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OUTLINE OF THE THESIS 

This thesis deals with studying the role of dispersal processes in shaping the geographic patterns of 

genetic and phenotypic variation in animals. To achieve this goal, we investigated the genomic and 

phenotypic consequences of the range expansion of the Tyrrhenian tree frog, Hyla sarda.  

In Chapter 1, the background, the general aims of the research and the study species are presented. 

In Chapter 2, the demographic and spatial components of the Late Pleistocene range expansion of 

H. sarda are characterised. In Chapter 3, the effects of this event on the evolution of phenotypic 

traits are investigated, characterising the spatial distribution of anti-predatory traits (background 

matching strategy) along the expansion route. In Chapter 4, the genomic basis of phenotypic 

variation in background matching strategies are explored through a genome-phenotype association 

study. In Chapter 5, the implications of the obtained results and their relevance in evolutionary 

ecology research are discussed.  
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1. INTRODUCTION 

1.1 BACKGROUND OF THE RESEARCH 

A range expansion is the colonisation of previously unoccupied geographic areas, driven by the 

dispersal of individuals from their site of origin. Examples of range expansion in recent times are 

represented by human-driven biological invasions and range shifts induced by climate changes, 

which are drastically altering the structure and functioning of ecological communities and 

threatening global biodiversity (Travis & Dytham, 2002; Ehrenfield, 2010; Lenoir et al., 2015; 

Bellard et al., 2016; Gallardo et al., 2016). However, range expansions have naturally occurred in 

the history of most species and have long been studied in the light of paleoclimatic changes during 

the Pleistocene (Hays et al., 1976; Hewitt, 1996; Hewitt, 2000, 2004a; Hastings et al., 2005; 

Hofreiter & Stewart, 2009). Regardless of the temporal context, range expansions are dispersal-

driven processes that hold a prominent role in shaping genetic diversity in natural populations 

(Taylor & Keller, 2007) as well as determining the persistence of species (Kokko & López-

Sepulcre, 2006; Clobert et al., 2012; Tesson & Edelaar, 2013; Travis et al., 2013), and they have 

long been a theme of inquiry in ecology and evolution (Ronce, 2007; Clobert et al., 2012; Kubisch 

et al., 2014; Fronhofer & Altermatt, 2015; Fronhofer et al., 2017; Ochocki & Miller, 2017; Weiss-

Lehman et al., 2017; Little et al., 2019). Several studies have stressed the importance of dispersal in 

affecting speciation (reviewed in Barton, 2001), in mitigating the effect of drift in small 

populations, in decreasing mutation load and inbreeding depression (Roze & Rousset, 2003), thus 

reducing the risk of extinction (for a review, see Tallmon et al., 2004). However, only recent 

findings on contemporary range expansions and other spatial processes (e.g., meta-populations, 

gene flow, source-sink dynamics) have revealed how dispersal contributes to determining the 

trajectory of the phenotypic evolution within species (Travis & Dytham, 2002; Clobert et al., 2012; 

Lowe & McPeek, 2014; Canestrelli et al., 2016a, 2016b; Weiss-Lehman et al., 2019).  

It is increasingly acknowledged that dispersers do not represent a random draw from a 

population (Bowler & Benton, 2005; Clobert et al., 2009; Cote et al., 2017) but consist of 

individuals bearing a combination of traits that enhances the propensity and ability to disperse 

(Travis & Dytham, 2002; Phillips et al., 2010). These traits are generally entailed in personality 

(e.g. Fraser et al., 2001; Cote et al., 2010), locomotion (Phillips et al., 2006, 2008; Louppe et al., 

2017), morphology (Forsmann et al., 2011; Hudson et al., 2016a; Clarke et al., 2019) or physiology 

(Liebl & Martin, 2012; 2013; Selechnik et al., 2017), which can interact and give rise to dispersive 

phenotypes. Dispersive phenotypes are expected to increase in frequency at the forefront of 

invasion due to spatial sorting (Simmons & Thomas, 2004; Phillips et al., 2010; Shine et al., 2011; 
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Canestrelli et al., 2016b), which is considered the spatial analogue of natural selection (Phillips & 

Perkins, 2018). As such, spatial sorting promotes the rapid directional evolution of dispersal-

favouring traits and shapes the whole phenotypic and genotypic composition of the expanding 

populations. In fact, the positive feedback acting on dispersal traits during range expansion can lead 

to the indirect selection of other traits as a result of functional links of dispersal with other life-

history traits (Clobert et al., 2009; Stevens et al., 2012; 2014; Duputié & Massol, 2013; Buoro & 

Carlson, 2014), thus inducing dispersal syndromes (Ronce & Clobert, 2012). Furthermore, a range 

expansion event is likely to influence those phenotypic traits which can be affected by the low 

demographic densities encountered during these events (i.e. density-dependent traits), such as anti-

predatory strategies and sexual secondary traits (Oro et al., 2006; Daly et al., 2012; Ryder et al., 

2012; Maeno et al.,2021), driving their evolution and structuring their biogeographic patterns. 

Although non-random range expansion processes have been reported for some invasive 

species (Ochocki & Miller, 2017; Williams & Blois, 2018), a fundamental aspect of this framework 

poses significant difficulties in the investigation of the evolutionary outcomes of these events. 

Indeed, a range expansion process has characteristics of transience (Nathan, 2001). By its nature, 

the phase of expansion is transitory, and therefore the selective advantages associated with adaptive 

traits during this phase are ephemeral (Shine et al., 2011; Cobben et al., 2015; Canestrelli et al., 

2016a, 2016b; Miller et al., 2020). At the end of this phase, when newly founded populations 

evolve towards a condition of demographic equilibrium, they could recover (phenotypic and 

genotypic) variation through a slower flow of individuals from the rear, hiding or “diluting” the 

traces of the evolutionary processes occurred during the previous phase of expansion.   
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1.2 NATURAL AND EVOLUTIONARY HISTORY OF THE TYRRHENIAN TREE FROG, 

HYLA SARDA 

Our study system is the Tyrrhenian 

tree frog, Hyla sarda (De Betta, 1857), 

a species belonging to the family 

Hylidae (Figure 1). It is a small, 

cryptic amphibian, endemic to the 

Mediterranean islands of Sardinia and 

Corsica, and the Tuscan archipelago. 

H. sarda is a temperate species and has 

a primarily aquatic habits, living close 

to lentic freshwater habitats, such as 

pools and temporary ponds (Lanza et 

al., 2007). The altitudinal range varies 

from sea level up to 1200 m (Delaugerre & Cheylan, 1992). Unlike other European tree frogs, the 

microclimatic conditions of the habitats frequented by H. sarda consent this species to remain in 

activity during the whole year, although with occasional reductions in cases of particularly severe 

temperature or humidity conditions. As other crepuscular species, its activity generally increases 

during the night (Sindaco et al., 2006). 

  There are several reasons why the choice fell on this species and why H. sarda can be 

considered a good system to study the phenotypic and genomic consequences of a range expansion. 

One of the main reasons lies in its peculiar evolutionary and demographic history (Bisconti et al., 

2011a, 2011b), which allows dealing with the transience that characterises expansion processes 

(Canestrelli et al., 2016a, 2016b; Miller et al., 2020). Indeed, H. sarda underwent a major 

northward range expansion during the Late Pleistocene, which led to the colonisation of Corsica 

from Sardinia. This was possible thanks to a wide land bridge, connecting the two islands during 

the last glaciation, due to marine regression (Bisconti et al., 2011a, 2011b). At the end of the 

glaciation, the following marine transgression separated the two islands again, isolating the newly 

established population from the source population, and thus preventing the further flow of 

individuals from the rear.  

Furthermore, there is already some evidence of a phenotypic evolution as a result of the 

expansion history of this species. Recent studies on H. sarda have highlighted a clear spatial 

structure in telomere dynamics and physiological ageing, which have been linked to the H. sarda 

Pleistocene expansion history (Liparoto et al., 2020; Canestrelli et al., 2021).   

Figure 1 The Tyrrhenian tree frog Hyla sarda 
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1.3 AIM OF THE RESEARCH 

Here we propose a multidisciplinary approach to evaluate the phenotypic and genomic 

consequences of a range expansion, thus investigating the evolutionary processes at play during 

colonisation from both a phenotypic and a genetic/genomic perspective. A phenotypic approach can 

measure the selection acting on phenotypic traits and their combinations, but it cannot reconstruct 

the historical trajectory behind their evolution. On the contrary, genomic data can provide the 

necessary resolution, trace the evolutionary path of a range expansion, and deepen our 

understanding of the causes and consequences of phenotypic variation.  

Although the previous demographic reconstructions showed a glacial expansion event for H. 

sarda (Bisconti et al., 2011a), the significantly different climatic conditions in the southern and 

northern portions of the distribution range of this species during the last glaciation (Kuhlemann et 

al., 2008; Hughes & Woodward, 2017; Pascucci et al., 2014) are likely to have affected its 

demographic history differently in respect of geographic areas. Clarifying this dynamic is important 

for the study of the evolutionary processes that occurred during a dispersal-driven process and 

useful for targeted sampling procedures for phenotypes collection. For this reason, in this research, 

we first used genetic data to reconstruct the Late Pleistocene range expansion of the Tyrrhenian tree 

frog (Hyla sarda), inferring the source, route, and timing of the colonisation with a higher 

resolution than previous investigations (Bisconti et al., 2011a, 2011b).  

