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Patterns of differentiation in morphology, mitochondrial DNA and allozymes in amphibians and reptiles inhabiting
northern and southern shores of the Strait of Gibraltar are not concordant, suggesting that each taxon was affected
differently by events preceding or following the formation of the Strait of Gibraltar. Mitochondrial DNA and
allozyme differentiation between Discoglossus jeanneae and Discoglossus scovazzi (Anura, Discoglossidae), Rana
perezi and Rana saharica (Anura, Ranidae), and Blanus cinereus and Blanus tingitanus (Squamata, Amphisbaenia,
Amphisbaenidae) is substantial, whereas morphological differentiation is moderate in Rana and Blanus, but
is substantial in Discoglossus. Differentiation in mitochondrial DNA and morphology between Timon (Lacerta)
lepidus and Timon (Lacerta) tangitanus (Squamata, Lacertoidea, Lacertidae) is considerable, but allozyme
differentiation is low. In members of type-I and -II Podarcis vaucheri (Squamata, Lacertoidea, Lacertidae),
morphology and mitochondrial DNA are moderately differentiated, but allozyme differentiation is low. Spanish and
Moroccan populations of Hyla meridionalis (Anura, Hylidae), Mauremys leprosa (Testudines, Geoemydidae), and
Macroprotodon brevis (Squamata, Serpentes, Colubridae) demonstrate little allozyme and mitochondrial DNA
differentiation, but whereas morphological differentiation between Mauremys and Macroprotodon populations is
moderate, Hyla demonstrate substantial morphological differentiation between continental populations. These data
suggest that sex-limited mitochondrial markers are reflective of ancient phylogenetic history, whereas biparentally
inherited allozyme markers and morphological characteristics reflect more recent population structure and
movement. © 2008 The Linnean Society of London, Biological Journal of the Linnean Society, 2008, 94, 445-461.

ADDITIONAL KEYWORDS: cytochrome b — discordant character evolution — NADH dehydrogenase subunit
1 — NADH dehydrogenase subunit 2 — NADH dehydrogenase subunit 4.

INTRODUCTION assemblage (all amphibian species, all reptile species,
etc.) were likely to have been affected similarly by the
event, empirical data derived from analyses of bio-
chemical or morphological systems may rapidly falsify
this initial hypothesis, and suggest additional
avenues of investigation. When Busack (1986a) first
published results from an electrophoretic study of
genic differentiation in amphibians and reptiles
inhabiting adjacent shores of the Strait of Gibraltar,
it was apparent that allozyme evolution did not
*Corresponding author. E-mail: sbusack348@aol.com support a parallel effect in all taxa. Several

When a major geographic event is thoroughly inves-
tigated and dated, systematic biologists may use that
event as a source for information regarding rates and
causes of evolutionary change in the organisms
believed to be directly influenced by that event.
Although we may initiate analysis of such an event by
hypothesizing that all representatives of a species
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subsequent studies of individual taxa have been com-
pleted since 1986 (see Carranza, Arnold & Pleguezu-
elos, 2006 for an excellent summary), but our
understanding of the comprehensive biological effect
of this geographic event on the amphibians and rep-
tiles of this region remains incomplete.

We initiated a broad-based study of mitochondrial
DNA (mtDNA) in twelve currently accepted taxa from
this region, and compared these data with those
resulting from earlier analyses of morphology and
allozymes from the same taxa (in many cases from
the same individuals). Resulting patterns of concor-
dance and discordance demonstrated by this compari-
son provide the basis for advising caution in accepting
single sources of data regarding differentiation
between and among taxa (see also Hillis & Wiens,
2000).

