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ENDEMIC PODARCIS LIZARDS IN THE BALEARIC
ARCHIPELAGO STUDIED BY MEANS OF mtDNA

AND ALLOZYME VARIATION

TERRASA, B., CarO, M. C., PICORNELL, A., CASTRO, J. A. & RaMON, M, M.

Abstract: Two endemic species of
Podarcis inhabit the Balearic archipelago:
Podarcis lilfordi in the Gymnesies islands
(Mallorca, Menorca, Cabrera and associated
islets) and Podarcis pityusensis in the Pityuses
islands (Ibiza, Formenrtera and surrounding
islets). Predation by introduced weasels,
hedgekogs, feral cats, rats and snakes
probably climinated these species from the
main islands of Menorca and Mallorca. A
high number of subspecies have been
described by means of morphological dara,
but they have not been confirmed by
molecular data. We have studied mtDNA
sequence from part of the cytochrome &
gene from specimens from different islands
and islets. A clear separation between both
specics is found, although the genetic
distance is lower than those berween
mainland species of Podarcis, indicating a
shorter divergence time. These resules were
positively correlated with those obtained by
means of enzymatic polymorphisms. A Fer
mean value (0.868) was found for all
samples indicating strong structuring ot the
populations, higher than values obtained in
other populations of lizards. The
differentiation berween 7 lilfordi samples,
estimated by Fgp and genetic distances, does
not confirm the monophyly of the two
presently accepted subspecies. A high
migration rate detected among P pityusernsis
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samples does not support the numerous
subspecies described in Ibiza and
Formentera area, confirming the systematic
pattern proposed by Salvador (1984). The
divergence time estimated are in accordance
with geological data, and suggest a similar
rate of divergence, i.e., 2% per my,
postulated for this gene region by other
studics.

Keywords: Cytochrome & sequences,
mtDNA, allozymes, Podarcis lilfordi,

Podarcis pityusensis, Balearic Archi pelago.

Resumen: Estudio del ADN mitocon-
drial y la variacidén aloenzimitica de las
lagartijas endémicas del género Podarcis en
el archipiélago Balear. Dos especies end¢mi-
cas del género Podarcis habitan en el archip-
iélago balear: Podarcis [ilfordi en las islas
Gimnésicas (Mallorca, Menorca, Cabrera ¢
islotes asociados) y Podarcis pityusensis en las
islas Pitiusas (Ibiza, Formentera e islotes cir-
cundantes). Probablemente estas especies
fueron climinadas en Mallorca y Menorca
por la predacién de especies introducidas
como crizos, comadrejas, gatos silvestres,
ratas y serpientes. Se¢ han descrito un gran
nimero de subespecies basindose en datos
mortfolégicos, pero no han sido confirmadas
mediante datos moleculares. Se ha estudiado
la secuencia parcial del gen del citocromo b a
partir de especimenes procedentes de difer-
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entes islas e islotes. Hemos detectado una
clara separacidn entre ambas especies,
aunque con una distancia genética menor
que la existente entre las especies continen-
tales de Podarcis, lo que nos indica un menor
tiempo de divergendcia. Estos resultados pre-
sentan una correlacién positiva con los
obtenidos mediante el estudio de polimorfis-
mos enzimdticos. Ll valor de F¢r medio
(0.868) estimado entre todas los muestras
indicé una fuerte estructuracidn de las
poblaciones, mayor a los valores obtenidos
en otras poblaciones de lagartijas. La diferen-
clacién entre las muestras de /2 Zi[f()?*(z’z' esti-
mada mediante distancias genéticas y Fg |- no
confirmd la monofilia de L{b dos subespeuca
aceptadas. Una alta tasa de migracion, se
detecté entre las muestras de 2 preyusensis,
que no apoya a la existencia de las numerosas
subespecies descritas en el drea de Ibiza y
Formentera y que confirmarfa ¢l patron sis-
temdtico propuesto por Salvador (1984). El
tlempo de divergencia estimado concuerda
con los datos crcol(wicos y sugleren una tasa
de d]vergencia (2 fo) similar a la propuesta
para esta regién génica en otros estudios.
Palabras clave: Sccuencias del Citocro-
mo &, ADN mitocondrial, alozimas, Podearcis
lilfordi, Podarcis pityusensis, Archipiélago

Balear.

