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DISPERSAL OF VIVIPARITY ACROSS CONTACT ZONES IN IBERIAN POPULATIONS
OF FIRE SALAMANDERS (SALAMANDRA) INFERRED FROM DISCORDANCE OF
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Abstract. We used partial sequences of the cytochrome b mitochondrial DNA (mtDNA) gene, obtained from 76
individuals representing 45 populations of Iberian Salamandra salamandra plus 15 sequences of additional species of
Salamandra and related genera, to investigate contact zones. These zones, identified by earlier allozymic and mor-
phological analyses, are between populations of viviparous (S. s. bernardezi and S. s. fastuosa) and ovoviviparous (S.
s. gallaica and S. s. terrestris) salamanders. The distribution of mtDNA and nuclear markers is mostly concordant at
one contact zone (between S. s. gallaica and S. s. bernardezi), but at another (between S. s. fastuosa and S. s. terrestris)
the markers are offset by about 250 km. The observed geographic variation fits a model of mtDNA capture. Among
the potential mechanisms responsible for such discordance we favor a combination of range shifts due to climatic
fluctuations and biased genetic admixture across moving contact zones. We apply our findings to the issue of possible
homoplasy in the evolution of viviparity and conclude that viviparity likely arose only once within S. salamandra.
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Hypotheses of relationships among taxa based on mito-
chondrial DNA (mtDNA) may conflict with hypotheses based
on nuclear genes (Harrison 1991; Powell 1991; Avise 1994,
2000; Moore 1995). Such discordances are expected when
time elapsed since phyletic divergence is insufficient to as-
sure the convergence of gene trees on the organismal tree
through the achievement of reciprocal monophyly (Neigel
and Avise 1993). Discordance between nuclear and mtDNA
gene trees is usually explained either as a consequence of
the retention of ancestral states or lineage sorting in the di-
verging populations (e.g., Patton and Smith 1994; Pérez-Suá-
rez et al. 1994), but it may also result from gene introgression
during reticulation events, after or while in the process of
achieving reciprocal monophyly (Ferris et al. 1983; Tegel-
ström 1987). The proposed mechanisms to account for gene
introgression during reticulation events include differential
selection (Duvernell and Aspinwall 1995) and a combination
of range shifts, hybridization and genetic drift (Ruedi et al.
1997).

Populations of terrestrial and semiterrestrial salamanders
are distributed patchily, as a consequence both of their limited
short-term dispersal capability (Joly 1968; Arntzen 1994;
Staub et al. 1995) and reproductive habits, thus establishing
conditions suitable for the differential fixation of alleles. Hy-
bridization between divergent taxa along their range borders
is relatively frequent (Wallis and Arntzen 1989; Wake 1997),
providing opportunities for introgression. Although infor-
mation about discordances between nuclear and mtDNA gene
trees in salamanders is still relatively uncommon (Moritz et
al. 1992; Jackman and Wake 1994; Wake and Schneider
1998; Wake and Jockusch 2000), work in our laboratories
suggests that such discordances may occur frequently. Here
we present a new example of gene tree discordance in sal-
amanders resulting from reticulation. This case provides sup-
port for and generalizes the recently proposed mechanism of
range shifts (Ruedi et al. 1997).

The Salamandra salamandra complex represents a chal-
lenging morphological, systematic, and biogeographic prob-
lem. This complex of Old World salamanders is subdivided
into as many as 16 geographically delimited units having
distinctive morphology, distributed around the Mediterranean
Basin (Nascetti et al. 1988; Klewen 1991; Veith et al. 1998).
The highest diversity occurs on the Iberian Peninsula, where
nine subspecies currently are recognized (Salvador 1974;
Gasser 1978; Joger and Steinfartz 1994; Veith 1994; Stein-
fartz et al. 2000).

The biology of S. salamandra in northern Spain is extraor-
dinary, because life histories differ dramatically. Salamandra
salamandra females do not lay eggs. Instead they release
relatively advanced, but small larvae directly into streams
and ponds (Salvador and Garcı́a-Parı́s 2001). However, pop-
ulations in the Cantabrian Mountains (S. s. bernardezi) and
the southwestern Pyrenees (S. s. fastuosa; Fig. 1) either give
birth to terrestrial, fully metamorphosed individuals or dis-
play a mixed strategy, with some females giving birth to
relatively large larvae in late development stages and others
producing fully metamorphosed, terrestrial juveniles (Thies-
meier and Haker 1990; Dopazo and Alberch 1994; Alcob-
endas et al. 1996). Following traditional terminology for this
group (e.g., Joly 1968; Alcobendas et al. 1996), we refer to
these conditions as viviparity (some to all individuals are
born that bypass the aquatic larval stage entirely). Females
from all other populations in central and northern Spain give
birth to small aquatic larvae, which we term ovoviviparity
(following Alcobendas et al. 1996). There is a correlation of
life history with external morphology in that adults of vi-
viparous populations are of small or medium size, with a
characteristic striped color pattern, whereas adults of ovo-
viviparous populations are large and are typically spotted
rather than striped (the western subspecies S. s. gallaica and
S. s. bejarae) or may have discontinuous stripes (S. s. ter-
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FIG. 1. Map of the Iberian Peninsula with sampling localities (numbers or letters in circles) and approximate subspecies distribution
(shaded areas). Localities sampled are labeled using letters when they correspond to populations where strict or potential viviparity is
present. Numbers identify the localities corresponding to ovoviviparous populations.

restris, to the east; Bas and Gasser 1994; Alcobendas et al.
1996). The distribution of these taxa is essentially continu-
ous, with intermediate specimens existing within three con-
tact zones. The western contact zone between ovoviviparous
S. s. gallaica and viviparous S. s. bernardezi (Fig. 1) is narrow
and well defined on morphological grounds (Bas and Gasser
1994). The central contact zone, between viviparous S. s.
bernardezi and S. s. fastuosa, is diffuse with unclear limits.
Morphological differentiation between S. s. bernardezi and
S. s. fastuosa is limited to body proportions and assignment
of individuals or even of populations to either taxon is not
always possible (Garcı́a-Parı́s 1985). Finally, the eastern con-
tact zone located along the northern slopes of the Pyrenees,
between the small, striped, viviparous S. s. fastuosa and the
large, striped, ovoviviparous S. s. terrestris, has not been
studied in detail, but gene flow is limited (based on allozyme
studies; Alcobendas et al. 1996).

Allozyme surveys (Alcobendas et al. 1994, 1996) found
that striped viviparous populations (S. s. bernardezi and S. s.
fastuosa) are little differentiated close relatives. Ovovivipa-
rous spotted populations from northwestern Spain (S. s. gal-
laica) are more similar to ovoviviparous populations from

northeastern Spain and southern France (S. s. terrestris) than
either are to their immediately neighboring viviparous pop-
ulations. However, analyses of mtDNA variation have shown
that mtDNA diversification within the viviparous group is
large (Dopazo et al. 1998; Steinfartz et al. 2000). Steinfartz
et al. (2000) found little or no resolution of relationships
within the Iberian clade despite the use of moderately long
sequences of the mitochondrial D-loop. Accordingly, we de-
cided to investigate the entire northern Iberian region to de-
termine patterns of haplotype diversity within contact zones.

