Laregaal. 2009).

The common frog is included in Appendix Il of the «Berne Cotiea» and in Appendix

V of the «Habitat Directive» 92/43/EEC. In the IUCN Red List (2016), the species is

classified as LCléast concemn

Rana temporaria: a model organism in ecology, evolutionary biology and conservation

Being widespread and often abund&dna temporarias an important component of many
ecological communities (Luiselt al. 1995; Lodé 1996). This anuran is characterized by
high adaptability to different ecological conditions, showing local adaptatiesrs at short
geographic distance (Muket al. 2014; RichtesBoix et al. 2010) and high phenotypic
plasticity (Laurilaet al.2002; Johanssoet al.2013). Moreover, the species has the greatest
genetic variability of all western Palearctic brown frog®i(i et al. 2003). For all these
reasonsRana temporarias a model organism for ecological (e.g. Loman 2004; Vos 2007,
Decoutet al. 2012), evolutionary (e.g. Miaud 1999; Laugetnal. 2003), phylogeography
(e.g. Paleet al.2004; Teachest al.2009; Stefanet al.2012)and population genetics studies
(e.g. Hitchings & Beebee 1997; Johanssbal.2006).

Finally, a special mention must be made to the role of common species in
conservation biologyndeed, although conservation practice has$ed almost entirely on
rare species (e.g. those in the red lists of threatened species) so far, recent studies are
emphasizing the pivotal importance of naturally common spettiese that are abundant
and widespreado both terrestrial and marine ece®ms. Being often keystone species and
dominant in terms of numbers or biomass, even relatively small and local declines in their
populations can result in disruption of ecosystem structure and functioning, posing at risk
the ecosystem services that thepvide (Gaston & Fuller 2008; Gaston 2011). Thus,
conservation biologistsare nawe cogni zi ng t he abundance of

v a | waston J010Redforfet al.2013) and arstressing the importance of protecting not
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onlythreatened spedgebut also common taxa, also considering thete are already several
known examples adeclines in once naturally common species (Ellisbal. 2005; Gaston
& Fuller 2008; Jigueet al.2010).

The common frog is a key component of many ecological communities, particularly
in low-productivity Alpine habitats, where both larval and adult stages play a crucial role in
trophic and nutrient networks (Luiselit al. 1995; Lodé 1996Sztatecsnyet al. 2013.
Therefore, we stress the conservation relevance of monitoring the status and trend of
common frog populations, sia even local declines may hageosysterevel impacts in
fragile Alpine ecosystems. This consideration is particularly relevant in the face of ongoing
climate change, which is predicted to heavily affect both the distribution of the species (e.g.
Bartolini et al.2014) and Alpine ecgstems in general (e.g. Bragazza 2008; Maiogtrad.

2013; Tafanet al.2013).

1.2.3Focal animal group for the evaluation of diversity patterns at the species level:

alpine amphibians

Alpine amphibians are specipsor communities, and a total of 12tachthonous species
are known for the Trentino region (Caldonagizial. 2002). Among these, 7 species were
recorded in the study sites: common fr&tafa temporariafocal species for the study of
genetic diversity), common toadyfo bufg, Alpine newt(lchthyosaura alpestr)s fire
salamanderSalamandra salamandyagreen frog Pelophylaxsynkl. esculentuf yellow-
bellied toad Bombina variegatpand agile frogRana dalmatinp Here is a synthetic outline

of theconsiderecamphibian speciegdor Ranatemporarig see previous section).

Although numerous cases of decline are reported, all species are globally classiféd
(least concemin the IUCN Red List (2016), therefore we report only their status in Habitat
Directive (Appendix Il = speciethat must be protected under the Natura 2000 Network,
through the creation of Sites of Community Importance; Appendix IV = species of
community interest, which should be strictly protected across their entire natural range
within the EU; Appendix V= specsewhose exploitation and taking in the wild can be
restricted by European law).

Information on local distribution and trend is retrieved from Caldoretzzl (2002).

Yellow-bellied toad (Bombina variegatp
Key featuressmall anuran with a compact bodhetween 3.%5.5 cm in length; top side is

grey-brown, under side is blagdue with yellow or orange spots
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Reproduction1-4 matings usually from May to September; eggs are laid isolated or in small
groups (up to 160 eggs); pristine breeding habitat ciomgis temporary water bodies along
brooks and rivers; adapted to anthropic habitats such as puddles, small ditches, drinking
troughs, artificial basins, agricultural cisterns, etc.

Habitat in the study regiarriparian wetlands, broaéaved and mixed fests with ponds,
pastures, agricultural areas and other anthropic habitats (e.g. pits)

Distribution in the study regiarmainly localized in the central part of the region (Adige
river valley), some adjacent valleys (Valle dei Laghi, Valle di Cembra)Mote Baldo;
altitudinal range: 18@700 m a.s.l, but usually at low elevation (below 500 m)

Status in Habitat DirectiveAppendix I, Appendix IV

Local population trendrare and declining

Common toad(Bufo bufQ

Key featureslarge sized anuran with rostubody, up to 15 cm in length

Reproduction explosive breeder; breeds in sprearly summer; eggs are laid in double
strings; spawning takes place in lakes, ponds, ditches, etc.

Habitat in the study regiargeneralistwide variety of habitats, includingrban areas
Distribution in the study regiarwidespread from 100 to 2000 m a.s.l, but more frequent
below 1000 m

Status in Habitat Directive

Local population trendcommon, generally stable, locally impacted by high road mortality

Agile frog (Rana dainating

Key featuresmedium size anuran, smaller and thinner than the common frog; pointed snout;
white underside, without spots; the hind legs are unusually long

Reproduction explosive breeder; breeds in early spring; egg clutches are deposited on
underwater vegetation, in permanent or temporary ponds

Habitat in the study regiam@mainly riparian wetlands and swamps, generally associated with
broadleaved or mixed forests, rarely bogs, pastures in the Monte Baldo massif
Distribution in the study regin: mainly localized in the centralart of the region (Adige
valley and Valle dei Laghi), some adjacent valleys (e.g. Valle di Cembra) and Monte Baldo;
altitudinal range: 20@500 m a.s.l, but usually at medidow elevation (below 1000 m)

Status in Hab#t Directive Appendix IV

Local population trendnot common; data deficient
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Fire salamander(Salamandra salamandya

Key featuresmediumlarge sized urodele, generally-22 cm in length; black with vivid
yellow or orangeyellow spots or stripes

Reproduction eggs are fertilized internally; females deposit the larvae in-8tmwmng
sections of brooks and streams, generally in spring

Habitat in the study regiarusually broadeaved or mixed forests

Distribution in the study regiargenerally comran, but rarer in the internal valleys and
absent from the highest mountain massifs; altitudinal range1%00 m a.s.l, but usually
found at low elevation (below 1000)

Status in Habitat Directive

Local population trendgenerally stable; a potentialréat is represented by the anthropic

alteration of stream beds and margins

Alpine newt(Ichthyosaura alpestris)

Key featuresmedium sized urodele, up to-20 cm in length; top side is grdyown, under

side is orange with black spots on a white striphanflank; during the mating season, males
exhibit darkblue color on their backs and a black and yellow crest along entire dorsum
Reproductionbreeding season in sprasgmmer; eggs (6800) are laid singly or in very
small groups (&), attached to aqtia vegetation, generally in ponds, alpine lakes or
oligotrophic water bodies

Habitat in the study regiarbogs, margin of alpine lakes, forest and shrubby areas in the
proximity of water habitats

Distribution in the study regianirregular, almost complely lacking from the western
mountain massifs (AdameHlBrenta); altitudinal range: 262400 m a.s.l, but more frequent
above 1500 m a.s.!

Status in Habitat Directive

Local population trendrelatively common in the area of presence; generally staliégcal
declines/extinctions are reported, due to introduction of fishes or destruction of the water

habitat (particularly in low elevation areas; Omizzetal.2002)

Green frog (also known as edible frofelophylaxsynkl. esculentus
Key featuresmedium size anuran (05 cm), prevalently aquatic, inhabiting various types

of wetlands and water bodies (usually also used as breeding sites)
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Reproductionbreeding season in spriasgmmer; each female lays 168000 eggs, divided

into a few roundish massé€6-7 cm in diameter), usually anchored to aquatic vegetation
Note The species is indeed a hybridogenetic complex composed by the pooPfrog (
lessonag the marsh frog,R. ridibundusor the balcan specid3. kurtmueller) and their
hybrid formP. kl. esculentusP. lessona@nd the hybrid forn®. kl. esculentusre sympatric

and very difficult to distinguish on a morphological basis (Lanza et al. 2009; Bovero et al.
2013). For the purpose of this study, lessonaeand the hybridP. kl. esculentusare
considered as a single species, according to the classification used in Caldonazzi et al. (2002)
and in the regional monitoring program (PAT)

Habitat in the study regiarstrictly linked to water habitats, mainly riparian wetlands, natural
or artificial pands, channels; frequent in agricultural areas

Distribution in the study regiarmainly localized in the central part of the region (Adige
river valley and Valle dei Laghi), a few low elevation valleys (e.g. Valsugana) and medium
elevation hills (e.g. Altoano del Calisio, Laghestel); altitudinal range: M0 m a.s.l,

but usually at low elevations

Status in Habitat DirectiveAppendix IV, Appendix V

Local population trenddeclining, many habitats are threatened by intensive agriculture and
strong anthrpization; locally threatened by the alloctonous amphiBiakurtmuelleriin a

few sites

1.3 Aims of the thesis

In this thesis, | combined different methods for the study of amphibian biodiversity in an
alpine region (Trentino, Italy), with the aim bbth shedding light on patterns of diversity
at the different levels of biological organization, and gaining a better understanding of the

underlying-past and presengvolutionary processes.

The key points of our approach are: (1) the use of moleculdnoae for assessing genetic
diversity levels in a model species, the common fRgn@ temporaripand investigating
their main drivers; and (2) the integration of information on different levels of biodiversity
in amphibian communities, in order to evaki#heir relationships under a theoretical and

applied perspective, with the ultimate goal of developing effective conservation strategies.

The research project can be divided into three separate studies, with the following major

objectives:
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Study 1 Phybgeography of the common froRd&na temporarifin the Trentino region:

past evolutionary processes and their genetic legacy.

Objectives:
a) Investigating the phylogeographic history of the species in the study region,
identifying potential Pleistocene glatieefugia and posglacial recolonization
routes (using mtDNA);
byl denti fying fAhistorical hot spotso of gene
Unitso (ESUs)

Study 2 Population and landscape genetics of the common Ragd temporarigin the
Trentino region: assessing current levels of intrapopulation genetic variability and present

connectivity.

Objectives:
a) Assessing the current levels of genetic variability for the species in the study region
(using microsatellite markers), differentiation and yl@gon structure;
b) ldenti fying fAhot spotso and situations of

c) Investigating patterns of present connectivity

Study 3 Speciegyenetic diversity correlation: the case study of the common fRRagg

temporarig and amphibian communities in atpine region.

Objectives:

a) empirically testing the correlation between genetic and species diversity using alpine
amphibian communities as model system, and the commonR@&ta(temporaria
as focal species for genetic diversity assessment;

b) shedding lighbn the evolutionary and ecological processes underlying the observed
patterns, considering the influence of environmental variables on both levels of
biodiversity, as well as potential causal relationships (e.g. the effect of species
diversity and commuty composition on genetic diversity, via interspecific
competition);

c) outlining general indications for amphibian conservation planning.
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1.4 Funding of the project
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Chapter 2.

STUDY 1:

Phylogeography of the common frog Rana temporaria in the Trentino

region: past evolutionary processes and their genetic legacy.
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Phylogeography of the common frog Rana temporarid in the Trentino

region: past evolutionary processes antheir genetic legacy.

Alexis Marchesini, Andrea Battisti, Cristiano Vernesi

Abstract

The commRand rtogmlnaarbeaen focus of sever al

studi es, revealing a deep split between

br

east

by the onset of the Pleistocene gl aciations.

we l | aershandndg of recolonization processe:
from complete. A recent survey on |tal an po
Pl ei stocene refugi al area in the Italian per
separated microredalge ast Hoiweveirn ftheee areas
|l acking. We examined the phylogeographic str

individual s) by means of COIl minoalhpinde irad gig:

(Trentino, ltaly) with an intensive sampl incg
the presence of three different COlI | ineages
and a contact zone i n Quhre deaatsat es wnp ppoarrtte do ft ht
mul ti pled ugulm, probably | ocated in the southe
species survived the ice ages in fragmented
region foll owedsti rlriekgeullya rd upeatthos ,t meo compl i ca
compl ex phyl ogeographic patterns, generally
understanding of the consequences of major p
is of e@emseatundetreran evolutionary and conseryv
face of ongoi Mghicsl ismaitdey, cli acgesed on a wi des

starting point for comparisons with other o

in biodiversity conservation.
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Il ntroducti on

Phyl ogeography, the integration of phyl oge
analyzing the relationship bet weetnl®l@nket i c

since its origin 30 years ago, h ahsi srtaopriidcl ayl

evolutionary processes and their |l egacy on
Pl ei stocene climatic oscillations had a gr
trends of plant and animal eyepanegésd Dest nigc

di stribution of many species to sucalbée a
figl aci abwhefueaegidauring the interglacials the
previously gl aciated &oexapsan sTihoens eh arde piemp cerd:
consequences, | eading to (1) the genetic di
glaci al refugi a, (2) the erosion of geneti
repeated foundbe poeensjalndri( 8)ngdg of cont
admi xture of divergent leitnz€d@3e)s. (Mietwo d h o Rdr0
(mt DNA) i s oftentaamatkemadf phlybioge oigmaphi c
I'ts peculciaar phbiopleogi es, (e.g. | ack of recon
effective popul ation size due to maternal [
for detecting the efeftetd®@I87 of HpmlR@IOPomcesses

I n general, amphi bians are known to be
breeding anurans, often exhibit hi gh philc
consequence, popul ations tend to bendalighly
of past evolutionary processes. Consequent |

phyl ogeographic studies (sedghEemmcretf &o®Beied
of the most widespread and abundant mamgloivier
the species has the greatest geneticevari ab
al2003; &t naatkis3) : it is therefore a perfect
phyl ogeographi cal processes.

Largeal e phylodieegetaPli 4, sTe28008), based
cytochrome b gene (cyt b) ,Rainde nttei nipnoerdahr & vao
Pal earctic regi on, with the eastern | inea
Scandinavia (but documented also for t he 1
popul ation), and the western | i neenaignes uwiad,e sapl
the British Isles). Teacher et al. (2009) i
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tuated in Italy or tehe aB2DRahs. blseedr bhehe
ering t he whol e l'talian di stribution o]
| ogeographic scemathors Specietct edl loyn|l yt hteh
eages in lItaly. I n addition, wusing cytoch
olution, they found high genetic diversit
eages: e4d Al psataendl itthet memaining one in the
rongly proposed the Italian Peninsula as
reover, the recorded patterns of diversity
treetped as e Vi edfewngcited efhamo eae | stating that
rvived the gl acial ages in different isola

ps (eStt 2dla.d). Therefore, the phelsogeopgraaphit
more complicated than previously assumed,
the recolonization processes might come f
versity, as stressedd 200 ;i feStterddm?t) .aut hor s
With this study-sscwkepreuvbdetdr actfiionre of t
story of the common frog in an alpine regi
tensive sampling desognegWenf opktualky) onat me
aracterized by complex orography and biog
oximity of putative refugia for the specie
ecifically, we addressed the foll ewiodig que
ef wgit-bée hangd dae | for the spercefelsgicavti ¢ ¢h idm f  k
uthern Alps? (2) if so, doetfhigilai haados dar
vels of genetic diversity abhdmmdiNéd® ahdpo¢$8
colonization in the study region?

derstanding how Pl eistocene refugia and re

cruci al i mportance in the face of ongoi ng

|l omgcmnservati onesRdldAtlegde BILBYTr o

54



Materials and Met hods

Et hics Statement

Al'l conducted experiments complied with the
procedures were appr ovEndvibryo ntnheen tl taanldi atnh eMiE
Unit of the Autonomous Provinceb77/0BURGEESNt 0 (
LS d) . Samples from Veneto were collected t

Padova (Dept. of Biology).
Sampling

OQur studyTaee&ino (Autonomous Province of T
6212°blkklmonging to the eastern Italian Al ps.
terrain (el 87&4i onn abawvge se@5 | evel ; more t he
a.s. ), i ncluding part of the Dolomites an
Adi ge r i(vieR0/®.ad .lley) represents the major di
western and east eroruthhalowdse,ntwittibona nort h
We steddkecsampling areas in order to cover
di stribution of the species in the study r e
l' year s2®20DOhe selected areas were screened

br eeding season. We <coll ected eggs and | ar v.
and tadpoles coming from separate ponds, th
fudilbs. This sampling procedurse whdadsh Wbéren cwin

frog and other pond brettd®®d; aBplidlei a&n sBe(ed
2006 ; 6ttt edold.2i; Van Buskirk 2012). Tadpol es

DNA extraction, while eggs were brought to

were harvested at Gosner stage 23 (active
i n pusevistudies (e.g. Breetd2d|®6 Be kdhte 2DIRBPmH ; ¢
GPS coordinates of each sample were recor deé
within thlaresameetekmonsi dered bel ongiomg t o
2005, ThGG®%®) additional areas (LPo, MP2, Pos)
of the Autonomous Province of Trento were i
geographic position R@amta ttleedpdbo mtbludi m nmamawmig
consi dertelde pAlrps)of Speci mens from these add

field surveys focused on other amphibian sp
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At ot al of 16R2 stspepemenes &l oenc OOk ditFeofye rtehnet
pur pose of this study, a subset of 54 sites

been used in the following analysis (Fig. 1

FigurSampl i ngRand esempmortalréd aTrentino region. Lab
coordinates are |listed in Table S1 (Supporting I

represents the Adige river.

DNA extraction, amplification and sequencing

Tot al genomi ¢ [MNA nwa st heex tQiaacgteend Dneasy 96 We

lnc., Hilden, Germany), following the manuf a
For all the 540 selected samples, a fragment
oxidase subunit | (Coxmk)yasegiChai wafRKReampl ofni

the universal prienerladB.@®1l 4aMn0d (tFcel neegreci f i c

(St edtaRa0ll.Zhe PCR ampli fication was <carried
containing: 1 Ol templ atoen [BUA,f eHo t MNals tneM dTNVT |
of each primer and 1 unit of HotMaster TM T
incubation at 94 AC for 2 min, followed by 3
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72 AC for 1 min, witohr a5 fminnale Keoxrtaeanitsii cobnN Aoaf n
amplifications, contamination was rigorous|l
negati veBecfoorter oslesquenci ng, the excess pri me
EXoSIAP (USB Corporaj)i obDNACtegqeénaodngOWas pe
the ABI -BPye smemBmignator Kit v.1.1 (Applied
the sequencing reaction products were run o
Bi osystems) . The reeseditti edd wveiQUEenNnde nCchve TV
http:// www. geospi za.)c,comikPsaducttwys/cfhiencckhetdv. ah
Bi oEdit 7.2.5 (Hall 1999).

Genetic and phyl ogeographic analysis

Sequences obtained were collapsed into hapl
200®DnasSP v5 was al s$ot at e dpuonhtbyencoarbpthuilcataend p a
I nformati ®aecedaed genetic diversityr mehsur ¢

di fferent hapl otypes, n,; hapl meyame ndiimbers ic
pairwise nucleotide differences, K ; number
geographic patterns of intr apopgwlrateil@n i gen e
|l atitude, | ongitude and standard measures o0
statistical environment (R Core Team 2016) .

We performed correlation tests for the whol
only popul ations of the western and eastern

Phyl ogenetic networks were generated us
(Tempéeetldw.2) , i mpl emented i n tehte2dl®F)t ,wauwsei I
the I95M% t for a parsimonious connection. Fir
combining our sequences with aRbBnpubkempoawaa
i n the I1Ttaliamrt p2edhli2n s uHMB L (cSiddelEd FNBA)B,.€ B8i3n
to infer phyl ogenetic relationships among
considering only our sequencing, for a gracg
the study region.

