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Abstract

The fire-bellied toads 

 

Bombina bombina

 

 and 

 

Bombina variegata,

 

 interbreed in a long,
narrow zone maintained by a balance between selection and dispersal. Hybridization takes
place between local, genetically differentiated groups. To quantify divergence between
these groups and reconstruct their history and demography, we analysed nucleotide vari-
ation at the mitochondrial cytochrome 

 

b

 

 gene (1096 bp) in 364 individuals from 156 sites
representing the entire range of both species. Three distinct clades with high sequence
divergence (

 

K

 

2

 

P

 

 = 8–11%) were distinguished. One clade grouped 

 

B. bombina

 

 haplotypes;
the two other clades grouped 

 

B. variegata

 

 haplotypes. One 

 

B. variegata

 

 clade included only
Carpathian individuals; the other represented 

 

B. variegata

 

 from the southwestern parts of
its distribution: Southern and Western Europe (Balkano–Western lineage), Apennines, and
the Rhodope Mountains. Differentiation between the Carpathian and Balkano–Western
lineages, 

 

K

 

2

 

P ∼∼∼∼

 

 8%, approached interspecific divergence. Deep divergence among European

 

Bombina

 

 lineages suggests their preglacial origin, and implies long and largely independent
evolutionary histories of the species. Multiple glacial refugia were identified in the low-
lands adjoining the Black Sea, in the Carpathians, in the Balkans, and in the Apennines.
The results of the nested clade and demographic analyses suggest drastic reductions of
population sizes during the last glacial period, and significant demographic growth related
to postglacial colonization. Inferred history, supported by fossil evidence, demonstrates
that 

 

Bombina

 

 ranges underwent repeated contractions and expansions. Geographical con-
cordance between morphology, allozymes, and mtDNA shows that previous episodes
of interspecific hybridization have left no detectable mtDNA introgression. Either the
admixed populations went extinct, or selection against hybrids hindered mtDNA gene
flow in ancient hybrid zones.
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Introduction

 

Multiple cycles of range contraction and expansion
linked to climatic oscillations were a notable feature of
the Pleistocene history of temperate and boreal species
(Avise 2000; Hewitt 2004). During short interglacials, the

expanding ranges of populations previously isolated in
separate refugia met and genetic exchange was possible.
With the onset of the following glacial cycle, such secondary
contacts disappeared at higher latitudes through extinction
of the populations involved. In the milder south, contacts
could have persisted or at least the populations involved
in them could have existed in close proximity, meeting
occasionally in response to minor climatic and environmental
oscillations (Hewitt 1999, 2004).
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Analyses of contemporary transitions, or hybrid zones,
between genetically differentiated population and species
provide insight into processes that take place upon con-
tacts. For any pair of taxa, genetic and environmental
factors interact in a complex way, creating spatial hetero-
geneity of the hybrid zones at various locations (Szymura
1993; Saetre 

 

et al

 

. 1999; Vines 

 

et al

 

. 2003; Bo

 

z

 

íková 

 

et al

 

. 2005;
Hoskin 

 

et al

 

. 2005). This in turn reflects the relative impor-
tance of endogenous vs. exogenous selection against hybrids
along the zone (MacCallum 

 

et al

 

. 1998; Vines 

 

et al

 

. 2003;
Yanchukov 

 

et al

 

. 2006), and geographical scale (Arntzen
1996). For species that had multiple Pleistocene refugia,
genetic differences between populations acquired in those
refugia may be an important factor contributing to this
heterogeneity. Accordingly, detailed phylogeographical
information concerning the geographical distribution of
genealogical lineages, the amount of genetic variation present,
and the extent of divergence in various parts of the range,
is indispensable for unravelling the evolutionary history of
hybridizing forms and the origin of their hybrid zones.

Although clearly distinguished by morphology, anatomy,
ecology, and behaviour, the fire-bellied toads 

 

Bombina bom-
bina

 

 and 

 

Bombina variegata

 

 hybridize in a long but narrow
zone wherever their parapatric ranges meet at the transi-
tion between lowlands and mountains in central Europe
(Szymura 1993; Fig. 1). The zone appears to be maintained
by a balance between selection and dispersal (Szymura &
Barton 1986, 1991). Introgression is limited by endogenous
selection resulting from negative epistatic interactions between
divergent genomes (Szymura & Barton 1991; Kruuk 

 

et al

 

.
1999) and exogenous, habitat-dependent selection against
hybrids (Nürnberger 

 

et al

 

. 1995; MacCallum 

 

et al

 

. 1998).
Moreover, analyses of widely separated transects (in Poland,
Ukraine, Romania, Slovakia, Hungary, Austria, and Croatia)
indicate that the genetic structures of the hybrid zone in its
various geographical segments differ substantially (Szymura
& Barton 1986, 1991; Gollmann 

 

et al

 

. 1988; Szymura 1993;
Gollmann 1996; MacCallum 

 

et al

 

. 1998; Vines 

 

et al

 

. 2003;
Yanchukov 

 

et al

 

. 2006). Allozyme (Szymura 1993, 1998) and
limited mitochondrial DNA (mtDNA) variation data
(Szymura 

 

et al

 

. 2000; Spolsky 

 

et al

 

. 2006; Vörös 

 

et al

 

. 2006)
showed that local contacts are established between a more
genetically uniform lowland 

 

B. bombina

 

 and genetically
differentiated groups of the higher altitude 

 

B. variegata

 

.
The European fire-bellied toad species have broad geo-

graphical distributions with mutually exclusive ranges,
which mirror complex geographical features of Central
Europe (Fig. 1). In 

 

B. bombina

 

, two closely related groups
were delineated by allozyme variants: a northern one,
inhabiting lowlands north of the Carpathian Mountains,
and a southern one, distributed along the Danubian
plains. These two groups probably intergrade east of the
Carpathians. In 

 

B. variegata

 

, four units were distinguished
by allozyme studies, three of which correspond to recognized

subspecies: 

 

Bombina variegata pachypus

 

 from the Apennines
in Italy (often regarded as a separate species; Lanza &
Vanni 1991; Canestrelli 

 

et al

 

. 2006); 

 

Bombina variegata scabra

 

from the Balkan Peninsula; and the nominal form, 

 

Bombina
variegata variegata

 

, which was further divided into the
Carpathian and western groups (Szymura 1993, 1998).

Digestion of 

 

Bombina

 

 mtDNA molecules with restriction
endonucleases confirmed the distinctness of the 

 

B. bombina

 

lineage. It also revealed a surprisingly large divergence
within 

 

B. v. variegata,

 

 between the toads from the Car-
pathians and the rest of the range. The western haplotypes
are highly similar to the haplotypes present in the Balkan

 

B. v. scabra

 

, suggesting that mtDNA transfer has occurred
between these two 

 

B. variegata

 

 groups (Szymura 

 

et al.

 

 2000;
Spolsky 

 

et al

 

. 2006). This apparent transfer contrasts with
limited mtDNA introgression demonstrated in several
transects across 

 

Bombina

 

 hybrid zones. Negative cytonuclear
interactions and/or low female dispersal could account for
this outcome (Yanchukov 

 

et al

 

. 2006; Hofman & Szymura 2007).
A range-wide mtDNA study in the European fire-bellied
toads is obviously needed to obtain a broader perspective.

