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Postglacial northward expansions from distinct southern European refugia have lead 
to the formation of several secondary contact zones between species. These zones are 
providing growing insights into the relevance of introgressive hybridization in shap-
ing patterns of genetic diversity, and into the evolutionary processes involved in the 
completion of reproductive isolation barriers. Using both nuclear (9 allozyme loci) and 
mitochondrial (PCR-RFLP of a cytochrome b gene fragment) diagnostic markers we 
investigated the genetic patterns of variation across a zone of parapatry between the 
two European treefrogs Hyla arborea and H. intermedia. Neither F

1
 and F

2
 hybrids 

nor backcrosses were identifi ed, indicating the lack of current gene exchange between 
the two species. However, introgressed alleles were observed in both species and in 
all markers analysed, which testifi es to the occurrence of past events of introgressive 
hybridization. A wide variation in the frequencies of introgressed alleles was observed 
between loci and between the two species, suggesting the action of differential selec-
tive fi ltering. The historical context for the occurrence of secondary contact between 
the two species and its evolutionary implications are discussed, together with the pos-
sible role of human disturbance and/or reinforcing selection in leading to the observed 
absence of ongoing gene fl ow between them.

Introduction

Secondary contact zones have usually been 
found in areas where populations that diverged 
allopatrically during Pleistocenic glaciations 
met after the glaciers’ retreat, often forming 
hybrid zones. As a consequence of the climatic 
oscillations of the Quaternary and of the pres-

ence of major geographical barriers to dispersal, 
hybrid zones often show a clustered geographic 
distribution (Hewitt 1996, 2000). In Europe 
these areas of hybridisation or “suture zones” 
(Remington 1968) have been observed in the 
Pyrenees, the Alps, around the border between 
France and Germany, and in Scandinavia (e.g. 
Taberlet et al. 1998). In many of these contact 
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zones hybridisation has led to introgressive phe-
nomena, i.e. the spread of genes from one spe-
cies into the other species’ genome through suc-
cessive backcrossing of hybrids to one or both 
of the parental species. A most debated topic is 
the impact of introgressive hybridisation on the 
species genome. Introgression has been consid-
ered an important and pervasive phenomenon; 
it can be a source of genetic novelties, which 
can sometimes lead to novel adaptations (Grant 
1963, Arnold 1992, Mallet 2005), and may have 
played a major role in rapid adaptive radiations 
(see Seehausen 2004). If introgressing genes 
are selectively advantageous they can spread 
rapidly, whereas when they are disadvantageous 
or maladapted to the new genetic environment, 
they can be eliminated by selection (e.g. Harri-
son 1993, Martinsen et al. 2001). Foreign alleles 
can also be selectively neutral, in which case 
they are subjected to the laws of random evolu-
tion (Barton 2001). On the other hand, some 
authors argue that, as a consequence of endog-
enous selective pressures acting against hybrids, 
parental species are able to keep their genetic 
integrity, despite forming stable hybrid zones for 
thousands of generations (Barton 1979, Barton 
& Hewitt 1985, Jiggins et al. 1997). Dobzhansky 
(1940) suggested that when selection against 
hybrids is strong enough, it may promote the for-
mation of prezygotic barriers to gene exchange 
in hybridising taxa. This mechanism, known as 
reinforcement, would prevent a disadvantageous 
waste of reproductive energy on hybrid offspring 
that are unfi t or unviable. Since its conception, 
this theory has been heavily criticised on theo-
retical bases (e.g. Moore 1957, Bigelow 1965, 
Paterson 1978, Barton & Hewitt 1981) as well 
as for lack of experimental evidence (Howard 
1993, Littlejohn 1981, Phelan & Baker 1987). 
However, in recent decades both theoretical and 
empirical studies have provided strong evidence 
supporting the reinforcement hypothesis (see 
Servedio 2004 and references therein).

