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Summary

Summary

Iberian and North African Podarcis wall lizards constitute a cryptic species complex for
which different morphological studies have produced largely conflicting results regarding
the number, taxonomic rank and distribution of evolutionary entities. Recently, the
assessment of mitochondrial DNA (mtDNA) diversity demonstrated the existence of highly
differentiated and geographically consistent clusters, some of which corresponded neatly
to partitions previously suggested by morphological analyses. As a result of this
concordance, systematic reevaluations were carried out, and at present five different
species are recognised: P. bocagei, P. carbonelli, P. vaucheri, P. hispanica and P. atrata,
although the latter has been shown to be closely related to one of the various phylogroups
that constitute the polytypic (and, from a mitochondrial DNA perspective, paraphyletic) P.
hispanica.

Given this framework, the first goal of this thesis was to characterize in more detail the
dynamics of genetic differentiation among forms of this species complex. Previous
descriptions of genetic variability within the complex relied on a single marker -
mitochondrial DNA -, and biogeographical inferences were heavily dependent upon poorly
supported estimates of relationships. On one hand, we aimed at obtaining a more robust
mtDNA-based phylogenetic tree in order to validate previous hypotheses regarding the
biogeographical processes governing variability within the clade. On the other hand, we
sought to complement these data with information from the nuclear genome, in order to
independently assess the distinctiveness of the various clades previously described.
Additionally, by examining patterns of nuclear-mitochondrial concordance and analysing in
detail the dynamics of a contact zone between two species, we were expecting to evaluate
levels of reproductive isolation among forms of the species complex.

The reevaluation of mitochondrial phylogenetic relationships was accomplished by
selecting a few individuals from each lineage and extending the amount of included
sequence data. In addition to the two mtDNA gene regions already published, we
sequenced three other fragments, yielding a total of 2425bp. A robust phylogenetic tree
was recovered, with a significant proportion of nodes receiving bootstrap support close to
100%. This rigorous assessment of mtDNA relationships between lineages confirmed some
of the results obtained in previous studies, such as the paraphyly of P. hispanica. However,
other aspects of the phylogeny differ, offering alternative scenarios for the timing and
polarity of the colonization of North Africa by wall lizards. In particular, we suggest that
the opening of the Strait of Gibraltar might have caused vicariant isolation of Iberian from
North African forms, and that a subsequent transmarine colonization could have occurred
from North Africa to Iberia. An additional important contribution of this study was the
detection of a previously undescribed lineage inhabiting southern Spain, which further
exemplifies the evolutionary complexity within this group.

Two major lines of research were pursued regarding the description of nuclear gene
variation: allozyme electrophoresis and sequencing of nuclear introns. The study of
allozyme variation in 30 populations representing all known mtDNA lineages documented a
high degree of genetic divergence between most of them, with groups within P. hispanica
generally presenting similar levels of differentiation to those observed between fully
recognised species. Although this constitutes evidence corroborating the validity of mtDNA
lineages as evolutionary distinct units, the application of recent model-based clustering
approaches revealed some important discordant patterns with respect to the mtDNA,
which may be indicative of the occurrence of gene flow between forms. In this context,
two hybrid individuals between the broadly sympatric P. bocagei and P. hispanica type 1
were detected.
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Conversely, the study of two nuclear gene genealogies (B-fibint7 and 6-Pgdint7),
demonstrated that, in general, species and mtDNA lineages are strikingly non-
monophyletic, which was unexpected given the high levels of differentiation detected by
the use of other markers. An important issue that required clarification was, then, if this
pattern emerged as the result of incomplete lineage sorting of ancestral polymorphism
(motivated by the four-times higher effective population size of nuclear genes when
compared to the mtDNA) or if it resulted from high levels of gene flow. In order to
disentangle between these two non- mutually exclusive hypotheses, we estimated levels of
gene flow between all pairs of lineages using recent methods of analyses based on
coalescent theory that allow the study of the dynamics of admixture and divergence in the
same framework. In contrast to the information obtained using classic, F-statistic-based
estimators of gene flow, this approach revealed that only a few pairs of lineages have
exchanged genes since their divergence, and even fewer show important levels of gene
flow, suggesting that in general the various lineages are overall differentiated. Therefore,
although gene flow has certainly played an important role in the evolution of the species
complex (and as a result some mtDNA lineages may have even lost their nuclear identity),
the polyphyletic pattern observed in nuclear genealogies is especially influenced by the
persistence of ancestral polymorphism.

These studies addressed the subject of gene flow among forms superficially, mostly
based on the patterns of mitochondrial/nuclear discordance. In order to characterize in
more detail the dynamics of gene flow, a battery of nuclear and mitochondrial markers
was studied along a transect crossing the contact zone between P. bocagei and P.
carbonelli. This information was complemented with analyses of morphology and fertility.
Applying model-based individual multilocus genotype clustering approaches, we document
abundance of individuals showing signs of admixture in the locality where the two species
meet. However, strong Hardy-Weinberg and linkage disequilibria were observed. This clear
bimodality suggests the existence of strong barriers to gene flow, the nature of which still
remain obscure. For example, our data suggests neither obvious reductions in hybrid
fertility nor the verification of Haldane’s rule. However, divergent natural selection acting
on morphology is suggested by the fact that genetically admixed individuals are clearly
assigned to one species or the other based on morphological characters. Bimodality within
a hybrid zone is usually suggestive of a nearly complete process of speciation; while these
results cannot be promptly generalized to other contact zones, they are in accordance with
previous suggestions that, although Podarcis lineages are not fully reproductive isolated,
levels of gene flow among them do not seem to challenge the ongoing process of
differentiation.

A second major goal of this thesis was to describe the phylogeographic structure within
selected forms of the species complex using multiple molecular markers. In particular, we
attempted to evaluate the response of the species to the Pleistocene climatic oscillations,
comparing the patterns detected with phylogeographic scenarios described for other
species occupying the same regions, and interpreting contrasting signatures left by the Ice
Ages on distinct species of Podarcis.

The study of mtDNA variation in P. bocagei, P. carbonelli and P. vaucheri, three species
with parapatric distributions that replace each other along a latitudinal gradient, allowed
us to test two predictions relative to the differential influence of Quaternary climatic
oscillations on distinct latitudes: i) northerly distributed species are expected to bear lower
levels of genetic subdivision and diversity than species distributed in the south because
they were able to survive in fewer, smaller and less stable patches of favourable habitat
during glaciations; ii) species distributed in the south should retain signs of long-term
effective population size stability, while northern species, because they were more
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confined during glacial stages, should have experienced a rapid demographic growth
concomitant with a post-glacial colonization of newly available habitats. Our results show
that P. bocagei presents remarkably low levels of diversity and subdivision, a shallow
coalescent history (the estimated coalescence time was ~100,000-~70,000 years) and a
strong signature of demographic growth. P. vaucheri, on the other hand, presents large
levels of genetic diversity even at small geographic scales, strong geographic subdivision,
no evidence of demographic growth and an ancient coalescence time, probably dating back
to the initial stages of the Pleistocene. The intermediately distributed P. carbonelli presents
average values of all studied variables. Taken together, these results entirely fit to our
main predictions and demonstrate that different effects of the Ice Ages can be detected at
small geographic scales.

The analyses of nuclear markers (allozymes and a set of microsatellite loci specifically
developed during this study) in populations of P. bocagei and P. carbonelli confirmed, on
one hand, the low levels of population subdivision observed in both species from the study
of mitochondrial DNA. Moreover, levels of differentiation are higher among populations of
P. carbonelli than among populations of P. bocagei, which is also in accordance with higher
levels of persistence and a consequent longer time for differentiation in the former inferred
from mtDNA. In P. bocagei, we report a progressive loss of genetic diversity in a
northwards fashion, consistent with a recent geographic expansion from a reduced source
as suspected from mtDNA-based evidence of a rapid demographic growth. Moreover,
based on a spatial interpolation of genetic data and on a Bayesian model-based multilocus
genotype clustering algorithm, we were able to identify probable expansion routes and to
pinpoint with some degree of certainty the area that has probably functioned as a glacial
refugium for the species during the last glaciations. Applying the same methodology in P.
carbonelli we document some degree of association between genetic clusters and
geography, but with only partial correspondence to inferences based on mtDNA; to explain
these discordant patterns, we hypothesise that recent fragmentations in the species’
distribution might have led to a loss of the genetic signatures that are typically found in
co-distributed species, and that the patterns that are presently observed are more a by-
product of recent genetic drift than of Pleistocene climatic oscillations.

Globally, these results constitute a major improvement regarding previous knowledge
on evolutionary relationships, stages of differentiation, levels of gene flow and patterns of
intraspecific subdivision in Iberian and North African Podarcis. At a more general level, the
large-scale study of nuclear gene variation on these lizards, documenting polyphyly and
gene flow among mtDNA lineages, illustrates that these correspond to very incipient
species with permeable boundaries, highlighting the need for the assessment of multiple
genetic markers prior to any taxonomic reevaluations. Moreover, the results have a double
importance for the understanding of the Iberian and North African Quaternary
biogeography: on one hand, by helping to confirm the transversality of patterns that
appear in response to climatic fluctuations, such as glacial fragmentation and post-glacial
expansion; on the other hand, by documenting how species-specific such patterns may be
even among closely-related species.
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Resumo

As lagartixas do género Podarcis da Peninsula Ibérica e do Norte de Africa constituem um
complexo de espécies cripticas para o qual diferentes estudos de caracterizagdo
morfoldgica produziram resultados controversos no que diz respeito a delimitacdo de
entidades evolutivas. Recentemente, a descricdo da variabilidade genética ao nivel do
DNA-mitocondrial (mtDNA) demonstrou a existéncia de varios grupos altamente
diferenciados e com uma forte associagdo com a geografia, alguns dos quais
correspondendo claramente a entidades sugeridas pelos estudos morfoldgicos. Como
resultado desta concordancia, foi levada a cabo uma revisdo taxondmica, reconhecendo-se
presentemente cinco espécies: P. bocagei, P. carbonelli, P. vaucheri, P. hispanica e P.
atrata, se bem que esta Ultima seja extremamente similar do ponto de vista genético a um
dos varios clados detectados dentro de P. hispanica, espécie reconhecidamente politipica
e, do ponto de vista do DNA-mitocondrial, parafilética.