We aimed specifically to: (i) quantify the extent of
nucleotide variation, identify maternal lineages present in
each species, and assess their phylogenetic relationships;
(ii) delineate geographical ranges of the mitochondrial
lineages and pinpoint regions of contact between them;
(iii) identify glacial refugia and reconstruct the routes of
postglacial recolonization of Europe; (iv) assess the long-
term effect of interspecific hybridization on mtDNA lineage
specificity and examine allozyme–mtDNA discordance
in some parts of the range of 

 

B. variegata

 

; (v) estimate past
population size changes in population groups as defined
by major mtDNA lineages.

 

Materials and methods

 

Sampling, DNA extraction and sequencing

 

We analysed a total of 364 individuals of 

 

Bombina bombina

 

and 

 

Bombina variegata

 

 from 156 localities representing the
entire range of each species except for the easternmost
range of 

 

B. bombina

 

 (Appendix S1, Supplementary material;
Fig. 1). As outgroups, we used East Asian congeners: 

 

Bombina
orientalis

 

, 

 

Bombina maxima

 

 and 

 

Bombina microdeladigitora

 

.
Total DNA was extracted from tissue biopsies, mostly

toe-tips preserved in 96% ethanol, using the phenol–
chloroform method. Mitochondrial cytochrome 

 

b

 

 (

 

cyt b

 

)
sequences were obtained by amplifying and then sequenc-
ing a 1200-bp fragment with the primer pair L16245 and
H17444 (Hofman & Szymura 2007) based on a cloned

 

B. variegata

 

 mtDNA sequence (GenBank Accession no.
AY971143). Laboratory procedures were detailed by
Hofman & Szymura (2007). For all individuals, a sequence of
1096 nucleotides (beginning at codon 16) was obtained.
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Fig. 1 Location of Bombina sampling sites. Light and dark grey areas indicate Bombina bombina and Bombina variegata ranges, respectively.
Seven intensively studied transects are marked by squares and arrows. Higher resolution of the central insert is shown in a separate map.
Site numbers refer to Appendix S1.
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Phylogenetic analyses

 

Sequences were visually inspected and edited using 

 

bioedit

 

7. Using 

 

modeltest

 

 3.5 (Posada & Crandall 1998), we
determined that the Tamura–Nei model of nucleotide
substitution with rate heterogeneity (TrN + 

 

Γ

 

) was most
appropriate, with the following parameter settings: nucleotide
frequencies 0.266 (A), 0.310 (C), 0.137 (G), 0.286 (T); gamma
shape parameter 

 

α

 

 = 0.24. A maximum-likelihood (ML)
tree was constructed with 

 

phyml

 

 using Guindon & Gascuel’s
(2003) method. The robustness of the topology was tested
with 1000 bootstrap replicates. A Bayesian tree was also
constructed, using 

 

mrbayes

 

 3.1 (Ronquist & Huelsenbeck
2003). The likelihood settings corresponded to the general
time-reversible model of sequence evolution with rate
heterogeneity (GTR + 

 

Γ

 

), which is the closest approximation
of the TrN + 

 

Γ

 

 model available in 

 

mrbayes

 

; priors were set
to default values. Four Metropolis-coupled Monte Carlo
Markov chains (three of them ‘heated’, temperature = 0.20)
were run for 2*10

 

6

 

 generations and sampled every 1000
generations. The first half of the ‘forest’ was discarded as
burn-in, resulting in 10

 

3

 

 sampled trees. This analysis was
repeated five times to evaluate the congruence of the
likelihood values. Log-likelihood values were plotted against
generation time to ensure that no trees were retained prior
to the run reaching stationarity. All analyses started with
trees that were randomly generated. In order to calculate
the a 

 

posteriori

 

 probability of each bipartition, the majority-
rule consensus tree was constructed over 5000 trees,
representing all five runs.

For the major clades, we computed nucleotide diver-
sities (

 

π

 

) and net sequence divergences (

 

D

 

a

 

) using Kimura
2-parameter distances (

 

K

 

2

 

P

 

) with 

 

mega

 

2 2.1 (Kumar 

 

et al

 

.
2001). Standard errors were obtained through 1000 boot-
strap replicates. The TrN model of sequence evolution was
used for the construction of the phylogenetic trees but the

 

K

 

2

 

P

 

 model for presenting divergence estimates, because
this simple correction for multiple hits has lower variance
than more complex measures and is useful for compar-
ative purposes as many studies report this measure.
Also, molecular-clock calibrations used in our study (see
Discussion) are based on this measure. Thus, we combine
the more sophisticated model of sequence evolution chosen
through the formal procedure for the phylogenetic recon-
struction, with a simpler distance measure for showing
sequence divergence between groups.

 

Neutrality tests, nested clade analysis and demographic 
analyses

 

The conformation of our data set to neutral expectations
was tested using two approaches. We applied McDonald
& Kreitman’s (1991) test (MK) to compare the ratio of fixed
differences to polymorphisms between phylogenetic groups

for synonymous and nonsynonymous substitutions. To
separate effects of demographic changes and selection on
the mutation frequency spectrum, we used a modification
(Hahn 

 

et al

 

. 2002) of Tajima’s (1989) and Fu & Li’s (1993)
tests (

 

H

 

 test), which compares the values of the respective
selection statistics for synonymous and nonsynony-
mous substitutions. This heterogeneity test was performed
using software available from www.bio.indiana.edu/
%7Ehahnlab/Software.html.

We combined three complementary methods to gain
insight into historical demographic processes, such as
population size and range changes, as well as into con-
temporary patterns of female-mediated gene flow. Nested
clade analysis (NCA; Templeton 1998, 2004) was used to
infer the patterns of dispersal and gene flow that have led
to the current distribution of hierarchically nested haplo-
type clades within major mtDNA lineages. Coalescent-
based analysis of demographic growth (Kuhner 

 

et al

 

. 1998)
and mismatch analysis (Schneider & Excoffier 1999) were
used to estimate basic demographic parameters: 

 

θ,

 

 the
product of the female effective population size and the
mutation rate; 

 

g

 

, the exponential growth parameter; and 

 

τ,

 

time since the expansion.
Because the genetic distances among 

 

B. bombina

 

, 

 

B. vari-
egata

 

 from Carpathians, and 

 

B. variegata

 

 from the Balkans
and Western Europe (Balkano–Western lineage) greatly
exceeded the 95% parsimony limit (14 mutational steps),
NCAs were performed separately for each group. Italian
(Apennine) and South-East Bulgarian (Rhodopean)
haplotypes were excluded from all demographic analyses
because of their small sample sizes. Statistical parsimony
(SP) cladograms were constructed using 

 

tcs

 

 1.18 (Clement

 

et al

 

. 2000).
For resolving cladogram ambiguities we applied three

criteria derived from coalescent theory (Pfenninger &
Posada 2002). The frequency, topological, and geographi-
cal criteria state that in case of ambiguities, haplotypes are
more likely to be connected to haplotypes that (i) have a
higher frequency, (ii) are interior in cladograms rather than
exterior, and (iii) come from the same population or region.
The last criterion fits well with the limited dispersal of

 

Bombina documented in Bulgaria (Beshkov & Jameson
1980), Poland (Szymura & Barton 1986), and Austria
(Gollmann & Gollmann 2002). The nesting procedure was
performed following the standard rules (Crandall 1996;
Templeton 1998). NCA was performed using geodis 2.4
(Posada et al. 2000). Two statistics were estimated: the clade
distance (Dc), which measures the geographical spread of
a clade, and nested clade distance (Dn), which measures
how a clade is geographically distributed relative to other
clades in the same higher-order category. The null hypoth-
esis of no geographical association of clades was tested by
comparing Dc and Dn values with those obtained after
10 000 random permutations of clades against sampling
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locations. Biological inferences for clades with significant
geographical association were drawn from the patterns of
significant distance measures using the most recent version
of the NCA inference key (http://inbio.byu.edu/faculty/
kac/crandall_lab/computer.html; Templeton 2004).