In this paper we report results of a study of sequence var-
iation in the mitochondrial gene cytochrome b (cyt b) in
populations sampled throughout the Iberian Peninsula, with
special attention to the northern contact zones between vi-
viparous and ovoviviparous salamanders. Intrapopulational
haplotype variation is minimal except in populations from
the western contact zone (populations 1 and B, both located
within the western hybrid zone and represented by haplotypes
of each of the hybridizing taxa); accordingly, the mtDNA
haploid tree also can be viewed as an mtDNA populational
tree. We combine phylogenetic and phylogeographic analyses
of these data at the populational level with a new perspective
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on the allozyme data to test previous hypotheses on the evo-
lution of viviparity in the group, and we offer an explanation
for the origin and spread of viviparity across the northern
Iberian range.

MATERIALS AND METHODS

Sampling Strategy

Sampling within S. salamandra was designed to include
representation of the known morphological variation found
on the Iberian Peninsula, as well as some isolated mountain
populations not previously studied morphologically. Sam-
pling included from two to 18 individuals of all subspecies
on the Iberian Peninsula (Fig. 1). We used 76 individuals
from 45 Iberian populations (Table 1), eight of which, rep-
resented by 11 individuals, were used in a previous study
(Garcı́a-Parı́s et al. 1998). Intrapopulational variation was
examined by using two to four individuals from each of 19
different localities corresponding to six different subspecies.
The populations selected for the study of viviparity within
S. salamandra represent most of the range of the species in
northern Spain and the Pyrenees. The area covered, from the
Atlantic coast of Galicia in the west, to the Mediterranean
coastal ranges of Catalonia in the east, includes diverse cli-
matic and vegetation types, and S. salamandra is represented
in the region by four subspecies. Three to six populations
per subspecies were selected to comprehensively sample this
region, including populations located in the contact zones.
Most of the populations studied were used in a previous study
of allozyme variation (Alcobendas et al. 1994, 1996). Pop-
ulations of ovoviviparous salamanders are identified by num-
ber; those of viviparous salamanders are identified by letter.
GenBank accession numbers of the sequences used are
AY196217 to AY196292.

To determine if viviparity might constitute a synapomor-
phy at some phylogenetic level, we undertook a general sur-
vey of close relatives of Salamandra salamandra, the only
salamanders that display the phenomenon. Our sampling in-
cludes 13 individuals representing Chioglossa lusitanica,
Mertensiella caucasica, Salamandra luschani, S. algira, S.
atra, S. lanzai, and S. salamandra (Table 1). The individual
of S. atra was sequenced as a part of a previous study (Garcı́a-
Parı́s et al. 1998). The salamandrids Triturus marmoratus and
Euproctus asper were used as outgroups based on previous
studies (Wake and Özet 1969; Titus and Larson 1995). Re-î
cent phylogenetic studies reject the monophyly of Merten-
siella (Titus and Larson 1995; Veith et al. 1998). Because
Salamandra is rendered paraphyletic by continued recogni-
tion of luschani as a species of Mertensiella and to stabilize
the nomenclature of the clade, we assign the species currently
known as Mertensiella luschani to the genus Salamandra
(henceforth to be known as Salamandra luschani), as was
proposed earlier based on morphological arguments (Özetî
1967; Wake and Özet 1969) and recommended by Weisrockî
et al. (2001) based on extensive analysis of mtDNA.

Genetic Analysis

Geographic variation of nuclear markers in the northern
Iberian transect was studied previously (Alcobendas et al.

1994, 1996). Allelic variation for 33 protein-coding loci was
used to generate a neighbor-joining tree (NJ; Saitou and Nei
1987) using Cavalli-Sforza and Edwards’s (1967) chord dis-
tance, including 1000 bootstrap replicates. Genetic distances
were obtained using Biosys-1 (Swofford and Selander 1981)
and the NJ tree was generated using PHYLIP (Felsenstein
1986). Additional samples from a well-differentiated south-
ern subspecies (S. s. longirostris) were used to root the tree
(Garcı́a-Parı́s et al. 1998). The phylogenetic hypothesis de-
rived from allozymes is in close agreement with the geo-
graphic distribution of morphological traits. We consider this
hypothesis to represent a nuclear genetic perspective on the
evolution of these taxa.

From 3 to 5 mm of the tip of the tail of the salamanders
were used as the source of DNA, from which we obtained
sequences of 366 to 385 bp (372 bp included in the analyses)
from the mtDNA cyt b gene, corresponding to codons 7 (part)
through 135 of the Xenopus cyt b gene (Roe et al. 1985).
Tissue samples were collected from living or frozen individ-
uals and preserved in ethanol (70–90%) for up to six months
before DNA extraction. DNA extraction was performed by
boiling small amounts (,5 mg) of tissue in a 5% (w/v) so-
lution of Chelex (BioRad, Hercules, CA). Polymerase chain
reaction (PCR) amplifications were done using mtDNA cyt
b–specific primers, cyt-b2 (Kocher et al. 1989) and MVZ 15
(Moritz et al. 1992). The annealing temperature for double-
strand reactions was 558C. Double-strand reactions ran for
35 cycles in a total volume of 12.5 ml, containing 0.3 units
of Taq polymerase (Perkin Elmer Cetus, Norwalk, CT), 0.5
pmol of each primer, 0.75 mM dNTPs, 1.5 mM MgCl2, 50
mM KCl, and 10 mM Tris (pH 8.4). Aliquots of 3 ml were
run on 2% low-melting agarose gels, from which plugs were
taken and diluted in 100 ml of 10 mM Tris–0.1 mM EDTA.
Single-strand reactions were performed using asymmetric
PCR (Gyllensten and Erlich 1988) with 1:50 primer ratios
and the same reaction profiles in 25-ml reactions. Appropriate
size and purity of single-strand products was assessed by
electrophoresis of 3 ml aliquots in 4% agarose gels (buffer:
1 3 TAE). Dideoxy chain termination sequencing reactions
(Sanger et al. 1977) were performed using US Biochemicals
(Cleveland, OH) Sequenase version 2.0 kit and S35-labeled
dATP. All extractions and double- and single-strand PCR
reactions included negative controls to check for possible
contamination of reagents with DNA. Thirty-eight samples
were sequenced using automatic sequencing on an ABI 377
DNA sequencer (Applied Biosystems, Foster City, CA). Se-
quences were aligned to the same region of Ensatina mtDNA
(Moritz et al. 1992).

Sequences were read from both strands and aligned to each
other. Corrected sequence divergence was estimated using
the Kimura two-parameter distance (K2-p; Kimura 1980).
Each mtDNA haplotype was treated as a separate operational
taxonomic unit. All analyses were performed using the
PAUP* (PAUP 4.0b5) program (D. Swofford, Smithsonian
Institution).