Resum: Estudi del ADN mitocondrial
i la variacié aloenzymatica de les
sargantanes endémiques del genere Podarcis
a Parxipelag Balear.-Ducs cspécies
endémiques del geénere Podarcis, habiten a
Parxipelag balear, “Podarcis lilfordi en les illes
Gimnesies (Mallorca, Menorca, Cabrera 1 els
illots associats) i Podarcis pityusensis en les
Illes Pitifises (Eivissa, Formentera 1 illots
circumdants). Probablement aquestes
espécies foren eliminades de Mallorca i
Menorca degut a Ia predacié d’especies
introduides com els ericons, les mosteles, cls
gats silvestres, les rates i les serps. SThan
descrit un gran nombre de subspécies en base
a dades morfologiques, perd aquestes no han
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estat confirmades mitjancant dades
moleculars. S’ha estudiat la seqiiencia parcial
del gen del citocrom b a partir d” especimens
procedents de diferents illes ¢ illots. Hem
detectat una clara separacié entre ambdues
espécies, encara que amb una distincia
gendtica menor a Pexistent entre les espécies
menulta{lg de Podarcis, ¢l que ens indicaria
un menor temps de divergéncia. Aquests
resultats presenten una correlacié positiva
amb les dades obtingudes mitjancant 'estudi
dels polimorfismes enzimatics. El valor mitja
de Fop (0.868) estimat entre totes les
mostres ens va indicar una forra
estructuracié de les poblacions, major als
valors obtingurts en alures poblacions de
sargantanes. La diferenciacié entre les
mostres de 2 [ilfordi, estimada mitjangant
distancies genetiques 1 Fgp: no va confirmar
la monofilia de les dues subespeécies
acceptades. Una alta taxa de migracid, es va
detecrar entre les mostres de 7 PLlyusensis, el
que no déna suport a I'existencia de les
nombroses subspecies descrites dins ['area
d’Eivissa 1 Formentera, que a més
confirmaria el patrd sistemitic proposat per
Salvador (1984). El temps de divergeéncia
estimat concorda amb les dades geologiques
I suggerelix una taxa de divcrgéncia (29%)
similar a la proposta per aquesta regio génica
en altres estudis.

Paraules clau: Scqiitncies del
citocromo &, ADN mitocondrial, al.
Podarcis lilfordi,

pityusensis, Arxipelag balear.

loenzims, Podarcis

INTRODUCTION

Lacertd lizards are a monophyletic
group of approximately 250 species,
distributed throughout Africa and most
of Eurasia (ES1ES er al., 1989). They
constitute the dominant repule group in
Europe, and considerable research has
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been carried out based on morphology,
ccology and behavior, and mctDNA in
an attempt to cstablish their phylo-
genctic structure (ARNOLD, 1989, 1990;
HARRIS ef al., 1998b, FU ez al., 1998).

The lacertids are represented in the
Balearic  Archipeclago (Western
Mediterranean Sea) by two endemic
species of the genera Podarcis (ARNOLD,
1973): Podarcis lilfordi in the Gymnesies
[slands (Mallorca, Menorca, Cabrera
and associated islets) and Podarcis
pityusensis in the Pityuses [slands (Ibiza,
Formentera and their surrounding
islets). These have already been shown to
be sister taxa in phylogenctic analyses of
Podarcis (HARRIS & ARNOLD, 1999;
OLIVERIO ef al., 2000).

Paleontological data suggested that
the genera Podarcis arrived in the
Balcaric Archipelago during the
Mediterranean Messalinity crisis in the
Miocene (6 Myr). During this period
the Balearic Islands must then have been
linked together and attached to the
Iberian Peninsula, forming a vast
promontory (RANGHEARD, 1984). From
the upper Miocene considerable
dislocations rook place in the Balearic
area. One shift occurred between Cap de
la Nau (eastern coast of mainland Spain)
and Ibiza, and the same happened
between Ibiza and Majorca, between
Majorca and Minorca and to the cast of
Minorca. These vertical faults and shifts-
faults caused rthe insularity of the
Balearic Archipelago, permitting the
divergent evolution from the ancestral
form and subsequent separation within
the Balearic Archipelago (Podarcis
lilfordi and Podarcis pityusensis) (COLOM,
1978). Later during the two last
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Pleistocene glaciations (Riss and Wiirm)
the sea descended to some 100 m below
Its  present This created
connections between the Islands, thus
the archipelago was comprised of only
two large islands, permitting a greater
dispersion of its lacertids. Nonetheless
the Gymnesies were never united with
the Pityusic Islands at any rime during
the Quaternary Era (CUERDA, 1993).

The two species of Podarcis are
currently present in almost all islands
and islets, but are absent in the largest
islands of Mallorca and Menorca. The
lizards probably become extinct in these
islands as a result of predation from
species introduced by man, such as
weasels (ALCOVER er al., 1981),
hedgehogs, feral cats (KoTsakis, 1981),
and snakes (MERTENS, 1957).

The different populations of the
genera lodarcis that are living now form
a polytypic taxa, compounded by a large
number of subspecies or local races.
Substantial morphological variation has
led to the recognition of one subspccies
for each island/islet population, although
other different taxonomic patterns have
also been suggested (MULLER, 1927,
1928; EISENTRAUT, 1928, 1950;
SALVADOR, 1984; PEREZ-MELLADO 1997,
1998; CIRER, 1987). Genetics studies
investigatred variation by means of
enzymartic polymorphisms: P pityusensis
(CIRER & GUILLAUME, 19806; GUILLAUME
& CIRER, 1985) and P lilfordi (RAMON et
al., 198G, 1991; PETITPIERRE et al.,
1987), showed a high level of
intrapopulational diversity but low
variation between populations. Thus the
high number of subspecies described by
means of morphological data was not
confirmed at the enzymatic level.

level.
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Recently, DNA sequencing has
becoming the commonest method for
analysis of popularion strucrure (CLARK
et al., 1999). The cytochrome b gene has
been recognized as particularly suitable
for recovering phylogenetic relation-
ships, especially in lacertids (THORPE ez
al., 1994; GONZALEZ et al.,1996; FU et
al., 1997; HARRIS et /., 1998a). In some
studies, the mtDNA variation was
compared with morphological data,
being both complementary and without
significant discrepancies (HARRIS ez al.,
1998b).