The demographic histories of the three major mtDNA
clades defined by NCA nesting pattern were assessed with
two other approaches. ML-based estimators of theta (θML,
θ = 2Nfµ for mitochondrial genes, where Nf is the female
effective population size and µ is the mutation rate) and
exponential population growth parameters (g) were com-
puted jointly with lamarc 2.02 (Kuhner et al. 2005). This
coalescent-based method takes into account genealogical
relationships among haplotypes (Kuhner et al. 1998). The
estimates of θ and g were obtained by Markov chain Monte
Carlo searches through the genealogy space. The final esti-
mates were based on a run of 10 short chains sampling 500
trees each and 2 long chains sampling 10 000 trees each; the
sampling interval was set to 20. Approximate confidence
intervals (CIs) for these parameters were obtained using
the percentile method. Because these CIs tend to be too
narrow (Kuhner et al. 2005), we used 99% instead of 95%
CIs for statistical inferences.

The second approach was a mismatch distribution analysis
(Schneider & Excoffier 1999), performed with arlequin 3.1
(Excoffier et al. 2005). Mismatch analysis performs well in
cases of population subdivision and when the demographic
history of the populations is more complex than assumed
by simple expansion models. In any real data set, both of
these factors are likely to occur. Goodness-of-fit to the
sudden expansion (SudEx) and the spatial expansion
(SpatEx) (Excoffier 2004) models was tested using a para-
metric bootstrap approach (10 000 replicates). Here, the
reported values of θ0 and θ1 are estimators of theta before
and after expansion according to the SudEx model, θspatial is
theta before expansion from the SpatEx model and τsudden
and τspatial are the times since expansion estimated from the
SudEx and SpatEx models, measured in mutational time
units. Their approximate confidence intervals were obtained
through parametric bootstrapping (10 000 replicates).

Results

A total of 104 different haplotypes were identified among
364 ingroup sequences (GenBank Accession nos. AY971143,
DQ146949, EF212448–EF212810). No indels or stop codons
were present. Two hundred and forty-three nucleotide
positions (22.2%) were variable, of which 206 (18.8%) were
parsimony informative. There were 225 positions with two
variant nucleotides and 18 positions with three variants.
Forty-seven variable sites (19.3%) were in the first, 12 (4.9%)
in the second, and 184 (75.7%) in the third codon position.
Forty-three of 366 amino acid sites (11.8%) were variable.

All three outgroup sequences represented unique
haplotypes (GenBank Accession nos. EF212811–EF212813).
Including outgroup taxa, 363 nucleotide positions (33.1%)
were variable, and 272 (24.8%) were parsimony informative;
58 amino acid sites (16.0%) were variable.

Our analysis distinguished five haplogroups: Bombina
bombina (B), Carpathian Bombina variegata (C), Balkano–
Western B. variegata (BW), Rhodopean B. variegata (R) and
Italian B. variegata (I). Haplotype diversities within and
pairwise K2P sequence divergences between these groups
are given in Table 1. Each of the first three groups was
subdivided, as defined by higher-level clades in the nested
cladograms, into subgroups: B3-1 and B3-2; C4-1 and C4-2;
and BW3-1 and BW3-2 (Figs 2 and 3).

Phylogenetic analysis and sequence divergence among 
major groups

Both the maximum-likelihood and Bayesian trees supported
the same phylogenetic grouping of haplotypes (Fig. 2). The
sister status of B. bombina and B. variegata was supported
with 99% bootstrap (BS) and 100% posterior probability
(PP). Bombina bombina (B) received 100% BS and PP support.
In B. variegata (86% BS, 100% PP) two main clades are
evident; one (99% BS and 100% PP) groups a number of
closely related haplotypes and includes individuals from
the Carpathian part of B. variegata’s range (C), the other
(100% BS and PP) is itself divided into three well supported

Table 1 Haplotype diversity (h) and net sequence divergence Da between groups based on Kimura 2-parameter distance (below diagonal)
and standard errors of the estimates (1000 bootstrap replicates, above diagonal). Nucleotide diversities (π) within groups on the diagonal,
with standard errors (1000 bootstrap replicates) in parentheses. All values are expressed as percentages

n h Bb Bv Carp Bv BW Bv Italy Bv Rhod

Bb 111 0.84 (0.01) 0.39 (0.10) 0.86 1.09 1.09 1.01
Bv Carp 170 0.78 (0.01) 8.98 0.30 (0.08) 0.93 1.03 0.92
Bv BW 71 0.84 (0.01) 11.39 7.87 0.38 (0.11) 0.61 0.48
Bv Italy 7 0.86 (0.06) 11.31 9.28 4.56 0.33 (0.10) 0.67
Bv Rhod 5 0.80 (0.10) 10.33 7.89 2.45 4.97 0.09 (0.06)

n, number of sequences; Bb, B. bombina; Bv Carp, B. variegata Carpathian group; Bv BW, B. variegata Balkano–Western group; Bv Italy, B. v. 
pachypus Italy; Bv Rhod, B. v. scabra Rhodopean group.

http://inbio.byu.edu/faculty/kac/crandall_lab/computer.html
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Fig. 2 Phylogenetic relationships among Bombina haplotypes. The topology and branch lengths from the maximum-likelihood analysis are
shown. Numbers above branches indicate percent bootstrap values for ML, numbers below branches indicate posterior probabilities from
the Bayesian analysis.
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Fig. 3 Nested clade designs for cyt b haplotypes for Bombina haplogroups. Each solid line in the network represents a single mutational
change. A haplotype, marked by a number (see Appendix S1), is represented by an oval with the surface area proportional to the number
of individuals bearing this particular haplotype. Circles are missing haplotypes. Broken lines with numbers 1 through 6 linking some
haplotypes indicate resolved cladogram ambiguities. (a) Bombina bombina. (b) the Carpathian group of Bombina variegata. (c) the Balkano–
Western group of B. variegata.
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branches: Italian B. variegata (I), toads from the Rhodope
range in Bulgaria (R), and the major branch comprising
B. variegata from the Balkans and Western Europe (BW).

Geographical distribution of the mtDNA clades

The mtDNA phylogeographical pattern is best shown by
the distribution of higher-level nested clades (Figs 3 and 4).

The two three-step clades of B. bombina, B3-1 and B3-2,
corresponded to the southern and northern lineages,
which are separated by the Carpathians and the interven-
ing range of B. variegata (Figs 3a and 4). The southern line-
age was found along the Danube lowlands from the Black
Sea up to Moravia. The northern clade occupies the vast
European plains north and east of the Carpathians. This
lineage also penetrated the western Bohemian Plateau
along the Elbe River from the north. The two B. bombina
clades apparently overlap in the lowlands east of the
Carpathians, a region not sampled by us, because a single
southern group haplotype, B11, was observed in Kiev (Site
57, Appendix S1), among the northern group haplotypes
(Figs 1 and 4).

The Carpathian B. variegata haplotypes group into
two four-step clades, the eastern C4-1 and western C4-2
(Fig. 3b): the first is limited to the easternmost part of the
Carpathian arch, whereas the second occupies nearly all
of the Carpathians but the Carpathian bend (Fig. 4).

