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Combining different sources of information is essential for a complete understanding of the process of genetic differentiation between species. The Iberian and North African wall lizard (Podarcis) species complex has been the
object of several studies regarding morphological and mitochondrial DNA variation but, so far, no large-scale survey
of nuclear variation within this group has been accomplished. In this study, ten polymorphic allozyme loci were studied in 569 individuals collected across the Iberian Peninsula and North Africa. The obtained data were analysed
using both conventional population genetic tools and recent Bayesian model-based clustering methods. Our results
show that there are several well-differentiated entities corroborating the major splits observed in mtDNA analyses.
These groups correspond not only to the fully recognized species Podarcis bocagei, Podarcis carbonelli, and Podarcis
vaucheri but also to multiple forms within the polytypic Podarcis hispanica, all of which have a similar level of differentiation to that observed between the acknowledged species. However, relationships between forms are weakly
supported both by population and individual clustering methods, suggesting a scenario of a rapid diversification that
contrasts to the clear bifurcating model assumed from previous mtDNA analyses. Individual multilocus analyses
report few individuals misassigned or apparently admixed, some of which are most likely explained by the persistence of high levels of ancestral polymorphism. Other admixed individuals, however, are probably the result of limited levels of gene flow between forms. © 2007 The Linnean Society of London, Biological Journal of the Linnean
Society, 2007, 91, 121–133.
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INTRODUCTION
In the last decade, mitochondrial DNA (mtDNA) has
been the major source of information used to describe
genetic variability and uncover evolutionary relationships within groups of organisms. Along with a relative
easiness in obtaining large data sets using conserved
primers (Kocher et al., 1989), theoretical approaches
generalized the idea that mtDNA trees have a higher
probability of recovering the correct species tree
because mtDNA takes one-quarter of the time to
acquire monophyly than a nuclear gene does (Moore,
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1995). However, this notion has been questioned by
studies showing that the achievement of monophyly is
largely dependent on stochasticity (Hudson & Turelli,
2003) and by the acknowledgement of the limitations
of the use of a single locus to infer evolutionary
relationships (Pamilo & Nei, 1988; Zhang & Hewitt,
2003; for a review, see Ballard & Whitlock, 2004).
Unlinked loci evolve independently and may portray
different evolutionary scenarios on the basis of stochastic lineage sorting or of different evolutionary
forces, such as selection, acting upon them (Hey, 1997;
Ballard, Chernoff & James, 2002). Fluctuating effective population sizes (Fay & Wu, 1999; Monsen &
Blouin, 2003), gender-biased gene flow (FitzSimmons
et al., 1997; Nyakaana & Arctander, 1999; Piertney
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et al., 2000), and introgression (DeSalle & Giddings,
1986; Shaw, 2002; Alves et al., 2003; Chan & Levin,
2005) are known to affect mitochondrial and nuclear
markers differently, implying that the use of mitochondrial DNA alone may result in biased estimates of
the evolutionary history. These differences become
increasingly important when dealing with closelyrelated species, in which traditional bifurcating trees
usually do not accurately represent the patterns of
divergence and where hybridization and introgression
are a distinct possibility (Machado & Hey, 2003).
One such case is that of wall lizards (Podarcis) in
the Iberian Peninsula and North Africa. Despite a
long-standing debate about their systematics because
of their extremely high morphological variability
(Mertens & Müller, 1940; Klemmer, 1959), until
recently, a conservative view considering only the
existence of only two endemic species, Podarcis
bocagei (Seoane, 1884) and Podarcis hispanica (Steindachner, 1870), prevailed (Arnold & Burton, 1978;

Barbadillo et al., 1999). However, recent morphological and mitochondrial DNA studies (Geniez, 2001;
Harris & Sá-Sousa, 2001, 2002; Harris et al., 2002b;
Sá-Sousa, Vicente & Crespo, 2002; Pinho, Ferrand, &
Harris, 2006) suggested that Iberian and North African Podarcis are in fact a species complex and that
there is broad-scale agreement between morphologically identified entities and genetic variation. Consequently, some taxonomic reevaluations were carried
out, namely the elevation to the species status of
Podarcis carbonelli Pérez-Mellado, 1981, a former subspecies of Podarcis bocagei (Sá-Sousa & Harris, 2002)
and of the south Iberian/west Mahgrebin form Podarcis vaucheri (Boulenger, 1905), formerly included in
Podarcis hispanica (Oliverio, Bologna & Mariottini,
2000; Busack, Lawson & Arjo, 2005). The remaining
cryptic forms within the paraphyletic P. hispanica
have not yet been the object of a taxonomic reassessment (Pinho et al., 2006); for a tentative map of the
distribution of mtDNA lineages, see Figure 1.