Relationships between Iberian ovoviviparous and vivipa-
rous subspecies were inferred using NJ methods (Saitou and
Nei 1987) based on HKY distances, using 1000 bootstrap
replicates (Hillis and Bull 1993). We perform different anal-
yses using Kimura two-parameter and HKY 1 I 1 G (pro-
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TABLE 1. Samples used in this study (S. s., Salamandra salamandra), taxonomic assignment (morphotype), population number, and locality.

Sample Morphotype Population Locality

1
2
3
4
5

S. s. gallaica
S. s. gallaica
S. s. gallaica
S. s. gallaica
S. s. gallaica

1
1
1
2
3

Spain: Lugo: Trabada
Spain: Lugo: Trabada
Spain: Lugo: Trabada
Spain: Lugo: Fonsagrada
Spain: Lugo: Lugo

6
7
8
9

10

S. s. gallaica
S. s. gallaica
S. s. gallaica
S. s. terrestris
S. s. terrestris

3
4
5
6
6

Spain: Lugo: Lugo
Spain: Pontevedra: Castromarı́n
Spain: Zamora: Puerto del Padornelo
France: Haute Garonne: Arguenos
France: Haute Garonne: Arguenos

11
12
13
14
15

S. s. terrestris
S. s. terrestris
S. s. terrestris
S. s. terrestris
S. s. terrestris

6
7
7
8
9

France: Haute Garonne: Arguenos
Spain: Huesca: Benasque
Spain: Huesca: Benasque
France: Tarnet Garonne: Gresigne
Spain: Girona: Setcases

16
17
18
19
20

S. s. terrestris
S. s. bejarae
S. s. bejarae
S. s. bejarae
S. s. bejarae

10
11
11
12
12

Spain: Barcelona: Montseny
Spain: León: Palacios del Sil
Spain: León: Palacios del Sil
Spain: León: Lillo del Bierzo
Spain: León: Lillo del Bierzo

21
22
23
24
25

S. s. bejarae
S. s. bejarae
S. s. bejarae
S. s. bejarae
S. s. bejarae

12
13
14
14
14

Spain: León: Lillo del Bierzo
Spain: León: Villablino
Spain: León: Isoba
Spain: León: Isoba
Spain: León: Isoba

26
27
28
29
30

S. s. bejarae
S. s. bejarae
S. s. bejarae
S. s. bejarae
S. s. gallaica

15
15
16
17
18

Spain: León: Embalse del Porma
Spain: León: Embalse del Porma
Spain: León: Cofiñal
Spain: Burgos: Puerto del Escudo
Portugal: Serra da Estrella: Manteigas

31
32
33
34
35

S. s. gallaica
S. s. gallaica
S. s. bejarae
S. s. bejarae
S. s. bejarae

19
20
21
21
22

Portugal: Sintra
Portugal: São Mamede
Spain: Cáceres: Hervás-Cabezuela del Valle
Spain: Cáceres: Hervás-Cabezuela del Valle
Spain: Toledo: San Pablo de los Montes

36
37
38
39
40

S. s. bejarae
S. s. bejarae
S. s. almanzoris
S. s. almanzoris
S. s. almanzoris

23
23
24
25
26

Spain: Ávila: Mijares
Spain: Ávila: Mijares
Spain: Ávila: Sierra de Gredos: Cinco Lagunas
Spain: Ávila: Circo de Gredos
Spain: Ávila: El Hornillo

41
42
43
44
45

S. s. almanzoris
S. s. almanzoris
S. s. gallaica
S. s. crespoi
S. s. crespoi

27
28
29
30
30

Spain: Madrid: Circo de Peñalara
Spain: Madrid: Laguna de los Pájaros
Portugal: Santiago de Caçem
Portugal: Algarve: Serra de Monchique, Foia
Portugal: Algarve: Serra de Monchique, Foia

46
47
48
49
50

S. s. morenica
S. s. morenica
S. s. morenica
S. s. morenica
S. s. morenica

31
32
33
34
34

Spain: Huelva: Sierra de Aracena
Spain: Córdoba: Sierra Morena
Spain: Jaén: Baños de la Encina
Spain: Albacete: Riópar
Spain: Albacete: Riópar

51
52
53
54
55

S. s. longirostris
S. s. longirostris
S. s. longirostris
S. s. bernardezi
S. s. bernardezi

35
35
36
A
A

Spain: Cádiz: Serranı́a de Grazalema
Spain: Cádiz: Serranı́a de Grazalema
Spain: Málaga: Serranı́a de Ronda
Spain: Asturias: Monasterio de Hermo
Spain: Asturias: Monasterio de Hermo

56
57
58
59
60

S. s. bernardezi
S. s. bernardezi
S. s. bernardezi
S. s. bernardezi
S. s. bernardezi

A
B
B
B
C

Spain: Asturias: Monasterio de Hermo
Spain: Asturias: Puerto del Palo
Spain: Asturias: Puerto del Palo
Spain: Asturias: Puerto del Palo
Spain: Asturias: Luarca

61
62
63
64
65

S. s. bernardezi
S. s. bernardezi
S. s. bernardezi
S. s. bernardezi
S. s. bernardezi

D
D
D
D
E

Spain: Asturias: Oviedo
Spain: Asturias: Oviedo
Spain: Asturias: Oviedo
Spain: Asturias: Oviedo
Spain: Asturias: Puerto del Fito

66
67
68
69
70

S. s. bernardezi
S. s. bernardezi
S. s. bernardezi
S. s. fastuosa
S. s. fastuosa

F
F
F
G
G

Spain: Asturias: Pico Cuadrazales (Amieva)
Spain: Asturias: Pico Cuadrazales (Amieva)
Spain: Asturias: Pico Cuadrazales (Amieva)
Spain: Cantabria: Ucieda
Spain: Cantabria: Ucieda
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TABLE 1. Continued.

Sample Morphotype Population Locality

71
72
73
74
75

S. s. fastuosa
S. s. fastuosa
S. s. fastuosa
S. s. fastuosa
S. S. fastuosa

G
G
H
H
J

Spain: Cantabria: Ucieda
Spain: Cantabria: Ucieda
Spain: Navarra: Lanz
Spain: Navarra: Lanz
Spain: Navarra: Collado Lindux

76
77
78
79
80

S. s. fastuosa
S. algira
S. atra
S. lanzai
S. lanzai

J Spain: Navarra: Collado Lindux
Morocco: Xauen
Switzerland: near Gurnigel
France: Mount Viso
France: Mount Viso

81
82
83
84
85

S. luschani
S. luschani
S. luschani
S. luschani
Chioglossa lusitanica

Turkey: Dodurg, 20 km S of Fethiye
Turkey: Dodurg, 20 km S of Fethiye
Turkey (R. Zardoya tissue collection)
Turkey (R. Zardoya tissue collection)
Spain: Asturias: Boal