On a larger geographical scale, the Carpathian B. varie-
gata are surrounded by B. bombina. The contact of the two
species results in a narrow hybrid zone. A number of sam-
ples came from transects (Fig. 1), of which three cross the

northern foothills of the Carpathians (Kraków transect:
7 sites, N = 15 individuals; Przemyßl transect: 20 sites,
N = 45; and Stryi transect: 14 sites, N = 19) and one their
southern slopes in Romania (N = 6). There was close corre-
spondence between the bombina and variegata haplotypes
found in the transects and the clades present in nearest
proximity to the hybrid zone. Sites where haplotypes of
both species co-occurred were limited to a few central
positions within the transects (cf. Yanchukov et al. 2006;
Hofman & Szymura 2007).

In the Balkano–Western group, two three-step clades
were distinguished (Fig. 3c). Clade BW3-2 (the Balkan
haplogroup), distributed throughout most of the Balkan
Peninsula, co-occurs with clade BW3-1 (the western haplo-
group) in the north-central Balkans, which is spread over
an extensive area towards the west including the forelands
of the Alps, as well as an isolated enclave in the Mecsek
Mountains (Site 99).

The Rhodopean group (R) is limited to the Rhodope
Mountains in South-East Bulgaria, whereas the Italian
group (I) is limited to the Apennine Mountains. The latter
group forms an allopatric clade separated by the Po River
Valley from the distinct Balkano–Western clade of B. vari-
egata that is present on the southern slopes of the Alps in
northern Italy.

In sum, five main mtDNA haplotype groups revealed in
European Bombina have patchy, parapatric distributions
(Fig. 4). The only exceptions were samples from hybrid
populations in the contact zone, and a sample from Toszek
(southern Poland, Site 22) where a single variegata haplotype
was discovered among B. bombina.

Fig. 4 Geographical overlay of the nested
clades for Bombina bombina (three-step level,
B3-1 and B3-2), Carpathian group of Bombina
variegata (four-step level, C4-1 and C4-2), and
Balkano–Western group of B. variegata (three-
step level, BW3-1 and BW3-2), along with
distribution of the Italian (I) and Rhodopean
(R) B. variegata groups. Grey circles indicate
probable location of refugia for each Bombina
group, and dashed arrows mark inferred
routes of postglacial colonization.
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Testing for selection, patterns of gene flow and historical 
demography

The MK test rejected neutrality in all three lineages (B and
C: P = 0.0033, Fisher’s exact test; B and BW: P = 0.014; BW
and C: P = 0.0034); in all tests there was an excess of
nonsynonymous polymorphisms suggesting weak
purifying selection. The H test with Tajima’s statistic was
significant only in lineage BW (P = 0.0339), whereas with
Fu and Li’s statistic it was significant only in lineage C
(P = 0.0062).

In the nested clade analysis, statistically significant
geographical associations were detected within each of the
three major lineages: B, C and BW (Table 2, Fig. 4). For each
of these, restricted gene flow with isolation by distance was
inferred for the total cladogram. The limited number of
clades prevented us from distinguishing between range
expansion and restricted gene flow in the southern B. bom-
bina clade, B3-1, and in the northwestern haplotype groups
(B2-5, B1-10) dominating in the northern B. bombina
branch. In Carpathian B. variegata, restricted gene flow
with isolation by distance was inferred for all but one
clade, C3-3; its haplotype distribution pattern could be
explained either by range expansion or restricted gene
flow. In the Balkano–Western lineage, the Balkan clade
(BW3-2) showed restricted gene flow with isolation by
distance; the western clade (BW3-1) was subject either
to range expansion or restricted gene flow. Clade BW2-2

underwent allopatric fragmentation restricting clade
BW1-3 to an enclave in the Mecsek Mountains.

Confidence intervals for theta from the lamarc and
mismatch analyses overlapped for all clades; in most cases,
however, average estimates differed substantially (Table 3).
Highest thetas in lamarc analysis were generally inferred
for those clades for which the highest growth parameter
values were estimated. For all but one clade significant
demographic growth was inferred, the exception being the
East Carpathian C4-1, for which the g value was not signif-
icantly different from zero. This was the only clade for
which both the SudEx and SpatEx models were rejected in
the mismatch analysis, so estimation of demographic
parameters by this method was unwarranted.

Discussion

Phylogenetic relationships among major lineages

Phylogenetic analyses yielded a clear and well-supported
pattern of relationships among the three major mtDNA
lineages: Bombina bombina, Carpathian Bombina variegata,
and B. variegata from the rest of its range in southwestern
Europe (Fig. 2). Whereas B. bombina and the Carpathian
B. variegata show only shallow internal differentiation,
the remaining B. variegata haplotypes are grouped into
three well-defined lineages: from the Apennine Mountains
of Italy, from the Rhodope Mountains of Bulgaria, and from

Table 2 Interpretation of the results of the nested clade analysis using the inference key of Templeton (2004). Clades with a significant
association are shown

Clades nested with
Permutational 
χ2 statistic P Chain of inference Inference

bombina
1-7 36.88 0.036 19-20-NO IGS
1-10 411.23 0.000 2-3-5-6- too few clades RE or RGF
2-5 240.05 0.035 2-3-5-6- too few clades RE or RGF
3-1 76.00 0.001 2-3-5-6- too few clades RE or RGF
Total cladogram 107.71 0.000 2-11-17-4-NO RGFwIbD
Carpathian variegata
2-4 27.39 0.018 2-3-4-NO RGFwIbD
3-1 13.00 0.029 19-20-2-3-4-NO RGFwIbD
3-3 46.06 0.027 2-3-5-6- too few clades RE or RGF
4-2 110.91 0.000 2-3-4-NO RGFwIbD
Total cladogram 148.01 0.000 2-11-17-4-NO RGFwIbD
Balkano-Western variegata
2-2 21.00 0.013 19-NO AF
3-1 57.19 0.000 2-3-5-6-too few clades RE or RGF
3-2 114.00 0.000 2-3-4-NO RGFwIbD
Total cladogram 66.32 0.000 2-11-17-4-NO RGFwIbD

AF, allopatric fragmentation; IGS, inadequate geographical sampling; RE, range expansion; RGF, restricted gene flow or dispersal; 
RGFwIbD, restricted gene flow with isolation by distance.
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Western Europe and the Balkans. Nesting of the Italian
Bombina within the B. variegata lineages strongly suggests
that Bombina pachypus is not, as argued by Lanza & Vanni
(1991) and Canestrelli et al. (2006), a distinct species.

Currently there is no reliable calibration of a molecular
clock for Bombina cyt b. Calibrations for the closest relatives
(García-París & Jokusch 1999) give pairwise K2P diver-
gence rates of 1.4–1.6%/million years (Alytes) or 1.3–1.5%/
million years (Discoglossus). If these rates hold for Bombina,
then sequence divergence values indicate an Upper Miocene
or Lower Pliocene split between B. bombina and B. variegata,
as suggested by earlier immunological and allozyme data
(Szymura 1993). Palaeontological evidence does not con-
tradict this dating: fossils identified as Bombina in Europe
extend well into the Miocene (Sanchiz 1998). More recent
remains, present in Central Europe during the interglacials,
are difficult to assign to either species because skeletons of
the two species are poorly differentiated. These fossils,
although they cannot be used to calibrate a molecular
clock, point to repeated interglacial colonization of the
deglaciated areas (Szymura 1993).

