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Abstract  14 

The Tyrrhenian tree frog, Hyla sarda, is an amphibian endemic to the Tyrrhenian islands (Western 15 

Mediterranean). Previous investigations of its Pleistocene evolutionary history suggested that it 16 

colonised the northern portion of its current range, through a spatial diffusion process from the 17 

Sardinia island, during the last glaciation. However, southern and northern portions of the species’ 18 

range experienced markedly different climatic conditions during the Late Pleistocene, suggesting the 19 

possibility of an unusual two-step process of demographic expansion. Here, we use Bayesian 20 

phylogeographic approaches to locate the ancestral area in Sardinia and to characterise better the 21 

demographic component of this expansion event. These analyses located the ancestral area for H. 22 

sarda populations along the central-eastern coast of the Sardinia island, within an area previously 23 

shown to host suitable bioclimatic conditions for H. sarda populations throughout the Late 24 

Pleistocene. Historical demographic reconstructions clearly showed that a two-step process of 25 

demographic growth fits well the data, with northern populations expanding later than Sardinia 26 

populations. The harsher climatic conditions occurred in northern islands during the glacial epoch, as 27 

compared to Sardinia, likely delayed tree frog colonisation of northern territories, and the associated 28 

demographic growth.  29 
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Introduction 30 

Species showing unusual phylogeographic patterns might provide unique opportunities to explore the 31 

role of a wide range of ecological and evolutionary processes in shaping spatial patterns of biological 32 

diversity. However, to fully exploit these opportunities, we need a thorough understanding of the 33 

underlying demographic histories (e.g. Barbosa et al. 2017; Canestrelli et al. 2010).  During the past 34 

four decades, phylogeographic investigations of temperate species in the Western Palearctic have 35 

documented widespread demographic and range contractions during glacial epochs, followed by 36 

expansions during subsequent interglacials (Hewitt 2000; 2004a; 2004b; 2011a; Taberlet et al. 1998). 37 

Although shared among a wide range of organisms, from all sub-regions of the Western Palearctic 38 

and beyond (Hewitt 2011b), this general scenario is not devoid of exceptions. One of these remarkable 39 

exceptions is represented by instances of glacial demographic and range expansion for temperate 40 

species, a reverse expansion-contraction scenario initially proposed for the Tyrrhenian tree frog, Hyla 41 

sarda (Bisconti et al. 2011a; 2011b), and recently used to explain phylogeographic patterns in other 42 

organisms (e.g. Porretta et al. 2012; Senczuk et al. 2019).  43 

The Tyrrhenian tree frog is a small, cryptically coloured amphibian, endemic to the Western 44 

Mediterranean islands of Sardinia and Corsica, and the Tuscan archipelago. It is a temperate species, 45 

widespread from the sea level up to 1200 meters a.s.l., although it is markedly more abundant along 46 

the coastal areas (Lanza et al. 2007). H. sarda has primarily aquatic habits, living close to lentic 47 

freshwater habitats, such as pools and temporary ponds. Previous studies of its Pleistocene 48 

evolutionary history (Bisconti et al. 2011a; 2011b) showed that, contrary to what has been found in 49 

most temperate species studied to date, including amphibians (Zeisset et al. 2008),  this tree frog 50 

likely initiated a phase of major demographic expansion in the middle of the last glaciation. This 51 

event, likely promoted by a glaciation-induced increase in lowland areas during the marine regression, 52 

also allowed H. sarda to colonise the northern island of Corsica and the Tuscan archipelago, from an 53 

ancestral area in Sardinia, taking advantage of a wide and persistent land bridge connecting the 54 

Sardinia to Corsica throughout the glacial epoch  (Bisconti et al. 2011a; 2011b). 55 

Two main points left open by previous studies were: i) the geographic location of the ancestral 56 

area in northern Sardinia, and ii) the timing of the northward range expansion into Corsica and the 57 

Tuscan archipelago. In fact, quantitative analyses were not conducted to attempt locating the ancestral 58 

area. Most importantly, while the historical demographic reconstruction clearly showed a full-glacial 59 

development of the expansion event (Bisconti et al. 2011a), paleoclimatic reconstructions for the 60 