Com base neste cendrio, estabeleceu-se como primeiro objectivo desta tese a
caracterizacdo detalhada dos padrbes de diferenciagdo genética entre formas do complexo
Podarcis, uma vez que as descricdes prévias da variabilidade genética neste género se
baseavam totalmente num Unico marcador molecular - o0 mtDNA - e que as inferéncias
biogeograficas eram altamente dependentes de estimativas de relagdes evolutivas
relativamente mal suportadas estatisticamente. Por um lado, tentou-se obter uma arvore
filogenética mais robusta para o DNA-mitocondrial, de forma a testar as hipdteses
biogeograficas colocadas anteriormente. Por outro lado, procurou-se complementar estes
dados com informacdao do genoma nuclear, para averiguar de modo independente o grau
de diferenciagdo das linhagens anteriormente descritas. Adicionalmente, através do exame
dos padrdes de concordancia entre DNA-mitocondrial e genes nucleares e do estudo
detalhado da dindmica de uma zona de contacto entre duas espécies, tentou-se avaliar o
grau de isolamento reprodutivo entre formas do complexo Podarcis.

A reavaliacdo das relagGes filogenéticas foi concretizada através da seleccdo de alguns
individuos de cada linhagem e da sequenciacdo de uma porgdo maior de DNA-
mitocondrial. Para além dos dois genes estudados em trabalhos anteriores, foram
sequenciados fragmentos de outras trés regiGes, obtendo-se um total de 2425 pares de
bases. Da analise destes dados resultou uma arvore filogenética robusta, na qual a maioria
dos clados obtém elevados valores de bootstrap. Esta avaliagdo rigorosa da filogenia
mitocondrial confirma algumas das hipdteses levantadas anteriormente, como por exemplo
a parafilia de P. hispanica. No entanto, alguns aspectos da filogenia recuperada diferem
em relacdo a estimativas anteriores, propondo-se cenarios alternativos para a colonizacdo
do Norte de Africa. Em particular, sugere-se que a abertura do Estreito de Gibraltar possa
ter causado o isolamento vicariante das formas Ibéricas e Norte-Africanas, e que uma
colonizacdo posterior tenha ocorrido do Norte de Africa para a Peninsula Ibérica. Uma
contribuicdo importante deste estudo foi também a descricdo de uma linhagem endémica
do Sudeste da Peninsula Ibérica, ndo detectada em trabalhos anteriores, que constitui um
exemplo adicional da complexidade evolutiva deste grupo de espécies.

No que diz respeito a descrigdo da variabilidade genética ao nivel do genoma nuclear,
foram seguidas duas linhas de investigagdo: a descricdo da variagdo electroforética de
aloenzimas e a sequenciacdo de introes nucleares. O estudo da variabilidade genética ao
nivel das aloenzimas em 30 populagbes representativas de todas as linhagens
mitocondriais revelou que, em geral, os grupos definidos com base no mtDNA se
encontram bem diferenciados e que as varias linhagens observadas em P. hispanica
apresentam entre si graus de diferenciacdo semelhantes aos observados entre espécies
reconhecidas. Apesar de este facto constituir uma corroboracdo da validade das linhagens

Xi



Resumo

mitocondriais como entidades evolutivas claramente distintas, a aplicacdo de métodos de
analise recentes que agrupam individuos com base no seu genotipo multilocus demonstrou
alguns padrdes discordantes que poderdo resultar da ocorréncia de fluxo génico entre
formas. A este nivel, foram detectados dois individuos que muito provavelmente serdo
hibridos entre P. bocagei e P. hispanica tipo 1, formas largamente simpatridas.

Em oposicdo ao elevado grau de diferenciagdo observado através da analise do DNA-
mitocondrial e das proteinas, o estudo de duas genealogias nucleares (B-fibint7 e 6-
Pgdint7) revelou uma inesperada auséncia de monofilia das diversas espécies e linhagens
mitocondriais. Tornou-se necessario, assim, esclarecer se este padrdo polifilético resultaria
da persisténcia de polimorfismo ancestral, incompletamente distribuido pelas diversas
linhagens, ou de um elevado grau de fluxo génico. No sentido de avaliar a plausibilidade
destes dois cendrios (que ndo sdo mutuamente exclusivos), recorreu-se a métodos de
analise baseados na teoria da coalescéncia que permitem estudar migragdo e diferenciagéo
no mesmo contexto. De acordo com esta abordagem, detectaram-se niveis de
miscigenagdo importantes entre muito poucos pares de linhagens, o que sugere que a
maior parte das formas se encontram isoladas reprodutivamente. Assim sendo, apesar de
o fluxo génico poder ter desempenhado um papel importante na evolugdo deste complexo
de espécies (sendo que algumas linhagens mitocondriais poderdo inclusivamente ter
perdido a sua identidade nuclear), o padrdo polifilético observado nas genealogias
nucleares resulta sobretudo da persisténcia de niveis elevados de polimorfismo ancestral.

Estes estudos abordaram a caracterizagdo dos niveis de fluxo génico entre linhagens
de uma forma superficial, através do estudo da discorddncia entre padrdes evolutivos
revelados por marcadores mitocondriais e nucleares. Para caracterizar com mais detalhe
os processos de miscigenagdo entre linhagens de Podarcis, estudou-se uma bateria de
marcadores nucleares e mitocondriais ao longo de um transecto atravessando a zona de
contacto entre P. bocagei e P. carbonelli. Esta informagdo foi complementada com analises
de morfologia e fertilidade. Aplicando métodos de agrupamento individual, demonstra-se
uma abundancia de individuos apresentando sinais de miscigenagdo na localidade onde as
duas espécies coexistem. No entanto, observam-se também desvios significativos aos
equilibrios de Hardy-Weinberg e de ligacdo. Esta bimodalidade sugere a existéncia de
barreiras impeditivas do fluxo génico entre as duas espécies, apesar da natureza das
mesmas permanecer obscura. Por exemplo, ndo foi possivel demonstrar redugdes na
fertilidade dos hibridos nem a verificacdo da regra de Haldane. No entanto, a auséncia
clara de individuos de morfologia intermédia, mesmo em individuos apresentando sinais
de miscigenagdo, parece implicar a existéncia de forgas selectivas actuando sobre a
morfologia. Este tipo de zona hibrida bimodal é normalmente sinal de um processo de
especiacdo praticamente concluido. Estes resultados, apesar de ndo poderem ser
generalizados a outras zonas de contacto, estdo de acordo com a sugestdo de que o grau
de fluxo génico que ocorre entre linhagens de Podarcis ndo parece ser suficiente para
impedir o processo de diferenciagdo.

Um segundo objectivo desta tese prendeu-se com a descricdo da estrutura
filogeografica intraespecifica em trés espécies de lagartixa através do uso de multiplos
marcadores moleculares. Em particular, pretendeu-se avaliar a resposta das espécies
escolhidas as oscilagbes climaticas que caracterizaram o periodo Quaternario, comparando
os padrdes observados com os cenarios filogeograficos descritos para outras espécies
distribuidas nas mesmas regides e interpretando as histdrias evolutivas contrastantes
observadas em diferentes espécies de Podarcis.

O estudo da variagdo genética ao nivel do mtDNA em P. bocagei, P. carbonelli e P.
vaucheri, trés espécies com distribuigdes parapatricas que se substituem ao longo de um
gradiente latitudinal, permitiu-nos testar duas hipoteses relativas a influéncia diferencial
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das oscilagdes climaticas do Quaternario de acordo com a latitude: i) espera-se que
espécies distribuidas a Norte apresentem niveis diminuidos de diversidade e de
subestruturacdo genética quando comparadas com espécies distribuidas a Sul, devido ao
facto de durante as glaciagbes as condicGes climaticas permitirem apenas a subsisténcia
de um pequeno numero de manchas de habitat favordvel a Norte, provavelmente de
menores dimensdes e estabilidade; ii) espécies distribuidas a Sul deverdo evidenciar sinais
de estabilidade demografica a longo-prazo, contrastando com espécies distribuidas a
Norte, que, por terem permanecido confinadas em reflgios reduzidos durante as fases
glaciais, deverdo ter sofrido um crescimento demografico subito concomitante com a
colonizagdo poés-glacial de regies anteriormente indspitas. Os resultados obtidos
demonstram que P. bocagei, a espécie com uma distribuicdo mais nortenha, apresenta
niveis relativamente baixos de diversidade e subdivisdo, uma histéria coalescente recente
(o tempo de coalescéncia estimado é de 70000 a 100000 anos) e uma clara evidéncia de
crescimento demografico. Pelo contrario, P. vaucheri, a espécie com distribuicdo mais a
Sul, apresenta uma grande diversidade genética (mesmo a uma escala geografica
reduzida), forte subestruturagdo geografica, evidéncia de estabilidade demografica e um
tempo de coalescéncia antigo, coincidente com as fases iniciais do Pleistoceno. P.
carbonelli, espécie com uma distribuicdo intermédia entre as duas anteriores, apresenta
valores médios para todas as varidveis estudadas. Em conjunto, estes resultados ajustam-
se totalmente as previsdes iniciais e demonstram que efeitos contrastantes das glaciacGes
de acordo com a latitude podem ser detectados a escalas geogréaficas relativamente
pequenas.

A anadlise de marcadores nucleares (aloenzimas e um conjunto de microssatélites
especificamente desenvolvido durante este estudo) em populagbes de P. bocagei e P.
carbonelli confirmou os baixos niveis de subestruturagdo populacional inferidos para
ambas as espécies através da andlise do mtDNA. Para além disso, os niveis de
diferenciagdo sdo mais elevados em P. carbonelli do que em P. bocagei, o que também
estd de acordo com o mtDNA ao sugerir um maior grau de persisténcia e maior tempo de
divergéncia na primeira do que na segunda espécie. Em P. bocagei detectou-se uma perda
progressiva da variabilidade genética no sentido Sul-Norte, consistente com uma expansao
geografica recente a partir de um refligio, que estd de acordo com o cenario de expanséo
demogriéfica inferida a partir do mtDNA. Adicionalmente, através da interpolagdo espacial
dos dados genéticos e da aplicagdo de um método Bayesiano de agrupamento individual,
foi possivel identificar vias provaveis para a expansdo geografica e apontar com um
consideravel grau de detalhe a area que tera funcionado como reflgio para a espécie
durante as ultimas glaciagdes. Aplicando a mesma metodologia, em P. carbonelli verifica-
se um grau moderado de associagdo entre a variabilidade genética e a geografia, mas
apenas uma correspondéncia parcial em relagdo aos grupos inferidos com base no mtDNA;
como forma de acomodar estes padrdes discordantes, apresenta-se a hipotese de que
fragmentagdes recentes na distribuicdo da espécie poderdo ter levado a perda das
assinaturas genéticas tipicamente encontradas em espécies co-distribuidas, e que os
padrdes presentemente observados se fiquem a dever mais a deriva génica recente do que
as oscilagdes climaticas do Pleistoceno.