The Hyla arborea species group comprises 
about 15 species distributed across the Palearc-
tic region (see Faivovich et al. 2005). Most of 
these were once attributed to the single species 
H. arborea, and have been described as sepa-
rate species only recently, mainly on the basis 
of bioacoustic and genetic studies (e.g. Paillette 

1967, Schneider 1974, Kawamura et al. 1977, 
Nascetti et al. 1985, 1995). Among these, the 
Italian treefrog H. intermedia has been recog-
nized as a separate taxon, endemic to the Italian 
peninsula and Sicily, on the basis of a survey of 
variation at 28 enzymatic loci and morphometric 
analysis (Nascetti et al. 1995). A putative zone 
of secondary contact between this species and its 
sister taxon H. arborea was identifi ed in north-
eastern Italy, where evidence for introgressive 
hybridization between the two species were also 
observed. In this study, we investigate further the 
pattern and extent of hybridization and introgres-
sion between H. intermedia and H. arborea by 
means of both nuclear (allozyme electrophore-
sis) and mitochondrial (PCR-RFLP) markers, in 
order to gain insight into the historical processes 
most likely to have been involved in shaping the 
geographical patterns of genetic variation across 
the zone of parapatry between these species, and 
to evaluate the evolutionary implications.

Material and methods

Sampling and laboratory procedures

We analysed genetic variation in a total of 282 
individuals belonging to the two treefrog species 
H. arborea and H. intermedia, from 16 sampling 
sites located east and west of the putative zone of 
secondary contact. This geographic area ranges 
from northeastern Italy to western Slovenia and 
Istria, and is bounded by the Adriatic sea and 
the eastern Prealps at its southern and north-
ern portions, respectively. Sampling sites were 
initially identifi ed by following males’ mating 
calls. Therefore, all individuals were sampled 
from breeding ponds during the breeding sea-
sons, which in the study area are concurrent for 
both species (from March to May). With the 
exception of those from Noghere and Cepic, all 
other samples were also used in previous studies 
(Nascetti et al. 1995, Canestrelli et al. 2007a). 
Geographic location of samples studied and their 
sizes are presented in Fig. 1 and Table 1.

Horizontal starch gel electrophoresis was 
carried out in order to analyze the pattern of 
variation at the nine protein loci previously 
identifi ed as being diagnostic between the two 
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treefrog species H. arborea and H. intermedia 
(Nascetti et al. 1995): Icdh-1 (EC 1.1.1.42); Xdh 
(EC 1.2.1.37.); Sod-1 (EC 1.15.1.1); Aat-2 (EC 
2.6.1.1); Est-2 (EC 3.1.1.1); Pep-1, Pep-2 and 
Pep-4 (EC 3.4.13); Ada (EC 3.5.4.4). Running 
buffers, staining systems and technical details 
followed Nascetti et al. (1995).

Total genomic DNA was extracted follow-
ing conventional phenol-chloroform methodol-
ogy (Sambrook et al. 1989). A fragment of 330 
bp of the mitochondrial cytochrome b gene was 
amplifi ed in polymerase chain reaction (PCR) 
using the primers L14841 and H15149 described 
in Kocher et al. (1989). Reactions were carried 
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Table 1. Geographic locations, sample codes, sample sizes and estimates of populations’ genetic variabilities for 
the 16 populations sampled of the European treefrog species Hyla arborea and H. intermedia. A = average allelic 
richness (El Mousadik & Petit 1996), H = average gene diversity (Nei 1987).

Species Locality Code Sample size Lat. N Long. E A H

H. intermedia Cavarzere CAV 7 45°08´ 12°04´ 1.2 0.08
 Bavaria BAV 17 45°34´ 12°05´ 1.2 0.05
 Cordenons POR 16 45°57´ 12°38´ 1.1 0.07
 Brazzacco UDI 10 46°05 13°10´ 1.3 0.07
 Malina MAL 11 46°05´ 13°19´ 1.6 0.21
 Isonzo ISO 41 45°48´ 13°23´ 1.7 0.14
 Preval PRE 15 45°56´ 13°33´ 1.7 0.21
 Cona CON 12 45°54´ 13°32´ 1.6 0.21
 Schiavetti SCH 21 45°49´ 13°33´ 1.6 0.22
H. arborea Tarvisio TAR 19 46°30´ 13°34´ 1.0 0.01
 Sempas SEM 34 45°55´ 13°44´ 1.1 0.02
 Sgonico SGO 37 45°44´ 13°45´ 1.2 0.05
 Ajdovscina AJD 12 45°53´ 13°54´ 1.1 0.03
 Noghere NOG 8 45°34´ 13°48´ 1.1 0.03
 Cepic CEP 10 45°05´ 14°01´ 1.1 0.02
 Veglia VEG 12 45°08´ 14°40´ 1.0 0.00

