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Ilhas afortunadas

Que voz vem no som das ondas
Que nao é a voz do mar?

E a voz de alguém que nos fala,
Mas que, se escutarmos, cala,
Por ter havido escutar.

E s6 se, meio dormindo,

Sem saber de ouvir ouvimos
Que ela nos diz a esperanga
A que, como uma crianga
Dormente, a dormir sorrimos.

Séo ilhas afortunadas

Sao terras sem ter lugar,
Onde o Rei mora esperando.
Mas, se vamos despertando
Cala a voz, e ha s6 o mar.

Fernando Pessoa
Lisboa, 1934
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SUMARIO

Dois dos maiores constrangimentos da Biogeografia da Conservacgao sao a falta de conhecimento taxondémico
e corologico, designados por défice de Lineu e de Wallace, respectivamente, e geralmente mais acentuados em
areas remotas como ilhas oceénicas. Esta tese contribuiu para diluir tais défices de uma dessas areas, as ilhas de
Cabo Verde, para um dos grupos menos estudados do pais, os 1épteis.

Os objectivos especificos desta tese prenderam-se com a resposta a que diversidade ocorre nas ilhas, abordando
factores biogeograficos explicativos do porqué essa diversidade estar distribuida de forma desigual. Posterior-
mente pretendeu-se responder a onde se encontra essa biodiversidade e, com base nos dados recolhidos, a como
planear uma protecg¢ao optimizada dos diferentes niveis dessa biodiversidade.

Primeiramente, os padrdes filogeograficos dos répteis terrestres foram estudados para identificar um agamideo
introduzido em Cabo Verde e taxa endémicos cripticos dos trés géneros (Hemidactylus, Tarentola e Chioninia) e ainda
para clarificar a sistematica dos mesmos. O novo taxon introduzido foi identificado como Agama agama. Algumas
subespécies endémicas foram elevadas a espécies e trés novas espécies (Hemidactylus lopezjuradoi, Tarentola
bocagei e T. fogoensis) e subespécies (Chioninia vaillanti xanthotis, C. spinalis boavistensis e C. s. santiagoensis)
cripticas foram descritas, combinando andlises de caracteres morfoldégicos, genéticos e populacionais, empre-
gando uma aproximacéao integrativa. Estes estudos enfatizaram a vantagem de recorrer nos campos da Taxonomia
e Filogeografia a diferentes conjuntos de dados integrados e como estes podem melhorar a estimativa dos taxa
existentes. Além do mais, a origem do Agama introduzido e os padrdes de coloniza¢do dos taxa endémicos foram
inferidos. Ainda, diversos factores histéricos e ambientais, tais como as glaciagdes do Pleistoceno e a altitude,
foram relacionados com a distribuigéo assimétrica da diversidade a nivel intra-especifico. A baixa divergéncia
intra-especifica entre linhagens de répteis da mesma ilha foi relacionada com a recente actividade vulcanica e
com a elevada pressao ecoloégica que pode levar a extingao de populagdes, bem como com a baixa diversidade de
habitats de algumas das ilhas que pode restringir as oportunidade para a diversificagao alopétrica.

Em segundo lugar, dados de amostragens intensivas e de recolha bibliografica foram compilados para produzir
e actualizar um atlas de distribui¢do para todos os taxa, comentando registos erroneos e duvidosos, e ainda para
desenvolver mapas preditivos de ocorréncia para a maioria dos taxa endémicos recorrendo a modelos baseados
no nicho ecolégico. Estes dados facultaram também a deteccdo da ampla dispersao em Santiago e Boavista do
H. angulatus introduzido e da colonizagao de duas novas ilhas pelo éxotico H. mabouia. Adicionalmente, permiti-
ram a actualizacdo dos estatutos de conservacao dos taxa endémicos, evidenciando que cerca de metade destes
estdo ameacados de extingdo com base nos critérios da IUCN, sendo a restrita distribui¢do geografica o critério
com maior frequéncia nesta classificagdo. Os principais factores de ameaca identificados estao relacionados com
desastres naturais, como secas e actividade vulcanica, factores intrinsecos, tais como distribui¢des restritas
e a baixas densidades populacionais, e com a introdugdo de espécies exdéticas.



Por ultimo, este trabalho demonstrou ainda como 0s modelos baseados no nicho ecolégico sdo uteis para inferir
distribuigbes com elevada precisdo em regides sub-amostradas e remotas, e como estes podem ser aplicados
a conservacao, maximizando a eficiéncia do desenho de areas protegidas. Os resultados demonstram que a des-
ignacgao de novas areas protegidas em Santa Luzia, Branco, Raso, Sal, Boavista, Maio e Rombos para além das
que serdo implementadas ndo é prioritaria, visto que 0s objectivos quantitativos de representac¢ao serdao atingidos
para todas as unidades evolucionarias significativas dessas ilhas e ilhéus. Por outro lado, novas areas ou modi-
ficagbes das mesmas deverao ser implementadas nas restantes ilhas de forma a assegurar a protecgao de todas
as linhagens de 1épteis cabo-verdianos identificadas. Esta medida é especialmente importante no Fogo e Brava,
onde nenhuma unidade de planeamento seleccionada pelos cenéarios de seriagdo de areas prioritarias estd incluida
nos limites das areas protegidas a implementar e onde nenhuma area protegida foi designada, respectivamente.

No conjunto, este trabalho exemplifica a utilidade da integracdo de diferentes disciplinas para um mais eficaz
planeamento sistematico para a conservagao da biodiversidade.



SUMMARY

Two of the main sensitivities of Conservation Biogeography are the inadequacies in taxonomic and chorological
data, the so-called Linnean and Wallacean shortfalls, respectively. These shortfalls increase in the more remote
areas such as oceanic islands. This thesis contributed to dilute those shortfalls in one of those remote areas,
the Cape Verde Islands, for one of its least studied group, the reptiles.

The specific goals of this thesis were related to answering to what diversity occurs there and to address putative
biogeographic factors that explain why diversity is unevenly distributed. Then, it is aimed to answer where this
biodiversity can be found and, based on all the gathered data, to plan how to better protect it at different levels.

First, the phylogeographic patterns of terrestrial reptiles were studied to identify an introduced agamid and
cryptic endemic taxa of the three genera (Hemidactylus, Tarentola and Chioninia) and to clarify their systemat-
ics. The new introduced taxon in Cape Verde was identified as Agama agama. Also, some endemic subspecies
were upgraded to the specific status and three new cryptic species (Hemidactylus lopezjuradoi, Tarentola bocagei
and T fogoensis) and subspecies (Chioninia vaillanti xanthotis, C. spinalis boavistensis and C. s. santiagoensis)
were described using an integrative approach combining morphological, genetic and population analyses. These
studies highlighted the usefulness of integrative datasets in the fields of Taxonomy and Phylogeography and how
they can improve the performance of taxa estimations. In addition, the origin of the introduced Agama and the
colonisation patterns of the endemic taxa were inferred and several historical and environmental factors, such as
the Pleistocene sea-level falls and altitude, were related with the uneven distribution of diversity at intraspecific
level. Low intraspecific divergence between reptile lineages of the same island has been explained by the recent
volcanic activity and high ecological stress that could lead to population extinctions, and the low habitat diversity
within some islands that could restrain opportunities for allopatric diversification.

Secondly, extensive sampling and bibliographic chorological data were compiled to produce and updated distribu-
tion atlas for all taxa addressing doubtful or erroneous records and to develop predictive maps of occurrence based
on ecological niche-based models for most of the endemic taxa. This data also allowed the detection of the wide-
spreading of the introduced H. angulatus in Santiago and Boavista and the colonisation of two new islands by the
exotic H. mabouia. In addition, it allowed updating the conservation status for the endemic taxa showing that around
half of them are threatened under the IUCN criteria and that the most frequent classifying criterion was related to
restricted geographic range. The most pervasive threats identified are related to natural disasters, as droughts and
volcanic activity, intrinsic factors, such as low population densities and restricted range, and introduced species.

Finally, this work also demonstrated how ecological niche-based models are useful tools to infer ranges on relatively
under-sampled and remote areas with high accuracies and how they can be applied to conservation, maximizing
efficiency of reserve designs. Results depicted that in Santa Luzia, Branco, Raso, Sal, Boavista, Maio and Rombos
designation of new protected areas is not a priority since the ones that are going to be implemented will reach the



conservation targets for all identified evolutionary significant units of those islands and islets. On the other hand,
new or modified reserves should be implemented on the remaining islands to cover all identified lineages of Cape
Verdean reptiles. This measure is especially important in Fogo and Brava, where no planning unit selected by the
area prioritisation scenarios is within the protected areas limits and no protected area is planned, respectively.