MATERIAL AND METHODS
TAXON SAMPLING

Discoglossus jeanneae (eastern Iberia; Garcia-Paris,
Montori & Herrero, 2004: 15), Discoglossus scovazzi
(Mediterranean North Africa; Schleich, Kistle &
Kabisch, 1996: 110) (Anura, Discoglossidae), Hyla
meridionalis (south-western Iberia; Garcia-Paris
et al., 2004: 429) (Mediterranean North Africa; Schle-
ich et al., 1996: 134) (Anura, Hylidae), Rana perezi
(Iberia; Garcia-Paris et al., 2004: 472), Rana saharica
(North Africa; Schleich et al., 1996: 140) (Anura,
Ranidae), Mauremys leprosa (Iberia; Salvador, 1998:
105) (North Africa; Schleich etal., 1996: 147)
(Testudines, Geoemydidae), Blanus cinereus (Iberia;
Salvador, 1998: 336), Blanus tingitanus (north-
western Morocco; Schleich et al., 1996: 470) (Squa-
mata, Amphisbaenia, Amphisbaenidae), Podarcis
vaucheri (Type I, southern Iberia and Asilah,
Morocco, and Type II, humid mountain regions, Medi-
terranean Morocco; Busack, Lawson & Arjo, 2005:
240) (Squamata, Lacertoidea, Lacertidae), Timon
(Lacerta) lepidus (Iberia; Salvador, 1998: 201), Timon
(Lacerta) tangitanus (Morocco; Schleich et al., 1996:
414) (Squamata, Lacertoidea, Lacertidae), and Mac-
roprotodon brevis (southern Iberia; Salvador, 1998:
433) (north-western Africa; Schleich et al., 1996: 498)
(Squamata, Serpentes, Colubridae) were examined.
See Appendix 1 for the museum catalogue numbers of
the specimens examined during each phase of this
project.

MORPHOLOGY

Because we were interested in the overall differentia-
tion at the population level, we combined data from
males and females. A complete explanation of mea-
surement techniques and listing of morphological

characters is provided in Appendix 2. We used
SYSTAT 11.00.01 (Systat Software, Inc., 2004) for
performing classical discriminant function analysis
and for calculating Mahalanobis distances (D?). Popu-
lations of origin (Spain or Morocco; localities pre-
sumed to be affected by the formation of the Strait
of Gibraltar) were considered as grouping variables,
untransformed data were considered as predictors,
prior probabilities were computed from group sizes,
and we used a covariance matrix to calculate Mahal-
anobis distances to group centroids. The Mahalanobis
approach standardizes the data by scaling in terms of
standard deviations, and sums pooled within-group
variance—covariance, thereby adjusting for intercorre-
lations among highly correlated variables (Hair,
Anderson, Tatham & Black, 1992). Square roots of
individual inter- and intracontinental Mahalanobis
distances from respective population centroids were
then summed and averaged to provide the data dis-
played in Table 1 and Figure 1. An intracontinental D
of 3.3 for Spanish individuals indicates a mean stan-
dard deviation of 3.3 between Spanish individuals
and the centroid representing the mean value for the
Spanish population. An intercontinental D of 11.0
indicates a combined mean standard deviation of 11.0
between Spanish individuals and the centroid for
Moroccan individuals, and between Moroccan indi-
viduals and the centroid for Spanish individuals.

MTDNA

Our sources of DNA were alcohol-preserved samples
derived from cryogenically preserved tissue derived
from museum specimens (see Appendix 1 for genes
sequenced, voucher specimen numbers, and respec-
tive GenBank accession numbers).

We used standard methods for obtaining total
genomic DNA (Sambrook, Fritsch & Maniatis, 1989).
Template DNA for the polymerase chain reaction
(PCR) was prepared by diluting stock DNA with
Tris EDTA buffer to give a spectrophotometric absor-
bance reading of between 0.2 and 0.7 at A260.

The amplification of target DNA was carried out
in 100-ul reactions using a hot start method in a
thermal cycler, with a 7-min denaturing step at 94 °C,
followed by 40 cycles of denaturing for 40 s at 94 °C,
primer annealing for 30 s at 46 °C, and elongation for
1 min at 72 °C, with a final 7-min elongation step at
72 °C. The oligonucleotide primers for amplification
and sequencing, taken from the literature or designed
for this project, are listed in Appendix 3.

PCR products were purified using Promega Wizard®
PCR Preps DNA Purification System (Promega)
according to the manufacturer’s instructions. Cycle
sequencing was performed on PCR products using
the BigDye® (Perkin-Elmer) reaction premix for 50
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Figure 1. Morphological differences (expressed as Mahalanobis distances, D) between inter- and intracontinental
populations of congeneric amphibians and reptiles (see Results for details).

cycles of 96 °C for 10 s, 45 °C for 5s, and 60 °C for
4 min. Nucleotide sequences were determined using
an ABI Prism Genetic Analyzer model 3100 (Applied
Biosystems), and were aligned with Sequencher™
v4.0 (Gene Codes Corp.); percentage differences
(p-distances) between sequences were calculated
using PAUP* v4.0b4a (Swofford, 2000).