86
87
88
89
90
91

C. lusitanica
C. lusitanica
Mertensiella caucasica
M. caucasica
Euproctuc asper
Triturus marmoratus

Spain: Asturias: Boal
Spain: Asturias: Boal
Turkey: 40 km S of Giresun
Turkey: 40 km S of Giresun
Spain: Huesca: Zuriza
Spain: Zamora: Sanabria

portion of sites assumed to be invariable 5 0.49, rates for
variable sites assumed to follow a gamma distribution with
estimated shape parameter 5 1.2979) distances but differ-
ences in bs values were minimal. Hypotheses of phylogenetic
relationships among taxa of the Salamandra clade were also
generated using maximum parsimony (MP, heuristic search),
with differential weighting to account for transition/trans-
version biases (1:1 and 5:1; estimated ts/tv bias obtained via
maximum likelihood 5 5.39), 1000 bootstrap replicates, and
using the heuristic search algorithm (Fig. 2, see figure leg-
end). We also used maximum likelihood (ML; not shown),
with estimated base frequencies of A 5 0.320, C 5 0.291,
G 5 0.098, T 5 0.291 and proportion of sites assumed to
be invariable 5 0.49, rates for variable sites assumed to fol-
low a gamma distribution with estimated shape parameter 5
1.2979, under the assumptions of the Hasegawa-Kishino-
Yano (Hasegawa et al. 1985) model, and random addition of
taxa replicated 10 times (the selected model was obtained
using the program ModelTest; Posada and Crandall 1998).
We used Shimodaira-Hasegawa tests (Shimodaira and Has-
egawa 1999; Leaché and Reeder 2002) to evaluate the mono-
phyly of the haplotype groups found in viviparous salaman-
ders within the Salamandra clade.

We performed a phylogeographic analysis of the genetic
variability recovered to elucidate the evolutionary processes
acting on the populations and their influence on the evolution
of viviparity. Several phylogeographic methods exist (see
Posada and Crandall 2001) to examine the association be-
tween the geographic and the phylogenetic position of hap-
lotypes. We chose a nested clade analysis (NCA; Templeton
et al. 1992; Templeton and Sing 1993; Templeton 1998; Al-
exandrino et al. 2002) and proceeded through three succes-
sive steps. First a haplotype network was constructed using
TCS 1.13 software (Clement et al. 2000), which follows the
statistical parsimony algorithm described in Templeton et al.
(1992, 1993) and accurately reflects the genealogical rela-
tionships of the DNA sequences. Next, a nested statistical
design was developed, starting from the tips of the network,

in which haplotypes (zero-step clades) separated by one mu-
tation were nested in the one-step clades, then the one-step
clades that differed by one mutation were nested in two-steps
clades, and so on until higher levels of nesting recovered the
entire cladogram (Templeton et al. 1995). The third step an-
alyzed geographical association using two different tests: a
categorical test, to determine which clades showed genetic
and/or geographic variation (permutational contingency anal-
ysis; Templeton et al. 1995), and a geographic distance test.
The latter quantifies two distances: clade distance (Dc), which
measures the spread of individuals within clades, and nested
distance (Dn), which reflects the spread of individuals from
one clade with respect to another clade from the same nesting
level. Statistical analysis of these distance measures segre-
gates historical from current evolutionary processes that have
shaped the patterns of genetic variability observed. The final
analysis was performed with GeoDis 2.0 software (Posada
and Templeton 2000) and the evolutionary patterns were sort-
ed following the inference key published in Templeton et al.
(1995) and modified in Posada and Templeton (2000).

RESULTS

Sequence Divergence

No additions or deletions responsible for frame-shift or
nonsense mutations were found in the 372 base pair region
used for analysis. The Chioglossa and S. salamandra samples,
the most differentiated within the ingroup, differ at 9.0% of
their amino acids. The maximum difference in amino acids
between African and European Salamandra samples is 7.4%,
but among Iberian populations of S. salamandra it is only
1.6%.

The corrected proportion of nucleotide differences among
sequences, K2-p, ranges from 20.0% to 27.5% between the
outgroups and the ingroup. Within the Salamandra clade (the
ingroup), sequence divergence ranges from 25.7% between
genera to 0.0% in comparisons within and sometimes be-
tween populations of different subspecies of S. salamandra.
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FIG. 2. Results of the neighbor-joining (NJ) analysis of the mitochondrial DNA haplotypes found in taxa of the Salamandra clade.
Phylogenetic relationships among species of the Salamandra clade are identical to those found in parsimony analysis. Topology of the
strict consensus of 40 equally parsimonious trees obtained using parsimony differs in the trichotomy of S. salamandra, S. atra, and S.
lanzai and in the lack of resolution for terminal haplotypes within clade B of S. salamandra. Bootstrap values above branches are the
result of 1000 NJ replicates and below branches of 1000 maximum parsimony (MP) replicates (only values over 50% in branches also
supported by MP are included). Locality numbers or letters of samples correspond to numbers from Figure 1; numbers following colons
are sequential sample numbers. Five groups (G1–G5, based on relatively high bootstrap values, see text) of populations within clade B
are indicated by the thin lines on the far right. Thick vertical bar on the right indicates those populations known to be ovoviviparous
(open) and viviparous (filled). Reproductive patterns for some samples are unknown (question mark).

Divergences among species range from 4.2% to 25.7%. The
K2-p distance between the two species previously included
in Mertensiella (Veith et al. 1998) is one of the largest found
within the ingroup (25.1%). Within Salamandra the diver-
gence among African and European populations ranges from
9.4% to 12.2%. The maximum differentiation among Iberian
subspecies of S. salamandra is 6.3% (between S. s. longi-
rostris and S. s. bernardezi).

Divergence among sequences is low within and among the
populations of S. salamandra from the northern Iberian tran-
sect. Sequence divergence across the western contact zone,
between viviparous and ovoviviparous populations (A vs. 1;
3.1%), is similar to that found among geographically close
viviparous populations (populations A vs. D; 3.3%). Se-
quence divergence is also high in the central hybrid zone
between two groups of viviparous populations (E, F vs. G;
2.2%). In contrast, we found no sequence divergence across
the eastern hybrid zone between viviparous (populations H,
J) and ovoviviparous forms (populations 6, 7; identical se-
quences). These four populations (H, J, 6, 7) share a single
unique haplotype, although they show different reproductive
strategies and are morphologically distinct (populations H
and J correspond to S. s. fastuosa, whereas populations 6 and
7 correspond to S. s. terrestris).

Phylogenetic Reconstruction

Phylogenetically informative positions were present in 121
of the 157 variable sites. Most of the variable sites within
the ingroup corresponded to third codon positions (87.2 %),
with first (10.6 %) and second position (2.1%) changes poorly
represented.