Pairwise Phi ST values for all the popul a
(Excoffier & Lischer 2010); thermutsatginoms c
associated P values were adjusted for mu | t
me hod ( FDR; Benjamini & Ho dth.beed Ru B1tOMCc5t)i, 0 na s(

Devel opment Core Team 2006) .
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Popul ation genetic structure was assesse
mol ecul ar variance using thet Rab®l).a mSSMONOAA
uses a simulated annealing procedur e t o d e
popul ati ons, by maxi mizing the amount of va
t heir significance by means of cohvansti dmal
conventional AMOVA does notarpgiuarkotwhnay t hel
t hefhestgrouping to emerge from the data. We
annealing processes using 10f0 0y pnoutnhbeetri coafl sgt
from 2 to 10. Afterwards, an analeysli&9.D)f mol
was carried out with the software ARLEQUI N
beftt grouping pattern su@qastNed bmnod&@AMOVA sa
evolution. The statistical significance of t
per mut ati ons.

Finall vy, the | ocation of maj or genetic d
soft ware BARRIERD20.48)i.6 Manal ysi s was based or
coordinates for each site and the matrix of
the creation a Delaunay triangulation networ
a Vor onop t esrsiehdasad.n Genesumwge barriers ar
Monmo@i emaxi mum di fference algorithm, by dete
adjacent populations exhibits the highest ge
are det ecctheadr aicnt earriezaesd by high divergence de
BARRI ER, the number of genetic barriers to b
Il f i terated, the procedure results im the ge
orcacmWe continued adding barriers until the || a
Phi ST value wast 2®0MByded ( Manni
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Resul ts

We found a total of 12 COlI gene haplotypes

sites (l9nparmamowvyg sites). Six of these we
Phyl ogenetic reconstruction including haplo
S2 in Supporting Information) |l ed to the a:
t he four COIlI lineages (= haet @®ll@yps) known
Specifically, 9 haplotypes were found for A
Al pine |l ineage |V (hereafter Al p4) and 1 ha
phyl ogenetic net wor k for t hgei omg p | wittylp e B 0 d ¢
proportional their frequencies, iIis reported
VC6 Alpine lineage II

Alpine lineage I

MT5 TN1

)

Alpine lineage IV

SA1

Fi guPlyl2ogenetic network of thend2t  mpohmampid @0y
in the Trentino region, based on the statistica
are proportional to haplotype frequency; mi s si
The different col ¢ineiadest i fy different COI
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Lineage Al pl was wubiquitous in the study r e
detected only in the eastern part of-the reg
eastern populations (Venet ioad yPriemall®s )s,i twlsi, |
the -easté@rn corner of the region, al ways in
compl ex spatial patterns of admixture among
part of the region WwWhereafherw&aséerirpattnph
is characterized by the presence of a single

Alpine lineage |

Alpine lineage Il

Alpine lineage IV

@ UN OV

FiguSmatdial distribution of COlI I|Iineages in the ¢
to the different | ineagdabl 8i Eés(Suppoumbegetdnéto
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Overall, the haplotype withnghtohligheagef Ale
frequency = 0.526; see Table 1). CA2 is di s
present in all sites, except for one (RM1)
(l'ineage Al p1; over alhl bferienggu epnrceys emOt. 2ddm6l)y, i
Wit hin -rtehgiisonssubhapl otype VC6 1is present 1in
present wih 0 .f5rkefq/uzhcyites. 9 of them (64%)
of the regi onypARlsl ascteher esamlit with gl obal f
i's present only in one site (Tre).

TablCvelr all haplotype frequencies and distribut
Newly discovered haplotypes are highlighted in

COl lineage Haplotype N sequences | Frequency | N sites | % sites
Alpl CA2 284 0.526 53 0.981
Alpl DE10 6 0.011 4 0.074
Alpl MT5 8 0.015 5 0.093
Alpl TN1 1 0.002 1 0.019
Alpl TN2 15 0.028 6 0.111
Alpl TN3 15 0.028 7 0.130
Alpl TN4 5 0.009 2 0.037
Alpl TN5 42 0.078 13 0.241
Alpl TN6 7 0.013 3 0.056
Alp2 VC6 133 0.246 28 0.519
Alp4 PR4 18 0.033 7 0.130
Alp4 SA1 6 0.011 3 0.056

West Trentino harbors more haplotypes than

one COI |l i neage. C dored iochgri inmgg ttoh @ hh asp Il a thyepeas
exclusive of West Trentino. The spatial dis
patterns of geographical c¢clustering, althou
scale @OMFiSu.pp®¥Xting I nformation). Hapl ot ype
reported in Table S1 (Supporting Informatio

Di fferent popul ati ons epxohpiubiatte do nd igfefneerte n
(Table S2, Supportingnl mftorsraaritong e o gsroarpehtii
correlation was found between | atitude and
when considering the two separate subsets,

correlation was detwactthe do pipno shiotteh sciagsne.s ,S pbeuc i
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decreased from south 00 42q9r tph <i M. We9t, Twhdntei
an opposite trend was highlighted (r = 0.59,
| atit udene aBtuhrees of genetic diversity (e.g. h
"yielded very similar correlation values (da
and h was detected only in East sTrrentbhiendar(re

by the presence of -8aLtOdr n i maratg@asf i tnhitdh es mor

Pairwise Phi ST values (Tabl e S4, Support |

high | evel of genetic differentiation amon:
(47.9 %) yieldifpp si@nObjcahtevabdegsst ment |
usnig false discovery rate methlids mBesuylatmiing &
considering the fine spatial scale of our st
gene (569 bp Il ong). Significant Phi ST val ue
separate by |l ess tBa#at 10r &mt,-P Hia,r PBERUd BRRY i
PS1, -PBR2-DBBh -Ibcgh, -DEM8n -Mog,-MBxat,eB8d¢ . The hi gl
|l evel s of differentiation detected in this a
|l i neages, whi chganleinmmedanri xsepda tfiod Il opnva tnt er ns .

Spati al anal ysi s( SAMONWA ) e ciunldairc avt aerdi akKn=c3e ( 3

most | i kely population structure, when FCT w
of FCT wag HChre =l &@Or. PeOslt8 ) . ( TSadb lien SS3u papnodr tHingg |
Group 1 include all popul ations (39) with a
Alp 1 > 0.5); group 2 include alll popul ati o
(Frequency of Al pe2onl@. 2) pogpudbapi dnisnclchér a
of 3 lineages and | ineaged ANy Map,r eiste nmhu satt the
that: (1) all the other tested grouping sche
variance &§FE€Trehbtuegely constant among the d
the proportion of genetic variability found
proportion of genetic variability found amon

The AMOVA analys3sgraappps ednfter rtende by SAM
significant partitioning of genetic wvariat.

variation explained by differences among gro

variation wer e alisoon sf o(udndd. 7v8i t%)i n( Tpaobpl uel azx) . T
since all the populations in the eastern pa
di fferent COlI | ineagesndi vedethdoreashawi og. hi

62



The variation ex mlnasi nweidt ha mo nggr opusu lwaatsi r el
i ndicating that the different groups inferr

therefore providing further support for the

1 in the parpehv)i.ous paragr
Source of df Sum of Variance | Variation E statistics | P value
variation " squares | components (%)
Among groups| 2 242,942 1,054 49,44 FCT: 0,494 | 0.0001
Among
poputions 51 111,429 0,123 5,77 FSC: 0,114 | 0.0001
within groups
Within )
. 486 | 464,161 0,955 44,79 FST: 0,552 | 0.0001
populations
Total 539 | 818,532 2,132

TablAnald ysis of mol ecul ar variance (AMOVA) c
subdivisions inferred by SAMOVA (K=3).

For the detection of major genetic disconti
from 1 to 8 barriers were investigated, unt
tetatisticall yasiugsi (IFcagnt 4fhii3hTde car &ldy $ihse
of single populations fixed for single hap
groups of popul ations (e.g. barrier b). Th
resulted in the semanatei Yenefi pop®rati pss |
more gener al patterns started to appear. M
di fferent adjacent barriers, e-e@stbanripanmt
Trentino fremr éhieomesAs od ftihnal output, 8 b
separation of the western and eastern side
remai ned connected byweastsimrgilentcaotrirand,orl owcia
partheofr etgi on. Another composed barrier (bar

popul ati oneesthetmecoomneéeh of the area.
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Fi gu@wet gglut of BARRIER analysis, showing the spat.i
Sample points (populations) are represented by
tessellation and green | ines nioerDe!|l amnemagepirdtand
lines and designated wi tghC.dledarted sa rarcccvosr drienpgr e soe rtt

recol onization routes from different glacial ref

B Alpine lineage |

[] Alpine lineage Il
B Alpine lineage IV

Figure Tentative phyl ogRagrnapbimpotaeo@dsentuchoonef

map shows the different sampling sites, colored
together wi t h t he approxi mat e |l ocati on of corr
recolonigafieweyadud £Fihen) i ght blue |l ine in the mi
the Adige river. The black I|Iine depicts the bord

region Mmark whi tcds dat a SwerkaanZ@ll2i eved from
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Discussion
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on OQvFrirg.l 15) .our study provi defsir@fugng s
¢ hamgo de | for the species in the Iltalia
| ati ons during the Pleistocene gl aciat:.
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considerably high. We found 12 differen

smal | spati al scale of our souyYypesAwene
d bgt St2ddflan i, i n their survey across th
ction of 3 different COlI |lineages highl
erent postglaci al r exiod ,o npg rzauv ii dinn g osuu peps
ps but i dentifying other grouping sche
ance, suggested that the inferred popul
pati al clines mdaa@aai xXThue es mantoinag!l t cdies t3r
otypes clearly indicate that Al pine | i1

I ndeed, Alpl is the only I|ineage fou
bits highiltgvelwhi bfe dinvd he east it S
l uding the most abundant one, CA2) , al
ition, the negative correlation between

ti noevipdernd @ esfoourt ha omroretnit ati on of the p
ess for Al p1l. Such a reduction in gene
ated founder events occurred during the
ef@dut hern richnescs( Gumgetr had A h;er He wiutrti t

sa tr 8011i4 ) . We can therefore assume that
pher al Pl ei stocene refw@stuenr prmodw@amt i A
o rihe immediate southelno mbar di an Preal ps, from whe

h and toward the east under favorable
nant hapl ogroups in the Venetian Preal
esting bhial arefugsumot Burther support
gia for Alpl and Al p2 | ineagesRamane fr

owareafound in Pleistocene padVMesodoetral oc
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Lombar di a(nBoRraeZze0l(a%) and in Lessinia, in the
2002) , providing evidence that the species ¢
areas |lying outside the current | atiitmuidi nal

et 2a11.4; see Fig. S3b i n Supporting I nformat
depicts a penet-eadgti otho Itime rmirdodd emoaft ht he r egi
in the study region and doeblsi cnodr iadilno,w hsopweecw
from Stefani et al. flanl2e2pstserem masgdginkdsafat
approxi mate potenti al refugi al area (see Fig
in genetic diversity rwintth nlogt iathud e,p pdbesti & et ¢

may be most I ikely explained by the admixtur
part ofr etghion.s®Bluch an addictive effect is in
( Peetti 2010.3resnitngl vy, both Al p2 and Al p4, doe
The |l ocati on of maj or genetic di scontinuit

( BARRI ER), provided further details on the p

and EatsitnoTrempeared to be completely separat

centr al part of the region. This,awee@msperfec
oriented valley that could have bea&md utslkead as
east. The hypothesis of a single penetration
genetic diversity that this |lineage seems t

Colonization occurring througa fnagtreorw deaalriir
genetic diversiémpbobhbesma' refsfué et oft tehegr owt h
popul ations ahead of theetma®l®@6)xol oni zati on f

On a more detailed scal e, t heatoibere,r veidt H |

hi gh fragment atainodn piorpud malilongr dupkxsedd f bo bBha

conclusion that recol onization routes follo
particularly true in East .TrTehitsi noqgulwlh elree du
compl ex orography of the study region, char
deep vall eys. Neverthel ess, an alternative

di fferentiation may be "alsnmdlel snuwnhbenrg"ogf ai np
the expansion front multiplies into unoccupi
to spread at high frequencies, and eventuall
Ray 2008) .et K(I&200pf¥ 6sdt nedfiant healt ®@osaoauf sngnore often
rapidly growing populations under | imited di

species. The two proposed explanations are n
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Anot her major outeomemafkallie dcitfufdegr ersc ¢
diversity | evels between Al pl and Al p2 1| ine
haplotypes), while only 1 haplotype was f ou
East Trenet N&l0.12t)gf ami their survey coverin

only 2 haplotypes for t hsicsa llei nsetauwgdey., Tthoeg eetf
i ntensive survey in the proximity of put at
di ffemewmdc¢e beadue to sampling bias. This mar

refl ect di fferent conditions experienced b
refugi a. Particularly, Al pl might hawel per s

popul ations and an overall high effective
restricted to a smaller, | ess favorable are
due to drift. The differentioeagest spathi Al
wi despread in a |l arge sector of central and
of eastern Al ps etan2dll1lPr;e aslepes HiSgt.e f&a) , seel
hypot hesis. Furtherrrkorde shipAlapk @dlapeldot ype |l mnagty
a numerical domi nating central hapl otype st
a pattern that 1is generally iwitdepdemedr apgt
expansion ( Rogle992 ;& &laafr&eebh)d.i nggai n, t hi s col
assuming favorable conditions in the refug
sudden spatial expansion occurred during th
anal yseers,sceeintahr i o mi ght be possibl e, since
and different processes may |l ead to similar

The main genetic discontinuity detected
|l ow eloeva&atdi ge river vall ey, has a strong p
barrier in correspondence to a broad valle
Al ps byetStelo.an), specifically in tbedvagl ey
to the author s, an explanation for this bai
the interglacials, broad Al pine valleys wer

During the | ast Al pine Last. 0®IOacyiealr sMaxgiomu n
Trentino region was indeed coverFr2e0d0 Ob ym tthhei cA
(Caldonazzi & Avanzini 2011) . I n contrast,
glaciers (Bassettd.i & tBaorrtseadt otec@ D0 B 1 WEaBM®O 1L T ¢
years ago, and in the final stma®esiofe tfhleo o

i n the central part of the region (Angel ucc
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rests and the swampy central wvalley, stil!l
itable habitat for the common frogi.t Then,
mpl ete flooding, may have contributing in
DNA and microestat2l016) eSouivdraesong genetic
pul ations from the eastern mailde pefcitelse (Adi
d deer, mountain hare and, ofwleyst f @re n mt DBl
fferentiation along thalstiliwnweéEwhist ac¢esit yalt

(Haubrich & Schmitt 208r7) specifos @eafdadr®8aho

20
i n
Sp
wa
co

st

an
f u
hy
de
t o

S u

02; @eAtl b@aled) . At t he s pecciael$Bedd Wneawghiitcyh | ev e
clude the Adige valley up to the Brenner p
ecies distriblhkteinanug ybdKlerinert Ai8700o0onand a
s recogni-dkzvwed Ifimrg cspwei es (Ruffo 1950, 19
nfirmed the biogeographic peculiarity of t
udies from different fiel ds,etbiuctals of rfaame wnool
r in conservation planning.

However, the Pleistocene history of the ¢
enari o tharsda sepplrateéast |l i neages Al p2 ai
e eastern partf oawfndt rsd rroemgi cerv,i dlewntc ewd hat A
|l oni zing East Trentino. This asymmetric ba
mains an open question. As a mere specul
pot heses: n 1lbhy rtehceo | doinfi fzeartamt COI l i neages
e three different putative refugia were | o
der this scenario, glacial refugium for Al
rt of the region, so that this |ineage rea

her |l i neages arrived too | at e; ( 3) recol c

i fferent recol onization rates.

sting these hypombeseegeweunlid deqgai (e. g. se
d more complex phylogeographic analysis,

rther suggestion, we propose that: (a) the
pot hesi s ngy ftdhre dxapllairrei of Al p4d4 to penetr
tected this |ineage in East Trentino only
ward the center and resembling the endin:

pportiemsg shy3poftor expl aining the failure of
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di versity. l ndeed, supposing |l ow effective

refugium for explaining the | ow | eveks of ¢
factor negatively affected dispersal rates
potential. Considering its |imited geograpt

that thi s @l ismreecarg et od oheasvne s prera d( Setdelfaa rdd Otli2e
Fig. S3a).

We provided evidence that the use of a

effective choice for detecting histor-ical h
scale | egacy of padgti aeémmiaftyicngpsaii fl fl ant e mins
relevant evolutionary significance. For exeé
gene pool i n the western part of the regior
east, cleareg fTodi datéeetbrt nmanagement and
species I n-r @ diieo ntswo Usnudbe r a conservation p
processes related to glacial <cycl esnalrysirar
on Euranppehainbi ans showed that the conservat

correl ated wi t h di stance from refugia. T
phyl ogeographic status ofglmap wllatciodmani(zia.ta .c
consiidrerceanservati on assessments for red 1

may serve as a term of comparison with othe

common patterns or to highlight relevant ev

Finally, our results may -pvolvitdieomabwyasprs
affecting biological species in the face of
t o changing ecol ogi cal conditiongiffiederd,
evolutionary lineages may potenti allty adcarrtr
2008; eMoeall.2) . I n particular, |l i neages t hat

areas might have genotypes thatutwurdé cloinha
( Mo reitt 2za011.2) , being therefore of agtr 2805 o0nse
The rapid gepmeadtofon|l amoérecul ar technol ogi e:
revolution"™ has dramattiacail degnt impy oaeaptoiuve
door for integrating biogeogr apheyt 2amH0 )g.enort
and the common frog stands as a good candi d
et 240€010.6) .
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Supporting I nformation