Fig. 1. Geographic dis-
tribution of the two tree-
frog species Hyla arborea 
(dark grey) and H. inter-
media (light grey) in west-
ern and central Europe, 
and geographic location 
of the 16 sampled popula-
tions. Sample codes are 
as in Table 1.
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out in a fi nal volume of 100 μl containing 10 
mM Tris-HCl, pH 8.3, 50 mM KCl, 2.5 mM 
MgCl

2, 
0.2 mM of each dNTP, 0.2 μM of each 

primer, 2.5 units of Taq Polymerase and 1 μl of 
genomic DNA. The cycling conditions were as 
follows: 5 min of denaturation step at 95 °C fol-
lowed by 39 cycles of 1 min at 93 °C, 1 min at 
50 °C and 1 min at 72 °C, with a fi nal extension 
step of 10 min at 72 °C. Negative controls were 
used for all sets of reactions, and 5 μl of each 
PCR product were run in a 1.8% agarose gel 
and visualised under UV light with ethiudium 
bromide to check for proper amplifi cation. PCR 
products were then digested with four restriction 
enzymes (RsaI, AluI, HaeIII and TaqI) follow-
ing the manufacturer’s instructions and using 
10 to 15 μl of the amplifi cation product for each 
reaction. In order to assess the Restriction Frag-
ment Length Polymorphisms (RFLP), restriction 
fragments were separated in 6% polyacrylamide 
gels and visualised with ethidium bromide under 
UV light. Each of the RFLP composite haplo-
types found was sequenced using an ABI PRISM 
377 DNA sequencer (PE Applied Biosystems), 
following the ABI PRISM BigDye Terminator 
Cycle Sequencing protocol. Both strands were 
sequenced for each of the individuals analysed.

Data analysis

Allozymes

Deviations from Hardy-Weinberg equilibrium 
(exact tests for each locus in each population) 
and genotypic linkage disequilibria (exact tests 
for each pair of loci in each population) were 
assessed with GENEPOP 3.3 (Raymond & 
Rousset 1995). Mean allelic richness (El Mou-
sadik & Petit 1996), average gene diversity (Nei 
1987) and allelic frequencies were estimated 
using FSTAT 2.9.3.2 (Goudet 2001).

The patterns of genetic differentiation 
between populations was investigated by means 
of a Factorial Correspondence Analysis (FCA) 
as implemented by the program GENETIX 4.05 
(Belkhir et al. 1996–2004). The analysis uses 
individual multilocus genotypes to estimate the 
proportion of the overall inertia among popula-
tions. The ‘centre of gravity’ for each population 

was plotted in a 2D space of the fi rst two factors, 
which together explain the majority of variation 
in the data.

The assignment of individuals to population/
species and admixture analyses on the basis of 
multilocus genotype data were carried out using 
two different methods, both based on a Bayesian 
approach: the method proposed by Pritchard 
et al. (2000) and implemented in the program 
STRUCTURE 2.1, and that proposed by Ander-
son and Thompson (2002), implemented in the 
program NEWHYBRID 1.1b3.

The method  of Pritchard et al. (2000) was 
used to infer the most likely number of popula-
tions (K) in our dataset. The model uses unlinked 
multilocus genotypes to defi ne clusters of indi-
viduals in which Hardy-Weinberg and linkage 
disequilibria are minimized. We used the admix-
ture model, which assumes gene fl ow between 
populations and assigns a proportion of each 
individual’s genome (q

i
) to each inferred popu-

lation, thus providing estimates of individuals’ 
admixture proportions. Five independent runs 
were carried out for each value of K (K from 1 
to 16) to check for convergence. For each run, 
300 000 iterations were carried out with a burn-
in length of 30 000 iterations. The most likely 
value of K was determined using the absolute 
values of the second order rate of change of 
the likelihood distribution divided by the SD of 
the likelihoods (ΔK), following Evanno et al. 
(2005).