The purpose of the present work
was to determine the variability in the
cytochrome 4 gene in some populations
of the endemic Balearic species of
lizards, and to compare their differen-
tiation with the enzymaric phylogeny
suggested for this group.
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MATERIAL AND METHODS

The specimens of Podarcis lilfordi
and P pityusensis were capturecl in some
islands and islets of the Balearic
Archipelago, whose location 1s indicated
in Figure 1. Three to five individuals
were analyzed for each locality. The
number of specimens and subspecies are
indicated in Table 1. A rail tip of cach
individual was clipped off, and putin ice
during the transport to the laboratory,
where it was stored at -20°C. The live
animals were released again in the same
capture place. Total genomic DNA was
extracted following the methodology of
GONZALEZ et al. (1996) with minor
modifications: the DNA was precipited
by ethanol, vacuum-dried an
resuspended in H,O for a 80 ng/ml. A
306 bp fragment of the mitochondrial

-5 ~ et

for

Figure 1. Geographic location of populations included in this study
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Species Subspecies Locality Samples
Podarcis piryusensis
P p. pityusensis (Boscd, 1882) PpE (4)
P p. formenterae (Eisentraut, 1928) 2 PpFx (5)
P p. grueni (Miiller, 1928) PpFe (5)
P p. formenterae (Eisentraut, 1928)
P p. espalmadoris (Miiller, 1928) 4 PpEr (3)
P p. formenterae (Eisentraut, 1928)
P, p. formenterae (Eisentraut, 1928) 5 PpEl (3)
Podarcis lilfordi
P [ kuligae (Miiller, 1927) 6 PICp (4)
P [ kuligae (Miiller, 1927) 7 PICf (4)
P [ muelleri (Eisentraut, 1928)
P [ giglioli (Bedriaga, 1879) 8 PID (4)

a- The numbers correspond with those of Fig. 1

b- Number of individuals in brackets

Table 1. The different populations of the subspecies sampled from P Lilfordi and P. pityusensis

cytochrome b gene was amplified using
the primers L14841 and H15149
(KOCHER ez al, 1989). Thermocycling
consisted of 36 cycles of 94°C for 1 min,
50°C for 1 min and 72°C for 1 min.
Both strands of the amplified DNA were
sequenced on an automated ABI 310
sequencer using Taq DyeDeoxy’
Terminator Cycle sequencing kit (Perkin
Elmer). Sequences were submitted to

Genbank (accession numbers AY046281
to AY0463312).

Sequence analyses

Cytochrome b nucleotide sequences
were aligned by CLUSTAL 1V using the
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MegAlign 1.05 and EditSeq 3.75
programs (cDNASTAR Inc, 1993).
Single sequences of Podarcis muralis, P
hispanica (CASTILLA ef al., 1998), and
Lacerta agilis (HARRIS et al., 1998b) were
used as outgroups, sequences of one
individual from each species were
included from Genbank. Sequence
divergence between taxa was calculated
by the Kimura two parameters model
(KiMURa, 1980) using the MEGA 1.02
program (KumaRrR ez al., 1993).
Phylogenies were constructed assuming
constant (UPGMA, SNEATH & SOKAL,
1973) evolutionary rates.

WRIGHT'S (1965) Feor values were
calculated to estimate genetic divergence
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among populations, and their
significance was testing using a
nonparametric permutation approach
(significance level P<0.05) using the
Analysis of Molecular Variance
procedure (EXCOFFIER ez al., 1992) in
the AMOVA option of ARLEQUIN v. 2.0
package (SCHNEADER et al., 2000).

Enzymatic data

The genetic distances based in
enzymatic polymorphisms (NEI, 1972)
were estimated using previously

published electrophoretic data from
LDH-1, LDH-2, MDH-1, PGI, PGM,
GOT-1 and GOT-2 (RAMON ez al.,
1986; GUILLAUME & CIRER, 1985) using
BIOSYS-2 program (SWOEFFORD ef al.,
1997). The cophenetic relationships
estimated using UPGMA
clustering by means of PHYLIP version
3.5c (FELSENSTEIN, 1993).

To test for correlation berween
genetic distance matrices obtained from
allozymes and cytochrome 4 gene
sequences, a Mantel nonparametric test
was used with 1000 permurtations.
Computations were made using the
matrix of Fuclidian square distances
used for the AMOVA option
(EXCOFFIER et al., 1992) in ARLEQUIN v.
2.0 package (SCHNEADER ¢z al., 2000).

WEre

RESULTS

Sequences of the cytochrome b
fragment studied (306 bp) were
obrtained for 32 samples of Podarcis. No
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indels were observed. There were 48
variable positions (15.7%), 46 of which
were phylogenetically informartive sites
under parsimony criterion. 44 of these
were variable in 2 [ilfordi and only 6
sites in P. pityusensis. In most cases
(83.39%) the substitutions occurred in
the third codon position, only 6
substitutions gave aminoacids
replacements, five of them were found
in P. lilfordi and one in P pityusensis.