Suppl ementary Tabl es

geographic

Tabl i . of sampling sites with

COl haplotype frequencies Sites are

code site site name long lat elev | CA2| TN1| TN2| TN3| TN4 | TN5| TN6 | DE10| MT5 | VC6| PR4| SA1
1 Amp Lago d'Ampola 628457 5081277 795| 0.4 0| 0.6 0 0 0 0 0 0 0 0 0
2 Bed Bedollo 679355 5116467 1183| 0.1 0 0 0 0 0 0 0 0| 08|01 0
3 Bon Palu di Boniprati 624263 5087863 1206| 0.5 0| 03] 0.1 0 0 0| 0.1 0 0 0 0
4 Bro Brozin 686249 5128930 999| 0.4 0 0 0| 0.1 0 0 0 0| 03| 0.2 0
5 Cad Caderzone 635940 5109415 741 0.6 0 0 0 0|03 0 0| 0.1 0 0 0
6 Can Canezza 676219 5105171 653| 0.4 0 0 0 0 0 0 0 0| 06| O 0
7 CCC Campo Carlo Magno | 642438 5124460 1649| 0.7 0 0 0 0| 0.1 0 0| 0.2 0 0 0
8 Cel AlpeCermis1 693763 5122533 2204| 0.5 0 0 0 0 0 0 0 0| 02|03 0
9 Ce2 Alpe Cermis 2 694710 5120705 2329| 0.8 0 0 0 0 0 0 0 0| 0.2 0 0
10 DDB Dos del Bue 671037 5094193 1014| 0.9 0 0 0 0 0 0 0 0|01 O 0
11 Ech Torbiera Echen 670137 5086617 1273| 0.3 O 0 0 0 0 0 0 0|07 O 0
12 Fia Fiavé 641894 5094567 665| 0.3 0] 01|03 0| 0.3 0 0 0 0 0 0
13 Ing Inghiaie 678339 5096436 444| 0.8 0 0 0 0 0 0 0 0| 0.2 0 0
14 Lag Lagabrun 669610 5118968 1115| 0.6 0 0 0 0 0 0 0 0|04 O 0
15 LCa Lago dei Caprioli 636112 5127947 1385| 1 0 0 0 0 0 0 0 0 0 0 0
16 Lel Laghestel 671966 5109197 876| 0.5 0 0 0 0 0 0 0 0(04| 0|01
17 LMe Laghetti di Mezzana | 639388 5126637 2061| 0.6 0 0 0 0| 0.3 0 0| 0.1 0 0 0
18 LPo Lago di Posina 676835 5076986 578| 0.3 0 0 0 0 0 0 0 0|07 O 0
19 LSG Laghidi S.Giuliano 631477 5111923 1974| 0.3 0 0 0 0| 0.7 0 0 0 0 0 0
20 Mon Monterovere 677907 5092004 1240| 0.1 0 0 0 0 0 0 0 0(09| O 0
21 MP1 Monte Pasubio 1 665846 5079866 1622| 0.3 0 0 0 0 0 0 0 0| 0.7 0 0
22 MP2 Monte Pasubio 2 670596 5069564 1004| 0.2 0 0 0 0 0 0 0 0| 0.8 0 0
23 MRe Monte Rema 619764 5087651 1846| 0.8 0 0|01 0 0 0| 0.1 0 0 0 0
24 Mug | Mughi 701676 5107512 1269| 0.7 0 0 0 0 0 0 0 0(03| O 0
25 PLa Passo Lavazé 691672 5136691 1802| 0.8 0 0 0 0 0 0 0 0 0 0] 0.2
26 PLC ParcolLa Cascatella | 705431 5104694 965| 0.3 0 0 0 0 0 0 0 0| 0.7 0 0
27 PMa Passo Manghen 689343 5116779 2083| 0.7 0 0 0 0 0 0 0 0|03 O 0
28 Pos Posina 676186 5073349 563| 0.1 0 0 0 0 0 0 0 0(09| O 0
29 PR1 Passo Rolle 1 713150 5129299 1947| 0.2 0 0 0 0 0 0 0 0| 0.7|0.1 0
30 PR2 Passo Rolle 2 714547 5129907 2039| 0.4 0 0 0 0 0 0 0 0| 0.6 0 0
31 PS2 Passo S. Pellegrino 2| 714246 5139634 1940| 0.5 0 0 0 0 0 0 0 0|01/04| O
32 PT1 Passo Tonale 1 623192 5124059 1856| 0.9 0 0 0 0| 0.1 0 0 0 0 0 0
33 PT2 Passo Tonale 2 621203 5123660 1873| 0.9 0 0 0 0 0| 0.1 0 0 0 0 0
34 PTe Pieve Tesino 702128 5104542 833| 0.5 0 0 0 0 0 0 0 0| 0.5 0 0
35 PTr Palu Tremole 658996 5149432 1738| 0.7 0 0 0 0] 01|02 0 0 0 0 0
36 RM1 Rifugio Mandrone 1 | 621304 5117641 2405| O 0 0 0 0 1 0 0 0 0 0 0
37 Ron Palude di Roncegno | 687655 5102437 401| 0.9 0 0 0 0 0 0 0 0(01| O 0
38 Tov Lago di Tovel 649907 5124734 1210| 0.3 0 0 0 0| 03|04 0 0 0 0 0
39 Val Valagola 640550 5113989 1689| 0.4 0| 01| 0.2 0 0 0 0| 03 0 0 0
40 VD1 Val Daone 1 617095 5098860 1651| 0.7 0 0 0 0| 0.1 0| 0.2 0 0 0 0
41 VD2 Val Daone 2 616911 5100854 1847| 0.6 0] 01 0 0 0 0| 02| 01 0 0 0
42 VG1 ValdiGenoval 632491 5114234 1053| 0.7 0 0 0 0| 03 0 0 0 0 0 0
43 VG3 Valdi Genova 3 628297 5113817 1233| 0.5 0 0|03 0| 0.2 0 0 0 0 0 0
44 ViT Torbiera delle Viote | 657860 5097877 1570| 1 0 0 0 0 0 0 0 0 0 0 0
45 VN2 Val Nambrone 2 633610 5119702 2170| 0.6 0 0 0 0|04 0 0 0 0 0 0
46 VP1 ValdiPeio 1 629846 5141587 2155 1 0 0 0 0 0 0 0 0 0 0 0
47 VP2 Val di Peio 2 630097 5142784 2577 1 0 0 0 0 0 0 0 0 0 0 0
48 Mar Marcesina 701694 5093616 1362| 0.3 0 0 0 0 0 0 0 0|07 O 0
49 MBa Monte Barco 667741 5111662 869| 0.2 0 0 0 0 0 0 0 0|08 O 0
50 PS1 Passo S. Pellegrino 1| 712169 5139382 1838| 0.3 0 0 0 0 0 0 0 0| 0.2| 05 0
51 So2 Soraga 2 706085 5143303 1346| 0.2 0 0 0|04 0 0 0 0| 0.2|0.2 0
52 Ste Palude di Sternigo 674831 5112145 1010| 0.6 0 0 0 0 0 0 0 0|01 0|03
53 Tre Monte Tremalzo 630127 5076810 1668| 0.5| 0.1| 0.3| 0.1 0 0 0 0 0 0 0 0
54 LRo Lago di Roncone 630189 5094052 861| 0.6 0 0| 04 0 0 0 0 0 0 0 0
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Table S2Frequency of COl lineages, number of lineages (nl) and standard measures of
intrapopulation genetic diversity (n= n° of haplotypes; h= haplotype diversitgucleotide
diversity; k= mean n° of pairwise nucleotide differences; s= n° of polymorphic.sites)

Sites are numbered according to map in Fig.1

N° site| Alpl Alp2 Alp4 | nl n h k S
1 Amp| 1 0 0 1 2 0.533  0.00094 0.533 1
2 Bed| 0.1 0.8 0.1 3 3 0.378 0.00539 3.067 13
3 Bon| 1 0 0 1 4 0.711  0.00152 0.867 3
4 Bro| 0.5 0.3 0.2 3 4 0.778 0.00976 5556 14
5 Cad| 1 0 0 1 3 0.600  0.00117 0.667 2
6 Can| 04 0.6 0 2 2 0.533  0.00469 2.667 5
7 ccg 1 0 0 1 3 0.511  0.00098 0.556 2
8 Cell 05 02 03 3 3 0.689  0.01039 5911 13
9 Ce2| 08 0.2 0 2 2 0.356  0.00312 1.778 5

10 DDB| 09 0.1 0 2 2 0.200  0.00176 1 5

11 Ech| 0.3 0.7 0 2 2 0.467 0.0041 2.333 5

12 Fia| 1 0 0 1 4 0.800  0.00199 1.133 3

13 Ing| 0.8 0.2 0 2 2 0.356 0.00312 1.778 5

14 Lag| 0.6 04 0 2 2 0.533  0.00469 2.667 5

15 LCa 1 0 0 1 1 0.000 0 0 0

16 Lelf 056 04 01 3 3 0.644  0.00828 4711 15

17 LMe| 1 0 0 1 3 0.600  0.00117 0.667 2

18 LPo| 0.3 0.7 0 2 2 0.467 0.0041 2.333 5

19 LSG 1 0 0 1 2 0.467 0.00082 0.467 1

20 Mon| 0.1 0.9 0 2 2 0.200 0.00176 1 5

21 MP1| 0.3 0.7 0 2 2 0.467 0.0041 2.333 5

22 MP2| 0.1 0.9 0 2 2 0.200 0.00176 1 5

23 MRe| 1 0 0 1 3 0.378 0.0007 0.4 2

24 Mug| 0.7 0.3 0 2 2 0.467 0.0041 2.333 5

25 PLa 0.8 0 0.2 2 2 0.356 0.0075 4.267 12

26 PLgQ 03 0.7 0 2 2 0.467 0.0041 2.333 5

27 PMal 0.7 0.3 0 2 2 0.467 0.0041 2.333 5

28 Pos| 0.1 0.9 0 2 2 0.200  0.00176 1 5

29 PR1 02 07 01 3 3 0.511  0.00652 3.711 13

30 PR2| 04 0.6 0 2 2 0.533  0.00469 2.667 5

31 PS2 0.5 0.1 0.4 3 3 0.644 0.01051 5978 13

32 PT1 1 0 0 1 2 0.200  0.00035 0.2 1

33 PT2] 1 0 0 1 2 0.200 0.00035 0.2 1

34 PTe] 05 05 0 2 2 0.556  0.00488 2.778 5

35 PTrl 1 0 0 1 3 0.511  0.00098 0.556 2

36 RM1| 1 0 0 1 1 0.000 0 0 0

37 Ron| 0.9 0.1 0 2 2 0.200  0.00176 1 5

38 Tov| 1 0 0 1 3 0.733 0.00176 1 2

39 Val| 1 0 0 1 4 0.778 0.0018 1.022 3

40 VvD1| 1 0 0 1 3 0.511 0.00098 0.556 2

41 vD2| 1 0 0 1 4 0.644  0.00133 0.756 3

42 VG1| 1 0 0 1 2 0.467 0.00082 0.467 1

43 VG3| 1 0 0 1 3 0.689  0.00145 0.822 2

44 ViT| 1 0 0 1 1 0.000 0 0 0

45 VN2| 1 0 0 1 2 0.533  0.00094 0.533 1

46 VPl 1 0 0 1 1 0.000 0 0 0

47 VP2l 1 0 0 1 1 0.000 0 0 0

48 Mar| 0.3 0.7 0 2 2 0.467 0.0041 2.333 5

49 MBa| 0.2 0.8 0 2 2 0.356  0.00312 1.778 5

50 PS1 03 02 05 3 3 0.689  0.01133 6.444 13

51 So2| 0.6 0.2 0.2 3 4 0.800 0.00969 5511 14

52 Ste| 06 01 03 3 3 0.600  0.01113 6.333 15

53 Tre| 1 0 0 1 4 0.711 0.0018 1.022 3

54 LRo| 1 0 0 1 2 0.533  0.00094 0.533 1
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Table S3Spatial analysis of molecular variance (SAMOVA).

K FSC

FST

FCT

k C/

0.16341
0.11408§
0.11609
0.07886
0.06618
0.06574
0.06413
0.01571

0.0235

©O© 00 ~NO 01D WN

AN
o

0.5521

0.5521]
0.55104
0.52919
0.52125
0.51394
0.51402
0.49327
0.49362

0.47619
0.49442
0.49208
0.48888
0.48732
0.47973

0.4807
0.48519
0.48143

0
0.01823
-0.00234
-0.0032
-0.0015¢
-0.00759
0.00097
0.00449
-0.00376

For each K (hypothesized number of groups), values of FST (proportion of genetic variability
found among populations), FSC (proportion of genetic variability found ampaopglations within
groups), FCT (proportion of genetic variability found among groups) are reported.

The defi

ned

groups

for

K=3

(maxi mum & FCT;

Group I Amp, Bon, Bro, CCC, Cad, Cel, Ce2, DDB, Fia, Ing, LCa, LMe, LRo, IL$G, Lel,

MRe, Mug, PLa, PMa, PT1, PT2, PTe, PTr, RM1, Ron, So2, Ste, Tov, Tre, VD1, VD2, VG1, VG3,
VN2, VP1, VP2, Val, ViT,;