Altogether, this work exemplifies the usefulness of integrating different disciplines to more effectively allowing
systematic conservation planning of biodiversity.



RESUME

Deux des plus grandes contraintes de la Biogéographie de la Conservation sont le manque de connaissance
taxonomique et chorologique, désignés respectivement par déficit de Linné et de Wallace, et en régle générale
plus accentués dans des secteurs éloignés comme des iles océaniques. Cette thése contribue a minimiser ces
déficits dans certains de ces secteurs, qui sont dans les iles du Cap-Vert, sur un des groupes moins étudiés du
pays qui est celui des reptiles.

Les objectifs spécifiques de cette thése sont liés a la réponse de certaines questions : quelle est la diversité qui se
trouve dans les iles, en abordant des facteurs biogéographiques explicatifs, le pourquoi cette diversité est distribuée
de fagon inégale. Ensuite, en prétendant de répondre ou se trouve cette diversité, en se basant sur des données
rassemblées, et en fin comment planifier une protection optimisée des différents niveaux de cette biodiversité.

Premiérement, les patrons philogéographiques des reptiles terrestres ont été étudiés identifier une agamidé
introduite au Cap-Vert et taxa endémiques cryptiques des trois genres (Hemidactylus, Tarentola et Chioninia)
et puis pour clarifier la systématique de ceux-ci. Le nouveau taxon introduit a été identifié comme Agama
agama. Quelques sous-espéces endémiques ont été élevées a un niveau d'espece et trois nouvelles espéces
(Hemidactylus lopezjuradoi, Tarentola bocagei et T. fogoensis) et sous-espéces (Chioninia vaillanti xanthotis,
C. spinalis boavistensis et C. s. santiagoensis) cryptiques ont été décrites, en combinant des analyses de carac-
téres morphologiques, génétiques et populationnelles, tout en employant une approche intégratif. Ces études ont
souligné l'avantage d'utiliser dans les matiéres de Taxonomie et de Phylogéographie des différents ensembles
de données intégrées et comme ceux-ci peuvent ameéliorer la performance d’estimation du taxa. Aussi, 1'origine
de I'’Agama introduit et des voies de colonisation des taxa endémiques ont été inférées. Puis, divers facteurs
historiques et environnementaux, tels que les glaciations du Pléistocéne et I'altitude, ont été rapportés avec la
distribution asymétrique de la diversité a un niveau intra-spécifique. La basse divergence intra-spécifique entre
des lignées de reptiles de la méme ile a été rapportée avec la récente activité volcanique, puis avec I'élevée de la
pression écologique qui peut entrainer a I'extinction des populations, et aussi avec la basse diversité des habitats
de certaines iles qui peuvent restreindre I'occasion pour la diversification allopatrique.

Deuxiémement, les données d'échantillonnages intensifs et de collecte bibliographique ont été compilées pour
produire et mettre a jour un atlas de distribution de tous les taxa, en commentant registres erronés et douteux, et
encore pour développer des cartes prédictives de présence pour la majorité des taxa endémiques, pour en dévelop-
per des modéles basés sur le niche écologique. Ces données ont facilité aussi la détection de la grande dispersion
a Santiago et Boavista du H. angulatus qui est une espéce introduite et de la colonisation de deux nouvelles iles par
I'espéce exotique H. mabouia. Supplémentairement, ils ont permis la mise a jour des statuts de conservation des
taxas endémiques, en prouvant qu'environ la moitié de ceux-ci est menacée d'extinction sur des base de critéres
de I'TUCN, en étant la restreinte distribution géographique le critére plus fréquent dans ce classement. Les prin-
cipaux facteurs de menace identifiés sont rapportés avec des désastres naturels, comme les sécheresses, 'activité



volcanique et facteurs intrinseques, tels que les distributions restreintes et de basses densités populationnelles,
et avec l'introduction des espéces exotiques.

Finalement, ce travail a démontré encore que les modeles basés sur le niche écologique sont utiles pour inférer
des distributions avec une précision élevée dans des régions sus-échantillonnés et éloignées, et qu'ils peuvent
étre appliqués a la conservation, en maximisant 1'efficacité du dessin des aires protégés. Les résultats démontrent
que la désignation de nouvelles aires protégées outre lesquels ils seront mis en ceuvre a Santa Luzia, Branco,
Raso, Sal, Boavista, Maio et Rombos n’est pas prioritaire, vu que les objectifs quantitatifs de représentation seront
atteints pour toutes les unités évolutionnaires significatives de ces iles et d'ilots. D’autre part, de nouveaux aires
ou modifications de ces derniers devront étre mis en ceuvre dans les restantes iles de maniére a assurer la protec-
tion de toutes les lignées de reptiles Cap-Verdiens identifiées. Ce mesure est spécialement important dans Fogo
et Brava, ou aucune unité de planification sélectionnée par les scénarios d'optimisation des aires prioritaires n'est
incluse dans les limites des aires protégés mis en ceuvre et dans aucun des aire protégés désigné pour étre mis
en ceuvre plu tard, respectivement.

Dans I'ensemble, ce travail exemplifie I'utilité de l'intégration des différentes disciplines pour une plus efficace
planification systématique de conservation de la biodiversité.
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“An island may demonstrate certain biological phenomena
almost with the clarity of a test-tube experiment.”

Mayr 1967



CHAPTER 1

General Introduction







Section 1.1. Biological diversity

SECTION 1.1. BIOLOGICAL DIVERSITY

Biological diversity broadly defined refers to the variability of life on Earth from all sources (terrestrial, marine and
aquatic ecosystems) and the ecological complexes of which they are part. It includes diversity within species,
usually measured in terms of genetic differences between individuals or populations of a given species; between
species, measured as a combination of the number and evenness of abundance of species; and of ecosystems,
measured as the number of different species assemblages (Pullin 2002).

The term biodiversity is a contraction of biological diversity, and may have been coined during the National Forum on
Biological Diversity held in Washington. It first appeared in the publication of the proceedings of that meeting by Wilson
in 1986. After that, this term achieved widespread use among scientists and common citizens as the expansion of
concern over biodiversity loss increased. The year 2010 has been declared as the International Year of Biodiversity
in recognition of the international target to significantly reduce the rate of biodiversity loss at global scale.

Section 1.1.1. Biodiversity crisis

Extinctions are natural events. Rapid environmental modifications typically cause extinctions (Drummond &
Strimmer 2001). Of all species that have existed on Earth, 99.9% are now extinct (Begon et al. 2006). Since life
began on Earth, five major mass extinctions, evident in the geological record, have led to large-scale and sudden
losses in biodiversity. However, humans have increased extinction rate, currently 100 times higher than in the
fossil record (Millennium Ecosystem Assessment 2005), and the list of its causes. Overexploitation by hunting was
probably the first cause of human driven extinctions, but more recently, new factors are threatening biodiversity
as major habitat destruction, pollution and introduction of exotic species (Begon et al. 2006). Thus, some authors
consider that a sixth mass extinction is ongoing, the Holocene extinction, primarily caused by human-made driv-
ing factors and climate change (e.g. Triantis et al. 2010).

Identification of biodiversity hotspots was considered one of the first and most important steps to prevent bio-
diversity loss (Myers 2003). This concept, put forward by Myers (1988), combines a measure of the concentration
of biodiversity with an index of threat. Biodiversity hotspots are defined as areas featuring exceptional concentra-
tions of endemic species and experiencing exceptional loss of habitats (Myers et al. 2000). The 2000 hotspot list of
Conservation International (CI) identified 25 terrestrial areas of the world for priority conservation. These hotspots
met two criteria: the area should possess at least 0.5% (1500) of the world-wide endemic plant species, and should
have lost 70% or more of its primary vegetation (Myers et al. 2000). Recently that list was updated to 34 areas
(Mittermeier et al. 2004) and islands feature prominently among that list (Fig. 1.1.1.). Hotspot areas altogether
contain now 50% of all described vascular plant species world-wide and 42% of vertebrate species (fishes not
included) though occupy only 2.3% of the global land surface (CI 2005). Thus, if the conservation community can
effectively use the biodiversity hotspots approach, prioritizing efforts on those areas, there is a chance to protect
over half of the species of the world (Brooks et al. 2002).