Then, we explore the phenotypic consequences of a range expansion event, characterising the 

spatial structure of phenotypic variation along the colonization route of this species. As complex 

phenotypic traits, we considered anti-predatory strategies. One of the risks a population must face 

when moving to a new geographic area is to encounter different and unknown predators as well as 

new abiotic conditions (Lodge, 1993; Schoener & Spiller, 1995; Brown et al., 2013). Furthermore, 

being density-dependent, anti-predatory strategies are affected by the low demographic densities 

characterising the wave-front populations (Phillips, 2010), which are likely more vulnerable to 

predation. Accordingly, anti-predatory traits provide a great opportunity to investigate phenotypic 

evolution during a range expansion event. In particular, we focused on animal camouflage, a 

strategy long used to illustrate the power of natural selection (Cuthill, 2019).  We hypothesise that 

variation in camouflage strategy reflects variation in the capacity to cope with the new 

environmental and demographic conditions encountered during a range expansion. If this is true, we 

might find a spatial structure in camouflage strategies between populations along the colonization 

route, supporting the role of historical range expansion event in determining the distribution of 

phenotypic variation. 
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Finally, genomic and transcriptomic data were obtained through RAD-sequencing (Miller et al., 

2007) with the purpose to link the variation observed in the camouflage strategies with 

polymorphisms in genomic regions. RAD-sequencing has transformed ecological and evolutionary 

studies of non-model organisms (Margulies et al., 2005; Mardis, 2008; Ekblom & Galindo, 2011; 

Ellegren, 2014; Alvarez et al., 2015; Shafer et al., 2015) and have brought important advances in 

the identification of the genetic loci responsible for adaptive evolution (Stinchcombe & Hoekstra, 

2008; Ungerer, 2008; Dalziel et al., 2009) and in disentangling the evolutionary and demographic 

history of natural populations (Shafer et al., 2015). In this research, genomic data are used to 

investigate the genomic structure of the Tyrrhenian tree frog populations, expecting a greater 

resolution and more information than previous investigations. We search for signatures of natural 

selection across the genome of H. sarda, and explore the genomic basis of background matching, 

acknowledged as the most widespread camouflage strategy (Merilaita & Stevens, 2011). This 

strategy consists of physiological and behavioural components (Stevens & Ruxton, 2019), which 

are used in combination by cryptic animals to improve the concealment from predators (Garcia & 

Sih, 2003; Ryer et al., 2008; Tyrie, Hanlon, Siemann, & Uyarra, 2015; Polo- Cavia & Gomez-

Mestre, 2017; Smithers et al., 2018; Stevens & Ruxton, 2018). However, the molecular interplay 

between physiological and behavioural strategies of background matching remains almost 

unexplored. For this reason, we test for genetic correlations between the two strategies, evaluating 

whether variation of this phenotypic trait owes to genetic variants. 
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2. PASO DOBLE: A TWO-STEP LATE PLEISTOCENE RANGE 

EXPANSION IN THE TYRRHENIAN TREE FROG HYLA SARDA  

Authors: Spadavecchia G., Chiocchio A., Bisconti R. & Canestrelli D. 

Published in Gene, 780 (2021) 145489. DOI: /10.1016/j.gene.2021.145489 

 2.1 Abstract 

The Tyrrhenian tree frog, Hyla sarda, is an amphibian endemic to the Tyrrhenian islands (Western 

Mediterranean). Previous investigations of its Pleistocene evolutionary history suggested that it 

colonised the northern portion of its current range, through a spatial diffusion process from the 

Sardinia island, during the last glaciation. However, southern and northern portions of the species’ 

range experienced markedly different climatic conditions during the Late Pleistocene, suggesting 

the possibility of an unusual two-step process of demographic expansion. Here, we use Bayesian 

phylogeographic approaches to locate the ancestral area in Sardinia and to characterise better the 

demographic component of this expansion event. These analyses located the ancestral area for H. 

sarda populations along the central-eastern coast of the Sardinia island, within an area previously 

shown to host suitable bioclimatic conditions for H. sarda populations throughout the Late 

Pleistocene. Historical demographic reconstructions clearly showed that a two-step process of 

demographic growth fits well the data, with northern populations expanding later than Sardinia 

populations. The harsher climatic conditions occurred in northern islands during the glacial epoch, 

as compared to Sardinia, likely delayed tree frog colonisation of northern territories, and the 

associated demographic growth. 

Keywords:  Bayesian phylogeography, Historical demography, Two-epoch model, Hyla sarda, 

Tyrrhenian islands   
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2.2 Introduction 

Species showing unusual phylogeographic patterns might provide unique opportunities to explore 

the role of a wide range of ecological and evolutionary processes in shaping spatial patterns of 

biological diversity. However, to fully exploit these opportunities, we need a thorough 

understanding of the underlying demographic histories (e.g. Barbosa et al., 2017; Canestrelli et al., 

2010). During the past four decades, phylogeographic investigations of temperate species in the 

Western Palearctic have documented widespread demographic and range contractions during glacial 

epochs, followed by expansions during subsequent interglacials (Hewitt, 2000; 2004a; 2004b; 

2011a; Taberlet et al., 1998). Although shared among a wide range of organisms, from all sub-

regions of the Western Palearctic and beyond (Hewitt, 2011b), this general scenario is not devoid of 

exceptions. One of these remarkable exceptions is represented by instances of glacial demographic 

and range expansion for temperate species, a reverse expansion–contraction scenario initially 

proposed for the Tyrrhenian tree frog, Hyla sarda (Bisconti et al., 2011a; 2011b), and recently used 

to explain phylogeographic patterns in other organisms (e.g. Porretta et al., 2012; Senczuk et al., 

2019). 

The Tyrrhenian tree frog is a small, cryptically coloured amphibian, endemic to the Western 

Mediterranean islands of Sardinia and Corsica, and the Tuscan archipelago. It is a temperate 

species, widespread from the sea level up to 1200 m a.s.l., although it is markedly more abundant 

along the coastal areas (Lanza et al., 2007). H. sarda has primarily aquatic habits, living close to 

lentic freshwater habitats, such as pools and temporary ponds. Previous studies of its Pleistocene 

evolutionary history (Bisconti et al., 2011a; 2011b) showed that, contrary to what has been found in 

most temperate species studied to date, including amphibians (Zeisset & Beebee, 2008), this tree 

frog likely initiated a phase of major demographic expansion in the middle of the last glaciation. 

This event, likely promoted by a glaciation-induced increase in lowland areas during the marine 

regression, also allowed H. sarda to colonise the northern island of Corsica and the Tuscan 

archipelago, from an ancestral area in Sardinia, taking advantage of a wide and persistent land 

bridge connecting the Sardinia to Corsica throughout the glacial epoch (Bisconti et al., 2011a; 

2011b).  

Two main points left open by previous studies were: i) the geographic location of the 

ancestral area in northern Sardinia, and ii) the timing of the northward range expansion into Corsica 

and the Tuscan archipelago. In fact, quantitative analyses were not conducted to attempt locating 

the ancestral area. Most importantly, while the historical demographic reconstruction clearly 

showed a full-glacial development of the expansion event (Bisconti et al., 2011a), paleoclimatic 

reconstructions for the Western Mediterranean indicated substantially harsher climatic conditions in 
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central and northern Corsica than in Sardinia, during the last glaciation (Kuhlemann et al., 2008; 

Hughes and Woodward, 2017; Pascucci et al., 2014). In turn, this paleoclimatic reconstruction for 

the last glaciation suggests an intriguing scenario, whereby tree frog population expansion in 

Corsica and the Tuscan archipelago might have been delayed, as compared to Sardinia populations, 

leading to a two-step expansion process. A first step, promoted by the glaciation-induced widening 

of coastal areas in Sardinia (as suggested by Bisconti et al., 2011a), would have been followed by a 

second step leading tree frog populations to complete the northward colonisation, following post-

glacial climatic amelioration in northern areas.  

Here, we explore this (revised) phylogeographic scenario, through a Bayesian phylogeographic 

analysis, coupled with new historical demographic assessments. We carried out the demographic 

component of the analysis separately for the source (northern Sardinia) and the recolonised (Corsica 

and the Tuscan archipelago) populations, with the following rationale. Although they belong to the 

same phylogeographic lineage (Bisconti et al., 2011a), their demographic history might have been 

differently shaped by the recent paleoclimatic changes of the respective geographic ranges. If this 

was the case, their demographic reconstructions would differ accordingly. Instead, in case they 

actually behaved as a single demographic unit in response to such changes (following Bisconti et 

al., 2011a), the respective demographic trends would be broadly similar, as they would represent 

two independent samples of the same demographic unit.   
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 2.3 Materials and methods  

We collected tissue samples from 81 individuals of H. sarda. Tree frogs were sampled by toe-

clipping after anaesthetization in a 0.1% solution of MS222 (3-aminobenzoic acid ethyl ester) and 

then released at the respective collection site, while tissue samples were stored in 95% alcohol. 

Sampling and experimental procedures were approved by the Italian Ministry of Environment 

‘MATTM’ (protocol #8275), and Prefecture of Corsica (#2A20180206002 and #2B20180206001). 

Samples collected for the present study were complemented with data from northern Sardinia, 

Corsica and the Tuscan archipelago, collected by previous studies (Bisconti et al., 2011a), allowing 

an overall sample size of 171 individuals from 18 sampling locations (Table 1, Fig. 1A, and Table 

S1). Instead, data from central and southern Sardinia from the previous studies were not considered 

here, as these areas were shown to be populated by distinct mitochondrial sub-lineages (Bisconti et 

al., 2011a). 

Following a step of tissue fragmentation and digestion with proteinase K, total DNA was 

extracted using the standard phenol–chloroform method (Sambrook et al., 1989). Two 

mitochondrial gene fragments were amplified by polymerase chain reactions (PCRs): cytochrome b 

(cytb) and NADH dehydrogenase subunit 1 (ND1). Primers used and PCR cycling conditions were 

the same described in Bisconti et al. (2011a). All sequencing procedures were performed by 

Macrogen Inc. (www.macrogen.com). The multi-purpose sequence analysis suite GeneStudio 

(available at www.genestudio.com) was used to check the electropherograms by eye, and to 

generate multiple sequence alignments. All sequences obtained were deposited in the GenBank 

database (Table S1). For all downstream analyses, the two gene fragments were concatenated using 

DnaSp 6.11.01 (Rozas et al., 2017). The models of nucleotide substitution that best fit the data 

(HKY for both CytB and ND1) were identified by means of PartitionFinder 2.1.1 (Lanfear et al., 

2016) using the Bayesian information criterion (Schwarz, 1987). 

The geographic location of the ancestral area for the inferred northward expansion process 

(Bisconti et al., 2011a), was investigated by estimating a Bayesian phylogeographic diffusion model 

in continuous space (BP), as implemented in Beast 1.10.4 (Suchard et al., 2018). The analysis was 

run using clock models and substitution models unlinked across all partitions. A Bayesian skyline 

was used as coalescent prior, and the strict molecular clock was enforced, as it is generally a good 

approximation for analyses at the intrapopulation level (Yang, 2006) and because, by simplifying 

the coalescent model, it helps analyses to converge. The substitution rate was fixed to 1.37 × 10-8, 

i.e. the rate estimated for the same genes in H. sarda by Bisconti et al. (2011a). This rate was 

estimated by calibrating the molecular clock using the end of the Messinian salinity crisis (5.33 

Myr) as the event prompting the divergence between H. sarda and H. arborea (Bisconti et al., 
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2011a). After some exploratory runs, the final analyses were run for 100 million generations, 

sampled every 1000th generation, using a relaxed random walk diffusion model (RRWs) with 

Cauchy distribution (Lemey et al., 2009). Convergence among runs, effective sample size (ESS) 

values, and the appropriate burn-in were evaluated using the software Tracer 1.7.1 (Rambaut et al., 

2018). Finally, we visualised the ancestral area, and its changes through time, using the Time Slicer 

function implemented in Spread 1.0.7 (Bielejec et al., 2011), which estimate Highest Posterior 

Density (HPD) regions for the parameter of interest, based on the full tree forest. 