The clustering method of Anderson and 
Thompson (2002) was used to assign individu-
als to ‘pure’ parental populations and to check 
for the presence of different classes of hybrids 
(F

1
, F

2
 or backcrosses). Using Markov’s Chain 

Monte Carlo procedure, the method estimates 
the Bayesian posterior probability that an indi-
vidual in a sample belongs to each of the differ-
ent hybrid classes, while simultaneously estimat-
ing allelic frequencies for parental species. The 
data set was analysed several times, with various 
overdispersed starting values, lengths of burn-in 
period, and numbers of sweeps, as recommended 
by the authors. The F

1
, F

2
 and backcross classes 

were specifi ed. The different simulations were 
highly congruent for the estimation of posterior 
probabilities. Thus, results of a fi nal simulation 
with 500 000 sweeps are shown.
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Finally, to obtain an estimate of the time 
of divergence between the two species based 
on the protein clock calibrated by Beerli et al. 
(1996) for European water frogs, we re-analysed 
the data of Nascetti et al. (1995) concerning 
allopatric populations of H. intermedia and H. 
arborea to calculate Nei’s (1978) genetic dis-
tance as modifi ed by Hillis (1984) (D

Nei
), using 

the software POPDIST 1.1.1 (Guldbrandtsen et 
al. 2000). According to the calibration of Beerli 
et al. (1996), the pace of allozymic divergence is 
0.10D

Nei
/Myr.

mtDNA

Sequences were aligned using CLUSTALX 
(1.81) (Thompson et al. 1997). Sequence poly-
morphism analysis and pairwise sequence diver-
gence (uncorrected p-distance) were computed 
using the program MEGA 2.1 (Kumar et al. 
2001). The same program was also used to test 
the null hypothesis of constant substitution rate, 
by means of Tajima’s relative rate tests (1993). A 
rough estimate of the time of divergence between 
the two species was obtained using a cytochrome-
b-specifi c substitution rate of 3.6% of sequence 
divergence per million years, as proposed by 
Babik et al. (2004) based on previous works of 
Veith et al. (2003) and Beerli et al. (1996).

Results

Allozymes

Neither signifi cant deviations from the expected 
Hardy-Weinberg equilibrium nor linkage dise-
quilibria were observed (all p > 0.05). Seven out 
of the nine studied loci showed bi-allelic (Icdh-1, 
Xdh, Sod-1, Pep-1, Pep-4) or mostly bi-allelic 
variation (Est-2, Ada), whereas three and four 
alleles were observed at loci Pep-2 and Aat-2, 
respectively (table of allele frequencies available 
upon request). Estimates of population genetic 
variation based on the nine analysed loci are pre-
sented in Table 1. Mean allelic richness varied 
between 1.0 observed at Tarvisio and Veglia to 
1.7 observed at Isonzo and Preval, while aver-
age gene diversity ranged from 0.00 to 0.22 at 

Veglia and Schiavetti respectively. Particularly 
high estimates of population genetic variability 
were observed for a group of fi ve samples of H. 
intermedia located at the easternmost portion of 
the species range (Malina, Isonzo, Preval, Cona 
and Schiavetti).

The fi rst two factors obtained by the FCA 
explained 81% and 4% of the overall variation 
respectively. When these two factors were plot-
ted against each other (Fig. 2), the populations 
clearly separated into the two species, with no 
overlap. The degree of scattering appeared wider 
among H. intermedia than among H. arborea 
populations, indicating the former as a more het-
erogeneous group of samples.

The geographic distribution of pooled fre-
quencies of H. arborea and H intermedia alleles 
at the nine discriminant loci is illustrated in 
Fig. 3. Among the H. intermedia samples, alle-
les typical of H. arborea were observed at all 
loci, although with frequencies varying across 
samples and loci. By contrast, among the H. 
arborea samples, alleles typical of H. intermedia 
were observed at only fi ve of the nine discrimi-
nant loci analysed (Icdh-1, Xdh, Aat-2, Est-2, 
Pep-2). Within H. intermedia the most intro-
gressed locus was Sod-1, whose levels of intro-
gression varied greatly among samples, ranging 
from 46% observed at Cona to 0% observed at 
Cavarzere, Bavaria and Cordenons. Similarly, 
frequencies of the arborea allele Est-2105 in H. 
intermedia samples ranged from 22% at Cona 
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Fig. 2. Two-dimensional plot derived from a factorial 
correspondence analysis of the 16 sampled popula-
tions of the European treefrogs Hyla arborea (squares) 
and H. intermedia (circles), based on allozyme data. 
Samples are encoded as in Table 1.
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to 0% at Cavarzere, Bavaria, Brazzacco and 
Malina. The loci Xdh and Pep-1 were the least 
introgressed loci within the Italian taxon, H. 
arborea alleles having been observed in only 
one (Schiavetti) and two samples (Malina, Cona) 
respectively, with frequencies never above 9%. 
A wide variation in levels of introgression was 
also observed among loci within the same local-
ity. For example the sample from Cona showed a 
46% frequency of the H. arborea allele Sod-184 
while showing no signs of introgression at loci 
Icdh-1, Xdh and Ada.