No seu conjunto, estes resultados constituem um importante avango em relagdo ao
conhecimento prévio das relacdes evolutivas, estados de diferenciacdo, niveis de fluxo
génico e padrdoes de subdivisdo intraespecifica nas lagartixas do género Podarcis da
Peninsula Ibérica e do Norte de Africa. De um ponto de vista mais geral, o estudo em larga
escala da variacdo em genes nucleares nestes organismos, ilustrando polifilia e fluxo
génico entre linhagens altamente diferenciadas do ponto de vista do DNA-mitocondrial,
sugere que estas correspondem a espécies muito incipientes, com limites ainda
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permeaveis e documenta a necessidade do estudo de multiplos marcadores genéticos
antes de reavaliagGes taxondmicas. Adicionalmente, estes resultados revestem-se de uma
dupla importancia para o conhecimento da biogeografia Ibérica e Magrebina: por um lado,
ao confirmar a transversalidade de padrBes que surgem como resposta as oscilages
climaticas (tais como fragmentagdo glacial e expansdo pds-glacial); por outro lado, ao
documentar o qudo especificos estes padrdes podem ser, mesmo entre espécies muito
aparentadas.
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Résumé

Les Iézards du genre Podarcis de la Péninsule Ibérique et de I’Afrique du Nord forment un
complexe d’espéces cryptiques pour lequel différentes études de caractérisation
morphologique ont donné des résultats contreversés en ce qui concerne l'identification des
limites des entités évolutives. Récemment, la description de la variabilité génétique au
niveau de I'ADN mitochondrial (mtDNA) a montré |'existence de divers groupes trés
différenciés et clairement associés a la géographie, quelques-uns correspondant a des
entités suggérées par les études morphologiques. En raison de cette concordance, une
révision taxonomique a été réalisée et cinq espéces sont reconnues a présent: P. bocagei,
P. carbonelli, P. vaucheri, P. hispanica et P. atrata, méme si cette derniére soit
extrémement similaire du point de vue génétique a un des différents clades détectés au
sein de P. hispanica, une espéce typiquement politypique et, du point de vue
mitochondrial, paraphylétique.

Basé sur ce scénario, nous avons établi comme premier objectif de cette thése la
caractérisation détaillée des patrons de différenciation génétique entre les formes du
complexe Podarcis. D'un coté, nous avons essayé d’obtenir un arbre phylogénétique plus
robuste pour le mtDNA de fagon a tester les hypothéses biogéographiques décrites
antérieurement. D’un autre c6té, nous avons aussi essayé de compléter ces donnés avec
I'information du génome nucléaire pour analyser de fagon indépendante le degré de
différenciation des lignées connues. En plus, nous avons évalué le degré d’isolement
reproducteur entre les formes du complexe Podarcis a travers l'analyse des patrons de
concordance entre mtDNA et génes nucléaires, et de I'étude détaillée de la dynamique
d’une zone de contact entre deux espéces.

Le ré-évaluation des relations phylogénétiques a été faite a travers la sélection de
quelques individus de chaque lignée et du séquencage d'une plus grande région du
mtDNA. En plus des deux génes étudiés dans des travaux précédents, des fragments de
trois autres régions ont aussi été séquencés et un total de 2425 pb (paires de bases) a été
obtenu. L'analyse de ces donnés a permis de reconstruire un arbre phylogénétique
robuste, ou la grande majorité des clades montre des valeurs élevées de bootstrap. Cette
rigoureuse évaluation de la phylogénie mitochondriale confirme quelques hypothéses
antérieurement décrites, comme par exemple la paraphylie de P. hispanica. Cependant,
quelques aspects de cette phylogénie different des résultats déja connus, ce qui nous a
mené a la proposition de scénarios alternatifs pour expliquer la colonisation de I’Afrique du
Nord. En particulier, nous suggérons que l'ouverture du Détroit de Gibraltar a pu étre la
cause de lisolement vicariant des formes ibériques et nord-africaines, et qu’une
colonisation ultérieure s’est déroulée de I’Afrique du Nord vers la Péninsule Ibérique. Une
importante contribution de cette étude a été aussi la description d’une lignée endémique
du sud-est de la Péninsule, non détectée dans les études antérieures, ce qui constitue un
exemple additionnel de la complexité évolutive de ce groupe d’espéces.

En ce qui concerne la description de la variabilité génétique au niveau du génome
nucléaire, nous avons poursuivi deux voies de recherche: la description de la variation
électrophorétique des allozymes et le séquencage des introns nucléaires. L'étude de la
variabilité génétique au niveau des allozymes dans 30 populations représentatives de
toutes les lignées mitochondriales a montré qu’en général, les groupés basés sur I’ADN
mitochondrial se trouvent bien différenciés et que les différentes lignées observées en P.
hispanica présentent entre elles un degré de différenciation similaire a celle observée entre
les espéces correctes. Bien que ce fait corrobore la validité des lignées mitochondriales
comme entités évolutives clairement distinctes, I'application de méthodes d’analyse
récentes qui regroupent les individus basés sur leur génotype multilocus a montré
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quelques patrons discordants qui peuvent résulter de I'occurrence de flux géniques entre
les différentes formes. A ce niveau, deux individus trés vraisemblablement hybrides entre
P. bocagei et P. hispanica type 1, formes largement sympatriques, ont été détectés.

En opposition au haut degré de différenciation observé au travers de l’analyse du
mtDNA et des protéines, I'’étude de deux généalogies nucléaires (B-fibint7 et 6-Pgdint7) a
révélé une surprenante absence de monophylie des différentes espéces et lignées
mitochondriales. 1l s’est alors avéré nécessaire de clarifier que ce patron polyphylétique
avait résulté de la persistance d’un polymorphisme ancestral, incomplétement distribué
dans les différentes lignées, ou alors d’un fort taux de flux géniques. Pour évaluer la
vraisemblance de ces deux scénarios (qui ne sont pas mutuellement exclusifs), nous avons
utilisé des méthodes d’analyse basés sur la théorie de la coalescence, qui permettent
d’'étudier la migration et la différenciation dans le méme contexte. En accord avec cette
méthodologie, nous avons détecté trés peu de paires de lignées montrant des niveaux de
mélange importants, ce qui suggere que la plupart des formes se trouvent
reproductivement isolées. Dans ces conditions, et malgré le rdle significatif du flux génique
dans I’évolution de ce complexe d’espéces (qui pourrait méme étre a l'origine de la perte
d’identité nucléaire de certes lignées mitochondriales), le patron polyphylétique observé
dans les généalogies nucléaires est surtout le résultat de la persistance de hauts niveaux
de polymorphisme ancestral.

Ces études ont analysé la caractérisation des niveaux de flux géniques entre lignées
d’une fagon relativement simple a travers I’étude de la discordance entre patrons évolutifs
révélés par des marqueurs mitochondriaux et nucléaires. Pour caractériser avec plus de
détail les processus de mélange entre lignées de Podarcis, nous avons étudié une batterie
de marqueurs nucléaires et mitochondriaux tout au long d’un transect traversant la zone
de contact entre P. bocagei et P. carbonelli. Cette information a été complétée par des
analyses morphologiques et de fertilité. En utilisant des méthodes de groupement
individuel, nous avons montré une abondance d’individus qui présentent des signes de
mélange dans I’'endroit ol les deux espéces coexistent. Cependant, nous observons aussi
des déviations significatives aux équilibres de Hardy-Weinberg et de liaison. Cette
bimodalité suggere I'existence de barriéres qui empéchent le flux génique entre les deux
espéces bien que la nature de ces barrieres demeurent inconnues. Par exemple, il n’a pas
été possible de démontrer une réduction de la fertilité des hybrides ni la vérification de la
regle de Haldane. Pourtant, I'absence d’individus de morphologie intermédiaire, méme
d’individus qui montraient des signes de mélange, semble impliquer I'existence de forces
sélectives qui jouent sur la morphologie. Ce type de zone hybride bimodal est
normalement le signe d’un processus de spéciation pratiquement terminé. Méme si ces
résultats ne peuvent pas étre généralisés a d’autres zones de contact, ils sont en accord
avec des suggestions préalables indiquant que, malgré un isolement reproductif incomplet
entre les lignées de Podarcis, le degré de flux génique entre elles est si faible qu'il
n‘empéche pas le processus de différenciation.

Un deuxiéme objectif de cette thése était la description de la structuration
phylogéographique intraspécifique en trois espéces de Podarcis a travers |'utilisation de
marqueurs moléculaires multiples. En particulier, nous avons essayé d’évaluer la réponse
de ces espéces aux oscillations climatiques qui ont caractérisé le Quaternaire en
comparant les patrons observés avec les scénarios phylogéographiques décrits pour
d'autres especes réparties dans les mémes régions et en interprétant les histoires
évolutives contradictoires observées dans des différentes espéces de Podarcis.