Historical demographic trends were estimated through the Bayesian skyline plot (BSP) model 

implemented in Beast. These analyses were performed using the same settings as above, ten 

piecewise constant intervals, and a uniform prior distribution for the population size parameter. 

Since preliminary BSP analyses suggested demographic growth following a phase of constant 

population size, for both Sardinia and Corsica populations, we estimated the transition time between 

these two demographic ‘epochs’ (i.e. an epoch of constant population size followed by an epoch of 

population growth) by means of a Two-Epoch analysis in Beast (Shapiro et al., 2004; Crandall et 

al., 2012). For this analysis, custom .xml files were prepared following suggestions provided by 

Crandall et al. (2012) (deposited in Mendeley Data doi: 10.17632/t8j7mbhnb3.1). Preliminary 

analyses were run using both an exponential and a logistic model population growth. Estimates of 

the transition time did not differ appreciably with the two models. However, the logistic model 

yielded comparatively inferior performance statistics and is not reported here (available upon 

request). These analyses were run for 100 million generations, sampled every 1000th generation. 

Finally, the Two-Epoch model was compared with a model of constant population size through 

time. The latter model was run by setting the same parameters as in the Two-Epoch model, except 

for the tree prior, which was set to constant size. Marginal likelihood values of the Two-epoch and 

the constant population size models were estimated by means of path sampling (PS; Lartillot and 

Philippe, 2006) and stepping-stone sampling (SS; Xie et al., 2011) in Beast 1.10.4. A Bayes factor 

analysis was used to compare the models. All the analyses with Beast were run in triplicate, 

convergence among runs was checked in Tracer 1.10.4, and the three runs were then combined 

using LogCombiner 1.10.4.   
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 2.4 Results  

We obtained concatenated sequences 1226 bp long for all the individuals analysed, leading to a 

final alignment including 171 individuals (81 from this study, 90 from Bisconti et al., 2011a). 

Sequences represented uninterrupted open reading frames, with no gaps or premature stop codons, 

indicating they are functional mitochondrial DNA copies. All the analyses carried out with BEAST 

converged to a stationary distribution, with high effective sample size values (>200) for all the 

parameters of interest.  

The Bayesian phylogeographic analysis identified the ancestral area of H. sarda populations 

along a small stretch of the middle eastern coastal region in Sardinia (Fig. 1B). According to this 

analysis, the species remained in this area until the last glacial epoch, when it started spreading in 

Sardinia and then to the north, toward the Corsica island and the Tuscan archipelago (see Video 

S1).  

The historical demographic reconstructions carried out by means of Bayesian skyline plot 

analyses are shown in Fig. 2A. Both for populations in Sardinia and for populations in Corsica and 

the Tuscan Archipelago, these analyses identified an initial phase of demographic stasis, followed 

by marked population growth. However, the timeline of the inferred demographic trends was 

markedly different. In Sardinia, the time of the most recent common ancestor (TMRCA) was dated 

at 129 thousand years ago (kya; 95%HPD: 71 – 216 kya), whereas the transition time between the 

two demographic epochs (i.e. constant vs growth; see Fig. 2B) was estimated to have occurred 58 

kya (95%HPD: 40 – 79 kya). Instead, in Corsica and the Tuscan Archipelago, the TMRCA was 

estimated at 59 kya (95%HPD: 24 – 119 kya), while the transition time to the expansion epoch was 

dated at 34 kya (95%HPD: 3 – 63 kya). The inspection of PS and SS marginal likelihood estimators 

strongly supported the Two-epoch over the constant population size model for either the Sardinia 

and the Corsica populations (both log BF > 5, see Table S2).   
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2.5 Discussion 

The previous phylogeographic investigation suggested that glaciation-induced widening of coastal 

plains might have promoted a demographic and range expansion of the Tyrrhenian tree frog, during 

the last glaciation (Bisconti et al., 2011a). On the other hand, fine-scale paleoenvironmental 

reconstructions for the Late Pleistocene of the Tyrrhenian islands, support this scenario for the 

Sardinia island, but not for Corsica and the other northern islands. Here, the glacial climate was 

harsher and coastal widening was limited, compared to Sardinia (Thiede, 1978; Kuhlemann et al., 

2005; 2008; Forzoni et al., 2015). Our Bayesian analyses of the recent evolutionary history of H. 

sarda populations allowed us to reconcile these phylogeographic and paleoenvironmental 

perspectives and suggests an intriguing new scenario for the persistence of temperate species in the 

Mediterranean region, over glacial-interglacial cycles. 

  Our results support previous inference suggesting that H. sarda (re) colonised its entire 

range during a Late Pleistocene expansion. However, they also suggest that this major expansion 

phase did not occur as a single demographic event, but most probably through two sequential – 

albeit tightly linked - expansion steps. The first step allowed H. sarda to (re) colonise the rest of the 

Sardinia island during the last glaciation, and to expand into the extensive coastal plain opened by 

the glaciation-induced sea-level drop north of this island. The second step, which maximum, 

allowed the species to expand northward from northern Sardinia, and to colonise the entire island of 

Corsica and the Tuscan archipelago.  

The source area of the Late Pleistocene expansion of H. sarda populations was identified in 

a narrow coastal region in north-east Sardinia (Fig. 1B). During the last glaciation, the widening of 

the coastal lowland adjoining this area was conspicuous (see Fig. 1B), and it progressively gained a 

direct connection with the vast lowland which gradually connected northern Sardinia with southern 

Corsica. Likewise, previously estimated species distribution models (Bisconti et al., 2011a) 

indicated high bioclimatic suitability of this area for H. sarda, under both current and glacial 

bioclimatic scenarios. Hence, phylogeographic and paleoclimatic data converge in identifying this 

area as a suitable candidate ancestral area, and source area for the subsequent demographic 

expansion.  

In line with previous historical demographic reconstructions carried out at the level of the 

entire species’ range (Bisconti et al., 2011a), our Bayesian skyline plot analysis of Sardinian 

populations suggested that the expansion event initiated in the middle of the Late Pleistocene (58 

kya). To some extent, this time estimate might be an overestimate, owing to the time-dependency of 

the molecular clock (Ho et al., 2015), and the application of a molecular clock rate calibrated using 

the Messinian salinity crisis (i.e. 5.3 million years ago). Yet, it is worth noting that the relative 



17 
 

timing of the two expansion events would not be affected by using a different substitution rate. This 

time estimate matches considerably well with a phase of major sea-level drop (occurring about 65 

kya; Spratt & Lisiecki, 2016), and a consequent widening of coastal habitats. Most importantly, 

however, the estimated region of 95% highest posterior probability density for this event (40 – 79 

kya), rule out the possibility of a post-glacial, or even a late-glacial, initiation of the demographic 

expansion in Sardinia. Thus, phylogeographic and paleoclimatic data converge in identifying the 

middle of the Late Pleistocene as the most likely time-frame for the expansion event in Sardinia.  

In Corsica and the Tuscan archipelago, however, the expansion event occurred later. For 

these populations, the inferred TMRCA is significantly more recent than for Sardinian populations, 

and closely matches the transition time between the two demographic epochs in Sardinia (median 

estimates: 59 vs 58 kya, respectively). Importantly, although surrounded by a non-negligible 

uncertainty (95%HPD: 24 – 119 kya), this event appears unlikely to have followed the last glacial 

maximum (LGM; ~23 kya; Kuhlemann et al., 2008). Instead, the same cannot be said for the 

expansion event. Since the TMRCA, a phase of demographic stability lasting about 25 kya preceded 

the demographic expansion. Although the median estimate for the transition time between these two 

epochs (34 kya) precedes the LGM, the 95% highest posterior density region for this event (3 – 63 

kya; see also Fig. 2B) largely incorporates the LGM and subsequent post-glacial times. Moreover, 

since this is the most recent event inferred from our data, we can expect it to be most affected by the 

time-dependency of the molecular clock, and the consequent inflation of recent time estimates (see 

Membrebe et al., 2019 for an estimate of the effect size in a case where both root calibration and 

dated tips were available). Lastly, when also considering the particularly harsh climate at the LGM 

in Corsica, due to polar air incursions (Kuhlemann et al., 2008), and the abrupt transition to post-

glacial environmental conditions in this area (Kuhlemann et al., 2005; 2008; Forzoni et al., 2015), a 

scenario considering a peri-glacial initiation and post-glacial development of the range expansion in 

Corsica appears the most plausible for a thermophilic species, as is H. sarda.  

Finally, our results emphasize the importance of using distinct sets of demographic and 

spatial diffusion analyses to analyze distinct population sets, particularly when they are suspected to 

have experienced different trends of environmental change through time (see also Yeoh et al., 

2013).   



18 
 

2.6 Conclusions  

Our study allowed to improve previous estimates of the evolutionary history of the Tyrrhenian tree 

frog H. sarda, by 1) locating the source area of its major range expansion in the Late Pleistocene, 

and 2) identifying a previously undetected component of the associated demographic trends. On the 

one hand, the inferred two-step expansion model is unprecedented for temperate species in the 

Mediterranean region and will deserve further evaluation in other temperate species. These studies 

should be focused on species both from insular geographic settings and from mainland areas close 

to coastal regions which have been particularly affected by glacial widenings of lowland habitats 

(e.g. the Adriatic Sea, central Mediterranean). On the other hand, by providing unusual resolution to 

the temporal and geographic components of its recent evolutionary history, our results place H. 

sarda in an excellent position to become a prominent case for the study of the genomic and 

phenotypic legacy of Late Pleistocene range dynamics of island species.  

  Finally, although previous studies showed no significant discrepancy between nuclear and 

mtDNA data (Bisconti et al., 2011a), results from the present study should be confirmed with in-

depth analyses of the nuclear genome. Whole-genome sequencing will be useful to precisely 

calibrate the molecular clock, to confirm the demographic dynamics that emerged in the present 

study, and to investigate the evolutionary implications of these dynamics. 
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 2.7 Tables and Figures 

 Table 1. Sampling location and sample size (n) for the 18 populations of Hyla sarda analysed for 

the present study. 

