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Evolutionary genetics of the insular lacertid
lizard Podarcis tiliguerta: genetic structure

and population heterogeneity in a
geographically fragmented species

MASSIMO CAPULA*
Dipartimento di Biologia An/male e dell'Uomo, Un/versità 'La Sapienza Roma, Italy

Podarcis tiliguerta is an insular Mediterranean lacertid lizard endemic to Corsica, Sardinia and
many neighbouring small islands. The genetic structure and population heterogeneity of the
species were studied by means of allozyme electrophoresis at 20 presumptive gene loci. The
observed heterozygosity (H0) decreases southwards towards more arid climatic regimes. No
severe reduction in genetic variability was found in samples from the tiny satellite islands,
except for a population inhabiting a very small island off the south-western coast of Sardinia
(Meli Island), in which about 80 per cent of the genetic variability was lost. Population
heterogeneity analysis carried out by the estimation of Wright's F-statistics demonstrated
substantial genetic differentiation among populations. The value of FST (0.460) exceeds values
known for other lizard species. F-statistics and genetic distance data show that genetic varia-
tion is distributed into three geographically coherent population groups. The first group
includes populations from the northern part of the range (Corsica), the second includes
populations from the small islands off the south-eastern coast of Corsica (Cerbicale and
Lavezzi), and the third comprises populations from the southern part of the range (Sardinia
and Meli Island). The pattern of genetic variability and the apparent dma! variation of alleles
at a few loci (Idh-1, Gapd, Gpi) indicate that the subdivided genetic structure of P tiliguerta is
moulded by the interplay of stochastic processes and agents selectively affecting allele
frequency changes.

Keywords: allozyme electrophoresis, population heterogeneity, genetic differentiation, gene
flow, Podarcis tiliguerta, Lacertidae.

Introduction
Island species generally do not behave as single, infi-
nitely large panmictic populations. This is because
the species range is divided into ecologically diverse
subranges, each with its own selective factors. In
these species the pattern of genetic differentiation
among subdivisions is influenced by the size of the
subdivisions, by differences in the modes of selection
among subdivisions, and by the degree of migration
among them. Because these forces contribute to the
deviation from Hardy—Weinberg proportions, at any
moment population genetic structure can be
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described by measuring this deviation within popula-
tions and the amount of differentiation among
populations (Wright, 1965, 1978). Although in
recent years allozyme polymorphisms have been
instrumental in studying the genetic structure of
island populations on micro- and macrogeographical
scales and in estimating the levels of gene flow
between insular populations of various groups of
organisms (see for example Koehn & Eanes, 1978;
Ayala, 1982; Berry, 1983; Selander & Whittman,
1983; Larson et at., 1984), to date quantitative
surveys focusing on the amounts of genetic variation
in insular Mediterranean lacertid lizards (Lacerti-
dae) are scarce (Gorman et at., 1975; Capula, 1990,
1994a), despite the fact that these reptiles are wide-
spread and rather common.
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In this paper we use allozyme electrophoresis to
estimate the distribution of genetic variation within
and among populations, the genetic diversity and the
level of gene flow in the insular Mediterranean
lacertid lizard Podarcis tiliguerta. This species has
been previously studied to evaluate its genetic diver-
gence from some close relatives (Lanza et al., 1977;
Mayer, 1981; Guillaume & Lanza, 1982), but popu-
lation genetic data are still lacking. Podarcis tiliguerta
is a member of a lacertid genus that includes several
species endemic to Mediterranean islands. It is a
polytypic species found on Corsica, Sardinia and
many neighbouring small islands (Arnold & Burton,
1978). Podarcis tiliguerta is at an intermediate stage
in the taxon cycle (Wilson, 1961) in that it has a
complete pattern of distribution (no uninhabited
islands) and shows strong interisland geographical
variation in morphology and coloration (Lanza &
Poggesi, 1986).