Phylogenetic analyses of the Salamandra clade were per-
formed on the cyt b dataset. MP analysis using equal weights
for transition-transversion changes produced 40 equally par-
simonious trees (length 5 367, CI 5 0.55, RI 5 0.66, 121
parsimony informative characters; not shown). The North
African S. algira is the sister taxon of all the European taxa
(S. atra, S. lanzai, and S. salamandra; 75% bootstrap value),
S. luschani is the sister taxon of the other Salamandra species
(bootstrap value 61%), and C. lusitanica and M. caucasica
are sequential basal taxa. Trees differ in the relative position
of S. atra and S. lanzai and in diverse changes within terminal
S. salamandra subclades. Applying a 5:1 step matrix to
weight transversions over transitions, we also obtained 40
equally parsimonious trees, with identical consensus topol-
ogy to the tree obtained in the equally weighted analyses.
The tree presented in Figure 2 was generated using NJ meth-
ods based on HKY distances.

A reduced dataset that included all species of the Sala-

mandra clade but only the most divergent haplotypes from
each of the five groups of S. salamandra (G1 to G5 of Fig.
2) was analyzed using ML analysis (2ln 5 1960.5442). The
analysis resulted in five trees with a topology compatible
with that shown in Figure 2, in which viviparous taxa do not
form a monophyletic group. The trees were then compared
to a constrained tree in which all viviparous taxa form a
monophyletic group, using a parametric test (Shimodaira-
Hasegawa, 2ln 5 1978.1019). The test indicates that the two
trees differ significantly (P 5 0.034), and the monophyly of
the viviparous taxa is rejected.

The most basal split within the Iberian S. salamandra cor-
responds to the separation between two well-supported clades
(Fig. 2). Clade A (NJ, MP bootstrap value 100%) includes
populations of the southernmost regions of Spain (S. s. lon-
girostris). Clade B (NJ bootstrap value 94%; MP bootstrap
value 76%) includes all populations from all other subspecies.
Accordingly, we consider S. s. longirostris to be the sister
taxon of all other populations of S. salamandra studied. There
is little phylogenetic structure in this dataset for the rest of
the tree. Group 1 (G1, Fig. 2, NJ bootstrap value 57%) in-
cludes viviparous and ovoviviparous populations from north-
ern and central Iberia and southern France, including all rep-
resentatives of the ovoviviparous subspecies S. s. terrestris,
S. s. bejarae, and S. s. gallaica, and the viviparous S. s.
fastuosa, plus a few sequences from populations located in
the hybrid zones with S. s. bernardezi (Pola de Allande,
Isoba). Group 2 (NJ bootstrap value 89%; MP bootstrap value
67%) includes viviparous populations from the western range
of S. s. bernardezi plus a few individuals from introgressed
populations (Trabada, Villablino) in their close proximity.
Group 3 (NJ bootstrap value 68%; MP bootstrap value 67%)
is represented by viviparous populations from the eastern
range of S. s. bernardezi. Group 4 (all identical sequences)
is represented by S. s. almanzoris, and group 5 (NJ bootstrap
value 81%) by all sequences from the ovoviviparous S. s.
crespoi and S. s. morenica.

The mtDNA haplotypes corresponding to viviparous pop-
ulations (A–J; Fig. 1) are all included in clade B (Fig. 2),
but distributed in groups 1, 2, and 3. The monophyly of the
viviparous populations is not supported in any of the anal-
yses. Within group 1, the same haplotype is shared by striped
(viviparous) and unstriped (ovoviviparous) populations in the
western Pyrenees; accordingly, monophyly of the striped
populations is impossible.

An NJ tree (Fig. 3) generated using Cavalli-Sforza and
Edwards’s (1967) chord genetic distances derived from al-
lozymic variation at 33 loci (Alcobendas et al. 1996) finds
viviparous (B–J) and ovoviviparous (2–10) populations in
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FIG. 3. Neighbor-joining tree obtained for Iberian populations of
the Salamandra clade using Cavalli-Sforza and Edwards’s (1967)
chord genetic distance based on genetic analyses of 33 allozyme
loci (Alcobendas et al. 1994, 1996). The upper cluster includes
ovoviviparous populations, and the lower cluster includes vivipa-
rous populations. Population numbers and letters as in Figure 1.

two clades. The high mtDNA divergence found among vi-
viparous populations is not apparent in the allozyme data.

Phylogeographic Analysis

The statistical parsimony algorithm yielded a haplotype net-
work in which populations of S. s. longirostris (Grazalema and
Ronda) fall outside the confidence limits of parsimony (eight
steps); this taxon may be sister to all remaining Iberian pop-
ulations (Garcı́a-Parı́s et al. 1998). The nested clade design is
shown in Figure 4. Table 2 shows the results for the categorical
nested contingency analysis. The null hypothesis to be rejected
is the lack of association between geographical location and
haplotype divergence. We found significant association of
clades and locations at all levels of the nested design (clades
1–2, 1–3, 1–14, 2–2, 3–1, 3–4, and the total cladogram). These
associations were examined for statistical significance of Dc
and Dn by random permutation testing in the nested clade
analysis. The results obtained were then interpreted with the
inference key published in Templeton et al. (1995) and mod-
ified in Posada and Templeton (2000; Table 3).

DISCUSSION

Discordances among Nuclear and Mitochondrial
DNA Markers

Female S. salamandra typically (and we assume, ances-
trally) are ovoviviparous and give birth to well-developed
larvae. The larvae of most populations metamorphose after
a few months; however, in the high mountains in the center
of the Iberian Peninsula, metamorphosis requires two or more
years of larval existence (S. s. almanzoris). In contrast, fe-
males of northern Iberian populations (S. s. bernardezi, S. s.
fastuosa) are viviparous and produce either fully metamor-
phosed juveniles that never live in water, or, occasionally,
advanced premetamorphic larvae (Dopazo and Alberch 1994;
Alcobendas et al. 1996). This complexity in reproductive
patterns has no parallel in any other species of amphibian.

Viviparity, considered in a broad sense as the production

of fully metamorphosed young individuals, is present in the
two subspecies S. s. bernardezi and S. s. fastuosa from the
Cantabrian region and western Pyrenees (Fig. 1). Both S. s.
bernardezi and S. s. fastuosa have rounded snouts and re-
markably vivid black and yellow striped coloration; they are
readily diagnosed from all other subspecies of S. salamandra
(Garcı́a-Parı́s 1985). Morphological differences between
these two subspecies are subtle, but S. s. bernardezi is typ-
ically smaller (Salvador 1974; Alcobendas et al. 1996). De-
spite sharing viviparity and a relatively homogeneous mor-
phology, viviparous populations display substantial mtDNA
variation and are nested in independent third-level clades.
The largest haplotype divergence found between any two
haplotypes along the northern Iberian transect occurs between
two sequences of viviparous S. s. bernardezi. At the same
time, viviparous populations of S. s. fastuosa from the western
Pyrenees (populations H, J) share a unique single haplotype
with ovoviviparous S. s. terrestris from the eastern Pyrenees
(populations 4, 5). Assuming our phylogenetic hypothesis
obtained using cyt b (Fig. 2) represents the historical rela-
tionships among these taxa, we might hypothesize that vi-
viparity evolved multiple times within northern Iberian S.
salamandra. However, the allozyme data enable us to reject
this hypothesis. All viviparous populations belong to a single
allozyme lineage (Alcobendas et al. 1996).