ALLOZYMES

Tissue samples were pooled for each animal. Proteins
were separated electrophoretically in horizontal
starch gels (11.5% hydrolyzed starch, Sigma Chemical
Co.), and were localized by standard histochemical
staining procedures (Selander, Smith, Yang, Johnson
& Gentry, 1971; Ayala, Powell, Tracey, Mourdo &
Perez-Salas, 1972; Harris & Hopkinson, 1976).

Allozymic data for each protein system were
obtained through ‘side-by-side’ comparisons of
Spanish and Moroccan material, and genetic interpre-
tations were based on criteria developed by Selander
et al. (1971). The unbiased minimum genetic distance
between populations (D), recommended by Nei (1978)
for comparisons utilizing small sample sizes, was
computed from allele frequencies using algorithms
provided by Nei (1978).

Enzymes and protein systems examined, electro-
phoretic conditions, and notes regarding the resolu-
tion of various systems are provided in Appendix 4.

Detailed descriptions of results from the electro-
phoretic analyses are available elsewhere (see Appen-
dix 4). We report only the D values obtained from
these analyses here.

RESULTS
MORPHOLOGY

Confidence limits (95%) for mean Mahalanobis D
values for M. leprosa from Spain (3.5-4.4) and
Morocco (3.5-5.6) overlap intercontinental limits
(4.2-5.3). Likewise, confidence limits for R. saharica
(8.2-4.2) overlap those between R. perezi and R.
saharica (4.0-4.4). Confidence limits for mean Mahal-
anobis D values between all other intercontinental
comparisons are greater than the limits within either
Spain or Morocco, regardless of the degree of per-
ceived taxonomic differentiation between popula-
tions (Table 1), but no pattern is apparent (Fig. 1).
Although genetically similar populations on each
continent (H. meridionalis, M. leprosa, and M. brevis)
demonstrate low intercontinental morphological dis-
tances (between 1.1 and 1.5 times intracontinental
distances), genetically differentiated congeneric popu-
lations (B. cinereus and B. tingitanus, R. perezi and
R. saharica) also demonstrate low levels of intercon-
tinental morphological differentiation (1.3 and 1.5
times that of intracontinental distance, respectively).
In contrast, intercontinental distances between 7. (L.)
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lepidus and T. (L.) tangitanus, and between D. jean-
neae and D. scovazzi, range between 2.3 and 3.3 times
the intracontinental distances, respectively.

MTDNA

We resolved 858 base pairs for cytochrome b (cyt-b)
in Discoglossus, 902 in Rana, 1143 in Podarcis and
Timon, and 1117 in Macroprotodon. Resolution for
NADH dehydrogenase subunit 1 (ND1), ND2 and
ND4 was as follows: 987 base pairs for ND1 in Hyla,
969 in Rana, 968-972 in Mauremys, and 964 in Mac-
roprotodon; 1047 base pairs for ND2 in Discoglossus,
1035 in Hyla, 1038 in Rana, 1044 in Mauremys, 1041
in Blanus, 1038 in Podarcis, 1035 in Timon, and 1032
in Macroprotodon; 705 base pairs for ND4 in Maure-
mys, 702 in Blanus, 709 in Podarcis and Timon, and
696 in Macroprotodon.

Inter- and intracontinental mtDNA differentiation
in M. leprosa are equivalent (p ~0.2 vs. p~0.0 in
Spain and p ~ 0.3 in Morocco). With the possible
exception of M. brevis, for which we have no intrac-
ontinental data, all other taxa demonstrate greater
differentiation [mean intercontinental p values are
between ~2.5 (Hyla) and ~154 (Rana saharica) times
greater (Table 1; Fig. 2) across the Strait of Gibraltar
than within populations inhabiting either Spain or
Morocco].

ALLOZYMES

Figure 3 provides graphical representation of intra-
and intercontinental Nei’s D values; the actual values
and total number of loci resolved for all taxa are
summarized in Table 1. Although there were no fixed
allelic differences resolved in H. meridionalis, M.
leprosa, P. vaucheri, or M. brevis, 13 were identified
between B. cinereus and B. tingitanus, nine between
D. jeanneae and D. scovazzi, six between R. perezi and
R. saharica, and three between 7. (L.) lepidus and
T. (L.) tangitanus (Busack, 1986a: Table 2).

Congeneric species pairs currently separated by
the Strait of Gibraltar demonstrate intercontinental
Nei’s D values that are greater than intracontinen-
tal values (Table 1; Fig. 3). Intercontinental values
range between 1.9 and 4.4 times intracontinental
values among D. jeanneae and D. scovazzi, R. perezi
and R. saharica, B. cinereus and B. tingitanus, P.
vaucheri types I and II (see Busack et al., 2005),
and T. (L.) lepidus and T. (L.) tangitanus. Inter- and
intracontinental Nei’s D values are more or less
equal between populations considered to represent
the same species (H. meridionalis, M. leprosa, and
M. brevis) on each side of the Strait of Gibraltar
(Table 1; Fig. 3).