Figure 1. Map showing the predicted distribution of the mitochondrial DNA lineages and sampling sites for this study.
Dashed lines represent the limits of the distribution of the Iberian and North African species complex. Dotted lines
represent putative limits of the distribution areas of forms of Podarcis hispanica bearing distinct mitochondrial DNA
lineages and were drawn connecting localities where these forms were found. It is still uncertain if and where the majority
of the forms contact. A–K indicate different forms as defined by mtDNA studies (Pinho et al., 2006): A, Podarcis bocagei;
B, Podarcis hispanica type 1A; C, P. hispanica type 1B; D, Podarcis carbonelli; E, P. hispanica type 2; F, P. hispanica type
3; G, P. hispanica s.s.; H, Podarcis vaucheri; I, P. hispanica Jebel Sirwah type; J, P. hispanica Tunisian type; K, P. hispanica
Galera type.
© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 121–133
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This scenario of the existence of multiple differentiated lineages within a relatively small geographical area follows a pattern that is now being
acknowledged as common: southern European peninsulas probably not only provided glacial refugia for
many European taxa, as has been traditionally suggested (Hewitt, 1996, 1999, 2004), but also as differentiation hotspots within themselves (the so-called
‘refugia within refugia’, Gómez & Lunt, 2007). This
is true for many species complexes, including other
Podarcis groups that occur in other peninsulas
(Poulakakis et al., 2003, 2005a, 2005b; Podnar,
Mayer & Tvrtkovic, 2005). However, many of these
studies relied only upon mitochondrial DNA differentiation and there is still no evidence that the
observed groups would be corroborated by studies on
nuclear variation.
The same is true for Iberian and North African
Podarcis, for which comprehensive surveys of nuclear
variation have not yet been accomplished. Preliminary analysis of allozyme markers (Pinho, Harris &
Ferrand, 2003, 2004; Busack et al., 2005) appear to be
concordant with morphology and mitochondrial DNA
data. However, such studies included only one or a
few populations of each mitochondrial DNA type, did
not sample some of the lineages, and did not address
the possibility of hybridization and gene flow between
the forms, mostly because only conventional population genetic tools were used. Issues such as introgressive hybridization can be more appropriately tackled
using methods of analysis based on individual
multilocus genotypes. Recent advances in this field
include model-based clustering methods that do not
require prior knowledge about population structure
(Banks & Eichert, 2000; Pritchard, Stephens &
Donnelly, 2000; Dawson & Belkhir, 2001; Anderson &
Thompson, 2002; Corander, Waldmann & Sillanpaa,
2003). Of these, one of the most commonly used is the
Bayesian algorithm implemented in the software
STRUCTURE (Pritchard et al., 2000), which identifies in a given sample clusters of individuals that (as
far as possible) are not in Hardy–Weinberg and linkage disequilibrium. Applied to our case study, this
method has the obvious advantage of allowing a test
of whether the genetic substructuring observed in
previous studies (i.e. the existence of well-defined
sets of populations; Pinho et al., 2003, 2004), is also
expressed as clearly identifiable sets of individuals.
Additionally, it allows us to address the question of
hybridization between forms of Iberian and North
African Podarcis.
Taking this into consideration, in the present study,
we use a set of allozyme markers to address the following questions: (1) are the groups defined on the
basis of mtDNA differentiation corroborated using
nuclear markers; (2) are inferred phylogenetic rela-
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tionships using nuclear markers the same as those
predicted by mtDNA; and (3) can hybridization be
detected between the described forms?

MATERIAL AND METHODS
A total of 569 individuals from 32 populations, including previously published data, were collected between
2000 and 2004 across Portugal, Spain, Morocco, and
Tunisia (Fig. 1). MtDNA lineage identification was
confirmed by using populations where at least one
individual had already been sequenced (Harris & SáSousa, 2001, 2002; Harris et al., 2002a, b; Pinho et al.,
2006; C. Pinho, D. J. Harris & N. Farrand, unpubl.
data). As outgroup, two populations of Podarcis muralis, a species that also exists in the Iberian Peninsula
but has a different evolutionary origin (Harris &
Arnold, 1999; Oliverio et al., 2000; Harris et al., 2005),
were used. Sampling details (sample codes, localities,
mtDNA correspondence, and sample sizes) are shown
in Table 1. Samples consisted of a portion of tail tissue
obtained from tail autotomy. All lizards were released
after this procedure. Samples were stored frozen at
−80 °C prior to analysis. Tissue extraction, protein
separation, and enzymatic detection of all loci followed
the procedures given in Pinho et al. (2003). From the
initially described battery of 11 polymorphic loci,
enzymatic locus NP was excluded because it stopped
providing consistently interpretable results, as previously explained in Pinho et al. (2004). Therefore, variation at ten polymorphic loci was studied by means of
allozyme electrophoresis (PEPA, PEPD, MPI, IDH,
6-PGD, GOT, GPI) and isoelectric focusing ( LDH-2,
PGM, PEPB).
Allelic frequencies were calculated directly from the
observed genotypes. GENEPOP software, version 3.1b
(Raymond & Rousset, 1995) probability test was used
to determine whether populations were in Hardy–
Weinberg and linkage equilibrium. To evaluate the
partition of genetic diversity among and within groups
of known mtDNA lineages, ARLEQUIN, version 2.0
(Schneider, Roessli & Excoffier, 2000) was used to calculate pairwise Fst values (as well as their significance) between all population pairs and to perform an
analysis of molecular variance (Excoffier, Smouse &
Quattro, 1992). In this analysis, groups were defined
on the basis of their mtDNA ancestry, excluding the
outgroup (i.e. 11 groups were considered). Pairwise Fst
values between each of the mtDNA-defined entities
were plotted to compare the magnitude of differentiation between the four recognized species ( P. bocagei,
P. carbonelli, P. vaucheri, and P. hispanica) with that
between distinct lineages within P. hispanica. Genetic
relationships among populations were estimated
through a Neighbour-joining (NJ; Saitou & Nei, 1987)
tree based on Nei’s standard genetic distance (Nei,
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Table 1. Localities and sizes of the samples examined for ten allozyme loci in this study
Species/morphotype