Nearly half of all plant species and one third of terrestrial vertebrates were considered endemic to hotspots
and also more than half of all threatened plants and of all threatened terrestrial vertebrates (Brooks et al. 2002).
It is expected that many of those hotspot endemics will either become extinct or threatened with extinction
(Brooks et al. 2002). The relevance of this biodiversity crisis is becoming a major international issue, as scientific
evidence is gathered on the global implications of biodiversity loss. Biodiversity provides ecological services and
economical income and also benefits humanity with spiritual and aesthetic values (Costanza et al. 1997). The grow-
ing concern about biodiversity loss is hand to hand with the growing number of scientific studies on biodiversity.
Two of the main sensitivities of conservation studies are the inadequacies in taxonomic and distributional data,
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Figure 1.1.1 The 34 hotspots identified by Conservation International in 2005 (adapted from Mittermeier et al. 2004).

the so-called Linnean and Wallacean shortfalls, respectively (Whittaker et al. 2005). To shorten the referred short-
falls it is essential to first define and select the units of study of biodiversity, which can range from genes to landscapes.

Section 1.1.2. Units of the study of biodiversity

Species are a natural taxonomic rank to form the basis for both conservation assessments and management (Mace 2004).
For instance, IUCN (World Conservation Union) produces a regular list of species most at risk of extinction in the short
term, the Red List. Further, delineating species boundaries is crucial because it is the first step towards discussing
broader questions on biogeography, ecology, conservation or evolution. However, the definition of species might
be one of the most intensively debated subjects in biology; hence many definitions exist. All of them fail in some
point because they are static concepts trying to capture a spatial and temporal dynamic process that is speciation
(Fig. 1.1.2.). Some of the most commonly used are the following:

Biological species concept, BSC, (Dobzhansky 1935; Mayr 1942, 1963) is largely used. According to it, a species
represents a group of interbreeding (or potentially interbreeding) natural populations that are reproductively isolated
from other such groups by intrinsic pre- and/or post-zygotic barriers due to shared specific mate recognition or
fertilisation systems. It allows the designation of subspecies (Futuyma 1998).

Evolutionary species concept, EvSC, (Simpson 1961; Wiley 1978) defines a species as an entity composed of organ-
isms that maintains its identity from other such lineages and has its own independent evolutionary tendencies
and historical fate. Considering species as temporal segments of separately evolving lineages allowed considering
any kind of evidence (not just reproductive incompatibility or morphological differentiation) to propose an initial
hypothesis of a species (Padial et al. 2009).

Ecologic species concept, EcSC, equates species based on the EvSc concept, considering that species are lineages

evolving separately from all lineages outside its range, but emphasizing that lineages must occupy the same niche
or adaptive zone, minimally different from that of any other lineage in its range (Van Valen 1976; Andersson 1990).
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Figure 1.1.2 Representation of the different species
concepts (figure adapted from UCMP 2010). Lineages

A B c A and B and some C population are separate species
following the BSC if reproductively isolated; only
A, B and C as a whole may be species following the
EvSC because they evolve as single units and also
according to the PSC because these are the only
lineages with a common and unique ancestor; A, B
and some C populations are species following the CSC
because they show phenotypic cohesion. According
to the GCS, A, B and C lineages or A and (B+C) may
be different species, or A+B+C may be only one
species depending on the isolation time considered
and diagnostic characters used, thus several lines of
evidence should be studied.

Cohesion species concept (Templeton 1989), CSC, emerged and defined species as the most inclusive population
of individuals having the potential for phenotypic cohesion through intrinsic cohesion mechanisms.

Phylogenetic species concept (Cracraft 1983), PSC, defines species as the smallest diagnosable cluster of individual
organisms with which there is a parental pattern of ancestry and descent. It derived focusing on monophyly (com-
monly inferred from possession of shared derived character states), exclusive coalescence of alleles (all alleles of
a given gene descend from a common ancestral allele not shared with those of other species) and diagnosability
of qualitative, fixed differences according to different authors (de Queiroz 1998).

According to de Queiroz (2007) one of the main problems related to the species recognition is that species delimitation
has long been confused with that of species conceptualisation, leading to controversy concerning both the definition
of the species categories and methods for inferring their boundaries and numbers. Recent progress in the field has
been made through the general lineage species concept (de Queiroz 1998), GSC. It is now widely understood that
almost all species concepts agree in defining species as population-level evolutionary lineages, and that the vari-
ous species concepts refer to diagnostic characters of these lineages that become recognisable in a variable order
and after different intervals of time. Hence, the best inferences about lineage separation will be based on lines of
evidence described by several different species criteria but the only property necessary for delimiting species would
be detecting a segment of a metapopulation lineage evolving separately (de Queiroz 1998). Other properties, such
as pre- and post-zygotic reproductive isolation, reciprocal monophyly, phenetic distinguishability or occupation of
a distinct niche or adaptive zone are no longer seen as part of the species concept but serve as important lines of
evidence relevant to assessing the separation of lineages and therefore to species delimitation (de Queiroz 2007).

Species conservation is necessary, though certainly not sufficient for wider conservation policy and practice (Mace 2004).
Subspecies have been defined as geographically defined aggregates of local populations which differ taxonomically
from other subdivisions of the species (Mayr 1940). Afterwards, it was added that the evidence for BSC subspe-
cies designation should come from the concordant distribution of multiple, independent, genetically based traits
(Avise & Ball 1990; O'Brien & Mayr 1991).

Units for conservation action will almost always be populations or even individuals, thus the concept of evolutionarily
significant units (ESUs) was put forward. Originally, it was intended to distinguish between populations that
represented significant adaptive variation, and the identification of ESUs was to be based on concordance between
sets of data (genetic, ecological, behavioural) derived by different techniques (Ryder 1986). Waples (1991) redefined
ESUs to be populations that are reproductively separate from other populations and that have unique or different

21



CHAPTER 1/ General introduction

adaptations. Later, Moritz (1994) defined it as populations that are reciprocally monophyletic for mitochondrial
DNA alleles, and that show significant divergence of allele frequencies at nuclear loci. Crandall et al. (2000) pro-
pose that ESU concepts be abandoned altogether and replaced with a more holistic concept of species, consisting
of populations with varying levels of gene flow evolving through drift and selection that should be tested in the
form of null hypotheses. Fraser & Bernatchez (2001) recovered the concept and defined ESUs as lineages dem-
onstrating highly restricted gene flow from other such lineages within the higher organisational level of species.
This is an integrative framework that unifies the strengths of various proposed criteria for imputing conservation
units based on the notion that situational circumstances will demand different integrative approaches that may
encompass a wide array of justifiable biological criteria in general (Fraser & Bernatchez 2001).

Despite different definitions, all authors agree that ESUs should be chosen to maximise the potential for evolution-
ary success and therefore to preserve adaptive diversity across the range of the taxon (Mace 2004).

Section 1.1.3. Study of biodiversity — the Linnean shortfall

Estimating the extent of the biodiversity crisis is a hard task since only a very small fraction of the estimated total
number of species has been recorded (Whittaker & Ferndndez-Palacios 2007). One of the most fundamental bio-
logical sciences that deals with the Linnean shortfall is Systematic Biology (hereafter Systematics), the study of
the relationships between groups of organisms and diversification of life though time. Systematics tries to infer the
evolutionary history of the taxa and use this information to produce a biologically meaningful system of classification.

Phylogenetics is the field of Systematics that investigates the evolutionary history of the groups of organisms
identified using morphological and molecular data. Phylogenetic trees may not perfectly reproduce evolutionary
trees but are commonly used to infer the group interspecific relationships through branching order and the amount
of evolution through branch length. The outputs of those trees allow the inference of demographic history, diver-
gence times, migration rates, historical hybridisation events, hybrid zones, introgression occurrence or refugia
prediction (Hickerson et al. 2010). These tree-based methods are of crucial importance to systematics to search
for monophyletic groups that could represent species (Sites & Marchal 2004).

The current method of choice to infer phylogenetic trees and the most commonly-used methods to infer phylogenies
are parsimony, maximum likelihood, and Markov Chain Monte Carlo-based Bayesian inference. Nevertheless, net-
work approaches are considered to be more effective than classical phylogenetic ones for representing intraspecific
evolution (Posada & Crandall, 2001). Recent analyses of specific taxa show that the 95% parsimony connection limit
among networks can provide an additional and simple quantitative standard for phylogenetic species (Monaghan
et al. 2006). The parsimony connection limit appears to have a higher true-positive rate for discovering new cryptic
species from sequence data when applied to mtDNA loci (Hart & Sunday 2007), because they are assumed to be
non-recombining and with rapid lineage sorting, in contrast to nuclear alleles that frequently recombine and are
slow-evolving (Avise 1994). Recombination of nDNA may limit the rate at which ancestral polymorphisms shared
between recently diverged species are lost from one (or both) of them by lineage sorting and thus reduce the rate at
which haplotype differences between sister species approach the parsimony connection limit (Hart & Sunday 2007).
Thus the choice of the type of molecular markers to use in phylogenetic inferences (mitochondrial or nuclear;
neutral or under selection) has to be made with care, taking into account its mutation rate and the use of coding
or non-coding regions according to aims of the study. Mutillocus approaches are advisable to avoid misleading
interpretations result of introgression, hybridisation or incomplete lineage sorting (Shaw 2002).

