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Abstract
Background: In contrast to the Western Palearctic and Nearctic biogeographic regions, the phylogeography of
Eastern-Palearctic terrestrial vertebrates has received relatively little attention. In East Asia, tectonic events, along
with Pleistocene climatic conditions, likely affected species distribution and diversity, especially through their impact
on sea levels and the consequent opening and closing of land-bridges between Eurasia and the Japanese
Archipelago. To better understand these effects, we sequenced mitochondrial and nuclear markers to determine
phylogeographic patterns in East-Asian tree frogs, with a particular focus on the widespread H. japonica.
Results: We document several cryptic lineages within the currently recognized H. japonica populations, including
two main clades of Late Miocene divergence (~5 Mya). One occurs on the northeastern Japanese Archipelago
(Honshu and Hokkaido) and the Russian Far-East islands (Kunashir and Sakhalin), and the second one inhabits the
remaining range, comprising southwestern Japan, the Korean Peninsula, Transiberian China, Russia and Mongolia.
Each clade further features strong allopatric Plio-Pleistocene subdivisions (~2-3 Mya), especially among continental
and southwestern Japanese tree frog populations. Combined with paleo-climate-based distribution models, the
molecular data allowed the identification of Pleistocene glacial refugia and continental routes of postglacial
recolonization. Phylogenetic reconstructions further supported genetic homogeneity between the Korean H.
suweonensis and Chinese H. immaculata, suggesting the former to be a relic population of the latter that arose
when the Yellow Sea formed, at the end of the last glaciation.
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Conclusions: Patterns of divergence and diversity were likely triggered by Miocene tectonic activities and
Quaternary climatic fluctuations (including glaciations), causing the formation and disappearance of land-bridges
between the Japanese islands and the continent. Overall, this resulted in a ring-like diversification of H. japonica
around the Sea of Japan. Our findings urge for important taxonomic revisions in East-Asian tree frogs. First, they
support the synonymy of H. suweonensis (Kuramoto, 1980) and H. immaculata (Boettger, 1888). Second, the nominal
H. japonica (Günther, 1859) represents at least two species: an eastern (new taxon A) on the northern Japanese and
Russian Far East islands, and a southwestern species (n. t. B) on southern Japanese islands and possibly also forming
continental populations. Third, these continental tree frogs may also represent an additional entity, previously
described as H. stepheni Boulenger, 1888 (senior synonym of H. ussuriensis Nikolskii, 1918). A complete revision of
this group requires further taxonomic and nomenclatural analyses, especially since it remains unclear to which
taxon the species-epitheton japonica corresponds to.
Keywords: Amphibian conservation, Eastern Palearctics, Hylidae, Phylogeography, Refugia within refugia,
Quaternary glaciations

Background
Historical biogeography is now fairly well-understood in
the Western Palearctic realm, where the location of
glacial refugia, routes of postglacial recolonization and
the geoclimatic processes that shaped the current genetic diversity have been inferred in a wide array of terrestrial vertebrates (reviewed in: [1–4]). In contrast, the
Eastern Palearctic, and notably the East-Asian region,
also called ‘Sino-Japanese’, has received less attention
both in term of the number of investigated species and
the geological timescales covered [1, 2]. This area encompasses Eastern China, East Siberia and Far-Eastern
Russia, Mongolia, the Korean Peninsula and the Japanese
Archipelago. During the Tertiary, the terrestrial biodiversity of this region was influenced by faunal exchanges via the major crossroad between Eurasia and
North-America: the Beringian land-bridge [2, 5].
Within the East-Asian region, phylogeographers further
identified old diversifications between the Chinese
mainland, the Korean Peninsula and the Japanese
Archipelago (e.g. [6–8]), as well as younger differentiation within these regions (e.g. [9–12]), consistent with
major geological events of the Miocene and Pliocene (e.g.
subduction of the Philippine Sea tectonic plate, expansion
of ancient basins). The impact of more recent processes,
namely the Quaternary glaciations, is also poorly understood. Compared to Europe and North America, Pleistocene climatic conditions were supposedly milder in NEAsia, but still affected species distributions and diversity
[8, 13, 14]. Especially, the Pleistocene climatic fluctuations
had strong impact on sea levels, involving coastline
changes and the opening and closing of land-bridges between Eurasia and the Japanese Archipelago [15, 16]. For
instance, Komaki et al. [17] recently compared mitochondrial and nuclear phylogenies in context to paleoclimatic
modeling in East Asian water frogs (Pelophylax) from
Far-Eastern Russia, China, the Japan, Korea and Taiwan

and detected five historical mtDNA introgressions and
range shifts, all considered to be shaped by glacial cycling.
Phylogeography can inform about the natural history
and evolutionary processes that shaped specific and intraspecific diversity in this biogeographically important
region. Moreover, knowledge about the distribution of
current diversity has direct conservation applications,
both for the delineation of management units [18] and
to appreciate the potential vulnerability of genetically
impoverished populations [19].
Generally, potentially slow-dispersing ectotherms like
amphibians are known to show strong genetic responses to historical climatic changes and geological
processes (e.g. [20, 21]). Here we focus on the EastAsian tree frogs (Hyla japonica group; recently changed
to Dryophytes japonicus [22]), which offer an excellent
opportunity to advance our historic biogeographic
knowledge on this region. The H. japonica group has
resulted from the second wave of hylid colonization of
Eurasia that invaded during Early to Middle Miocene
(95% 21–15 Mya) from the Nearctic [5]. It currently
comprises at least three recognized species [23]: the
Japanese tree frog H. japonica (Günther, 1859 [24]),
which has a wide continental (Eastern China, Eastern
Russia and Mongolia, Korean Peninsula) and insular
(Japanese Archipelago, Kurily and Sakhalin Islands)
distribution; the spotless tree frog H. immaculata
(Boettger, 1888 [25]), endemic to Eastern China; and
the endangered Suweon tree frog H. suweonensis
(Kuramoto, 1980 [26]), narrowly distributed and
endemic to northwestern South Korea. Furthermore,
some authors have considered H. japonica’s mainland
populations as a separate species (H. stepheni, Boulenger
1888 (“1887”), a senior synonym of H. ussuriensis,
Nikolsky, 1918 [27]), which, however, appears unsupported
by recent molecular data [5]. In a recent phylogeny of
Holarctic Hyla, these authors [5] hypothesized potential
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discrepancies in the current systematics of these taxa:
based on few mitochondrial sequences, they suspected
cryptic insular speciation on the Russian eastern islands
of Sakhalin and Kunashir (inhabited by H. japonica), as
well possibly synonymy between H. immaculata and H.
suweonensis. Therefore, more detailed investigations are
required to shed light on cryptic diversity and clarify
the evolutionary relationships in this species group [5],
as well as to understand the ecological and evolutionary
processes involved.
In this paper, we aim to understand the diversification
patterns of East Asian tree frogs and whether divergences
correspond to major biogeographic events in the region.
Specifically, we undertake a phylogeographic survey of H.
japonica across its continental and insular range, and
explore phylogenetic relationships with its relatives H.
immaculata and H. suweonensis. To do so, we sequenced
fast-evolving mitochondrial and nuclear markers from
samples across most of the range of H. japonica and estimate divergence times between all major lineages. To
complement the phylogeographic analyses and get insights
into the location of glacial refugia, we estimated the
current and past distribution for the widespread H.
japonica using Species Distribution Modelling approaches. Given that tree frogs are generally declining
and threatened in many regions, our results also have
potentially useful implications for the future management of populations.