Group 2 Bed, Can, Ech, LPo, MBa, MP1, MP2, Mar, Mon, PLC, PR1, PR2, Pos;
Group 3 PS1, PS2.
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Amp| Bed | Bon | Bro | CCQ Cad| Can| Cel| Ce2| DDB| Ech| Fia | Ing | LCa LMe| LPo| LRo|LSQ Lag| Lel | MBa| MP1|MP2| MRe| Mar |Mon |Mug| PLC| PLa| PMa| PR1| PR2| PS1| PS2| PT1| PT2|PTe| PTr| Pos|RM1 Ron| So2| Ste| Tov| Tre | VD1|VD2 VG1|VG3 VN2 VP1| VP2 Val| ViT
IAmg + - + |+ + + + + + + + R + + |+ |+ + + + + + + + + + - + + + + - +l+ [+ v+ ]+ -] +]- + | - + |+ |+ |+ F ]+ ]+
Bed|0.67| + - + + - - + + - + + + + - + |+ - - - - - + - - + - + + - - - + + + - + | - + + + |+ |+ |+ + + + + |+ |+ |+ |+
Bon|0.05{ 0.63 - - - + - - + - + - + - + + + + - + + - + - - + + + - + | - + |+ - - - + - - + | - - - -
Bro|0.23)0.14]0.17 + + - - - - - + - - + - + |+ - - - - + A - + A - - - R - R R - - I N A R - N PR R N T+ +]| - -1+1-
CC(0.40/0.66]0.11] 0.22 - + + - - + - - - - + - + - + + + + - + + - + - - + + + + - - + | - |+ | + - + - - - - - - - - - - -] -
Cad0.40] 0.65| 0.15| 0.22-0.02] + + - - + - - - - + + - + + + + + - + + - + - - + + + + - - + | - + |+ - + + | - - - - - - - - - - -
Can0.56| 0.03| 0.48| 0.05| 0.51| 0.51 - - - - + - + + - + + - - - - - + - - - - + - - - + + + + - + - + - - - + + + + + + + + + + |+
Ce1/0.24| 0.22| 0.20{-0.09 0.25| 0.25| 0.16 - - - + - - + - + + - - + - + - - + - - - - - - - - - - - + | + - - - + B - N + + | + N B + | -
Ce20.28) 0.44/0.09]0.05/0.10/ 0.13] 0.21| 0.12 - - - - - - - - + - + + - + - - - + - + - - - - + |+ - - - + - - - - - - - - - -
DDHEO0.30| 0.56| 0.05] 0.12] 0.03]| 0.07| 0.37| 0.17|-0.07| + - - - - + - + - - + + + - + + - + - - + - + - - - - + |+ - - - - - - - - - - - - -
Ech{0.65[-0.03] 0.59| 0.11| 0.62| 0.62|-0.09| 0.22| 0.34| 0.49 + - + + - + + - - - - - + - - - - + - - - + + + + - + - + + + + + + + + + + + |+ + | + | +
Fia|0.29] 0.63]| 0.07| 0.21]| 0.10{ 0.02| 0.49| 0.24| 0.14| 0.11| 0.59 - - - + - - + + + + + - + + + + - + + + + + - - + - + |+ - + + - - - - - - - - - - -
Ing[0.28 0.44]| 0.09| 0.05] 0.10{ 0.13| 0.21| 0.12|-0.11)-0.07| 0.34| 0.14 - - - + - - + - + - - + - - - - + - + - - - - - + | + - - - + - - - - - - - - - -
LC40.56( 0.69] 0.13)| 0.23/0.07| 0.17]| 0.56| 0.26| 0.11] 0.00| 0.67| 0.19] 0.11 - + - + - - + + + - + + - + - - + + + - - - - - + | + - + - + - - - - - - - - - -
LMe 0.40] 0.65] 0.15] 0.22-0.02/-0.11] 0.51| 0.25] 0.13] 0.07| 0.62| 0.02| 0.13|0.17| + + | - + + + + + - + + - + - - + + + + - - + | -+ + - + |+ | - - - - - - - - - -] -
LP00.65[-0.03) 0.59] 0.11 0.62| 0.62|-0.09| 0.22| 0.34] 0.49-0.11) 0.59] 0.34|0.67| 0.62 + |+ - - - - - + - - - - + - - - + + + + - + | - + + + |+ [+ ]+ + + + + |+ |+ |+ ]+
LRg0.47] 0.67] 0.15] 0.24| 0.22]| 0.25] 0.53| 0.27]| 0.17] 0.15| 0.63]| 0.03] 0.17|0.33) 0.25| 0.63 + |+ + + + + - + + + + - + + + + + - - + -+ + - + |+ [+ - - - + -+ - - -] -
LSG0.62[ 0.69| 0.44| 0.30| 0.41| 0.17| 0.58( 0.32| 0.34| 0.39| 0.67| 0.18| 0.34(0.67| 0.17| 0.67| 0.55 + + + + + + + + + + + + + + + + + + + + |+ - + + + - + + + N N - + + | + | +
Lag|0.38) 0.21] 0.27{-0.01] 0.30| 0.31|-0.03| 0.09|-0.01| 0.13| 0.07| 0.30|-0.01/0.33] 0.31| 0.07| 0.33]0.42 - - - - - - - - - - - - - - - - - -1 -1 +7 - R I S R N |+ ]+ - - +]-
Lel|0.29] 0.10| 0.21-0.08] 0.25| 0.25|-0.04{-0.01] 0.02| 0.12| 0.03| 0.25] 0.02|0.26| 0.25| 0.03| 0.27|0.34{-0.07| - - - - - - - - - - - - - B B B N N N R R I S N N |+ ]+ - - +]-
MB4g0.75(-0.06| 0.70] 0.20| 0.73| 0.72{-0.01] 0.29| 0.48| 0.62|-0.08) 0.69| 0.48|0.78| 0.72|-0.08| 0.74|0.76| 0.21| 0.12 - + - - + - - + + + + + - + + + + | + + + + + + |+ |+ |+ |+ |+
MP10.65[-0.03| 0.59] 0.11| 0.62| 0.62|-0.09| 0.22| 0.34| 0.49|-0.11) 0.59 0.34/0.67| 0.62|-0.11| 0.63|0.67| 0.07| 0.03|-0.08| - + - - - - + - - - + + + + - + - + + + + | + + + + + + |+ |+ |+ |+ |+
MP20.85[-0.05| 0.81] 0.30| 0.84| 0.83] 0.13| 0.39| 0.62| 0.76| 0.02| 0.79 0.62|0.89| 0.83]| 0.02| 0.84|0.86| 0.37| 0.24|-0.07| 0.02 + - - + - + + - - + + + + - + - + + + + |+ + + + + + |+ |+ |+ |+ |+
MRg0.42] 0.65] 0.04{ 0.20| 0.04| 0.11| 0.50| 0.23| 0.06|-0.03| 0.62] 0.09| 0.06{0.00| 0.11] 0.62| 0.10{0.52| 0.28| 0.23| 0.73| 0.62| 0.85 + + - + - - + + + - - - - + |+ - - + - - - - - - - -
Mar|0.65[-0.03] 0.59| 0.11| 0.62| 0.62|-0.09) 0.22| 0.34| 0.49|-0.11] 0.59] 0.34|0.67| 0.62|-0.11] 0.63|0.67| 0.07| 0.03|-0.08-0.11) 0.02| 0.62 - - - + - - - + + + + - + - + + + + |+ + + + + + |+ |+ |+ |+ |+
Mon|0.85/-0.05/ 0.81| 0.30| 0.84| 0.83| 0.13] 0.39| 0.62| 0.76| 0.02| 0.79| 0.62(0.89| 0.83| 0.02| 0.84|0.86| 0.37| 0.24|-0.07 0.02|-0.11] 0.85| 0.02 + - + + - - + + + + - + - + + + + | + + + + + + |+ |+ |+ |+ |+
Mug 0.32/ 0.32] 0.18] 0.00| 0.20| 0.21| 0.07| 0.09-0.08| 0.02| 0.20| 0.21[-0.08/0.22| 0.21| 0.20| 0.25|0.36|-0.09|-0.04{ 0.34| 0.20| 0.49| 0.17| 0.20| 0.49 - - - - - - - - - - - + | + - - - + + - - - + | + - - + | -
PLC0.65/-0.03 0.59] 0.11] 0.62| 0.62|-0.09] 0.22]| 0.34| 0.49(-0.11] 0.59)| 0.34/0.67| 0.62|-0.11) 0.63/0.67| 0.07| 0.03|-0.08/-0.11{ 0.02| 0.62|-0.11f 0.02| 0.20 + - - - + + + + - + - + + + + |+ + + + + + |+ |+ |+ |+ |+
PLg0.13] 0.42]0.06/0.01{0.11]| 0.12] 0.30|-0.01{ 0.07{ 0.07| 0.38] 0.12| 0.07|0.11) 0.12| 0.38| 0.14/0.24| 0.15| 0.06| 0.48) 0.38/ 0.57| 0.09| 0.38| 0.57| 0.10{ 0.38 - + + - - - + - + | + - - - - - - - - - - - - - -
PMg0.32] 0.32| 0.18| 0.00 0.20| 0.21| 0.07| 0.09|-0.08| 0.02| 0.20| 0.21(-0.08/0.22| 0.21| 0.20| 0.25|0.36|-0.09|-0.04| 0.34| 0.20| 0.49| 0.17| 0.20| 0.49|-0.11] 0.20| 0.10 - - - - - - R - -+ ]+ - - - + -1 -1 -1+]-
PR10.57/-0.09| 0.52| 0.06| 0.56| 0.55|-0.04| 0.14| 0.32| 0.45|-0.07| 0.53| 0.32|0.59| 0.55|-0.07| 0.57|0.60| 0.10| 0.01|-0.06|-0.07|-0.01) 0.55|-0.07|-0.01] 0.20{-0.07| 0.33| 0.20 - - - L e e N - -+ |+ + |+ |+ [+ |+ |+ ]|+
PR20.56| 0.03| 0.48)| 0.05)| 0.51| 0.51|-0.11] 0.16| 0.21] 0.37{-0.09| 0.49 0.21/0.56| 0.51|-0.09| 0.53|0.58|-0.03|-0.04|-0.01/-0.09) 0.13] 0.50|-0.09| 0.13| 0.07{-0.09| 0.30| 0.07[-0.04| + S I I R B R I - -+ |+ + |+ |+ [+ [+ ]+ ]+
PS10.42{0.29]| 0.40{ 0.04)| 0.44| 0.44] 0.31|-0.04{ 0.34| 0.39] 0.34| 0.43| 0.34]|0.46| 0.44| 0.34| 0.45|0.48] 0.29] 0.14| 0.40| 0.34| 0.46| 0.44| 0.34| 0.46| 0.30| 0.34| 0.14] 0.30{ 0.23| 0.31 - + + - + |+ | + + - - + + + + + + |+ |+ |+ |+ |+
PS20.30] 0.31 0.27[-0.02| 0.32] 0.32 0.27(-0.09 0.22| 0.26( 0.33| 0.31) 0.22|0.34] 0.32| 0.33] 0.34|0.38/ 0.21| 0.08] 0.40| 0.33[ 0.48| 0.31| 0.33| 0.48| 0.20| 0.33) 0.02| 0.20| 0.24| 0.27|-0.07| - - - - + | + - - - + - - + + | + - - + | -
PT10.48) 0.68| 0.11] 0.22]| 0.01)| 0.02| 0.54| 0.25| 0.10| 0.00{ 0.65| 0.10| 0.10/0.00{ 0.02| 0.65| 0.27|0.49| 0.32| 0.26| 0.76| 0.65[ 0.87| 0.00| 0.65| 0.87| 0.21| 0.65| 0.11| 0.21| 0.57| 0.54| 0.46 0.33 - - - + | + - + - - - - - - - - - -
PT20.48) 0.68| 0.11] 0.21]| 0.06| 0.13| 0.54| 0.24| 0.10| 0.00{ 0.65( 0.17| 0.10{0.00| 0.13| 0.65| 0.27[0.58| 0.32| 0.25| 0.76| 0.65| 0.87| 0.00| 0.65[ 0.87| 0.21| 0.65| 0.09| 0.21| 0.57| 0.54| 0.45| 0.32]0.00| - - + |+ - + - - - - - - - - - - - -
PTe0.47/0.11/ 0.37]0.01]| 0.40| 0.41|-0.09 0.11] 0.09| 0.24(-0.02 0.39| 0.09(0.44( 0.41|-0.02) 0.43/0.49|-0.09|-0.07| 0.09|-0.02| 0.24] 0.39-0.02| 0.24|-0.02|-0.02| 0.22|-0.02| 0.02|-0.09| 0.29| 0.23]0.43| 0.43 + - + - - - + + - - + + | + - - + | -
PTr|0.40] 0.66| 0.11] 0.20| 0.04| 0.05| 0.51| 0.23] 0.10{ 0.03| 0.62| 0.10 0.10/0.07| 0.05| 0.62| 0.22|0.41| 0.30| 0.24| 0.73)| 0.62| 0.84| 0.04| 0.62| 0.84| 0.20| 0.62| 0.08| 0.20| 0.55| 0.51| 0.43| 0.30|0.01/-0.05)0.40| + |+ + | - - - - - - - -1 -] -7 -
P0g0.85(-0.05/ 0.81| 0.30{ 0.84| 0.83] 0.13| 0.39| 0.62| 0.76| 0.02| 0.79| 0.62|0.89| 0.83| 0.02| 0.84|0.86| 0.37| 0.24|-0.07| 0.02|-0.11] 0.85] 0.02|-0.11| 0.49| 0.02| 0.57| 0.49(-0.01] 0.13] 0.46| 0.48|0.87| 0.87]0.24/0.84 + + + + |+ + + + + + |+ |+ |+ |+ |+
RM10.83/ 0.74] 0.71] 0.40| 0.75/ 0.58| 0.67| 0.41| 0.56| 0.67| 0.74| 0.48| 0.56{1.00| 0.58| 0.74| 0.81{0.22| 0.56| 0.44| 0.82| 0.74)| 0.91| 0.83| 0.74| 0.91| 0.53| 0.74| 0.37| 0.53| 0.66| 0.67| 0.54| 0.46|0.89] 0.91|0.60|0.75/0.91] + + + |+ + + + + + |+ |+ |+ |+ |+
Ron|0.30{ 0.56] 0.05] 0.12| 0.03| 0.07{ 0.37] 0.17|-0.07|-0.11] 0.49| 0.11|-0.07/0.00| 0.07| 0.49| 0.15|0.39| 0.13| 0.12| 0.62| 0.49| 0.76|-0.03| 0.49| 0.76] 0.02| 0.49| 0.07| 0.02| 0.45| 0.37| 0.39] 0.26|0.00] 0.00{0.24{0.030.76|0.67| - - + - - - - - - - - - -
S020.20] 0.24| 0.14|-0.08) 0.18] 0.19| 0.13|-0.06| 0.05| 0.10{ 0.21| 0.18| 0.05[0.19| 0.19| 0.21| 0.20/0.27| 0.04/-0.02| 0.29| 0.21| 0.39| 0.16| 0.21| 0.39| 0.03| 0.21|-0.01] 0.03| 0.16| 0.13| 0.07{-0.01/0.18| 0.17|0.08|0.16|0.39|0.37| 0.10 -+ |+ - - + v+ + [+ ]+
Ste[0.21] 0.30{ 0.17-0.03] 0.22| 0.22| 0.22|-0.07/ 0.13| 0.16| 0.28| 0.21| 0.13]0.23| 0.22| 0.28| 0.24{0.29| 0.14] 0.02| 0.36| 0.28| 0.45| 0.20| 0.28| 0.45| 0.12| 0.28|-0.06| 0.12| 0.22| 0.22] 0.01|-0.06|0.22| 0.21[0.17|0.20|0.45|0.38] 0.16|-0.02| - - L L e N e
Tov|0.41{ 0.64] 0.22]0.21{0.17| 0.09| 0.50| 0.23| 0.18)| 0.17| 0.60| 0.13| 0.18|0.29| 0.09| 0.60| 0.30{0.25| 0.32| 0.25| 0.70| 0.60{ 0.81| 0.22| 0.60| 0.81| 0.24| 0.60| 0.10| 0.24| 0.54| 0.50| 0.41| 0.29|0.19| 0.17|0.41/0.00/0.81)0.55| 0.17| 0.170.20| + - + | - Rl
Tre|0.07| 0.63|-0.07| 0.19] 0.08| 0.14| 0.49/ 0.22| 0.13| 0.08)| 0.59| 0.04| 0.13|0.15| 0.14| 0.59| 0.07|0.43 0.29| 0.23| 0.70| 0.59| 0.80| 0.06| 0.59/ 0.80| 0.20| 0.59| 0.08| 0.20| 0.53| 0.49| 0.41| 0.28|0.13) 0.13|0.39/0.12/0.80/0.68| 0.08| 0.16|0.19/0.22| - - + -+ - -
VD10.40) 0.63]| 0.06] 0.17| 0.04| 0.05| 0.47] 0.21| 0.04|-0.02| 0.59| 0.10| 0.04|0.07| 0.05)| 0.59| 0.22)0.41) 0.25)| 0.20| 0.71] 0.59| 0.82|-0.04| 0.59] 0.82| 0.14| 0.59| 0.08| 0.14| 0.52| 0.47| 0.42)| 0.29|0.01) 0.06|0.36/0.04/0.82/0.75|-0.02| 0.14|0.19/0.17| 0.12 - L R
VvDZ0.27) 0.62|-0.01] 0.16| 0.01| 0.09| 0.46{ 0.19| 0.04{-0.02| 0.57| 0.13| 0.04|0.06| 0.09| 0.57| 0.19)0.44) 0.24)| 0.19| 0.69| 0.57| 0.81|-0.03/ 0.57{ 0.81| 0.13| 0.57| 0.06| 0.13| 0.51| 0.46| 0.40| 0.27|0.04) 0.04|0.35/0.06/0.81/0.73|-0.02| 0.13|0.17|0.20| 0.03|-0.06| - L R R e
VG10.44|0.67| 0.17| 0.23| 0.05|-0.09| 0.53| 0.26| 0.14| 0.08| 0.63| 0.02| 0.14|0.22/-0.09| 0.63] 0.29/0.20| 0.32| 0.26| 0.74| 0.63| 0.85| 0.13]| 0.63| 0.85| 0.22| 0.63]| 0.12| 0.22{ 0.56| 0.53| 0.45[ 0.33]0.02| 0.17|0.42/0.05/0.85/0.67| 0.08| 0.19{0.23{0.11| 0.17| 0.050.13| - - - - + | -
VG30.38| 0.65| 0.10| 0.22| 0.09]| 0.05| 0.50{ 0.25| 0.13] 0.09 0.61|-0.09| 0.13)0.18/ 0.05| 0.61|-0.03]0.30/ 0.30{ 0.25] 0.71| 0.61| 0.82| 0.05| 0.61| 0.82| 0.21| 0.61]| 0.12| 0.21| 0.55| 0.50| 0.44| 0.32]0.09| 0.15|0.40/0.09/0.82/0.63| 0.09| 0.19(0.22({0.16| 0.06| 0.09/0.12| 0.05 - - - - -
VN20.47| 0.67] 0.22| 0.24{ 0.12{-0.07| 0.53| 0.27] 0.17] 0.15| 0.63| 0.03| 0.17]0.33|-0.07| 0.63| 0.33|0.07| 0.33| 0.27| 0.74| 0.63| 0.84| 0.22| 0.63)| 0.84| 0.25| 0.63| 0.14| 0.25| 0.57| 0.53| 0.45| 0.34|0.13| 0.27|0.43/0.12/0.84{0.56| 0.15| 0.20{0.24{0.11| 0.22| 0.12|0.19(-0.09|0.08| - - + | -
VP10.56| 0.69| 0.13] 0.23|0.07| 0.17| 0.56| 0.26| 0.11| 0.00| 0.67| 0.19] 0.11)|0.00/ 0.17| 0.67| 0.33|0.67| 0.33| 0.26| 0.78| 0.67| 0.89| 0.00| 0.67| 0.89| 0.22{ 0.67] 0.11| 0.22| 0.59| 0.56| 0.46| 0.34|0.00| 0.00|0.44/0.07/0.89/1.00| 0.00| 0.19(0.23{0.29| 0.15| 0.07|0.06{ 0.22]0.18|0.33 - - -
VP20.56| 0.69| 0.13| 0.23|0.07| 0.17| 0.56( 0.26| 0.11)| 0.00| 0.67| 0.19] 0.11)|0.00] 0.17| 0.67| 0.33|0.67| 0.33| 0.26| 0.78| 0.67( 0.89] 0.00| 0.67| 0.89| 0.22| 0.67]| 0.11| 0.22| 0.59| 0.56| 0.46 0.34/0.00| 0.00|0.44/0.07/0.89{1.00| 0.00| 0.190.23{0.29| 0.15| 0.07|0.06/ 0.22|0.18|0.33) 0.00| - -
Val/0.28] 0.63] 0.06]| 0.21(-0.01] 0.10{ 0.49| 0.24| 0.13| 0.08] 0.59| 0.07| 0.13]0.15| 0.10| 0.59| 0.07|0.43] 0.29| 0.24/ 0.70| 0.59)| 0.80| 0.06| 0.59| 0.80| 0.20| 0.59| 0.11] 0.20| 0.53| 0.49| 0.43| 0.30/0.13] 0.13]0.39|0.12/0.800.68| 0.08| 0.18]0.21/0.22/-0.02 0.12{0.03) 0.17|0.06{0.22/0.15|0.15] -
ViT|0.56| 0.69] 0.13| 0.23] 0.07]| 0.17| 0.56| 0.26| 0.11] 0.00| 0.67] 0.19| 0.11|0.00| 0.17| 0.67] 0.33/0.67| 0.33| 0.26| 0.78) 0.67[ 0.89]| 0.00| 0.67| 0.89| 0.22| 0.67| 0.11] 0.22]| 0.59 0.56| 0.46| 0.34|0.00| 0.00|0.44/0.07/0.891.00| 0.00] 0.19|0.23]0.29| 0.15| 0.07]0.06| 0.22]0.18]0.33]0.00/0.00| 0.15

Table S4Below diagonal: matrix of pairwise PhiST values. Abobe diagonal: significant values (p < 0.05 after FDR correction fierconityarisons) are
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Suppl ementary Figures

Figure S1Spatial distribution oRana temporariaCOl haplotypes in Trentino

Haplotype legend:

Hapl. Lineage

CA2

TN1

TN2

TN3

TN4 Alp. 1
TNS

TN6

DE10

MT5

VC6 Alp. 2
PR4 Alp. 4
SA1
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Figure S2 Phylogenetic network oRana temporariaCOl haplotypes, based on the statistical
parsimony procedure implemented in TCS. All the haplotypes known for the Italian Peninsula and
available from public repositories have been included in the analysis (S¢¢fan2012; EMBL

codes FN813788N8138D).

Light blue circles represent newly discovered haplotypes.

Pt

- Alpine lineage 1
Alpine lineage 2
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Figure S3a) Distribution of Rana temporariaCOl lineages across the whole Italian Alps (adapted
from Stefaniet al.2012); b) Fossil records (black circles) for the species in the Italian Alps. Pink
dots depict the current distribution of the species (adapted from Baebéhi2014)
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Figure S4Spatial analysis of molecular variance (SAMOVA)

For each value of K (= hypothesized number of groups), the proportion of genetic variability found
among populations (FST), among populations within groups (FSCarandg groups (FCT) are
reported in the chart
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Chapter 3.

STUDY 2

Population and landscape genetics of the common frof#éna temporaria
in the Trentino region: assessing current levels of intrgoopulation genetic

variability and present connectivity.
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Population and landscape genetics of the common froRé&na temporarid
in the Trentino region: assessing current levels of intrgpopulation genetic

variability and present connectivity.

Alexis Marchesini, Andre8attisti, Cristiano Vernesi

Abstract

Amphibians are facing a dramatic crisis worldwide, with increasing reports of population
declines and extinctions, A general common threat for many amphibian species is
represented by habitat loss and fragmentatieadihg to a reduction of gene flow and
genetic variability, which in turn negatively affects the survival of populations. Alpine areas
may be particularly prone to the effects of fragmentation, due to their complex topography,
characterized by high mountapeaks and broad valleys, and ongoing climate change is
predicted to affect the distribution of species, determining range shits and contractions. In
this context, monitoring levels of genetic diversity and current patterns of connectivity play
a crucialrole in the development of effective lotgrm conservation strategies. Here, we
used a model organism, the common frog, for a-$icede analysig79 sites; 1522
individuals)of patterns of genetic diversigt microsatellite markey®oth intra and inte-
population, in a soutkastern Alpine region. We detected heterogeneous levels of genetic
variability, with opposite latitudinal trends in two different sateas (i.e. eastern and
western part of the region), potentially reflecting past evolutionarggsses, although
current isolation seems to play an important role for the considerably low genetic diversity
of some specific populations. Genetic differentiation was generally high, and a main barrier
was detected, corresponding to a broad valley imikelle of the region. Moreover, genetic
differentiation showed different spatial patterns in the two-anelas, reflecting different
overall levels of connectivity, or different past evolutionary processes. Our intense, detailed
genetic survey, performedimg a common species, allowed us to highlight biszede and
fine-scale spatial patterns of genetic diversity in the study region. The outcome of this study
can be used as term of comparison with more endangered species, or for testing specific

hypothess in further investigations.

Keywords: amphibians,Rana temporaria Alps, Trentino, genetic diversity, population

structure, connectivity
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Introduction

Amphibians are considered the most endangered group of vertebrate: they are facing a
dramatic decline worldwide (Wake 1991; Houlaledral. 2000; Gardner 2001; Stuaat al.

2004; IUCN 2016), characterized by global and local extinctions involving mafeyett
species in all continentdNumerous different factors have been invoked as potential
explanations (Collins & Storfer 2003), and several scientist8 argue that amphibian
declines are complex phenomeatien driven by multiple abiotic and biotitressors acting
synergisticallyand giving rise to a vast array of complicated lontdraction (Blaustein &
Kiesecker 2002; Blaustein & Bancroft 2007; Blausteiral.2011).Due t o t hi s 060
dependencyd, gener al conservation strategi €
there is a strong need for local studies in order to find effective $obtaions (Granet al.

2016). Despite the complexity characterizargphibian declines, a general common threat

for many amphibian species is represented by habitat loss and fragmentation. Indeed,
amphibians often have a patchy distribution and low dispersal rates, and connectivity plays
an essential role in regulatingrdegraphic and evolutionary processes of their populations.
Therefore, the effects of habitat loss and fragmentation seem to be particularly severe for
this group of animals (Marsh & Trenham 2001; Cushman 2006). Fragmentation can lead to
a decrease in intrpopulation genetic diversity due to intense drAt.loss of genetic
diversity, in turn, may have detrimental effects on populations, increasing the risk of
extinction (Frankham 20059ndeed, genetic diversity has a crucial evolutionary importance,
beingrequired for populations to adapt to a changing environment and to develop resistance
to diseases (Boast al.2000; Reuscht al.2005; Hoglund 2009); moreover, a loss of genetic
diversity is often associated with inbreeding depression and fitnessioced(Fetankham et

al., 2002; Hansson & Westerberg 2002; Reed & Frankham 2003). In the face of amphibian
declines, it is therefore of great relevance to monitor genetic diversity and understand the
underlying processes.

In the context ofglobal change and biodiversity decline, Alpine environments are
considered of great concern, being heavily affected by both the ongoing increase in
temperature (Cannonet al. 2008; Brunettiet al. 2009; Gobietet al. 2014) and habitat
alteration (Chemini& Rizzoli 2003; Lassen & Savoia 2005; Vanhatal. 2009): these
fragile habitats deserve therefore a special attention.

In Alpine landscapes, mountains may be perceived as islands feadabded species,

isolated by low elevation valleys and main rivers, which represent strong migration barriers
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for many vertebrate species, limiting gene flow among populations (Lomolimads

1997; Liet al.2009; Zharet al.2009). On the other hand, the highest mountain ridges may
act as important physiological barriers, limiting the distribution and dispersal of other species
(Funket al.2005; Zhanget al.2011). As a result, Alpinanimal species often experience a
complex mosaic of fragmented, suitable habitat patches, within an unsuitable landscape
matrix, and the scenario may be further complicated by htdrigan habitat alterations and
climate change (Barrgt al. 1995; Watsoret al. 1998). Understanding how landscape
features are perceived by the different species is therefore of crucial importance; however;
it is not always straightforward, particularly for elusive animals such as amphibians. Genetic
methods can provide valugihformation in this regard (Storfet al.2009), and sometimes

even revealing counterintuitive patterns (e.g. Spéat. 2005).