The other branch of Systematics is Taxonomy, the discipline which classifies organisms. Its main goals are assign-
ing scientific names to organisms (nomenclature), describing and organizing them in a hierarchical structure,
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preserving collections and developing identification keys. Collar (1997) summed up the importance of Taxonomy
for conservation: ‘Taxonomy precedes conservation. Without the formal structure of names and an agreed system
of usage, there can be no understanding of what exists to be conserved.’

Species were clearly over-aggregated in earlier times, when systematics was based only on morphological char-
acters. Study of the fossil record and comparative morphology are now less common than molecular studies
(Williams & Ebach 2008). New studies and the application of new techniques (based on DNA sequencing) have
led to the recognition of many new species, especially among ‘cryptic’ taxa (Mace 2004). Species taxonomy is
currently confronted with the challenge to incorporate new theories, methods and data from disciplines that study
the origin, limits and evolution of species, to produce the inventory of life in a reasonable time (Padial et al. 2010).
The communication gap among different disciplines currently involved in delimiting species is an important and
overlooked problem. To solve it, Dayrat (2005) suggested that Taxonomy should become integrative.

Integrative Taxonomy is defined as the science that aims to delimit the units of biotic diversity from multiple
and complementary disciplines (Dayrat 2005). Those disciplines are, among others, Phylogenetics, Comparative
Morphology and Population Genetics. Hence, morphological characters and molecular markers (mostly sequences
of mitochondrial or chloroplast DNA and, increasingly, of nuclear genes), studied at species and population level,
should be used as different complementary approaches to reliably identify species. However, disagreements
concerning the degree of congruence that different characters must show to consider a population or a group
of populations as a separate species split integrative taxonomists. The two main approaches are ‘integration by
cumulation’ and ‘integration by congruence’ (Padial et al. 2010):

cumulation congruence
approach ntagretion approach
b4 \ J'"-’H_ }
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Figure 1.1.3.A Schematic representation of the two approaches of integrative taxonomy (adapted from Padial et al. 2010). Background yellow, red,
and blue colours represent the spectrum of character variation, each dot being an independent evolutionary linage that requires identification and
delimitation as separate species. Integration by cumulation identifies species limits with divergence in one or more not necessarily overlapping
taxonomic characters, whereas the integration by congruence identifies species limits with the intersection of two or more independent lines of evidence.
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The cumulation approach (Fig. 1.1.3.) assumes that divergences in any of the organism attributes that constitute
taxonomic characters can provide evidence for the existence of a species if these characters are considered good
indicators of lineage divergence. Congruence is desired but not mandatory. The character sets are assembled cumu-
latively, concordances and discordances are explained from the evolutionary perspective of the populations under
study, and a decision is made based on the available information. This approach is probably most suitable to uncover
recently diverged species as in adaptive radiations. Its main limitation is that it can lead to the overestimation of
species numbers (alfa error) by identifying distinct species where there is intraspecific character variation only.

The congruence approach (Fig. 1.1.3.A) examines lineage divergence hypotheses and follows the phylogenetic
species recognition concept (see above). This concept states that congruent identification of a population-level
monophyletic lineage by several unlinked genetic loci indicates that it is genetically isolated from other such lin-
eages, and thus qualifies as a species, because only in such isolated lineages will the coalescent histories of the
different markers agree. It analogously assumes that concordant patterns of divergence among several taxonomic
characters indicate full lineage separation. The major advantage of this approach is higher taxonomical stability
and the disadvantage is the risk of underestimating species numbers (beta error) because the relative rates of
character change during lineage divergence are heterogeneous. Thus, recent radiations and cryptic species may
often be overlooked by a strict consensus approach.

Section 1.1.4. Study of biodiversity - the Wallacean shortfall

In so far as the knowledge of the number of species is poor, there is also inadequate knowledge for many taxa of
their global, regional, and even local distributions, a problem labelled as the Wallacean shortfall (Lomolino 2004).
The science which deals, among other problems, with the Wallacean shortfall is Biogeography, defined as the
study at all possible scales of analysis of the distribution of biological variation across space, and how it has
changed through time (Whittaker et al. 2005).

Early spatial analyses were purely spatial in nature (latitude, longitude and elevation). However, the urgency to
achieve a significant reduction in the rate of biodiversity loss by 2010 and the availability of software designed
specifically to perform spatial analyses transformed this (Fortin & Dale 2005). It is now possible to explore with
Geographical Information Systems (GIS) and species distributions models (SDMs) the underlying causes of
spatial heterogeneity of biological variation using assets of ecogeographical variables (EGVs) and chorological or
eco-physiological data. These recent methods, can not only better represent distribution maps and make inferences
regarding spatial relationships and the causes of spatial heterogeneity, but also create predictive maps of patterns
of biological variation (Thomassen et al. 2010). There are two approaches to perform SDMs using mechanistic or
correlative models (Fig. 1.1.3.B):

Mechanistic models base predictions of ecosystem processes on real cause-effect relationships. These models
use resource gradients which address matter and energy consumed by species (e.g. water) and direct ecologi-
cal gradients (e.g. temperature) as predictive parameters. For instance, a thermal performance curve represents
a fitness component (e.g. survival, growth, reproduction) as a function of body temperature. The principles of
biophysical ecology can then be used to translate multivariate environmental space into a set of ranges of vari-
ables as a function of key traits (e.g. size, solar reflectivity and metabolic rate), and the performance curve can be
invoked to describe the climate space within which the performance curve constrains survival and reproduction.
This mechanistic representation of a species fundamental niche (the function of all physiological conditions and
ecosystem constraints related to the survival of the species) can subsequently be used to infer distribution limits.
Such dynamic models are primarily tested based not on predicted precision, but rather on the theoretical cor-
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Figure 1.1.3.B Two main approaches used in developing species distribution models (SDMs) (adapted from Kearney & Porter 2009). In a mechanistic
approach, SDMs can be derived through knowledge of physiological processes (D1). Functional trait data are linked to GIS data through a model
that explicitly captures the key processes by which traits and habitat features interact to determine the species environment. The outcome of that
environment for individual fitness (survival and reproduction) and ultimately population dynamics is then mapped to the landscape. In contrast, in
a correlative approach, species occurrence data (D2) is modelled as a function of environmental data (A, B, C), ultimately describing a hyper-volume
in multivariate space within which the organism has been observed. This niche is then mapped to the landscape to infer potential distributions.

rectness of the predicted response (Pickett et al., 1994). The major advantage of this approach is that it provides
deep understanding of the proximate constraints limiting distributions and abundances, so it can also be applied
in non-equilibrium contexts such as invasions, translocations, climate change and evolutionary shifts (Kearney
& Porter 2009). Its main limitation is that real cause-effect relationships are difficult and expensive to measure,
hence only very few species have been studied in detail in terms of their dynamic responses to environmental
variables (Guisan & Zimmermann 2000).

Correlative models based predictions on correlations between presence data of a taxon and environmental
variables, most of them indirect gradients (with no direct physiological relevance for the species, as slope). Such
static models are not expected to describe realistic ‘cause-effect’ relationships between model parameters and
predicted response. Their main purpose is just to condense empirical facts (Wissel 1992). These are likely to predict
the realized niche (the subset of the fundamental niche that the species actually occupies due to biotic interactions
or geographic barriers that have hindered dispersal and colonisation). Often correlative distribution modelling
remains the only available approach (Guisan & Zimmermann 2000). Its major advantage is that allows reducing
sampling effort either in time and cost, since no detailed knowledge of the physiology and behaviour of the spe-
cies involved is necessary (Guisan & Zimmermann 2000), contributing to reduce the Wallacean shortfall in a more
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effective way. It is considered most prudent when the main purpose is interpolative prediction (Dormann 2007).
Because of this, it has been widely used in conservation applications to project patterns of diversity across
unsampled areas of the landscape in remote areas (e.g. Brito et al. 2009) where chorological data most lacks.
It can also be useful in the identification of suitable areas for rare species, in the assessment of conservation status
of poorly known species (e.g. Papes & Gaubert 2007) and the design of reserves (e.g. Carvalho et al. 2010). In addi-
tion, there are many modelling techniques available for this approach that may differ in their ability to summarise
useful relationships between response and predictor variables (Segurado & Araujo 2004). Differences rely mostly
on the type of algorithm used to make the predictions, the type of occurrence data needed, which can be based
on presence/absence data or presence-only data, and the type of output prediction. However, this approach has
some drawbacks. A hardly realistic state of equilibrium between the environment and observed species patterns
is a necessary assumption, at least for the purpose of large-scale distribution modelling. Furthermore, it does not
take into account the influence of historical factors on the present day distribution of organisms, and therefore
might predict a high likelihood of presence on a site were the species is absent due to past geological or climatic
events, such as sea-level fluctuations, or physical barriers, such as high mountains (Guisan & Zimmermann 2000).