Western Mediterranean indicated substantially harsher climatic conditions in central and northern 61 

Corsica than in Sardinia, during the last glaciation (Kuhlemann et al. 2008; Hughes &Woodward 62 

2017; Pascucci et al. 2014). In turn, this paleoclimatic reconstruction for the last glaciation suggests 63 
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an intriguing scenario, whereby tree frog population expansion in Corsica and the Tuscan archipelago 64 

might have been delayed, as compared to Sardinia populations, leading to a two-step expansion 65 

process. A first step, promoted by the glaciation-induced widening of coastal areas in Sardinia (as 66 

suggested by Bisconti et al. 2011a), would have been followed by a second step leading tree frog 67 

populations to complete the northward colonisation, following post-glacial climatic amelioration in 68 

northern areas.  69 

Here, we explore this (revised) phylogeographic scenario, through a Bayesian phylogeographic 70 

analysis, coupled with new historical demographic assessments. We carried out the demographic 71 

component of the analysis separately for the source (northern Sardinia) and the recolonised (Corsica 72 

and the Tuscan archipelago) populations, with the following rationale. Although they belong to the 73 

same phylogeographic lineage (Bisconti et al. 2011a), their demographic history might have been 74 

differently shaped by the recent paleoclimatic changes of the respective geographic ranges. If this 75 

was the case, their demographic reconstructions would differ accordingly. Instead, in case they 76 

actually behaved as a single demographic unit in response to such changes (following Bisconti et al. 77 

2011a), the respective demographic trends would be broadly similar, as they would represent two 78 

independent samples of the same demographic unit.  79 

 80 

Materials and methods      81 

We collected tissue samples from 81 individuals of H. sarda. Tree frogs were sampled by toe-82 

clipping after anaesthetization in a 0.1% solution of MS222 (3-aminobenzoic acid ethyl ester) and 83 

then released at the respective collection site, while tissue samples were stored in 95% alcohol. 84 

Sampling and experimental procedures were approved by the Italian Ministry of Environment 85 

‘MATTM’ (protocol #8275), and Prefecture of Corsica (#2A20180206002 and #2B20180206001). 86 

Samples collected for the present study were complemented with data from northern Sardinia, Corsica 87 

and the Tuscan archipelago, collected by previous studies (Bisconti et al. 2011a), allowing an overall 88 

sample size of 171 individuals from 18 sampling locations (Table 1, Figure 1A, and Table S1). 89 

Instead, data from central and southern Sardinia from the previous studies were not considered here, 90 

as these areas were shown to be populated by distinct mitochondrial sub-lineages (Bisconti et al. 91 

2011a). 92 

Following a step of tissue fragmentation and digestion with proteinase K, total DNA was 93 

extracted using the standard phenol-chloroform method (Sambrook et al. 1989).  Two mitochondrial 94 

gene fragments were amplified by polymerase chain reactions (PCRs): cytochrome b (cytb) and 95 

NADH dehydrogenase subunit 1 (ND1). Primers used and PCR cycling conditions were the same 96 

described in Bisconti et al. (2011a). All sequencing procedures were performed by Macrogen Inc. 97 
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(www.macrogen.com). The multi-purpose sequence analysis suite GeneStudio (available at 98 

www.genestudio.com) was used to check the electropherograms by eye, and to generate multiple 99 

sequence alignments. All sequences obtained were deposited in the GenBank database (Table S1).  100 

For all downstream analyses, the two gene fragments were concatenated using DnaSp 6.11.01 (Rozas 101 

et al. 2017). The models of nucleotide substitution that best fit the data (HKY for both CytB and 102 

ND1) were identified by means of PartitionFinder 2.1.1 (Lanfear et al. 2016) using the Bayesian 103 

information criterion (Schwarz 1987). 104 

The geographic location of the ancestral area for the inferred northward expansion process 105 