Materials and methods

Sampllng
Samples of P tiliguerta used in this study were
obtained from 14 localities; three from Corsica, four
from the Cerbicale Islands (SE Corsica), one from
Lavezzi Island (S Corsica), five from Sardinia, and
one from Meli Island (SW Sardinia). For inter-
specific comparison five samples of the closely
related species P muralis and P sicula were also
employed. The geographical origin and the number
of specimens analysed per population are indicated
in Fig. la,b.

To avoid killing animals or injurious biopsy,
approximately 1 cm of the tail of each lizard was
taken off following the suggestion by Mayer &
Tiedemann (1985). The piece of tail was then kept
in Eppendorf reaction tubes (2 mL) and stored
below —70°C until electrophoretic analysis.
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Fig. 1 Maps of Sardinia, Corsica, Italy (a) and Cerbicale Islands (b) showing sampling localities (samplesize (N) is given
in parentheses). Podarcis tiliguerta: A, Sisco (N = 8); B, Vizzavona (N = 14); C, Cargèse (N = 12); D, Maestro Maria
(N = 8); E, Pietricaggiosa (N = 15); F, Toro Grande (N = 12); G, Toro Piccolo (N = 7); H, Lavezzi (N = 8); I, Tempio
Pausania (N = 19); J, Olbia (N = 14); K, Nuoro (N = 7); L, Capo Giordano (N = 5); M, Meli (N = 7); N, Cagliari (N = 4);
Podarcis muralis: 0, Firenze (N = 15); P, Elba (N = 9); Q, Monte Argentario (N = 17); Podarcis sicula: R, Roma (N =9);
S, Caporalino (N = 10).
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Electrophoresis
Standard horizontal starch gel electrophoresis was
performed on tail muscle tissue; parts of this tissue
were crushed in 0.1 mL of distilled water. Gene
products for the following 20 presumptive enzyme
loci were analysed: xGpd, Ldh-i, Ldh-2, Mdh-i,
Mdh-2, Me-i, Me-2, Idh-i, Idh-2, 6Pgd, Gapd, Sod-i,
Got-i, Got-2, Ck, Ak, Mpi, Gpi, Pgm-i, Pgm-2. The
buffer systems used and electrophoretic procedures
are given in Table 1. The staining techniques used
were those described by Capula (1990).

Isozymes were numbered in order of decreasing
mobility from the most anodal; allozymes were
named numerically according to their mobility rela-
tive to the commonest one found in a reference
population of P sicula from Rome (Italy), indicated
as 100 (>100 = faster mobility; <100 = slower
mobility).

Analysis
Genotypic and allelic frequencies were determined
by direct counts from allozyme phenotypes, and the
resulting data were analysed by various statistical
methods to describe the genetic structure of the P
tiliguerta populations. Genotypic proportions
expected on the basis of Hardy—Weinberg equi-
librium were calculated by Levene's (1949) formula
for small samples. The statistical significance of
departures from Hardy—Weinberg equilibrium was
estimated using a test for calculating exact signifi-
cance probabilities, analogous to Fisher's exact test
(Haldane, 1954; Elston & Forthofer, 1977). To
determine whether the heterogeneity in the geno-
typic distribution reflects differences in allele
frequencies, the variation in genic proportions
among populations was subjected to a contingency
x2 analysis (Workman & Niswander, 1970). The
genetic variability of populations was estimated
using the following parameters: mean number of
alleles per locus (A); proportion of polymorphic loci,
at the 99 per cent level (P); observed mean hetero-
zygosity per locus (H0); expected mean heterozygo-
sity per locus (He) (unbiased estimate; Nei, 1978).

The distribution of genetic variation within and
among populations was assessed using Wright's
F-statistics (Wright, 1965, 1978). Statistical signifi-
cance of Wright's standardized variance in allele
frequencies (FST) was tested by the x2 test:
x2=2NtFsT(k—i), with (k—i) (s—i) degrees of
freedom, where N is the total sample size, k is the
number of alleles, and s is the number of subdivi-

sions (Workman & Niswander, 1970). A hierarchical
analysis of population differentiation was also
performed using the formulation of Wright (1978).