Table 2 shows the genetic distances
based on sequence divergence estimated
using the Kimura two parameters
model. The distance values ranged from
0.027 to 0.048 within P /ilfordi samples
with a mean of 0.037, which is 6 times
higher than the distance between
localities sampled in £ pityusensis
(ranged from 0 to 0.013 with a mean of
0.006). The average distance between
the two species studied was 0.097. This
is similar to other insular species (c.g.
CARRANZA et al., 2000, 2001) and can
be compared to the average congeneric
distance for this gene within repriles of
0.12, and is much higher than is
typically found within reptile species
(HARRIS, 2002).

The phylogenetic analysis gave a
tree indicated in Figure 2. Two clear
groupings are discernible. The first
grouping includes 7 piryusensis, within
which it 1s possible to recognise two
clusters, one with the Ibizan samples
and other with the most of the samples
from TFormentera Island and
neighbouring islets. The second
grouping includes P /ilfordi. Tt is clear
that genetic variation within 72 Zflﬁm’i 1s
much higher than within 2. pityusensis.
The level of nucleotide diversity (1)
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PpE PpEr PpFct PpFx PpEl PID PICf PICp Ph Pm La
PpE - 0.007 0.009 0.010 0.009 0.092 0.094 0.108 0.190 0.180 0.207
PpEr - 0.008 0.010 0.008 0.094 0.097 0.111 0.196 0.180 0.213
PpFt - 0.001 0.000 0.093 0.095 0.107 0.197 0.179 0.214
PpFx - 0.001 0.093 0.095 0.106 0.197 0.179 0.214
PpEl - 0.093 0.095 0.107 0.197 0.179 0.214
PID - 0.037 0.048 0.172 0.158 0.198
PICf - 0.027 0.170 0.170 0.199
PICp - 0.176 0.180 0.191
Ph - 0.170 0.201
Pm - 0.179

Table 2. Genetic distancs (Kimura 2P) between localities sampled in the two Balearic species of Fodareis
and data from Podearcis hispanica (Ph), Podarcis murelis (P'm) and Lacerta agilis (La)

PpFt 1
PpFt2
PpFt2
PpFt 4
PpFt 5
PpFx1
PpFx 3
PpFx 5
PpEI1

PiCp 1

PiCp3

- PiCf3

" PiCp 4
-« — PiCt1

® L picp2

PREl 2
PpElI 3
PpFx 2
PpFx 4
PpEr1
PpEr2
—— PpE2

PpE 3
'.[:% PpEr 3

PpE1

PpE 4
PID 1
PID 4
PID 2
PiCf 2
PiCT 4
PID 3

b

P. hispanica

P. muralis

L. agilis

Figure 2. UPGMA tree based on mtDNA sequences. Bootstrap values are indicated
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based on the Kimura 2P are indicated in
Table 3. The values of diversity in 2
lilford: are around 10 times higher than
in P. pityusensis. In Table 3 the Fqr
pairwise values obtained are also shown.

A high Fgr mean value (0.868) was
found when all the samples of Podarcis
pzfymemzs and P. [ilford; were analyzed.
The migratory flow (Nm) detected is
indicated below the diagonal (Table 3)

PpE PpEr PpFt PpEx PpEl PID PICf PICp

T 0.0038 0.0066 0.0026 0 0 0.0155 0.0373 0.0271

(0.0036) (0.0062) (0.0026) (0.0114) (0.0257) (0.0190)
PpE - 0.266"  0.815 0.651 0.751 0.892 0.786 0.856
PpEr Laod - 0.690 0.461 0.571™  0.870 0.753 0.831
PpFt 0.113 0.225 - 0.000" 0.000™  0.925 0.833 0.890
PpFx 0.267 0.584 inf - 0.132%  0.909 0.817 0.875
PpEl 0.165 0.376 inf inf - 0.897 040 0.849
PID 0.061 0.074 0.040 0.050 0.057 - 0.348 0.704
PICE 0.136 0.164 0.100 0.112 0.145 0.934 - 0.254 ™
PICp 0.084 0.101 0.061 0.071 0.089 0.210 1.463 -
" not significant  inf = infinite

Table 3. Nucleoride diversity () based on the Kimura 2P distances (errors in parentheses). Fo are indicated
above the diagonal values. Below diagonal, estimates of effective numbers of migrants (Nm) per generation
berween the cight Podareds populations. The name of populations corresponds with those of Table 1

and the values are higher than 1 migrant
per generation between the samples of
Ibiza and Espardell, Cabrera Port and
Cabrera Far. Between the two samples
from Formentera and Espardell the
number of migrants are infinite. The
remaining pairwise comparisons
indicate a non-significant gene flow
between the samples.

The frequencies of seven enzymatic
polymorphisms (Appendix) were used
to estimate the genertic distances

between the ';amples of P lilfordi and I
pituysensis. Figure 3 showed the

PLCY
PID

66

42

PiCp
PpEl
PpFx
Pp It
PpE

Figure 3. UPGMA tree based on enzymatic
polymorphisms. Boarstrap values are indicaced
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dendrogram obtained from them. The
agreement between the differentiation
patterns obtained from allozyme and
from cytochrome & sequence dara was
supported significantly by a Mantel test,
showing a significant (P=0.005)
correlation between Nei’s genetic
distances and sequence divergence
among populations (r = 0.467).