Sample code

Locality

Sample size

A. Podarcis bocagei

Vair
Cor
MonB
Zim
MonH
Ger
Tua
Pen
Vil
LA
Gre
Av
SPM
PR
VR
MR
Car
Ev
Bar
Med
Get
SN
Hue
LB
Deb
Ouk
JS
OK
LK
Gal
Tan
Gua

Vairão, Portugal*
A Coruña, Spain
Montesinho, Portugal*
Zimão, Portugal
Montesinho, Portugal*
Gerês, Portugal
Tua, Portugal*
Pendilhe, Portugal
Villacastin, Spain
La Alberca, Spain*
Gredos, Spain
Aveiro, Portugal*
S. Pedro de Moel, Portugal*
Playa del Rompeculos, Spain
Villasrúbias, Spain
Monte Real, Portugal*
Cartaxo, Portugal
Évora, Portugal
Barcelona, Spain*
Medinaceli, Spain
Getaria, Spain
Sierra Nevada, Spain*
Huelva, Spain
La Barrosa, Spain*
Debdou, Morocco*
Oukaïmeden, Morocco*
Jebel Sirwah, Morocco
Oued Kébir, Tunisia*
Le Kef, Tunisia
Galera, Spain
Tanes, Spain
Guadarrama, Spain

34
16
30
25
20
14
17
21
9
14
20
17
22
12
21
20
8
20
14
9
20
18
20
18
21
26
8
16
12
14
20
13

B. Podarcis hispanica type 1A

C. Podarcis hispanica type 1B

D. Podarcis carbonelli

E. Podarcis hispanica type 2

F. Podarcis hispanica type 3

G. Podarcis hispanica sensu stricto
H. Podarcis vaucheri

I. Podarcis hispanica Jebel Sirwah type
J. Podarcis hispanica Tunisian type
K. Podarcis hispanica Galera type
L. Podarcis muralis

Sample codes and letters identifying mitochondrial DNA lineages correspond to those in Figure 1.
*Previously published data (Pinho et al., 2003, 2004).

1972), using PHYLIP, version 3.5 (Felsenstein, 1993).
Bootstrap support was estimated using 1000
pseudoreplicates.
To evaluate genetic differentiation at the individual
level, STRUCTURE, version 2.1 (Pritchard et al.,
2000) was employed. The initial parameter settings
included the assumptions of no admixture and of independent allele frequencies between groups, based on
the high genetic distances detected at the mtDNA
level. The genetic structure was forced to vary from
K = 1 to K = 14 clusters, the latter corresponding to
the actual number of genetic entities (described at the
mtDNA level) included in the sample plus two.
STRUCTURE was run for 550 000 steps, of which the
first 50 000 were discarded as burn-in. For each value
of K, ten independent replicates of the Markov Chain
Monte Carlo (MCMC) were conducted. The software

DISTRUCT (Rosenberg, 2002) was used to visually
represent the obtained data. We used the method proposed by Evanno, Regnaut & Goudet (2005) to choose,
amongst the values of K, the one that best characterized the data set. As an extension to this analysis, in
the cases where STRUCTURE detected misidentified
or potentially admixed individuals involving species
where introgression is a strong possibility, five extra
runs were performed, considering only the involved
taxa, assuming admixture, and using 200 000 MCMC
steps after 20 000 steps of burn-in to estimate the proportion of ancestry from each group. In addition, three
runs of 100 000 steps each were performed with the
software NEWHYBRIDS (Anderson & Thompson,
2002), which also implements a Bayesian-clustering
algorithm based on individual genotypes, to assign the
admixed individuals to a specific hybrid class (pure of
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either type, F1 or F2 hybrids and backcrosses in both
directions).