A consequence of using divergence rates that suggest an
Upper Miocene or Lower Pliocene divergence between the
European Bombina species is that the divergence between
the Carpathian lineage and all other B. variegata mtDNA
lineages is only slightly younger and definitely pre-
Pleistocene (K2P divergence: 7.9–9.3%; Table 1). High
mtDNA divergences for cox1 and nad4 among Bombina
populations from the Carpathian Basin (Vörös et al. 2006),
corresponding to our clades B3-1, C4-1 and BW3-1, are
consistent with our estimates. The pre-Pleistocene origin
of both European Bombina species as well as of the two
major B. variegata lineages is hardly surprising given com-
parative data from other organisms. Although the role of
Pleistocene glaciations in speciation is controversial and
the evidence contradictory (Avise et al. 1998; Johnson &
Cicero 2004; Zink et al. 2004), the pre-Pleistocene origin for
the three major European Bombina lineages suggests that
Pleistocene climatic fluctuations at most remodelled the
distributions of these pre-existing lineages, as postulated
for other amphibians (e.g. Nielson et al. 2001; Babik et al.
2005). This remodelling may have promoted geographical
isolation and induced differentiation within different
isolates. In B. variegata, such differentiation is apparent at
the external phenotypic level (Gollmann & Gollmann 2002;
Vukov et al. 2006) and seems to correlate with major
geographical features of Central Europe.

Phylogeographical pattern and glacial refugia

A major aspect of range remodelling for European Bombina
during Pleistocene climatic fluctuations was restriction
of various clades to refugia during the glacial period, followed
by postglacial expansion. Our extensive geographicalT
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mtDNA sampling combined with available allozyme data,
pointing to higher variation in the south (Szymura 1993,
1998), restricted the possible refugial areas for each major
clade and suggested routes for postglacial recolonization.
The lowland species, B. bombina, exhibits only shallow
mtDNA cyt b differentiation in agreement with differentiation
at allozyme loci. Two three-step clades (B3-1, B3-2) have
largely nonoverlapping distributions, suggesting an origin
during the last glacial maximum (LGM) in separate refugia
in the lowlands near the Black Sea, or possibly in the now
inundated shelf in the northwestern part of the Black Sea
(Ryan et al. 2003; Popescu et al. 2004). When this shelf was
exposed, the Black Sea was a freshwater lake. High haplotype
diversity and variable allozymes point to the southern
Romanian lowlands as a refugium for clade B3-1, whence
one branch would have expanded westwards up along the
Danube through the Iron Gate and into the Hungarian
Plains, while the other branch expanded to the northeast.

Populations representing clade B3-2, now inhabiting
most of the species’ range, may have originated in a refu-
gium at the northern shores of the Black Sea, where at least
pockets of forest vegetation were present during the LGM
(Tarasov et al. 2000). Clade B3-2 penetrated into the west-
ern part of the Bohemian Plateau along the Elbe River, a
possibility mentioned by Arntzen (1978).

Mitochondrial DNA differentiation in B. variegata is
more complex. A major dichotomy exists between popu-
lations in the Carpathian Mountains and the rest of the range
(Fig. 2). The present mtDNA perspective, supported by
allozyme data, provides strong evidence that B. variegata
survived the LGM in the Carpathian Mountains. Earlier
interpretations failed to identify a Carpathian refugium
or placed the refugium for Carpathian B. variegata in the
Balkans (i.e. Arntzen 1978; Szymura 1993).

Within the Carpathians, the distribution of mtDNA
clades and allozyme variants suggest two separate refugia.
Clade C4-1 probably had its refugium in the southeast
bend of the Carpathians as evidenced by the presence of
multiple nested clades up to the 3-step level in this region.
Only a subset of these clades is found farther to the north
(haplotype diversity, h, is 0.88 in the postulated refugium
vs. 0.43 in the rest of the range). Allozyme data provide
additional support, because only in this part of the Car-
pathians are Ldh-1 and Mdh-1 polymorphic (Szymura 1998).
Clade C4-2 has a broader distribution, encompassing
nearly the entire mountain range except for its southeastern
corner. The likely refugium for clade C4-2 was in the south-
ern Carpathians, where the haplotype diversity is highest
(h = 0.76 vs. 0.63 in the remaining part of the clade’s range).

Recent work has documented the importance of Central
Europe as a refugial area for numerous taxa. Evidence
comes from palaeoclimatology (Sümegi & Krolopp 2002),
palynology (Willis & van Andel 2004), plant and animal
fossils (Willis et al. 2000; Stewart & Lister 2001; Willis & van

Andel 2004) as well as from phylogeographical analyses
of both plant and animal species (Wallis & Arntzen 1989;
Taberlet & Bouvet 1994; Babik et al. 2004, 2005). Climatic
conditions in the eastern Alps, the Carpathian Basin, and in
the southern Carpathians permitted the survival of tem-
perate organisms, including ectothermic animals, well to
the north of the ‘canonical’ refugial regions in the southern
European peninsulas (Tzedakis et al. 2002; Huntley et al.
2003). Among amphibians, a Carpathian refugium has
been postulated for an endemic newt (Triturus montandoni,
Babik et al. 2005), and in this study for the yellow-bellied
toad, B. variegata. Despite discordance between allozymes
and mtDNA in the Balkano-Western group (see below), the
distribution of mtDNA and allozyme variation makes the
identification of plausible refugia for this group and routes
of its postglacial colonization possible. For the Western
group (BW3-1, corresponding to B. v. variegata), the highest
haplotype diversity is found in the upland areas of eastern
Serbia (h = 0.89 vs. 0.60 in the rest of the clade’s range), so
we postulate a refugium for BW3-1 in this region, from
which both northeastern and northwestern expansion
could have occurred. NCA inference for clade BW3-1 agrees
with this scenario.

A wide clinal transition in allozyme allele frequencies
and high heterozygosity in the central Balkans suggest
postglacial contact between the more southern Bombina
variegata scabra (BW3-2) and the western B. v. variegata
(Szymura et al. 2000; Vukov et al. 2006). Within clade BW3-
2, which includes most B. v. scabra populations, a more
complex pattern occurs. One broadly distributed 2-step
clade (BW2-6) overlaps several other 2-step clades in its
distribution. This suggests that in addition to a recent
expansion, multiple populations survived in the southern
Balkans at least during the LGM. The complex geography
of the Balkans would facilitate long-term isolation of such
populations, as exemplified by the Rhodope B. variegata
group. Polymorphic allozymes in the southern Balkans
support the location of a refugium in this region (Szymura
1998).

The Italian or Apennine Bombina variegata pachypus has
been apparently effectively isolated from the rest of the
B. variegata range even longer (K2P = 4.56% to the Balkano–
Western group), and survived glacial periods within the
Apennine Peninsula, most likely in the southernmost part
as suggested by allozyme and mtDNA polymorphisms
(Szymura 1993, 1998; Canestrelli et al. 2006).

Discordance between mtDNA, allozymes and morphology

On the largest geographical scale, there is a high concordance
between phenotypic traits, allozymes, and mtDNA haplo-
types: B. bombina and B. variegata can be distinguished by
any of an impressive list of diagnostic traits characterizing
the two species (Szymura 1993).
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Although absence of premating isolation between the
species would plausibly facilitate genetic exchange along
their convoluted contact zones, concordance of morphology,
allozymes, and mtDNA across the species implies that,
over a long evolutionary timescale, either introgression
has not occurred or that its effects have been eliminated
by extinction of admixed populations. Evidence from
modern hybrid zones suggests that selection has pre-
vented introgression. Only in populations in the centre
of a narrow hybrid zone separating the two species are
bombina and variegata mtDNA haplotypes found together.
In fact, the width of mtDNA clines does not exceed that
of the phenotypic or allozyme clines (Yanchukov et al. 2006)
and may even be narrower (Hofman & Szymura 2007).
This pattern is consistent with negative epistatic interactions
between divergent genomes of the species, sharpened by
environment-dependent selection, preventing introgression.
Further tests of possible introgression of specific genomic
segments between these species could be obtained by
testing the isolation-with-migration model using multiple
nuclear sequence markers (e.g. Machado et al. 2002; Hey
& Nielsen 2004).

