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Salamandra salamandra is a polymorphic species with seven endemic subspecies in
the Iberian Peninsula. Assignment of populations to subspecies in many areas is con-
troversial because of discrepancies between morphological or molecular datasets. One
potential intermixing area includes the Sistema Central Mountains, inhabited by S. s.
almanzoris, a subspecies with a restricted distribution. In order to delimit the distribu-
tion area of S. s. almanzoris, we obtained sequences of the cytochrome-b gene in 84
individuals representing 26 populations covering the potential range of this subspecies
and scored variation at 33 nuclear loci in ten of these populations through allozyme
electrophoresis. S. s. almanzoris is fragmented into three disjoint groups of popula-
tions in the Sierras of Gredos, Guadarrama and San Vicente. The observation of (i)
discordance between mtDNA and allozymes; (ii) coexistence of divergent mtDNA
haplotypes in two populations; and (iii) discordance between external morphology and
mtDNA haplotypes in different populations suggests recent events of secondary con-
tact between S. s. almanzoris and other lineages within S. salamandra in the lowlands
of the Sistema Central. We discuss the implications of these findings for the manage-
ment of S. s. almanzoris populations in central Spain.

causes for some of the reported extinctions.
However, apart from the urgent need for studies

In recent times, global and local extinctions
of species and populations of amphibians have
often been documented (Alford & Richards
1999, Houlahan et al. 2001). The introduction of
alloctonous faunas, the increase in UVB radia-
tion, emerging infectious diseases and habitat
degradation and fragmentation due to anthro-
pogenic activity are, among others, plausible

that identify the causes of the amphibian decline,
a parallel effort is needed to delimit what has to
be conserved (Moritz 1994).

According to Moritz (2002), the main goal of
conservation biology is the protection of biologi-
cal diversity as well as the processes that gener-
ate and sustain it. Since resources to achieve this
goal are limited, there is an ongoing debate on the
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criteria that should be used to prioritise taxa that
merit conservation (Moritz 1994, Cracraft 1997,
Crandall ez al. 2000). In particular, the delimita-
tion and ranking of units that merit conservation
below the specific status (subspecies, Evolution-
ary Significant Units — ESUs — and Manage-
ment Units — MUs — see for example Crandall
et al. 2000, Fraser & Bernatchez 2001, and
Moritz 2002 for reviews on this topic) is compli-
cated on both theoretical and practical grounds.
The proper delimitation of ESUs and MUs is a
crucial part in designing strategies for conser-
vation and might be of interest to complement
species and subspecies categories when applying
IUCN’s criteria of endangerment (IUCN 2001).
This is especially true in the present context of
an increasing demand for applying these catego-
ries at regional levels, accompanied by an awak-
ening of the need to conserve not only special
individuals, populations or species, but also the
evolutionary processes that have generated their
peculiarities (Crandall et al. 2000, Stockwell et
al. 2003).

Many amphibian populations have recently
declined or disappeared in the Iberian Peninsula
(Bosch et al. 2001, Martinez-Solano et al. 2003a,
2003b). As an example, the fire salamander, Sala-
mandra salamandra, has strongly declined in cen-
tral Spain in recent times and most populations are
considered to be in serious risk of local extinction
in the short term, both those inhabiting low alti-
tude, non-protected areas (Buckley & Alcobendas
2002), and those living in protected, pristine areas
(Martinez-Solano et al. 2003a, 2003b).

Salamandra salamandra is a polymorphic
species that has been divided into 13 subspecies,
diagnosed by characters of external morphology,
mostly patterns of body coloration (Thorn &
Raffaélli 2001). The highest diversification of S.
salamandra took place in the Iberian Peninsula,
where up to nine subspecies are currently recog-
nized, seven out of them being endemic to this
geographic area (Salvador & Garcia-Paris 2001).
However, recent molecular studies focused in
the Iberian Peninsula identified only five distinct
genetic lineages on the basis of a nested cladistic
analysis of partial sequences of mitochondrial
genes (Garcia-Paris et al. 2003). These authors
found discordances between groupings based on
external morphology (i.e., the criteria currently

used to recognize subspecies), nuclear DNA and
mitochondrial DNA (mtDNA) data along two
contact zones in northern Spain. These discord-
ances are apparently the result of hybridization
after secondary contact of previously isolated
lineages. The disagreement between taxonomic
units (subspecies) and evolutionary units (mito-
chondrial lineages) together with the need for a
clear management policy raises the question of
how to define and delimit the units for conser-
vation in S. salamandra. To address this issue,
in this paper we focus in a geographic area
where declining of populations of the fire sala-
mander have been reported (Martinez-Solano et
al. 2003b), and where two different subspecies
and two differentiated mitochondrial lineages
co-occur: the Sistema Central mountain range in
the central Iberian Peninsula.