(Bisconti et al. 2011a), was investigated by estimating a Bayesian phylogeographic diffusion model 106 

in continuous space (BP), as implemented in Beast 1.10.4 (Suchard et al. 2018). The analysis was run 107 

using clock models and substitution models unlinked across all partitions. A Bayesian skyline was 108 

used as coalescent prior, and the strict molecular clock was enforced, as it is generally a good 109 

approximation for analyses at the intrapopulation level (Yang 2006) and because, by simplifying the 110 

coalescent model, it helps analyses to converge (Heled 2010). The substitution rate was set to 1.37 x 111 

10-8, as estimated for H. sarda by the previous study (Bisconti et al. 2011a). After some exploratory 112 

runs, the final analyses were run for 100 million generations, sampled every 1000th generation, using 113 

a relaxed random walk diffusion model (RRWs) with Cauchy distribution (Lemey et al. 2009).  114 

Convergence among runs, effective sample size (ESS) values, and the appropriate burn-in were 115 

evaluated using the software Tracer 1.7.1 (Rambaut et al. 2018). Finally, we visualised the ancestral 116 

area, and its changes through time, using the Time Slicer function implemented in Spread 1.0.7 117 

(Bielejec et al. 2011), which estimate Highest Posterior Density (HPD) regions for the parameter of 118 

interest, based on the full tree forest.  119 

Historical demographic trends were estimated through the Bayesian skyline plot (BSP) model 120 

implemented in Beast. These analyses were performed using the same settings as above, ten piecewise 121 

constant intervals, and a uniform prior distribution for the population size parameter. Since 122 

preliminary BSP analyses suggested demographic growth following a phase of constant population 123 

size, for both Sardinia and Corsica populations, we estimated the transition time between these two 124 

demographic ‘epochs’ (i.e. an epoch of constant population size followed by an epoch of population 125 

growth) by means of a Two-Epoch analysis in Beast (Crandall et al. 2012). For this analysis, custom 126 

.xml files were prepared following suggestions provided by Crandall et al. (2012). Preliminary 127 

analyses were run using both an exponential and a logistic model population growth. Estimates of the 128 

transition time did not differ appreciably with the two models. However, the logistic model yielded 129 

comparatively inferior performance statistics and is not reported here (available upon request). These 130 
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analyses were run for 100 million generations, sampled every 1000th generation. All the analyses with 131 

Beast were run twice and then combined to generate the final results, using LogCombiner 1.10.4. 132 

 133 

Results 134 

We obtained concatenated sequences 1226 bp long for all the individuals analysed, leading to a final 135 

alignment including 171 individuals (81 from this study, 90 from Bisconti et al. 2011a). Sequences 136 

represented uninterrupted open reading frames, with no gaps or premature stop codons, indicating 137 

they are functional mitochondrial DNA copies. All the analyses carried out with BEAST converged 138 

to a stationary distribution, with high effective sample size values (>200) for all the parameters of 139 

interest.  140 

  The Bayesian phylogeographic analysis identified the ancestral area of H. sarda populations 141 

along a small stretch of the middle eastern coastal region in Sardinia (Figure 1B). According to this 142 

analysis, the species remained in this area until the last glacial epoch, when it started spreading in 143 

Sardinia and then to the north, toward the Corsica island and the Tuscan archipelago (see Video S1). 144 

 The historical demographic reconstructions carried out by means of Bayesian skyline plot 145 

analyses are shown in Figure 2A. Both for populations in Sardinia and for populations in Corsica and 146 

the Tuscan Archipelago, these analyses identified an initial phase of demographic stasis, followed by 147 

marked population growth. However, the timeline of the inferred demographic trends was markedly 148 

different. In Sardinia, the time of the most recent common ancestor (TMRCA) was dated at 129 149 

thousand years ago (kya; 95%HPD: 71 – 216 kya),  whereas the transition time between the two 150 

demographic epochs (i.e. constant vs growth; see Figure 2B) was estimated to have occurred 58 kya 151 