DISCUSSION

Cytochrome & mitochondrial
sequences have been widely used in
phylogenetic and conservation studies of
reptiles (e.g. CLARK ez al., 1999),
showing that this gene is very useful in
differentiating populations. The pattern
of nucleoride substitution for
cytochrome & sequences has been well
documented and our results agree with
the postulated pattern: synonymous
differences are more numerous than
non-synonymous, the variation is
highest in the third position of each
codon; and rtransitions exceed
transversions. In particular C-T
transitions outnumber transversions by
almost 10 to 1.

The transitions bias found in most
of the previous published studies can
also be obscrved in the present results:
within P /filfordi the overall ts/tv ratio
was 7.5 and in P. pityusensis was 10.8,
higher values than those found in other
species of island lizards (GONZALEZ et
al., 1996). As expected transition-
transversion ratio declines the sequence
divergences increase.

The average sequence divergence
detected between the two Podarcis

species was approximately 9.7%, which
is in agreement with Podarcis from
Columbretes islands (CASTILLA er al.,
1998), and Iberian cryptic forms
(HARRIS & SA Sousa, 2002) bur slighty
lower than the average observed between
sister species of other reptiles (HARRIS,
2002). The divergence detected between
the Balearic and mainland species was

19%.

For a more detailed analysis of the
variability distribution, an ANOVA was
made, grouping the populations in two
units: 2 lilfordi and B pityusensis. Only
12.2% of the variation occurred within
the populations, 11.2% among
populations within groups and 76.6%
of the variation was berween the groups,
confirming that P /ilfordi and P.
pityusensis are genctically distinct species
with respect to mtDNA. This is
important as their species status has
previously been questioned (CAPULA,
1997). When the samples were
structured in four units according to
geographical criteria: Dragonera,
Cabrera, Ibiza and Formentera with
their surroundings islets, only 4.74% of
the variation among populations within
groups was detected. The degree
(80.1%) of among island generic
differentiation observed in the Balearic
archipelago was high, in comparison to
that observed in other Podarcis lizard
populations. CASTILLA et al. (1998)
found 73% of the variation occurred
between populations in  the
Columbretes lizards, and CaruLa
(1996) 46% for Podarcis tiliguerta. The
geographic distances among the
different islands and the sea cliffs.
particularly in the case of P lilfords
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(Dragonera and Cabrera) could explain
this level of differentiation.

To assess the different subspecics in
accordance with the hypothesis based in
morphological parameters of one
subspecies for cach island or islet, the
F¢p pairwise values and phylogenetic
trees were compared. In 2 llfordi the
two samples of Cabrera island arc
homogeneous (Nm=1.406). Eisentraut
(1928) described two different
subspecies in different localities of
Cabrera, but this was never confirmed
by others authors and it is not supported
by these analyses, although more
sampling would be needed to be certain
of this. The differentiation between
Cabrera and Dragonera is not clear,
because although the sample of Cabrera
Port is well differentiated from
Dragonera, between Cabrera Far and
Dragonera (with Fg not significant) the
migratory flow is high (0.934). In the
dendrograms we can observed two
clusters: Cabrera and Dragonera but
with the inclusion of two specimens
from Cabrera Far in the cluster of
Dragonera specimens. From a
morphological perspective, the
subspecies P [ giglioli is found in
Dragonera, without discrepancies in the
literature. The analyses of cytochrome &
sequences made with the three samples
(Cabrera Far, Cabrera Port and
Dragonera) do not confirm the existence
of two subspecies. However, it is
important to assess both ecological and
genetic variability when defining
subspecies or evolutionary significant
units (CRANDALL et &l., 2000). We think
that it is necessary to analyse more
individuals from these islands before
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about the different
possibilities that could generate these

speculating

results, or their taxonomic implications.

The situation for P pityusensis is
slightly different, because the islands
and islets are geographically closer and
their coasts are mainly low and sandy,
which should facilitate migration of
lizards. The Fg values between the two
samples of Formentera and the Espardell
islet indicated the existence of a single
area of distribution for the lizards
(Nm=inf), and even between Ibiza and
Espalmador islet there is significant gene
flow (Nm>1). The different subspecies
for Podarcis pityusensis in the Formentera
arca (Table 1), postulated by BucHHOLZ
(1954) and confirmed by RODRIGUEZ-
Ruiz (1977), were: I p. formenterae in
Formentera, 2 p. gruen: in Punta
Trocadors, 2 p. espalmadoris in
Espalmador islet, and 72 p. espardalensis
in the Espardell islet. SALVADOR (1984)
recognised only one subspecies, P p.
ﬁrmenre?‘fze in Formentera and their
islets, although the author described a
north-south clinal morphological
variation. This result 1s more in
accordance with the mitochondrial data
obtained in the present study.