Methods
DNA sampling, extraction and marker sequencing

Tissue or oral ("buccal") swab samples were obtained from
museum samples (ZISP, Zoological Institute of the Russian
Academy of Sciences, St. Petersburg; CIB, Chengdu Institute of Biology, the Chinese Academy of Sciences) and field
captured frogs. For the latter, DNA was obtained from
muscle or liver, or from non-lethal sampling (toe clips, oral
swabs), in which case the animals were immediately released afterwards. A total of 96 specimens of H. japonica
from 34 populations were considered (28 from ZISP, nine
from CIB, 57 newly collected, two from GenBank). Two
samples from H. immaculata (newly collected) and seven
from H. suweonensis (three newly collected, four from
GenBank) were included. Details on the origin of specimens are available from Additional file 1. All specimens
were collected according to local permits and approved by
ethics committees in the various countries. DNA was extracted using the Qiagen DNeasy Blood and Tissue extraction kit.
We sequenced ~900 bp of the mitochondrial cytochrome-b (cyt-b), in all individuals as described [28]. For
nuclear data, we amplified and cloned a ~500 bp part αFibrinogen intron 1 (methods and cross-amplifying
primers: [29]) in a representative subset of individuals
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(H. japonica: n = 36, H. immaculata: n = 2; we included
published sequences for H. suweonensis, see below). At
least eight clones were sequenced per sample in order to
capture the two alleles of heterozygotes.

Phylogenetic analyses

We calculated maximum likelihood phylogenies of cyt-b
haplotypes with PhyML [30], using a GTR + G + I model
of sequence evolution (MrAIC, [31]). For this analysis,
we also included published cyt-b sequences of H.
suweonensis (n = 10 haplotypes isolated from 68 individuals from the entire narrow range of this species,
[32]; GenBank KF564855-KF564864), as well as a sequence of H. chinensis as outgroup (GenBank NC006403).
We performed a similar analysis for the nuclear α-Fibrinogen haplotypes, using a HKY + I model (MrAIC) and included our published sequences for H. suweonensis (n
= 1 haplotype after alignment, out of 4 individuals
cloned and sequenced, [29]; GenBank KR816385KR816392). A sequence of H. annectans was used as
outgroup (GenBank JX182365; [28]). For both phylogenetic trees, branch support was tested by 1000 bootstrap replicates.
We estimated divergence times between the main
East-Asian tree frog lineages with BEAST [33], using
the molecular calibration of the Western Palearctic radiation of Hyla by Stöck et al. [28]. For this purpose,
we included representative cyt-b sequences, available
for seven European taxa (3–11 per taxon) with a resolved phylogeny and known divergence times (H. meridionalis, H. savignyi, H. felixarabica, H. arborea, H.
intermedia, H. molleri and H. orientalis). Importantly, the
cyt-b tree is concordant with the most robust phylogenetic
analyses for these species published to date, based on
thousands of SNPs [29]. We applied calibration points to
the split of H. meridionalis (9.7 Mya), of the H. arborea
group (6.1 Mya) and between H. molleri and H. orientalis
(3.7 Mya), using normally distributed priors with a standard deviation of 1 My. This enables to effectively span a
large range of prior distributions to encompass the posterior distributions obtained by Stöck et al. [28] for these estimates. We applied a Yule tree prior, as appropriate for
species-level divergences, and ran two chains, each comprising 30 million iterations. We then used Tracer [34] to
verify for high ESS values, and checked for convergence
and stationary of the results. The first 3 million runs were
discarded as ‘Burnin’. A maximum clade credibility tree
was built using the BEAST module TreeAnnotator, available as Additional file 2. In addition, we computed genetic
distances (Dxy) between and within the main mtDNA
clades with DNAsp [35]. Given its low polymorphism and
unresolved topology (see Results), we did not perform
molecular dating of α-Fibrinogen haplogroups.
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Finally, to explore the genetic structure of H. japonica
populations, we built networks of mitochondrial and nuclear haplotypes using TCS [36], without restriction on
the maximal numbers of connections. For α-Fibrinogen,
we considered insertion-deletion (indel) polymorphism
and the two alleles of each sample separately.

Past distribution modelling of H. japonica

For the contemporary niche predictions, we used 1008
localities of H. japonica (Additional file 3), combining
our sampling localities (Additional file 1), the Global
Biodiversity Information Facility database [37], and published monitoring data [38, 39]. Duplicated localities
were removed by ENMTools 1.3 [40]. For the present
time and the Last Glacial Maximum (LGM; about
22,000 years ago), 19 bioclimatic layers (2.5 min resolution) were extracted from the WorldClim database
[41]. Two general atmospheric circulation models were
used to generate LGM climate scenarios: the Community Climate System Model (CCSM, [42]) and the Model
for Interdisciplinary Research on Climate (MIROC;
[43]). Models were generated by Maxent 3.3.3 [44, 45],
using default settings. We used 70% of the occurrence
localities as training data, and the remaining 30% were
reserved for testing the resulting models. We evaluated
our predicted models using Area Under the Curve (AUC)
derived from the Receiver Operating Characteristic plots.
The plots represent a model’s ability to discriminate species locations from pseudo-absences by plotting sensitivity
against 1 - specificity [46]. AUC values range from 0.5 to
1.0, with 0.5 indicating no greater fit than expected by
chance and 1.0 indicating a perfect model fit. Models with
test AUC values above 0.75 are considered useful and
above 0.90 very good [47, 48]. For the prediction of potential geographic distributions, correlations between pairs of
bioclimatic variables were assessed using the Pearson correlation coefficient by ENMTools, in order to avoid highly
correlated and redundant variables. Two variables sharing
a correlation coefficient of 0.8 or higher were considered
highly correlated. Previous knowledge on biology and requirements of the studied species is crucial for optimal
modeling [49]. We therefore selected variables based on
known preferences of Hyla species. After correcting for
correlation among data layers, seven variables were
retained: Bio1 (annual mean temperature; °C × 10), Bio2
(mean diurnal range; °C × 10), Bio3 (isothermality), Bio5
(maximum temperature of warmest month; °C × 10),
Bio12 (annual precipitation; mm), Bio15 (precipitation
seasonality; CV), and Bio19 (precipitation of coldest quarter; mm). We used a jackknife analysis for estimation of
relative contributions of the variables to the Maxent
model. The mask applied for the distribution modelling
extends from 90 to 155° N and 20 to 65° E.
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Results
Mitochondrial and nuclear trees recovered similar haplogroups, although topologies differed in respect to the
lower informativeness of the nuclear marker, which
accordingly also featured low branch supports. The
mitochondrial cyt-b was very informative: we sampled 67
haplotypes (containing 220 variable sites, 202 of which
parsimony-informative). For the nuclear α-Fibrinogen, we
distinguished 28 haplotypes with 42 variable sites, including 22 parsimony-informative.
Relationships of East-Asian tree frogs