The genetic relationships among the populations
studied were evaluated using Nei's (1972) standard
genetic identity (I) and standard genetic distance
(D). All genetic variability, F-statistics, and genetic
distance measures were calculated by the computer
program BIOSYS-1 (Swofford & Selander, 1981).

To test the correlation between genetic and
geographical distances, a Mantel test was used as
advocated by Smouse et a!. (1986). Tests were
performed using the software NTSYS 1.50 (Rohif,
1989).

Genotype data at 20 electrophoretic loci were
analysed for rates of gene flow (Nm) in P tiliguerta
populations. Quantitative estimates of Nm were
derived using the indirect method of Wright (1978).
In this method, assuming neutrality of the alleles
studied and an equilibrium between genetic drift
and migration in an infinite island model, Nm is
related to FST by the formula FST = 1/(1 +4Nm),
where N is the local population size and m is the
average rate of immigration.

An estimation of phenetic relationships among
populations was obtained by generating a pheno-
gram of all samples by means of the unweighted
pair-group method with arithmetic averaging
(UPGMA) based on the matrix of Nei's genetic distan-
ces (Sneath & Sokal, 1973).

Results

Pattern of variation

Five of the 20 presumptive gene loci analysed (25
per cent) were found to be monomorphic and fixed
for the same allele in all the samples studied (cGpd,
Mdh-2, Sod-i, Ck, Ak). The allele frequencies at the
other 15 variable loci are given in the Appendix. Six
loci (30 per cent) were locally (  5 populations) and
strongly polymorphic (Ldh-i, Me-i, 6Pgd, Gapd,
Got-i, Gpi). All other loci (45 per cent) were weakly
polymorphic. As far as P tiliguerta is concerned, the
number of polymorphic loci was nine (26 alleles) in
the populations from Corsica, six (21 alleles) in the
populations from the Cerbicale and Lavezzi islands,
and nine (29 alleles) in the samples from Sardinia
and Meli Island. Four unique alleles (Slatkin, 1987)
were detected in the Corsican populations, two in
the populations from the Corsican satellite islands,
and nine in the Sardinian populations (Fig. 2).

The results of the contingency y2 analysis are
given in Table 2. The analysis reveals that ten out of
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Table 1 Enzymatic proteins examined and electrophoretic conditions employed

Migration

Enzyme
+ = anodal

— = cathodal
Buffer

system* V/cm
Time
(h) References

Glycerol-3-phosphate dehydrogenase
GPD (EC 1.1.1.8)

+ 3 8 6 Ayala et al. (1972)

Lactate dehydrogenase
LDH (EC 1.1.1.27)

+ 4 7 6 Brewer & Sing (1970)

Malate dehydrogenase
MDH (EC 1.1.1.37)

+ 3 8 5 Shaw & Prasad (1970)

Malic enzyme
ME (EC 1.1.1.40)

+ 1 8 6 Ayala et al. (1972)

Isocitrate dehydrogenase
IDH (EC 1.1.1.42)

+ 3 8 5 Shaw & Prasad (1970)

6-Phosphogluconate dehydrogenase
6PGD (EC 1.1.1.44)

+ 3 8 6 Shaw & Prasad (1970)

Glyceraldehyde-3-phosphate dehydrogenase
GAPD (EC 1.2.1.12)

+ 2 7 6 Ayala et al. (1972)

Superoxide dismutase
SOD (EC 1.15.1.1)

+ 1 8 5 Selander et a!. (1971)

Glutamate-oxaloacetate transaminase + 3 9 6 Selander et a!. (1971)
GOT (EC 2.6.1.1) —

Creatine kinase + 1 8 5 Ayala et a!. (1972)
CK (EC 2.7.3.2)
Adenylate kinase + 1 8 5 Ayala et a!. (1972)
AK (EC 2.7.4.3)
Mannose-6-phosphate isomerase + 2 8 4 Harris & Hopkinson (1976)
MPI (EC 5.3.1.8)
Glucose-6-phosphate isomerase — 3 8 6 Selander et a!. (1971)
GPI (EC 5.3.1.9)
Phosphoglucomutase + 4 8 6 Brewer & Sing (1970)
PGM (EC 5.4.2.2)