Levels of introgression of H. intermedia alle-
les into populations of H. arborea were notably 
lower. Indeed, at three out of the fi ve loci show-
ing traces of introgression (Icdh-1, Xdh, Est-2), 

H. intermedia alleles were observed only in the 
single sample of Sgonico, with a frequency not 
exceeding 9%, whereas at locus Pep-2 the H. 
intermedia allele Pep-2100 was also observed at 
Sempas with a frequency of 7%. Among the H. 
arborea samples, the only locus showing levels 
of introgression comparable to that observed 
among H. intermedia samples was Aat-2, where 
the foreign allele Aat-285 was observed in four H. 
arborea samples, with a frequency reaching 17% 
at Ajdovscina.

Cluster analysis carried out using the pro-
cedure implemented by the program STRUCTURE 
indicated that the genetic structure maximizing 
ΔK, and thus the most likely for the data, con-
sisted of two clusters (K = 2; see Fig. 4), with 

CAV

Ada
100; 108 93

Pep-2
90; 100 95

Pep-4
100 110

Pep-1
100 108

Est-2
96; 100 105

Aat-2
85; 100; 112 90

Icdh-1
95; 100 93

G

Sod-1
100 84

Xdh
100 94

Fig. 3. Pie diagrams showing the geographic variation of allele frequencies at the nine diagnostic loci between Hyla 
arborea and H. intermedia. Hyla arborea alleles are in white, whereas H. intermedia alleles are in black. Samples 
are encoded as in Table 1.
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individuals of each species assigned to one clus-
ter or the other (Fig. 5). Within H. intermedia the 
average score was 0.99 ± 0.02, with a minimum 
value of q = 0.87 assigned to one individual 
from the population of Preval and to one from 
Malina. Within H. arborea the mean value for q 
was 0.99 ± 0.00, the lowest score being q = 0.96 
assigned to three individuals from the population 
of Sgonico.

When individuals’ genotypic data were ana-
lysed with NEWHYBRID, the program failed 
to identify with confi dence individuals belong-
ing to F

1
, F

2
 or the backcrosses of various gen-

erations. Indeed, one individual from Malina and 
one from Preval (the ones that received q = 0.87 
by STRUCTURE analysis) were assigned a 
probability of being third (or later) generation 
backcrosses of 2% and 5% respectively, whereas 
all other individuals were assigned their pure 
parental species with a probability above 99%.

Nei’s mean genetic distance between allopat-
ric samples of the two treefrog species was D

Nei
 

= 0.55. Based on the molecular clock calibrated 
by Beerli et al. (1996), this value leads to an 
estimated time of divergence between the two 
species of 5.5 Myr.

mtDNA

Of the four endonucleases used, RsaI produced 
three restriction profi les, while AluI, HaeIII 
and TaqI produced two each. Three different 
composite RFLP-haplotypes were found over-
all. Within H. intermedia two haplotypes were 

found: the most common was n1 observed at 
high frequencies in all sampled populations of 
this species, whereas haplotype n2 was observed 
only at Bavaria, Cordenons and Isonzo, at fre-
quencies of 6%, 13% and 2%, respectively. The 
haplotype a1 was the only one observed in sam-
ples of H. arborea, besides having been found in 
three individuals of H. intermedia, two at Malina 
and one at Isonzo. The allozyme genotypes of 
these three individuals were assigned a probabil-
ity of q > 0.95 of belonging to their group by the 
programme STRUCTURE.

Two samples for each restriction haplotype 
were sequenced (Genebank Accession Numbers: 
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Fig. 5. Best clustering option (K = 2) for the 282 individual treefrogs sampled, according to the Structure procedure. 
Each individual is represented by a single vertical line, whose colour is partitioned according to the proportion of its 
membership coeffi cient for the K cluster. Samples are encoded as in Table 1.
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AY093690, AY093693, AY093694). Balkanic 
and Italian haplotypes showed an average of 
14% of sequence divergence. On the other hand, 
within H. intermedia, n1 and n2 are differenti-
ated by just one substitution.