In this study, we chose the common fr&a(a temporaripas a model organism for
investigating spatial patterns of genatigersity, both within and among populations, with
a finescale analysis in a soudastern Italian Alpine region (Trentino, Autonomous
Province of Trento).Specifically, using 12 microsatellites markers, we aimed at: (1)
assessing current levels ofgenec vari ability, identifying
situations of criticality; (2) estimating genetic differentiation among populations and
population structure; (3) evaluating patterns of present connectivity and identifying potential
barriers 6 gene flow.Moreover, since a previous phylogeographic study highlighted a
complex evolutionary history for the species in the study region (see Chapter 2 of the present
thesis), we investigated the potential effects of past processes on current patienetic
diversity measured at microsatellite loci.

Thecommon frog is one of the most widespread and abundant amphibian species in
Europe (Gasc 1997); in additiohjg anuran is characterized by high adaptability to different
ecological conditions, shng local adaptations even for short geographic distaicer (
et al.2014 RichterBoix et al.2010):it is therefore a perfect candidate for evolutionary (e.g.
Miaud 1999; Laugeet al.2003), and genetic studies (e.g. Hitchings & Beebee 1997; Palo
etal. 2004; Johanssaet al.2006). The importance of studies focusing on common species
is well recognized in conservation genetics, since-$tae, detailed studies are usually
difficult to implement for rare organisms. Genetic patterns detected inl mi@@aisms can
be used as term of comparison with more endangered species, in order to highlight
similarities and important differences reflecting peculiar evolutionary features, or for testing
specific hypothesis in further investigations (Whitektyal. 2006). Lastly, it should be

recognized that, although not considered endangered (due to its wide distribution), the
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common frog is experiencing local declines in several areas, particularly at the southern limit
of its distribution (Lanzaet al. 2009). Moreover, range shifts and reductions (leading to
increased fragmentation) are predicted for this species in the near future, in response to
ongoing global warming (Bartolimit al.2014). Since local declines of widespread, abundant
species may have imparit consequences at the ecosystem l@vatton & Fuller 2008;
Gaston 2010; Redfodt al. 2013) we stress the conservation relevance of monitoring the
genetic status of the common frog, a key component of manyptoductivity alpine
habitats(Luiselli et al. 1995; Lodé 1996Sztatecsnyet al. 2013, together with other

dominant species.

Materials and Methods
Ethics Statement

All conducted experiments complied with the current laws of Italy. Sampling and
monitoring procedures were approved by ttaian Ministry of Environment and the
Environmental Unit of the Autonomous Province of Trento (DPN/2D/2003/2267 and 4940
57/B-09-U265LS-fd). Samples from Veneto were collected thanks to a collaboration with
University of Padova (Dept. of Biology).

Samping

Our study area is Trentino (Autonomous Province of Trento, Italy), a mountainous region of
6212 knt belonging to the eastern Italian Alps. The region is characterized by a complex
terrain (elevation range: 65/64 m above sea level; more than 70% of surface lies above
1000 m a.s.l), including part of the Dolomites and Prealps as well as low elevdlgys.va

The Adige river valley (13®70 a.s.l.) represents the major discontinuity, dividing the area
into western and eastern halves, with a nsadtth orientation. This central valley is also
characterized by intensive agriculture and a high level ainigation, while the rest of the
region is mostly covered by forests (> 56%).

We selected sampling areas in order to cover the whole geographic and altitudinal
distribution of the species in the study region, as well as different ecological environments.
In years 2002012 the selected areas were screened for common frog spawn during the
breeding season. We collected eggs and larvae: one fertilized egg from each distinct clutch,
and tadpoles coming from separate ponds, therefore minimizing the probafgigthering

full-sibs. This sampling procedure has been widely used in earlier studies with the common
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frog and other pond breeding amphibians (e.g. Retval. 1998; Brede & Beebee 2004,
2006; Stefanit al. 2012; Van Buskirk 2012). Tadpoles were store®5% ethanol until

DNA extraction, while eggs were brought to the laboratory, were allowed to hatch and larvae
were harvested at Gosner stage 23 (active swimming, Gosner 1960), following indications
in previous studies (e.g. Brede & Beebee 2004; Stexeals2006; Johanssaoet al.2013).

GPS coordinates of each sample were recorded, and samples coming from different ponds
within the same 1 kdmrea were considered belonging to the same sampling site (Johansson
2005, 2007)Three additional areas (LP@P2, Pos), located outside of the political borders

of the Autonomous Province of Trento were included in the study, because of their particular
geographic position (at the southern margirRaha temporariadistribution range in the
considered part ahe Alps). Specimens from these additional sites were collected during
field surveys focused on other amphibian species.

A total of 1522 samplesere collectedrom 79 differentsites (Fig. 1).

FiguBaeampfl i ngRasnia¢ mgoirodrihe Trentino region. Small
sites with N < 9; big white pointsQ ®iitters asrseci
numbered according to Table 1 and Tabl & d®i1 ei n Su

of the region represents the Adige river.
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DNA extraction and microsatellite genotyping

Total genomic DNA was extracted using the Qiagen Dneasy 96 Well Plate Kit (QIAGEN
Inc., Hilden, Germany), following the manufacturer's protocol. 21 tetranucleotide
microsatellite markers (SSR) originally developed Rana temporariaby Matsuba &

Merila (2009) were initially tested on a subset of samples, and the 13 SSR that successfully
amplified in all samples were selected for subsequent genotyping (Table S2a). The selected
loci were amplified in 4 multiplex PCR reactions under the conditions describEabie

S2b (Supporting Information). Contamination and repeatability were rigorously checked by
means of negative and positive controls, respectively. PCR products wereABhBrsm

310 Genetic Analyzer (Applied Biosystenas)d 2 reference samples weéncluded in each

run, in order to avoid errors due to different electrophoretic conditions. Amplified fragment

lengths were scored using GeneMapper 3.7 software (Applied Biosystems).
Statistical analysis

Each SSR locus was tested for the presence blieles, allele drojut and scoring errors
using MicroChecker (Van Oosterhoet al. 2004) and FreeNa (Chapuis & Estoup 2007).
Test of departure from Harel/einberg was performed for each locus in every population,
by means of permutation tests with g@ftware Arlequin 3.5 (Excoffier & Lischer 2010).
Linkage disequilibrium (LD) for each pair of loci was checked using Genepop 4.1.4 (Rousset
2008). For the purposes of further analyses, we will refer to three different datasets: dataset
A, including all gnotyped samples (1522); dataset B, including all sampling sites (hereafter
popul ations) with sample size (N) O 9 (57
including all sites with N O 18 (47wasites,
made since the accuracy of the different analytical methods is affected in different ways by
sample size (Kalinowski 2005; Sinclait al.2009; Haleet al.2012). We therefore found a
compromise between data availability and analytical requiremeitts,tiee aim of both
covering the whole considered geographical area and relying on accurate estimates.

Standard genetic diversity measures, including observed heterozygos)ty (H
expected heterozygosity §Hand mean number of alleles (Na), were comptibeceach
popul ati on, using dataset C (N O 18), usi n
addition, rarefied allelic richness (AR) and locally common alleles (LCA) were also
computed for populations in dataset C, using the software FSTAT 2.9.3uA€G2001),
and GenAlEx 6.5 (Peakall & Smouse 2006), respectively. Allelic richness provides an

unbiased estimate of the mean number of alleles, corrected for differences in sample size
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using rarefaction (EI Mousadik & Petit 1996). Locally common alletedafined as those
that are present locally with frequency > 5%, but occur in less than 25% of populations
(LCA25), or in less than 50% of populations (Lé&Maguireet al.2002). We tested for the
presence of geographic patterns in the recorded gedeecsity levels, assessing the
correlations with latitude and longitude by means of Pearson coefficient in R statistical
environment (R Core Team 2016). Correlation analyses were performed for the whole study
area, as well as for the different subseéntdied by STRUCTURE (see below).

Differentiation between pairs of populations was assessed using both tradigenal F
and Jost's D. &-values and its relatives{f have been traditionally the most used indices
for assessing genetic differentiatiamong populations. However, since the proposal of the
new index D (Jost 2008), there has been a lot of debate over the validityasf &measure
of population genetic differentiation. Particularlysthas been found to underestimate
differentiation wha heterozygosity is high (Jost 2008; Heller & Siegismund 2009). This
limitation is overcome by Jost's D, which partition genetic diversity into pure and
independent withinand betweemroup components (Jost 2008). Actually, simulations
showed that neithefst nor D operates satisfactorily in all situations (e.g. Jost's D is very
sensitive to mutation models; Leng & Zhang 2011): in empirical studies, both indexes should
be calculated and compared for a more accurate assessment of population differentiation
(Meirmans & Hedrick 2011; Leng & Zhang 2011; ktieal.2015). Pairwise &t values (Weir
& Cockerham 1984) were computed with Arlequin 3.5 (Excoffier & Lischer 2010); Jost's D
values (corrected for small sample sizgs)Dvith GenAlex 6.5 (Peakall & Smoug812).
Significance of both & and Distvalues was tested with 10,000 permutations and associated
P values were adjusted for multiple comparisons using false discovemettied (FDR;
Benjamini & Hochberg 1995), a s(R Dewgtopreembe nt e d
Core Team 2006). Correlation betweesy &nd Qst matrices was tested through a Mantel
test with 10,000 permutations, using the Ecodist R Package. Correlation analyses were
carried out both on the global dataset and within the single mastect identified by
Bayesian analyses (STRUCTURE; see below). In order to graphically visualize genetic
relationships among populations, we used bagthalRd Qist matrices to perform principal
coordinates analyses (PCoA) using GenAlEx.

Population structa was further investigated using the Bayesian clustering approach
implemented in the software STRUCTURE 2.3.4 (Pritchetrdl. 2000). STRUCTURE's
algorithm uses individual multilocus genotype data to cluster individuals into groups (K),

based on based @aninimization of gametic phase and Haidieinberg disequilibrium. We
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applied the "admixture" ancestry model and the "correlated allele frequency" model, which
have proved to be more powerful with populations sharing recent ancestry (Ealkish
2003). Weperformed 10 independent runs for each K to check consistency across runs. A
first exploratory analysis was performed with K max set to 57 (potential maximum number
of different clusters), using 100,000 iterations after afueriod of 50,000 for eaatun.

Then, a second analysis were performed with K max set to 10, according to the outcome of
previous analysis, using 1,000,000 iterations after a-louperiod of 250,000 for each run.

The most likely value of K was selected by means of Structure HarV&sarl & vonHoldt

2012), following Evanno's method (Evanebal. 2005). Since STRUCTURE relies on an
individuatbased method, all runs were performed using dataset A (all genotyped samples).
Different studies have shown the tendency for the optimafétried using Evanno's method

to capture only the highdevel of subdivision (Evannet al.2005; Vaheet al.2007: Pisaet

al. 2014), in the presence of hierarchical population structure (a common feature of
fragmented habitats with the combination afdily divergent populations and major barriers

to gene flow). Therefore, we performed separate STRUCTURIaby/ses of the groups
identified in the first step analysis, using the same parameters as above. Geographical
patterns in the average populatiosiggment probabilities (Qp) for the different identified
clusters were evaluated testing the correlations with latitude and longitude, by means of
Pearson correlation coefficient in R statistical environment (R Core Team 2016). In addition,
an analysis omolecular variance (AMOVA, Excoffieet al.1992) was carried out with the
software ARLEQUIN 3.5 (Excoffier & Lischer 2010), using the higlexel grouping
pattern inferred by STRUCURE. The statistical significance of the variance components was
tested bymeans of 10,000 permutations.

For a more detailed understanding of spatial patterns of genetic differentiation, we
tested for isolation by distance (IBD; Wright 1943) among populations, performing a linear
regression analysis of genetic distances, estidat as Sl at ki nd0s(Fsf/1995)
- Fs1), and the natural log of geographic distances (Rousset 1997). Euclidean distances
between populations were calculated in R statistical environment (R Core Team 2016).
Significance of the correlation was tested by means of a Mantel test, performed ist Ecodi
R package using 10,000 permutations (Goslee & Urban 2007). Using Ecodist package, we
also computed Mantel correlograms (Smoeisal. 1986; Goslee & Urban 2007). In Mantel
correlogram, the dataset is partitioned into spatial lags, which include onpatheise
comparisons that fall within a certain class of geographic distance. A Mantel test is

performed on each distance class and a correlogram is generated, with distance classes on
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the xaxis and corresponding Mantel r on theaxs. In other wordsthis approach

decomposes the relationship between geographic and genetic distances, allowing to
determine the exact spatial scale at which IBD occurs (Epperson 2003). The optimal number

of di stance cl asses was det er mindevidntelusi ng S
correlograms were computed for both the whole dataset (dataset B), and the separate subsets
identified by STRUCTURE analysis (see below), and repeated considesiras @enetic

distance.

Resul ts

A total of 1522 samplsaix cferssm ud19 yp ggewloatyiperds a
|l oci . Mi croChecker excluded ohesporeisegcer oo
detected evidence for null alleles at | ocus
excluded BFGO72ysfeaso.m Neuirtthheerr laoncail nor popul a
deviations from HWE, and only 15 of 564 were
mul tiple comparisons wusing false discovery
1995) . No signofilciamkageidieswsequil i brium was
| oci (only 3/ 7a8f tseirg nFiDFR ccaonrtr evcat li uoens) . Despite
tetranucl eoti des, BFG131 showed an unexpecHt
sequencimg dfgamemd pri mers, we concluded tha
was due to a deletion in the flanking region
proved to be a perfect tetranucl eowagslenaont cr o
proportional to number of repeats. However,
stepwise mutation model ( SMM; Ki mura & Ot ha
by differences in allele sizes Wesededpgeddt :
Supporting I nformation, for a detailed discu

pol ymorphic, with a total number of all el es

| ntprogppul ati on genetic diversity

We detected |leted rsqppgprudamiuasr an genetic diver si.t
(Table 1). For exampl g, rexrpeact efdr ohme tOe r408z ytgm
0.60); allelic richness (AR) from 3.5 to 7 (
DDB (nAwd@®)tsd@ol owesdanlde WRl. s OatheboplpHd!| ati or
| evel s, for both measures, were: MP1, VP1, \
map). The popul ations ghEHowdng5t he popgphkati be
t hestWaern part of the region (hereafter West
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(AR > 6.5; 12 populations) were

the whole study area, a moderate

| ongitude (r =0.140; p < 0.01).

genetic diver ty wer e rarpeast:e dWeisnt
Trentino (thi separation has

results below) and nteresting

di versity showed a strong,e negat iOve 0c o rARe |
LCA r = 0.69; al p < O0.TO ¥&;nt &amgd., A2Ra )s.h oBwe dc
mode- atve positive correlation Wi
significantrfer OABR2(Hp < 0.01; ARrea,
positive correlationrawds!|l ahgotddeetted 0ed
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Figure 2 Correlation between latitude and standard measures of genetic diversity (AR = allelic

richness; H= expected heterozygosity), in West (a) and East (b) Trentino
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code site

He

Ho

Na

AR LCA2 LCAxo

1 Amp
2 Bed
3 Bon
4 Bro

5 Cad
6 Can
7 CCC
8 Cel
9 Ce2
10 DDB
11 Ech
12 Fia

13 Ing

14 Lag
15 LCa
16 Lel

17 LMe
18 LPo
20 LSG
24 Mon
25 MP1
26 MP2
27 MRe
28 Mug
29 PLa
30 PLC
31 PMa
32 Pos
33 PR1
34 PR2
35 PS2
36 PT1
37 PT2
38 PTe
39 PTr
40 RM1
41 Ron
45 Tov
47 Val
48 VD1
49 VD2
50 VG1
51 VG3
52 VIiT

53 VN2
54 VP1
55 VP2

30
20
24
21
44
18
26
29
24
20
24
31
33
29
31
24
36
19
53
24
37
27
52
28
23
26
42
19
18
19
22
18
30
23
20
36
31
26
21
40
20
42
29
20
37
33
21

0.651
0.625
0.654
0.612
0.660
0.612
0.625
0.600
0.573
0.482
0.559
0.650
0.533
0.603
0.581
0.587
0.608
0.543
0.639
0.555
0.523
0.568
0.703
0.557
0.637
0.598
0.625
0.569
0.584
0.612
0.597
0.600
0.627
0.604
0.610
0.614
0.625
0.612
0.657
0.678
0.675
0.654
0.622
0.506
0.649
0.554
0.534

0.622
0.587
0.649
0.599
0.669
0.593
0.601
0.621
0.604
0.488
0.563
0.637
0.508
0.580
0.610
0.566
0.623
0.526
0.646
0.576
0.493
0.565
0.703
0.554
0.655
0.606
0.605
0.513
0.505
0.618
0.629
0.574
0.602
0.554
0.579
0.602
0.599
0.625
0.687
0.671
0.679
0.647
0.629
0.508
0.646
0.598
0.540

7.417
7.167
7.417
6.667
7.917
5.667
6.917
5.750
5.833
4.083
6.250
7.417
5.833
7.500
6.250
6.333
6.083
5.583
7.417
6.333
5.000
6.750
8.583
6.500
7.333
6.833
8.750
6.167
5.833
6.083
6.167
5.833
6.833
6.167
6.250
5.167
6.500
6.083
6.750
7.833
6.333
8.000
7.167
3.500
6.750
4.917
4.250

6.599
6.979
6.855
6.395
6.507
5.667
6.227
5.202
5.481
3.998
5.764
6.629
5.149
6.652
5.668
5.872
5.330
5.521
5.921
5.883
4.647
6.046
7.031
5.922
6.886
6.249
6.873
6.103
5.833
6.033
5.903
5.833
6.106
5.759
6.059
4.719
5.877
5.627
6.508
6.664
6.199
6.608
6.380
3.465
5.946
4.477
4.161

1.750
1.667
1.667
1.500
1.750
1.083
1.333
1.083
1.083
0.750
1.583
1.583
1.250
2.000
1.667
1.250
1.083
1.250
1.750
1.333
0.917
1.500
1.917
1.667
1.750
1.667
2.500
1.417
1.000
0.833
1.000
1.083
1.667
1.250
1.250
1.000
1.500
1.250
1.083
2.000
1.250
2.083
1.250
0.167
1.167
1.000
0.667

3.333
2.917
3.583
3.083
3.583
2.417
3.000
2.667
2.250
1.417
2.667
3.083
2.417
3.667
2.833
2.750
2.250
2.417
3.250
3.000
1.917
2917
3.750
2.750
3.250
3.083
4.083
3.000
2.167
2.250
2.333
2.500
3.083
2.667
2.667
2.083
2.833
2.500
2.500
3.667
2.500
3.750
3.000
1.333
2.750
1.833
1.417

Tabl@enleti c

vRahnabi leipmwmuid mita onsO_(1d8B)t=a sred mbhCe r

genotypedte=s ammpleecd e d

of all el es;

AR

and < 50% of

Supporting

nf or mat.

t he

pPppllaati omss

No f

het obeczygygesdi het eHozygosity;

on.

91

h magsnfdi dg@Maeé asel i common al l el

aespeaaoambeekd.

es,

acco



Genetic differentiation and population stru
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Fi guAwerdage assignment Pamd atbea o giyd | iQgpadn ,f oac cecarc
= 2 (STRUCTURE; step 1, i.e. analysis perfor mec
mi ddl e of the regiMNat e dtelpé cip® ¢ (hteé eAdti @let W.i ver .

The AMOVA analysis, performed using the population grouping inferred by STRUCTURE
(K = 2; whole dataset analysis), showed a significant partitioning of genetic variation
(P<0.001) for the tested structure (Table S4 in Supporting Informatitmyever, the
assumed grouping explained only the 6.75 % of the total variation, and high genetion
within populations was revealed (explain®g.5 % of the total variation).