Enzymes are arranged by EnzymeCommission Number (EC).
*Buffer systems used: (1) Continuous Tris/citrate (Selander et al., 1971); (2) Tris/versene borate (Brewer & Sing, 1970);
(3) Phosphate/citrate (Harris, 1966); (4) Tris/maleate (modified from Brewer & Sing, 1970).

thirteen polymorphic loci exhibit statistically signi-
ficant heterogeneity in the allele frequencies (see
Table 2). This result indicates that there are highly
significant differences among the gene pools of the
P tiliguerta populations, suggesting considerable
local genetic differentiation. At three loci (Id/i-i,
Gapd, Gpi) displaying large differences in allele
frequencies among populations, six alleles show
significant departures from a random distribution
(Sokal & Oden's (1978) spatial autocorrelation
analysis), indicating apparent clinal variation in
allele frequencies. In the case of the Idh-1 locus, the
Id/i-i'08 allele is fixed in the populations from the
Corsican satellite islands and Sardinia, decreasing in
frequency towards the northern part of the range;
Idh-i'°2 is the predominant allele in the populations
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from Corsica. At the Gapd locus, where two electro-
phoretic alleles occur at high frequencies, i.e. Gapd94
and Gapd'°°, the Gapd'°° allele predominates in the
Corsican populations, whereas the Gapd94 allele is
present at higher frequencies in most of the other
samples. At the Gpi locus, two alleles occur at high
frequencies: Gpi95 and Gpi103. The Gpi95 allele is
nearly fixed in the populations from Sardinia, includ-
ing Mcli Island, and its frequency decreases towards
the north, whereas Gpi103 is the predominant allele
in the samples from Corsica and Corsican satellite
islands (see Appendix). The alleles at the remaining
loci exhibit random geographical patterns.

As to the diagnostic loci (at the 0.99 per cent
level) between P tiliguerta and the two other Podar-
cis species, four (20 per cent) displayed fixation of
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Fig. 2 Alleles specific to the Podarcis tiliguerta populations
from Corsica, Corsican satellite islands (Cerbicale and
Lavezzi), and Sardinia.

alternative alleles between P tiliguerta and P sicula
(Idh-1, Got-i, Mpi, Gpi). Podarcis tiliguerta and P
muralis showed alternative alleles at two loci (Mpi,
Gpi) and highly differentiated allele frequencies at
two further loci (Idh-1, Got-i). It must be noticed
that two (Idh-1, Gpi) out of the four loci displaying
fixation of alternative alleles among the three
species also exhibit clinal variation in allele frequen-
cies in P tiliguerta populations.

Significant deviations from Hardy—Weinberg equi-
librium in the direction of heterozygote deficiences
were found for the following populations and loci
(in parentheses): Vizzavona (6Pgd, P <0.05); Pietri-
caggiosa (Got-2, P<0.003); Olbia (Me-i, P = 0.001;
Gapd, P <0.01).

Genetic variability
The measures of genetic variability used here are
given in Table 3. The overall mean number of alleles

Table 2 Chi-square values resulting from contingency x2
analysis at the polymorphic loci among populations of
Podarcis tiliguerta

Locus
No. of
alleles 2 d.f. P

Ldh-1 2 82.742 13 **
Mdh-i 2 5.812 13 NS
Me-i 4 135 780 39
Me-2 2 59.222 13 **
Idh-1 2 154.213 13 **
Idh-2 2 46.746 13 **
OPgd 3 87.274 26
Gapd 3 126.192 26
Got-i 4 61.416 39 *
Got-2 2 21.321 13 NS
Mpi 3 64.021 26 **
Gpi 3 171.681 26
Pgm-2 2 18.782 13 NS
Total 1035.202 273 **

d.f. = degrees of freedom; *p<0.O1; **<Ø 01.
NS = nonsignificant.