The null hypothesis of constant substitution 
rate cannot be rejected according to Tajima’s 
(1993) relative rate tests, as all these were not 
signifi cant. Based on a substitution rate of 3.6% 
of sequence divergence per Myr (Babik et al. 
2004), the divergence time between mitochon-
drial haplotypes of the two species was esti-
mated at 3.9 Myr.

Discussion

The two treefrog species Hyla arborea and H. 
intermedia were never found in either syntopy 
or sympatry. In fact, they are distributed along 
a zone of parapatry east and west of the Isonzo 
river, respectively, with the exception of Schi-
avetti, a population of H. intermedia found to the 
east of the Isonzo. This zone of parapatry falls 
within one of the proposed European “suture 
zones” (Taberlet et al. 1998, Hewitt 1999) where 
it is supposed that, during interglacials, multi-
ple taxa expanding from their southern glacial 
refugia met, forming zones of secondary contact 
(Schmitt & Seitz 2001 and references therein). 
Our data fi t comfortably within this scenario.

The two kinds of markers analysed give simi-
lar estimates of the time of divergence between 
the two species, the overall range being 5.5–3.9 
Myr. Even taking account of the vagaries of the 
molecular clocks (Ayala 1997, 1999, Gibbons 
1998, Welch & Bromham 2005, Ho & Larson 
2006), these time estimates strongly suggest that 
the evolutionary split of the two lineages pre-
dates the Quaternary climatic oscillations. The 
study of the intraspecifi c genetic variation among 
populations of the Italian treefrog (Canestrelli et 
al. 2007a, 2007b) suggested that it survived the 
Pleistocene climatic oscillations in three major 
distinct refugia, two located in peninsular Italy 
south of the northern Apennines, the other span-
ning the entire Padanovenezian plain. Follow-
ing the glacio-eustatic sea level oscillations, the 
extension of this latter geographic area varied 
considerably. At the last pleniglacial, the north-

ern Adriatic sea coastline was located several 
hundreds kilometres southeast of its present 
location (Corregiari et al. 1996, Amorosi et al. 
1999), and it has been suggested that during 
this period H. intermedia populations were 
widely distributed in the area (Canestrelli et al. 
2007a, 2007b). The northern Adriatic sea coast-
line reached its present location, following the 
interglacial sea level rising, approximately 5000 
years BP. (Tortora et al. 2001). These events led 
to the formation of the present corridor between 
the Italian peninsula and the Balkans (i.e. the 
land strip located between the northern moun-
tainous and the southern marine regions) upon 
which the zone of parapatry between the two 
treefrog species is located. When also consider-
ing the proposed pleniglacial distribution of the 
Italian treefrog, if the secondary contact between 
the two species had pre-dated the formation of 
such corridor, one would expect the putative 
contact zone to be further east of its present 
location (but see e.g. Dasmahapatra et al. 2002 
and references therein). We thus hypothesize 
that the secondary contact between the two spe-
cies — and thus the evolutionary processes that 
it primed (see below) — have occurred within 
the last few thousand years.The fact that no F

1
 

or F
2
 hybrids or backcrosses were found in the 

study area, suggests that there is no ongoing 
gene-fl ow between the two species. The pres-
ence of exogenous alleles at varying frequencies 
at discriminant loci, in parapatric populations of 
both species, appears therefore attributable to 
past events of introgressive hybridisation. A pos-
sible alternative explanation for the presence of 
alleles, common in one taxon, at low frequencies 
in a neighbouring sister species, is that they are 
isoelectrophoretic alleles, genetically distinct but 
electrophoretically indistinguishable. However, 
given that isoalleles are by defi nition experi-
mental artefacts, their distribution within the 
species range is expected to be random, whereas 
in our study they were found only in proximity 
to the contact zone in both species. Moreover, 
the fact that they were observed at all diagnostic 
loci and, as in the case of Icdh1, Xdh, Est2 and 
Pep2, in both species reciprocally, makes this 
hypothesis dismissible. Furthermore, the same 
arguments also allow us to reject the existence of 
shared ancestral polymorphisms as an alternative 
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explanation to introgression (see also Urbanelli 
& Porretta 2008).