DISCUSSION

By the time the Strait of Gibraltar had stabilized to
form today’s watercourse [5.6-5.3 million years ago
(Ma); Hsi, Montandert, Bernoulli, Cita, Erikson, Gar-
rison, Kidd, Meliéres, Miiller & Wright, 1977], several
geographical changes had affected the European and
African land masses it separates (Benson, Rakic-El
Beid & Bonaduce, 1991; de Jong, 1998; Gomez, Beau-
champ & Barazangi, 2000). Among those changes was
the formation of islands, generally short-lived in geo-
logical time, and substantial in surface area, that may
have provided temporary shelter for sufficiently mobile
amphibians and reptiles capable of surviving extremes
in environmental conditions. Amphibians and reptiles
that do not tolerate saline environments, or that are
incapable of swimming relatively long distances, could
not be expected to traverse the Strait, and, unless
provided with appropriate environments on those
islands, would perish. Without recruitment, surviving
mainland populations of these taxa would retain the
genetic complement available to them immediately
after the formation of the Stait was complete.
Mitochondrial DNA and allozyme differentiation
between Spanish and Moroccan populations of H.
meridionalis, M. leprosa and M. brevis is very low
(p = 0.5, D = 0.04, respectively, in each taxon), and
discriminant function analysis (DFA) of morphology
accurately assigned 80, 88, and 98% of Spanish and
Moroccan samples, respectively, to the population of
origin (Table 1; Figs 1-3). With overlapping intra- and
intercontinental 95% confidence limits for mean
Mahalanobis D values, M. leprosa populations retain
levels of morphological variation within Spain and
within Morocco equivalent to those between Spain and
Morocco, whereas H. meridionalis and M. brevis popu-
lations do not. Mauremys leprosa requires pond and
stream habitat for survival, is known to demonstrate
salt-water tolerance, and may occasionally cross the
Strait of Gibraltar (Busack, 1977: 291). Equivalent
intra- and intercontinental levels of morphological
variability probably reflect the relative microhabitat
uniformity of this species’ habitat in the region. The
level of variation in H. meridionalis from Spain is less
similar to the intercontinental level than is the level of
variation in Moroccan populations, suggesting a
founder effect in Spain, or greater survival probability
associated with greater morphological plasticity in
Morocco, or both. This unusual situation (given that
regional climate and geography in northern coastal
Africa and southern coastal Europe are quite similar)
warrants further examination. Macroprotodon brevis
is a habitat generalist commonly found in association
with human settlements. Although mtDNA and allozy-
mic differentiation between continental populations is
low, there is substantial morphological variation
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Figure 2. Mitochondrial DNA (mtDNA) sequence differences [expressed as percentages (p)] between inter- and intra-
continental populations of congeneric amphibians and reptiles (see Results for details).
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Figure 3. Allozyme differences (expressed as Nei’s D values) between inter- and intracontinental populations of
congeneric amphibians and reptiles (see Results for details).
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within and between continents (Fig.1, Busack &
McCoy, 1990; Carranza, Arnold, Wade & Fahd, 2004).
Genic similarity is likely to stem from recent coloniza-
tion of Spain from Morocco: the founder effect, coupled
with differing selective pressures within microhabitats
on each side of the Strait, may be the driving force for
morphological divergence (Carranza et al., 2004).

Morphology and mtDNA (Table 1 and Figs 1, 2,
respectively) between T. (L.) lepidus (Spain) and 7. (L.)
tangitanus (Morocco), and between representatives of
types-I (both Spain and Morocco) and -II (Morocco
only) P. vaucheri (fide Busack et al., 2005), are sub-
stantially differentiated, but allozyme differentiation
is relatively low (Table 1; Fig. 3). Paulo (2001) suggests
that T lepidus began to diverge as a result of Miocene
land-bridge formation and deformation between conti-
nents, and Mateo & Loépez-Jurado (1994: Fig. 3) dem-
onstrate an association between bioclimatic region and
patterns of coloration in Iberian populations. Geo-
graphic and microbioclimatic change associated with
the formation of the Strait may have precipitated or
accelerated morphological evolution in these taxa, and
the moderate level of allozymic differentiation is likely
to be reflective of the fact that these wide-ranging
terrestrial (Timon) and semi-arboreal or saxicolous
(Podarcis) lizards inhabited the area between Africa
and Europe, as changes in sea level variously produced
and destroyed emergent land masses. Representatives
of P. vaucheri Type I continue to inhabit both Spain
and Morocco today (Busack et al., 2005: 254).