SECTION 1.2. ISLANDS AS MODELS FOR THE STUDY OF BIODIVERSITY

Emerson (2002) highlighted some of the reasons why island systems are so remarkable for approaching questions
on evolution and conservation. Islands being discrete, internally quantifiable, numerous, and varied entities, can
be used as model systems to study evolution and phylogeography, and in this context are often referred to as
‘natural laboratories’ (Losos & Ricklefs 2009). As gene flow between islands is practically non-existent for ter-
restrial species, allowing fixation of genetic variation, differentiation of populations can occur through geographic
isolation. If island ages are known, usually the phylogeography of taxa in archipelagos can be analysed within
a known timeframe (Emerson 2002). Additionally, their often small geographical size makes the cataloguing of
flora and fauna easier than in continental systems. Despite their size, they can contain a substantial diversity of
habitats and are often geologically dynamic. Volcanic islands emerge above the ocean surface as blank slates for
evolutionary diversification, offering a unique opportunity for observing the entire development of ecological and
evolutionary system (Losos & Ricklefs 2009). Furthermore, the investigation and protection of remote islands is
particularly important as they usually are not well-studied and possess large numbers of endemics, typically with a
relatively higher risk of extinction (Frankham 1997). They can also harbour paleoendemisms, ancient lineages that
have become extinct everywhere else and thus can be considered as ‘evolutionary museums’ (Brandley et al. 2010).

Oceanic islands are volcanic islands that have been formed over oceanic plates and have never been connected
to continental landmasses. They are typically short-lived and may only exist for a few million years before subsid-
ing and eroding back into the ocean. Remote island biotas differ from those of continents in a number of ways,
being generally species-poor, disharmonic and peculiar in taxonomic composition, yet rich in endemic species.
On islands, speciation is faster and morphological variation increased (Yoder et al. 2010). Also, particularly large
and remote islands contribute disproportionately to global biodiversity (e.g. Moody 2000; Wilson et al. 2009)
and are considered biodiversity hotspots for conservation.

Section 1.2.1. Evolution on islands
Current biodiversity observed on islands is the product of past evolution, which may result from any or all of the fol-

lowing factors: (1) adaptive radiation; (2) multiple successful colonisations from neighbouring islands or continental
landmasses; (3) the diversification of a founding population into a number of species caused by vicariant events
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and; (4) increased speciation through bottleneck and founder flush events (Templeton 1980; Carson & Templeton
1984). Emerson & Kolm (2005) further suggested that species diversity itself could drive speciation by leading to
greater community structural complexity. A brief explanation of these evolutionary processes follows.

1. Adaptive radiation can be defined as the diversification of a founding population into an array of differentiated
forms within the same lineage differentially adapted to diverse environmental niches (Simpson 1953). A classic
example of an adaptive radiation are the Galapagos finches, thought to be the result of a single colonisation from
the South American continent (Grant & Grant 2008). Another well-studied case is the Anolis lizards from the
Greater Antilles (Losos et al. 1998). According to Yoder et al. (2010), adaptive radiation is the result of ecological
release (increased population size, broader habitat use and increased trait variation) possibly via relaxation of
natural selection due to ecological opportunities (colonisation of new habitats, evolution of key innovations,
extinction of antagonists or a combination of these events). Adaptive radiation can result in strong character
displacement. This is the process by which initially allopatric similar species evolve in different directions in
some character due to competition upon attaining sympatry (Diamond et al. 1989). Islands provide unique oppor-
tunities to study character displacement because pairs of species often occur in sympatry on some islands and
alone on others (Losos & Ricklefs 2009). Extreme phenotypes, such as the largest species within lizard families
and bird genera, are detected on islands more often than expected (Meiri et al. 2010), although this might also
be explained just by ecological release. Molecular phylogenetic analyses of island organisms suggested that
size displacement may account for sympatric species of different size as in the regular-sized ‘Mabuya’and the
giant Macroscincus (= Chioninia) coctei skinks on the Cape Verde Islands (Carranza et al. 2001).

2. A given species group can be the result of a single colonisation event, or on the other hand, can be result of
multiple colonisations from adjacent landmasses. In the first case, the species group within the archipelago
will be monophyletic, while in the presence of multiple colonisations, it will be paraphyletic/ polyphyletic. These
assumptions can only be effectively tested by the inclusion of all closely related species from continental areas
and neighbouring archipelagos in a phylogenetic context. Molecular phylogenetic studies have revealed, for
instance, multiple colonisations events for the Tarentola geckos in Macaronesia (Carranza et al. 2000, 2002).

3. Vicariant events within insular systems can be produced by a diverse array of factors, such as the formation
of new volcanoes or lava flows, earthquakes, prolonged droughts or heavy storms, hurricanes, glacially mediated
fluctuation in sea levels, among others. These events cause the isolation of small populations, and consequently
their differentiation, sometimes until speciation is achieved. For instance, in the Canary Islands, reptiles exhibit
phylogeographic patterns that are probably related to recent volcanic activities such as the joining of previously
separated massifs in Tenerife, or promoting the isolation of populations, in Gran Canaria (Nogales et al. 1998;
Brown et al. 2001; Juan et al. 2000).

4. Founder-flush speciation models propose that population bottlenecks can enhance evolutionary potential for
rapid species formation (Carson & Templeton 1984; Coates 1992). In this model, a small founder population,
highly affected by genetic drift, establishes itself in its new environment under relaxed ecological and selec-
tive conditions. Hence, the founding event is followed by a period of rapid population growth, the ‘flush phase’,
in which an increase of genetic variation occurs due to recombination and altered pleiotropic balances. More-
over, because of the high levels of additive variation, the population is prepared to respond to selective forces
by moving to alternative adaptive peaks, what might result in speciation (Carson and Templeton 1984). The
best known studies implicating founder events in speciation have been conducted in the Hawaiian Islands for
Drosophila where volcanic activity may have allowed multiple opportunities for isolation and founder events
both within and between islands (Carson 1990) thereby promoting diversification of species.
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The general dynamic model (GDM) of oceanic island biogeography (Whittaker et al. 2008) provides a general
explanation of biodiversity patterns through describing the relationships between speciation, immigration and
extinction through time and in relation to island ontogeny (Fig.1.2.1). It is based on the traditional dynamic
equilibrium model of MacArthur & Wilson (1963, 1967) that recognised the number of species on an island as a
function of its isolation and area, but adapted to oceanic island systems. On the more remote islands, the pace
of immigration is so slow that increasing proportions of the biota mostly result from in situ evolutionary change,
with cladogenesis most pronounced on larger islands towards the outer limits of the distributional reach of a taxon.
Also oceanic islands typically have short life cycles. In the simplest scenario of GDM, an island builds relatively
quickly to maximum area and altitudinal range in its youth, then becomes increasingly dissected as it erodes,
resulting in loss of both elevational range and area, and then gradually subsides/erodes to disappear back into
the sea or persist as a low-lying atoll (Whittaker et al. 2008). Considering this scenario, the maximum carrying
capacity of an island, in terms of biomass and number of individuals across all species, will be reached roughly
coincidently with maximum area and elevational range and with the maximum heterogeneity of environment, and
thus maximum opportunity for within-island allopatry, occurring within the ‘middle age’ of the island. A general
hump-shaped trend is expected in potential carrying capacity, species richness and in speciation rate. However,
in reality most oceanic islands have rather more complicated scenarios, involving the junction of separated islands,
catastrophic episodes like volcanism, slope failures and dramatic climate changes (Whittaker et al. 2008).
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Section 1.2.2. Conservation on islands

The biodiversity crisis is nowhere more apparent and in need of urgent attention than on islands. In fact, islands
not only represent disproportionate amounts of endemic diversity (Whittaker & Ferndndez-Palacios 2007), but they
also account for a high proportion of recorded global extinctions over the last few hundred years (Fig. 1.2.2.A) and
a high proportion of globally threatened species, especially small oceanic islands (Pullin 2002). A stress on islands
is thus an appropriate part of any global conservation assessment based on the currency of species and indeed is
common to schemes promoted by all the major international conservation non-governmental organisations (NGOs).