In the phylogenctic trees based on
the cytochrome 4 sequences, the
Balearic endemic species of Podarcis
form a monophyletic group. This was
also found in other analyses including
more [Podarcis species (HARRIS &
ARNOLD, 1999; OLIVERIO et al., 2000).
Assuming an overall rate of change for
cytochrome & of 2% per million of year
(CARRANZA et al., 2000), the nucleoride
divergence of 9.7 between £ [ilfordi and
P pityusensis, could correspond to a
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divergence time of 4.95 millions of year.
The separation time between Gymnesies
and Pityuses archipelagos according to
geological data is around 5 million of
years. Thus our results suggest that the
ancestors of the two present forms
became isolated during this event.

Finally, to point out the need to
continue with the studies in the
archipelago by increasing the number of
samples (other islands and/or islets) and
by wusing different genes of the
mitochondrial and nuclear genome to
better understand the genetic strucrure
of the populations. Moreover, this
knowledge will be very important to
develop an appropriate conservation
program for these endemic Podarcis
lizards.

ACKNOWLEDGMENTS

We thank the directors and guards
of the National Park of Cabrera and the
National Reservation of Ses Salinas
(Ibiza) for their logistics support. Also
we thank the responsibles of the Natural
Park of Dragonera and the Conselleria
de Medi Ambient (Govern de les Illes
Balears) for their permissions for the
captures.

REFERENCES

ALCOVER J. A., MOYA-SOLA S., PONS-MOYA
J. (1981): Les quimeres del passat. Els
vertebrars fossils del Plio-Quarernari de
les Balears i Pitiiises. Editorial Moll,
Ciurtat de Mallorca.

309

ARNOILD E.N. (1973): Relationships of the
Palacartic lizards assigned to the genera
Lacerta, Algyroides and Psammodyomus
(Reptilia: Lacertidae). Bull. Brit. Mus.
(Nat. Hist.), 25(8): 289-3066.

(1989):Towards a phylogeny and
biogeography of the Lacertidac:
relationships within an Old-World
family of lizards derived from
morphology. Bull. Brit. Mus. (Nat.
Hist.), 55: 209-257.
(1990): Why do morphological
phylogenies vary in quality? An
investigation based on the comparative
history of lizard clades. Proc. R. Soc.
Lond. B Biol. Sci., 240:135-172.
BEDRIAGA, J. V. (1879): Herpetologische
scudien. Archiv ﬁir Naturgeschite, 45:
243-339.
BoscA, E. (1982): Exploracién herpetoldgica
de la isla de Ibiza. Boletin de la R. Soc.
Esp. Hist. Nat. 12: 246-255.

BucHHOLZ K. E (1954): Zur Kenntnis der
Rassen von Lacerta pityusensis, Bosca.
Bonner Zoologische Beitrage, 5: 69-88.

CaruLa M. (1996): Evolutionary genetics of

the insular lacertid lizard Podarcis

tilguerta: genctic structure and

population heterogeneity in a

geographically fragmented species.

Heredity, 77: 518-529.

(1997): Genetic divergence and

phylogenetic inferences in the genus

Podarcis. 7n: Rocek Z. & Hart, S. (eds),

Abstracts of the Third Congress of

Herpetology, Prague.

CARRANZA, S., ARNOLD, E. N., MATEO, J. A.
& LOPEZ-JURADO, L. E (2000): Long-
distance colonization and radiation in
gekkonid lizards, Zarentolz (Reptilia:
Gekkonidae), revealed by mitochondrial
DNA sequences. Proc. R. Soc. Lond. B.
267: 637-649.

(2001): Parallel gigantism and complex
colonization patterns in the Cape Verde



TERRASA, B., ez af

scincid  lizards  Mabuya  and
Macroscincus (Reptilia: Scincidae)
revealed by mitochondrial DNA
sequences. Proc. R. Sec. Lond. B. 268:
1595-1603.

CasTiLLa A.M., FERNANDEZ-PEDROSA V.,

Backerjau T., et al. (1998):
Conservation genetics of insular
Podarcis  lizards using partial

cytochrome b sequences. Mol Lcol, 7:

1407-1411.

CIRER A.M. (1987): Revisidn taxondmica de
las subespecies del lacértido Podarcis

pityusensis Bosca 1883. Ph D.
University of Barcelona, Barcelona.
— & GuiLtauMe  C.P. (19806):

Electrophoretic analysis of the Pityusic
islands lizard. in: Rocek 7. (ed), Studies
7 Hffpemfagy, pp. 201-206. Prague.

CLARK A.M., BoweNn B.W., BrancH L.C.
(1999): Effects of natural habitat
fragmentation on an cndemic scrub
lizard (Sceloporus woods): an historical
perspective based on a mitochondrial
DNA gene genealogy. Mol. Ecol., 8:
1093-1104.

CorLom G. (1978): Biogeografia de las
Baleares. Diputacién Provincial de
Baleares (ed), "alma de Mallorca.

CRANDALL K.A., HARRIS D.]., FETZNER
J.W. Jr (2000): The monophyletic
origin of freshwarter cray fish estimated
from nuclear and mitochondrial DNA
sequences. Proc. R Soc. Lond. B, 267:
1679-1686

CUERDA J. (1993): Norta sobre el
Quacternari, pp. 117-130, in: Alcover
J.A, Ballesteros E., Fornos J.J. (eds)
CSIC-Ed Moll, Historia Natural de
["Arxipélag de Cabrera. Palma de
Mallorca.