In both phylogenetic trees, H. immaculata sequences
unambiguously clustered with those of H. suweonensis,
forming a genetically homogeneous monophyletic clade
(Figs. 1 and 2). In the mitochondrial tree (Fig. 1), this
clade forms a sister clade to the H. japonica radiation,
with the time to their most recent common ancestor
estimated at ~6.4 Mya (95% HPD: 10.3-3.3 My; Dxy =
0.13, Additional file 4). In the nuclear tree, the H. immaculata/H. suweonensis haplogroup is highly supported
(99% bootstrap support, Fig. 2), although it appears
paraphyletic in respect to H. japonica.
Diversification of Japanese tree frogs (Hyla japonica)

The mitochondrial phylogenetic tree recovered a very
diverse, old but monophyletic radiation of H. japonica,
including at least nine mitochondrial lineages with varying degrees of divergence (Fig. 1) and clear geographic
association (Fig. 3).
Specifically, we distinguished two major clades, diverged ~5.0 Mya (95% HPD: 7.9-2.7 My; Dxy = 0.104,
Additional file 4):
(i).The first clade (A) is restricted to the central and
northern parts of the Japanese Archipelago,
Kunashir and Sakhalin Islands (pop. 1–6), and is
further subdivided into four main lineages (Dxy
from 0.036 to 0.070, Additional file 4) found on
Sakhalin, Kunashir and Hokkaido (subclade A1, red;
pop. 1–3), northern Honshu and southern Hokkaido
Islands (subclade A2, orange; pop. 3–5), Sado Island
(subclade A3, brown; pop. 5) and stretching to
central Honshu (subclade A4, yellow; pop. 6).
(ii).the second clade (B) has a wide distribution across
the southern parts of the Japanese Archipelago and
the mainland (pop. 7–34), with marked subdivisions
(Dxy from 0.017 to 0.042, Additional file 4) in
southern Japan (subclades B1, purple; B2, dark blue;
and B3, light blue; pop. 7–10), southwest of the
Korean Peninsula (subclade B4, light green; pop.
12–20) and the remaining part of its continental
range (subclade B5, dark green; pop. 18–34).
Divergence time estimates suggest two additional

Dufresnes et al. BMC Evolutionary Biology (2016) 16:253

Page 5 of 14

Fig. 1 a Maximum-likelihood mitochondrial phylogeny of Eastern Asian tree frogs, based on cyt-b haplotypes; b Chronogram of divergences.
Bootstrap support is indicated for major nodes, if above 50%. 95% HPD of divergence times are given for major nodes on the chronogram. For
the widespread continental subclade B5, we distinguished the three haplogroups that have strong geographic association and probably testify of
different glacial subrefugia. N. t.: new taxon
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signals of population clustering and further highlights
haplotype diversity for some subclades (i.e. A2, B2, B3)
and star-like patterns for haplogroups of the continental
subclades B4 and B5 (Fig. 3). In clade B5, this involves
haplotypes segregating in the northern parts of the range
(B5c, pop. 23–34), whereas distinct haplotypes occur in
Korea (B5a, B5b; Fig. 3).
Nuclear phylogenetic analyses and haplotype network
recovered most of H. japonica mitochondrial genetic
groups, however with some unresolved relationships
(Figs. 2 and 4). Samples, belonging to mitochondrial
clade A, form the basal branches of the nuclear tree
(nuclear haplotypes JAP18-25) with subclade A4 standing out (yellow, JAP18). Frogs of mitochondrial clade B
are represented by paraphyletic haplogroups that distinguish mtDNA-subclades B4 (nuclear haplotypes JAP0810) and B5 (nuclear haplotypes JAP01-06) from southern
Japanese ones (mitochondrial subclades B1-3; nuclear
haplotypes JAP07, JAP11-17). As for mtDNA, the nuclear haplotype network forms star-like patterns for continental haplogroups, whereas the Japanese samples
present a more complex structure.
Historic distribution modelling for H. japonica

Fig. 2 Maximum-likelihood phylogeny of the nuclear α-Fibrinogen
haplotypes. Colors correspond to the major mtDNA lineages.
Bootstrap support is indicated for major nodes, if above 50%

periods for these diversifications: some 3 Mya (splits
of subclades A4, A3 and B1; estimated at ~3.3-3.2
Mya), and some 2 Mya (splits of subclades A1, A2,
B2, B3, B4 and B5; estimated at ~2.1-2.0 Mya).
Figure 1 provides all estimates and their HPD. The mitochondrial haplotype network (Fig. 3) confirms the strong

The ecological niche modeling had high AUC test values
(0.935 ± 0.005) and showed significance for the binomial
omission test, indicating a good performance of the
model. The predicted potential niche model under the
current climate conditions is shown in Fig. 5. Four variables (Bio12, Bio1, Bio3, and Bio5) accounted for 90% of
the predicted range. The projected potential niche models
for the LGM indicate a substantial southward retraction
of the range for H. japonica. The extent of range shrinkage
is variable depending on the Global Circulation Model.
According to the CCSM model, the suitable environmental
conditions for the species were widely distributed across
the Japanese Archipelago, Tsushima, Sado, and Jeju Islands,
the southernmost part of Sakhalin Island, most of the Korea
Peninsula, the shallow Yellow Sea, the southern Manchuria
and the southernmost part of Primorskiy kray of Russia.
According to the MIROC model, the suitable conditions
were somewhat less widely distributed: namely, across the
Japanese Archipelago (excluding Hokkaido), Tsushima,
Sado, and Jeju islands, most of the Korea Peninsula, the
shallow Yellow Sea, and the southernmost Manchuria.