Although interpreted by the authors as repeated mtDNA
introgression, lineage independence applies also to the
Carpathian Basin (Vörös et al. 2006). In areas of overlap, or
hybrid zones, a wide range of nuclear recombinants are gen-
erated, so occasionally ‘pure’ morphotypes may carry mtDNA
haplotypes of the other species (Hofman & Szymura 2007).

While concordance of morphology, allozymes, and
mtDNA holds across the species and most geographical
groups within B. variegata, there is an important discord-
ance between mtDNA haplotypes of the western European
toads and their allozymes and morphology. Morpholo-
gical and allozyme data link them to the Carpathian group,
but B. v. variegata around the Southern Morava River valley
in eastern Serbia and westward possess haplotypes related
to the Balkan lineage. A plausible explanation involves the
transfer of Balkan mtDNA into western European toads,
which, considering the more recent divergence of these
lineages, may be unaffected by the negative effects of
the breakdown of epistatic interactions between mtDNA
and nuclear genomes in hybrids. Free recombination of
mtDNA from its nuclear background facilitates mtDNA
introgression (Barton 1986) and many examples of this
phenomenon have been described (e.g. Bachtrog et al. 2006).
An alternative explanation involving transfer of nuclear
genes alone from the Carpathian B. variegata into B. v. scabra
populations seems less likely.

Transfer of the Balkan mtDNA onto the nuclear back-
ground shared by Carpathian and western European
B. variegata implies repeated backcrossing. Initial matings
had to involve females of B. v. scabra and males of western
European B. v. variegata, and then mating of the female
F1 progeny to the Carpathian/western type. The contact

between the two groups took place over a broad area, and
in a geographically complex region of the eastern Serbian
Mountains, creating multiple opportunities for repeated
intergroup matings. The contact occurred in highly dynamic
postglacial landscapes, characterized by local extinctions
and colonizations with leptokurtic dispersal paralleling an
oscillating climate. Under such conditions, local genetic
patches are easily achieved (Ibrahim et al. 1996). The transfer
must have preceded expansion of this group to the west.

At present, the Balkan B. v. scabra and the northern
B. v. variegata occupy dissimilar habitats in xeric and mesic
climates, respectively (Vukov et al. 2006). Bombina v. scabra
inhabits mostly small, slowly flowing shallow streams, often
deeply cut into the underlying rock, whereas B. v. variegata
shows preferences for temporary rain puddles and small
ponds found at lower mountain elevations, making it a better
colonizer of newly formed transient habitats.

Demographic history

Tests of selective neutrality were not conclusive. Whereas
the MK test was significant in all three lineages, the H test
was largely insignificant. If anything, these tests suggest
weak purifying selection as often inferred for mtDNA
(Gerber et al. 2001; Elson et al. 2004). Such selection is likely
to affect the estimates of demographic parameters, but is
not likely to significantly bias qualitative results of NCA
and demographic analyses. This form of selection is consistent
with the absence of introgression of mtDNAs between
the two Bombina species, despite repeated episodes of
hybridization in interglacials. Sequence data from other
parts of the genome would be important for detecting
selective sweeps (Gerber et al. 2001). However, selective
sweeps are unlikely in our case, because the same pattern
of shallow divergence within major clades with multiple
closely related haplotypes was revealed repeatedly in all
major mtDNA lineages.

The most conspicuous feature of the demographic
history, as revealed by mtDNA variation patterns, was
substantial population expansion in all but one main clade.
As may be inferred from the mode of mismatch distribution
centred around two pairwise differences (Table 3, Fig. 5),
the expansion was apparently recent. We attribute this
to the postglacial colonization of vast areas previously
inhospitable for Bombina. Thus, the demographic expansion
sensu stricto was accompanied by substantial geographical
expansion but the effects of these two processes may be
difficult to separate.

Unfortunately, the pattern of nucleotide variation within
major clades precludes drawing any conclusions with regard
to the demographic history predating the LGM. Any prior
information was apparently erased by the bottlenecks
during the last glacial period as evidenced by the shallow
mtDNA genealogies.
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Conclusions

Our study demonstrated deep divergence of the cyt b mtDNA
within Bombina, suggesting an ancient, pre-Pleistocene
split of the species, soon followed by a division of Bombina
variegata into two groups, now inhabiting the Carpathians,
and the Balkans and Western Europe, respectively. The
Pleistocene glacial refugia of the European Bombina were
located both in the classical refugial areas of Italy and the
Balkans as well as more to the north in the Carpathians and
adjoining lowlands. Population growth and expansion after
the LGM resulted in a geographical mosaic of parapatrically
distributed mtDNA clades. Possible repeated episodes
of hybridization in the previous interglacials have not resulted
in mtDNA introgression between the species. The complex
past history reconstructed in the present phylogeographical
study and supported by allozyme variation patterns and
the fossil record differs from earlier ideas founded on
biogeography (Mertens 1928; Arntzen 1978) or allozymes

alone (Szymura 1993). Our results provide answers and new
insight into specific questions raised by long-term
research on hybrid zone dynamics, species identity, and
history. It complements and expands on the pattern of
‘northern uniformity and southern richness’ (Hewitt 2004).
This broad geographical survey provides a basic framework
against which the complexities of Bombina evolutionary
history can be organized.

Acknowledgements

J. W. Arntzen, M. Bonk, L. Briggs, I. Dunce, P. van den Elzen, G.
Gollmann, F. M. Guarino, G. Guex, M. Grabowski, H. Grillitsch,
H. Hotz, B. Kaufmann, M. Liana, K. Macherzynska, A. Nöllert,
B. Nürnberger, M. Ogielska, M. Pabijan, B. Petryszak, J. Piálek,
T. Sofianidou, M. Sandera, A. )widerski, A. Wróblewska, A. Yan-
chukov, and V. Zavadil helped in obtaining samples.

The study was supported by grants from American Philosophical
Society to J.M.S., KBN 3P04C 055 24 to J.M.S. and S.H., and KBN
2P04C 057 26 to S.H.

Fig. 5 Mismatch distributions classes in the higher level nested clade analyses with at least 20 sequences. Black curves show shapes of
theoretical distributions according to the sudden expansion model.



2314 S .  H O F M A N  E T  A L .

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

References

Arntzen JW (1978) Some hypotheses on postglacial migrations of
the fire-bellied toad, Bombina bombina (Linnaeus) and the yellow-
bellied toad, Bombina variegata (Linnaeus). Journal of Biogeography,
5, 339–245.

Arntzen JW (1996) Parameters of ecology and scale integrate the
gradient and mosaic models of hybrid zone structure in Bombina
toads and Triturus newts. Israel Journal of Zoology, 42, 111–119.

Avise JC (2000) Phylogeography. The History and Formation of Species.
Harvard University Press, Cambridge, Massachusetts.

Avise JC, Walker D, Johns GC (1998) Speciation durations and
Pleistocene effects on vertebrate phylogeography. Proceedings of the
Royal Society of London. Series B, Biological Sciences, 265, 1707–1712.

Babik W, Branicki W, Sandera M et al. (2004) Mitochondrial phylo-
geography of the moor frog, Rana arvalis. Molecular Ecology, 13,
1469–1480.