per locus in P tiliguerta was 1.2, ranging from 1.0
(Meli Island) to 1.5 (Tempio Pausania and Nuoro,
Sardinia). The proportion of polymorphic loci (P)
showed a similar trend, ranging from 0.05 (Meli
Island) to 0.35 (Tempio Pausania and Nuoro; Sardi-
nia) and averaging 0.22. The overall mean observed
heterozygosity (H0) was 0.066 and ranged from 0.007
(Meli Island) to 0.106 (Vizzavona, Corsica). The
mean values of percent polymorphism (P) and
heterozygosity (H0) detected in the populations from
the small Corsican islands (P = 0.20; H0 = 0.072)were similar to those found in the samples from
Sardinia (P 0.24; H0 = 0.058). On the other hand,
the samples from Corsica showed relatively higher
values of average polymorphism and heterozygosity
(P = 0.27; H0 = 0.090). The sample from Meli Island
represents an exception, as it is characterized by a
severe reduction in genetic variability (P =0.05;
H0 = 0.007).

The levels of polymorphism and heterozygosity
found in the samples of P muralis (P =0.35;
H0 = 0.059) were similar to the ones observed in P
tiliguerta, whereas little genetic variability was found
in the samples of P sicula (P = 0.05; H0 = 0.015).
This latter result is in agreement with those reported
by Capula (1990, 1994a,b,c), who also found very
low levels of percentage polymorphism and hetero-
zygosity in several P sicula populations from penin-
sular Italy and Sicily.
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Genetic
variability
parameters

Corsica Cerbicale Islands Sardinia

A B C D E F G H I J K L M N

Mssl 7.8 9.9 9.8 7.7 12.9 12.0 6.8 6.3 16.5 12.6 6.8 5.0 7.0 4.0

A 1.2 1.4 1.3 1.3 1.3 1.1 1.1 1.2 1.5 1.4 1.5 1.1 1.0 1.1
P 20 30 30 25 25 15 15 20 35 25 35 15 5 10

H0 0.063 0.106 0.101 0.081 0.072 0.042 0.073 0.093 0.082 0.041 0.100 0.030 0.007 0.038
(SE) 0.031 0.044 0.038 0.040 0.033 0.027 0.046 0.044 0.037 0.020 0.042 0.016 0.007 0.027
He 0.068 0.118 0.117 0.082 0.080 0.060 0.060 0.098 0.091 0.079 0.110 0.043 0.018 0.041
(SE) 0.034 0.047 0.042 0.036 0.035 0.034 0.037 0.045 0.041 0.037 0.043 0.026 0.018 0.031

Mssl, mean sample size per locus; A, mean number of alleles per locus; P, mean proportion of polymorphic loci;
H0, observed mean heterozygosity; He, expected mean heterozygosity (unbiased estimate; Nei, 1978) (SE, standard error).
For geographical origin of populations see Fig. 1.

Population heterogeneity
Table 4 provides estimates of F1, FIT and FST among
P tiliguerta populations. Eight of the 13 single locus
FST values were statistically significant, suggesting
high genetic differentiation among populations. FST
values were high for the loci Ldh-1 and Me-i, and
noticeably high for the loci Idh-1 and Gapd, which
exhibit alleles partially diagnostic between the popu-
lations from Corsica and the Corsican satellite
islands, and Gpi, which displays significant differ-
ences in allele frequencies between the populations
from Sardinia and those from Corsica and the Corsi-
can islands. The mean F51 value is 0.460, indicating
that 46 per cent of genetic variation in 1-? tiliguerta is
attributable to differentiation among populations.
As expected, the estimates of F11 tend to mirror
those of FST, although there are discrepancies at
certain loci. The mean FIT value was 0.488, indicat-
ing a deficiency of heterozygotes within the species.
F15 values are low (see Table 4), presumably because
Hardy—Weinberg proportions are maintained within
populations by random mating. Wright's (1978) hier-
archical analysis combined across loci in all popula-
tions shows that 22 per cent of genetic
differentiation (0.217) is attributable to divergence
among the three population groups (Corsica, Corsi-
can satellite islands, Sardinia). Genetic differentia-
tion among populations within each group is slightly
higher (0.257).