Discussion
Mitochondrial and nuclear phylogenetic analyses of tree
frogs from the East-Asian mainland and the Japanese
Archipelago revealed three main lineages, including
cryptic genetic diversity within H. japonica. The latter
represents a species group, composed of two major
genetic clades (corresponding to two new taxa A and B)
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Fig. 3 Haplotype network of mitochondrial cyt-b and distribution of the main lineages. For H. japonica, pies are proportional to sample sizes and
colors correspond to the different clades. Haplotypes of H. suweonensis (ours and GenBank data) were all sampled within the vicinity of Seoul,
Korea, where it is endemic

with pronounced subdivisions. Figure 6 illustrates their
distribution ranges and proposes taxonomic revisions
based on our molecular data. In the following, we discuss biogeographic and systematic implications.
Diversification and historical biogeography of East-Asian
tree frogs

Molecular dating based on the mitochondrial cyt-b suggested a Late Miocene divergence (~6.5 Mya) of the

common ancestor of H. immaculata + H. suweonensis
from the lineage leading to all current nominal H. japonica. This branching corresponds to the geological period
when the Philippine Sea Plate (PHS) resumed its subduction, forming large volcano-tectonic depressions
across the Korean Strait (separating the Japanese Archipelago from the Korean Peninsula) and the Ryuku Arc
(separating Japan from mainland China; [50]), eventually
breaking land-bridges that formerly connected the
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Fig. 4 Haplotype network of nuclear α-Fibrinogen and distribution of nuclear haplogroups. Pies are proportional to sample sizes. For H. japonica,
colors correspond to the equivalent mitochondrial clades/subclades. Haplotypes of H. immaculata/H. suweonensis are colored according to which
species there were sampled from (H. immaculata: white, H. suweonensis: black: both: black/white)

Japanese Archipelago with the continent [51]. These
geological events may have played a role in isolating
other ancient Japanese and continental vertebrate species, as other amphibians [9], fishes [12], and especially
mammals, which consequently feature high levels of endemism in Japan [16]. In accordance with mtDNA, nuclear sequences supported a distinct H. immaculata/H.
suweonensis haplogroup, although nuclear phylogenetic
relationships with H. japonica could not be resolved
based solely on this marker, likely due to its low
polymorphism.
Our findings show that the widespread H. japonica
harbors high cryptic diversity throughout its range with
multiple Miocene and Plio-Pleistocene diversifications.
This genetically diverse taxon can first be divided into two
main mitochondrial clades (Fig. 1), with the corresponding
nuclear differentiation, as well as disjoint distributions,

one occurring on the eastern Japanese and Far-Eastern
Russian islands (mtDNA-clade A, n. t. A), the other distributed across southern Japan and the remaining range
(mtDNA-clade B, n. t. B). Previous analyses, based on allozyme polymorphisms, accordingly recovered strong genetic differentiation between southern and northern
Japanese H. japonica populations [52]. The old divergence
between these two mtDNA-clades (~5 Mya) may be
linked to past geological processes of the Early Pliocene,
namely the expansion of ancient basins in central Japan,
with associated volcanic activity, as evidenced in the
Setouchi geological province [53]. This same event seems
to have caused similar divergences between southwestern
and northeastern Japan in other anurans, such as Rana
rugosa [11], Buergeria buergeri [54] and Bufo toads [9].
From our data, we predict the two H. japonica clades A
and B to come into secondary contact in the region
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Fig. 5 Present and past distribution models for the Last Glacial Maximum (CCSM, MIROC) in H. japonica

spanning from Shiga and Hiroshima Prefectures (between
pop. 6 and 7). Further population genetic investigations
will probably inform on the accurate distribution of these
taxa and on their genetic interactions across contact
zones.
Each H. japonica mtDNA-clade further presents allopatric subdivisions, of Plio-Pleistocene divergence (2–3 Mya).

In clade A (n. t. A), the complex topography of central of
northern Japan, combined with Pleistocene climatic fluctuations, may have promoted this strong geographical
structure. Especially, subclade A1, occurring on Hokkaido,
Kunashir and Sakhalin Islands may have become isolated
during unsuitable Quaternary glacial periods, as suggested
by the CCSM past distribution model (Fig. 5). In mtDNA-
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Fig. 6 Distribution ranges of Eastern Asian tree frogs with proposed splits of taxa based on our molecular analyses. We split the currently
recognized “Hyla japonica” as Hyla new taxa A and B (cf. Fig. 1), in dashed areas. The distribution of H. immaculata and its Korean synonym
H. suweonensis are displayed in plain dark. Localities mentioned in this study are indicated. Distribution data: IUCN red list

clade B (n. t. B), southern Japanese tree frogs are also
highly genetically diverse, both on the mitochondrial and
nuclear levels. In Japan, the co-occurrence of diverged
haplotypes within single populations (e.g. pop. 3, 5, 7, 10)
may testify of a complex dynamic of allopatric differentiations (for instance, when sea level disconnected islands
during interglacial phases, or when mountain ranges isolated population during glacial periods), alternating with
population reconnection and gene flow. Therefore, the diversification throughout Japan likely reflects the existence
of multiple Pleistocene refugia, paralleling the situation of
other Japanese amphibians [9, 11, 17], mammals [10] and
fishes [12]. In mammals, Pleistocene climatic fluctuations
had a strong impact on population extinction and interisland dispersal and recolonization [16].
Molecular dating within mtDNA-clade B (n. t. B)
shows that continental populations diverged from southern Japanese ones about 3 Mya. The mitochondrial differentiation was also accompanied by the formation of
distinct nuclear haplogroups. This pattern suggests that
tree frogs did not use land-bridges across the Korea Strait,
which connected southern Japan with the Korean mainland during the last glacial cycles (Fig. 5; [16]), and thus
remained isolated throughout the Quaternary. Alternatively, oversea dispersal may have occurred but without
significant genetic consequences for the tree frog populations persisting on both sides of the Korea Strait. Indeed,
the environmental conditions seem to have remained

suitable on the southern Korean Peninsula and in Japan
during the LGM, probably enabling long-term persistence
of large populations (Fig. 5). For example, it seems possible that tree frogs may have formed admixed populations
on former Japan Sea land-bridges, which subsequently disappeared, when water levels rose up during interglacials.
It remains unclear whether the presence of a continental
nuclear haplotype on Kyushu Island (pop. 10) results from
recent oversea(s) dispersal or ancestral polymorphism.
Accordingly, other terrestrial vertebrates show little evidence of recent colonization from the continent towards
the Japanese Archipelago [16].
Contrasting with our phylogenetic data, previous allozyme genetic distances [52] suggested stronger differentiation between Korean and Japanese populations than
between southern and northern Japanese populations,
which was interpreted as an earlier split from continental Hyla [52]. However, the Korean sample in this study
might actually represent H. immaculata/H. suweonensis
(collected from the type locality of H. suwoenensis,
Suweon). Additional nuclear loci will help solving the
nuclear phylogeny of H. japonica clades.
Interestingly, the phylogeographic pattern of H. japonica
can also be considered as a case of ring diversification.
This type of diversification involves parapatric or allopatric
differentiation of populations along a stepping-stone-like
geographic continuum around a major dispersal barrier,
preventing gene flow between non-neighbouring demes.
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In our case, populations diversified around the Sea of
Japan, stretching from Sakhalin to southern Honshu on
the one hand (n. t. A), and from Eastern Russia, China,
Korea and onto the Southern Japanese Archipelageo on
the other hand (n. t. B). As recently emphasized, ring-like
phylogeographic patterns might be more common than
previously assumed [55, 56], especially in regions with
complex topography and Pleistocene climatic instability
[57]. Ancestral ring diversifications can sometimes also be
later “broken into multiple species presumed to be evolving independently, usually obscuring the evolutionary dynamics that generate diversity” [58, 59], a scenario that
would be in line with the split and seemingly independent
history of our two separate taxa n. t. A and B around the
Sea of Japan. Future population genetic studies might help
to determine the role of isolation-by-distance in shaping
H. japonica’s diversity around the Sea of Japan and test
whether the northern, terminal mtDNA lineages A1 (n. t.
A) and B5 (n. t. B) interact and “close” this ring (i.e. between our loc. 1 and 28). Moreover, this pattern should be
tested in other organisms, where cryptic diversity may
have arisen by similar biogeographic processes.
Late Quaternary processes on the continental east-Asia