Two subspecies of S. salamandra were
described from the Sistema Central: S. s.
almanzoris Muller & Hellmich, 1935 and S.
s. bejarae (Wolterstorff, 1934). The subspecies
S. s. almanzoris is considered as “Vulnerable”
(VU A2ce+Blab) in the Spanish Red Book of
Amphibians and Reptiles (Buckley & Alcoben-
das 2002). According to the original descrip-
tions, individuals of S. s. almanzoris are char-
acterized by their smaller adult size and by
a characteristic pattern of coloration, including
lower proportion and size of yellow spots and
absence of red spots near the cephalic region
(Wolterstorff 1934, Muller & Hellmich 1935).
But more recent studies point out that variability
in proportion and size of yellow spots in indi-
viduals from the type locality of S. s. almanzoris
is larger than previously anticipated, making it
difficult to distinguish them from individuals of
S. 5. bejarae (Brandle & Rodel 1994), and leav-
ing the presence/absence of red pigmentation
as the main diagnostic morphological character
distinguishing the subspecies. This criterion was
widely used before (since Salvador 1974) and
will be also followed in this paper.

Following a nested cladistic analysis of
mtDNA data (Garcia-Paris et al. 2003), popula-
tions of S. salamandra along the Sistema Central
cluster into two distinct mitochondrial lineages.
One lineage includes populations geographi-
cally restricted to separate areas in high altitudes
along the Sistema Central and that were assigned
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to S. s. almanzoris. The first mtDNA lineage also
includes the populations of the subspecies S. s.
crespoi and S. s. morenica, present in the south
of the Iberian Peninsula. The second lineage
includes all the surrounding populations of sala-
manders in the Sistema Central range, tradition-
ally ascribed to the subspecies S. s. bejarae. S. s.
bejarae presents a wider distribution area in the
central Iberian Peninsula. This second mtDNA
lineage also includes the populations from the
subspecies S. s. gallaica, S. s. fastuosa and S. s.
terrestris.

According to the original description, S.
s. almanzoris was initially thought to inhabit
exclusively high altitude ponds in the Sierra de
Gredos. However, re-evaluation of characters
related to external morphology (Salvador 1974,
Bosch & Lopez-Bueis 1994) and molecular evi-
dence (Alcobendas et al. 1994, Garcia-Paris et
al. 2003) suggests its presence in some other
localities along the Sistema Central. In this con-
text, the characterization of genetic diversity
at the population level constitutes a necessary
tool for their management (Moritz 1994). Our
aim in the present study is to delineate the dis-
tribution area of S. s. almanzoris with the help
of molecular markers (allozymes, mtDNA) and
external morphology and to identify potential
areas of contact and hybridization between these
two groups in order to provide information for
the adequate management of salamander popula-
tions in central Spain.

Materials and methods
Study area

The Iberian Sistema Central is the largest moun-
tain range in central Iberia, with a maximum
elevation of 2592 m above sea level (Almanzor,
Sierra de Gredos). From west to east, it includes
the following mountain ranges or “Sierras”
Estrela, in Portugal, and Gata, Béjar, Francia,
Gredos, Guadarrama, Somosierra and Ayllon in
Spain. To the south of its main axis there are also
some scattered mountains, like the Sierras of San
Vicente and La Higuera. Salamanders are distrib-
uted throughout this region, with the exception
of the easternmost part (Sierra de Ayllon), where

no records are available (Buckley & Alcobendas
2002). Further south of the Sistema Central,
populations of S. salamandra are scattered and
restricted to other mountains as in the Sierra de
Guadalupe and Montes de Toledo.

External morphology

We verified the presence/absence of red spots in
all the individuals included in the study, consid-
ering this character as the main diagnostic mor-
phological character distinguishing S. s. bejarae
and S. s. almanzoris.