RESULTS
POPULATION-BASED

GENETIC ANALYSIS

Including previously published results, a total of 89
alleles were detected among the ten studied loci. The
most polymorphic locus was PGD, with 18 alleles
detected, whereas IDH, with four alleles, was the least
polymorphic. In addition to the cases of Hardy–
Weinberg disequilibrium already reported in previous
studies (locus PEPD in Vairão, N = 1; Monte Real,
N = 16; and Oukaïmeden, N = 26), significant departures from equilibrium were detected for GOT in La
Alberca (N = 10) and for PEPB in Gredos (N = 11)
(P < 0.05). However, when considering a significancy
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threshold of 0.01, only one case of disequilibrium
(PEPD in Monte Real) is maintained. No significant
departure from linkage equilibrium was observed for
any pair of loci. Pairwise Fst values between populations are presented in Table 2. These values vary from
a minimum of 0.001, not significantly different from 0,
between the populations of P. hispanica type 1A of
Montesinho and Tua, to a maximum of 0.888 between
P. vaucheri from Oukaïmeden and P. muralis from
Guadarrama. Figure 2 represents a plot of the mean,
standard error and standard deviation of Fst values
between the 55 pairs of evolutionary groups (the outgroup P. muralis was excluded from this analysis). The
results of the AMOVA show that the largest component of the total variance (45.79%) is due to
differences among mtDNA-defined groups/species. A
relatively small portion (9.05%) is found among

1.0

0.8

0.6

mean Fst

0.4

0.2

0.0

AC AE AG AI AK BD BF BH BJ CD CF CH CJ DE DG DI DK EG EI EK FH FJ GH GJ HI HK IK
AB AD AF AH AJ BC BE BG BI BK CE CG CI CK DF DH DJ EF EH EJ FG FI FK GI GK HJ IJ JK

Figure 2. Box plot representation of mean Fst values observed between pairs of forms of Podarcis, including comparisons
between recognized species (filled squares) and groups within Podarcis hispanica (white squares). Pairs of letters indicated
on the x axis correspond to the forms being compared, using the same nomenclature shown in Table 1 and Figure 1. The
boxes represent standard errors and whiskers indicate standard deviations. The dotted line across the graph shows the
mean Fst value for the whole sample. Podarcis muralis was excluded from this analysis.
© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 121–133

0.000
0.132
0.055
0.035
0.567
0.512
0.539
0.497
0.584
0.487
0.553
0.518
0.513
0.522
0.537
0.459
0.535
0.325
0.477
0.421
0.670
0.437
0.460
0.514
0.445
0.579
0.621
0.472
0.623
0.541
0.648
0.669

0.000
0.262
0.122
0.672
0.633
0.639
0.599
0.722
0.606
0.689
0.612
0.619
0.654
0.647
0.636
0.740
0.518
0.643
0.609
0.781
0.594
0.605
0.703
0.601
0.769
0.765
0.593
0.777
0.694
0.794
0.823

Cor

0.000
0.142
0.590
0.514
0.564
0.523
0.627
0.530
0.604
0.509
0.529
0.550
0.558
0.503
0.589
0.351
0.509
0.470
0.696
0.472
0.449
0.509
0.476
0.602
0.668
0.510
0.653
0.552
0.664
0.701

MonB

0.000
0.590
0.545
0.563
0.525
0.664
0.576
0.644
0.553
0.557
0.575
0.583
0.547
0.634
0.422
0.527
0.496
0.727
0.523
0.537
0.609
0.528
0.682
0.664
0.533
0.699
0.614
0.684
0.712

Zim

0.000
0.122
0.001*
0.073
0.688
0.628
0.692
0.534
0.552
0.553
0.596
0.603
0.664
0.524
0.581
0.597
0.673
0.544
0.576
0.656
0.566
0.745
0.695
0.565
0.742
0.612
0.778
0.745

MonH

B

0.000
0.061
0.051
0.623
0.588
0.646
0.390
0.414
0.415
0.474
0.521
0.568
0.428
0.480
0.490
0.598
0.452
0.503
0.594
0.520
0.705
0.611
0.462
0.683
0.529
0.731
0.698

Ger

0.000
0.039
0.627
0.590
0.647
0.472
0.495
0.492
0.542
0.555
0.594
0.480
0.531
0.541
0.635
0.507
0.554
0.634
0.550
0.723
0.633
0.509
0.703
0.576
0.751
0.715

Tua

0.000
0.550
0.548
0.582
0.380
0.382
0.372
0.440
0.440
0.472
0.377
0.424
0.440
0.535
0.409
0.478
0.551
0.486
0.650
0.546
0.415
0.628
0.483
0.686
0.645

Pen

0.000
0.366
0.052
0.472
0.470
0.492
0.499
0.490
0.543
0.432
0.574
0.480
0.662
0.487
0.587
0.717
0.615
0.767
0.738
0.469
0.727
0.619
0.847
0.851

Vil

C

0.000
0.274
0.539
0.568
0.579
0.595
0.570
0.594
0.441
0.608
0.559
0.670
0.499
0.496
0.589
0.525
0.662
0.709
0.505
0.659
0.570
0.784
0.786

LA

0.000
0.492
0.506
0.542
0.522
0.508
0.536
0.427
0.598
0.520
0.667
0.523
0.595
0.705
0.622
0.732
0.737
0.520
0.720
0.636
0.822
0.827

Gre

0.000
0.103
0.173
0.115
0.451
0.459
0.382
0.403
0.351
0.471
0.396
0.496
0.601
0.541
0.660
0.540
0.374
0.608
0.514
0.667
0.670

Av

D

0.000
0.056
0.014*
0.438
0.418
0.389
0.415
0.351
0.456
0.349
0.495
0.595
0.524
0.625
0.534
0.322
0.578
0.504
0.662
0.682

SPM

Sample codes and mitochondrial DNA lineage identification letters correspond to those given in Table 1.
*Nonsignificant (P > 0.05).