L'étude de la variation génétique au niveau du mtDNA pour P. bocagei, P. carbonelli et
P. vaucheri, trois espéces avec des distributions parapatriques qui se substituent le long
d’'un gradient latitudinal, nous a permis de tester deux hypothéses liées a l'influence
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différentielle des oscillations climatiques du Quaternaire en rapport avec la latitude: i) on
s’attend que les espéces réparties plus au nord présentent des faibles niveaux de diversité
et de sous-structuration génétique quand elles sont comparées aux especes présentes plus
au sud, en raison des conditions climatiques pendant les glaciations ayant permis la
persistance d’un petit nombre de régions d’habitat favorable dans le nord, probablement
de petites dimensions et faible stabilité; ii) par contre, les espéces présentes plus au sud
devront montrer des signes de stabilité démographique a long terme, en opposition avec
les espéces réparties plus au nord qui, pour avoir persistées dans des petits refuges durant
les périodes glaciaires, devront avoir subie une croissance démographique trés rapide,
étant le résultat de la colonisation post-glaciale de régions antérieurement inhospitaliéres.
Les résultats obtenus montrent que P. bocagei, I'espéce avec une distribution plus
septentrionale, présente des niveaux de diversité et de sous-structuration relativement
faibles, une histoire coalescente récente (le temps de coalescence estimé est de 70000 a
100000 ans) et une évidence claire de croissance démographique. Par contre, P. vaucheri,
I’'espéce avec une distribution plus méridionale, présente une grande diversité génétique
(méme a une échelle réduite), une forte sous-structuration géographique, indiquant une
stabilité démographique et un temps de coalescence ancien, coincidant avec le début du
Pléistocéne. P. carbonelli, une espéce avec une distribution intermédiaire entre les deux
précédentes, présente des valeurs moyennes pour toutes les variables étudiées. Ensemble,
ces résultats s’ajustent trés bien aux prévisions initiales et montrent que des effets
contrastants des glaciations en rapport avec la latitude peuvent étre détectés a des
échelles géographiques relativement petites.

L'analyse de marqueurs nucléaires (allozymes et un ensemble de microsatellites
spécifiquement développés pour cette étude) dans des populations de P. bocagei et de P.
carbonelli a confirmé les faibles niveaux de sous-structuration populationnel inférés pour
les deux espéces a travers I'analyse du mtDNA. De plus, les niveaux de différenciation sont
plus élevés pour P. carbonelli par rapport a P. bocagei, ce qui est aussi en accord avec le
mtDNA en raison d‘une persistance plus grande et d’'un temps de divergence plus profond
dans la premiére espéce. Pour P. bocagei nous avons détecté une perte progressive de
variabilité génétique dans le sens sud-nord, cohérente avec une expansion géographique
récente a partir d'un refuge, ce qui est en accord avec un scénario d’expansion
démographique inféré a partir du mtDNA. Par ailleurs, l'utilisation de l'interpolation
spatiale des données génétiques et I'application d’'une méthode Bayesienne de groupement
individuel ont permis l'identification des voies probables d’expansion géographique et
suggérent avec un détail considérable la région qui a pu avoir fonctionné comme refuge
pour l'espéce pendant les derniéres glaciations. L'application d'une méthodologie identique
pour P. carbonelli a montré un degré modéré d’association entre variabilité génétique et
géographie, mais une correspondance partielle en rapport avec les groupes inférés au
travers du mtDNA; de fagon a évaluer ces patrons discordants, nous émettons I'hypothése
que des fragmentations récentes dans la distribution de I’'espéce pourront avoir conduit a
la perte des signatures génétiques typiquement trouvées dans les espéces co-distribués,
et que les patrons observés a présent résultent plus de phénoménes de dérive génétique
récente que d’oscillations climatiques du Pléistocene.

Dans lI'ensemble, ces résultats constituent une avancée significative dans |'état des
connaissances préalables des relations évolutives, des états de différenciation, des niveaux
de flux génique et des patrons de sous-structuration intraspécifique chez les lézards du
genre Podarcis dans la Péninsule Ibérique et I’Afrique du Nord. D’un point de vue plus
général, I'’étude a large échelle de la variation de génes nucléaires dans ces organismes,
illustrant la polyphylie et des flux géniques entre lignées fortement différenciés du point de
vue du mtDNA, suggére qu’elles puissent correspondre a des espéces naissantes, avec des
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limites encore trés perméables, et met en évidence aussi la nécessité de I'étude de
marqueurs génétiques multiples avant toute ré-évaluation taxonomique. En plus, ces
résultats ont une importance double pour la connaissance de la biogéographie Ibérique et
Maghrébine: d’une part, parce qu'ils confirment la transversalité de patrons qui
apparaissent en réponse aux oscillations climatiques (comme la fragmentation glaciaire et
I’'expansion post-glaciaire); d’autre part, parce qu'ils documentent la spécificité de ces
patrons, méme s'ils sont étudiés entre espéces phylogénétiquement trés proches.
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General introduction

Understanding the mechanisms that are responsible for the isolation of
populations, genetic differentiation and ultimately speciation is one of the main
aims of evolutionary biology. In recent years, genetic tools have been widely
used to clarify evolutionary relationships between species, relate genetic
variation to specific geographical or geological events, describe population
structure, make inferences on past and present demographic dynamics and a
wide number of other applications. One of the most important contributions has
been that of uncovering hidden genetic variation among morphologically cryptic
organisms, as exemplified by the species complex that is the object of this
study, Podarcis wall lizards. The initial motivation for the work presented in this
thesis was indeed related to this basic desire of understanding the diversity
within this group of organisms. However, it soon became clear that Podarcis
could be a useful model for the study of evolutionary processes, from the
dynamics of the responses to geological or climatic events to the acquisition of
reproductive isolation between closely-related taxa. In other words, by
describing the patterns that are presently observed, we also hope that this work
will be a valuable contribution towards understanding the processes that
generated those patterns.

1.1. The Western Mediterranean: a complex biogeographic
set point

It is now well known that major geological and climatic events can be
responsible for vicariance, isolation and consequently differentiation of taxa
(Avise 2000). The Western Mediterranean region, situated at the convergence of
two major continental areas (Europe and Africa), has had a particularly eventful
and diverse geological and climatic history, which is reflected in a present-day
high number of endemisms and complex intraspecific phylogeographic
structures. For their implications in the research presented in this thesis, we will
focus this review on events that occurred in the past 15 million years and
address three types of phenomena: those related to the evolution of the Strait
of Gibraltar area, those that are related to the uplift of mountains and formation
of river basins and Pleistocene climatic oscillations.
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1.1.1. Geological evolution of the area surrounding the Strait of
Gibraltar

During Alpine orogenesis, in the Oligocene and Early Miocene, a wide zone in the
interface between Africa and Europe underwent extension, governed by
subduction rollback. This resulted from a slower rate of convergence between
the Eurasian and African plates starting around 30 million years ago (Mya)
(Rosembaum et al. 2002). As a result of subduction rollback, extension in the
Early Miocene led to the breakup and drifting of continental fragments formerly
attached to southern France and Iberia, which are now scattered throughout the
Western Mediterranean (the Betic region, in the Iberian Peninsula, the Rif and
the Kabylies in North Africa, and also the Balearic Islands, Sardinia, Corsica and
part of the Italian Peninsula (Calabria); Lornegan and White 1997, Rosembaum
et al. 2002). The land mass now forming the Betic and Rif regions eventually
collided with South Iberia and North Africa ca. 15 Mya (Weijermars 1991),
promoting a temporary connection between both continents, which provided a
land corridor for biotic dispersal (Figure 1.1A). This has been suggested to have
happened in Pleurodeles ribbed salamanders from Iberia to North Africa (Veith
et al. 2004), although this is not consensual (for example, based on a different
molecular clock calibration, Carranza and Arnold (2004) claim that this dispersal
did not occur until the Messinian salinity crisis), and in Buthus scorpions in the
reverse direction (Gantenbein and Lagiarder 2003). In both genera, a vicariant
event 14-15 Mya probably resulting from the disjunction of the Betic region from
Iberia caused allopatric divergence from then on and is responsible for present-
day high genetic distances between Iberian and North African populations.
Additional evidence for Iberian-North African dispersal and subsequent isolation
around this time is given by a palaeogeographic study on beetles (Palmer and
Cambefort 2000).

There is also evidence for later events of allopatric isolation in that area,
related to the opening of the Betic marine corridor (~10-8 Mya; Figure 1.1B) or
to the fragmentation of the Betic region (~8-6 Mya), suggesting that this area
functioned as a focal point of speciation and endemism. This pattern has been
invoked to explain differentiation among species of fire salamanders
(Salamandra; Steinfarz et al. 2000, but see Escoriza et al. (2006) for a
contrasting scenario), painted frogs (Discoglossus spp.; Garcia-Paris and
Jockush 1999, Fromhage et al. 2004, although this phenomenon was inferred to
cause divergence between different sets of species; see also Zangari et al. 2006
for yet another different interpretation) and midwife toads (Alytes), although
different molecular clock calibrations suggest distinct timings and patterns of
allopatric differentiation in this genus (Fromhage et al. 2004; Martinez-Solano et
al. 2004). In Alytes, this scenario explains why species of this genus inhabiting
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southern Iberia are more closely related to North African species than to other
Iberian counterparts, since parts of this landmass became later connected to
both Iberia and North Africa.

Other possible connections between southern Iberia and land masses in the
Gibraltar region are thought to have occurred during the Late Tortonian, ca. 7.8-
7.6 Mya, when a salinity crisis led to the deposition of sediments in the eastern
Betics region (Krijgsman et al. 2000). A similar event occurred in the Rif region
6.7 - 6 Mya (Krijgsman and Langereis 2000). Examples of a putative speciation
event related to the formation of both of these land bridges are given by Paulo
(2001), in lizards of the Lacerta lepida species complex.

One of the most dramatic events in the geological history of the
Mediterranean was the Messinian salinity crisis (Hst 1977, Krijgsman et al.
1999, Duggen et al. 2003, Rouchy and Caruso 2006). Around 5.96 Mya
(Krijgsman et al. 1999), the connection between the Mediterranean Sea and the
Atlantic, previously ensured by the Betic and Rif marine corridors, was closed
(Figure 1.1C). The causes for this remain obscure, although several scenarios
have been hypothesized, including tectonic uplifts and a decrease of sea level
caused by a world-wide glacial stage (Duggen et al. 2003, Rouchy and Caruso
2006). Without the input from Atlantic waters, a succession of evaporitic events
caused a rapid desiccation of the Mediterranean basin. Towards the end of the
Messinian, a geodynamical event, probably related to faulting along the Gibraltar
arch, abruptly reopened the connections with the Atlantic Ocean through the
Gibraltar gate ca. 5.33 Mya, roughly at its present location, definitively
separating the Betic and Rif areas, which became part of Iberia and North Africa,
respectively. The replenishment of the Mediterranean is thought to have
occurred extremely rapidly at a geological scale (about 100 years). During the
salinity crisis, a land bridge existed between Iberia and North Africa which
allowed the dispersal of terrestrial organisms; when the Mediterranean refilled,
the Strait of Gibraltar became a barrier for biotic dispersal, separating inhabiting
taxa into allopatric units.