Following Pullin (2002), there are a number of probable reasons for oceanic island faunas being prone to extinction

including small population sizes; lack of adaptation to large predators and competition and vulnerability to intro-
duced species.
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Figure 1.2.2.A Map of recorded bird extinctions since 1600 (adapted from Pullin 2002). Note the high extinction rates on oceanic islands
(scale bar on the right side).

In small populations, such as most populations of species restricted to islands, more slightly deleterious muta-
tions are expected to drift to fixation (Woolfit & Bromham 2005). In addition, since island populations experience
relaxed selective constraints, few defence mechanisms evolve. The naivety of natives turns them into easy preys or
potential habitat-displaced individuals; hence population sizes and distributions can be rapidly and dramatically
reduced by new predators and competitors (Case & Bogler 1991). Introduced species can have serious negative
impacts on native ones. These impacts include predation, competition for food and other resources, hybridisa-
tion, spread of diseases and parasites, and, in the case of reptiles and amphibians, poisoning through toxic skin
glands or venomous bites. They may also alter the habitat of native species and disrupt ecosystem dynamics.
Unfortunately, it is on islands that this phenomenon is occurring with terrestrial vertebrates more frequently and
with a higher probability of successful establishment relative to mainland systems (Kraus 2003). The same also
applies to oceanic island floras (Caujapé-Castells et al. 2010).

To prevent taxa from going extinct, the Convention on Biological Diversity encouraged governments to endorse in situ
conservation by establishing a system of Protected Areas (PAs). A PA is ‘a clearly defined geographical space,
recognised, dedicated and managed, through legal or other effective means, to achieve the long-term conservation
of nature with associated ecosystem services and cultural values’ (Dudley 2008). These areas are an important
tool for controlling access to sensitive areas, regulating harvest of certain wildlife, and preventing introduction
of plague or predator species and are one of the most effective tools available for long-term biodiversity conserva-
tion (Possingham et al. 2006). More than 35% of the hotspots total area is already protected in parks and reserves
but all are in urgent need of stronger safeguards, especially unprotected areas (Myers et al. 2000). Designating
PAs is a complex task because there are several competing land-use options and considerable socio-economic
costs associated with PAs implementation, thus a prioritisation procedure is mandatory.

The theory of Island Biogeography of MacArthur & Wilson (1963, 1967) was extended to the Reserve Design

on the assumption that a PA is destined to become an island itself in a sea of habitats modified by man (Wilson
& Willis 1975). The goal of reserve design is to predict where the equilibrium between extinction and immigra-
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tion might fall and how to design a reserve minimising species loss. These ideas were first explored by Wilson
& Willis (1975), Terborgh (1974, 1975) and Diamond (1975) and from them a number of ‘geometrical rules of design’
of nature reserves arose (Fig. 1.2.2.B). One of the rules was that a single large reserve would be better at preserv-
ing species than a set of smaller, separate reserves covering the same area. This idea became controversial and
therefore became known as the ‘single large or several small’ (SLOSS) debate. Although few conclusions derived
from that debate, it became clear that the better shape, size and number of reserves varied according to the target
species, being always preferable to be as large and as many as possible (Kingsland 2002).

O O

A B C D E F Figure 1.2.2.B Geometric design strategies, based
on the equilibrium theory of island biogeography and
the species-area relationship, proposed for the design

O O O of nature reserves (Diamond 1975). For each of the six

o O O O designs, A to F, extinction rates are said to be lower and

o the number of species held at equilibrium are said to
be higher for the design at the bottom than at the top.

The SLOSS debate also drew attention to important underlying assumptions concerning the evaluation of conser-
vation efforts, such as representativeness and persistence, two milestones of the current studies on reserve design
(Margules & Pressey 2000). To achieve representativeness it is required that all relevant features of biodiversity
are covered within the selected protected areas with a desired target, while to assure biodiversity persistence
it is necessary to cover and manage a variety of ecological and evolutionary processes to ensure the long-term
maintenance of populations of native species and natural ecosystems.

Currently, new mathematical techniques and the development of computers, have allowed solving two major classes
of conservation prioritisation in reserve design: the ‘minimum set’ and the ‘maximal cover’ problems (Kingsland 2002).
In the ‘minimum set’ problem, the objective is to minimise the total number of selected sites, total area, or cost
such that each biodiversity unit is represented at or above a pre-determined target. In the ‘maximal cover’ problem,
the objective is to find a reserve system that contains the largest number of biodiversity units meeting their targets
given a limit for the number of sites, cost or area of the selected planning units (see Cabeza & Moilanen 2001).
These problems can presently be mathematically formalized and implemented in computational tools that objec-
tively inform the decision-making process, such as multi-criteria optimisation methods (Moilanen et al. 2009).

An effective conservation planning needs to follow systematically the six-stage framework proposed by Mar-
gules & Pressey (2000). First, it is needed to map and measure biodiversity, or to choose the features to be used as
surrogates for overall biodiversity in the planning process, and secondly to identify explicit conservation targets
for the planning. Third, it is needed to recognise the extent to which conservation goals have been met in exist-
ing reserves. Then, explicit gap analyses methods are used and explicit criteria are applied for implementing
conservation action on the ground (fourth and fifth stages, respectively). Gap analysis is a planning approach
based on assessment of the comprehensiveness of existing protected area networks and identification of gaps
in coverage (Scott et al. 1993). Once identified, gaps are filled through new reserve acquisitions or designations,
or through changes in management practices. Finally, it is needed to adopt explicit objectives and mechanisms
for maintaining the conditions within reserves that are required to foster the persistence of key natural features,
together with monitoring of those features and adaptive management.
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Conservation planning has focused more on achieving representativeness than persistence. Since conservation is not
about protecting a static welfare, but a dynamic mechanism by which diversity of life is maintained and generated,
evolutionary processes must be taken into account. Genetic diversity is the reservoir for future evolution; it is thus
important to make sure that the widest possible range of existing diversity is protected (Petit et al. 1998). Intraspecific
genetic diversity, as the primary motor of evolution, is thus central in this endeavour (Bonin et al. 2007). Nevertheless,
maintaining species diversity has been the main objective of conservation policies so far, to the detriment of intra-
specific genetic diversity (Margules & Pressey 2000). It is now regarded necessary to consider the conservation of
intraspecific diversity together with the protection of species and habitats in an integrative approach of conservation
biology (Bonin et al. 2007), incorporating technologies to speed up and increase the accuracy of conservation decision-
making (DeSalle & Amato 2004). Detailed maps of genetic, phenotypic and demographic variation have recently been
used to address a broad array of topics, such as the prioritisation of areas for conservation (Thomassen et al. 2010).

Moritz (2002) argued for separation of genetic diversity into two dimensions, one concerned with adaptive variation
arising directly from adaptive evolution due to natural selection and the other one with neutral divergence caused
by isolation, genetic drift, mutation or migration. Adaptive features may best be protected by maintaining the con-
text for selection, heterogeneous landscapes, and viable populations, rather than protecting specific phenotypes
(Moritz 2002). By contrast, conservation of species and specific areas should emphasise protection of historically
isolated lineages or so-called evolutionarily significant units (ESUs) because these cannot be recovered (Moritz
2002; Hoglund 2009). Given the difficulty in measuring adaptive variation for wild species, molecular markers are
valuable surrogates and in some cases may be conservative estimates of the expectations of loss and recovery of
quantitative genetic variation (Lynch et al. 1999). Furthermore, molecular methods are less time and effort con-
suming, so surveys of molecular variation have rapidly become a convenient shortcut to evaluate global genetic
diversity (Petit et al. 1998, Garner et al. 2005).

Island populations have the potential to be genetically valuable, this is, to be differentiated from other popula-
tions, or to contain high levels of allelic diversity, especially on large or highly remote islands (Wilson et al. 2009).
This turns island populations into obvious candidates for within-species conservation. Nevertheless, few reserve
design studies have taken into consideration genetic variability among and within populations in islands systems.
Smith et al. (2000) and Kahindo et al. (2007) studied the mitochondrial lineages of avian species in an island-like
system, the mountain regions on Africa, and considered distinctive lineages worthy of conservation concern. Setiadi
et al. (2009) tested whether the two disjunct blocks constituting a National Park of an Indonesian island adequately
captured the full breadth of genetic diversity of endemic species of herpetofauna. These studies evidenced that
the study of the distribution of genetic variation within species can provide useful information for biodiversity
conservation, however its concrete application to reserve design at a national scale remains unexplored.