(95%HPD: 40 – 79 kya). Instead, in Corsica and the Tuscan Archipelago, the TMRCA was estimated 152 

at 59 kya (95%HPD: 24 – 119 kya), while the transition time to the expansion epoch was dated at 34 153 

kya (95%HPD: 3 – 63 kya). 154 

 155 

Discussions 156 

The previous phylogeographic investigation suggested that glaciation-induced widening of coastal 157 

plains might have promoted a demographic and range expansion of the Tyrrhenian tree frog, during 158 

the last glaciation (Bisconti et al. 2011a). On the other hand, fine-scale paleoenvironmental 159 

reconstructions for the Late Pleistocene of the Tyrrhenian islands, support this scenario for the 160 

Sardinia island, but not for Corsica and the other northern islands. Here, the glacial climate was 161 

harsher and coastal widening was limited, compared to Sardinia (Thiede 1978; Kuhlemann et al. 2005 162 

and 2008; Forzoni et al. 2015). Our Bayesian analyses of the recent evolutionary history of H. sarda 163 

populations allowed us to reconcile these phylogeographic and paleoenvironmental perspectives and 164 
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suggests an intriguing new scenario for the persistence of temperate species in the Mediterranean 165 

region, over glacial-interglacial cycles. 166 

 Our results support previous inference suggesting that H. sarda (re) colonised its entire range 167 

during a Late Pleistocene expansion. However, they also suggest that this major expansion phase did 168 

not occur as a single demographic event, but most probably through two sequential – albeit tightly 169 

linked - expansion steps. The first step allowed H. sarda to (re) colonise the rest of the Sardinia island 170 

during the last glaciation, and to expand into the extensive coastal plain opened by the glaciation-171 

induced sea-level drop north of this island. The second step, which most probably initiated close in 172 

time to the end of the last glacial maximum, allowed the species to expand northward from northern 173 

Sardinia, and to colonise the entire island of Corsica and the Tuscan archipelago.  174 

The source area of the Late Pleistocene expansion of H. sarda populations was identified in a 175 

narrow coastal region in north-east Sardinia (Figure 1B). During the last glaciation, the widening of 176 

the coastal lowland adjoining this area was conspicuous (see Figure 1B), and it progressively gained 177 

a direct connection with the vast lowland which gradually connected northern Sardinia with southern 178 

Corsica. Likewise, previously estimated species distribution models (Bisconti et al. 2011a) indicated 179 

high bioclimatic suitability of this area for H. sarda, under both current and glacial bioclimatic 180 

scenarios. Hence, phylogeographic and paleoclimatic data converge in identifying this area as a 181 

suitable candidate ancestral area, and source area for the subsequent demographic expansion. 182 

In line with previous historical demographic reconstructions carried out at the level of the entire 183 

species’ range (Bisconti et al. 2011a), our Bayesian skyline plot analysis of Sardinian populations 184 

suggested that the expansion event initiated in the middle of the Late Pleistocene (58 kya). To some 185 

extent, this time estimate might be an overestimate, owing to the time-dependency of the molecular 186 

clock (Ho et al. 2015), and the application of a molecular clock rate calibrated using the Messinian 187 

salinity crisis (i.e. 5.3 million years ago). Yet this time estimate matches considerably well with a 188 

phase of major sea-level drop (occurring about 65 kya; Spratt & Lisiecki, 2016), and a consequent 189 

widening of coastal habitats. Most importantly, however, the estimated region of 95% highest 190 

posterior probability density for this event (40 – 79 kya), rule out the possibility of a post-glacial, or 191 

even a late-glacial, initiation of the demographic expansion in Sardinia. Thus, phylogeographic and 192 

paleoclimatic data converge in identifying the middle of the Late Pleistocene as the most likely time-193 

frame for the expansion event in Sardinia.  194 

In Corsica and the Tuscan archipelago, however, the expansion event occurred later. For these 195 

populations, the inferred TMRCA is significantly more recent than for Sardinian populations, and 196 

closely matches the transition time between the two demographic epochs in Sardinia (median 197 

estimates: 59 vs 58 kya, respectively). Importantly, although surrounded by a non-negligible 198 
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uncertainty (95%HPD: 24 – 119 kya), this event appears unlikely to have followed the last glacial 199 