Mitochondrial DNA and allozyme differentiation
between R. perezi and R. saharica, and between B.
cinereus and B. tingitanus, is substantial (Table 1,
Figs 2, 3), suggesting that species formation in these
genera may have been precipitated or augmented by
the opening of the Strait of Gibraltar. If this were the
case, the moderate degree of morphological differen-
tiation found in Rana and Blanus may simply be
reflective of continued survival and reproductive
success in relatively stable aquatic (Rana) or fossorial
(Blanus) habitats.

Mitochondrial DNA and allozyme differentiation
between D. jeanneae and D. scovazzi is substantial
(p-distance ~ 13, D ~ 0.39; Table 1), suggesting species
evolution preceding or directly related to formation of
the Strait of Gibraltar. Considerable morphological
differentiation is also apparent in this species pair:
DFA correctly assigned 100% of samples to the popu-
lation of origin (Table 1; Fig. 1). Rapid morphological
change following population fragmentation appears
probable in this terrestrial genus, as D. pictus and D.
sardus were accorded species status on morphological
grounds, yet the cessation of reproductive contact
between them is estimated to have been between 4.7
and 1.9 Ma (Zangari, Cimmaruta & Nascetti, 2006):
Table 5).

For our summary discussion, we standardized
intercontinental data by calculating and plotting,
in Figure 4, the percentage of the maximum value
obtained for each datum within a data set. The
mean value of the Mahalanobis D representing mor-
phological differentiation between D. jeanneae and
D. scovazzi was 11.04 (Table1), and was the
maximum value obtained for this datum across all
taxa. This result is represented on Figure4 by
the placement of the appropriate symbol at 100%
for this taxon pair. Corresponding values of Mahal-
anobis D [88% (9.74/11.04 = 0.88) for H. meridiona-
lis, 38% for R. perezi and R. saharica, etc.],
p-distance, and Nei’'s D were similarly calculated
and placed on Figure 4. Although we fully under-
stand there may be significant differences between
genetic and selective components affecting these
parameters, both among taxa and within each
taxon, we think this procedure presents a reason-
ably accurate means of presenting differentiation
among taxa in this region.

Close examination of these data (see Fig.4)
suggests that sex-limited mitochondrial markers
(mtDNA) are likely to be reflective of the ancient
phylogenetic history of each taxon, whereas biparen-
tally inherited allozyme and morphological markers
are likely to be reflective of more recent movement
and assembly of populations. If this is in fact the case,
morphological evolution in these taxa apparently may
precede (as in the case of H. meridionalis, M. brevis,
and M. leprosa), follow (as in R. perezi, R. saharica,
B. cinereus, and B. tingitanus), or occur almost in
concert with (as in D. jeanneae and D. scovazzi)
mtDNA and allozymic differentiation. The pattern
(reduced allozymic differentiation coupled with rela-
tively higher levels of morphological and mtDNA dif-
ferentiation) demonstrated by Podarcis and Timon
suggests that, under certain conditions, allozymic dif-
ferentiation may also trail behind mtDNA and mor-
phological differentiation.

CONCLUSIONS

Patterns of differentiation in morphology, mtDNA
and allozymes in amphibians and reptiles inhabiting
the northern and southern shores of the Strait of
Gibraltar are not concordant. Whether this discor-
dance was initiated prior to, was exacerbated by, or
is completely random, with respect to the formation
of the Strait of Gibraltar, the variable degree of ‘dif-
ferentiation among these taxa suggests that the
population structure of each was affected differently
by the environmental changes the whole region
must have undergone’ (Busack, 1986a: 33). Our
results further suggest that formulating biogeo-
graphic scenarios requires multidisciplinary exami-
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Figure 4. Comparison of relative intercontinental differences in morphology, mitochondrial DNA (mtDNA), and alloz-
ymes (expressed as percentages of the maximum values recorded for each characteristic within the taxa sampled) within
and among congeneric populations of amphibians and reptiles (see Discussion for details).

nation of the biota involved, and that taxon
assignment, which historically has been morphology-
based, should proceed with extreme caution in the
absence of genetic data.
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