Protein electrophoresis

We scored allelic variants in 33 protein systems
for 105 individuals from ten populations along
the Sistema Central (Table 1). Allozyme data for
two of the populations sampled (Pehalara (ID =
19) and Circo de Gredos (ID = 14)) were avail-
able from a previous study (Alcobendas et al.
1994). Protocols for protein electrophoresis were
the same used in those studies. We calculated
allele frequencies and estimates of genetic dis-
tance between populations with Biosys-1 (Swof-
ford & Selander 1981). We generated UPGMA
dendrograms grouping the populations studied
according to Nei’s genetic distance (DNei,,,
Nei 1972) and Nei’s unbiased genetic distance
(DNei,,, Nei 1978).

78’

DNA extraction and amplification

We sampled 84 individuals from 26 populations
along the Sistema Central (Fig. 1 and Table 1),
including 11 individuals representing ten popu-
lations studied by Garcia-Paris et al. (2003),
whose sequences were available in GenBank (for
accession numbers, see Table 1). We extracted
DNA from small amounts of tissue (muscle from
toe tips of adults or tail tips of larvae in most
cases) using a standard proteinase K — phenol
chloroform protocol (Sambrook et al. 1989).
We amplified 356 bp corresponding to part of
the cytochrome-b gene via polymerase chain
reaction (PCR) using the primers cytb2 and
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MVZ15 (Kocher et al. 1989, Moritz et al. 1992),
in order to allow comparison with a previous
study (Garcia-Paris et al. 2003). PCR reactions
consisted of 40 cycles with a denaturing tem-
perature of 94 °C (1 min), annealing at 50 °C (1
min) and extension at 72 °C (1 min). PCR reac-
tions were performed in a total volume of 25 ul,
including one unit of Taq polymerase (Biotools),

2.5 uM of each primer, 0.4 mM of dNTPs, 1.5
mM of MgCl, and 67 mM of a reaction buffer
(Tris-HCI, pH = 8.3, Biotools). The amplified
fragments were sequenced from both ends with
the BigDye Deoxy Terminator cycle-sequencing
kit (Perkin Elmer Biosystems) in an automated
DNA sequencer (ABI PRISM 3100) following
the manufacturer’s instructions.

Table 1. Sampling localities for the populations studied. Population ID as in Fig. 1. N = sample size. Asterisks indi-
cate sequences that were available from a previous study (Garcia-Paris et al. 2003).

Pop. ID Locality N (mtDNA) N (Allozymes)  GenBank Haplotypes
accession
numbers
1 Spain: Céaceres: Guadalupe 1 8-1 AY514638 1l
2 Spain: Céaceres: Cabezuela del Valle 1 6—1 AY196249* i}
3 Spain: Céceres: Hervas 1 AY196250* I
4 Spain: Avila: Mijares 11 8-11 AY196252-53%; I,V
AY514639-42;
AY722844-48
5 Spain: Avila: Casillas 2 AY514643-44 I
6 Spain: Avila: El Tiemblo 4 AY514645-46; |
AY722849-50
7 Spain: Avila: Cebreros 2 AY514647-48 |
8 Spain: Avila: La Adrada 2 AY514649-50 [
9 Spain: Madrid: Robledo de Chavela 1 AY514651 |
10 Spain: Madrid: Pelayos de la Presa 5 AY514652-53; |
AY722851-53
11 Spain: Madrid: Valdemaqueda 3 AY514654-56 |
12 Spain: Madrid: Zarzalejo 10 AY514657-58; I,V
AY722854-61
13 Spain: Toledo: San Pablo de los Montes 1 3-5 AY196251* |
14 Spain: Avila: Circo de Gredos 2 6-16 AY196255%; \Y
AY722862
15 Spain: Avila: Cinco Lagunas 3 5 AY196254%; \
AY722863-64
16 Spain: Avila: El Hornillo 5 9-10 AY196256*; Vv
AY722865-68
17 Spain: Madrid: Guadarrama 3 AY514659-60; \Y
AY722869
18 Spain: Madrid: El Escorial 3 AY514661-62; \%
AY722870
19 Spain: Madrid: Penalara 2 10 AY196257*; Vv
AY722871
20 Spain: Madrid: Los Pajaros 2 7 AY196258%; \Y
AY722872
21 Spain: Madrid: Miraflores de la Sierra 5 AY514663-64; \
AY722873-75
22 Spain: Madrid: Navafria 5 AY514665-66; Vv
AY722876-78
23 Spain: Madrid: Cenicientos 1 AY514667 \Y
24 Spain: Toledo: Pelahustan 1 AY514668 \
25 Spain: Toledo: El Real de San Vicente 7 9-10 AY514669-72; V, VI
AY722879-81
26 Portugal: Serra da Estrela: Manteigas 1 AY196246* \Y
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Fig. 1. Sampling locali-
ties. Top right-hand-side
corner: map of the Iberian
Peninsula showing the
distribution of S. salaman-
dra (shaded). Sampling
localities: white dots indi-
cate mtDNA haplotypes
of S. s. almanzoris; black
dots indicate mtDNA hap-
lotypes of S. s. bejarae.
The dashed line delimits
the distribution of S. sala-
mandra in the highlighted
area. We found discord-
ances between mtDNA
and allozymes and/or
coexistence of haplotypes
assigned to both subspe-
cies at the populations of
Mijares (4) and Zarzalejo
(12), respectively.