EISENTRAUT M. (1928): Vérlaufige
Diagnosen einiger ncuen Rassen der
Balearischen Inseleidechse Lacerta

lilfordi. Das Aquarium, 1928: 121-124.

310

(1950): Eidechsen der Spanischen
Mittelmeerinseln ind
rassennaufspaltung im lichte der
evolution. Mirteilungen aus dem
Zoologischen Museum in Berlin, 26: 1-
228.

Estes R., DE QuUEIROZ K., GAUTHIER ]J.
(1989): Phylogenetics relationships
within Squamara. iz Estes R. & Pregill
G (eds), Phylogenetics relationships of the
lizard families. Stanford University
Press.

ExCOFFIER L., SMOUSE PE., QUATTRO .M.
(1992): Analyses of molecular variance
inferred from metric distances among
DNA haplotypes: Application to
human mitochondrial DNA restriction
data. Genetics, 131;479-491.

FELSENSTEIN J. (1993): PHyLIP: Phylogeny

Inference Package. Version 3.5c.

Department of Genetics, University of

Washington, Seattle, WA.

Fu J., MURPHY R.W., DAREVSKY 1.S. (1997):
Towards the phylogeny of caucasian
rock lizards: implications from
mitochondrial DNA gene sequences
(Reprilia: Lacertdae). Zool. | Linnean
Soc, 121: 463-477.

Fu ]. (1998): Toward the phylogeny of the
family Lacertidae: implications from
mitochondrial DNA 12§ and 16S gene

sequences (Reprilia: Squamata). Mol
Phylogenet. Evol., 9: 118-130.

GonNzAvrez P, PINTO F., NOGALES M.,
JIMENEZ-ASENSIO ]., HERNANDEZ M.,
CaBRrRERA V.M. (1996): Phylogenctic
relationships of the Canary islands
endemic lizard genus Gallotia
(Saurla: Lacertidae), inferred from
Mitochondrial DNA Scquences. Mol.
Phylogenet. Evol., 6: 63-71.

Guittaume C.P. & CIrer A.M. (1985):
Comparacidén electroforética de diez
poblaciones de Podarcis pityusensis,
Bosca 1882, (Lacertidae) de Ibiza,

ithre



LIZARDS IN THE BALEARIC ARCHIPELAGO STUDIED BY MEANS OF mtDNA AND ALLOZYME VARIATION

Formentera ¢ Islotes circunvecinos.
Butlleti del Institut Catals de Historia
Natural, 52 (Sec. Zool., 6): 197-208.

Harris, D.J. (2002). Reassessment of
comparative genetic distance in reptiles
from the mitochondrial cytochrome 4
gene. Herp. J. 12: 85-86.

Harris D.J. ARNOLD E.N., THOMAs R.H.
(1998a). Rapid  Speciation,
Morphological Evolution and
Adaptation to Extreme Environments
in South African Sand Lizards
(Meroles) as Revealed by
Mitochondrial Gene Sequences. Mol.
Phylogener. Evol., 10: 37-48.

(1998b). Relationships of lacertid
lizards (Reptilia: Lacertidac) estimared
from mitochondrial DNA sequences
and morphology. Proc. R. Soc. Lond. B,
265: 939-1948.

HaRrRIS D.J. & ARNOLD E.N. (1999):
Relationships and evolution of wall
lizards, Podarcis (Reptilia, Lacertidae)
based on partial mitochondrial DNA
sequences. Copeia, 3: 740-754.

Harris, D. J., & SA-Sousa, P (2002).
Molecular Phylogenetics of Iberian
Wall lizards (Podarcis): is Podarcis
hispanica a species complex? Mol Phyl.
Fvol 23:75-81.

KiMURA M. (1980): A simple method for
estimating evolutionary rate of base
substitutions through comparative
studies of nucleotide sequences. /. Mol.
Frol., 16: 111-129.

KocHer T.D., Tromas W.K., MEYER A.,
EDWARDS §.V., PAABO S., VILLABLANCA
EX., WiLSON A.C. (1989): Dynamics
of mitochondrial DNA evolution in
animals: Amplification and sequencing
with conserved primers. Proc. Nat.
Acad. Sci. USA, 86: 6196-6200.

Korsakis T. (1981): Le lucertole

(Lacertidae, Squamata) del Pliocene,

Pleistocene e Olocene delle Baleari.

Butlleti de [a Socierat de Historia
Natural de les Balears, 25: 135-150.

Kumar S., Tamura K., NEI M. (1993):
MEGA: Molecular evolutionary genetic
analysis, version 1.01, Pennsylvania
State University, University Park, PA
16802.

MERTENS R. (1957): Mallorca: ein
herpeogeographisches  Problem.
Zoologishe Beitrdge, 3: 1-16.

MULLER L. (1927): Beitrag zur Kennrnis der

rassen von Lacerta lilfordi. Zoologischer

Anzeiger, 73: 257-269.

(1928): Die Inselrassen der Lacerta

lilfordi (Grthr). Verbandlungen der

deutschen Zoologischen Gesellschafft,

1928: 333-337.

NEI M. (1972): Generic distance between
populations. Am. Naturalist, 106: 283-
292.