Spatial analysis

Both IBD and Mantel correlogram analyses yieldddntical results regardless of the
selected genetic distance (linearizegt Bnd Dest): we will therefore report only results
based onlinearized Ekr. Considering the whole study region, we detected a moderate
significant relationship between genetic digte and the logarithm of geographic distance
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(Mantel r = 0.469; p < 0.01). When we conducted separate IBD analysis for the West and
East Trentino populations, ViT was excluded, due to its central, isolated position, the high
Fstvalues showed with all o#in populations, and its ambiguous collocation (geographically
located in West Trentino, but genetically closer to the East Trentino group; see above).
Different IBD patterns were detected for the two-auba (Fig. 5a, 5b). Specifically, in West
Trentino he correlation remained moderately high (Mantel r = 0.416; p < 0.01), while in
East Trentino a considerably lower correlation was detected, although still significant
(Mantel r = 0.228; p < 0.01). The two sabeas showed differences also in the slopéef t
regression line, which in West Trentino was twice as big as in East Trentino.

In order to further investigate the underlying spatial structure, we compared the shape of
Mantel correlograms in the two s@beas. Eight distance classes were identifiecdbéth
subareas, with a class distance interval (cdi) of 9.6 (West Trentino) and 10.1 (East Trentino)
km. Total distance range were 77 km for West Trentino, and 81 km for East Trentino. The
two separate analyses are therefore highly comparable, reflecipgmetrical sampling
design. However, the shape of the correlograms were considerably different in the4two sub
regions (Fig. 6a, 6b). We will discuss here only the first part of the correlogram (i.e. lower
distance classes), since in -ditectional corelograms, as distances become larger,
correlation coefficients tend to become less significant and less interpretable due to the
blurring effect caused by diagonal comparisons (Legendre & Legendre 1998). In West
Trentino, a significant correlation betweganetic and geographic distances was found for
the first two distance classes, therefore for distances up to 19.2 km (2 x cdi), then the
correlation decreased following a gradual, linear pattern. By contrast, in East Trentino only
the first class yielded significant positive correlation, therefore for distances up to 10.1 km.
Then the curve rapidly approached 0, showing a steeper slope than in West Trentino. In other
words, spatial autocorrelation of genetic distances is relatively pronounced evenwahmedi
scale in West Trentino, while is limited to fine scale in East Trentino. Integrating IBD results
with the output of Mantel correlograms, the lower correlation between genetic and
geographic distances detected for East Trentino seems therefore to dye ldria more
pronounced spatial "patchiness" of populations, even for relatively short geographic

distances.
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significant Mantel r value (p €©.05; 10,000 permutations), empty dot rmgnificant value.

Mantel r

Figure 5 Isolation by distance (IBD): genetic distances (Slatkin linearizglldfe plotted against

the logarithm of geographic distancés; West Trentino (a) and East Trentino (b). Manter r are
reported (all p < 0.01), together with the slope of the regressian line
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Discussion

Complex patterns of genetic diversity and differentiation were highlighted for the common
frog in the Trentino region. Overall, the recorded levels of iptpulation genetic
variability seem to be in line with data from other European areas. For ex&mgle &
Beebee (2006), in a genetic survey on common frog populations from across Europe,
reported a mean He of 0.687 (range: 0:61515) and mean allelic richness of 5.47 (range
4.61-:6.12). Palcet al. (2004), for 29 European populations of the spem@gsrted a mean

He of 0.535 (range 0.38.72) and a mean allelic richness of 3.9 (range73). Both the

cited studies were performed using 8 microsatellite loci, however characterized by high
levels of polymorphism (21 and 25 mean n° of allele/locaspectively), considerably
higher than our microsatellite set (mean n° of allele/locus = 15). Anyway, direct
comparisons among studies based on different markers must be considered with extreme
caution, and we prefer to focus on the differences and ipeties highlighted within the

study region.

Indeed, we detected heterogeneous levels of genetic diversity among different
populations and areas. Two main findings emerged from the globally intricate scenario: (1)
populations which showed the lowesingéc diversity levels (e.g. ViT, DDB; discussed
above) were also found to be characterized by the highest levels of genetic differentiation,
and (2) latitudinal trends were detected for genetic diversity levels, in both the two sub
regions considered sepdely (West and East Trentino), but, interestingly, with contrasting
patterns. Regarding point (1), this was markedly evident for two populations located on two
isolated, calcareous, Prealpine mountain massifs in the central part of the region (Monte
Bondone and Vigolana). We provided important, quantitative evidence that a reduced
connectivity leads to a substantial loss of genetic diversity in the common frog. This aspect
is of particular relevance, since ongoing climate warming is predicted to caéitsdirial
and altitudinal range shifts in celilapted species (includiftana temporariaBartolini et
al. 2014), which in complex mountain landscape translates into an increase in fragmentation
(cold-adapted species will be confined to mountain topstlaackfore highly fragmented in
space). Monitoring the entity and the biological consequences of this process deserves a high
priority under a conservation perspective. However, connectivity does not seem to be the
only factor affecting current levels of getic diversity in the study species. The contrasting
latitudinal patterns observed in the two selgions (point 2) are indeed difficult to explain

considering only differences in connectivity or any other ongoing ecological process. West
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and East Tremio donodt seem to vary so widely in
predominantly mountainous areas and, except for a few narrow valleys (where the species
can be found, although sometimes at lower abundance), levels of urbanization are low.
Interesingly, a previous phylogeographic study highlighted an analogous pattern for the
species at mitochondrial DNA (see Chapter 2). Specifically, number of alleles showed a
decrease towards the north in West Trentino-0.42, p < 0.05), while in East Trentimn
opposite trend was highlighted (r = 0.59, p < 0.05). These findings were interpreted as the
effects of Pleistocene evolutionary history: sequential founder events, linked to-the re
colonization process, were hypothesized to be the driver of the veegttudinal trend in
West Trentino), while addictive effect due to admixture among different lineages seemed to
be responsible for the positive correlation found in East Trentino. Although we cannot
completely exclude current factors (e.g. local, suldiiéerences in microclimate) as
potential drivers for the mirroring pattern detected at microsatellite loci, the most
parsimonious explanation might therefore be found in the legacy of past evolutionary
history. Notably, in East Trentino we also deteceldw positive correlation between He
and longitude, and even in this case a correspondent pattern was previously found at mtDNA:
low positive correlation between haplotype diversity and longitude, due to the presence of
different mtDNA lineages in the nibreastern corner of the region.
These large correspondences seem to indicate that, even at regional spatial scale, current
levels of genetic diversity are largely affected by past processes in thesadoity
vertebrates.

Considering population strust the most relevant finding is the breswhle genetic
subdivision among East and West Trentino. Our-ficale sampling led to the identification
of the Adige river valley as cleaut separation line, with only one exception to this pattern,
which will be discussed above. The above mentioned broad valley, located in the middle of
the region, is characterized by low elevation (and a correspondent warmer climate), high
anthropization (high urban density, intensive agriculture, highways, etc.) and tbagares
of a large river (Adige). Understanding which of these factors is responsible for the strong
barrier effect is therefore not easy, since the common frog is negatively affected by all these
ecological and landscape features, and ultimately each oneantjbute. In this regard,
however, itmight be worth assessing the effect of the Adige river on other amphibian
species, less influenced by other factors. Indeed, in this valley some relict, small wetlands
still persist, in a degraded landscape ma#ind some more thermophiles amphibian species

find here their ecological optimum (i.Bombina variegataRana dalmatinaCaldonazzi et
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al. 2002). Determining whether the Adige river is perceived as uncrosssable barrier for these
species is a matter of carsation relevance, as their distribution is mostly limited to the
lowlands flanking the river and both species are not common, suggesting a potential ongoing
decline mainly due to habitat alteration (ascertainedfanbina variegataCaldonazzet

al. 2002). We demonstrated that the two salgions, resulting from the detected barrier,
host genetically differentiated common frog populations: two main conservation units are
therefore suggested for the species. This consideration is reinforced by thentdfeatial
patterns identified for intr@opulation genetic diversity.

As already anticipated, a single population stands as a (partial) exception to this
geographical subdivision. Indeed, VIiT (n° 52 in Fig. 1), although being located in the
western sidef the river, appeared to be genetically closer to eastern populations (Bayesian
clustering analysis). Actually, it must be observed that the considered population showed
high levels of differentiation with all other populations, as already discussegdputation
corresponds to an isolated mountain massif (Monte Bondone), laying in the immediate
proximity of the Adige river valleyThe position of this mountain, relative to the Adige river,
haschanged throughout history: indeed, before Wirm glacidltieniver flowed following
a different course, more precisely through a valley located at the western side of the mountain
(Caldonazzi & Avanzini 2011We cannot exclude, therefore, that the anomaly found for
VIiT might be due to a past connection withteas populations; however, in this case we
dondt have any further evidence in support t

Finally, differentfine-scale spatial structures were highlighted in West and East
Trentino (IBD and Mantel correlograms). Common frog populatiotisaniwo sukregions,
therefore, not only have distinct gene pools, but are also characterized by different spatial
processes, both at intrand interpopulation genetic diversity. Further investigations are
needed to disentangle the effects of presemt @@fference in orographic morphology,
leading to different connectivity patterns) and past (e.g. complex pattern of admixture among
different evolutionary lineages) factors in explaining the recorded differences isctie
population structure. IndegHoth present limitations to gene flow, leading to a true process
of isolation by distance, as originally defined by Wright (1943), and past processes (e.g.
postglacial recolonization) may lead to fiseale patterns of spatial autocorrelation in
geneticdata (de Campos Telles & Dirkizlho 2005; Meirmans 2011; Meirmans et al. 2011).
Potentially, due to this fAstr u-regangnmaylbe di ff er
affected in different ways by the same stressors (e.g. climate change, bueapretd of

emerging diseases). A different management seems, thus, to be strongly recommended.
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Again, ascertaining whether these differences extend to other small vertebrate species,
including more endangered taxa, is critical for developing an effecireservation
planning, focused on the preservation of genetic diversity as well as genetic differences
(potentially linked to local adaptatioMeskeet al. 2008; Moritz et al. 2012) and for
identifying the most critical conservation actions, in the fafaemplex, contextiependent

biodiversity declines.
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Supporting I nformation

Appendi x |

We selected 13 tetranucleotide microsatellite, which had been developed by Matsuba &
Merila (2009) and tested by the authors orRé#a temporariandividuals.

However, the marker BFG131 didn't showed a tetranucleotide allele pattern in our dataset,
but instead a dinucleotide allele pattern (i.e. the different alleles separated by 2 b.p.). We
therefore decided to sequence the considered locus usingaried pnners, for an exact
determination of the allelic state. Samples were selected in order to cover the majority of the
alleles, according to the availability of homozygous individuals. All sequenced samples
showed a tetranucleotide repeat motif in the miceditat region, as stated by the authors
(Matsuba & Merila 2009). No interruption in the repeat motifs was detected, and the
microsatellite region consisted of perfect repeats in all samples. However, in several
sequences, corresponding to specific allelesdetected a 10 b.p. deletion in the flanking
region (before the microsatellite region). Therefore, two allele sets were present in our
dataset for locus BFG131: (1) carrying the "normal” microsatellite sequence and (2) carrying
the deletion. Both set®nsisted of alleles carrying the same tetranucleotide repeat, but, since
the 10 b.p. deletion was responsible for a shift in allele size, this led to an apparent global
dinucleotide allele pattern. Therefore, allele size is not proportional to numb@eatsen

locus BFG131. The alleles carrying the deletion were recorded in the whole study region,
with a widespread distribution. Further tests (Microchecker, FreeNA) showed no evidence
of allele dropout or null alleles for the considered locus; no diparfrom HardyWeinberg
equilibrium was detected (Arlequin).

Therefore, we decided to retain locus BFG131 for further analysis. It must be noted that no
analysis was performed assuming the stepwise mutation model (SMM; Kimura & Otha

1978), i.e. all ouresults are not affected by differences in allele size.
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Suppl ementary Tabl es
Tabl &i St of sampling sites with
number of
n° code site name long lat elev | N
1 Amp Lago d'’Ampola 628417.60 5081295.41 795 | 30
Avi  Torrente Avisio 673684.52 5118162.14 398 5
2 Bed Bedollo 679305.15 5116474.12 1183 | 20
3 Bon Palu di Boniprati 624179.64 5087838.14 1206 | 24
Bre Pozza Brez 661126.63 5146801.84 1196 | 3
4 Bro Brozin 686222.98 5128925.19999 |21
5 Cad Caderzone 635910.74 5109449.63 741 | 44
6 Can Canezza 676177.78 5105191.05653 | 18
7 CCC Campo Carlo Magno| 642432.50 5124095.78 1649 | 26
8 Cel Alpe Cermis 1 693736.49 5122545.33 2204 | 29
9 Ce2 Alpe Cermis 2 694680.75 5120738.12 2329 | 24
10 DDB Dos del Bue 671032.74 5094213.99 1014 | 20
11 Ech Torbiera Echen 670105.21 5086611.27 1273 | 24
12 Fia Fiavé 641854.05 5094566.97 665 | 31
13 Ing Inghiaie 678193.60 5096406.92 444 | 33
14 Lag Lagabrun 669606.82 5118968.18 1115 | 29
Las Palu RedontLases |671799.07 5113036.24 682 3
15 LCa Lago dei Caprioli 636083.84 5127929.61 1385 | 31
16 Lel Laghestel 671929.29 5109185.19876 | 24
Les Monti Lessini 654529.75 5060974.39 1353 | 2
LLa Laghetti di Lasteati |697765.31 5115529.09 2167 | 3
17 LMe Laghetti di Mezzana |639387.90 5126646.46 2061 | 36
LNe Lago Nero 678350.75 5128193.531790 | 2
18 LPo Lago di Posina 676805.59 5076971.15578 | 19
19 LRo Lago di Roncone 630176.33 5094077.47 861 | 15
LSa Lago Santo 670259.53 5118236.08 1194 | 3
20 LSG Laghi di S.Giuliano |631434.04 5111673.29 1974 | 53
Mad Maderlina 669013.68 5117793.82 1030 | 2
21 Mar Marcesina 701657.05 5093641.50 1362 | 13
22 MBa Monte Barco 667755.17 5111671.55869 | 16
23 MCa Masi Carretta 703677.00 5109929.54 1429 | 11
Mez Monte Mezzocorona|663633.26 5121420.71 914 7
24 Mon Monterovere 677903.42 5091992.61 1240 | 24
25 MP1 Monte Pasubio 1 665544.16 5079695.49 1622 | 37
26 MP2 Monte Pasubio 2 670587.22 5069572.44 1004 | 27
27 MRe Monte Rema 619688.13 5087671.65 1846 | 52
28 Mug | Mughi 701666.64 5107535.63 1269 | 28
PBr Passo Brocon 705302.18 5110584.02 1612 | 3
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n° code site name long lat elev | N
29 PLa Passo Lavazé 691637.15 5136707.18 1802 | 23
30 PLC Parco La Cascatella | 705422.11 5104710.20965 | 26

PLg PaluLonga 682114.05 5129295.08 1435 | 1

PLo Palu Longia 659893.78 5148600.75 1572 | 5
31 PMa Passo Manghen 689325.93 5116716.50 2083 | 42
32 Pos Posina 676177.88 5073354.41563 |19
33 PR1 Passo Rolle 1 713133.95 5129291.31 1947 | 18
34 PR2 Passo Rolle 2 714373.36 5129504.97 2039 | 20

PR3 Passo Rolle 3 715879.04 5130995.00 2170 | 3

Pra Pradellano 700105.77 5105584.46 910 4
56 PS1 Passo S. Pellegrino 1712113.99 5139349.83 1838 | 9
35 PS2 Passo Pellegrino 2 | 714227.16 5139648.66 1940 | 22

PS3 Passo S. Pellegrino § 715655.07 5140255.29 1790 | 7
36 PT1 Passo Tonale 1 623180.22 5124088.48 1856 | 18
37 PT2 Passo Tonale 2 621165.25 5123673.77 1873 | 30
38 PTe Pieve Tesino 702104.78 5104555.24 833 | 23
39 PTr Palu Tremole 659254.64 5149321.391738 | 20

Rip Riposo 673760.14 5106183.30 730 8
40 RM1 Rifugio Mandrone 1 |621113.72 5117638.14 2405 | 36

RM2 Rifugio Mandrone 2 |617691.23 5117656.05 2374 | 2

Roc Rocchetta 658591.25 5122720.04 252 5
41 Ron Paludedi Roncegno |687646.13 5102432.35401 | 31
42 Sol Soragal 704802.38 5140609.57 1205 | 14
43 So2 Soraga 2 706035.52 5143301.19 1346 | 11
44 Ste Palude di Sternigo | 674812.61 5112122.57 1010 | 15
45 Tov Lago di Tovel 649873.14 5124726.62 1210 | 26
46 Tre Monte Tremalzo 630130.99 5076829.09 1668 | 11
47 Val Valagola 1 640508.73 5113981.17 1689 | 21

Va2 Valagola 2 640996.68 5116498.59 1323 | 3

VAm Val d'’Amola 631877.82 5118687.01 2362 | 2
48 VD1 Val Daone 1 617070.10 5098849.11 1651 | 40
49 VD2 Val Daone 2 616896.37 5100881.24 1847 | 20

VD3 Val Daone 3 615553.75 5099434.12 1925 | 2
50 VG1 Valdi Genova 1 632329.52 5114214.29 1053 | 42
51 VG3 Val di Genova 3 628270.87 5113827.68 1233 | 29

VG4 Val di Genova 4 623191.74 5117261.38 1006 | 2
52 VIiT Torbiera delle/iote |657847.29 5097919.00 1570 | 20
57 VN1 Val Nambrone 1 632391.63 5120133.392339 | 9
53 VN2 Val Nambrone 2 633619.20 5119630.28 2170 | 37
54 VP1 Val diPeio 1l 629704.98 5141635.24 2155 | 33
55 VP2 Val di Peio 2 630096.63 5142697.97 2577 | 21
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Table S2alList of microsatellite markers selected for the study (Matsuba & Merila 2009). BFG072
were excluded from final analysis due to the presence of null alleles.

Locus Primer sequence Dye Ta(°C) Repeat

BFG239| F: GGAACCCTATAACCGTACCTCC NED 54 AACT
R: CTTGGGCAAACACATAAAAGGT

BFG202| F: AAAACACAGCAACCCTCAAGAC 6FAM 54 CTAA
R: TCCCTTGTCTCTTCTCTCATCC

BFG237| F: GGATTCTACGGATCTTTGGACA PET 54 GATA
R: CCTTCCATTCTGTTTGTTAGGC

BFG129| F: GCATGACAGATAAGCATAAG 6FAM 54 CTAT
R: AAGCTGTTAAATCACTAGGC

BFGO72| F: AACTTTGCCACACCTGAAATG VIC 56 TGTA
R: AATGTTTGTCATCAGAGAGACCTG

BFG099| F: CAGTAAGGAATGGATACTAAGC PET 56 ACTC
R: TCCAGTGTAGCATAACAGAGT

BFG155| F: GATGCTTGCACTTGTCTCC 6FAM 56 TACT
R: GTCAGCACGGATTCATAAAA

BFGO050| F: TAAGGGAAATTGTGTAATGCCC PET 58 GAGT
R: CTTGAGGCGATTTAGTTTGCAT

BFGO053| F: TTTAGTGAGCATTGTGGTGGAG VIC 58 GTGA
R: TGTTGAGGAGATTAAGTTCGCA

BFG161| F: TCTCCAATGAACAGGAAGCAC PET 58 AGAA
R: GCAGCAACAACCTGATTAGAAA

BFG131| F: CAGTACGTCAGCCATATCGTGT 6FAM 58 TACA
R: GTGAAAGGAGGCAGCAAAGT

BFG130| F: GCAGTTTTATAGAGGTGGGG 6FAM 56 TCTT
R: ATATCTCCATCCGGTCCA

BFG250| F: CCTGTTAGAGAAGCCGATCATT VIC 56 GATA
R: TTGGACTGGAAGTATTGGGAGT
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Table S2bPCR reaction mix and thermal profiles for the 4 multiplex panels.