Sequence alignment and analyses

We compiled and aligned all sequences using
Sequence Navigator™ version 1.0.1 (Applied
Biosystems). Data were analyzed with the soft-
ware ModelTest 3.0.6 (Posada & Crandall 1998)
in order to determine the substitution model that
best fits our data and the transitions/transver-
sions ratio (ti/tv). We also calculated the pairwise
genetic distances among the haplotypes present
in different populations by means of the software
PAUP*4.0b10 (Swofford 2002). In order to visu-
alize the relationships among the haplotypes, a
median joining haplotype network (Bandelt er
al. 1999) was constructed with the software Net-
work 4101 (available on the web at: http://www.
fluxus-engineering.com).

Results
External morphology

None of the salamanders studied here along the
Sistema Central from Cabezuela del Valle (Fig. 1
and Table 1, pop. ID = 2) to Navafria (ID = 22),
near the easternmost record for the species along
the Sistema Central, had the red spots charac-
terising S. s. bejarae. However, red spots were

present in the populations of Guadalupe (ID = 1)
and San Pablo de los Montes (Montes de Toledo,
ID = 13; Fig. 1).

Protein electrophoresis

Seven out of the 33 loci were monomorphic
(Aat-1, Ak-1, Ak-2, Fum-1, Gld-1, Gpd-1, and
Ldh-1). Two groups of populations were well
differentiated, one including the populations of
Cabezuela del Valle (ID = 2), Guadalupe (ID
= 1) and San Pablo de los Montes (Montes de
Toledo, ID = 13), and the other comprising
the remaining seven populations (Fig. 2). There
were no fixed allelic differences between the two
groups of populations, although the locus Alb-1
presented a diagnostic allele (B) and the allele A
of the locus Hkm-1 was fixed in one group and
occurred in low frequencies in the other group
(Table 2). The population of Guadalupe (ID = 1)
had private alleles in the following loci: Alb-1,
Ck-1, Est-h, Icd-1, Lap-1 and Ldh-2. Most of
them were present in low frequencies (0.06%—
0.95%). Other populations, like Mijares (ID = 4),
Cabezuela del Valle (ID = 2), Circo de Gredos
(ID = 14), El Real de San Vicente (ID = 25), San
Pablo de los Montes (Montes de Toledo, ID = 13)
or Los P4jaros (ID = 20) had also private alleles.
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Fig. 2. Dendrogram of the populations of S. salaman-
dra studied based on Nei's (1978) unbiased genetic
distances, showing the two main groups identified,
referred to as S. s. bejarae (black spot) and S. s.
almanzoris (white spot). Population IDs as in Fig. 1 and
Table 1. Cophenetic correlation coefficient = 0.910.

Average DNei,, was 0.080 for populations within
the first group (0.006-0.092), 0.049 within the
second (0.005-0.102), and 0.178 between both
groups (0.112-0.254; Table 3).

mtDNA

We found six haplotypes among the 84 speci-
mens analyzed (Fig. 3 and Table 4). There were
nine variable positions defining haplotypes, four
involving mutations in the first positions (in all
cases involving amino acid replacements) and

Table 2. Allele frequencies for 26 polymorphic loci in 10 populations of S. salamandra. Population ID as in Table 1.

N = Sample size.