Despite periodic episodes of lower sea levels, the Strait of Gibraltar has
remained practically constant since its formation. In this context, several studies
have attempted to quantify the role of this barrier in shaping genetic divergence
of closely related taxa inhabiting its margins. The classic study of Busack (1986)
compared genetically amphibian and reptile populations distributed on both
sides of the Strait, showing a remarkable variability on the observed genetic
distances across it and suggesting that the effectiveness of this barrier was
taxon-dependent. Many species divergences were inferred to have an origin
coinciding with the opening of the Strait of Gibraltar: Acanthodactylus lizards
(Harris et al. 2004), Pleurodeles salamanders (Carranza and Arnold 2004; but
see Veith et al. 2004), Blanus worm lizards (Vasconcelos et al. 2006),
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Salamandra salamanders (Escoriza et al. 2006; but see Steinfarz et al. 2000),
Discoglossus frogs (Zangari et al. 2006; but see Fromhage et al. 2004), Lacerta
lizards (Paulo 2001) and Podarcis vaucheri (Busack et al. 2005; but see Harris et
al. 2002b). Unexpectedly, despite its narrowness (~14Km), the Strait of
Gibraltar also seems to constitute an effective barrier against gene flow between
deep evolutionary lineages in volant organisms like bats (Myotis, Castella et al.
2000; Plecotus, Juste et al. 2004)) or birds (Ficedula flycatchers, Saetre et al.
2001; Parus blue tits, Salzburger et al. 2002) although the actual role played by
the opening of the Strait in the origin of these species groups remains unclear.
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Figure 1.1. Reconstruction of the Western Mediterranean, from 15 Mya to the present. A. 15Mya:
the Betic-Rif land masses establish a transient land connection between Iberia and North Africa. B.
10-8Mya: fragmentation along this massif leads to the formation of the Betic Strait. Subsequent
fragmentation of these land masses promoted the appearance of several islets. C. 5.96-5.33Mya:
during the Messinian salinity crisis, Iberia and North Africa were again connected. This connection
abruptely ended when the Strait of Gibraltar opened at its definitive location. D. present
configuration. Adapted from Weijermars (1991), Rosembaum et al. (2002) and Duggen et al.
(2003).

However, a significant number of terrestrial species have been shown to have
crossed the Strait after its formation, presenting closely-related forms on both
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sides of the Strait. This pattern has been recognised in salamanders (Pleurodeles
waltl, Veith et al. 2004, Carranza and Arnold 2004), lizards (Podarcis spp.,
Harris et al. 2002b; Psammodromus algirus, Carranza et al. 2006a), snakes
(Macroprotodon brevis, Carranza et al. 2004b; Malpolon monspessulanus,
Carranza et al. 2006b; Hemorrhois hippocrepis, Carranza et al. 2006b), worm
lizards (Blanus cinereus, Vasconcelos et al. 2006), tortoises (Testudo graeca,
Alvarez et al. 2002), terrapins (Emys orbicularis, Lenk et al. 1999; Mauremys
leprosa, Fritz et al. 2006), chamaleons (Chamaleo chamaeleon, Paulo et al.
2002a), larks (Galerida cristata, Guillaumet et al. 2006), woodmice (Apodemus
sylvaticus, Michaux et al. 2003) and shrews (Crocidura russula, Cosson et al.
2005). Although some of these could represent human-mediated introductions
(particularly probable are the cases of chamaleons and tortoises (Paulo et al.
2002a, Alvarez et al. 2000)), in other cases such a hypothesis is difficult to
corroborate, either because the species involved are usually secretive and not
related to human settlements (particularly the cases of snakes and worm
lizards) or because the species display considerable variation and form
monophyletic lineages on both sides of the Strait, suggesting a relatively more
ancient colonization (in Podarcis lizards or Apodemus woodmice, for example).
Carranza et al. (2006b) suggested that some of these recent colonization events
might have occurred during Pleistocene glaciations, when sea levels at the Strait
of Gibraltar dropped by approximately 130m, probably exposing temporary
islands that could have provided a colonization route for some species.

1.1.2. Mountain uplift and formation of major river basins

Geographical barriers other than the Strait of Gibraltar may have played an
equally important role in causing allopatric fragmentation or preventing gene
flow among Western Mediterranean taxa. Examples of such barriers are
mountain chains or river basins.

Most of the orogenic events shaping the Western Mediterranean landscape
occurred during the Oligocene-Miocene boundary. However, during mid-late
Miocene, the compression of the African and Eurasian plates further left to the
uplift of more recent mountain ranges. An example of this is the formation of the
Moroccan Atlas. This process has been invoked to explain differentiation
between major lineages within the Agama impalearis species complex (Brown et
al. 2002). Although the origin of its phylogroups is probably not related to this
uplift, the role of the Atlas as a barrier to gene flow was also evidenced in a
recent study of genetic variation in terrapins Mauremys leprosa (Fritz et al.
2006). Another important uplift occurring during this period was the shaping of
the Neo-Pyrenees (~10Mya), an event that is thought to have caused the
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vicariance of, for example, Alytes obstetricans almogavarii from other A.
obstetricans (Fromhage et al. 2004, Martinez-Solano et al. 2004), of major
lineages of Discoglossus (Fromhage et al. 2004; again, see Zangari et al. 2006
for a discordant perspective) and also of the genera Triturus and Calotriton
(Carranza and Amat 2005).

Most of the modern river basins in Iberia and North Africa were formed more
recently, during the Pliocene. As expected, the separation of different
watersheds is attested in concordant genetic differentiation detected between
several ichthyofaunal species (e.g. Carmona et al. 2000, Machordom and
Doadrio 2001, Robalo et al. 2006). However, rivers often constitute important
barriers for the dispersal of terrestrial organisms as well, in particular those with
limited dispersal abilities. Although other rivers have been described as barriers
to gene flow between taxa (Alexandrino et al. 2000) for their well-documented
importance two rivers stand out: the Guadalquivir, in Iberia, and the Moulouya,
in North Africa. Whether or not the formation of this basin was the trigger for
differentiation, several species are believed to be, or to have been in some point
of their history, restricted to the area located south of the Guadalquivir. These
are the cases of the painted frog Discoglossus jeanneae (Martinez-Solano 2004,
Fromhage et al. 2004), the midwife toad Alytes dickhillenii (Arntzen and Garcia-
Paris 1995, Martinez-Solano et al. 2004), the salamander subspecies S.
salamandra longirostris (Garcia-Paris et al. 1998), the rabbit subspecies
Oryctolagus cuniculus algirus (Branco et al. 2000, 2002), the Scots pine
subspecies Pinus sylverstris nevadensis (Sinclair et al. 1999) and probably also
distinct unnamed phylogroups within the lizard Psammodromus algirus
(Carranza et al. 2006a), the salamander Pleurodeles walt/ (Carranza and Arnold
2004), the worm lizard Blanus cinereus (Vasconcelos et al. 2006), the ocellated
lizard Lacerta lepida (Paulo 2001) and white oaks Quercus (Petit et al. 2002). In
some cases there is a remarkable coincidence of estimated divergence times of
around 2-3 million years, coinciding with the Pliocene formation of the river
basin (in the valley resulting from the closing of the former Betic Strait). With
respect to the Moulouya, it has been suggested as a primary barrier acting
against gene flow between Discoglossus pictus and D. scovazzi (Zangari et al.
2006), Lacerta pater and Lacerta tangitana (Paulo 2001), and between distinct
lineages within Testudo graeca (Alvarez et al. 2000) and Salamandra algira
(Escoriza et al. 2006).

1.1.3. Pleistocene glaciations

Several lines of evidence suggest that the global climate suffered profound
alterations since the Plio-Pleistocene boundary. Recent studies regarding levels
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of oxygen and carbon isotopes, magnetic and CO, measures, animal, vegetable
and mineral remains in cores from the seabed, land and ice, are concordant in
providing strong support for the hypothesis that the earth’s climate has been
dominated by major glacial periods interrupted by relatively short interglacial
stages (reviewed in Hewitt 1996). Although the boundaries of this glacial period
are controversial (see for example Zagwijn 1992a), the first large-scale
glaciation can be dated at 2.4 - 2.3 Mya (Webb and Bartlein 1992, Zagwijn
1992a).

The effects of such climatic changes are believed to have had a major impact
on species survival and distribution. In Europe, during the Ice Ages, many
species such as large carnivores were condemned to extinction because small
patches of available habitat no longer sustained viable populations (e.g. O'Regan
et al. 2002). Pollen and fossil data provide strong support for a constant pattern
of migration of fauna and flora species tracking suitable habitat change (Zagwijn
1992a,b): during cold stages, temperate taxa tended to migrate south and
expanded northwards during warm interglacials. Palaeontological, palynological
and palaeolimnological studies on southern European Peninsulas, including the
Iberian Peninsula, suggest that some areas within these regions might have
been relatively ecologically stable throughout the Quaternary, allowing the
persistence of temperate species (e.g. Tzedakis et al. 2002, Roucoux et al.
2005). The importance of southern European peninsulas as survival refugia for
temperate biota is further documented by their high level of endemism and by
phylogeographic studies on inhabiting organisms, that also identify such regions
as sources for post-glacial recolonization of Northern areas (reviews in Taberlet
et al. 1998 and Hewitt 1999; more recent examples can be found for example in
Griswold and Baker 2002; Michaux et al. 2003, 2005; Schmitt et al. 2003, 2005;
Brito 2005).

However, the same features that made these peninsulas favourable regions
for the survival of populations throughout the Pleistocene (high physiographic
complexity and multiplicity of climatic influences) also make it unlikely that this
survival occurred at single homogenous and continuous refugium (Gémez and
Lunt 2007). In accordance with this expectation, recent work has disclosed
complex intraspecific phylogeographic patterns within each of these regions, and
the 1Iberian Peninsula constitutes no exception. As in above-mentioned
European-wide studies (Hewitt 1996), the genetic consequences of the climatic
oscillations in Iberia can be summarized by a set of common patterns: i)
complex phylogeographic structures related to isolation in distinct glacial refugia,
with varying degrees of genetic divergence related to the period during which
populations remained isolated; ii) signatures of post-glacial demographic growth
and range expansions; iii) establishment of secondary contact zones with
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various degrees of admixture as a result of range expansions from glacial
refugia.