The distribution of the two continental H. japonica
lineages (subclades B4 and B5) supports multiple glacial refugia across the Korean Peninsula. In this region,
glacial conditions were supposedly milder (Fig. 5), but
topography (the Taeback Mountains) and insularity
(Tsushima and Jeju Islands, pop. 11–12) likely promoted population structure, as previously shown in
South-Korean tree frog populations [60]. Based on
haplotype distribution within B5, where different mitochondrial haplogroups segregate in Korea (B5a, B5b),
and in northern ranges (B5c, Fig. 3), suggesting an
additional refugium further north, we provide additional evidence for recent continent-scale population
differentiation. This hypothetical refugium was probably located along the North-Korean and Russian coast
(as suggested by the CCSM past distribution model,
Fig. 5), from which Transiberian China, Russia and
Mongolia were recolonized postglacially. Accordingly, the
B5c mtDNA-haplogroup features signs of recent expansion
(star-like pattern in haplotype networks); in addition,
northern populations (pop. 24–34) are genetically homogeneous, which likely testifies of the loss of refugial diversity
due to expansion-associated drift [61]. Generally, these results support that glacial cycles, supposedly milder in NEAsia compared to other parts of the Palearctic, significantly
influenced the distribution of genetic diversity in this region, in line with recent studies on other animals [8] and
plants [13, 14].
The lack of sequence differentiation between the Chinese H. immaculata and Korean H. suweonensis, which
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share identical nuclear haplotypes, suggests a very recent
divergence despite current allopatric distributions (Fig. 6).
Thus, populations seem to have been connected recently,
in the Late Quaternary, probably through Late Pleistocene
land-bridges across the shallow Yellow Sea. Indeed, marine geological data suggested that during the last glacial
period, the Yellow Sea’s level was about 120 m lower than
at present day [62], and still more than 50 m lower at the
beginning of the Holocene [63], which would enable such
connections and exchanges [64, 65], particularly off the
Shandong Peninsula, separated from Korea mainland by
only 250 km. This probably large land-bridge is illustrated
from our LGM distribution models for H. japonica (Fig. 5).
Future additional sampling across the Chinese mainland
range parts may help testing whether this Yellow Sea
land-bridge still acted as a dispersal filter: in our limited
dataset, the two H. immaculata mtDNA-haplotypes
(IMM01, IMM02) were not shared by any Korean H.
suweonensis, suggesting limited dispersal and/or recent
divergences.
Taxonomic implications and nomenclatural issues

Our results stress the need for systematic revisions of
East-Asian tree frogs. First, we provide evidence for
cryptic speciation within H. japonica (Günther, 1859),
which can be considered a superspecies, including at
least two main taxa (our clades A and B, corresponding
to two new taxa, n. t. A and n. t. B). Our findings are
consistent with Li et al. [5], who isolated a distinct
mitochondrial lineage from few specimens on Sakhalin
and Kunashir Islands (our mtDNA-clade A, subclade
A1, corresponding to “H. japonica A” in [5]), earlydiverged from other populations (our mtDNA-clade B,
“H. japonica B” in [5]). The old split between these two
mtDNA-clades (~5 Mya), combined with their concordant nuclear differentiation, should warrant them
specific status. Other Palearctic Hyla lineages of similar
or lower degree of divergence are recognized as different species [28, 66], and hardly hybridize in their secondary contact zones [67].
Second, there has been an ongoing debate on whether
continental H. japonica populations should be considered
a separate species, H. stepheni (or its junior synonym H.
ussuriensis), distinct from Japanese ones [27]. Based on
slower evolving markers (12S and 16S rDNA), Li et al. [5]
argued that H. japonica and H. ussuriensis can be considered synonyms. In contrast, our present data rather suggest that these continental and southern Japanese tree
frogs form monophyletic mitochondrial lineages, as old as
about 3 Mya (our mtDNA-subclades B1, B2-B3 and B4B5), with distinct, although paraphyletic, nuclear haplogroups. Interestingly, experimental crosses between “H.
ussuriensis” (from mainland Korea and Tsushima island)
with southern Japanese “H. japonica” (from Hiroshima)
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suffered from lower metamorphosis rates and inferior offspring fitness compared to controls, which might indicate
post-zygotic isolation [68]. Additional multilocus genetic
surveys, as well as morphological and bioacoustic
characterization, will inform about further reaching taxonomic and nomenclatural decisions. At present, these
continental and island populations should be considered
independent genetic entities for wildlife management. The
same is true for several northern Japanese lineages within
mtDNA-clade A that show allopatric distributions and
features similar amounts of mitochondrial divergence (e.g.
A1, A2-A3, A4).
The split of the nominal H. japonica into two taxonomic entities (n. t. A and n. t. B) raises the question to
which one the species-epitheton japonica, coined by
Günther ([24], “1858”), belongs to. Despite intense
search we were unable to narrow down the type region
“Japan” to a specific locality at which the type series was
collected (syntypes, BMNH 44.2.22.107; 3 specimens).
According to Günther (p. 109 in [24]) as well as according to labels on the collection jars and in the handwritten BMNH catalogue (Streicher, pers. comm., I/
2016) these specimens were obtained from the Leiden
(“Leyden”) collection, and thus most probably were collected by Siebold and Bürger [69]. Indeed, the Leiden
catalogue mentions the arrival of tree frogs (as “Hyla
arborea”) with database record “RMNH.RENA.1701,
Hyla arborea, 17 ex., collected by: Siebold & Bürger, locality: Japan” (Dondorp, pers. comm., XII/2015). While
these frogs are extensively described by Temminck and
Schlegel (p. 112 in [69]) and depicted (p. 312 in [69]; as
“Hyla arborea”), their work contains no further geographic details. Siebold was a resident physician at the
Dutch trading post on Dejima Island in Nagasaki. Yet, in
1826, he traveled at least to Edo (now Tokyo). Therefore,
types of H. japonica may have originated from the vicinities of Nagasaki (inhabited by n. t. A), but it cannot be
excluded that the types were collected in the vicinities of
Tokyo (inhabited by n. t. B), or elsewhere in Japan, as
zoological and botanical material was also obtained from
local people from several parts of Japan [69, 70]. In conclusion, it is therefore possible that either of the two taxa
(n. t. A or n. t. B, or even both) could be represented in
the type series. Without further details through historical research in the London and Leiden collections, such
as additional travel documents left by Siebold or genetic
research involving the type series, the nomenclatural
question to which lineage the name japonica belongs,
cannot be conclusively answered.
Finally, both our mitochondrial and nuclear datasets
unambiguously supported that H. immaculata and H.
suweonensis belong to one and the same tree frog
species, as recently suspected based on few mitochondrial sequences [5]. From our data, these names
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can be declared synonymous, leaving H. suweonensis
Kuramoto, 1980 [26] a junior subjective synonym of H.
immaculata Boettger, 1888 [25]. This lineage forms a
sister taxon to the H. japonica superspecies. The use of
faster-evolving markers, such as microsatellites, will allow
to better understand the recent history of H. immaculata
populations, and define management units for their
conservation.