Locus/Population 1 2 4 13 14 15 16 19 20 25
ALB-1

N 9 7 10 3 16 5 10 10 7 10

A 0.11 0 0 0 0 0 0 0 0 0

B 0.77 0.14 0 1 0 0 0 0 0 0

C 0.05 0.28 1 0 0.81 1 1 1 1 1

D 0.05 0.57 0 0 0.18 0 0 0 0 0
ALB-2

N 8 6 9 5 16 5 10 10 7 10

A 0 0.50 0 0 0 0 0 0.30 0 0

B 1 0.33 1 1 1 1 1 0.70 1 1

C 0 0.16 0 0 0 0 0 0 0 0
AAT-2

N 9 10 10 5 16 5 10 10 7 10

A 0 0.25 0 0 0.15 0.10 0 0.80 0.92 0

B 0 0 0 0 0.06 0 0 0 0 0

C 0.50 0.45 1 0.70 0.78 0.90 1 0.20 0.07 1

D 0 0.20 0 0.30 0 0 0 0 0 0

E 0.50 0.10 0 0 0 0 0 0 0 0
ACO-1

N 10 6 10 5 6 5 10 10 7 10

A 0 0 0 0 0 0 0 0 0 0.05

B 1 0.91 1 1 1 1 1 1 1 0.95

C 0 0.08 0 0 0 0 0 0 0 0
CK-01

N 8 10 10 5 15 5 10 10 7 10

A 0.93 1 1 1 1 1 1 1 1 1

B 0.06 0 0 0 0 0 0 0 0 0
EST-h

N 9 10 10 5 16 5 10 10 7 10

A 0.11 0 0 0 0 0 0 0 0 0

B 0.88 1 1 1 1 0.80 1 1 1 0

C 0 0 0 0 0 0.20 0 0 0 1
EST-m

N 9 10 10 5 16 5 10 10 7 10

A 0 0 0 0 0.15 0.10 0.10 0 0 0.05

B 0.77 1 1 0.80 0.84 0.90 0.90 1 1 0.95

C 0.22 0 0 0.20 0 0 0 0 0 0

continued
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Table 2. Continued.