Genetic differentiation resulting from isolation in distinct glacial refugia is the
pattern that is often easier to infer from a general description of mitochondrial
DNA variation, which currently constitutes the main tool for addressing most of
the phylogeographic questions. Therefore, complex phylogeographic structures
that can be related to Pleistocene climatic oscillations have been described in a
wide variety of species, from small plants to trees, in invertebrates and nearly
every group of vertebrates. Among the species that have been described to
show such complex structures are the ragwort Senecio gallicus (Comes and
Abbot 1998), the brown trout Salmo trutta (Garcia-Marin et al. 1999;
Machordom et al. 2000), the European rabbit Oryctolagus cuniculus (Branco et
al. 2000, 2002), the golden-striped salamander Chioglossa Iusitanica
(Alexandrino et al. 2000, 2002), Schreiber's green lizard Lacerta schreiberi
(Paulo et al. 2001, 2002), the viviparous lizard Lacerta vivipara (Surget-Groba
et al. 2001), the white oak Quercus (Olalde et al. 2002), the field vole Microtus
agrestis (Jaarola and Searle 2002), the painted frog Discoglossus galganoi
(Martinez-Solano 2004), the butterfly Erebia triaria (Vila et al. 2005), the
natterjack toad Bufo calamita (Rowe et al. 2006), Bosca’s newt Lissotriton
boscai (Martinex-Solano et al. 2006) and several species of diving beetles
(Dysticidae; Ribera and Vogler 2004). Although the inferred location of putative
refugia shows in some cases remarkable similarities among species (reviewed in
Gdmez and Lunt 2007), these studies also point to obviously different trends,
suggesting that the response to the glacial ages was significantly distinct across
species. In some of these and other species, signatures of a rapid post glacial
expansion from one or more Iberian refugia have also been inferred directly
from genetic data (Branco et al. 2002, Alexandrino et al. 2000, 2002, Paulo et
al. 2001, Surget-Groba et al. 2001, Olalde et al. 2002, Martinez-Solano 2004,
Martinez-Solano et al. 2006).

The detection of the third pattern, the formation of suture zones resulting
from secondary contact of forms that were restricted during glacial stages and
that subsequently expanded their distribution after the climate amelioration is
dependent upon detailed sampling schemes because of the narrowness of many
such zones. Therefore only a few well documented cases have been reported
(Branco et al. 2000, 2002, Alexandrino et al. 2000, 2002, Surget-Groba et al.
2001, Godinho et al. 2006) and even fewer have been studied in detail
(Sequeira et al. 2005, Pereira 2005, Geraldes et al. 2006, Godinho et al. 2006,
Sequeira 2006). Nevertheless, these few cases clearly illustrate different
dynamics, from high levels of neutral admixture to hints of incipient speciation
(see also Ribera and Vogler 2004), suggesting that confinement in glacial refugia
led to varying degrees of reproductive isolation.
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In North Africa, there is relatively little information on how habitats and
organisms reacted to climatic changes. Pollen and lake data suggest that during
colder phases there was an increase of shrub and grass vegetation characteristic
of drier climates and a decrease of forest-type vegetation (Jolly et al. 1998).
There are only a few phylogeographic studies documenting vicariant isolation
caused by such climatic changes (in land snails Helix (Guiller et al. 2001),
Agama lizards (Brown et al. 2002), Pleurodeles salamanders (Carranza and
Arnold 2004), Crocidura shrews (Cosson et al. 2005), and Galerida larks
(Guillaumet et al. 2006)).

1.2. The lizards of genus Podarcis
1.2.1. Distribution, biology and taxonomy

Podarcis (Wagler 1830) is a genus belonging to the family Lacertidae, which in
turn belongs to the order Squamata. It represents one of the most abundant,
conspicuous and widely distributed reptile genera in Europe and North Africa
(see figure 1.2), and has a mostly circum-mediterranean distribution. All species
belonging to the genus are diurnal and small body sized lizards that share a high
degree of morphological and ecological similarity.
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Figure 1.2. Distribution of genus Podarcis. Reproduced from Arnold (1973).
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It took until the early 1970’s, with Arnold’s (1973) thorough morphological
revision of the Palaearctic Lacertidae, for the generic status of Podarcis to be
widely accepted by herpetologists. This study clearly showed that members of
this genus share a consistent set of derived (although not unique) features. Prior
to this date, specimens of the genus were included in Lacerta, although their
distinctiveness as a subgenus had been proposed by previous authors
(Boulenger 1916, Mertens and Wermuth 1960, B6hme 1971).

Nineteen species of Podarcis are presently recognised: P. atrata, P. bocagei,
P. carbonelli, P. erhardii, P. filfolensis, P. gaigeae, P. hispanica, P. lilfordi, P.
melisellensis, P. milensis, P. muralis, P. peloponnesiaca, P. pityusensis, P.
raffonei, P. sicula, P. taurica, P. tiliguerta P. vaucheri and P. wagleriana. Some
authors (e.g. Bohme 1986, Gasc et al. 1997) also include in the genus the
Menorca wall lizard Lacerta perspicillata and the Madeiran wall lizard L. dugesii
under a separate subgenus (Teira), which are placed as sister taxa to Podarcis in
phylogenetic analyses based on morphology and molecular data (Harris et al.
1998, Fu et al. 2000).

Podarcis are a good example of unstable and controversial taxonomy. Not
only relationships between species have been difficult to determine, but species
delimitation on the basis of morphology itself has been a matter of debate. The
main reasons for this are an overall uniform morphology reflected in the lack of
variable characters for use in phylogenetic reconstruction, extensive intraspecific
variation obscuring species differentiation, lability of structural features (leading
to character homoplasy) and the lack of consistent outgroup information to
understand the polarity of morphological changes (Arnold 1990). Because of
this, although species relationships have been the object of speculation, formal
phylogenetic reconstructions from morphology have rarely been attempted.

After several partial attempts to document species relationships based on
allozyme variation (e.g. Mayer and Tiedemann 1980, Capula 1994a,b) a recent
plethora of mitochondrial DNA sequencing studies focusing on the whole genus
(Oliverio et al. 1998, Harris and Arnold 1999, Oliverio et al. 2000, Carranza et
al. 2004a, Harris et al. 2005) or on particular geographical groups (Castilla et al.
1998, Harris and Sa-Sousa, 2001, 2002; Podnar et al. 2004, 2005; Poulakakis et
al. 2003, 2005a,b, Terrasa et al. 2004) have clarified some aspects of the
intrageneric phylogeny of Podarcis. In some aspects, these studies produced
largely conflicting results, suggesting that the systematics of the genus would
benefit from a large-scale phylogenetic study. Nevertheless, a few clades are
consistently recovered: a Balearic clade, consisting of P. lilfordii and P.
pityusensis; a Balkan clade, including P. erhardii, P. taurica, P. milensis, P.
gaigeae and P. melisellensis (but the position of P. peloponnesiaca within or
outside this clade remains controversial, see Carranza et al. 2004a, Harris et al.
2005); an Iberian/Maghrebin clade comprising P. bocagei, P.carbonelli, P.
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hispanica, P. atrata and P. vaucheri (although analyses by Poulakakis et al.
(2003) place P. filfolensis within this clade). Phylogenetic relationships among
these clades and among other species of the genus remain, however, poorly
known. Oliverio et al. (2000) suggested that radiation of wall lizards into the
various clades occurred between 10-16 Mya, dates which are corroborated by
other studies (Poulakakis et al. 2005a).

Although there has been relatively little effort in clarifying this issue,
hybridization between distinct species of the genus has been shown to occur.
Relying on morphological evidence, Arnold (1973) and Bischoff (1973) described
the existence of apparent hybrids between P. erhardii and P. muralis and
between the latter and P. melisellensis, as well as between P. sicula and P.
wagleriana in areas of sympatry. Many other species pairs were shown to be
able to produce viable hybrids in captivity. More recently, using protein
electrophoretic techniques, Capula (1993, 2000) has confirmed natural
hybridization between P. sicula and P. wagleriana and between the former and
P. tiliguerta. It should be noted that according to all the phylogenetic studies
involving these species (Harris and Arnold 1999, Oliverio et al. 2000, Carranza
et al. 2004a, Harris et al. 2005), they do not seem to be closely related,
implying that Podarcis species remain permeable to gene flow with congenerics
after a long time of divergence.

1.2.2. The Iberian and North African clade of Podarcis
1.2.3.1. A controversial species complex

Currently, six distinct species are recognised in the Iberian Peninsula and North
Africa: P. atrata, P. bocagei, P. carbonelli, P. hispanica, P. vaucheri and the less
closely related P. muralis. Apart from P. muralis, which can be easily diagnosed
on the basis of morphology, the delimitation of Iberian and North African species
was a long, debated and controversial process, since successive studies
disagreed on the number, distribution and proposed taxonomic rank of
evolutionary entities (Mertens and Muller 1940, Klemmer 1959, Salvador 1974).
The first taxonomic reevaluation that was actually widely accepted was Arnold
and Burton’s (1978) formal separation of P. bocagei from P. hispanica (although
in 1989 Crespo and Oliveira still used the term "“P. bocagei-P. hispanica
complex” to refer to Portuguese forms of Podarcis, which is illustrative of the
difficulties in distinguishing between both species). Studies attempting to
provide accurate morphological, ecological and corological characterization of
the two species soon followed (Pérez-Mellado 1981a, Galan 1986, Pérez-Mellado
and Galindo 1986, Guillaume 1987).

13



Chapter 1

However, instead of helping in establishing guidelines for the identification of
the two species, the pattern that arose was that both could be divided into
numerous entities. In P. bocagei, this is illustrated by the description of novel
subspecies, such as P. b. carbonelli, primarily considered an endemism of the
Spanish Central System (Pérez-Mellado 1981b) and, later, P. b. berlengensis
from the Berlengas Archipelago (Vicente 1985). According to several
publications (Pérez-Mellado 1981a, Galan 1986, Pérez-Mellado and Galindo
1986, Barbadillo et al. 1999), the distribution of P. b. bocagei, mostly located in
the Northwest of the Iberian Peninsula would reach as far south as Lisboa along
a narrow strecht of coastline (Figure 1.3A). The division of P. bocagei into these
subspecies and their proposed distribution were consensually accepted, although
controversy over the distribution of P. b. carbonelli was raised when Magraner
(1986) detected this form in the Dofiana National Park, in southern Spain.
Because this information was in clear disagreement with the distribution maps
accepted at the time, Magraner’s report was generally discredited.