Conclusions
The phylogeography of Eastern tree frogs revealed cryptic
diversity in a ring-like manner, and potential speciation of
several deeply-diverged lineages. These divergences likely
result from past tectonic events and paleoclimatic changes,
and their effects on the formation and disappearance of
land-bridges between the topographically complex Japanese
Archipelago and the Korean Peninsula, paralleling the situation in other terrestrial vertebrates. Furthermore, by the
identification of multiple glacial refugia and continental
routes of post-glacial recolonization, we demonstrated that
Quaternary glaciations also had a strong genetic impact on
the evolution of East-Asian anuran amphibians. For this
part of the Palearctic realm, it is usually assumed that such
effects are limited compared to other biogeographic regions
of the northern hemisphere.
Additional files
Additional file 1: Origin of the samples included in this study (XLSX 18 kb)
Additional file 2: Maximum credibility tree from the mitochondrial
dating in BEAST. (PDF 201 kb)
Additional file 3: List of H. japonica occurrences used in the distribution
models (XLSX 35 kb)
Additional file 4: Mitochondrial genetic distances (Dxy) between and
within Eastern tree frog taxa. (PDF 32 kb)

Abbreviations
My: Million years; Mya: Million years ago
Acknowledgements
We are grateful to Vasiliy I. Kazakov, Dmitriy V. Skorinov, Leo J. Borkin, Egor B.
Malashichev, P. Zoljorgal, M. Munkhbaatar, Kojun Suzuki, Sang-Hoon Han, Mina
Iwai, Mitsuaki Ogata, Satoru Noguchi, and Miyu Yamanaka for the collection of
tree frog samples from various regions of Russia, Mongolia and Japan. We also
thank Esther Dondorp, Frank Tillack, Rainer Günther and Jeffrey W. Streicher for
help with references and background details on taxonomy and nomenclature.
Funding
This work was supported by a Heisenberg-Fellowship (Sto 493/2-2) from the
German Science Foundation (DFG) to MS. The work of SNL was partially
funded by grants of the Russian Foundation of Basic Research (project Nos.
14-04-91151 and 15-29-02546). JTL was supported by the Sichuan Science &
Technology Bureau (fund 2016HH0083).
Availability of data and materials
All sequences used in this study are deposited in GenBank, including previously
published ones (accessions provided in the Methods section) and new ones
(cyt-b: KY055672-KY055770; α-Fibrinogen: KY055771-KY055832).

Dufresnes et al. BMC Evolutionary Biology (2016) 16:253

Authors’ contributions
MS, SNL, CD and NP designed the study. SNL, AB, YJ, SHH, JTL, and IM did
field work. CD conducted lab work and analyses with SNL; MS, IM and SNL
conducted research on type series, nomenclatural history and historical
scientific collections; CD, MS and SNL drafted the manuscript, improved by
all co-authors. All authors read and approved the final manuscript.

Page 13 of 14

11.

12.

Competing interests
The authors declare that they have no competing interests.

13.

Consent for publication
Not applicable.

14.

Ethics approval
Animal procedures were approved by the animal care and use committee of
Chengdu Institute of Biology (permit number: 20140401), the committee for
ethics in animal experimentation at Hiroshima University (permit number:
G13-3), permit 2013–16 issued by the Ministry of the environment of the
Republic of Korea, and according to the ethics committee of the ZISP
herpetological collection; except for scientific vouchers, no animals were
killed and sampling were done by means of toe clips or minimal invasive
sampling (swabs).
Author details
1
Department of Ecology and Evolution, Biophore Building, University of
Lausanne, 1015 Lausanne, Switzerland. 2Institute of Cytology, Russian
Academy of Sciences, Tikhoretsky pr. 4, 194064 St. Petersburg, Russia.
3
Laboratory of Behavioral Ecology and Evolution, School of Biological
Sciences, Seoul National University, 151-747 Seoul, Republic of Korea.
4
Division of EcoScience, Ewha Womans University, Seoul 120-750, Republic of
Korea. 5Chengdu Institute of Biology, Chinese Academy of Sciences,
Chengdu 610041, China. 6Institute for Amphibian Biology, Graduate School
of Science, Hiroshima University, Kagamiyama 1-3-1, Higashihiroshima
739-8526, Japan. 7Leibniz-Institute of Freshwater Ecology and Inland Fisheries
(IGB), Müggelseedamm 301, D-12587 Berlin, Germany. 8Visiting Research
Fellow at the Graduate School of Science, Hiroshima University, Hiroshima,
Japan.

15.
16.
17.

18.
19.
20.

21.

22.
Received: 9 March 2016 Accepted: 28 October 2016
23.
References
1. Hewitt G. The genetic legacy of the Quaternary ice ages. Nature.
2000;405:907–13.
2. Hewitt GM. The structure of biodiversity - insights from molecular
phylogeography. Front Zool. 2004;1:4.
3. Schmitt T. Molecular biogeography of Europe: Pleistocene cycles and
postglacial trends. Front Zool. 2007;4:11.
4. Taberlet P, Fumagalli L, Wust-Saucy A, Cosson J. Comparative phylogeography
and postglacial colonization routes in Europe. Mol Ecol. 1998;7:453–64.
5. Li J, Wang J, Nian H, Litvinchuk SN, Wang J, Li Y, Rao D, Klaus S. Amphibians
crossing the Bering Land Bridge: evidence from holarctic treefrogs (Hyla,
Hylidae, Anura). Mol Phylogenet Evol. 2015;87:80–90.
6. Ota H. Geographic patterns of endemism and speciation in amphibians and
reptiles of the Ryukyu Archipelago, Japan, with special reference to their
paleogeographical implications. Res Popul Ecol. 1998;40:189–204.
7. Ota H, Honda M, Chen SL, Hikida T, Panha S, Oh HS, Matsui M. Phylogenetic
relationships, taxonomy, character evolution and biogeography of the
lacertid lizards of the genus Takydromus (Reptilia: Squamata): a molecular
perspective. Biol J Linn Soc. 2002;76:493–509.
8. Zhang H, Yan J, Zhang G, Zhou K. Phylogeography and demographic
history of Chinese black-spotted frog populations (Pelophylax
nigromaculata): evidence for independent refugia expansion and secondary
contact. BMC Evol Biol. 2008;8:21.
9. Igawa T, Kurabayashi A, Nishioka M, Sumida M. Molecular phylogenetic
relationship of toads distributed in the Far East and Europe inferred from
the nucleotide sequences of mitochondrial DNA genes. Mol Phylogenet
Evol. 2006;38:250–60.
10. Kirihara T, Shinohara A, Tsuchiya K, Harada M, Kryukov AP, Suzuki H. Spatial
and temporal aspects of occurrence of Mogera species in the Japanese

24.
25.
26.
27.
28.