Locus/Population 1 2 4 13 14 15 16 19 20 25
GDH-1

N 9 10 11 5 16 5 10 10 7 9

A 0.11 0 0.18 0 0 0 0 0 0 0

B 0.88 1 0.72 1 1 1 1 1 1 1

C 0 0 0.09 0 0 0 0 0 0 0
GPI-1

N 10 10 11 5 16 10 10 7 10

A 0 0 0.09 0 0 0 0 0 0 0

B 1 1 0.90 1 1 1 1 1 1 1
HKH-1

N 8 10 11 5 16 5 10 10 7 10

A 0 0 0.13 0.10 0 0 0 0.15 0 0.05

B 1 1 0.86 0.50 1 1 1 0.85 1 0.95

C 0 0 0 0.40 0 0 0 0 0 0
HKM-1

N 10 10 10 5 16 5 10 10 7 10

A 1 1 0.10 1 0 0 0.05 0 0.07 0

B 0.90 0 1 1 0.95 1 0.92 1
ICD-1

N 10 10 11 5 16 5 10 10 7 10

A 0 0.05 0.09 0 0 0 0 0.10 0.14 0

B 0.90 0.95 0.90 1 1 1 1 0.90 0.85 1

C 0.10 0 0 0 0 0 0 0 0 0
ICD-2

N 8 10 11 5 16 10 10 7 10

A 0 0 0 0 0 0.95 0 0.14 0

B 1 1 1 1 1 1 0.05 1 0.85 1
LAP-1

N 9 10 11 5 16 5 10 10 7 10

A 0.11 0 0 0 0 0 0 0 0 0

B 0.88 0.35 0 0.50 0.06 0 0 0 0 0

C 0 0.65 1 0.50 0.93 1 1 1 1 1
LDH-2

N 10 10 11 4 11 5 10 10 7 10

A 0.95 0 0 0 0 0 0 0 0 0

B 0.05 0.70 0 1 0.09 0.20 0 0 0 0

C 0 0.30 0.09 0 0.04 0 0 0 0 0

D 0 0 0 0 0.04 0 0 0 0 0

E 0 0 0.90 0 0.81 0.80 1 1 1 1
MDH-1

N 10 10 11 5 16 5 10 10 7 10

A 0 0 0 0 0 0 0 0 0 0.05

B 0.65 1 1 0.40 1 1 1 1 1 0.95

C 0.35 0 0 0.60 0 0 0 0 0 0
MDH-2

N 10 10 11 5 16 5 10 10 7 10

A 1 0.95 0.95 1 1 1 0.95 1 1 0.90

B 0 0 0.04 0 0 0 0.05 0 0 0.10

C 0 0.05 0 0 0 0 0 0 0 0
ME-01

N 10 10 11 5 16 5 10 10 7 10

A 1 1 0.90 1 1 1 1 1 1 1

B 0 0 0.09 0 0 0 0 0 0 0
MPI-1

N 9 10 8 5 16 5 10 10 7 10

A 0 0 0.06 0 0 0 0 0 0 0

B 0.94 1 0.87 1 1 1 1 1 1 0.80

C 0.05 0 0.06 0 0 0 0 0 0 0.20

continued
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Table 2. Continued.

Locus/Population 1 2 4 13 14 15 16 19 20 25
PEP-1
N 10 10 10 5 16 5 10 10 7 10
A 0.45 1 0.05 0.20 0.68 1 0.75 1 1 0.95
B 0.55 0 0.95 0.80 0.31 0 0.25 0 0 0.05
PGD-1
N 10 10 11 5 16 5 10 10 7 10
A 0.10 0 0 0 0.12 0 0 0 0 0
B 0.90 1 1 1 0.87 1 1 1 1 1
PGM-1
N 10 10 11 5 14 5 9 10 7 10
A 0 0.10 0.18 0 0.03 0.70 0.11 0.30 0.21 0
B 1 0.80 0.31 1 0.03 0 0 0 0 0
C 0 0.10 0.50 0 0.89 0.30 0.88 0.70 0.78 1
D 0 0 0 0 0.03 0 0 0 0 0
PK-01
N 10 10 11 5 16 5 10 10 7 10
A 0.05 0 0 0 0.06 0 0 0 0
B 0.95 1 1 1 0.93 1 1 1 1 1
SDH-1
N 8 10 10 5 15 5 10 10 7 10
A 0 0 0 0 0 0 0 0 0.14 0
B 0 0 0.10 0 0 0 0.15 0.15 0.07 0
C 1 1 0.90 1 1 1 0.85 0.85 0.78 1
SOD-2
N 10 10 11 5 16 5 10 10 7 10
A 0.90 0.65 1 1 1 1 1 1 1 1
B 0.10 0.35 0 0 0 0
XDH-1
N 10 10 11 5 16 5 10 10 7 10
A 1 1 1 1 1 1 1 0.20 0 1
B 0 0 0 0 0 0 0 0.80 1 0

Table 3. Matrix of genetic distances between the populations studied based on electrophoretic data. Above diago-
nal, Nei’s (1972) genetic distance; below diagonal, Nei’s (1978) unbiased genetic distance.

Population Cabezuela San Penalara Circode Mijares Guadalupe Cinco Pajaros San El Hornillo

Pablo Gredos Lagunas Vicente
Cabezuela 0.089 0.142 0.113 0.143 0.092 0.112 0.166 0.171  0.128
San Pablo 0.080 0.238 0.162 0.146 0.060 0.177 0.254 0.233 0.178
Pefnalara 0.136  0.231 0.047 0.084 0.231 0.050 0.007 0.085 0.050
Circo de Gredos 0.107  0.156 0.044 0.027 0.162 0.020 0.062 0.041  0.005
Mijares 0.136  0.139 0.080 0.023 0.160 0.044 0.102 0.071  0.024
Guadalupe 0.084  0.051 0.225 0.157 0.154 0.178 0.242 0.227 0.178
Cinco Lagunas 0.105 0.170 0.046 0.016 0.039 0.172 0.069 0.040 0.017
Pajaros 0.160  0.247 0.003 0.058 0.098 0.237 0.064 0.101  0.065
San Vicente 0.166  0.228 0.082 0.039 0.068 0.222 0.037  0.098 0.036
El Hornillo 0.123  0.172 0.047 0.003 0.021 0.174 0.013 0.062 0.034

five in third positions (in all cases involving
synonymous substitutions). The choice of the
mutation model was based on a hierarchical log
likelihood test procedure implemented in Model-