Plotting the geographic ranges defined by mtDNA and nu-
clear genes (Fig. 5) reveals two major discordances. No
mtDNA divergence is detected among viviparous (S. s. fas-
tuosa) and ovoviviparous (S. s. terrestris) populations located
in close proximity to each other in the western Pyrenees,
even though these populations (H–J vs. 6–8) differ markedly
with respect to allozymes. Instead, the mtDNA contact zone
is located well to the west, in the middle of the Cantabrian
Mountains, separating two groups of viviparous populations
that show little allozyme divergence (E, F vs. G). A second
discordance is observed within the range of viviparous pop-
ulations that by morphological and allozymic data are ap-
parently pure S. s. bernardezi; yet, mtDNA shows a large
divergence between populations A–C and D–F (Fig. 5).

These discordances are visualized in Figure 6, which shows
the position of third-level clades plotted over the geographic
range of viviparous and ovoviviparous populations; two of
the clades (3–2 and 3–4) include only western viviparous
populations, one (3–3) includes southern ovoviparous pop-
ulations, and the fourth clade (3–1) includes eastern vivip-
arous populations together with all northern ovoviviparous
populations.

Demographic Explanation for Genetic Discordances

We have five sets of markers: mtDNA sequences, allo-
zymes, life history, anatomy, and color pattern. The last four
show high concordance in geographic distribution, and it is
the mtDNA sequences that require explanation. One might
hypothesize mitochondrial gene flow from east to west, but
dispersal appears to be male biased in salamanders, and one
would expect at least some other traits to persist if dispersal-
mediated gene flow had taken place. We reject this hypothesis
as being highly unlikely. Instead, we hypothesize that the
mtDNA markers reflect relatively deep history that has been
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FIG. 4. Maximum-parsimony network and nested design for the cytochrome b haplotypes of Salamandra salamandra. Haplotypes are
indicated by Roman numerals. Four third-level clades are detected (3-1 to 3-4; see text for an explanation). Haplotypes differing by up
to eight mutations are connected in a parsimonious manner. Populations of S. s. longirostris (Grazalema and Ronda) are not connected
to the main network because they fall outside the confidence limits of parsimony.

obscured by geographic range expansion of the viviparous
populations. The distribution of mtDNA markers thus rep-
resents the distribution of these salamanders prior to recent
evolutionary events.

Assuming that our allozyme tree (Fig. 3; based on 33 loci
scored in at least 10 individuals per population; Alcobendas
et al. 1996) is likely to represent the best approximation of
the organismal-level phylogenetic relationships of the pop-
ulations studied (i.e., with fewer biases due to lineage sorting
than a mtDNA gene tree; Ruedi et al. 1997), we postulate
that the observed discordances are the result of range ex-
pansion of viviparous populations from western to more east-
ern regions. This expansion might have been largely a de-
mographic phenomenon, but more than simple replacement
of one form by the other must have taken place. The persis-
tence of ancestral mtDNA in the face of a largely demo-
graphic expansion is puzzling unless there was biased genetic
admixture of the interacting populations. Males of other sal-

amanders move farther and more often than females (Staub
et al. 1995), and, although we have no direct evidence of
sexual asymmetry in Salamandra, our hypotheses requires
that mitochondrial genes were left behind as nuclear genes
flowed eastward. Nuclear genes, some of which might be
subject to selection, would be expected to cross contact zones
faster and spread through the populations in contact, pro-
ducing admixture, whereas mtDNA would remain effectively
stationary, resulting in a process of mtDNA capture (Avise
1994).

We find three instances of this combined demographic re-
placement and nuclear genetic admixture. We suggest that
these instances represent three distinct time levels. The first
occurs within viviparous S. s. bernardezi in the western Can-
tabrian Mountains. Cyt b haplotypes are well differentiated
between western and eastern populations of S. s. bernardezi
(populations A–C vs. D–F; third-level clades 3–2 and 3–4,
Fig. 6), but little allozyme divergence is found between them
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TABLE 2. Results for the categorical nested contingency analysis of
geographical association for Salamandra salamandra haplotypes. Sig-
nificant values are boldfaced. Clades not showing genetic or geograph-
ic variation are not included.

Clade x2 P

1-1
1-2
1-3
1-5
1-6

2.000
24.000
25.111

4.000
2.400

1.000
0.007*
0.001*
0.315
0.491

1-8
1-10
1-12
1-14
2-1

5.000
2.000
5.000

12.000
10.000

0.206
1.000
0.607
0.019*
0.190

2-2
2-3
2-7
3-1

99.000
7.000
1.333

43.000

0.000*
0.125
1.000
0.000*

3-2
3-3
3-4
Total

8.000
25.000

9.000
204.570

0.374
0.061
0.029*
0.000*

* P , 0.05.

TABLE 3. Interpretation of evolutionary patterns resulting from the nested clade analysis based on the inference key published in Templeton
(1995) and modified in Posada and Templeton (2000).

Clade Chain of inference Inference

Haplotypes nested in 1-2

Haplotypes nested in 1-3

Haplotypes nested in 1-14

1-2-3-5-15-16-18 no

1-2-11-17-4-9-10 no

1-2-11-17-4-9-10 yes

cannot discriminate between fragmentation,
range expansion and isolation by distance

cannot discriminate between fragmentation
and isolation by distance

allopatric fragmentation
One-step clades nested 2-2
Two-step clades nested in 3-1
Two-step clades nested in 3-3
Two-step clades nested in 3-4
Total cladogram

1-2-3-5-15 no
1-2-3-4-9 no
1-2-11-12-13 yes
1-2-11-12 no
1-2-3-4-9 no

past fragmentation
past fragmentation
long-distance colonization
continuous range expansion
past fragmentation

(DNei 5 0.08, df 5 78). We postulate that once secondary
contact was established between these western and eastern
populations, reticulation occurred and nuclear genes moved
across the contact zone faster than mtDNA. Admixture and
apparent homogenization of the ancestral, differentiated nu-
clear genomes was accompanied by preservation of the an-
cestral pattern of mtDNA haplotype distribution.

The second discordance occurs in the central Cantabrian
Mountains, along the contact zone among viviparous popu-
lations corresponding to S. s. bernardezi (populations E, F)
and S. s. fastuosa (population G). Differentiation at the al-
lozyme level is small between these two viviparous groups
(DNei 5 0.05, df 5 78), but all cyt b haplotypes represented
in population G, together with all other viviparous S. s. fas-
tuosa (H, J), cluster unequivocally with the ovoviviparous S.
s. terrestris and not with western viviparous haplotypes (all
within the third-level clade 3–1). Again, we postulate an early
isolation, followed by an eastward migration of the western
viviparous group. The establishment of secondary contact led
to introgression of nuclear markers, resulting in a relative
homogenization at the nuclear gene level but preservation of
the ancestral haplotype pattern. Accordingly, we hypothesize
that the populations established on the eastern side of the

contact zone prior to the migration of the western salaman-
ders were ovoviviparous, with nuclear and mtDNA markers
corresponding to current S. s. terrestris. The ancestral S. s.
terrestris stock established in the eastern Cantabrian Moun-
tains was progressively displaced toward the east, but it left
behind its mtDNA, which persists in the newly established
S. s. fastuosa populations.