  

Island              Locations n Latitude N Longitude E 

Sardinia 1  Monteferro  14 40°12' 08°35' 

 2    Asinara 2 41°03' 08°14' 

 3  Cala Ginepro 8 40°26′ 09°47′ 

 4   Siniscola 25 40°34' 09°46' 

 5 Posada 6 40°38' 09°45' 

 6   Vallicciola 5 40°51' 09°09' 

 7  Luogosanto  9 41°03' 09°12' 

 8  Stazzo 

Pulcheddu 

6 41°09′ 09°21′ 

 9  Porto Pollo 9 41°11′ 09°19′ 

Corsica 10 Etang de 

Canettu 

6 41°25' 09°13' 

 11 T10 10 41°26' 09°12' 

 12  L’Ospedale 12 41°39' 09°11 ' 

 13  Aleria 11 42°06' 09°31' 

 14  Curzo  9 42°19' 08°40' 

 15  San Giuliano 7 42°16' 09°31' 

 16  Biguglia 3 42°38' 09°26' 

Capraia 17 Capraia 5 43°02' 09°50' 

Elba 18  Elba 25 42°47' 10°15' 
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Fig. 1.  A) Study area and geographic location of the 18 sampled populations of H. sarda. The 

dashed line shows the approximate location of the coastline during the last glacial maximum 

(Thiede, 1978). B) Highest posterior density (HPD) regions of the ancestral area of H. sarda, based 

on a Bayesian phylogeographical analysis carried out in Beast. 
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Fig. 2. Historical demographic reconstructions for the Sardinian populations (purple), and the 

Corsica and Tuscan archipelago populations (green). A) Bayesian skyline plots showing the 

effective population size change through time. Median estimates and 95% highest posterior density 

regions are shown (continuous line and shaded areas, respectively). B) Marginal posterior 

probability distributions for the transition time to exponential growth from the two-epoch models. 
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3. SPATIAL DIFFERENTIATION OF BACKGROUND MATCHING 

STRATEGIES ALONG A LATE PLEISTOCENE RANGE EXPANSION 

ROUTE 

Authors: Spadavecchia G., Chiocchio A., Costantini D., Liparoto A., Bisconti R. &Canestrelli D. 

Submitted for publication in Evolution 

3.1 Abstract 

Late Pleistocene climate changes have deeply impacted the range dynamics of temperate species. 

While the genetic legacy of these dynamics has been widely investigated, little is known about their 

phenotypic consequences. Anti-predatory strategies offer intriguing opportunities to study 

phenotypic evolution in response to dispersal dynamics since the ability to avoid predation can be 

pivotal for populations colonizing new environments. Here we investigated the spatial 

differentiation of background colour matching strategies along a Late Pleistocene range expansion 

route of a temperate species, the Tyrrhenian tree frog Hyla sarda. Using common-garden 

experiments, we investigated whether individuals sampled in the source area (Sardinia) and 

individuals sampled in the newly founded area (Corsica) differ in two components of the 

camouflage strategy: colour change abilities and background choice behaviour. We found a 

remarkable spatial structure in both colour change abilities and background choice behaviour, 

across the expansion range. Tree frogs from the source area displayed higher colour change abilities 

and a more pronounced preference for a greener background, with respect to tree frogs from the 

newly colonized area. We discuss these results in the context of the spatial and demographic 

components of the expansion dynamics. Our results support the intriguing hypothesis that Late 

Pleistocene biogeographic history might be an overlooked major player in shaping current spatial 

patterns of phenotypic traits variation across animal populations. 

Keywords: Animal camouflage, Phenotypic evolution, Quaternary range expansion, island 

biogeography, Hyla sarda  
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3.2 Introduction 

Multiple evidence from biogeographic and eco-evolutionary research documented that virtually all 

species responded to Pleistocene climatic changes with marked oscillations of their geographic 

distribution (Taberlet et al., 1998; Hewitt, 2004a; Schmitt, 2007; Fløjgaard et al., 2009; Hofreiter & 

Stewart, 2009). During periods of unsuitable climatic conditions, species’ ranges contracted into 

climatic refugia, whereas range expansions followed the re-establishment of suitable conditions 

(Hewitt, 1996; 2000; 2011a; Weiss & Ferrand, 2007).  The legacies of range dynamics on species 

genetic structures have been widely investigated during the last decades (Hewitt, 2000; Avise, 

2009; Hewitt, 2011b; Lucati et al., 2020; Chiocchio et al., 2021), whereas evidence on their role in 

moulding intra-specific phenotypic variation is scarce. Yet, phenotypic traits are likely to vary in 

response to dispersal processes, especially during range expansions (Canestrelli et al., 2016a). 

Indeed, expanding populations experience different selection regimes along the expansion route, 

and substantial changes in their phenotypic makeup can occur by spatial sorting of traits implicated 

in density-dependent processes, such as dispersal-related traits, traits involved in sexual selection 

(including behavioural traits), and anti-predatory strategies (Cobben et al., 2015; Canestrelli et al., 

2016b; Szűcs et al., 2017; Miller et al., 2020).  

  Background matching is an anti-predatory strategy consisting of body colours or patterns 

that resemble those in the surrounding environment, decreasing the probability of being detected by 

predators (Merilaita & Stevens, 2011; Merilaita et al., 2017; Ruxton, 2019). In many instances, 

background matching strategies have a clear behavioural component, since animals actively seek an 

appropriate background resembling their body colouration (Kjernsmo et al., 2012; Marshall et al., 

2016; Stevens et al., 2017; Stevens & Ruxton. 2019). Alternatively, chromatic resemblance to 

specific substrates can be achieved through physiologically mediated colour change abilities 

(Duarte et al., 2017; Stevens, 2016; Sköld et al., 2013; Stuart-Fox & Moussali, 2011). Background 

choice and colour change are often combined, especially in animals with limited body pattern 

repertoire or low colour change abilities (Tyrie et al., 2015, Smithers et al., 2018; Stevens & 

Ruxton, 2019; Eacock et al., 2019; Green et al., 2019). Being parts of an anti-predatory strategy, 

components of background matching are density-dependent, and are expected to evolve in response 

to variations of the demographic context, as during range expansions (McNamara & Houston, 1987; 

Brown & Kotler, 2004; Tollrian, 2015).  Thus, analysing spatial patterns of inter-individual 

variation in background matching strategies within a well-characterized phylogeographic 

framework, might provide insights into the phenotypic consequences of past range dynamics.  

  In this study, we explore the effects of Pleistocene range dynamics on the evolution of anti-

predatory traits, focusing on the tree frog Hyla sarda, an amphibian species using background 
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matching to avoid predation. H. sarda is a tree frog endemic to the Tyrrhenian Islands (Western 

Mediterranean), whose evolutionary history was characterised by a major northward range 

expansion during the last glacial phase (Bisconti et al., 2011a, b; Spadavecchia et al., 2021). This 

tree frog colonised the northern portion of its current range (Corsica island and the Tuscan 

archipelago) from an ancestral area located along the central-eastern coast of Sardinia, taking 

advantage of a temporary land-bridge connection between Corsica and Sardinia (Spadavecchia et 

al., 2021). However, this land bridge was lost during the postglacial sea-level rise, preventing 

subsequent gene exchange between the source (Sardinian) and the newly colonised (Corsican) 

populations (Spadavecchia et al., 2021).  

Here, we investigate whether Sardinian and Corsican populations of H. sarda differ in 

phenotypic traits linked to anti-predatory strategies. Specifically, we used common garden 

experiments to assess differences in the preference for alternative backgrounds (behavioural traits) 

and in the ability to change dorsal colour (physiological traits) among H. sarda populations.   
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3.3 Material and Methods 

Ethical note 

Sampling procedures were performed under the approval of the Institute for Environmental 

Protection and Research ‘ISPRA’ (protocol # 5944), Ministry of Environment ‘MATTM’ (protocol 

#8275), Regione Sardegna (#12144) and Corsica (#2A20180206002 and #2B20180206001). 

Permission to temporarily house amphibians was granted by the Local Health and Veterinary 

Centre, with license code 050VT427. All handling procedures outlined in the present study were 

approved by the Ethical Committee of the University of Tuscia for the use of live animals (D.R. n. 

677/16 and D.R.644/17). All animals were released in the original sampling locations at the end of 

the experimentation. 

Sampling and housing 

A total of 154 individuals were collected from 4 geographic areas, arranged along the inferred Late 

Pleistocene range expansion route of H. sarda (Spadavecchia et al., 2021; see Figure 1 and Table 

S1). Previous analyses of the bioclimatic niche of H. sarda carried out under both current and 

periglacial bioclimatic conditions, suggested spatially and temporally homogeneous habitat 

suitability models along the eastern coast (Bisconti et al., 2011b). Accordingly, to minimise this 

potential source of variation in our data (e.g. Stegen et al., 2004; Skold et al., 2013), all the 

individuals analysed were collected in strictly coastal sites (<10m above sea level; within 1 km 

from the coastline). 

Individuals of H. sarda were transported to the laboratory within three days and then kept 

individually within cages (25 cm × 25 cm × 25 cm). All the tree frogs were provided with a water 

tank and an oak wood as shelter, and were placed in a temperature-controlled room set to 24/25°C 

(monitored using a Hobo MX2201 temperature data-logger), 60%-80% of humidity, and natural 

photoperiod (Staniszewski, 1995). Individuals were fed ad libitum with crickets (Acheta 

domestica). Before starting the tests, the animals were left undisturbed for two weeks except for 

routine feeding and cleaning duties. We also ascertained that individuals followed the normal day-

night activity rhythms (higher activity at night-time); observations also included reactivity to food 

and calling activity at night. No adverse effects on the overall health of tree frogs or behavioural 

anomalies were observed during the experimental procedures.  