Test 3.0.6 (Posada & Crandall 1998), using 1%
significance cut-off level, and Akaike informa-
tion criterion. The mutation model suggested
for the data set was K81uf, with ti/tv = 7:1 and
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nucleotide frequencies A: 0.3107, C: 0.2480,
G: 0.1374, T: 0.3130. Two groups of haplotypes
were apparent (Fig. 3). The first group of haplo-
types (I-IV) included the populations of Mantei-
gas (Serra da Estrela, ID = 26), Guadalupe (ID =
1), Cabezuela del Valle (ID = 2), Hervas (ID = 3),
populations from transitional lowlands between
the sierras of Gredos and Guadarrama (part of
the samples from Mijares as well as all samples
from Casillas, El Tiemblo, Cebreros, La Adrada,
Robledo de Chavela, Pelayos de la Presa and
Valdemaqueda, ID = 4-11), the sample from San
Pablo de los Montes (Montes de Toledo, ID =
13) and one of the samples from Zarzalejo (ID =
12). The second group (haplotypes V—VI) com-
prised samples from the sierras of Gredos (Circo
de Gredos, Cinco Lagunas, El Hornillo, ID =
14-16), Guadarrama (Guadarrama, El Escorial,
Penalara, Los Pajaros, Miraflores de la Sierra,
Navafria, ID = 17-22), La Higuera (Cenicientos,
Pelahustan, ID = 23-24) and San Vicente (El
Real de San Vicente ID = 25). This second group
included also two samples from Mijares as well
as nine samples from Zarzalejo (Fig. 1). Mean
K81uf corrected sequence divergence ranged
from 0.56% to 1.13% among samples within the
first group (haplotypes I-IV) and 0.28% between
haplotypes V and VI (Table 4). Sequence diver-
gence ranged from 1.41%—1.99% between both
haplotype groups.

Discussion

On the basis of congruence between data on
external morphology, allozymes and mtDNA,
two groups of populations of S. salamandra
should be considered for management purposes
in the Central Iberian Peninsula.

The populations of Circo de Gredos (ID
14), Cinco Lagunas (ID = 15), Penalara (ID
19), Los Pajaros (ID = 20), El Real de San Vice-
nte (ID = 25) and El Hornillo (ID = 16) form a
first group of populations, defined by mtDNA
haplotypes, allozyme allele frequencies and
colour characteristic to S. s. almanzoris. Thus,
from a taxonomic perspective, this first group
can be readily assigned to S. s. almanzoris (Fig.
1). The distribution of S. s. almanzoris comprises
three disjunct groups including the Sierras of

Fig. 3. Median-joining network connecting haplotypes
(roman numerals) found in the populations studied.
Positions defining haplotypes are mapped on to the
network. The size of the ellipses representing haplo-
types is proportional to their observed frequency.

Gredos (terra typica of this subspecies), Gua-
darrama and San Vicente. The latter population
was not previously assigned to this subspecies;
however, the congruence of both nuclear and
mitochondrial markers, as well as observations
on external morphology support its assignment
to S. s. almanzoris. Data from allozymes support
a closer relationship between these populations
and those from the uplands of Gredos (Table 3).
A second group includes the populations of
Guadalupe (ID = 1), San Pablo de los Montes
(Montes de Toledo, ID = 13) and Cabezuela del
Valle (ID = 2), although individuals from the
latter population lack the red pigmentation in the
cephalic region characteristic of S. s. bejarae.
Populations from the second group are part
of a mitochondrial lineage that is widespread
in Iberia and western Europe (Steinfartz er al.
2000, Garcia-Parfs et al. 2003, this study). In the
Iberian Peninsula, populations from this lineage
occupy the southern slopes of the Pyrenees in
Catalufa, Aragon and Navarra, the eastern and
southern slopes of the Cantabrian mountains,

Table 4. Average (%) genetic distances (K81uf-cor-
rected) between mtDNA haplotypes observed.

Haplotypes | 1] 1l [\ \" \
I

I 0.564

m 1.133 1.133

v 0.848 0.848 0.848

\Y 1.419 1420 1.419 1.706

\ 1.706 1.707 1.706 1.994 0.282
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northwestern Spain (Galicia), most of Portugal,
including the Sierras of Sintra and Sao Mamede,
the northern and southern Iberian tablelands
(“mesetas”) and part of the Sistema Central,
including some isolated mountains south of this
range (Guadalupe, Montes de Toledo). The line-
age includes populations that are highly dif-
ferentiated phenotypically and were previously
assigned to four subspecies: S. s. terrestris, S. s.
fastuosa, S. s. gallaica and S. s. bejarae. Disen-
tangling the relationships among these popula-
tions and re-evaluating their taxonomic status
will require further studies combining molecular
(allozymes, microsatellites) and morphological
data. For instance, S. s. bejarae, as currently
considered, includes a set of populations very
diverse from a phenotypic, ecological and evolu-
tionary point of view.