PANEL 1 PCR thermal profile
Reagents ul T® Time Cycles
H20 6.57 95°C 20
Buffer 10X 1 94°C 106
BFG239 F/R 1Q mol/ pl 0.18 54°C 306 25
BFG202 F/R 1Q mol/ pl 0.08 70°C 306
BFG237 F/R 1Q mol/ ul 0.2 4°C
BFG129 F/R 1Q mol/ pl 0.22
dNTP 10 mM 1
HotMaster Taq 5 Wil 0.25
DNA 0.5
PANEL 2 PCR thermal profile
Reagents pl T® Time Cycles
H20 6.93 95°C 20
Buffer 10X 1 94°C 106
BFGO072 F/R 1@ mol/ ul 0.08 56°C 456« 25
BFG099 F/R 19 mol/ pl 0.12 70°C 450
BFG155 F/R 1Q mol/ ul 0.12 4°C
dNTP 10 mM 1
HotMaster Taq 5 U/pl 0.25
DNA 0.5
PANEL 3 PCR thermal profile
Reagents pl T® Time Cycles
H20 6.19 95°C 20
Buffer 10X 1 94°C 106
BFGO050 F/R 1Q mol/ pl 0.3 58°C 3006¢ 25
BFG053 F/R 1Q mol/ pl 0.07 70°C 450
BFG161 F/R 1Q mol/ pl 0.12 60°C 1006
BFG131 F/R 1@ mol/ ul 0.07 4°C
dNTP 10 mM 1
HotMaster Taq 5 Uil 0.25
DNA 1
PANEL 4 PCR thermal profile
Reagents ul T® Time Cycles
H20 6.53 95°C 20
Buffer 10X 1 94°C 16
BFG130 F/R 1@ mol/ pl 0.07 56°C 450 30
BFG250 F/R 1@ mol/ pl 0.15 60°C 1006
dNTP 10 mM 1 4°C
HotMaster Tag 5 Uil 0.25
DNA 1
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Mean of est. Ln prob of data

Table S4Analysis of molecular variance (AMOVA) computed for the grouping inferred by
STRUCTURE (K = 2; whole dataset analysis), and relative FST statistics

Source of Sum of Variance | Variation _—
e d.f. F statistics | P value
variation squares | components (%)
Among groups| 1 423.2 0.28 6.75 FCT: 0.067 | 0.0001
Among
poputions 55 869.1 0.24 5.79 FSC: 0.062| 0.0001
within groups
Within )
: 2831 | 10320.1 3.65 87.46 FST: 0.125 | 0.0001
populations
Total 2887 | 11612.4 4.17
Suppl ementary Figures
Figur®BRBATURE anal ysi s: Step 1; dataset =

(a) plot of mean likelihood L(K) and variance per K value;

(b) plot of the secord r d e r
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Chapter 4.

STUDY 3

Speciesgenetic diversity correlation: the case study of the common frog

(Rana temporarid and amphibian communitiesin an Alpine region.
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Speciesgenetic diversity correlation: the case study of the common frog

(Rana temporaria and amphibian communities in an Alpine region.
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characteristics on(CheetWwd; | eaabal oeftieeessnD
species diversity (Case |11); causal effects
According to the authors, in Case |, positi v
in Case el ll lalnd tChaes si gn and entity of SGDC n

relative role of the different wunderlying pr
(e. fgoc al species and ecol ogi cal communi ty, m
aut hors hypothesized that negative SGDCs ma\
diversity on genetic diversity (Case I11), €
that the vast majority of traditirosnal MoGGs ¢

specifically, under Il i mited resources inter:
popul ati on s i theanfefiop@mpetitocsy which ih turn mdy redgce net i ¢

diversity due to genetic deti 2006 NVel |l end & Ge
Recent!l yet (L&OKo&E)hlet a neutral model and tested
scenarios using amshgqulatipcmvapgpngaah,basi s
interpreting SGDCs. The outmayei shoeved df t dau
arise, particularly when using molecul ar mar

as microbBlmdredflote,s)modern theories are highl

in the potenti al remdtgemesthi @ sdibwee weiethy .speci
From an empirical perspective, a specifi
SGDCs in plant and ani mal communities over t

Vel l end & Gebeet 20/0.8). VAhbhemamntimged®i rdiicfale s

Vel leetn a210.1 4) concluded claiming again a gene

I nterestingly, according to these authors, p
and stronger in studiesUdmltuas ngsloandd,sciret
ponds) , rat her than in arbitrarily delineat
strongest (parallel) influence of nonsel ecti

|l evel s of dieve®dslidt)y (Hwoew elveenrd, empirical dat a
the sign and magnitude of correlations, as wi
& Geber 200t520IVd))]l. emcdeed, eateda@RBUYVe Mae shpal Ke
Camp 22V 06 reke2®l0.6; eRuxdl®d&; Siel e&OlOt9gwrgabat |l et
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2012) sndgnnoéncartt Fa30.4, edad?2a®d@.9, elde2adh0.9,
Si |l veett 2dn0.9 ; Fridley & Grime 20160t 28MH&ng &
Wei & Jiang 2012; AxvtoRdIld6g S@GBDCsE a@80&3npnoXuso
Ssystems. I nterestingly, in some cases the d
by an opposite effect of sitresidhyar(a8dtlearkirsttoi
2009; Avolio & Smith 2013), although Vell en
of SGDCs due to the parallel effects of 1| oc
Tabeatl é210.12) warned about the indiscri mi
proxy for genetic diversity i n conservatio

preserve genetic diver si tsyi,gniinf itchaen tp rSeGDesc. e

enl(.2014) , though not excluding the potent.
diversity from the other, expressed caution
and suggested that its uses$mpueé aderfsiswcemasy, asltsroe
the I mportance of a proper knowledge of the

I n this study, we performed an empirical

a southern Alpine region (Provincia Autono
amp hi bi an, t heRaoammempbmragif oc al species fo
genetic diversity. Specifically, we ai med a
ri chness of amphibian ¢ onRaunnai tti eemsp eadnadt iigemse |
cewary in space? (2) do the different speci ¢
Rana temeporaiicadi versity? (3) which is the
the observed patterns?

Finally, our reswimt a wiohlsebe adii 90upeed pfe
our survey may be viewed as a highly inform
corresponds to the political borders of an
fundamentadsearnyat iodn cpl anning: the regional
I s of particular conservation concern, sin
cli mat e c haentg2al0.€anBbwm2edeltot;i eGo pdDI&.4) and hab
alteration (Chemini & Ri zzol iet22dD®B.9) ,Lawiste
wide range of detrimental consequeatctesl on
2011; eNazp8il.2; Mat o2e0bln30; eTta R2a@IRL.i3 ( 2) amphi bi 8
considered the most egsadiadn ¢ ehreeyd agreo uf pa cafn gv ear
worl dwi de ( WaketlZdH0Q; HGar carherm 2d00.4) ; Sa mwar ¢
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amphi bians are al so comeinckagrad d elxideVyestdtiesaha.lh eian
1990; Hopkins 2007) .

Materials and Met hods

Study system

OQur study area is Trentino (Autonomous Provi
6212%ikkmthe eastern Italian Al ps. The regior
(el evati e8n7m 6rdamgea:botvee sea | evel; more than 7

including part of t he Dolomites and Preal p:
cnsequence, the climate is also heterogeneou
the most el evatcohhtameas alt osnotdlee asebcl i mate
the-Mguwhterranean conditions appgioamfhicimgitshe
characterized by the mitigating effect of La

We chose amphibians as study system for
community composition data wenesavarir bhbhbivet f a
t hreegi on. i@esmmounial pine amepbarpi and areospecio
species are known for ehe®dbDr2dnti no region (C

Foll owing Vellend (2003) and Vellend & Ge
to assess genetcaemaonkRasagtyé)mporlhiss aftheg i s |
wi despread amphibian 280hL4FEuyr oapned (iSsi |dleramact e

adaptability to different ecol ogi cal condit
component of cnoammnyu reictoil eosg 1é81Qbi; s dloldi® R®M&H ) . He
t empoiraraamodel organism for ecol ogeitcadl .(e. ¢

2012) , evolutionary et e2ad0.3 ;MihReEil.4)9 99%9and aggre
studies ngs g& Bleedlcdeat 220004; Peh@@&OKH50G0 mmo n

species are widely used in empirical studi e
reasonsef(lR&dtldc heet. 2AI0.HeeDRDIDY ;etO2d@MLI0; Struebi
eqal2.011; €TaReOill2egt Wei & JebarRgllBC®Lt220DILEa)MY |t i S

also worth to note that Vellend (2005), base
stronger positive SGDCs in mor eetbndnbo8n, spec
Tabeetl 2411.2) . I n the study region, the common
habitats, alone or in syntopy with other amp
vegetation | imit (app26bX(i mhte.Ca¢td@@@2d0n rang
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Species richness and composition of amphibi

Data for species richness (SR) and composit
t he amphibian monitoring program peihor med
several wetland sites of the region, and cc
7 sites). Al monitoring surveys were COoOOfl

mul tiple monitoring methods (bamrvaler setatnidn

vocalizations, etc. ), often repeated in di
(PAT). For these reasons, and also consider
species, they can be assemddt aoandpwesenuse
SGDCs. Species were considered present onl
ascertained, in order to exclude occasional

Genetic diversity data

We derived ourvidatasgeéendeéRaonm atuepmepgudmit a on s
the study region (see Chapter 3). We select
of correspondent amphibian community dat a,
and dic¢dblogintal environment208&. m. aeselatis
and Table S2 in Supporting I nformatRamg . I n
tempowareé ai nvestigated wusing 12 microsatel!/]
SGDCs st udetes2a(0e8.;g .ettHen@®ildet Bdld.bh; We i & Ji
2012; eL @@ 3 et XDIL6). Microsatellites are as
(Gol dstein & Schlotterer 1999; EIIl egren 20C(
i n our study are expected to predominantly
consiider ede evaluation of di fferent potent
patterns. We chose two standard measures o0
mean expected chetArbelygosiri ghelss was esti
formula described by EI Mousadi k & Petit (1

2.9.3.2 (Goudet 2001); it was recomputed fc
size in our subset (15 individual s)g. tNean e
unbi ased method i mplemented in GenAl Ex 6.5
Species distribution and environmental dat a
For both habitat suitability modeling ( Max
bel ow) , species occur rbdnce sWewdsl & dart iavbead ef
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amphi bian observational records for the who
http:// webgis. muse.it/), compARMeesedr ovlh t pr @
(htt p: / Fsvavwpw.iatc/e

We obtainedd4 aprtosanceofr@d8rds for the 7 amph
Supporting I nformation) . We considered 8 (
temperature (proxy for energy availability)

(ant hropi zean a# eaagsr,i dulet.urualb arleiawse d caomd fmirxa

forest; coniferous forest; water areas, . e.
types (crystrylsitiand ime momcks) . Details on v
extraction are provided in Appendix S1 in Su
wer e tested for mul ticollinearti.t yCousriengat Pe

coefficilna fwarst edtls chrRsmax= 0.50)s wdreeefor
retained.

FiguMaplof the study region showing the select ect
information on species richness and coRpaoaai tion

tempoganmetai c diversity were avail abl e.
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i nvestigate whether amphi bi Ranapeemperar

pul ationsdwarce oserrseltae&tse (SGDC) , we used
rrelation tests. Correlation tests were p
l elic richness (AR) dand expected heterozy

A previous phylogeographncteeudyuftlgrrelg:d

e mitochondri al cytocovemeedxadasepl exgen

i fferent evolutionary |l ineages (COI l i nea

yl ogeographi egl laicstadr ycodprmad iemastiadh ycamf | ue

vel s of genetic diversity in dit f280e0r3e;nt W
i Cc eetto24&H0.7 ; Roberts & Hamann 2015), we deci
king into account salosy tolie ppputl ae¢volinst i dm
sted two different models, corresponding

cluding the frequency of the COIlI (kieereage
pendix Slpportirfgr | mf ojrumattiifoinc,atumaceroft ht
sumption that different evolutionary | in:
d (2) model 2: including the number of C
er the assumption that admi xture among d
ddictive effeReci 2DOBM. xXCOtedaodaespr t he
re derCGChet gdrr o02n of t he present thesis.

analyzed tbeaftadtbo genetic diversity us
S are regression models that successfull
d are thus suitabplei cdiot adatl y,zec cmptafit o lall il ry
atial autocorrelation. Specifically, we t
ecies richness (predictors)ofont lgenedonsi d
mmon frog pPopowlitalti onhsd4d GLS modaebst wer ewbdbe
scribed evolutionary s<¢model od4a, ald) candi
, 2b) as response variables. We fit GLS b

Afterwards, we tested the rei &aiidRmmsamidps
mpogemetai c diversity, with the aim of ass
ecies was relatedRaval eempAg adifn dHewea nuds AR
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taking into account past evel atiomar awnhi gt dr

model s were tested, as described above.

Al'l statistical analyses were performed in R
Unravelling the wunderlying processes: nNi che
model i ng

We tested two different hypot heses for expl
heterogenous effect of tRe tdeinigfeenreernita adn pvheirbsi
(1) interspecific competitioRanaR9 rahinidh er ent
the other amphibian speci es.

For trestengpecific cowepeuddad omi chhyeg od heersli &
This approach is commonly used to evaluate c
et 28I11.0; ebbl@dab;etl2045) . Il ndeed, according toc
the strength of competition between species
overlap (Hutchinson 1957; eMd®®wGt)hurt w& Iseeicn ®
highly simpraedioctedesoacempete strongly, and
we are not i nterest i n detecting actual com
di fferent amphibians toRaampé¢eteenpWhaheboare,f o\
estedani che overl ap forR.altle mpmdrha rboireadne rs pteoc i a
i nterspecific cogrpeetiietsi ovin t hhy pha tglh.e gti em pcohr ea roi va
should have stronger (negative) iwnftlhué maveron
niche overlap should have no effect.

For comparing the nicheaemsa (tseapar adrihaame b mgBill
Sspeci es, we -enmsyéd mehdotdPdARVel epedlOdy?, Br2delmni.
PC&nv measures nibcahsea sowédr loacpc uaomr etnftee and env
has shown to outperform other teetha@d®dldgle¢s for
Specifically, the method performs a PCA for
space avail abilnet of-dar ntéevhce i espa&ilci €gsace, where th
species are projected. Measurement of niche
of this multivamvateeanal yesi sel PCAnsity func
of occumr drheesnul ti variate PCA space, I n ord
caused by wunequal sanetl 2QaAOId.2 e f f Nitché Broovemtihiam
computed by means of the Schoeneetr.EsR2 OM8met r i
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Scho®ndranges bet ween 0O (lack of overl ap)
particularly suitable to anaeltyZ#&l0.®)v.e rWea pf urn
performed pairwise tefaoasaot empodhaéaheiamitlhamri ts
Niche similarity test evaluates I f the nic!
niche of the other species than expected b
background environment al heterbgbnenbtybei we
t wo specieas2d&l0M;r r Bmaee n2millnka)n. n Specifically,
tested by comparing the observed niche over

of overl aps obtained by oma&ndd@micziersg atchhredo s@cC

occupancy, whil e keeping constant t he occ
Similarity tests were performed in both di
species 1), and si ghnil000 nrcep lwacsa ta sosness.s e dR
hypothesis indicates that the niches of the

by chancleysedl werae ap e fiefcoreped k age n § Bath eanln.i ma
2014) in R 3.1.3 (R Core Team 2016) .

For tfelstfifeg ent ecol ogoweal boiptd mhabiypat h
model s for all amphibian species, and then
habitat suiRt.abkielmpty amameofof ot her amphi bi art

were comput eds ucsoenfgf iRearnstosn and signdégficanc

correction for spatial autocorrel atatonal .as
1993; &Rtar®hdlD)i.f f erent ecol ogdodpcrad diocpttsi ntah ahty p
with | ow habitat S URlatnaab i tl @ sphooredordirae ik &i bo b ¥
(negative) influence on its genkR.titce dp orearsii
may indeededeay i ndptamiave ecbl sgbcal condi
speci es. Habitat suitability modeling was
3.3.3; https:// www. cs. prinetet2edi0.4e d u2/0e0s6c; h abpli
alz0l1l Maxent i s baeretdr omy tapep rmaaxd muamd est i

di stributiodocfcarranceeba®emldy odatpar esmecdhcenvi
variables. This method has been foundeto yi
approactle 2H&065l;1 tHet 2®d&0Ddbez 2008) . Model wvali d:
with the commonly used amlpy opa& ht iwthii @rhi ncgo nts
it racane@stets (Fielding e&& B@0.95) .19 PMordféBu imaa rt

was evaluated using AUC ("area under the c
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randomly chosen presence site wil/l be ranked

(Phillips & Dudik 2008). Mo d & liagp rweidtihc t UG >0 |
observed data (Landis & Kochetl2al0.6) .Fi dali ha
suitability maps were generated using a | ogi

bet ween 0 and 1 for all&cBPudisk]jn2008) study r

Resul ts
Species genetic diversity correlation (SGDC)

Species richness varied from 1 to 7. The
in the study sites (reported accordRaamga to th
t empo;r afrd caa | species for geBweftoi)ch udNbvpeirnsei trnye w
(lcht hyosaypy af at p eSsatlraanseamnddrear) s(a ¢ a ePeenl doirpehoygl a x
synlklscullentwesél bwe o mwiarda ()vaminelgaagiRkRdmea fr og
dal nmaat i n

Al l el i c ri chness vari ed among popul ati or

heterozygosity varied from 0.50 to 0.70 (Tab

We found a significant negative correlati

communi ti etsi candd vRpaensa ttye mpogrud rdit@ro tesx,pect ed
heterozygOsivr8g; (R = 0.05) a0d5&3;l epi & OiL OB
correlations remained significant al so taki.l
evol uthiosmtaaryy of popul ations using General:@
considering bot hs(emoadledt iloan,arlyb sacredh ama de | 2 a,
Supporting Information).
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FiguSmpe ®ienseli ver sity corlrettsatafont {e& GDeCl)at iPons hi p
speci es r i cRhanneas st e(gBeRn) e aarncddad)i veexrpseicttye:d heeltleeloizcy g o
ri chReagssomorrel ation values (R) radatrepsr r@adna
significant also taking into account the evol ut
with GLS)

Il nfl uence of the different amphibian specie

Generalized Least ®gyadmnmasi h@GLE Ehemoadal vifdaural
amphi bian species highlighted a heterogene
di fferent influenceRafaegamemeammica dbovef $iectc!
model s consntdepi oagy dfi 6f eeeol uti onary histor
proxy for hi story = frequency of Al pl I ine
|l i neages) yielded similar results (Table 1)
modelasndla2za (t her edaosr er ecsopnosnisdee rvi anrgi aHb | e ) , w
significant negative efPeeopiyh@&c w2l eend diist i
l cht hyosaWywocampampedetro $a. ABdrmbirma swasdiiceagsad a

a marginally signi$fakcamancerfd evaass|l & maummairda lo 2
significant negative i nfBlomdnaoa jVReerl aokpbhayfl @awr
synkdculaenRlana dawemad ifnoaund t o haatviev ea isnifglnuiefni
at |l east two of the four model s. However,
species must be notBuWf o wWabfl®oldhd By bawmera
effect in alllcAt mpadsdusha miggpesi cast in onl
(already discussed), despite these two spc¢
occurrences, respectively).
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(1)