The third discordance, which clarifies our argument, is
evident in the western Pyrenees, where a distinct allozyme
and morphological break takes place between S. s. fastuosa
(populations H, J) and S. s. terrestris (populations 6, 8; DNei
5 0.20, df 5 78), but where a single unique cyt b haplotype
is shared by all populations. The allozyme contact zone is
located more than 250 km to the east of the mtDNA contact
zone. The populations in the western Pyrenees correspond
allozymically and morphologically to typical S. s. fastuosa,
but ancestral populations in this area would have been iden-
tical to current S. s. terrestris based on their mtDNA. We
argue that nuclear genes from the western populations moved
eastward as the contact zone moved, causing an almost com-
plete replacement of the original nuclear genome of S. s.
terrestris in the western portions of its range.

The mechanism we suggest as responsible for the admix-
ture of differentiated populations is demographic replacement
via range shifts, most likely accompanied by local selection.
This model suggests that marked discordances between
mtDNA and nuclear markers in the location of a contact zone
are the consequence of range shifts of the taxa involved. A
geographic shift of the nuclear contact zone, followed by
repetitive backcrosses or habitat-specific selection for nuclear
genes on either side of the contact zone would effectively
eliminate introgressed nuclear alleles and lead to admixture,
whereas drift (Ruedi et al. 1997), or simply the low proba-
bility of movement across the hybrid zone, would determine
the random survival of the mtDNA haplotypes. Important for
our hypothesis is a major demographic effect, in which in-
dividuals favored by selection move into the range of resident
populations that are postulated to have been at a selective
disadvantage because of climate change (see below). To be
detected, a process of gene introgression via range shifts
requires that organisms have low vagility, they already are
genetically differentiated, the contact zone resulted from sec-
ondary contact, and climate change is sufficient to cause large
faunal movements but not to produce complete extinctions.
These requirements are likely to be met by amphibians from
temperate regions, particularly salamanders, which have low



139DISPERSAL OF VIVIPARITY IN SALAMANDRA

FIG. 5. Location of the contact zones among the populations studied. (A) Contact zones with limited gene flow at the nuclear level are
indicated by brick bars. Circles represent the populations studied. Light circles correspond to the ovoviviparous clade as shown in Figure
3. Dark circles correspond to the viviparous clade from Figure 3. Color pattern and relative size are represented next to the populations
studied. There is a tight geographic correlation between reproductive mode, color pattern, and allozyme markers. (B) Contact zones
defined by large divergence in mitochondrial DNA haplotypes are indicated by brick bars. Circle pattern corresponds to groups shown
in Figure 2. Only the westernmost contact zone, between striped viviparous and blotched ovoviviparous populations, is concordant with
respect to both markers.

dispersal capability (Staub et al. 1995), high potential for
survival during severe bottleneck episodes, and a prevalent
vicariant mode of species formation (e.g., Highton and Pea-
body 2000; Jockusch et al. 2001). Together, these traits fa-
cilitate the relatively rapid buildup of genetic divergence as-
sociated with the dramatic climatic changes that took place
during the last 2 million years.

Evolution of Viviparity in Salamandra

These hypotheses can be coupled with a paleogeographic
scenario to recreate a possible history for the evolution of
viviparity of S. salamandra in northern Spain (Fig. 7). The
northern regions of the Iberian Peninsula were strongly af-
fected by Pleistocene climate changes (Crowley and North
1991). The region where viviparous populations are located,
a rugged limestone mass that was glaciated above 750-m
elevation, provided multiple opportunities for survival of iso-
lated populations in the coastal or inland deep valleys, where
a milder climate was likely to have persisted during the Pleis-

tocene (Uzquiano 1995). The haplotypes observed within S.
s. bernardezi may have started their divergence prior to the
Pleistocene, about 3.7 million years ago (using Tan and
Wake’s [1995] estimate of 0.8% sequence divergence per
million years for salamandrids). This early mtDNA diversi-
fication likely occurred as a consequence of vicariant pro-
cesses that must also have affected nuclear markers. Vivi-
parity is likely to have arisen in one of these isolated pop-
ulations in response to local selection (i.e., lack of available
surface water in karstic limestone substrates). Subsequent
cycles of warm and cold climates put neighboring populations
in contact and facilitated migration along a coastal corridor,
producing contact zones between previously isolated line-
ages. However, migration was only possible in a west–east
direction, because high mountains prevent western migration
into Galicia (today occupied by large, blotched, ovovivipa-
rous salamanders) and into southern regions (the southern
slopes of the Cantabrian Mountains are also occupied by a
few small populations of blotched, ovoviviparous salaman-
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FIG. 6. Geographical representation of third-level clades obtained in the maximum parsimony network of the cytochrome b haplotypes
of Salamandra salamandra over a map of the Iberian Peninsula. Light shading corresponds to ovoviviparous populations, dark shading
to viviparous ones. The populations corresponding to S. s. longirostris in southern Spain are not included in any box because they fall
outside the confidence limits of parsimony for the nested clade analysis. The four third-level clades are represented (3-1 to 3-4), two of
them corresponding to western viviparous populations (3-2 and 3-4), a third one, widely distributed, shared by viviparous and ovoviviparous
populations (3-1), and the fourth one corresponding to central and southern ovoviviparous populations (3-3). Populations are represented
by dots. White dots correspond to the two populations (1 and B) where at least two haplotypes are part of different third-step clades.
These populations are located in the hybrid zone between viviparous and ovoviviparous salamanders.

ders; Fig. 7). Traits likely subjected to selection that are
carried by nuclear genes (reproductive strategy, aposematic
coloration pattern) spread quickly through the populations in
contact, producing a homogenizing effect at the nuclear level,
decoupled from the underlying mtDNA structure. Even with-
out selection for nuclear markers, successive range shifts and
repetitive backcrosses and genetic drift likely would have
resulted in discordances between the mtDNA and nuclear
markers (Jones et al. 1995; Ruedi et al. 1997). As a result
of these processes, the front of the eastern nuclear contact
zone in Salamandra has been displaced progressively east-
ward until its present location in the western Pyrenees, while
the mtDNA contact zone remained closer to the site at which
the secondary contact first occurred, in the Cantabrian Moun-
tains. Further support for this hypothesis comes from the
analysis of the D-loop of European populations of Salaman-
dra (Steinfartz et al. 2000). These authors found that the
southern Italian S. s. gigliolii is sister to one of the western

Cantabrian viviparous clades. Because S. s. gigliolii is ovo-
viviparous (the only mode found outside the Iberian Penin-
sula), we infer that the origin of viviparity must have taken
place relatively recently in the western Cantabrian popula-
tions, after they split from S. s. gigliolii (otherwise S. s. gig-
liolii would be viviparous also). Accordingly, the presence
of viviparity in the other Cantabrian populations is most par-
simoniously explained first by hybridization and introgres-
sion and subsequently by range shifts following the demo-
graphic model.