Genetic distance
Within P tiliguerta, high values of genetic distance
were found, D ranging from 0.003 (between Maestro
Maria and Toro Grande samples) to 0.199 (between
Sisco and Cagliari samples), and averaging 0.071
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Table 4 Summary of F-statistics at 13 loci for Podarcis
tiliguerta populations

Locus F1 FIT FST

Ldh-1 0.117 0.430 0.355*
Mdh-1 —0.027 —0.002 0.024 NS
Me-i 0.087 0.388 0.330*

Me-2 0.556 0.661 0.236*

Idh-1 —0.080 0.731 0.751*
Idh-2 —0.333 —0.018 0.236*
6Pgd 0.141 0.378 0.276*
Gapd —0.023 0.502 0.514*

Got-i 0.077 0.191 0.123 NS
Got-2 0.355 0.403 0.075 NS
Mpi
Gpi

0.077
—0.104

0.203
0.663

0.136 NS
0.694*

Pgm-2 —0.077 —0.005 0.067 NS

Mean 0.052 0.488 0.460

Asterisk denotes statistical significance for FST as
determined by the X2-test (see text).
*p<o.000l; NS = nonsignificant.

across all populations. This is because (i) the
samples from the Corsican satellite islands were
genetically differentiated from those inhabiting the
mother island (average D = 0.083), and (ii) high
intraspecific genetic distances were found comparing
Sardinian (including Meli Island) populations with
those from Corsica (average D = 0.113) and from
the small Corsican islands (average D = 0.077). On
the other hand, low values of standard genetic
distance were found (i) among the five satellite
Corsican islands (average D = 0.023), (ii) within
Corsica (average D = 0.046), and (iii) within
Sardinia (average D = 0.039). However, these latter
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values were larger than those usually detected within
the genus Podarcis among local populations of the
same species (see for example Mayer, 1981; Capula,
1990, 1994a,b), indicating at least a certain amount
of genetic subdivision for the populations inhabiting
the major islands.

The comparison between genetic distances and
geographical distances (Mantel test) reveals a posi-
tive correlation, significantly different from zero, for
the total sample of P tiliguerta (matrix correlation
(normalized Mantel statistic): r = 0.629, P<0.004).

As to the interspecific genetic distances, they
ranged from D = 0.181 to D = 0.318, falling into the
range obtained from comparisons between well
recognized biological species of the genus Podarcis
(Mayer & Tiedemann, 1982; Capula, 1990, 1994a,c).
Podarcis muralis, considered to be phylogenetically
related to P tiliguerta, appears to be remarkably
differentiated from the latter (D = 0.300), and is
more closely related to 1-? sicula (D = 0.181). On the
other hand, the comparison between P tiliguerta and
P sicula gave an average Nei's genetic distance
(D = 0.318) very close to that found between the
former species and P muralis.

higher among the samples from Corsica
(Nm = 0.845), but Nm reduces to 0.435 when
comparing the populations from Corsica with those
from the Corsican satellite islands. The Nm value
for the total sample of P tiliguerta is 0.293.

Cluster analysis
The genetic relationships among the populations
studied are depicted in Fig. 3. The UPGMA clustering
procedure revealed three main clusters, correspond-
ing to the three species analysed, in the phenogram
constructed on the basis of the matrix of Nei's
standard genetic distances. Within the cluster of P
tiliguerta, the existence of three subclusters should
be noted. The first subcluster includes the popula-
tions from Corsica (A—C), the second contains the
four samples from the Cerbicale Islands (D—G) and
the sample from the Island of Lavezzi (H), and the
third includes the six populations from Sardinia
(I—L, N) and Meli Island (M). Cophenetic correla-
tion between the matrix of genetic distances and the
derived phenogram was rather high (0.945).