Model Predictor n Response Coefficient p-value t-value AIC
la Ichthyosaura alpestris 15 He -0.0260 0.0929 -1.7530 -78.6316
1b AR -0.1158 0.5697 -0.5767 45.0944
la Bufo bufo 25 He -0.0111 0.6642 -0.4398 -76.9360
1b AR -0.0142 0.9677 -0.0410 44.3429
la . He -0.0291 0.2806 -1.1050 -78.0657
Rana dalmatina 2
1b AR -0.7656 0.0383 -2.1983 40.1127
la He -0.0274 0.0897 -1.7715 -78.8292
Pelophylaxsynkl.esculentus 6
1b AR -0.4683 0.0418 -2.1554 40.8711
la Bombina variegata 5 He -0.0603 0.0108 -2.7741 -82.5529
1b AR -0.5271 0.1396 -1.5303 42.3186
la He -0.0301 0.0356 -2.2326 -80.1899
Salamandra salamandra 9
1b AR -0.4579 0.0119 -2.7312 39.5144
(2)
Model Predictor n Response Coefficient p-value t-value AIC
2a Ichthyosaura alpestris 15 He -0.0410 0.0174 -2.5639 -70.4511
2b AR -0.1828 0.3798 -0.8956 48.1427
2a Bufo bufo o5 He -0.0210 0.4897 -0.7021 -66.1854
2b AR -0.0811 0.8167 -0.2344 47.7837
2a . He -0.0611 0.0594 -1.9834 -69.5215
Rana dalmatina 2
2b AR -0.8196 0.0236  -2.4250 42.4195
2a He -0.0390 0.0476 -2.0932 -68.6735
Pelophylaxsynkl.esculentus 6
2b AR -0.5140 0.0302 -2.3103 43.8607
2a : . He -0.0654 0.0006 -3.9479 -75.6917
Bombina variegata 2
2b AR -0.4451 0.1580 -1.4593 46.7057
2a He -0.0390 0.0225 -2.4471 -69.7698
Salamandra salamandra 9
2b AR -0.4720 0.0131 -2.6903 42.6295
Tabllenfl uence of the sRagheteaempboebimadspecsisyonS
of the effect of amphi bian species were testec
autocorrelation and past evol wtoinen arey i migs tt chirey faf
of COlI lineage Al pl as proxy for past evolution.
COl lineages as proxy for past evolutionary hi st
detail s on modeolg rcahpohiicce baancdk gorhoyd nodg)e. Botmo ckexlpect €
1a, 2a) and allelic richness (AR, mo d e | 1b, 2b)
values (p < 0.05) are shown in bol d; .maNugmbnearl | vy
of occurrences of the different amphibian specie
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Ni che overlap anal ysi s: R. temporaria vs ot

The first t wo PCA -eanxw sarmalnegsiag eaex glna i PG/
20.78 % of ehtaer ommegntnall variati on, respect
| mportant explanatory variables for axis 1
rocks, followed by annual precipitation and
for axi r &ciweirteat i on, anthropized areas,
contribution of each variable -€o the two PC

The pairwise coRpmai semmparbarthiwe eort her 6
species yieldedi dhéfeventapa(Deps obéanging fr
Fi g. S1, in in Supporting I nformation). The
l cht hyosawmBubabpwhaHeena daPebhopahwyrhndadxcul ent us
anBlombi na ashowedat he | ower niche overl aps w

Niche similarity teRasashempdmédhiaimot besr
to the niches of the other 6 amphibian spec
ot i n Sdmportmarndg on). ThereRama&,t ev@gacm@a@Iyica n cC
sufficiently di fferentd ethnowitehtelrmeam@h i bs paancse
considered area, al though exhibiting a cer
(partilchltdylowawamBubbpbstois

Habitat suitability modeling and habitat su

In general, habitat suitability model s
amphi bian species showed faig prefhi 67y Veepo
AUC rangindgd.PBR2oma@erTdge AUC standard devi a
Supporti ng Blunffooabnightai ao nt) e ryiplded ther models witbowest
performanceal t hough these are the species with t|
1287, respectivel y). Ho wBwfea am@ého as ti esmpnoorta re
are the more generali st among the conside
pretdive power of the models may be the resu
of environment al conditions, t hat are not
gener al agreement t hat generalispecipalki s
(Segurado & Araugepo 28083 ; Evangelista

For the fRaah tpmpbbaribest predictor va

percent contribution was temperature, foll
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I nformati on} empexr agteunreer awa s recegwi ze®dcd masgt alr
vari abl e, being among the top 2 variabl es i
vari able response curves for temperature di
temperatureS2opitn mug@gFomgti ng I nformation). F
responseRcuremep¥loEbi aed an opposite shape, C
Bombi na ,VRelicepgayl&s cul, anas dabm&tail mamandr a
sal aman@trlmer viamp amtl &@rst wer e ant hropi zed ar eas
areasBomboma waBelkgpbyphdadxcul, erbttiesaded forests
Rana dadm@hatliannmmandr a asval amamrsdrad | i ne rock (neg
| ¢ ht h yaol spaeusrtar i s

The correlation tests betRwaenean ttehrmemar abriitaa
those of ot her amphi bian species yielded di
(Il cht hy os auBruad og lbpuesotnreigat i ve (al Indotphaen i amg hirt

Sal amandra) salbamahadataons. Al | correl&®tions
correction for spatial autocorrelation (p <
For a graphical comparison of the habitat su

S3 Siupporting I nformation.

TablTeabd e showing, for each amphibian species, t
Rana tempboget her with the degr eeR.oft enmpcohrearoivae r |

Habitat suitability ~ Niche overlap
n  Amphibian species correlation* (Dy
*(with Rana temporaria
15 Ichthyosaura alpestris 0.2235 0.5325
25  Bufo bufo 0.2118 0.3535
2 Rana dalmatina -0.1883 0.1079
6 Pelophylaxsynkl.esculentus -0.2447 0.1478
2 Bombina variegata -0.2844 0.1335
9 Salamandra salamandra -0.3502 0.2881
Al | habitat suitability corr&l acdromesctweme foirgr
autocorrelation (p < 0.05). AII niche gi minl ar it

Supporting InformRananj)empomati morei schenidfar t o t

other 6 amphibian species than expected by chanc
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Ni che overl ap, habitat suitability correl at

temporaria genetic diversity: a synthesis

Ni che similarity test s, showing ni che
Il nterspecific ®KRampetietapar atbheea wetemer consi de
speci es.

Moreover, comparing the results of niche
of GLS model s assessing the eRfamat tefmpbhar
genetic diversity (Table 1), we can note t|
over |l Rmnwi ttreMpbeht hposawamBlubh b pskbegedtm ) save | ow
or no effect on i ts tlheeh tgheynoestaisch adwavleeprassi tf nyi $l |
effect in 1/ 4 model s) . On the ot heRansai de,
dal maRéda Inapshyhdadxc u |l aenftoundd i n aa tlvaae x Righi t a mor e
negati v®aleafniaencdir.a, sahamanontdeai zed by an inte
over|l apa degptaye effect on genetic diversi
analysis might be | imited by the | ow numbe
should bécmathgd stahaanilu fad pheftddest candonmdagt e f
compet i tRarnsa wietdmesrealr ioan t he value of ni che
syntopy with the focal species in 15 and 2°
negatively affect thhan a etneemp\on@aitved ri oint,y tlhewv
should be evident i n ourd deetamet o FThepefror
i nterspecific competition in shaping the
(iAint er speci fic coompetition hypothesis

Consi degadgt hhemshabitat suitability maps,
(although | owRaocartefhpbemrnibyaws &a anBlufad pewsft o)
have | ow or no (negative) effect on its t
assumhBRgna tempwhani accurring in syntopy Wwi
from its ecological optimum and therefore
all owing the pesisteadatpioogpruso f wieidcihu i ;s st uofn |
genetic diversity due tohtdhyddawmhBuabpeatyi

are the species with the higher number of

addition, i n 9/ 26 wetland sited,outhldes e etswa
Rana ternmperarTiadl e S3 in Supporting I nfor ma
species poor commurnarty,esal | Qshhet Waethlgeaora 4n egm@m
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correlati on, exhibit a moaaée,afl raampuneamnrta, ,sead atmau
which is characterized by the highest nega
diversity of the focal species in all the 4
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most empirical studies reporting SGD€s ( Vel l
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1996), genetic variabiilni ttyh easles op oipsu |eaxtpieocntse dp ¢

the species opti mum.

By commoad$te, ot her amphi bian species present
can persist at highetcht byataphal agnrapnddsSrad i ast reé
(the only Al pine amphibian not l' i nked to wat
wetl and sites) aBdf ot(oCladod ke 8 22810.Z pBE O®aL
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seasons, results in a progriecilsi eVviyr onommen th ofs
speci es, generally Il eading to a decline in s
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ecological optimum, perowetri popat altower sders
negatively affect genetic diversity, |l eading
OQur habitat suitability model s confirm the:
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and, notably, with a response curve showing
ot her amphibians). Il n addition, ot her enviro
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Il nformati on, for a more detailed discussion
amphibian species).
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|l eading to positive correlations, coetf i r mi ng
al2016) . Under these assumptions, the sign a
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diversity), compared to the other sxpteci es i
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gradients (e.g. altitude), understanding the
genetic | evel of bi ol ogi cal pdrieceircstiitnyg ntatye pg
SGDCs. However, caution is needed, since the
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altitude on species and genetic diversity i
We must specify that our considerations ar e
i . e. geneti c udsiivnegr snietuyt rnaela shuarrekder s, t he mos
studies reporting SGDCsgepnefati omheotapudtdas
and the consequent "genomics revolution" w

effeceasl oddampt ati on on SGDCs in the near fu

To conclude, the outcome of this study p
general assumption that spevcaireys wliitvhe ras iptrye va
positive correlations (Vell end 2008pgr el l e
t heoretical model s are showing that the rel

may vary with complex dynami csneudtrriavlenf obryc
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hi ghl iaght deg vari ety of outcome, both in tei
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ri chness, t he most wi dely wused biodiversit
correlation with genetic dinetBetpremagmcean
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diversity for the persistence of species an
and politically (see Introduction). Gener al
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term conservation strategies, particularly
context dependency are common features of e
of bisadiyvedrecl ines (Wellnitz & Poffet2O8ll; B
2005; Bd ta @adli.2 ) n Nevertheless, we stress |
focusing on the different | evels ofotbiomll ygi
patterns but also the underlying processes

science must account for the dynamic nature
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Model Predictor Response Coefficient p-value t-value AlC
la o He -0.0153 0.0021  -3.4558  -82.3507
species richness
1b AR -0.1535 0.0225  -2.4460  42.2453
2a o He -0.0192 0.0004  -4.1528 -75.3648
species richness
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Tabl ei S2 of wetl and sites incl uaedsed( UThM t3h2N)s taimddy . a vGeeroaggy et prendi rec vand it ti cloo roar adli reni ae
description. For sites belonging to Natura 2000 Network, the

Code Protected area Site name Long Lat Elev Site description

Amp IT3120076 Lagod'Ampola 628257.7 5080990.1 794.9 Lake, bogs

Bon IT3120066 Palu’ di Boniprati 624240.0 50878334 1205.7 Bogs, pond

Bro local reserve Brozin 641572.6 5124276.8 998.9 Bogs, pond

CcC IT3120167 Campo Carlo Magno 641670.9 5095108.7 1648.7 Bogs, bog woodland

Ech IT3120078 Torbiera Echen 630107.3 5093903.6 12725 Bogs, dystrophic pond

Fia IT3120068 Fiave' 619430.9 5087524.0 664.9 Bogs, ponds

Ing IT3120038 Inghiaie 623260.5 5124283.9 444 .4 Lowland alluvial forest, bogs, ponds

Lag IT3120045 Lagabrun 659256.4 5149302.6 1115.4 Bogs

Lel IT3120035 Laghestel di Pine' 650390.6 51247425 876.2 Bogs, dystrophic pond

LRo local reserve Lago di Roncone 640675.9 5114260.0 861.2 Lake, riparian wetland

MBa IT3120170 Monte Barco Le Grave 617016.0 5099100.1 869.2 Mires, bogs, pond, bog woodland

Mon IT3120088 Palu' di Monte Rovere 631954.7 5114059.0 1240.2 Pond, humid grasslands

MRe IT3120067 Paludi di Malga Clevet 670173.7 5086653.0 1846.0 Bogs, bog woodland

Mug IT3120032 I Mughi 678919.9 5096375.0 1268.9 Bogs, bogwvoodland

PLa IT3120169 Torbiere del Lavaze' 669525.1 5119054.0 1802.1 Bogs

PMa IT3120021 Lago delle Buse 667537.3 5110859.9 2082.7 Alpine lake, bogs

PS2 local reserve Passo S.Pellegrino 677938.9 5091972.0 1939.8 Alpine lake, bogs

PT1 IT3120064 Torbiera del Tonale 701500.4 5107510.3 1856.3 Bogs

PTe local reserve Arboreto di Pieve Tesino 691289.8 5136694.3 833.3 Bogs, pond

PTr IT3120057 Palu' Tremole 689410.3 5116817.3 1737.6 Bogs

Ron IT3120033 Palude di Roncegno 702549.5 5104372.3 401.5 Lowland alluvial forest, pond

Ste IT3120034 Paludi di Sternigo 687578.1 5102537.0 1010.1 Lake, riparian wetland

Tov IT3120063 Lago di Tovel 685913.2 5129069.6 1210.3 Alpine lake

Val SIC IT3120177 Lago di Valagola 672052.7 5109190.5 1688.5 Alpine lake,bogs

VD1 local reserve NudoleVal Daone 714135.8 5139654.1 1651.5 Bogs

VG1 SIC IT3120175 Val Genova 674857.6 5112178.4 1053.0 Brooks, temporary ponds
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Table S3 Species diversity and composition of amphibian communities; genetic diversity and
phylogeographic history dkana temporarigpopulations.

Species diversity data: SR = species richness; ERife bufg Rt = Rana temporariaRd =Rana
dalmating Pe =Peloptylax synkl. esculentus Ss = Salamandra salamandyaBv = Bombina
variegatg la =Ichthyosaura alpestris

Genetic diversity data, microsatellite data (derived from Chapter 3 of the present thesis): N = number
of genotyped samples; AR = rarefacted alleldhniess, based on minimum sample size n = 15; He
= expected heterozygosity;

Phylogeographic history d®. temporarigoopulations, mtDNA data (derived from Chapter 2 of the
present thesis): N lin = number of detected COI lineages; Alpl = frequency of @ideAiheage

1; Alp2 = frequency of COI Alpine lineage 2; Alp4 = frequency of COI Alpine lineage 4; Note: COI
lineages are named according to Stefani et al. 2012.

Amphibian richness and Genetic dlversr_[y Phylogeographic history
community composition (ofR. temporaria (of R. temporarigpopulations)
populations)

Site |[SR|Bb Rt Rd Pe Ss la Bv| N AR He Nlin Alpl Alp2 Alp4

Amp| 2| x X 30 6.287 0.651 1 1 0 0
Bon 2] x X 24 6.486  0.654 1 1 0 0
Bro 3 x X X 21 6.059 0.612 3 0.5 0.3 0.2
CCC| 2| x x 26 5.883 0.625 1 1 0 0
Ech 4] x X X X 24 5.463 0.559 2 0.3 0.7 0
Fia 4| x X X X 31 6.321  0.650 1 1 0 0
Ing 5/ x X X X X 33 4,928  0.533 2 0.8 0.2 0
Lag 4 x X X X 29 6.289  0.603 2 0.6 0.4 0
Lel 6| X X X X X X 24 5.567 0.587 3 0.5 04 0.1
LRo 2| x x 15 5917 0.641 1 1 0 0
MBa| 7/ x X X X X X X 16 4.826 0.505 2 0.2 0.8 0
Mon 4] x X X X 24 5.583 0.555 2 0.1 0.9 0
MRe| 1 X 52 6.685 0.703 1 1 0 0
Mug 5| x x X X X 28 5.635 0.557 2 0.7 0.3 0
PLa 3] x X X 23 6.529 0.637 2 0.8 0 0.2
PMa| 3| x X X 42 6.463  0.625 2 0.7 0.3 0
PS2 3| x X X 22 5.659  0.597 3 0.5 0.1 0.4
PT1 1 X 18 5,545  0.600 1 1 0 0
PTe 3| x X X 23 5471 0.604 2 0.5 0.5 0
PTr 3| x x 20 5,731 0.610 1 1 0 0
Ron 5/ x X X X X 31 5.628 0.625 2 0.9 0.1 0
Ste 2| x x 15 6.417 0.636 3 0.6 0.1 0.3
Tov 2| x X 26 5.378 0.612 1 1 0 0
Val 2| x x 21 6.191  0.657 1 1 0 0
VD1l| 2| x X 40 6.355 0.678 1 1 0 0
VG1| 3| x X X 42 6.285 0.654 1 1 0 0
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Figure S1 Results of the PC&nv analysis, comparin
the realized ecological niche Bfana temporariaand the
other 6 amphibian speciea) Niche of R. temporaria
along the two first axes of the PCA. Grey shadi
represents the density of occurrences. The solid

dashed lines represent, respectively, 100% and 50% c
available (backgnand) environmentp) Contribution of
the eight environmental variables on the two axes of
PCA and the percentage of inertia explairfed a legend
of the different variables, see Tab.; 8%h) Niches of the
other amphibian speciesn) Observed nicheverlap D

(blue) ofR. temporariawith the other amphibian specie
o-t) Histograms showing the observed niche overlap

between the two species (bars with a diamond)

simulated niche overlaps (grey bars) on which tests
niche similarity are calcated. The significance of th
tests is shan (ns = norsignificant; P < 0.05).

See Broennimanaet al. (2012) for more detalils.
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Rana temporaria (Species 1) vs Ichthyosaura alpestris (Species 2)
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Tabl Mal34ént : training AUC, test AUC and AUC
habitat suitability models (average val ues
occurrences
Model /] Speci es n Trainin Test AUC s
Bufo bufo 454 0.771 0.74 0.03
Bombina wvar.i 130 0.909 0.87 0.014
Pel opshiwndadxc ul 71 0.944 0.91 0.02
Rana dal mati 101 0.936 0.91 0.03
Rana tempora 128 0.798 0.78 0.02
Sal amandra s 260 0.845 0.82 0.03
Il chthyosaura 231 0.823 0.79 0.014
Tabl Mas$BRetl:ati ve percentage contribution of
on the habitat suitability models of the di
2 variabl es.
Rana BombiPeIOp RanaSal amgl chty
Buf o . synk
tempo vari e dal masal ami al pes
escul
Pl NN % con % corf % con % con % corf % con % con
I yiK 1.7 7.1 16.9 46.1 14.¢§ 23.1 10
ODPT 2 2.4 5.2 5.6 0.5 27 .1 25 2.1
OdPF2 5.5 0.4 3.2 2.3 0.4 2.3 1.8
ONB & 11.3 11.9 5.3 5.3 2. 4 0.9 31.7
LINE G 7 6. 1 2.2 0.9 2.1 7.7 8.2
af2L 16.1 26.2 8.2 4 10. 6 2.6 24 . 4
GSyL 29 15.7 45.2 21.2 25.§ 34.2 3.3
gl G8 27.1 27.7 13.4 19.7 16.9 4.2 18.5
Legend of environment al vari abl es:
temp = mean annual temperature;
water = water areas (Il akes, rivers and wetl ands
sl ope = sl ope;
cryst = crystalline rock;
prec = annual precipitation;
c.for = coniferous forest;
b.for -I=i voedoaadnd mi xed forest;
anthr = anthropized areas (urban and agricul tur
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FigurMax®nt habitat suitability modeling: curves

environmental variable affects the Maxent predic
changes as each environment @ahvvaoinamehe ail s vaai abdd
average sample value (red = mean response of t he

+/fone standard deviati on)
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Rana dal mati na

Rana temporaria

Sal amandra sal amandr a

Il chthyosaura al pestris
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