For the assessment of individual differences in background matching strategies, two tests 

were performed: a colour change experiment to measure individual ability to change colour 

(physiological trait), and a background choice experiment, to assess individual preference for 

alternative backgrounds (behavioural trait). 
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Colour change experiments 

To test individual abilities to change colour according to the background, each tree frog was 

exposed to two colour treatments, mimicking two extremes of the colour range encountered by tree 

frogs in their natural environment:  1) a brown treatment, and 2) a green treatment. Brown and 

green environments were obtained by positioning equally shaped brown and green plants, 

respectively, in the home cage (Réale et al., 2007). The acclimation period was spent in a colour-

mixed environment, obtained by positioning an equal proportion of brown and green plants. During 

the first treatment, each tree frog was exposed to a brown environment, and the dorsal colouration 

of each individual was characterised; during the second treatment, tree frogs were exposed to a 

green environment, and dorsal colouration was characterised as well; finally, individual ability to 

change colour was quantified as the difference in colouration obtained after changing exposure 

from brown to the green background.  Experiments were conducted inside the housing room, with a 

stable temperature to ensure that ambient temperature did not influence individual colour - since 

amphibians can change colour also for thermoregulation (Sköld et al., 2013). The exposure to each 

chromatic substrate lasted five days. After the exposure, the dorsal colouration of each individual 

was quantified using digital photography, a non-invasive method that prevents rapid colour change 

due to stress or handling (King et al.,1994, Sköld et al., 2013), and allows to post-process RAW 

format photographs (Stevens et al., 2007). To standardise image parameter quantification, 

individuals were positioned in a clear Petri dish fixed at 35 cm from the camera, close to a 

Datacolor SpyderChecker 24, for colour calibration, and were photographed using a Panasonic 

LUMIX (DMC-FZ300) digital camera.  

Digital image analysis was performed using the plug-in Multispectral Image Calibration and 

Analysis Toolbox (Troscianko & Stevens, 2015) in IMAGEJ software (Schneider, 2012). For each 

photograph, we used white and black standards of known reflectance, respectively 90% and 4%, for 

normalisation. The normalisation of digital images is a procedure required to account for 

differences in illumination between photographs, and it is achieved by scaling each colour channel 

to a uniform reflectance level (Troscianko & Stevens., 2015). We sampled colour from the whole 

dorsum of each tree frog, by selecting a single region of interest (ROI), avoiding wrinkles and 

shadows, and measuring RGB (Süsstrunk et al., 1990; Hirsch, 2005) values of the ROI. As a 

measure of colour, we estimated the greenness (Eacock et al., 2017, 2019), calculated as the ratio 

between the cone catch values of the mediumwave and longwave photoreceptors [MW/(MW C 

LW)], which represent opponent mechanisms, following Arenas & Stevens (2017). From the RGB 

values, greenness was measured as G/(G+R)*100. Finally, individual ability to change colour was 
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quantified as the difference in greenness values obtained after exposure to green and to brown 

background (hereafter Δ-greenness). 

Background choice experiment 

Background choice and chromatic preferences were assessed by testing spontaneous behaviour. The 

experiment was carried out in the home cage (Réale et al., 2007), where individuals were provided 

with brown shelters and green plants. A visual scan sampling was conducted six times daily (9:00, 

12:00, 15:00, 18:00, 21:00, 24:00) for one minute, for two days. The scan sampling covered the 

whole day because individual activity usually increases in tree frogs during the night. We estimated 

the percent time of inactivity (any discrete inactivity event longer than 3s measured as the 

proportion on total scans number) and the percent time of inactivity on green (hereafter percent time 

spent on a green substrate), defined as any discrete inactivity events on a green substrate longer than 

3 s and measured as the proportion on the total number of inactivity events. 

Statistical analysis 

Generalised linear models were carried out to assess the contribution of population geographic 

structure in explaining the observed variance in greenness values, in both brown and green 

environments, and in Δ-greenness. In each model, island (Sardinia vs Corsica) was included as 

fixed factor, and greenness as dependent variable. The analysis was run using the glm function in R 

package ‘nlme’ (Pinheiro et al., 2021, R version 3.5.3;), with a Gaussian distribution and with 

identity link function. For Δ-greenness, we used a Gamma distribution with an inverse function. We 

relied on the Akaike information criterion (AIC) to identify the distribution type and the link 

function improving model fitting.  

We also applied generalized linear models to assess whether background choice 

significantly differed between the two islands (glm function in package ‘nlme’). Two different 

models were fitted, entering each variable singly (percent time of inactivity and percent time spent 

on a green substrate) and island as fixed factor. A Gaussian distribution with an identity link 

function was used for percent time of inactivity, while a Gamma distribution and a log link function 

were used for percent time spent on a green substrate.  

  



28 
 

3.4 Results 

Colour change experiment 

We successfully collected photographs of the dorsal areas from 117 tree frog individuals. All the 

photographs were normalised and used for colour analysis. Over the entire dataset, greenness values 

spanned from 45.64 to 59.62, while Δ-greenness spanned from 0.00 to 8.01. The GLMs showed 

significant differences in colour change abilities between Sardinia and Corsica tree frogs (Table 1). 

After the exposure to the brown environment, greenness values were higher in Sardinian tree frogs 

(mean: 53.3, SE: ± 0.4) than in tree frogs from Corsica (mean: 49.9, SE: ± 0.4) (p-value < 0.001); 

see Fig 2A). The same pattern was found with the green substrate: individuals from Sardinia 

showed higher greenness values (mean: 51.8, SE: ± 0.2) than Corsican tree frogs (mean: 50.8, SE: ± 

0.2) (p-value = 0.001; see Fig 2B). Finally, tree frogs from Sardinia showed higher Δ-greenness 

compared to the tree frogs from Corsica (mean: 2.47, SE: ± 0.26, and mean: 1.98, SE: ± 0.21, 

respectively), although these differences were not significant (p-value = 0.14).   

Background choice experiment 

We extracted high-quality data from 85 tree frog individuals. Results from the background choice 

experiments revealed substantial inter-individual variation in the percent time spent on a green 

substrate. Overall, no significant differences in the percent time of inactivity were found between 

Sardinia and Corsica tree frogs (Table 1). On the contrary, GLMs indicated significant differences 

between tree frogs from the two islands in the percent time spent on the green substrate (Table 1). 

In particular, Sardinia tree frogs spent significantly more time on the green substrate compared to 

tree frogs from Corsica (Sardinia: mean: 4.07, SE: ± 0.10; Corsica: mean: 3.75, SE: ± 0.11; p-value 

= 0.028; see Fig. 2D).  
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3.5 Discussion 

We explored the phenotypic consequences of a range expansion event, through the characterisation 

of the geographic structure of anti-predatory traits along the Late Pleistocene range expansion route 

of H. sarda. We found significant differences in the ability to change dorsal colour and in 

background colour preferences between populations in Sardinia and Corsica. Although inter-

individual and among-population differentiation in background matching abilities has been studied 

in other taxa (Marshall et al., 2015, 2016; Bailing et al., 2020; Yamamoto and Sota, 2020), 

including amphibians (Wente & Phillips, 2003; Kang et al., 2016; Barnett et al., 2021), this is the 

first study analysing patterns of variation in background matching abilities along a historical range 

expansion route. To the best of our knowledge, this is also the first study addressing spatial patterns 

of variation in anti-predatory traits in the context of the recent biogeographic history of populations. 

Phenotypic differentiation among co-specific populations could be the outcome of non-

adaptive processes, such as genetic drift associated with prolonged allopatric divergence or to 

founder events (Zhan et al., 2005; Amézquita, et al. 2009; Uyeda, 2009; Campbell et al., 2010). 

However, previous phylogeographic, historical demographic, and population genetic investigations 

(Bisconti et al., 2011a, 2011b; Spadavecchia et al., 2021), allow us to rule out these processes as 

major players in the case of the Tyrrhenian tree frog. Indeed, Corsican and Sardinian populations 

diverged less than 10k years ago, as suggested by isobaths and sea-level reconstructions (Spratt & 

Lisiecki, 2016). Accordingly, genetic investigations on both nuclear and mitochondrial markers did 

not show a remarkable genetic divergence between populations from Corsica and Sardinia (Bisconti 

et al., 2011a, 2011b). This pattern is expected in cases of a recent range expansion and when the 

time subsequent to the colonisation has not been sufficient for a new migration–drift equilibrium to 

be established (Hutchinson & Templeton, 1999). Likewise, the role of a founder effect can be 

excluded because the past land-bridge connecting the two main islands was wide and persistent 

throughout the last glacial phase (Thiede, 1978).  

Anti-predatory traits might diverge among co-specific populations as a consequence of 

adaptive processes (Johnson & Belk, 2020). In the case of background matching, Sardinian and 

Corsican tree frogs might have diverged because of local adaptation to distinct chromatic 

environments. However, although the chromatic environment has not been characterised here, there 

are no prominent differences in habitat features and vegetation composition among Sardinian and 

Corsican tree frog habitats that could explain differential selective pressures (Ager et al., 2014). 

Furthermore, paleoclimatic reconstructions do not support a role for past habitat differences, as the 

coastland of the north of Sardinia (source population) and the south of Corsica (newly colonised) 

showed very similar bioclimatic conditions during the last glacial (Bisconti et al., 2011a).  
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On the other hand, the presence of marked phenotypic differences along a colonisation route 

suggests a role for past dispersal processes in shaping the spatial pattern of phenotypic variation in 

background matching. Indeed, range expansions represent a major challenge for organisms as they 

have to cope with new environmental conditions and, in turn, new eco-evolutionary constraints 

(Wilson et al., 2000; Sakai et al., 2001; Johnston & Temple, 2002; Steinhausen et al., 2008). 

Accordingly, density-dependent traits, like components of anti-predatory strategies, are expected to 

vary as a consequence of changes in the cost-benefit trade-off between safety and foraging, which 

depends on prey and predator densities (McNamara & Houston, 1987; Jeschke, 2006; Tollrian, 

2015). During a range expansion, the ability to adjust camouflage is expected to be a critical factor 

in determining the success of colonisations (Lodge, 1993; Schoener & Spiller, 1995), as individuals 

with higher proficiency in background matching should have a higher chance to survive and to 

establish the new populations (Fairchild & Howell, 2004; Duarte et al., 2017). However, the 

proficiency in background matching could be limited because of physiological costs and energetic 

constraints associated with colour change, and the stress of dealing with a new environment (Hill & 

McGraw, 2006; Polo-Cavia & Gomez-Mestre, 2017; Moreno-Rueda, 2020). Thus, the selection 

pressures at the front of the expansion wave, coupled with modified life history trade-offs in the 

transient demographic conditions occurring at the expansion front, might have shaped the observed 

pattern of phenotypic differentiation. This scenario is in accordance with results from studies 

conducted on invasive species, which support the hypothesis that dispersal influences personality, 

morphology, performance, physiology (Gruber et al., 2017; Cameron et al., 2019; Hudson et al., 

2020; Kosmala et al., 2020) but also anti-predator response (Hudson et al., 2017). 

Interestingly, recent studies on geographic variation in traits affecting physiology and ageing 

in H. sarda showed similar spatial patterns of variation (Liparoto, 2020; Canestrelli et al., 2021). 