Vair
Cor
MonB
Zim
B MonH
Ger
Tua
Pen
C Vil
LA
Gre
D Av
SPM
PR
VR
E MR
Car
Ev
F Bar
Med
Get
G SN
H Hue
LB
Deb
Ouk
I JS
J OK
LK
K Gal
L Tan
Gua

A

Vair

A

0.000
0.056
0.425
0.427
0.376
0.341
0.273
0.423
0.277
0.494
0.620
0.493
0.665
0.566
0.330
0.623
0.498
0.718
0.687

PR

0.000
0.478
0.453
0.427
0.446
0.370
0.489
0.383
0.536
0.643
0.552
0.658
0.579
0.380
0.626
0.549
0.700
0.709

VR

0.000
0.192
0.081
0.298
0.211
0.552
0.361
0.531
0.629
0.560
0.701
0.580
0.367
0.656
0.520
0.757
0.719

MR

E

0.000
0.168
0.477
0.333
0.601
0.391
0.567
0.727
0.601
0.774
0.627
0.322
0.724
0.571
0.862
0.845

Car

0.000
0.257
0.188
0.494
0.288
0.412
0.500
0.456
0.597
0.499
0.307
0.566
0.418
0.680
0.637

Ev

0.000
0.033*
0.503
0.329
0.558
0.663
0.551
0.757
0.592
0.412
0.704
0.553
0.749
0.643

Bar

F

0.000
0.482
0.260
0.518
0.644
0.517
0.728
0.546
0.336
0.660
0.516
0.749
0.668

Med

0.000
0.407
0.622
0.724
0.635
0.780
0.663
0.430
0.682
0.640
0.819
0.768

Get

0.000
0.377
0.468
0.349
0.541
0.564
0.293
0.527
0.397
0.686
0.631

SN

G

0.000
0.098
0.143
0.227
0.681
0.453
0.596
0.200
0.703
0.706

Hue

H

0.000
0.192
0.352
0.809
0.558
0.732
0.346
0.816
0.830

LB

0.000
0.169
0.706
0.489
0.637
0.258
0.732
0.710

Deb

0.000
0.859
0.618
0.785
0.430
0.868
0.888

Ouk

0.000
0.273
0.716
0.704
0.849
0.839

JS

I

0.000
0.283
0.442
0.645
0.648

OK

J

Gal

K

Tan

L

Gua

0.000
0.637 0.000
0.841 0.756 0.000
0.866 0.742 0.702 0.000

LK

Table 2. Pairwise Fst values between populations of Podarcis from the Iberian Peninsula and North Africa based on ten polymorphic protein loci
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LK

Car

P. hispanica
Tunisian type
(J)

MR
Ev

P. hispanica
type 3
(F)

99

Bar

JS

88

MonB

Tan

100

SN

100

Gua

P. hispanica
sensu stricto
(G)

71

P. hispanica
Jebel Sirwah type
(I)

P. muralis

100
50

PR
SPM 96

Get
P. hispanica
type 3
(F)

98

Zim

97

Vair

Med

OK

P. bocagei
(A)

Cor

P. hispanica
type 2
(E)
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VR
P. carbonelli
(D)

85

90

71

100
51

Av

P. hispanica
Galera type
(K)

Pen

Ger

100

100

Gal
100

Deb
78
Hue
LB

MonH

P. hispanica type 1A
(B)

100

64

Tua

81

Ouk

Vil
Gre

P. vaucheri
(H)

LA

P. hispanica type 1B
(C)

Figure 3. NJ tree showing the relationships between 32 populations of Iberian and North African Podarcis using the
genetic distances of Nei (1972) based on ten allozyme loci. Letters identifying mitochondrial DNA lineages correspond to
those indicated in Figure 1 and Table 1. Bootstrap values above 50% are shown.

populations of the same group and, again, a high fraction of the total variance (45.15%) comes from differences within populations. Translated into fixation
indexes, these values correspond to a φCT of 0.45793, a
φSC of 0.16703, and a φST of 0.54854. A NJ tree showing
the relationships between the studied populations,
built using Nei’s standard distances, is shown in
Figure 3. In this tree, populations bearing the same
mtDNA type also cluster together based on these
nuclear markers. There is only one exception,
P. hispanica type 3, because the population of Getaria
is not grouped with the other two populations bearing
its mtDNA lineage (Barcelona and Medinaceli). Bootstrap values are generally high for the clustering of
populations from the same mtDNA type but support
is low for relationships between forms. Exceptions
are the clustering of Galera with populations of
P. vaucheri and of Jebel Sirwah with the Tunisian populations, both with 100% bootstrap support.