Viviparity is rare in salamanders and is confined to the
single clade we have studied. It occurs in S. luschani from
the eastern Mediterranean area, in the two Alpine salaman-
ders, S. atra and S. lanzai, and in the northern Iberian pop-
ulations of S. salamandra that we have studied. Viviparity
in S. salamandra is physiologically different from that in S.
atra. Although adelphophagy occurs (Joly 1968; Dopazo and
Alberch 1994), females of S. salamandra are not known or
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FIG. 7. Scenario for the evolutionary history of northern Iberian Salamandra. Different shades correspond to lineages defined using
nuclear markers. Mountains above 1000 m are represented in black. (A) Differentiation among incipient lineages in isolation during late
Pliocene or early Pleistocene. The precise localization of lineage C is uncertain. (B) During most of the Pleistocene, alternating periods
of mild and cold climates is postulated to have caused severe population bottlenecks in the northern populations, leading to the random
fixation of nuclear and mtDNA markers. Viviparity and the striped coloration were likely fixed during this period. Contact zones among
incipient lineages were likely to change their location following the migration of the salamanders during favorable climate periods. (C)
Viviparous populations from the western regions came into contact with ovoviviparous populations in the eastern regions. A largely
demographic expansion of the viviparous populations occurred and, as the populations spread eastward, genetic admixture took place
as well, with eventual establishment of western allozyme frequencies but persistence of the mitochondrial haplotypes of the original
inhabitants. Entire nuclear lineages (A and B) lost their identity and are no longer diagnosable.
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suspected to provide any additional source of maternal nour-
ishment (Wake 1992, 1993); production of terrestrial juve-
niles apparently is a consequence of extreme oviductal re-
tention. The capability for oviductal retention seems to be
an ancestral trait for Salamandra, because it is present in all
species of the genus including the basal taxon S. luschani.
Production of juveniles in S. atra requires two processes act-
ing together in addition to the ancestral trait of some oviductal
retention: increased duration of oviductal retention and pro-
vision of maternal nourishment (Wake 1993). In the northern
Iberian populations of S. salamandra, only extreme oviductal
retention seems to be required. Because all known popula-
tions of S. salamandra are at least ovoviviparous and had
already developed some degree of oviductal retention, the
shift to an extreme state of oviductal retention (i.e., the pro-
duction of fully metamorphosed juveniles) may have been
relatively simple. However, despite the impressive morpho-
logical diversity of the species and the enormous diversity
of circum-Mediterranean habitats in which they live, only
one group of populations, isolated in humid regions of the
Cantabrian Mountains where sites for aquatic larvae are rare,
achieved such a step.
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seco Ed. Talavera de la Reina, Spain.

Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA
74:5463–5467.

Shimodaira, H., and M. Hasegawa. 1999. Multiple comparisons of
log-likelihoods with applications to phylogenetic inference. Mol.
Biol. Evol. 16:1114–1116.

Staub, N. L, C. W. Brown, and D. B. Wake. 1995. Patterns of growth
and movements in a population of Ensatina eschscholtzii pla-
tensis (Caudata: Plethodontidae) in the Sierra Nevada, Califor-
nia. J. Herpetol. 29:593–599.

Steinfartz, S., M. Veith, and D. Tautz. 2000. Mitochondrial se-
quence analysis of Salamandra taxa suggests old splits of major
lineages and postglacial recolonizations of central Europe from

distinct source populations of Salamandra salamandra. Mol.
Ecol. 9:397–410.

Swofford, D. L., and R. B. Selander. 1981. BIOSYS-1: A FOR-
TRAN program for the comprehensive analysis of electropho-
retic data in population genetics and systematics. J. Hered. 72:
281–283.

Tan, A.-M., and D. B. Wake. 1995. MtDNA phylogeography of the
California Newt, Taricha torosa (Caudata: Salamandridae). Mol.
Phylogenet. Evol. 4:383–394.

Tegelström, H. 1987. Transfer of mitochondrial DNA from the
northern red-backed vole (Clethrionomys rutilus) to the bank vole
(C. glareolus). J. Mol. Evol. 24:218–227.

Templeton, A. R. 1998. Nested clade analyses of phylogeographic
data: testing hypotheses about gene flow and population history.
Mol. Ecol. 7:381–397.

Templeton, A. R., and C. F. Sing. 1993. A cladistic analysis of
phenotypic associations with haplotypes inferred from restric-
tion endonuclease mapping. IV. Nested analyses with cladogram
uncertainty and recombination. Genetics 134:659–669.

Templeton, A. R., K. A. Crandall, and C. F. Sing. 1992. A cladistic
analysis of phenotypic association with haplotypes inferred from
restriction endonuclease mapping and DNA sequence data. III.
Cladogram estimation. Genetics 132:619–633.

Templeton, A. R., E. Routman, and C. A. Phillips. 1995. Separating
population structure from population history: a cladistic analysis
of the geographic distribution of mitochondrial DNA haplotypes
in the tiger salamander, Ambystoma tigrinum. Genetics 140:
767–782.

Thiesmeier, B., and K. Haker. 1990. Salamandra salamandra ber-
nardezi Wolterstorff, 1928 aus Oviedo, Spanien, nebst bemer-
kungen zur Viviparie in der Gattung Salamandra. Salamandra
26:140–154.

Titus, T., and A. Larson. 1995. A molecular phylogenetic perspec-
tive on the evolutionary radiation of the salamander family Sal-
amandridae. Syst. Biol. 44:125–151.

Uzquiano, P. 1995. The disappearance of Picea at the end of Upper
Pleistocene in the Basque-Cantabrian region: climatic and an-
thropogenic factors. CR. Acad. Sci. Ser. II Sci. Terre Plan. 321:
545–551.

Veith, M. 1994. Morphological, molecular and life history variation
in Salamandra salamandra (L.). Mertensiella 4:355–398.

Veith, M., S. Steinfartz, R. Zardoya, A. Seitz, and A. Meyer. 1998.
A molecular phylogeny of ‘‘true’’ salamanders (family Sala-
mandridae) and the evolution of terrestriality of reproductive
modes. J. Zool. Syst. Evol. Res. 36:7–16.

Wake, D. B. 1997. Incipient species formation in salamanders of
the Ensatina complex. Proc. Natl. Acad. Sci. USA 94:
7761–7767.

Wake, D. B., and E. L. Jockusch. 2000. Detecting species borders
using diverse data sets: plethodontid salamanders in California.
Pp. 95–119 in R. C. Bruce, R. G. Jaeger, and L. D. Houck, eds.
The biology of plethodontid salamanders. Kluwer Academic/
Plenum Publishers, New York.
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