SECTION 1.3. STUDY AREA: THE CAPE VERDE ISLANDS

The Cape Verde Islands were included in the top 200 most biologically valuable terrestrial ecoregions identified by
Olsen & Dinerstein (1998) and as part of one of the 25 and 34 hotspots by Conservation International (Myers 2000;
Mittermeier 2004), within the European and Central Asian Mediterranean Basin. However, only 2.47% of the ter-
restrial territory of this country is protected, following the World Database on Protected Areas (IUCN & UNEP-
WCMC 2010).
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Section 1.3.1. Geography and climate

Biogeographically, Cape Verde belongs to the Macaronesian region (from the Greek makaron= fortunate), which
is composed by the Madeira, Selvagens, Azores, Canaries and the Cape Verde archipelagos. Some authors include
as well in this region an enclave on the African mainland, comprising southern Morocco and Western Sahara.
This group of islands is the Atlantic equivalent of Hawaii and the Galapagos, providing a rich mix of geologi-
cal, evolutionary and ecological insights on the one hand and biodiversity conservation problems on the other
(Whittaker & Fernandez-Palacios 2007).

The Cape Verde archipelago lies in the North Atlantic Ocean, 570 km from the West African Coast and 1500 km
south of the Canary Islands in the West Mediterranean region, situated between 14°45'-17°10" N and 22°40'- 25°20° W
(Fig. 1.3.1.A). It spreads over 58,000 Km? of ocean and has about 1050 km of coastline (Duarte & Romeiras 2009). The
archipelago is composed by ten main islands and several islets. These islands are usually classified in two groups, the
Windward (Santo Antéo, S. Vicente, Santa Luzia, S. Nicolau, Sal and Boavista) and Leeward Islands (Maio, Santiago,
Fogo and Brava). However, in the present work, they are topologically divided into north-western (Santo Antéo, S.
Vicente, Santa Luzia and S. Nicolau), eastern (Sal and Boavista) and southern (Maio, Santiago, Fogo and Brava) island
groups (Fig. 1.3.1.A). Santiago is the largest island, where more than half of Cape Verdeans live (around 450,000
inhabitants as of the 2000 census), whereas the smallest island — Santa Luzia — is uninhabited. Several seamounts
also come close to the sea surface (Noroeste, Nova Holanda, Bancona and Jodo Valente) around these islands.
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Figure 1.3.1.A Map of the Cape Verde Islands showing the geographic location, bathymetries and elevations of the three island groups
(Geographic Coordinate System, Datum WGS84). Estimated age ranges of most islands and extent of the islands exposed by lower sea levels
during the Pleistocene ice ages (in beige) are also indicated.
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The landscape of the north-western and southern islands, in particular Santo Antdo, Séo Nicolau, Santiago and Fogo
is characterised by steep, high mountains and deep river valleys and offer a wide range of habitats (Fig. 1.3.1.B)
in relatively small areas. Steep slopes suffer from active fluvial erosion (average of 7.8 tons/ ha/ year). Overgrazing
and poor agricultural practices have further exacerbated the problem. Conversely, the eastern islands of Boavista
and Sal, and the southern island of Maio, having experienced greater erosion, are more flat and less diverse in
habitats, with peaks only few hundred meters in height and surrounded by relatively broad extents of plain arid
land, where deposition is dominant (Fig. 1.3.1.B).
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Figure 1.3.1.B Main habitat types in the Cape Verde Islands (Geographic Coordinate System, Datum WGS84; adapted from Diniz & Matos
1986, 1987, 1988 a, b, 1993, 1994, 1999 a, b, ¢).

Soils are mainly of volcanic origin. They originated from volcanic rocks like basalts, phonolites, trachytes, andesites,
tuffs, scorias, and sedimentary rocks, mainly limestone (Duarte & Romeiras 2009). The variety of soils reflects its
microclimatic and topographic diversity: on the north-eastern slopes of the higher mountains it possesses good
physical and chemical properties; at lower altitudes soils are incipient with low organic matter and nitrogen con-
tents; in the eastern islands and Maio, dunes display maximum development (Duarte & Romeiras 2009).
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The archipelago is located at the border of the North African arid and semiarid climatic regions, with a climate
defined as dry tropical Sahelian. It experiences climates ranging from tropical dry to semi-desert, which are
governed by the Azores anti-cyclone, the Inter-tropical Convergence Zone (ITCZ) and the mid-Atlantic air mass
movements induced by their seasonal changes of location (Duarte & Romeiras 2009).

Annual precipitation (Fig. 1.3.1.C) might be the primary limiting factor for distribution of biodiversity since it is between
40 to 604 mm (mean=235+135 mm), reaching 0 to 2 mm in the driest month and 23 to 213 mm in the wettest month
(mean=97+48 mm) (Hijmans et al., 2005). Rainfall is lower for the 65% percent of the territory that is located below 400
meters in elevation and is concentrated between July and October with potential evaporation exceeding precipitation
throughout the year (Duarte & Romeiras 2009). Analysis of the hydrological balance shows that a total of 180 million
cubic meters of water fall upon Cape Verde annually. However, due to a lack of intake and storage structures, 87% of
this rain fall is lost to run-off and evaporation (MAAP-DGA 2004). North-eastern trade winds, representing 78% of all
winds (Schleich & Schleich 1995), carry moderate humidity throughout the year. Another important wind mass is the
Harmattan, a dust-laden, hot, dry wind that blows from the southern Sahara Desert, usually between November and May.

Temperature ranges are narrow as the climate is moderated by the surrounding ocean (Fig. 1.3.1.C). The annual
mean temperature is between 9.4 and 26.7 °C (mean=22.1+2.8 °C), ranging only in 8.0 to 12.2 °C (mean=10.4+1.2 °C)
throughout the year, with temperatures on the warmest month ranging from 15.0 to 31.2 (mean=27.3+2.9 °C) and
on the coolest from 4.0 to 22.3 (mean=16.9+2.7 °C) (Hijmans et al. 2005).
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Figure 1.3.1.C Annual precipitation (mm) and annual mean temperature (°C) in the Cape Verde Islands (Geographic Coordinate System,
Datum WGS84; adapted from Hijmans et al. 2005).

Section 1.3.2. Geology and oceanic currents

The Cape Verde Rise is one of the largest swells in the oceans, rising some 2.2 km above the expected depth of late Juras-
sic to early Cretaceous-aged sea floor within a pseudo-circular region circa 1200 km in diameter (Williams et al. 1990).
The Cape Verde Rise and its associated volcanism were probably originated by hot-spot bathymetric swells,
the surface expressions of plumes ascending from the deep mantle (Pim et al. 2008). This hot-spot is still active:
recent volcanic activity was register on Fogo Island in 1951 and 1995, and appears to be moving southwest where
it may form a new oceanic island in the future (Grevemeyer et al. 2010).
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The archipelago is located in the southwest part of the Cape Verde Rise. The Cape Verde Islands appear to be
composed of the oldest subaerial rocks in Macaronesia (Duarte & Romeiras 2009). The archipelago does not form a
linear island chain, but a horseshoe-shaped clustered group of volcanic edifices with the concavity facing westwards
(see Fig. 1.3.1.A). They show a weak age progression from east to west, which is thought to have been induced by
the slow movement of the African tectonic plate, and so the youngest islands are the ones on the tips of the arch
(Holm et al. 2006). The subaerial volcanism probably began during the Miocene or pre-Miocene. Quaternary igneous
activity is concentrated at the western end of the archipelago. The age of the oldest rocks, found on Sal Island (see
Fig. 1.3.1.A), is about 25.6+1.1 million years, My, old (Torres et al. 2002). Boavista is thought to be around the same
age as Sal (Mitchell-Thomé 1976, 1985; Stillman et al. 1982), certainly >16.63+0.17 My old (Dyhr & Holm 2010). The
islands of Santo Antao and Brava thus present the youngest subaerial Tertiary volcanism, which can be dated to
7.57+0.56 (Plesner et al. 2002, Knudsen et al. 2003, Holm et al. 2006) and 5.9+0.1 My old (Torres et al. 2002), respec-
tively. Santiago Island dates from 10.3+0.6 t0 4.59+0.09 My old and Maio Island 21.1+6.3 My old (Torres et al. 2002,
Holm et al. 2008). The ages of S. Vicente and S. Nicolau Islands are estimated between >6.6 Ma and 5.68+0.22
My (Jergensen & Holm 2002; Holm et al. 2008) and >20 My and >6.18+0.89 My old (see Duprat 2007), respectively.
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Figure 1.3.2 Large and small scale oceanic currents model in Cape Verde Islands, following Medina (2008). Small scale currents are
numbered from 1 to 9. Main south-western trajectory of particles at surface is signalled by a red arrow. (1) Northern Canary current;

(2) Middle Canary current; (3) Southern Canary current; (4) Cyclonic current; (5) Temporary cyclonic current (December & January);
(6) Anti-cyclonic current; (7) North-South current; (8) Circum Leeward current; (9) Anti-cyclonic North-South current (dry season).
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During sea-level fluctuations in the Pleistocene there were some islands of the north-western group (Sao Vicente, Santa
Luzia, Branco and Raso islets) and possibly also Boavista and Maio (see Fig. 1.3.1.A) that were most likely linked (Mitchell
et al. 1983), possibly allowing fauna migrations between them. However, in general the archipelago is highly fragmented
and dispersed, with islands and group of islands physically iolated by depths often over 3000 m (Medina et al. 2007).