The description of subspecies within P. hispanica was not as consensual.
Pérez-Mellado and Galindo (1986) demonstrated that this species was highly
morphologically variable, both at the intra and interpopulation level, but the
authors did not find geographic congruence in the distribution of morphological
variability. Consequently, they recommended a conservative split of the species
into P. hispanica hispanica, in the Iberian Peninsula and France, and P. hispanica
vaucheri, in North Africa (Figure 1.3A). In contradiction with this view,
Guillaume (1987) suggested the division of P. hispanica into eight different
morphotypes, designated both as “forms” and subspecies (when there were
previously available names), with apparently non overlapping geographic
distributions (Figure 1.3B). Because Guillaume’s work was not widely divulged,
the conservative view of Pérez-Mellado and Galindo was adopted by subsequent
publications (e.g. Barbadillo et al. 1999).

This system prevailed for over a decade, until Sa-Sousa (1995, 2001)
performed a systematic revision of portuguese forms of Podarcis. These studies
confirmed the distinctiveness of the two continental subspecies within P.
bocagei, but the suggested distribution maps (Sa-Sousa 1998, 1999, 2000a)
strongly disagreed with previous reports. For example, P. b. carbonelli which
was supposedly restricted to the Spanish Central System, was found in several
localities in the Portuguese side of this mountain system and also along the
western coast from the locality of Espinho to the Algarve, giving new credit to
the early reports of the presence of P. b. carbonelli in southern Spain (Magraner
1986). By contrast, P. b. bocagei was found to have a more restricted
distribution, located mostly north of the Douro river and only penetrating
territories to the south in a small coastal area (Figure 1.3C).
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With respect to P. hispanica, Sa-Sousa (1995, 2001) and Sa-Sousa et al.
(2002) described two morphotypes with possibly parapatric distributions, which
were given the provisional designations “type 1” and “type 2". Type 1 was found
mainly in northern Portugal, existing in sympatry with P. b. bocagei, north of
Douro river, and with P. b. carbonelli, south of this river. Type 2 was found in
southern Portugal, reaching however higher latitudes in a coastal fringe with
Mediterranean climate. This division of portuguese P. hispanica into two
morphotypes disagreed both with the works of Pérez-Mellado and Galindo
(1986) and Guillaume (1987).
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Figure 1.3. Four different proposals for the partition of Podarcis from the Iberian Peninsula and North
Africa into different morphotypes. A. Pérez-Mellado and Galindo (1986). B. Guillaume (1987) (only P.
hispanica). C. Sa-Sousa (1998, 1999, 2000a,b). D. Geniez (2001). Dashed lines indicate the
distribution limits of the species complex. Dotted lines indicate the limits of different subspecies/forms
of P. hispanica. The distribution of P. (b.) bocagei is presented in black and that of P. (b.) carbonelli in
grey. Question marks indicate areas not surveyed by the authors.

More recently, Geniez (2001) analysed P. hispanica populations from the
complete distribution area. Despite some concordant features with the proposals
previously put forward by Guillaume (1987) and Sa-Sousa (2000b, 2001), this
work shows remarkable differences in the division of P. hispanica into
morphotypes and their distribution (Figure 1.3D), definitively showing that
morphological analyses alone could not fully resolve the complexity underlying
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variation within this species. Additionally, Geniez (2001) described a novel
subspecies within P. carbonelli, which he names P. c. donianensis, endemic from
southern Iberian Peninsula (validating the observations of Magraner in 1986).

1.2.3.2. Evolutionary genetics of Iberian and North African wall lizards and
recent taxonomic reevaluations

The first applications of genetic tools to Iberian Podarcis’ taxonomy were partial
because they were intended to solve particular evolutionary problems rather
than the taxonomy of the whole group. For example, Guillaume (1977) and Béa
et al. (1986) characterized Iberian P. muralis and P. hispanica based on
allozyme markers and then used this information to assign the Monte Urgull
(Basque Country, Spain) population of Podarcis, previously described as P.
muralis sebastiani Klemmer 1964, to Podarcis hispanica. Also using
electrophoretic techniques, Busack (1986) and Capula (1997) studied
differentiation of Podarcis lizards from both sides of the Strait of Gibraltar
reaching surprisingly different results: the first author found a low level of
genetic divergence consistent with intraspecific variation, whereas Capula
(1997) reported high genetic distances, suggesting the occurrence of two
different species. In 1993, Almeida reported low genetic differentiation of P.
bocagei berlengensis from mainland forms of the species using protein
electrophoretic data. Later, Sa-Sousa et al. (2000) used the same data set,
along with information from morphology and ecology, to first propose the
elevation of P. b. carbonelli to the species level. Based on mitochondrial DNA
sequencing, Castilla et al. (1998) suggested the elevation to the species status
of the insular lizard Podarcis hispanica atrata from Columbretes Islands, based
on high divergence from mainland forms. P. atrata is now a fully recognised
species which has been given special conservational attention (Castilla 2002).
Also on the basis of high mitochondrial DNA divergence from Iberian lizards,
consistent with previous findings by Capula (1997), Oliverio et al. (2000)
suggested that North African forms of Podarcis deserved the species status (as
Podarcis vaucheri). However, this study involved a single individual from each
side of the Strait, which was obviously insufficient for this recommendation to be
followed.

Despite their contribution to the knowledge on genetic variation within
Iberian and North African Podarcis, these studies raised more questions than the
ones they answered, mainly because of their partial approach to the problem. A
more widespread sampling scheme was accomplished in the works of Harris and
Sa-Sousa (2001, 2002). These studies sampled individuals from various
representative localities in Iberia and North Africa and confirmed through
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mitochondrial DNA sequencing the genetic distinctiveness of the four Portuguese
forms (P. b. bocagei, P. b. carbonelli, P. hispanica type 1 and P. hispanica type
2) described by Sa-Sousa (1995, 2001). Furthermore, the authors reported the
existence of two other divergent cryptic lineages within the Iberian Peninsula,
one in the southeast and another in the northeast. Interestingly, the latter
lineage was shown to be extremely closely related and probably conspecific to P.
atrata, suggesting that colonization of the Columbretes occurred recently. This
contradicts previous suggestions of the endemic nature of P. atrata (Castilla et
al. 1998), which had been based on a comparison of insular lizards to the
specimens belonging to the southeastern lineage within the Iberian Peninsula.

A major outcome of these studies was the suggestion of P. carbonelli as a
different species, not only because of the high level of differentiation observed
both morphologically and genetically, but also because of the paraphyly of the
former «bocagei» clade. P. carbonelli was later formally described as a distinct
species (Sa-Sousa and Harris 2002), and is nowadays fully recognised as such
(e.g. Ferrand de Almeida et al. 2001, Pleguezuelos et al. 2002, Loureiro et al. in
press). The subspecies berlengensis Vicente 1985 is now assigned to P.
carbonelli.
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A more thorough study of the variation within southern Iberian Peninsula and
North Africa (Harris et al. 2002b; Figure 1.4) revealed complex patterns of
variation on both sides of the Strait of Gibraltar. This study described three
distinct lineages inhabiting North Africa: one in Tunisia, one in Jebel Sirwah (an
isolated mountain in southern Morocco) and another (corresponding to the
vaucheri form of Boulenger (1905)) being present on both sides of the Strait.
The southeastern form of P. hispanica appears as sister taxa to the group
formed by P. hispanica from Tunisia and Jebel Sirwah. This scenario led the
authors to put forward the hypothesis of two independent colonizations of North
Africa, both occurring after the opening of the Strait of Gibraltar. More recently,
Busack et al. (2005) followed the recommendation of Oliverio et al. (2000) and
implicitly elevated P. (h.) vaucheri to the species level, describing variation
within this species based on morphology, allozyme and mitochondrial DNA
variation. These authors claim that P. vaucheri is itself a species complex,
presenting two highly differentiated lineages that were probably separated by
the opening of the Strait of Gibraltar. This view strongly contradicts the scenario
suggested by Harris et al. (2002b) and reflects different calibrations of the
molecular clock.

Besides helping to elucidate the number of taxonomic entities existing within
the clade of Iberian and North African Podarcis, studies relying on mitochondrial
DNA sequencing allowed the confirmation of previous reports (Sa-Sousa 1998,
1999, 2000a) and the collection of more precise data regarding the distribution
of forms. The confirmation of the presence of P. carbonelli in Southern Spain
(Harris et al. 2002a) is such an example. Figure 1.5 summarizes the knowledge
available at the beginning of this work regarding the distribution of species and
forms of Iberian and North African Podarcis.
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Figure 1.5. Distribution of Podarcis forms in the Iberian Peninsula and North Africa based on mtDNA
sequencing and morphology data known at the beginning of this work (adapted from Pinho (2002)).
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In terms of conservation, most species of Iberian and North African wall
lizards are abundant and widely distributed and are therefore not considered to
be threatened. There is one exception, P. carbonelli, which, due to its reduced
and fragmented distribution area and latent risk of habitat destruction, is
classified as “vulnerable” by the Portuguese vertebrate Red Data Book (Cabral et
al. 2005).

1.3. Recent advances in evolutionary genetics

Evolutionary and population genetics began as almost strictly theoretical
disciplines. Works by the modern synthesis founding fathers, such as Fisher
(1930), Wright (1931) and Haldane (1932), used simple representations of ideal
populations from which mathematical equations describing the forces that drive
evolution, such as mutation, genetic drift, migration and natural selection, could
be derived. By creating this conceptual framework and establishing the
theoretical grounds for a better understanding of evolutionary processes, these
studies opened the door for modern population biology; however, their work was
entirely theory driven. It was not until the mid 1960’s that the possibility of
directly obtaining genetic data for organisms allowed evolutionary and
population genetics to become fully-developed experimental sciences.