INDIVIDUAL

MULTILOCUS GENOTYPE ANALYSES

Considering the results obtained using STRUCTURE,
the choice of the appropriate scenario for the data was
made difficult by two particularities of the results: (1)
increasingly high log probabilities of the data with
increasing K, even after scenarios that are not biologically realistic were reached, and (2) inconsistencies
within the same value of K (i.e. even considering the
same number of assumed populations, runs differed
with respect to the grouping of individuals into clusters). For example, at K = 3, individuals of P. bocagei
were either placed in the same cluster as individuals
of P. muralis, P. vaucheri + P. hispanica Galera type or
P. hispanica type 1A. To try to solve the first issue, the
approach described by Evanno et al. (2005) was used.
This method searches for a mode in the distribution of
∆K, a quantity related to the second order rate of
change of the log probability of the data. However, this

© 2007 The Linnean Society of London, Biological Journal of the Linnean Society, 2007, 91, 121–133

128

C. PINHO ET AL.

procedure was inconclusive because it did not provide
any obvious mode (results not shown). Although the
highest value of ∆K is found at K = 2, it is clear from
the analyses that there are clusters that are biologically more meaningful with a higher partition of the
data (e.g. K = 9 or even K = 10). Due to the statistical
impossibility of choosing one amongst all the results,
we focused on a particular scenario, obtained in
four different runs at K = 9, that summarizes the
most relevant aspects of the individual multilocus
genotype analyses (Fig. 4). Here, all the individuals
of P. hispanica type 1A, P. hispanica type 1B, and
P. muralis are placed in a cluster of their own with
probabilities higher than 90%. The same happens with
all but four individuals (3.8%) of P. bocagei, all but five
individuals (6.9%) of P. carbonelli, and all but three
individuals (6.3%) of P. hispanica type 2. The remaining three clusters include individuals belonging to two
distinct mtDNA lineages: all but three individuals
(7.0%) of P. hispanica type 3 with P. hispanica s.s.,
P. vaucheri with P. hispanica Galera type and the
P. hispanica forms from Tunisia and Jebel Sirwah. It
is noteworthy that across all runs, irrespectively of the
value of K and of the clusters found, individuals very
rarely show probabilities smaller than 0.95 of belonging to any of the defined groups. Likewise, across all
possible scenarios, individuals belonging to the same
mtDNA lineage are rarely placed in separate clusters.
This only happens at higher values of K, where the
population of Getaria separates from its partition and
there is a tendency to distinguish between P. vaucheri
from Spain and from Morocco. Unrealistic scenarios
(e.g. dividing clusters in two units but with individuals
having approximately 50% probability of belonging
to each) are found from K = 8 onward, and become
increasingly frequent at higher values of K.
Taking the chosen scenario into consideration
(K = 9), 15 individuals, highlighted in Figure 4, had
less than 90% probability of belonging to their respective clade and were therefore considered to be
admixed or misassigned. Considering the possibility of
present, detectable gene flow, extra analyses that
involved only P. hispanica type 1A and P. bocagei were
performed because two misassigned individuals were
detected in the population of Zimão, where these two
species exist in sympatry. The genome of the two
individuals (Zim7 and Zim21) with discordant ancestry in previous analyses were now attributed to both
species in high proportion (0.53 P. bocagei/0.47
P. hispanica type 1A in Zim7 and 0.33 P. bocagei/0.67
P. hispanica type 1A in Zim21). The use of NEWHYBRIDS on this partial data set proved to be inconclusive. Besides these two individuals, all other
specimens were correctly identified as ‘pure P. bocagei’
or ‘pure P. hispanica type 1A’ with over 90% posterior
probability. However, Zim7 and Zim21 could not be
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Figure 4. Estimated probability of ancestry of 569 individuals belonging to the Iberian and North African Podarcis
species complex and to the outgroup Podarcis muralis, calculated using the software STRUCTURE, considering
K = 9 clusters. Each individual is represented by a horizontal line divided into nine segments of different colours, each
representing a cluster. The size of the segments is proportional to the individual’s estimated probability of belonging
to each of the K = 9 clusters. Misassigned or apparently
admixed individuals are highlighted. Letters correspond to
those indicated in Figure 1 and Table 1.
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unambiguously assigned to any class; instead, their
posterior probabilities are distributed across the four
hybrid classes with a maximum of 0.38 for F2 (Zim7)
and of 0.31 for F1 (Zim21). Both individuals show
posterior probabilities lower than 5% of being either
non-admixed P. bocagei or P. hispanica type 1A. Both
individuals carry P. bocagei mtDNA.