OLIVEIRO M., BOLOGNA M.A., MARIOTTINI
. (2000): Molecular biogeography of
the Mediterranean lizards Podarcis
Wagler, 1830 and 7eira Gray, 1838
(Reprilia, Lacertidae). / Biogeography,
27:1403-1420.

PEREZ-MELLADO V. (1997): Podarcis Lilford:
(Gunther, 1874). pp 280-281 in: Gasc
J.P. (eds). Atlas of Amphibians and
Reptiles in Europe. Socictas BEuropaea
Herpetologica, Muséum Nartional
d'Histoire Naturelle, Paris.

(1998): Género Podarcis Wagler, 1830.

pp 242-243, in: Reptiles. Salvador A.

(Coordinador) Fauna lberica, 10.

Ramos er al. (eds), Museo de Ciencias

Naturales CSIC, Madrid.

PeTITPIERRE E., ArRrRANZ M.]., TERRASA B.,
RamMoN M. (1987): Population
genctics of western mediterranean
insular lizards. Genética Ibérica, 39:
453-471.

RAMON M., TERRASA B., ARRANZ M.J.,

PeTiTPIERRE E. (1986): Genetic

variation in insular populations of the

- .



TERRASA. B., et al.

Balearic lizard Podarcis lilfordi pp. 342-
348 in: Rocek 7. (ed.) Studies in
Herpetology Prague.

RaMON M.M., CASTRO J.A., ARRANZ M.].
(1991): A study of the balearic lizard
Podarcis lilfordi based on
morphological characters and enzyme
polymorphism. Evolucién Bm/ﬁmm, 3:
75-92.

RANGHEARD Y. (1984): The geological
history of Eivissa and Formentera. pp.
25- 104, in: Biogeography and Ecology
of the Pityusic Islands. Kubhier H.,
Alcover J.A. and Guerau d’Arellano
(eds).

RobpriGUEZ-Ruiz E J. (1977): Datos sobre
la sistemadtica de los lacértidos de la isla
de Formentera e islotes adyacentes.
Butllett de la Societar d’ Historia Natural
de Balears, 21: 47-75.

SALVADOR A. (1984): A taxonomic study of
the Eivissa wall lizard, Podarcis
pityusensis Bosca (1883). pp. 393-427.
7i: Blogeography and Ecology of the
Picyusic Islands. Kubier, H., Alcover
JA., and Guerau d’Arellano, C. (eds).
Dr. W. Junk Publ., The Hague.

312

SNEATH PH.A & SOKAL
“Numerical Taxonomy”
San Francisco.

SCHNEADER S., ROESLY D., EXCOFFIER L.
(2000): ARLEQUIN, version 2.0. A
software for population genetic data
analysis.
Laboratory. University of Geneva.

Swowom D.L., SeLANDER RB., BLACK
W.C. (1997): BIOSYS-2: A compurter

program for the analysis of allelic

RR. (1973):

(ed Freeman),

Genetics and Biometry

variation in populations genetics and

biochemical systematics. Illinois
Natural History Survey.
THORPE R.S., MCGREGOR D.P, CUMMING

A.M., JOrDAN W.C. (1994): DNA
evolution and colonization sequence of
island lizards in relation to geological
history: mtDNA RFLP, cytochrome b,
cytochrome oxidase [, 125 rRNA
sequence and nuclear RAPD analysis.
Evolution, 48: 230-240.

WRIGHT S. (1965) The interpretation of
populatlon structurc by F-statistics
with special regards to systems of

mating, FEvolution, 19: 395-420.



LIZARDS IN THE BALEARIC ARCHIPLELAGO STUDIED BY MEANS OF mtlDNA AND ALLOZYME VARIATION

Appendix. Enzymatic allele frequencies in Balearic populations of genus Podarcis.
The name of pc)pulations corresponds with those of Table 1.

Population
Locus PpE PpEx PpFt PpEl PID PICp PICf
LDH-1
(N) 31 5 5 5 40 28 12
A 1 | I | ! 0.964 |
B 0 0 0 0 0 0.036 0
LDH-2
(N) 31 5 5 5 40 28 12
A 1 1 | 1 1 0.964 1
B 0 0 0 0 0 0.036 0
MDH-1
(N) 31 b 5 2 40 28 12
A 0.758 0.400 1 | 0..813 0.571 0
B 0.242 0.600 4] 0 0.188 0.426 |
PGI
(N) 31 9 5 5 40 28 12
A 0 0 0 1 0.087 0 0
B 0 U 0 0 0.300 446G 1
PGM
(N) 3l 3 5 5 40 28 12
A 0.935 1 1 0.500 0.850 0.964 0.875
B 0.065 0 0 0.500 0.150 0.036 0.127
GOT-1
(N) 31 5 S 5 40 28 12
A 0 0 0 0 0.962 0.625 0.417
B 1 0.800 1 1 0.038 (.375 0.583
C 0 0.200 0 0 0 0 {
GOT-2
(N) 31 3 5 3 40 28 12
A 0.113 0 (0.200 0 0 0 0
B 0.887 0.600 0.800 1 1 1 1
C 0 0.400 0 0 0 0 0

N = Number of individuals
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