Levels of introgression vary among loci 
(see Fig. 3). This phenomenon has also been 
observed in other organisms (e.g. Rieseberg et 
al. 1999, Martinsen et al. 2001, Cianchi et al. 
2003). It has mostly been interpreted as a con-
sequence of differential selective fi ltering acting 
on different loci, because of structural or func-
tional properties of the enzymes (e.g. Eanes 
1999), or because of alleles having different 
selective values (or being tightly linked to alle-
les with such characteristics), as determined by 
the internal genetic environment (e.g. Hunt & 
Selander 1973, Avise 1994). The apparent asym-
metry observed with mitochondrial markers may 
be the consequence of non random interspecifi c 
mating patterns and/or hybrid progeny differ-
ential viability or sterility. Unfortunately, the 
overall observed introgression at mtDNA is too 
low to test for species asymmetric introgression 
and/or differences between markers. Given that 
mtDNA effective population size is 1/4 of that 
of nuclear genes (Birky et al. 1989), and mtDNA 
introgression being so low, introgressed haplo-
types in H. arborea may easily have been lost as 
a consequence of genetic drift.

The analysis carried out with the pro-
gram STRUCTURE shows that no individuals 
received a q value smaller than 0.87, while all 
other analyses indicated the full bimodality of 
the genotypes in the dataset. These results fur-
ther support the inference of lack of ongoing 
gene fl ow, and suggest that introgression has 
had little effect on the gene pools of both spe-
cies, which therefore appear as hardly perme-
able systems of co-adapted gene complexes. 
The absence of ongoing gene fl ow, coupled with 
evidence of past hybridization and introgres-
sion, has at least two non-mutually exclusive 
explanations. First, the central portion of the 
former contact zone (i.e. the ‘sympatric area’) 
could have recently disappeared, due to inter-
vening unsuitable environmental conditions. A 
particularly intensive sampling effort was made 
in search of the ‘sympatric area’. Neverthe-
less, we failed to fi nd admixed populations even 
among those most closely located to the area 
of parapatry (no calling treefrogs during the 
breeding season, no responses to playbacks, no 

tadpoles). Since the past existence of such an 
area is a necessary premise for hybridization and 
introgression to have occurred, and given that 
we also inspected all known potential breeding 
sites in the area (each more than once), it can be 
reliably argued that this area has recently disap-
peared. Obviously, the ultimate causes of such 
an event cannot be indicated with confi dence, 
and further analyses is being carried out with this 
aim. But in light of the physiographic features 
of the underlying geographic area and the harsh-
ness of recent anthropogenic alterations to the 
habitat, we hypothesize that several causes con-
curred to bring about such an event. The area is 
indeed surrounded by a karsic region to the north 
and the Adriatic sea to the south, and its core has 
been heavily human-impacted during the last 
few decades, mainly through industrialization 
and intensive agriculture. Its present arrange-
ment could therefore have led to the disappear-
ance of the ‘sympatric area’.

A second possible explanation for the lack of 
ongoing gene-fl ow coupled with evidences for 
past events of introgressive hybridization, could 
be that mechanisms of reproductive isolation 
between the two species are more effective at 
present than when they came into contact, which 
would be indirect evidence of reinforcement. 
One of the most serious theoretical challenges to 
the idea of reinforcement is the possibility that 
the necessary association between loci control-
ling sex choice and hybrid fi tness is broken up 
by recombination (Butlin 1989). However, in 
bimodal hybrid zones, as the zone under study 
probably was, this problem is overcome because, 
with the two genomes hardly mixing at all, there 
is almost complete linkage between conspecifc 
traits (Liou & Price 1994, Jiggins & Mallet 
2000). Analysis of the advertisment call of the 
two species (Castellano et al. 2002) has shown 
signifi cant differences in both static and dynamic 
properties of the mating call between samples 
collected in allopatric areas. This could suggest 
that some assortative mating could have been 
already active when they fi rst came into second-
ary contact, an occurrence which would make 
more probable the hypothesis of reinforcement 
(Liou & Price 1994). Nevertheless, to strengthen 
this hypothesis it remains to be clarifi ed whether 
there are any differences at the intraspecifi c level 
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between mating calls of allopatric and parapatric 
populations of each species. Preliminary data 
obtained by our research group suggest that 
mating calls are particularly divergent between 
the two species in the area of parapatry (G. 
Nascetti unpubl. data).
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