DISCUSSION
GENETIC

SUBDIVISION OF IBERIAN AND

NORTH

AFRICAN PODARCIS
The results obtained in this study largely corroborate
the subdivisions already reported for mitochondrial
DNA and morphology, both at the population-level
and the individual-level analyses. Although reciprocal
monophyly could not be evaluated in three of the
studied taxa because of the inclusion of a single population (in the cases of the types from Galera and
Jebel Sirwah, this was due to the fact that these two
forms are not known from any other locality), monophyly was observed in all but one of the remnant
forms, with near 100% bootstrap support for the
grouping of populations into mtDNA-defined species.
This differentiation is further supported by AMOVA,
which suggests that the largest proportion of the total
variance found within our data set is due to differences among these groups, whereas populations
within the same group are highly homogenous. In
concordance with these results, the analyses based on
the individual multilocus genotypes yielded the same
pattern of subdivision because six out of the 12 species/forms included are clearly identifiable and three
other groups, each comprising two forms, are also
observed.
On the other hand, the polyphyly of P. hispanica
type 3 contrasted to the results from mtDNA phylogenetic analyses. Bootstrap values that support this
polyphyly are very low and it could thus be an analytical artefact. Nevertheless, this discordance could also
be due to the fact that the population of Getaria, which
does not cluster with its conspecifics, was collected
from a former island, recently connected to the mainland. Founder events associated to the colonization of
islands are known to dramatically affect allele frequencies and small islands such as Getaria might be
prone to rapid changes in effective population sizes.
However, in the individual multilocus analyses, this
population appears most often grouped with its
conspecifics, only detaching from them at higher values of K.
Even acknowledging that there are some differences
between the partitions defined on the basis of mitochondrial DNA and of allozyme analyses, taken
together, these results constitute additional evidence
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supporting the division of endemic Iberian and North
African Podarcis into as many as 11 distinguishable
genetic entities. These correspond both to acknowledged species such as P. bocagei or P. carbonelli and
also to different partitions within P. hispanica, thus
supporting previous observations on the basis of mitochondrial DNA that this taxon constitutes a cryptic
species complex (Harris & Sá-Sousa, 2001, 2002;
Harris et al., 2002b; Pinho et al., 2006). According to
our data set, the genetic differentiation between the
various forms of P. hispanica, measured by Fst values,
falls within the same order of magnitude of those
found between fully recognized species within this
complex (Fig. 2), thus corroborating the idea that a
taxonomical revision is needed. At a larger scale, this
constitutes a validation, based on nuclear markers, of
the biogeographical theory that postulates that the
Iberian Peninsula functioned as a hotspot of diversification and not only as a glacial refugium for many
taxa (Gómez & Lunt, 2007).

EVOLUTIONARY

RELATIONSHIPS BETWEEN

DISTINCT FORMS

In a recent study based on mitochondrial DNA variation (Pinho et al., 2006), the evolutionary relationships between forms of Podarcis and consequent
biogeographical inferences are very well supported by
long internal branches and bootstrap values close to
100%. In the present analyses, however, only a minority of the relationships between forms are well supported. These are the groupings of the population of
Jebel Sirwah with those from Tunisia and of the population of Galera with P. vaucheri, both in the NJ
estimates of relationships and in the analyses of
individual multilocus genotypes (K = 9), and the clustering of P. hispanica type 3 with P. hispanica s.s.,
which was not observed in the NJ tree but was consistent across multiple STRUCTURE runs. In the first
case, the clustering of the two forms is clearly concordant with inferences derived from mtDNA and thus
corroborates the hypothesis that the forms from Tunisia and Jebel Sirwah correspond to relics of a once
more widespread North African taxon that was eventually split and confined to two distant allopatric units
(Harris et al., 2002b). The remaining two cases are
more difficult to interpret. They constitute an obvious
contradiction to mtDNA estimates because each pair
is formed by species that do not share close ancestors,
and could result from ongoing or past gene flow
between the involved forms, not detected in mtDNA
analyses because few individuals were included. However, these unexpected groups could also represent
evolutionary meaningful clusters that were not recovered by mitochondrial DNA analyses, or simply the
studied set of markers may not be appropriate for
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discriminating between these forms. Therefore, this
subject needs further assessment with the study of
nuclear genealogies.
Excluding the above-mentioned cases, the NJ tree
provides virtually no information on the relationships
between forms. This is also illustrated by the multilocus genotype analyses, where, especially at lower
values of K, many distinct but equally likely groupings of species were produced across different runs.
Although we do not have genealogical data to understand the evolutionary relationships between the
alleles, a potential explanation for the reported lack of
information on relationships between forms could be
differential lineage sorting across loci (i.e. different
loci portraying distinct scenarios of the evolution of
the group). This situation can easily be observed by
exploring patterns of allele sharing (a frequency table
is provided in Pinho et al., 2003). Such cases have
been well documented in closely-related Drosophila
species by Machado et al. (2002) and Machado & Hey
(2003), where several different genealogies were
obtained using 16 independent loci. The authors note
that simple bifurcating trees may thus not be suitable
for describing the relationships between species that
have undergone recent divergence because of the
cumulative effects of differential lineage sorting of
ancestral polymorphism and of introgressive hybridization that may affect distinct loci in different ways
due to stochasticity or distinct selective pressures.
Tracing a parallel with the present case study and
taking into consideration that the calculation of a
measure of genetic distance involves averaging the
differentiation across loci, this situation would
explain the poor resolution of the estimates of relationships between forms of Podarcis and the very
short internal branches of the NJ tree. The pattern
described is concordant with a scenario of a rapid
diversification, in which all forms differentiated
during a short period of time. At a first glance, this
scenario would appear to be in contradiction with the
clear bifurcating model assumed from the mtDNA
phylogeny (Pinho et al., 2006), but both observations
are easily accommodated taking into account the
lower effective population size of mtDNA. This
hypothesis of a rapid diversification appears to be corroborated by a preliminary study of nuclear genealogies in these forms (C. Pinho, D. J. Harris & N.
Ferrand, unpubl. data). Diversification events involving the formation of as many distinct entities within
Iberia do not appear to be a common pattern across
the widely-studied species of the Iberian herpetofauna. Nevertheless, cases such as this have been
reported in other groups of organisms, such as Iberian
endemic barbel fish (Callejas & Ochando, 2000;
Machordom & Doadrio, 2001) or some groups of
Iberian diving beetles (Ribera & Vogler, 2004).