This spatial congruence suggests the intriguing possibility that the range expansion event left traces 

on multiple phenotypic traits, thus promoting the evolution of a dispersal syndrome (Ronce & 

Clobert, 2012; Stevens et al., 2012, 2013).  

In conclusion, our study provides new insights on the influence of a Late Pleistocene range 

expansion in shaping the spatial pattern of phenotypic variation in the Tyrrhenian tree frog. These 

results support the hypothesis that past range expansions (and other phylogeographic processes) 

might have played a prominent, albeit largely underexplored role in shaping the evolution of 

phenotypes and their spatial patterns of differentiation among intraspecific populations (Bonte et al., 

2012; Clobert et al., 2012; Zamudio et al., 2016; Canestrelli et al., 2016a, b). 
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3.6 Tables and Figures 

Table 1. Outcome of generalized linear models using island as fixed factor. 

Variable Coefficient SE t-value P-value 

 Greenness on brown  3.379 0.523 6.454 <0.0001 

Greenness on green  0.922 0.282 3.269 0.0014 

Δ-greenness -0.101 0.069 -1.457 0.148 

% time of inactivity -1.297 3.016 -0.43 0.668 

% time spent on green 0.327 0.146 2.237 0.028 
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Figure 1. Study area and study species. A) Blue shaded shapes indicate sampling areas; For more 

details about exact geographic locations, see TableS1. The green arrow shows the inferred Late 

Pleistocene range expansion route of H. sarda, according to Spadavecchia et al. (2021).  B) The 

Tyrrhenian tree frog Hyla sarda. 
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Figure 2. Geographic pattern of differentiation in greenness and in time spent on green 

substrate. Estimated marginal means and standard errors obtained from generalized linear models 

for Corsican and Sardinian frogs. A) Greenness values from the green test B) Greenness values 

from the brown test C) Δ-Greenness values indicating the differences between greenness values 

from the green test and brown test. D) % time spent on green substrate 
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4. Genome-wide investigation reveals candidate loci associated with anti-

predatory behaviour of the Tyrrhenian tree frog  

Authors: Spadavecchia G., Chiocchio A., Bisconti R. & Canestrelli D. 

4.1 Introduction 

Understanding the genomic basis underlying phenotypic variation is a hot topic in evolutionary 

biology. The new generation of sequencing technologies led to an explosion of genetic data, 

opening to deciphering the genetic basis of complex traits in non-model organisms (Andrews et al., 

2016). In particular, reduced representation genome-sequencing approaches based on restriction 

digestion, i.e. RADseq, allow to uncover thousands of polymorphic loci across the genome with a 

single experiment (Davey et al., 2010). The availability of large genomic datasets for wild 

populations has enabled the study of the genetic architecture underlying adaptive, ecologically 

relevant, phenotypic traits using genome-wide genotypic-phenotypic associations scan (GWAS) 

(Bush & Moore, 2012; Santure & Garant, 2018). 

 Animal camouflage consists of a suite of phenotypic traits that play a significant role in 

escaping from predators and thus ensuring survival (Cott.,1940; Stevens & Merilaita, 2009; 

Merilaita et al., 2017; Cuthill, 2019). Background matching is acknowledged as the most 

widespread camouflage strategy (Merilaita & Stevens, 2011), and it is mainly achieved by 

background choice and colour change (Polo- Cavia & Gomez-Mestre, 2017; Smithers et al., 2018; 

Stevens & Ruxton, 2019; Eacock et al., 2019; Green et al., 2019). Thus, background matching can 

be considered a complex trait since it consists of the interplay among morphological, physiological 

and behavioural phenotypic traits (Stevens & Ruxton, 2019). However, so far, no studies have been 

conducted on the genomic architecture of this trait.  

Here, we provide novel insights into the genomic underpinnings of background matching 

strategies by investigating the pattern of co-variation between genetic and phenotypic traits in the 

Tyrrhenian tree frogs, Hyla sarda. Results from the study of the spatial pattern of variation in 

background matching strategies (see Chapter 3) showed that H. sarda populations situated along the 

expansion route of this species (Bisconti et al., 2011a,2011b; Spadavecchia et al.,2021) differ both 

in the ability to change dorsal colour and in the preference for a coloured background. We 

employed the RAD-seq approach to genotype 136 tree frog individuals in order to i) characterise 

the geographic structure of genomic variation; ii) detect traces of natural selection across the 

genome, iii) identify candidate loci associated with phenotypic variation in background matching 
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behaviour. Our aim is to offer a new and deeper understanding of the roles of the genomic basis of 

phenotypic evolution during a range expansion.   
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4.2 Materials and Methods 

Sampling procedures and genotyping 

We collected 136 individuals across the distribution range of H. sarda in Sardinia, Corsica, Elba 

and Capraia Islands (Fig. 1; Table 1). Tissue sampling procedures were carried out by toe-clipping 

after anaesthetisation in a 0.1% solution of MS222 (3-aminobenzoic acid ethyl ester), and then 

tissue samples were stored in 95% alcohol. Sampling and experimental procedures were approved 

by the Italian Ministry of Environment ‘MATTM’ (protocol #8275) and Prefecture of Corsica 

(#2A20180206002 and #2B20180206001). Genomic DNA was extracted with the 

cetyltrimethylammonium bromide method (CTAB) and quantified using spectrophotometric and 

fluorometric approaches.  

        Genomic libraries were prepared using the double digest RAD (ddRAD) protocol supplied by 

IGATech. Briefly, genomic DNA (300 ng in total) was digested using PstI and EcoRI 

endonucleases (New England BioLabs) in a 30µL reaction. Fragmented DNA was purified with 1.5 

volumes of AMPureXP beads (Agencourt) and subsequently ligated with 200U of T4 DNA ligase 

(New England BioLabs) to 2.5pmol of overhang barcoded adapter for rare cut sites and to 5pmol of 

overhang barcoded adapter for frequent cut sites in 50µL reaction incubated at 23°C for 60’ and at 

20°C for 60’ followed by 20’ at 65°C. Samples are pooled on multiplexing batches and bead 

purified as before. For each pool, targeted fragments distribution is collected on BluePippin 

instrument (Sage Science Inc.) setting the range of 450bp -560bp. Gel eluted fraction is amplified 

with indexed primers using Phusion High-Fidelity PCR Master Mix (New England BioLabs) in 

final volume of 50µL and subjected to the following thermal protocol [95°C, 3'] - [95°C, 30'' - 

60°C, 30'' - 72°C, 45''] x 10 cycles - [72°C, 2']. Products are purified with 1 volume of AMPureXP 

beads. The resulting libraries are checked with both Qubit 2.0 and Fluorometer (Invitrogen, 

Carlsbad, CA) and Bioanalyzer DNA assay (Agilent technologies, Santa Clara, CA). Libraries are 

sequenced with 150 cycles in paired end mode on NovaSeq 6000 instrument following the 

manufacturer’s instructions (Illumina, San Diego, CA). 

        Raw, single end Illumina sequences were quality checked using FastQC v0.10.1 (Andrews, 

2010) and the individuals of the library were demultiplexed by individual sample barcodes with the 

process_radtags.pl module of STACKS v 2.4.3 (Catchen et al., 2013). RAD loci were constructed 

and SNPs were called using STACKS. We set the following parameters:  ustacks: -M 2, -m 3 and 

cstacks: -n 2, which provided a good balance between data quality and quantity according to the 

criteria set out in Paris et al. (2017). The STACKS final catalog contained 657,560 loci. The 

populations module in STACKS was employed to filter the dataset according to the following 

parameters: –R=0.50, to retain only loci that are represented in at least 50% of the whole 
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metapopulation and loci were retained if they had a minor allele frequency filter (–min_maf) of 

>0.05, a maximum observed heterozygosity filter (–max_obs_het) < 0.80 (to accounts for cases of 

“over merging” of paralogous loci). We performed two different variant calling analysis, one 

including all 136 individuals and the other only samples with phenotypes data (N=52) 

Phenotypic dataset  

We collected phenotypic data on background matching behaviour as described in Chapter 3. The 

phenotypic traits considered here were 1) greenness values on a green substrate, 2) greenness values 

on brown environment to test the ability to change dorsal colour and 3) percent time spent on green 

substrate, to assess background choice behaviour. Phenotypic data were collected from a subset of 

52 genotyped individuals belonging to 4 main sampling areas representative of the colonisation 

route of H. sarda from Sardinia to Corsica, as described in Spadavecchia et al. 2021 (see Chapter 

2). Accordingly, we produced a subset of genetic data belonging to these 52 individuals.  

Population structure analysis 

The inference of the genetic structure of SNP data was performed including all 136 tree frogs, with 

three different methods. First, we visualised population genetic relationships among individuals 

with the R package PCADAPT version 4.3.3 (Luu, Bazin, & Blum, 2017), which computes the 

Principal Component Analysis (PCA) of a scaled genotype matrix without any a priori population 

definition. Second, shared genetic ancestry was also estimated using STRUCTURE (Pritchard, 

Stephens, & Donnelly, 2000) for 1–8 genetic clusters (K) implemented without population or 

phenotype priors using an admixture model, correlated allele frequencies and five iterations of 

100,000 Markov chain Monte Carlo (MCMC) repetitions (10% burn-in). Third, we also ran the 

spatially explicit clustering program TESS3 in the R package TESS3r (Caye et al. 2018), which 

accounts for geographic distance among samples to estimate ancestry coefficients (Caye et al. 

2016). We performed 50 independent runs for each K between 1 and 8 using the alternating 

projected least squares algorithm. In order to identify the optimal number of ancestral populations, 

we plotted the minimum cross-entropy score for each K, then an ancestry matrix was inferred and 

spatially interpolated on a geographic map, using the sample coordinates provided.  

Genome scan for selection 

To identify SNPs under selection, we used two different outlier detection methods, under the 

expectation that different methods would identify unique sets of outlier loci depending on the 

different strengths of the methods and would converge on outliers that show a strong signature of 

selection. Both methods used here, correct for the underlying population structure. Since our aim 

was to assess the impact of natural selection on populations from which we collected phenotypes 
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data, the following analyses were carried out on a reduced dataset, including a subset of populations 

from Sardinia and Corsica. 

First, we used PCADAPT in R, which utilizes principal component analysis (PCA) to scan 

for SNPs involved in local adaptation. PCADAPT method can deal with admixed individuals 

without any pre-defined populations. Genetic variation is decomposed into K principal components 

(PCs). The relationship between SNPs and the first K PCs capturing population structure is 

estimated and SNPs highly influential in shaping observed differentiation are assumed to be under 

selection. The optimal K value was assessed (i.e., optimal number of genetic groups), from 1 to 8, 

using a scree plot of the proportion of variance explained by each PC using the PCADAPT 

function. Accordingly with the scree plot (Fig.3B) we decided to retain K = 2 and then calculated 

the FDR of the p-values associated with Mahalanobis distance estimated by PCADAPT.  