Discussion
Gene flow
The rate of gene flow (Nm) was calculated at
various levels, from within each of the three major
groups indicated by genetic distance data and cluster
analysis to the total sample of P tiliguerta. Estimates
of Nm based on Wright's method are low; Nm
among Sardinian samples is 0.500, whereas when
comparing Sardinian and Corsican samples Nm
reduces to 0.284. Rates of gene flow are slightly

The results of our analyses on allozyme variation in
P tiliguerta indicate that genetic polymorphism is
relatively high in this species. The level of heterozy-
gosity (H0 = 0.066) is larger than (i) the average esti-
mated by Capula (1990) for nine species of Podarcis
(H0 = 0.053) and (ii) the average calculated by Nevo
(1978) for 17 species of reptiles (H0 = 0.047). The
highest values of heterozygosity are found in the
samples from Corsica, whereas the lowest ones are

The Genetical Society of Great Britain, Heredity, 77, 518—529.

P.

0.4 0.3 0.2 0,1



EVOLUTIONARY GENETICS OF PODARCIS TIL/GUERTA 525

observed in some samples from Sardinia. The popu-
lations from the Corsican satellite islands are char-
acterized by intermediate values of H0. This
indicates that in P tiliguerta H0 basically decreases
southwards in the direction of both decreasing rain-
fall and increasing air temperatures. Although the
lowest level of genetic variability was observed in a
very small island (Mcli), generally there was no
significant correlation between island size and
heterozygosity (Spearman's rank-correlation). Our
data allow us to compare the genetic variability of
'parent' island populations with that of small island
populations. In all, six small islands associated with
two parent islands (Corsica, Sardinia) were sampled.
None of the populations inhabiting the five small
islands off the south-eastern coast of Corsica showed
a markedly reduced genetic variability compared
with that of the parent island, i.e. the so-called
'small island effect' (Gorman et a!., 1975). The levels
of polymorphism and heterozygosity detected either
on the larger (Lavezzi, 0.729 km2; Pietricaggiosa,
0.046 km2) or on the tiny satellite islands (Maestro
Maria, 0.028 km2; Toro Grande, 0.016 km2; Toro
Piccolo, 0.005 km2), although lower than those found
on Corsica (P = 0.20 vs. P = 0.27; H0 = 0.072 vs.
H0 = 0.090), were more than we might expect from
the size of these small islands (see for example
Gorman et at., 1975; Gorman & Kim, 1976; Guil-
laume & Lanza, 1982; Capula, 1994a,c). Moreover,
these populations were genetically differentiated
from those inhabiting Corsica (average Nei's
D = 0.083). As the Cerbicale Islands are geographi-
cally very close to Corsica (3 km from Punta
Cerbicale, SE Corsica), the possibility of several
arrivals of lizards from the parent island via passive
transport cannot be excluded. Such arrivals could
explain the preservation of the relatively high
genetic variability observed in the samples from
these small islands. A different situation is found in
the sample from Mcli Island (SW Sardinia), which is
characterized by a severe reduction in genetic varia-
bility compared with that observed in the popula-
tions from the parent island. This could be caused
by genetic drift phenomena, as supported by the fact
that this population (i) inhabits a tiny fringing island
(<0.01 km2), (ii) has no unique alleles and is char-
acterized by a predominance of fixed alleles at each
locus, (iii) is genetically very similar (Nei's
D = 0.029) to the geographically closest population( 1 km) from Capo Giordano (SW Sardinia)
(Fig. 1).

The genetic heterogeneity analysis demonstrates
substantial genetic differentiation among local popu-
lations of P tiliguerta, with the level of genetic subdi-
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vision exceeding values known for other lizard
species (McKinney et al., 1972; Sites & Greenbaum,
1983; Sarre et at., 1990). The estimated standardized
variance in gene frequency (FST) for the total sample
is highly significant, with a value (0.460) much
higher than that calculated by Capula (1994a) for
the insular lacertid lizard P wagleriana (FST =0.153)
and very high for vertebrates in general (see for
example Gorman et al., 1975; Wright, 1978; Schone-
wald-Cox et al., 1983; Ragghianti & Wake, 1986).
This indicates that 46 per cent of the gene diversity
was between populations, and 54 per cent was within
populations.