29.

30.
31.
32.

33.
34.

islands inferred from mitochondrial and nuclear gene sequences. Zoolog
Sci. 2013;30:267–81.
Nishioka M, Kodama Y, Sumida M, Ryuzaki M. Systematic evolution of 40
populations of Rana rugosa distributed in Japan elucidated by
electrophoresis. Sci Rep Lab Amphib Biol Hiroshima Univ. 1993;12:83–131.
Takehana Y, Nagai N, Matsuda M, Tsuchiya K, Sakaizumi M. Geographic
variation and diversity of the cytochrome b gene in Japanese wild
populations of medaka, Oryzias latipes. Zoolog Sci. 2003;20:1279–91.
Gong W, Chen C, Dobes C, Fu C, Koch MA. Phylogeography of a living
fossil: Pleistocene glaciations forced Ginkgo biloba L. (Ginkgoaceae) into two
refuge areas in China with limited subsequent postglacial expansion. Mol
Phylogenet Evol. 2008;48:1094–105.
Qi X, Yuan N, Comes H, Sakaguchi S, Qiu Y. A strong “filter” effect of
the East China Sea land bridge for East Asia’s temperate plant species:
inferences from molecular phylogeography and ecological niche
modelling of Platycrater arguta (Hydrangeaceae). BMC Evol Biol.
2014;14:41.
Haq BU, Hardenbol J, Vail PR. Chronology of fluctuating sea levels since the
triassic. Science. 1987;235:1156–67.
Millien-Parra V, Jaeger JJ. Island biogeography of the Japanese terrestrial
mammal assemblages: an example of a relict fauna. J Biogeogr. 1999;26:959–72.
Komaki S, Igawa T, Lin S, Tojo K, Min M, Sumida M. Robust molecular
phylogeny and palaeodistribution modelling resolve a complex
evolutionary history: glacial cycling drove recurrent mtDNA introgression
among Pelophylax frogs in East Asia. J Biogeogr. 2015;42:2159–71.
Moritz C. Defining “Evolutionarily Significant Units” for conservation. Trends
Ecol Evol. 1994;9:373–5.
Dufresnes C, Perrin N. Effect of biogeographic history on population
vulnerability in European amphibians. Conserv Biol. 2015;29:1235–40.
Recuero E, Canestrelli D, Vörös J, Szabó K, Poyarkov NA, Arntzen JW,
Crnobrnja-Isailovic J, Kidov AA, Cogălniceanu D, Caputo FP, Nascetti G,
Martínez-Solano I. Multilocus species tree analyses resolve the radiation of
the widespread Bufo bufo species group (Anura, Bufonidae). Mol Phylogenet
Evol. 2012;62:71–86.
Dufresnes C, Wassef J, Ghali K, Brelsford A, Stöck M, Lymberakis P,
Crnobrnja-Isailovic J, Perrin N. Conservation phylogeography: does historical
diversity contribute to regional vulnerability in European tree frogs (Hyla
arborea)? Mol Ecol. 2013;22:5669–84.
Duellman WE, Marion AB, Hedges SB. Phylogenetics, classification, and
biogeography of the treefrogs (Amphibia: Anura: Arboranae). Zootaxa.
2016;4104:1–109.
Hua X, Fu C, Li J, de Oca ANM, Wiens JJ. A revised phylogeny of holarctic
treefrogs (genus Hyla) based on nuclear and mitochondrial DNA sequences.
Herpetologica. 2009;65:246–59.
Günther ACLG. Catalogue of the Batrachia salientia in the collection of the
British Museum. London: Taylor & Francis; 1859.
Boettger O. Hyla immaculata. Ber. Senckenb. Naturforsch. Ges. 1888. p. 189.
Kuramoto M. Mating calls of treefrogs (genus Hyla) in the Far East, with
description of a new species from Korea. Copeia. 1980;1:100–8.
Fei L. Atlas of amphibians of China. Zhenghzou: Henan Press of Science and
Technology; 1999.
Stöck M, Dufresnes C, Litvinchuk SN, Lymberakis P, Biollay S, Berroneau M,
Borzée A, Ghali K, Ogielska M, Perrin N. Cryptic diversity among Western
Palearctic tree frogs: postglacial range expansion, range limits, and
secondary contacts of three European tree frog lineages (Hyla arborea
group). Mol Phylogenet Evol. 2012;65:1–9.
Dufresnes C, Borzée A, Horn A, Stöck M, Ostini M, Sermier R, Wassef J,
Litvinchuck SN, Kosch TA, Waldman B, Jang Y, Brelsford A, Perrin N. Sexchromosome homomorphy in Palearctic tree frogs results from both
turnovers and X–Y recombination. Mol Biol Evol. 2015;32:2328–37.
Guindon S, Gascuel O. A simple, fast, and accurate algorithm to estimate
large phylogenies by maximum likelihood. Syst Biol. 2003;52:696–704.
Nylander JAA. MrAIC.pl. Program distributed by the author. 2004.
Chun S, Chung E, Voloshina I, Chong JR, Lee H, Min M. Genetic diversity of
Korean tree frog (Hyla suweonensis and Hyla japonica): assessed by
mitochondrial cytochrome b gene and cytochrome oxidase subunit I gene.
Korean J Herpetol. 2012;4:31–41.
Drummond A, Rambaut A. BEAST: Bayesian evolutionary analysis by
sampling trees. BMC Evol Biol. 2007;7:214.
Rambaut A, Suchard MA, Xie D, Drummond AJ. Tracer 1.6. 2014. Available
from http://beast.bio.ed.ac.uk/tracer.