HYBRIDIZATION

BETWEEN FORMS OF

PODARCIS

Considering the individual multilocus analyses, 15
individuals out of 569 were misassigned or admixed
when assuming a probability threshold of 90%. There
are two situations that could cause such results. An
obvious one is hybridization between forms. However,
when many alleles are shared between species, it is
possible that apparently admixed multilocus genotypes are produced without this being a result of introgression. This is probably the case in the majority of
the individuals reported. Most loci are only partially
diagnostic and more than one-half of the alleles
detected (46; 51.6%) are trans-specific. When dealing
with allozyme data, there is always the inherent possibility of a lack of separation between distinct alleles
that exhibit similar net charges (electromorphs; Barbadilla, King & Lewontin, 1996). This would therefore
be a plausible explanation for the sharing of some alleles. However, it is also likely that the trans-specific
nature of many alleles is a consequence of incipient
speciation and that abundant ancestral polymorphisms persist across forms. This is also supported by
observations on nuclear gene genealogies (C. Pinho, D.
J. Harris & N. Ferrand, unpubl. data). Therefore, both
of these situations most likely explain why some individuals appear to be admixed between allopatric forms
that do not seem to contact and are therefore unable to
exchange genes.
However, this is not the case for P. bocagei individuals Zim7 and Zim21. The general analyses assigned
these individuals to P. hispanica type 1A and posterior
analyses, considering only these two forms, suggested
that the two individuals have approximately equal
proportions of their genome originating from each of
the two forms. The presence of alleles from both species on these individuals is not explainable by the
hypothesis of an unsatisfactory separation of alleles or
of ancestral polymorphism as in the above-mentioned
cases because, in many of the most informative loci,
these forms show significant differences in allele frequencies or even fixation for diagnostic alleles. Considering that these two forms are sympatric, it is
therefore likely that these individuals are a product of
hybridization between both species. There are few
known cases of hybridization between different species of Podarcis. Based on genetic studies, it has been
reported in Italian species Podarcis wagleriana and
Podarcis sicula (Capula, 1993) and between the latter
and Podarcis tiliguerta (Capula, 2002) and has also
been shown to be possible in captivity between the Iberian P. bocagei and P. carbonelli (Galán, 2002). However, this is the first time that natural hybridization
has been reported between Iberian species. In the
present study, we were unable to assign these two
individuals to a hybrid class, either because this would
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require a higher number of markers or because these
two individuals are the products of more than one
backcross and do not fall in any of the a priori categories. An evaluation of how frequently hybridization
occurs between these forms and of the degree of selection against hybrids requires further studies aiming
to address these specific questions. Nevertheless,
because P. bocagei and P. hispanica type 1A exist in
sympatry across most of their distribution area and
appear to maintain genetic integrity, as well as morphological identifiability, in the presence of the other
species, it is likely that gene flow between the two species is limited.
Despite this preliminary evidence suggesting a low
degree of gene flow between forms, our sampling
scheme, biased towards the centre of the distributions,
did not allow us to evaluate whether allopatric forms
are exchanging genes in the areas where they meet.
These questions will only be properly analysed by
detecting and thoroughly studying the various suture
zones within the Iberian Peninsula and North Africa.

CONCLUSIONS
The present data set supports the existence of multiple cryptic forms of Podarcis in the Iberian Peninsula
and North Africa, and the partitions observed are
highly concordant with previous mitochondrial DNA
and morphological analyses. Moreover, the results
presented evoke a scenario of a rapid diversification.
Hybridization was clearly observed between two fully
recognized species but appears to be a rare event.
Nevertheless, these taxa have not yet become fully
reproductively isolated and still share an important
proportion of alleles, having probably not achieved
complete monophyly in most nuclear markers, meaning that they do not fulfil the criteria imposed by some
of the most important and applied species concepts
such as the biological, in its strictest form (Mayr,
1963), or the genealogical (Baum & Shaw, 1995). This
is particularly relevant if one takes into account that
these forms probably evolved in allopatry for a long
time, as suggested by sequence divergences of 8–12%
found in mitochondrial genes such as cytochrome b or
ND4. These values are several-fold higher than the
boundaries traditionally accepted by phylogeneticists
to define species in squamates (e.g. Hasbún et al.,
2005; divergences of 2–5.4% on the basis of species
recognition).
Our results highlight the importance of evaluating
multiple independent data sources prior to defining
taxonomic units, and in particular the difficulties of
determining species boundaries in this complicated
species complex. Podarcis may therefore be a useful
model for studying genetic and morphological diversification within emerging species.
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