Reciprocal monophyly and significant diver-
gence at nuclear loci supports the qualification
of both groups of populations as ESUs (sensu
Moritz 1994, 2002). According to molecular
clock estimates for allozymes (Veith 1992) and
mtDNA data (Tan & Wake 1995), both popula-
tion groups diverged 1.7-3.3 million years ago,
during the Pliocene—Pleistocene. The combina-
tion of the results of Garcia-Paris er al. (2003)
together with ours suggest that the Sistema Cen-
tral is an area of confluence among several dif-
ferentiated intraspecific lineages within S. sala-
mandra. On the contrary, other studies focused
on amphibians and reptiles (Rana iberica and
Triturus boscai; 1. Martinez-Solano unpubl. data;
Lacerta schreiberi, Godinho et al. 2003) sug-
gest that the colonization of the Sistema Cen-
tral in these species was a relatively recent
event that progressed in a west-east direction.
In those cases, the Sistema Central is inhabited
by a single, genetically homogeneous lineage,
whereas in S. salamandra several lineages with
different evolutionary histories coexist along the
Sistema Central.

With regard to the adaptive distinctness of
these two groups of populations, data are not
conclusive. Ecological data about S. s. alman-
zoris and S. s. bejarae are scarce (Salvador
1974, Lizana et al. 1986, Guerrero et al. 1990).
According to these studies, there are some dif-
ferences in life-history traits, such as period of
activity and diet. Besides, there are differences

in developmental traits. A small proportion of the
larvae of S. s. almanzoris living in high altitude
mountain ponds spend several years in the water
before metamorphosis (Alcobendas & Castanet
2000). However, there is no evidence that the
differences in phenotypic or ecological traits are
heritable and adaptive, and they might also result
from pure environmental effects (Weitere et al.
2004). Thus, the null hypothesis of ecological
exchangeability of both taxa remains untested
(Crandall et al. 2000). In any case, we believe
that the lack of evidence for adaptive distinct-
ness cannot be considered as an argument for the
management of both taxa as a single unit.

Even so, the delimitation of ESUs is made
difficult by the discrepancies between datasets.
These discrepancies probably reflect events of
secondary contact between well-differentiated
lineages that took place recently along the Sis-
tema Central. We found three types of discord-
ances: (i) the discordance between mtDNA and
allozyme markers in the population of Mijares
(ID =4); (ii) the coexistence of divergent mtDNA
haplotypes in the populations of Mijares (ID = 4)
and Zarzalejo (ID = 12); and (iii) the discordance
between external morphology and mtDNA hap-
lotypes in some of the populations studied. For
example, most individuals from the river Tiétar
valley (populations 5-8 as well as Pelayos de la
Presa, ID = 10) are morphologically very similar
to individuals from Sierra de Guadarrama (ID =
17-21) but, at the same time, their mtDNA corre-
sponds with the lineage found in the populations
of Guadalupe (ID = 1) and Montes de Toledo (ID
= 13) (individuals characterized by the presence
of red spots in the cephalic region) as well as in
the populations of Cabezuela and Hervas (ID
= 2-3). This suggests the existence of a large
intermixing area along the transitional lowlands
between the Sierras of Gredos (ID = 14-16) and
Guadarrama (ID = 17-21). It has been argued
that areas where secondary contact between his-
torically isolated lineages has been documented
should be preserved because they can be regarded
as natural laboratories to study some aspects of
the evolutionary process (Moritz 2002). Large
intermixing areas between incompletely differ-
entiated lineages might be commonplace due to
the nature of the speciation process (see figures
in Garcfa-Paris 1995 and Lushai et al. 2003 for
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examples in toads and butterflies, respectively).
In the case of geographically restricted line-
ages (such as S. s. almanzoris), this intermixing
might lead to the extinction via hybridization of
the more restricted lineage. Comparative studies
involving diverse taxa will help in identifying
these areas, which are of special relevance for
the preservation of unique lineages as well as
evolutionary patterns and processes.
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