Babik W, Branicki W, Crnobrnja-Isaloviç J et al. (2005) Phylo-
geography of two European newt species — discordance between
mtDNA and morphology. Molecular Ecology, 14, 2475–2491.

Bachtrog D, Thornton K, Clark A, Andolfatto P (2006) Extensive
introgression of mtDNA relative to nuclear genes in the
Drosophila yakuba species group. Evolution, 60, 292–302.

Barton NH (1986) The effects of linkage and density-dependent
regulation on gene flow. Heredity, 57, 415–426.

Beshkov VA, Jameson DL (1980) Movement and abundance of the
yellow-bellied toad Bombina variegata. Herpetologica, 36, 365–370.

Bozíková E, Munclinger P, Teeter KC, Tucker PK, Macholán M,
Piálek J (2005) Mitochondrial DNA in the hybrid zone between
Mus musculus musculus and Mus musculus domesticus: a com-
parison of two transects. Biological Journal of the Linnaean Society,
84, 363–378.

Canestrelli D, Cimmaruta R, Costantini V, Nascetti G (2006)
Genetic diversity and phylogeography of the Apennine yellow-
bellied toad Bombina pachypus, with implications for conservation.
Molecular Ecology, 15, 3741–3754.

Clement M, Posada D, Crandall KA (2000) tcs: a computer program
to estimate gene genealogies. Molecular Ecology, 9, 1657–1659.

Crandall KA (1996) Multiple interspecies transmissions of human
and simian T-cell leukemia/lymphoma virus type I sequences.
Molecular Biology and Evolution, 13, 115–131.

Elson JL, Turnbull DM, Howell N (2004) Comparative genomics
and the evolution of human mitochondrial DNA: assessing the
effects of selection. American Journal of Human Genetics, 74, 229–238.

Excoffier L (2004) Patterns of DNA sequence diversity and genetic
structure after a range expansion: lessons from the infinite-island
model. Molecular Ecology, 13, 853–864.

Excoffier L, Laval G, Schneider S (2005) arlequin version 3.0:
an integrated software package for population genetics data
analysis. Evolutionary Bioinformatics Online, 1, 47–50.

Fu YX, Li WH (1993) Statistical tests of neutrality of mutations.
Genetics, 133, 693–709.

García-París M, Jokusch EL (1999) A mitochondrial DNA per-
spective on the evolution of Iberian Discoglossus (Amphibia:
Anura). Journal of Zoology, London, 248, 209–218.

Gerber AS, Loggins R, Kumar S, Dowling TE (2001) Does non-
neutral evolution shape observed patterns of DNA variation in
animal mitochondrial genomes? Annual Review of Genetics, 35,
539–566.

Gollmann G (1996) Structure and dynamics of a hybrid zone
in Bombina (Amphibia: Anura: Discoglossidae). Israel Journal of
Zoology, 42, 121–133.

Gollmann B, Gollmann G (2002) Die Gelbbauchunke. Von der Suhle
zur Radspur. Laurenti-Verlag, Bielefeld, Germany.

Gollmann G, Roth P, Hödl W (1988) Hybridization between the
fire-bellied toads Bombina bombina and Bombina variegata in
the karst regions of Slovakia and Hungary: morphological and
allozyme evidence. Journal of Evolutionary Biology, 1, 3–14.

Guindon S, Gascuel O (2003) A simple, fast, and accurate algorithm
to estimate large phylogenies by maximum likelihood. Systematic
Biology, 52, 696–704.

Hahn MW, Rausher MD, Cunningham CW (2002) Distinguishing
between selection and population expansion in an experimental
lineage of bacteriophage T7. Genetics, 161, 11–20.

Hewitt GM (1999) Post-glacial re-colonization of European biota.
Biological Journal of the Linnean Society, 68, 87–112.

Hewitt GM (2004) Genetic consequences of the climatic oscillations
in the Quaternary. Philosophical Transactions of the Royal Society of
London. Series B, Biological Sciences, 359, 183–195.

Hey J, Nielsen R (2004) Multilocus methods for estimating popu-
lation sizes, migration rates and divergence time, with applications
to the divergence of Drosophila pseudoobscura and D. persimilis.
Genetics, 167, 747–760.

Hofman S, Szymura JM (2007) Limited mtDNA introgression in a
Bombina hybrid zone. Biological Journal of the Linnean Society
(in press).

Hoskin CJ, Higgie M, McDonald KR, Moritz K (2005) Reinforce-
ment drives allopatric speciation. Nature, 437, 1353–1356.

Huntley B, Alfano MJ, Allen JRM et al. (2003) European vegetation
during marine oxygen isotope stage-3. Quaternary Research, 59,
195–212.

Ibrahim KM, Nichols RA, Hewitt GM (1996) Spatial patterns of
genetic variation generated by different forms of dispersal
during range expansion. Heredity, 77, 282–291.

Johnson NK, Cicero C (2004) New mitochondrial DNA data affirm
the importance of Pleistocene speciation in North American
birds. Evolution, 58, 1122–1130.

Kruuk LEB, Gilchrist JS, Barton NH (1999) Hybrid dysfunction in
fire-bellied toads (Bombina). Evolution, 53, 1611–1616.

Kuhner MK, Yamato J, Felsenstein J (1998) Maximum-likelihood
estimation of population growth rates based on the coalescent.
Genetics, 149, 429–434.

Kuhner MK, Yamato J, Beerli P et al. (2005) lamarc version 2.0.
University of Washington, Seattle, Washington. Available from
URL: http://evolution.gs.washington.edu/lamarc.html.

Kumar S, Tamura K, Jakobsen IB, Nei M (2001) mega2: molecular
evolutionary genetics analysis software. Bioinformatics, 17,
1244–1245.

Lanza B, Vanni S (1991) Notes on the biogeography of the Medi-
terranean Island amphibians. (International Symposium on the
Biogeographical Aspects of Insularity). Atti dei Convegni Lincei,
Accademia Nazionale dei Lincei, 85, 335–344.

MacCallum CJ, Nürnberger B, Barton NH, Szymura JM (1998)
Habitat preference in the Bombina hybrid zone in Croatia.
Evolution, 52, 227–239.

Machado CA, Kliman KM, Markert JA, Hey J (2002) Inferring the
history of speciation from multilocus DNA sequence data:
the case of Drosophila pseudoobscura and close relatives. Molecular
Biology and Evolution, 19, 472–488.

McDonald JH, Kreitman M (1991) Adaptive protein evolution at
the Adh locus in Drosophila. Nature, 351, 652–654.

Mertens R (1928) Zur Naturgeschichte der Europäischen Unken
(Bombina). Zeitschrift für Morphologie und Ökologie der Tiere, 11,
613–623.

http://evolution.gs.washington.edu/lamarc.html


M I T O C H O N D R I A L  D N A  P H Y L O G E O G R A P H Y  O F  F I R E - B E L L I E D  T O A D S 2315

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

Nielson M, Lohman K, Sullivan J (2001) Phylogeography of the
tailed frog (Ascaphus truei): implications for the biogeography
of the Pacific Northwest. Evolution, 55, 147–160.

Nürnberger B, Barton NH, MacCallum C, Gilchrist J, Appleby M
(1995) Natural selection on quantitative traits in the Bombina
hybrid zone. Evolution, 49, 1224–1238.

Pfenninger M, Posada D (2002) Phylogeographic history of the
land snail Candidula unifasciata (Helicellinae, Stylommatophora):
fragmentation, corridor migration, and secondary contact.
Evolution, 56, 1776–1788.