Secondly, we applied a sparse non-negative matrix factorization (sNMF) method (Frichot et 

al., 2014) implemented in the R package LEA version 2.6.0 (Frichot & François, 2015). The sNMF 

function can compute fixation indices (FST) when the population is genetically continuous, when 

predefining subpopulations is difficult, and in the presence of admixed individuals in the sample 

(Martins et al., 2016). It computes ancestry coefficients in order to estimate K using the cross-

entropy criterion for each K and then p‐values are returned for all loci. We ran the sNMF function 

for 200,000 iterations and 50 repetitions for every K between 1 and 8.  

For both methods, we obtained a list of candidate SNPs with the Benjamini-Hochberg algorithm 

and with R package ‘qvalue’ (Storey, Bass, Dabney, & Robinson, 2015) under an expected FDR 

α = 0.01 in order to decrease the number of false positives by considering as candidates the SNPs 

with q-values smaller than α.  

Phenotype-genotype association analysis 

The association analyses were performed with the reduced dataset (N=52) and for 3 phenotypic 

variables: Greenness on green, greenness on brown and percent time spent on green. These 

variables were standardized by subtracting the mean and dividing by the standard deviation. Latent 

factor mixed model (LFMM; Frichot, Schoville, Bouchard, & François, 2013) analyses were 

conducted in LEA to identify SNPs for which variation in allele frequencies shows a tight 

association with variation in background matching abilities while correcting for population 

structure. Greenness values and percent time spent on green were used as fixed effects in LFMMs 

and population structure was incorporated as a latent factor. Since the reduction of the dataset for 

the association analyses led to the exclusion of some populations (such as populations from Elba 

and Capraia), the sNMF function in LEA was applied once again to explore the best K, so as to 
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consider population structure in the subsequent association analysis. We ran LFMMs using from 2 

to 5 latent factors corresponding to the ancestral populations previously estimated, for 200,00 

iterations and repeating each run 50 times. Eventually, we chose K=2, according to the cross-

entropy criterion (Fig. S1). Z-scores from LFMM runs were combined and the median value per 

locus was calculated. The p-values were adjusted using the genomic inflation factor (λ) and FDR 

thresholds of 0.01 and 0.05 were used to correct for false discoveries with the Benjamini-Hochberg 

algorithm. Finally, to correct for multiple testing, we also transformed the p-values into q-values 

with qvalue R package.  
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4.3 Results 

SNP calling and population genetic structure 

After filtering procedure and retaining only one SNP per polymorphic locus (the first one), our final 

data sets included 12,094 SNPs for all 136 individuals and 11,750 SNPs for the 52 individuals with 

phenotypic data.  

The PCA performed with PCADAPT showed 3 well-differentiated genetic clusters along the 

first two PCs (Figure 3A); PC1 (54.70 % of variance) separated sampling localities from Corsica, 

Capraia and Elba islands from Sardinia and PC2 (27.40%) showed a clinal northward pattern 

separating samples collected from Corsica in two minor clusters, with the Northern group more 

similar to the Capraian. In the analysis with STRUCTURE, K = 2 was indicated as the best option 

under Evanno's ΔK optimality criterion (Evanno et al., 2005) (Fig.2A). As shown in figure 3A, this 

clustering level corresponds to differentiation in two major groups, one corresponding to Sardinia 

populations and a second one including populations from Corsica. 

Population structure analysis carried out with TESS3r revealed the best number of ancestral 

populations to be in the range of 2–4. Indeed, based on the cross-validation, the score plot started to 

level out at 2–4 K (Fig. 2B). For K=2, bar plot showed that Corsica, Elba and Capraia formed one 

cluster and Sardinia another (Fig. 2D). Populations from Elba and Capraia clustered together and 

were separated from Corsican and Sardinian clusters when the number of ancestral populations was 

assumed to be 3. At K = 4, populations clustered by regions in the main islands, in particular in 

Sardinia, where northern and southern populations were separated.  

Identification of loci under selection 

Identification of outlier loci with both methods identified significant under selection loci. PCADAPT, 

with K=2, showed a good distribution of p-values (Fig. 3C) and identified 195 SNPs under putative 

divergent selection (Fig.3D) under an FDR = 0.01. 

Running the sNMF function in LEA for K = 1–8 identified 2 main clusters based on the 

lowest cross‐entropy score (Fig. 4A). From 50 independent runs for each K, we used the run with 

the lowest cross‐entropy score for K = 2 to calculate FST values and identified outlier loci at this 

level. P-values for all loci were plotted in a histogram (Figure 4B). Ideally, this histogram should 

look flat with a peak close to zero since it indicates that the p-values are correct (i.e., are drawn 

from a uniform distribution under the null hypothesis while the excess of small p-values indicates 

the presence of outliers). This method implemented in LEA identified 283 SNPs under putative 

divergent selection (Fig. 4C). The two methods identified in total 132 unique candidate SNPs under 

putative divergent selection and 176 outliers overlapping between the two methods. 
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Background matching loci 

Latent factor mixed models implemented in LEA identified 46 candidate SNPs associated with 

background matching variables when p‐values were calibrated using the genomic inflation factor (λ 

= 0.87). For greenness values on green environment 5 and 14 candidates loci for 0.01 and 0.05, 

respectively, were found (Fig. 5A). One of these loci were also found amongst those under 

selection, as identified by the two differentiation outlier methods. 5 (FDR = 0.01) and 16 (FDR = 

0.05) SNPs showed a significant association with greenness on brown (Fig. 5B). Greenness on 

green and greenness on brown shared one candidate locus, resulting in a total of 29 loci associated 

with colour change strategy. Finally, we found 7 and 17, for the percent time spent on green, with 

0.01 and 0.05 thresholds (Fig. 5C).  
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4.4 Discussion and conclusions 

In this study, we aimed at exploring the genomic structure of the Tyrrhenian tree frog, searching for 

signatures of natural selection across the genome and, in particular, we were interested in assessing 

the presence of loci associated with variation in the background matching behaviour. 

The analysis with STRUCTURE and TESS3r on RAD-seq data allowed us to investigate the 

population structure of the Tyrrhenian tree frogs with a higher resolution than in previous 

investigations (Bisconti et al., 2011a, 2011b). However, while STRUCTURE found two markedly 

different clusters equivalent to Sardinia and Corsica, TESS3r revealed three major clusters 

corresponding to Sardinia, Corsica and Capraia-Elba. Moreover, increasing K showed a further 

differentiation within Corsica populations (Fig.2D), identifying a northern and a southern cluster, 

supported also by PCA analysis (Fig.3A). On the contrary, STRUCTURE did not reveal a clear 

differentiation when increasing the number of ancestral populations, since it only showed a hinted 

cluster in Sardinia populations. In our case, TESS3r outperformed STRUCTURE by revealing a 

clearer population structure pattern. The reason may lie in the ability of TESS3r to provide better 

estimations of ancestry coefficients, when the levels of ancestral population divergence are low, by 

incorporating a spatial arrangement of sampling localities in its analysis (Durand et al., 2009). 

Moreover, the use of spatial models is known to allow detecting biologically meaningful clusters 

compared to a non-spatial model such as STRUCTURE, which failed to detect any population 

structure especially when the ancestral level of differentiation was low (Barr et al., 2008; Lavandero 

et al., 2009; François & Durand, 2010). Indeed, although we did not provide yet any measures of 

genomic differentiation among H. sarda populations, previous investigations based on nuclear and 

mitochondrial sequence markers indicated a lack of genetic differentiation across the distribution 

range of this species (Bisconti et al., 2011a, 2011b). This step was also necessary to carry out the 

genome scan selection and the association analysis. Indeed, the presence of population structure is 

known to result in spurious associations between SNPs with natural selection or between a 

phenotypic trait and SNPs that are not linked to any causative loci (Lander & Schork, 1994; Ahrens 

et al., 2018; Sul et al., 2018), causing correlated allele frequencies and increasing the number of 

false positives (Excoffier et al., 2009b).  

Both genome scan selection methods detected a significant 176 loci potentially involved in 

adaptation. Since H. sarda shows spatial patterns of variation for more than a few life-history traits 

(Chapter 3; Liparoto et al., 2020; Canestrelli et al., 2021), mapping these SNPs on a reference 

genome can allow the identification of coding candidates, loci in physical proximity to coding 

regions and candidate genes functionally consistent with the several selective contexts. 

Unfortunately, the lack of a reference genome prevented us from investigating the functional roles 

https://www.sciencedirect.com/science/article/pii/S0002929707624422#bib12
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of these genetic variants. However, it is worth noting that of all loci showing a signal of response to 

selection, 1 overlapped with those identified as being associated with background matching 

variation through genotype-phenotype association analyses. This finding supports the strong 

selective pressures acting on this complex trait, which is also reflected at the genomic level.  

Finally, genome-wide association analysis revealed 46 loci associated with phenotypic 

variation in the background matching behaviour. In particular, 29 loci were found to be associated 

with colour change abilities (greenness values on green and on brown substrate) and 17 linked to 

background choice behaviour. However, none of them was shared between the investigated traits, 

suggesting no genetic correlation. This is quite surprising, given the ecological correlation between 

these traits reported in other studies (Garcia & Sih, 2003; Ryer et al., 2008; Tyrie, Hanlon, Siemann, 

& Uyarra, 2015; Polo- Cavia & Gomez-Mestre, 2017; Smithers et al., 2018; Stevens & Ruxton, 

2018). Indeed, an explanation of the covariation between colour change abilities and background 

choice behaviour could lie in loci with potential pleiotropic effects. An increasing number of 

association analyses indicated the existence of underlying overlapping causal variants that play 

roles in multiple traits (namely pleiotropy) (Solovieff et al., 2013; Bolormaa et al., 2014; Visscher 

et al., 2017). These studies agree on asserting the importance of pleiotropy for natural variation 

within species and their capacity for adaptation (Mackay et al., 2009; Mauro et al., 2020). Indeed, it 

could facilitate rapid, adaptive evolution, or adaptation in the face of gene flow, if all or most of the 

phenotypic changes were beneficial in a new environment, thus having a role in the evolution of an 

expanding population, as is H. sarda (Hill & Zhang, 2012; Østman et al., 2012; Morris et al., 2019; 

Archambeault et al., 2020). Nevertheless, as a complex trait, background matching strategy can 

have a polygenic architecture, with many loci of small effect contributing to variation, and this is 

true for many evolutionarily significant traits (Robinson et al., 2013; Bosse et al., 2017; Gnecchi-

Ruscone et al., 2018; Hollinger et al., 2019; Barghi et al., 2020; Duntsch et al., 2020).  