This genetic revolution was first driven by the development of allozyme
electrophoresis techniques (Harris 1966, Lewontin and Hubby 1966). The
generalization of these approaches allowed multilocus genotypic data to be
readily gathered for a large number of organisms; these data could be analysed
in the framework of traditional population genetics theory and were also soon
noticed to have systematic value, allowing a clarification of population and
species relationships, thus contributing to the emergence of the field of
molecular phylogenetics. A second revolution took place in the mid 1970’s, with
the demonstration of the possibility of generating restriction site maps for
animal mtDNA (Brown and Vinograd 1974), coupled with the discovery of a fast
pace of molecular evolution for this molecule (Brown et al. 1979). Descriptions
of mitochondrial DNA variability in nature (e.g. Brown and Wright 1975, Avise et
al. 1979), and concomitant analytical innovations (e.g. Watterson 1975) soon
became abundant. The possibility of describing genetic variation in nature
allowed testing and application of “old-school” models of population genetics,
and, by showing their limitations, opened avenues for new, less simplistic and
more enlightening methods of analyses. In particular, practical advances such as
the advent of the polymerase chain reaction (PCR) and the possibility of
obtaining the sequence of genomic portions (and more recently, of complete
genomes) caused a complete shift with traditional thinking in population

19



Chapter 1

genetics, from the analyses of variation in the form of anonymous alleles to the
possibility of directly observing gene genealogies and the historical information
contained therein. Nowadays, evolutionary biology is evolving at an
extraordinarily rapid pace. New markers, new methods, new concepts and whole
new disciplines are emerging. At the same time, evolutionary genetics presently
shows a welcome tendency for a new synthesis - integrating different sources of
information, combining analytical approaches and bridging disciplines and fields
of research that have traditionally been kept completely separated - to more
accurately describe the genetic processes that drive the evolution of organisms.

1.3.1. Major disciplines of evolutionary biology and their scope

Within the field of evolutionary biology, genetic tools are now widely used to
approach a multitude of questions. These range from macroevolutionary
processes such as determining species relationships to phenomena at the
population or even the individual level (microevolution). Traditionally, these
fields of investigation have been kept apart and relied on entirely different
analytical approaches and assumptions.

An active field of research, molecular phylogenetics, is devoted to the
determination of species relationships, and its ultimate goal is to produce trees
that accurately describe the relationships between organisms. In general,
however, phylogenetic studies describe the phylogeny of a gene or a set of
genes in the hope that it is representative of the evolutionary relationships of
the organisms under study. Under many circumstances (see next section), this
may not be the case. There are highly elaborated analytical methods to produce
gene trees, varying on the optimality criteria used and on the nature of the
genetic data. Recent analytical methods are model-based and mathematically
complex (Felsenstein 1981, Huelsenbeck et al. 2001). Methods aiming at
determining the underlying species tree from a set of discordant gene
genalogies are, on the other hand, much less developed (Maddison 1997, Page
and Charleston 1997, Maddison and Knowles 2006).

On the other hand, population genetics is the study of genetic variation at a
microevolutionary level and the characterization of the primary forces (mutation,
migration, genetic drift, selection) that produce genetic changes in populations
over time. Unlike phylogenetics, which is entirely tree-based, population
genetics relies mainly on obtaining interpretable summary statistics from the
data and depends on mathematical models that depict population dynamics and
that are unavoidable simplifications of reality. Natural populations are strikingly
dynamic over space and time; when compared to the complexity of natural
processes, most models used in population genetics are therefore far too
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simplistic. In response to the growing notion that assumptions in models are
frequently violated in natural populations, in recent years several more realistic
models have been developed and adopted. Another important trend in
population genetics is the growing reliance on genealogical data. Early-
developed summary statistics were usually based on allele frequency data; the
possibility of obtaining large sequence data sets and the inherent historical
information contained in the patterns of DNA sequence variation (but also in
other markers for which evolution can be modelled and therefore superimposed
on a genealogy) have opened up new areas of mathematical model development
(Hey and Machado 2003), which make use of coalescent theory (Kingman
1982). According to this approach, the inferential analysis is retrospective: we
seek to understand aspects of the samples’s evolutionary past through analysis
of the present-day sample (Hein et al. 2005). The coalescent approach can be
simply used to generate simulated data which, when compared to the actual
data, can provide valuable insights (Nordborg 2001). Other methods of analyses
are more sophisticated and may incorporate complex parameter estimations
under various models. In these approaches, the gene tree is usually treated as a
nuisance parameter which is estimated alongside other parameters of interest.

The phylogenetic and population genetics approaches were traditionally kept
apart, but are not irreconcilable. Phylogeography is a remarkable example of an
interface between these two perspectives. In its essence, phylogeography is
devoted to the study of processes governing the geographical distribution of
genealogical lineages (Avise et al. 1987, Avise 2000). Nearly every species
whose genetic variation has been characterized appears to have some degree of
phylogeographic structure, which arises as a result of the interaction between
demographic and genealogical processes and landscape level dynamics;
therefore, by applying phylogenetic methods to intraspecific data,
phylogeography forms the bridge between the study of macro and
microevolutionary forces. One of the main concerns stemming from the
phylogeographic approach is that it relies entirely on the estimation of a gene
tree and that it often lacks the consistent model-based statistical framework that
characterizes population genetics (Knowles 2004). Moreover, although
phylogeography is concerned with the spatial distribution of genetic variation,
only a handful of methods make actual use of geographically explicit frameworks
(Templeton 1998, Dupanloup et al. 2002, Currat et al. 2004, Guillot et al. 2005,
Miller 2005). Both concerns are being dealt with through the effort development
of new tools for data analyses, such as the use of complex population genetic
models incorporating subdivision under a coalescent framework (e.g. Nielsen
and Wakeley 2001); the spatially explicit coalescent is also a promising avenue
for future investigations (Baird, personal communication; Weiss and Ferrand
2007).
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1.3.2. The study of different genomic compartments: contrasting
perspectives on evolutionary processes

Different regions of the genome have particular modes of evolution and
inheritance and therefore different properties for evolutionary inference.
Although the first descriptions of genetic variation were carried out using
allozymes (i.e. nuclear genes), mitochondrial DNA soon became the primary
source of inference in evolutionary biology.

There are several properties of mitochondrial DNA that make it an attractive
source of information in an evolutionary context. One is its relatively high rate of
molecular evolution when compared to nuclear genes. Several hypotheses have
been advanced to explain the rapid evolution of animal mtDNA, such as the
relaxation of functional constraints, a high mutation rate derived from the
inefficiency of repair mechanisms, high exposure to mutagenic free radicals or
fast replicative turnover within cell lineages and the absence of associated
histone complexes (Avise 2000). Other important particularities of mtDNA reside
on its haploid nature and peculiar mode of inheritance. In vertebrates,
mitochondrial DNA has almost exclusive maternal transmission (there are well-
documented cases of paternal leakage that nevertheless seem to represent
exceptions (e.g. Gyllensten et al. 1991, Kvist et al. 2003)). Because of this,
recombination within the mitochondrial genome, if existent (see e.g. Tsaousis et
al. 2005), is rather limited, implying that mtDNA evolution is not reticulated and
lineages can be viewed as hierarchical branches in a genealogy, which
constitutes a major advantage for phylogenetic inference. Additionally, the
absence of recombination and uniparental inheritance reduce the effective
population size of mtDNA to (on average) a quarter of that of a nuclear gene.
Based on this fact, Moore (1995) provided theoretical evidence for preferring
mtDNA over nuclear gene trees to infer species relationships due to the fact that
it has a higher probability of tracking splitting events. Additional reasons for the
popularity of mtDNA in evolutionary studies are technical ones: on one hand,
there are several mitochondria in each cell, which allowed the obtention of high
quantities of DNA for analyses, even before the advent of PCR; on the other
hand, because the organization of the mitochondrial genome is relatively
conserved across taxa, it is easy to obtain large sequence data sets using
conserved primers (e.g. Kocher et al. 1989), even for non-model organisms.

However, there are several drawbacks associated to the single use of
mitochondrial DNA (reviewed in Zhang and Hewitt 2003 and Ballard and
Whitlock 2004). Because mtDNA does not recombine, it behaves as a single
locus. Thus, studies that rely entirely on mitochondrial DNA variation will suffer
from the insufficiency of observing only one among several possible independent
replicate witnesses (i.e. genealogies) of the evolutionary process.
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The rationale behind trying to obtain data from as many independent loci as
one can is that the genealogy of a single gene may not be consistent with the
evolutionary history of the organisms being studied (the classical gene-tree vs.
species-tree problem, Pamilo and Nei 1988); this happens because different
genes might be under the influence of different selective pressures or respond
differently to introgression (Machado and Hey 2003), or simply because the
sorting of lineages in a genealogy may occur in a random fashion, without
necessarily corresponding to population splitting events. It has been
demonstrated that the use of more than one gene for the estimation of
population parameters produces significantly more reliable estimates (Edwards
and Beerli 2000).

The disadvantages of analysing one gene are therefore valid not only for
studies completely based on mtDNA but also for any study considering a single
nuclear gene genealogy. However, because of the specific particularities of
mtDNA, there are yet other well-documented forces that could provide non-
reliable estimates of relationships, differentiation, genetic diversity, demography
and historical processes because mtDNA only tells one side of the story (that is,
the history of females rather than that of the whole population). These forces
are, for example, selection, to which the mtDNA molecule seems particularly
prone (Ballard et al. 2002, Bazin et al. 2006), fluctuating effective population
sizes (Fay and Wu 1999, Monsen and Blouin, 2003), gender-biased gene flow
(e.g. FitzSimmons et al. 1997, Nyakaana and Arctander 1999, Piertney et al.
2000) and introgression (e.g. DeSalle and Giddings 1986, Shaw 2002, Alves et
al. 2003, Chan and Levin 2005).

By contrast, nuclear autosomal genes reveal the history of both males and
females and do not suffer from many of the above mentioned biases. In
particular, it is impossible from the perspective of mitochondrial variation to
address issues like introgressive hybridization, which need the assessment of
diploid markers. Another important particularity of the nuclear genome is that it
recombines. Because of this, even genes that are located on the same
chromosome may have completely independent evolutionary histories.
Therefore, the nuclear genome is a virtually unlimited source of independent
genetic markers. A wide array of nuclear marke