Popescu I, Lericolais G, Panin N, Normand A, Dinu C, Le Drezen E
(2004) The Danube submarine canyon (Black Sea): morphology
and sedimentary processes. Marine Geology, 206, 249–265.

Posada D, Crandall KA (1998) modeltest: testing the model of
DNA substitution. Bioinformatics, 14, 817–818.

Posada D, Crandall KA, Templeton AR (2000) geodis: a program
for the cladistic nested analysis of the geographical distribution
of genetic haplotypes. Molecular Ecology, 9, 487–488.

Ronquist F, Huelsenbeck JP (2003) mrbayes 3: Bayesian phylo-
genetic inference under mixed models. Bioinformatics, 19, 1572–1574.

Ryan WBF, Major CO, Lericolais G, Goldstein SL (2003) Cata-
strophic flooding of the Black Sea. Annual Review of Earth and
Planetary Sciences, 31, 525–554.

Saetre GP, Kral M, Bures S, Ims RA (1999) Dynamics of a clinal
hybrid zone and a comparison with island hybrid zones of
flycatchers (Ficedula hypoleuca and F. albicollis). Journal of Zoology,
London, 247, 53–64.

Sanchiz B (1998) Encyclopedia of Paleoherpetology. Part 4. Salientia.
Verlag Dr. Friedrich Pfeil, München, Germany.

Schneider S, Excoffier L (1999) Estimation of past demographic
parameters from the distribution of pairwise differences when
the mutation rates very among sites: application to human mito-
chondrial DNA. Genetics, 152, 1079–1089.

Spolsky CM, Szymura JM, Uzzell T (2006) Mapping Bombina
mitochondrial genomes: the conundrum of Carpathian Bombina
variegata (Anura: Discoglossidae). Journal of Zoological Systematics
and Evolutionary Research, 44, 100–104.

Stewart JR, Lister AM (2001) Cryptic northern refugia and the
origins of the modern biota. Trends in Ecology & Evolution, 16,
608–613.

Sümegi P, Krolopp E (2002) Quatermalacological analyses for
modeling of the Upper Weichselian palaeoenvironmental
changes in the Carpathian Basin. Quaternary International, 91,
53–63.

Szymura JM (1993) Analysis of hybrid zones with Bombina. In:
Hybrid Zones and the Evolutionary Process (ed. Harrison R),
pp. 261–289. Oxford University Press, New York.

Szymura JM (1998) Origin of the yellow-bellied toad population,
Bombina variegata, from Göritzhain in Saxony. Herpetological
Journal, 8, 201–205.

Szymura JM, Barton NH (1986) Genetic analysis of a hybrid zone
between the fire-bellied toads, Bombina bombina and B. variegata,
near Cracow in southern Poland. Evolution, 40, 1141–1159.

Szymura JM, Barton NH (1991) The genetic structure of the
hybrid zone between the fire-bellied toads Bombina bombina and
B. variegata: comparisons between transects and between loci.
Evolution, 45, 237–261.

Szymura JM, Uzzell T, Spolsky C (2000) Mitochondrial DNA vari-
ation in the hybridising fire-bellied toads, Bombina bombina and
B. variegata. Molecular Ecology, 9, 891–899.

Taberlet P, Bouvet J (1994) Mitochondrial DNA polymorphism,

phylogeography and conservation genetics of the brown bear
Ursus arctos in Europe. Proceedings of the Royal Society of London.
Series B, Biological Sciences, 255, 195–200.

Tajima F (1989) Statistical method for testing the neutral mutation
hypothesis by DNA polymorphism. Genetics, 123, 585–595.

Tarasov PE, Volkova VS, Webb T III (2000) Last glacial maximum
biomes reconstructed from pollen and plant macrofossil data
from northern Eurasia. Journal of Biogeography, 27, 609–620.

Templeton AR (1998) Nested clade analyses of phylogeographic
data: testing hypotheses about gene flow and population history.
Molecular Ecology, 7, 381–397.

Templeton AR (2004) Statistical phylogeography: methods of
evaluating and minimizing inference errors. Molecular Ecology,
13, 789–809.

Tzedakis PC, Lawson T, Frogley MR, Hewitt GM, Preece RC (2002)
Buffered tree population changes in a Quaternary refugium:
evolutionary implications. Science, 297, 2044–2047.

Vines TH, Köhler SC, Thiel M et al. (2003) The maintenance of
reproductive isolation in a mosaic hybrid zone between the
fire-bellied toads Bombina bombina and B. variegata. Evolution, 57,
1876–1888.

Vörös J, Alcobendas M, Martínez-Solano I, García-París M (2006)
Evolution of Bombina bombina and Bombina variegata (Anura:
Discoglossidae) in the Carpathian Basin: a history of repeated
mt-DNA introgression across species. Molecular Phylogenetics
and Evolution, 38, 705–718.

Vukov TD, Dzukiç G, Lelo S, Borkin LJ, Litvinchuk SN, Kaleziç
ML (2006) Morphometrics of the yellow-bellied toad (Bombina
variegata) in the Central Balkans: implications for taxonomy and
zoogeography. Zoological Studies, 45, 213–222.

Wallis GP, Arntzen JW (1989) Mitochondrial DNA variation in
the crested newt superspecies: limited cytoplasmic gene flow
among species. Evolution, 43, 88–104.

Willis KJ, van Andel TJ (2004) Trees or no trees? The environments
of central and eastern Europe during the Last Glaciation.
Quaternary Science Reviews, 23, 2369–2387.

Willis KJ, Rüdner E, Sümegi P (2000) The full-glacial forests of
central and southeastern Europe. Quaternary Research, 53, 203–
213.

Yanchukov AW, Hofman S, Szymura JM et al. (2006) Hybridization
of Bombina bombina and B. variegata (Anura, Discoglossidae) at a
sharp ecotone in western Ukraine: comparisons across transects
and over time. Evolution, 60, 583–600.

Zink RM, Klicka J, Barber BR (2004) The tempo of avian diversifi-
cation during the Quaternary. Philosophical Transactions of the
Royal Society of London. Series B, Biological Sciences, 359, 215–219.

Sebastian Hofman is an associate researcher in JMS laboratory
focusing on sequence variation and phylogeography. Christina
Spolsky and her husband Thomas Uzzell, Senior Research
Scientists at the ANSP, are interested in clonal reproduction in
amphibians and their phylogenetic groupings. Wieslaw Babik, a
former PhD student of JMS, is now a postdoctoral fellow at UFZ
Leipzig-Halle. He uses molecular tools to study historical
processes at and below the species level. Dan Cogålniceanu is a
Professor at UO, interested in amphibian life history and
evolution. Jacek M. Szymura is a Professor at Jagiellonian
University. His main interests are speciation, hybrid zones and
hybridization in amphibians.



2316 S .  H O F M A N  E T  A L .

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

Supplementary material

The following supplementary material is available for this
article:

Appendix S1 Sample localities used in the study Keyed to Fig. 1,
their geographical coordinates, sample sizes (n), taxa present, and
haplotypes recorded at each site, as named in Fig. 2 and Fig. 3.

This material is available as part of the online article from: 
http://www.blackwell-synergy.com/doi/abs/
10.1111/j.1365-294X.2007.03309.x
(This link will take you to the article abstract).

Please note: Blackwell Publishing are not responsible for the
content or functionality of any supplementary materials supplied
by the authors. Any queries (other than missing material) should
be directed to the corresponding author for the article.

http://www.blackwell-synergy.com/doi/abs/10.1111/j.1365-294X.2007.03309.x
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