maximum (LGM; ~23 kya; Kuhlemann et al. 2008). Instead, the same cannot be said for the 200 

expansion event. Since the TMRCA, a phase of demographic stability lasting about 25 kya preceded 201 

the demographic expansion. Although the median estimate for the transition time between these two 202 

epochs (34 kya) precedes the LGM, the 95% highest posterior density region for this event (3 – 63 203 

kya; see also Figure 2B) largely incorporates the LGM and subsequent post-glacial times. Moreover, 204 

since this is the most recent event inferred from our data, we can expect it to be most affected by the 205 

time-dependency of the molecular clock, and the consequent inflation of recent time estimates (see 206 

Membrebe et al. 2019 for an estimate of the effect size in a case where both root calibration and dated 207 

tips were available). Lastly, when also considering the particularly harsh climate at the LGM in 208 

Corsica, due to polar air incursions (Kuhlemann et al. 2008), and the abrupt transition to post-glacial 209 

environmental conditions in this area (Kuhlemann et al. 2005 and 2008; Forzoni et al. 2015), a 210 

scenario considering a peri-glacial initiation and post-glacial development of the range expansion in 211 

Corsica appears the most plausible for a thermophilic species, as is H. sarda. 212 

 213 

Conclusions 214 

Our study allowed to improve previous estimates of the evolutionary history of the Tyrrhenian tree 215 

frog H. sarda, by 1) locating the source area of its major range expansion in the Late Pleistocene, and 216 

2) identifying a previously undetected component of the associated demographic trends. On the one 217 

hand, the inferred two-step expansion model is unprecedented for temperate species in the 218 

Mediterranean region and will deserve further evaluation in other temperate species. These studies 219 

should be focused on species both from insular geographic settings and from mainland areas close to 220 

coastal regions which have been particularly affected by glacial widenings of lowland habitats (e.g. 221 

the Adriatic Sea, central Mediterranean). On the other hand, by providing unusual resolution to the 222 

temporal and geographic components of its recent evolutionary history, our results place H. sarda in 223 

an excellent position to become a prominent case for the study of the genomic and phenotypic legacy 224 

of Late Pleistocene range dynamics of island species. 225 

Finally, although previous studies showed no significant discrepancy between nuclear and 226 

mtDNA data (Bisconti et al. 2011a), results from the present study should be confirmed with in-depth 227 

analyses of the nuclear genome. Whole-genome sequencing will be useful to precisely calibrate the 228 

molecular clock, to confirm the demographic dynamics that emerged in the present study, and to 229 

investigate the evolutionary implications of these dynamics.  230 
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SUPPORTING INFORMATION  317 

Additional Supporting Information may be found in the online version of this article at the 318 

publisher's web-site: 319 

Table S1. Complete dataset generated and used in this study. 320 

Video S1. Animation of the spatial diffusion through time of Hyla sarda in virtual globe software 321 

(GoogleEarth).  322 
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Table 1. Sampling location and sample size (n) for the 18 populations of Hyla sarda analysed for 323 

the present study. 324 

  325 

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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Figure 1.  A) Study area and geographic location of the 18 sampled populations of H. sarda. The 326 

dashed line shows the approximate location of the coastline during the last glacial maximum (Thiede, 327 

1978). B) Highest posterior density (HPD) regions of the ancestral area of H. sarda, based on a 328 

Bayesian phylogeographical analysis carried out in Beast.  329 

  330 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 22, 2020. ; https://doi.org/10.1101/2020.07.21.213363doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.21.213363
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 

 

Figure 2. Historical demographic reconstructions for the Sardinian populations (purple), and the 331 

Corsica and Tuscan archipelago populations (green). A) Bayesian skyline plots showing the effective 332 

population size change through time. Median estimates and 95% highest posterior density regions are 333 

shown (continuous line and shaded areas, respectively). B) Marginal posterior probability 334 

distributions for the transition time to exponential growth from the two-epoch models. 335 

 336 
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