Dufresnes et al. BMC Evolutionary Biology (2016) 16:253

35. Librado P, Rozas J. DnaSP v5: a software for comprehensive analysis of DNA
polymorphism data. Bioinformatics. 2009;25:1451–2.
36. Clement M, Posada D, Crandall KA. TCS: a computer program to estimate
gene genealogies. Mol Ecol. 2000;9:1657–9.
37. Global Biodiversity Information Facility database. http://www.gbif.org/ .
Accessed 1 Nov 2015.
38. Kuzmin SL. The amphibians of the former Soviet Union. Moscow: Pensoft.
ed. Sofia; 2013.
39. Litvinchuk SN, Schepina NA, Munkhbaatar M, Munkhbayar K, Borkin LJ,
Kazakov VI, Skorinov DV. Distribution and conservation status of the Far
Eastern tree frog, Hyla japonica Günther, 1859 in Mongolia and Transbaikalia
(Russia). Russ J Herpetol. 2014;21:303–14.
40. Warren DL, Glor RE, Turelli M. ENMTools: a toolbox for comparative studies
of environmental niche models. Ecography. 2010;33:607–11.
41. WorldClim database. http://www.worldclim.org. Accessed 1 Nov 2015.
42. Community Climate System Model (CCSM). http://www2.cesm.ucar.edu/.
Accessed 1 Nov 2015.
43. Watanabe S, Hajima T, Sudo K, Nagashima T, Takemura T, Okajima H,
Nozawa T, Kawase H, Abe M, Yokohata T, Ise T, Sato H, Kato E, Takata
K, Emori S, Kawamiya M. MIROC-ESM 2010: model description and
basic results of CMIP5-20c3m experiments. Geosci Model Dev.
2011;4:845–72.
44. Phillips S, Anderson R, Schapire R. Maximum entropy modeling of species
geographic distributions. Ecol Model. 2006;190:231–59.
45. Phillips SJ, Dudík M. Modeling of species distribution with Maxent: new
extensions and a comprehensive evalutation. Ecography. 2008;31:161–75.
46. Fielding AH, Bell JF. A review of methods for the assessment of
prediction errors in conservation presence/absence models. Environ
Conserv. 1997;24:38–49.
47. Elith J. Quantitative methods for modeling species habitat: comparative
performance and an application to Australian plants. In: Ferson S, Burgman
M, editors. Quantitative Methods for Modeling Species Habitat. New York:
Springer; 2000. p. 39–58.
48. Swets J. Measuring the accuracy of diagnostic systems. Science.
1988;240:1285–93.
49. Sardà-Palomera F, Vieites DR. Modelling species’ climatic distributions under
habitat constraints: a case study with Coturnix coturnix. Ann Zool Fennici.
2011;48:147–60.
50. Kamata H, Kodama K. Volcanic history and tectonics of the Southwest Japan
Arc. Isl Arc. 1999;8:393–403.
51. Hikida T, Ota H, Kuramoto M, Toyama M. Zoogeography of amphibians and
reptiles in East Asia. In: M Matsui, T Hikida, RC Goris, editors. Current
Herpetology in East Asia. Kyoto: Herpetol. Soc. Japan. 1989; p. 278–81.
52. Nishioka M, Sumida M, Borkin LJ. Biochemical differentiation of the genus
Hyla distributed in the far east. Sci Rep Lab Amphibian Biol Hiroshima Univ.
1990;10:93–124.
53. Yoshida F. Geological development of the Setouchi Province since Early
Miocene -with spatial reference to the First and Second Setouchi Inland Sea
Times. Bull Geol Surv Japan. 1992;43:43–67.
54. Sumida M, Ohta S, Atsumi S, Fujii T. Geographic variability in expression of
the sex-linked AAT-1 gene of the bell-ring frog, Buergeria buergeri. J Exp
Zool. 2004;302B:182–94.
55. Dufresnes C, Litvinchuk SN, Leuenberger J, Ghali K, Zinenko O, Stöck M,
Perrin N. Evolutionary melting pots: a biodiversity hotspot shaped by ring
diversifications around the Black Sea in the Eastern tree frog (Hyla orientalis).
Mol Ecol. 2016. in press.
56. Irwin D. A tree of tree frogs around the Black Sea. Mol Ecol. 2016. in press.
57. Monahan WB, Pereira RJ, Wake DB. Ring distributions leading to species
formation: a global topographic analysis of geographic barriers associated
with ring species. BMC Biol. 2012;10:20.
58. Perreira RJ, Wake DB. Ring species as demonstrations of the continuum of
species formation. Mol Ecol. 2015;24:5312–4.
59. Fuchs J, Ericson PGP, Bonillo C, Couloux A, Pasquet E. The complex
phylogeography of the Indo-Malayan Alophoixus bulbuls with the description
of a putative new ring species complex. Mol Ecol. 2015;24:5460–74.
60. Jang Y, Hahm EH, Lee H, Park S, Won Y, Choe JC. Geographic variation in
advertisement calls in a tree frog species: gene flow and selection
hypotheses. PLoS One. 2011;6:e23297.
61. Excoffier L, Foll M, Petit RJ. Genetic consequences of range expansions.
Annu Rev Ecol Evol Syst. 2009;40:481–501.

Page 14 of 14

62. Chough SK, Lee HJ, Chun SS, Shinn YJ. Depositional processes of late
Quaternary sediments in the Yellow Sea: a review. Geosci J. 2004;8:211–64.
63. Kim D, Park K, Shin IC. Paleoenvironmental changes of the Yellow Sea
during the Late Quaternary. Geo-Marine Lett. 1999;18:189–94.
64. Kong GS, Park SC, Han HC, Chang JH, Mackensen A. Late Quaternary
paleoenvironmental changes in the southeastern Yellow Sea, Korea. Quat
Int. 2006;144:38–52.
65. Wang P. Response of Western Pacific marginal seas to glacial cycles:
Paleoceanographic and sedimentological features. Mar Geol. 1999;156:5–39.
66. Stöck M, Dubey S, Klutsch C, Litvinchuk S, Scheidt U, Perrin N. Mitochondrial
and nuclear phylogeny of circum-Mediterranean tree frogs from the Hyla
arborea group. Mol Phylogenet Evol. 2008;49:1019–24.
67. Dufresnes C, Brelsford A, Crnobrnja-Isailović J, Tzankov N, Lymberakis P,
Perrin N. Timeframe of speciation inferred from secondary contact zones in
the European tree frog radiation (Hyla arborea group). BMC Evol Biol. 2015;
15:155.
68. Kawamura T, Nishioka M, Ueda H. Reproductive isolation in treefrogs
distributed in Japan, Korea, Europe and America. Sci Rep Lab Amphibian
Biol Hiroshima Univ. 1990;10:255–93.
69. Temminck CJ, Schlegel H. Reptilia. Fauna Japonica sive Descriptio
animalium, quae in itinere per Japoniam, jussu et auspiciis superiorum, qui
summum in India Batava imperium tenent, suscepto, annis 1825 - 1830
collegit, notis, observationibus et adumbrationibus illustravit Ph. Fr. de
Siebold. Conjunctis studiis C. J. Temminck et H. Schlegel pro vertebratis
atque W. de Haan pro invertebratis elaborata. In: Müller J, de Siebold PF,
editors. Fauna Japonica. Amsterdam: 1838. p. 144. https://en.wikipedia.org/
wiki/Fauna_Japonica.
70. Siebold PF. Archiv zur Beschreibung von Japan und dessen Neben- und
Schutzländern Jezo mit den südlichen Kurilen, Sachalin, Korea und den
Liukiu-Inseln, Verlag der. ed. Würzburg und Leipzig. 1897.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