F-statistics and genetic distance data show that, at
the scale of the study, genetic variation in P tiliguerta
is distributed into three population groups. These
groups are geographically coherent, as indicated by
UPGMA cluster analysis (Fig. 3). The first group
includes the populations from the northern part of
the range (Corsica), the second includes the popula-
tions from the small islands off the south-eastern
coast of Corsica (Cerbicale and Lavezzi), and the
third comprises the populations from the southern
part of the range (Sardinia and Mcli Island).
Genetic distances found among the three population
groups are much higher than those usually detected
within the genus Podarcis among local populations
of the same species (see Mayer, 1981; Capula, 1990,
1994a,b,c), the average Nei's D values ranging from
0.077 to 0.113. On the other hand, these values fall
below those normally encountered comparing popu-
lations of well recognized biological species (Thorpe,
1983), as showed by the comparison with P muralis
and P sicula samples (Fig. 3).

Several conditions may be responsible for popula-
tion structuring and differentiation in the geographi-
cally fragmented P tiliguerta, such as the occurrence
of genetic drift phenomena, the influence of
different selective regimes, and the mode and level
of gene flow. Although the distribution of genetic
diversity among P tiliguerta populations appears to
be random at most loci within the area studied, and
genetic drift might account for the possible loss of
alleles in the populations inhabiting the smallest
fringing island (Mcli Island), this in no way implies
that alleles at all loci are behaving neutrally and that
differentiation can occur only by genetic drift. The
hypothesis that different selective regimes actively
favour different alleles, at least at a few loci, cannot
be excluded. The latter possibility is supported by
the observation that genetic differentiation among
populations results mainly from large differences in
allele frequencies at a few loci (Idh-1, Gapd, Gpi).
Marked differentiation at these loci may be the
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result of range fragmentation produced by late Pleis-
tocene geological events, when Sardinia, Corsica,
and the other small satellite islands (linked to each
other until the last phase of the WUrmian glacial
period (Caloi et al., 1988)) were physically separated
by sea channels resulting from marine ingression
(Lanza, 1972, 1983). However, because the alleles at
the Idh-1, Gapd and Gpi loci show significant depar-
ture from random distribution and appear to vary
clinally across the populations studied, it is possible
that most of the polymorphisms at these loci are
being selected.

Reduced gene flow is another important factor
promoting genetic differentiation between
geographically isolated populations (Slatkin, 1987).
Therefore we expected to find a relatively high
correlation between geographical and genetic distan-
ces and low or very low levels of gene flow among
the three population groups in this study. The
results of our analyses are congruent with these
expectations, as we found a positive and significant
correlation between genetic and geographical distan-
ces. This correlation is an expression of isolation by
distance at the scale of the study. Moreover, the
rates of gene flow among the three groups of popu-
lations are noticeably low (Nm ranging from 0.284 to
0.435), indicating highly significant independence of
local demes. It must be stressed that when the esti-
mated average number of migrants per generation
(Nm) is <0.5, local demes are supposed to be
largely unconnected under any model of gene flow
(Nagylaki, 1983). This situation corresponds well to
the case of the island model of population differ-
entiation (Wright, 1940, 1943), in which strong isola-
tion and large genetic differences among
populations are involved.

In summary, the genetic structure of P tiliguerta
appears to be more subdivided than that of other
lizards studied to date. Although gene diversity
analysis cannot provide much information about the
relative significance of selectionist or neutralist
causes of this subdivision, the pattern of genetic
variability and the apparent clinal variation of alleles
at some loci suggest that the genetic structure of
populations is moulded by the interplay of stochastic
processes (geographical isolation, genetic drift) and
agents selectively affecting allele frequency changes
(local bioclimatic regimes).
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