However, at this point of the analysis, we refrain from overinterpreting these results. Further 

investigations are needed to locate the outlier loci identified here along the genome of H. sarda, and 

to explore their functional and adaptive role. To achieve this, annotation analysis will be performed 

against its genome, which is currently under construction. In this case, a transcriptome can also be 

helpful to identify expressed loci and differentially expressed genes. In the past decade, the 

sequencing of entire transcriptomes (RNA sequencing - RNA-Seq) has established itself as a 

powerful technique to understand molecular mechanisms and to address various biological 

questions, in particular for non-model organisms and in the absence of a suitable reference genome 

(Wang et al., 2009; Martin & Wang., 2011; Corney, 2013; Hrdlickova et al., 2017; Sahraeian et al., 

2017). A multidisciplinary approach integrating genomic, phenotypic and transcriptomic data offers 
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the opportunity to acquire a 3-level sight of the evolutionary processes acting on organisms thus 

exploring the molecular underpinnings of phenotypic variation and adaptation. 
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4.5 Tables and Figures 

Table 1. Sampling location, geographic coordinates, and sample size for the 21 populations of Hyla 

sarda analysed. 

  

Island     Location Latitude N Longitude E N 

Capraia 1 Capraia 43°20' 9°50' 3 

Elba 2 Elba 42°47' 10°15' 15 

North Corsica 3 Biguglia 42°38' 9°26 ' 1 

  4 San Giuliano 42°16' 9°31' 7 

  5 Aleria 42°06' 9°31' 7 

  6 Aristone 42°03' 9°25' 12 

South Corsica 7 T10 41°26' 9°12' 5 

  8 Balistra 41°28' 9°13' 9 

  9 Fosso Valle longa 41°43' 9°18' 5 

  10 Etang de Cannetu 41°25' 9°13' 6 

North Sardinia 11 Lago Erica 41°13′ 9°16′ 11 
 

12 Porto Pollo 41°11′ 9°19′ 10 
 

13 Stazzo Pulcheddu 41°09′ 9°21′ 7 
 

14 Asinara  41°30' 8°14' 2 

South Sardinia 15 Siniscola 40°34' 9°46' 6 
 

16 Cala Ginepro 40°26′ 9°47′ 13 

 17 Monteferro 40°12' 8°35' 4 

 18 Is Piscinas 39°43' 9°39' 3 

 19 Domusnovas 39°19' 8°39' 3 

 20 San Pietro 39°90' 8°17' 3 

 21 Sant'Antioco 39°20' 8°24' 4 
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Figure 1. Study area and geographic location of the 21 sampled populations of H. sarda. In 

red, sampling locations considered in the phenotypes collection. 
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Figure 2. Population structure of the Tyrrhenian tree frogs. A) Estimation of the number of 

groups based on output from STRUCTURE. K values from 1 to 8 were explored by estimating the 

rate of change of the slope of the log-likelihood curve (ΔK) plotted against K. B) Cross-validation 

score for each K plotted against the number of ancestral populations from TESS3r. C) 

STRUCTURE barplot for K = 2-5. Populations of tree frog are grouped by area (C = Capraia; E = 

Elba; NC = North Corsica; SC = South Corsica; NS = North Sardinia; SS = South Sardinia) and are 

ordered by decreasing latitude. D) Cluster analysis bar plot for values of K=2-5 implemented in 

TESS3r. On the right, the ancestry matrix is plotted on the geographic map.  
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Figure 3. The output of PCA and genome scan selection performed with PCADAPT. A) 

Principal component analysis results based on the 21 sampling localities; differentiation is shown 

by PC1, PC2 axes, which highlight 3 major clusters according to the island. It also identified north 

and south clusters within Corsica Island.  B) Scree plot showing the proportion of explained 

variance plotted against PCs. C) Histogram showing p-values distribution from the genome scan 

analysis for K=2. D) Manhattan plot showing in blues the 195 outlier loci putatively under selection 

under an FDR = 0.01. 
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Figure 4. The output of the genome scan selection analysis performed with LEA. A) Cross-

entropy scores from LEA plotted against the number of ancestral populations (K). The best K is 

found where the cross-entropy score starts to plateau. B) Uniform distribution of p-values for 

12,094 SNPs estimated by the sNMF function. C) Manhattan plot showing in red the 283 outlier 

loci identified by LEA with an FDR of 0.01.  
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Figure 5. Candidate loci identified by LFMM function in LEA. Uniform distribution of p-values 

with GIF control and Manhattan plot showing loci significantly associated with background 

matching variables for FDR = 0.05. A) 14 loci were found for Greenness values on green 

environment (green). B) For greenness on brown substrate, LEA identified 16 candidate SNPs. 

(yellow). C) 17 loci putatively associated with % spent on green substrate were obtained for H. 

sarda (purple).  
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5. CONCLUSIONS 

The aim of this research was to characterise the outcomes of a Late Pleistocene range expansion, 

deemed as a dispersal-driven process able to shape the geographic patterns of genetic and 

phenotypic variation.  

In Chapter 2, we acquired new insights about the peculiar evolutionary history of Hyla 

sarda and, using genetic data and a Bayesian approach, we inferred the ancestral area of the range 

expansion and the demographic trends underlying the colonisation event. The reconstruction 

provided a two-step expansion scenario during last glacial, supporting the loss of connection 

between Sardinia and Corsica and ruling out a further flow of individuals from the retro-pathways 

that could have concealed the evolutionary traces of this event.  

In addition, results from this study supports the hypothesis that historical range expansion 

events contributed to determining the distribution of phenotypic variation in the Tyrrhenian tree 

frog. In fact, in Chapter 3, we characterised the geographic pattern of variation in background 

matching strategies along the expansion route of H. sarda, finding a spatial differentiation in the 

ability to change dorsal colour and background choice behaviour among populations. These data 

provide evidence for the role of adaptive and deterministic processes that occurred during a 

historical range expansion in explaining the different background matching strategies between tree 

frog populations. Although a non-random range expansion process has already been described in 

other species such as Rhinella marina (Phillips et al., 2010; Llewellyn et al., 2010; Lindström et al., 

2013; Hudson et al., 2016a; Gruber et al., 2017; Rollins et al., 2015; Hudson et al., 2017; Kosmala 

et al., 2020a,b), this is the first study exploring biogeographic and evolutionary consequences of a 

historical range expansion and how the effects of the selective pressures encountered during the 

event persist in the populations.  

Finally, this study also aimed at detecting the trace of this event at genomic levels, in order 

to unravel the evolutionary mechanisms explaining the observed phenotypic variation. For this 

reason, we collected RAD-seq and performed population structure analysis, genome scan selection 

and genome-wide association investigations. The analyses performed in Chapter 4 showed 

interesting signatures of selection on the genome of H. sarda associated to the background 

matching behaviour. Nevertheless, a better understanding of the genomic underpinnings of variation 

in the anti-predatory strategy of this species will be achieved with the upcoming availability of its 

reference genome. Whole-genome sequencing would allow identifying the genomic regions 

involved and clarifying the genomic architecture of the observed phenotypic variation and, on the 

other side, the functional role of the inferred genetic variants.  
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The results obtained from this research claim for further analyses aimed at understanding 

whether the observed phenotypic variations are caused by different patterns of gene expression. 

RNA-sequencing (Wang et al., 2009) and differential gene expression analysis will help to explore 

how gene expression can shape complex phenotypes, such as background matching strategy.  

Defining the roles of genotypic and phenotypic variability in adaptation across a landscape 

(i.e. across a colonisation route) offers the opportunity to understand the evolutionary potential and 

the ability of populations to adapt to environmental changes, which is essential especially in the 

face of climatic changes, and loss and fragmentation of habitats. 

  To conclude, this work opens for new research prospects in the evolution of density-

dependent traits in organisms whose range dynamics have been affected by glaciation cycles, thus 

raising a fascinating new perspective on the importance of integrating a phenotypic approach in 

phylogeographic investigations.  
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Appendix A 

Supplementary materials 

Here, the supplementary data of this thesis are provided, separated according to its chapters. 

2. Paso doble: A two-step Late Pleistocene range expansion in the Tyrrhenian tree frog Hyla 

sarda 

Supplementary data to this article can be found online at 

https://doi.org/10.1016/j.gene.2021.145489. 

3. Spatial differentiation of background matching strategies along a Late Pleistocene range 

expansion route  

Table S1. Geographic coordinates of sampling locations and sample size for individuals of Hyla sarda 

analysed in this study. 

 

 

 

 

 

 

4. Genome-wide investigation reveals candidate loci associated with background matching 

behaviour of the Tyrrhenian tree frog 

Figure S1. Cross-entropy scores from LEA for association analysis (N=52) 

 

Island Area Latitude N Longitude E N  

Sardinia 

SS 40° 26′ 09° 47′ 27 

NS 41° 11′ 09°19′ 46 

Corsica 

SC 41° 26′ 09°12′ 40 

NC 42° 16′ 09°31′ 41 

https://doi.org/10.1016/j.gene.2021.145489


75 
 

ACKNOWLEDGEMENTS 

First and foremost, I would like to thank my supervisor, Prof. Daniele Canestrelli for giving me the 

opportunity to work on this project, for providing me with the instruments to explore topics of 

enormous interest and, most of all, for his invaluable advice and patience during my PhD study. I 

am also extremely grateful to Prof. Giuseppe Nascetti, who has followed and supported me in 

recent years, up to this great milestone. I thank Prof. Claudio Carere for being supportive and for 

giving me invaluable feedback during the several presentations on this study. 

I would like to thank Roberta Bisconti for her continuous help and support since the beginning of 

my PhD. A special thank goes to Andrea Chiocchio for his technical support on my PhD project 

and, most of all, for always encouraging me and motivating me in my dark moments.  

I would like to thank CISMAR and DEB colleagues for their help during experiments and 

laboratory activities. Special thanks to Armando Macali for his annoying and important presence in 

my academic and daily life, for which I am very happy. 

Finally, I want to express my gratitude to my mother, my family, my friends and Gianluca. Without 

their incredible understanding, encouragement, and patience, it would be impossible for me to 

complete my PhD study. 

I thank my dad, from whom I keep drawing strength and inspiration, even though he is not here. 