The islands are also under the strong influence of large-scale oceanic currents. These islands are in between the
southern boundary of the cold northern anti-cyclonic current of the North Atlantic and Canaries and the northern
limit of the warm equatorial counter-current (Fig. 1.3.2.). These two systems of oceanic currents present seasonal
variations regulated by the Azores anti-cyclone (Medina et al. 2007). The small-scale oceanic currents identified by
Medina (2008) are (Fig. 1.3.2.): 1) Northern Canary current, which passes through the North without strong effects
on the circulation between islands; 2) Middle Canary currents, which cross the islands from East to West having a
major impact on the circulation between islands; 3) Southern Canary current, which passes on the South without
strong effects on the circulation between islands; 4) part of North-current that changes direction towards the South;
5) and 6) North-eastern asymmetric eddies circulation, originating from currents 4 and 2 after penetrating the
islands; 7) North-South current, which transports significant amount of water from the North and is originated in
currents 2, 4, 5 and 6; 8) Circum-Leeward current, originated from currents 2 and 7 and which encloses southern
islands completely; 9) anti-cyclonic North-South circulation originated from currents 7, 8 and 3 which is unstable
and degenerates in the southern current. This circulation pattern is driven by interactions between the climate
seasonality, the large-scale oceanic circulation and the local small-scale effects of islands geomorphology.

The main trajectory of particles at surface (Fig. 1.3.2.) recovered during Lagrangian drift simulations is south-west
(Medina 2008), coinciding with the direction of the trade winds (Duarte & Romeiras 2009). This information might
be important to understand colonisation patterns of organisms that reached the islands by rafting. Nevertheless,
it is unknown if oceanic currents suffered any changes since the Miocene until the present days.

Section 1.3.3. State of terrestrial biodiversity

Presently about 3251 terrestrial species are known in the Cape Verdes, of which 540 are endemics and 240 of those
exclusive of only one island (Arechavaleta et al. 2005). This country encompasses 9% of the Macaronesian
endemisms. However, the species are unequally distributed by taxonomic groups and islands. Around 60% are
arthropods and only two percent are vertebrates (Fig. 1.3.3.A). Santiago presents the highest number of species
and endemisms and Desertas group (Santa Luzia Island and Branco and Raso Islets) the lowest (Fig. 1.3.3.B).
The present state of the different taxonomic groups is presented in the following paragraphs.

There are fungus species from seven different classes, although none is endemic, and most species are Urediniomy-
cetes. There are at most 320 taxa of lichens and fungi associated with lichens, although endemics are rare (Mies 1993).
A high percentage of the lichens are threatened or extinct in the archipelago (29%) mainly due to increased aridity
(MAAP-DGA 2004).

Considering plant species, since no description of the original vegetation or studies about pollen records exists
it is difficult to evaluate its lost. It has been deduced from the few available early records that, at the time of their
discovery, the Cape Verde Islands probably supported a fairly continuous cover of perennial grasses and small
shrubs (Bullock et al. 1996). It would also have supported dry monsoon forest, dominant only in the wetter interiors
and valley bottoms of the mountainous islands (Bullock et al. 1996). However, the original vegetation cover has been
destroyed over the centuries. Presently more than 50% of the flora is probably introduced (Brochmann et al. 1997).
Forest fragments are now restricted to areas where cultivation is not possible, such as mountain peaks and steep
slopes (WWF & McGinley 2008).
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Figure 1.3.3.A) Terrestrial biodiversity in the Cape Verde Islands among taxonomic groups; B) Total number of insular and regional
endemisms and of all terrestrial species among the Cape Verde Islands. Adapted from Gobierno de Canarias Consejeria de Medio Ambiente
y Ordenacién Territorial (2008).

The native flora of the Cape Verde Islands consists of around 150 briophyte taxa (Frahm et al 1996), circa 35 pteridophyte
taxa (Lobin et al. 1998) and 240 angiosperm taxa, of which 85 are endemic species. All gymnosperms are intro-
duced (Gomes et al. 1995, Brochmann et al. 1997). Most of the endemic species are woody perennials, mainly
shrubs or sub-shrubs, with only few native tree species, such as the endemic date palm (Phoenix atlantica) and
the Critically Endangered marmulan (Sideroxylon marginata) (Leyens & Lobin 1996; Arechavaleta et al. 2005).
It is important to mention that more than a third of the bryophytes present on the archipelago are threatened and
that two endemic pteridophyte species have already disappeared. Also many of the endemic angiosperm taxa
are threatened, such as some ciperaceas, restricted to the northeast of Santo Antéo, and Echium species (Leyens
& Loban 1996; Romeiras et al. 2007).

The main threats to plants are the combined effects of poor agricultural techniques, the devastating effects of
grazing herds and harvests for medicinal and traditional uses, such as fuel wood extraction (Duarte & Romeiras
2009). Another threat is the introduction of exotic plants for agriculture and pastures, especially Furcraea sp. and
Lantana camara, and tree species for reforestation. The process of desertification of Cape Verde Islands also affects
this group (MAAP-DGA 2004).

Considering the invertebrates, around 1915 arthropod species are known of which at most 435 are endemics
(Arechavaleta et al. 2005). Insects are the most represented group with more than 1650 species. Endemic fresh-
water crustaceans, shrimps of Atyidae family were all recently extinct and around 30% of endemic arachnids are
threatened. The molluscs are represented by extra-marine and terrestrial freshwater gastropods, the latter ones
occurring at high altitude areas. More than half of these are threatened with extinction. The main threat to the
invertebrate fauna is overexploitation of the water resources (MAAP-DGA 2004).

Concerning the vertebrates, birds are the most represented group, since no native amphibians and few mammals
are found on the archipelago, as is usual on oceanic islands (Whittaker & Fernandez-Palacios 2007). No references
to fresh-water fish species are found, probably because the archipelago has almost no watercourses on the surface.
Regarding amphibians, there is one supposedly introduced species of toad, the African common toad (Amietophrynus
regularis), probably brought by the Portuguese from continental Africa to fight mosquitoes (see Vasconcelos et al. 2010
in Appendix A.I). There is also an old reference of an unknown species of frog, with non-confirmed presence, made
by Serpa Pinto in 1896 in a letter to Bocage. Information concerning reptiles is detailed on the following section 1.4.
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The current conservation status of avian species is of concern. There are 187 species of which 36 to 40 are terrestrial
that reproduce on the interior of the islands and around 14 are endemic taxa (Naurois 1994; Hazevoet 1995). Around
47% of the birds of the Cape Verde Islands are threatened, including 17 species that reproduce solely on these
islands (Leyens & Lobin 1996). Several endemic birds are also listed as Endangered, including the endemic Raso
lark (Alauda razae), which only exists on a seven-squared-kilometre-islet, Raso (Clarke 2006), and the bird of prey
Cape Verde buzzard [Buteo (buteo) bannermani]. Birds are threatened by direct persecution, pesticides, hybridisa-
tion with other species, increased aridity, deforestation and introduction of exotic predators, such as domestic cats.

Concerning the mammal fauna, there are several widespread introduced species, namely rats (Rattus rattus,
R. norvegicus), domestic mouse (Mus musculus), cat (Felix catus), goat (Capra hircus), donkey (Equus africanus asinus),
green-monkey (Chlorocebus sabaeus), presently only on Santiago and perhaps Fogo Islands (Masseti & Bruner 2009)
and domestic rabbit (Oryctolagus cuniculus), introduced a few centuries ago (Masseti 2010) and now totally dis-
appeared from the archipelago (Naurois 1994). There are also five species of bats (Naurois 1994) that might have
colonised the islands by passive transport (Pucetti & Zava 1988). The species of bats were identified as Taphozous
nudiventris, Pipistrellus savii, Pipistrellus kuhli, Plecotus austriacus and Miniopterus schreibersi (Pucetti & Zava
1988). All bat species were considered recent and rare on the archipelago (Tranier & Naurois 1985). However,
all of these few records of this cryptic group are based on morphological characters only. Thus, it is also pos-
sible that they might be native and that the far distance to the African continent and adaptation to the arid Cape
Verdean habitats could have led to speciation as has occurred in the Canary Islands (Juste et al. 2004). Additionally,
in 1990, skeleton remains of the Mediterranean monk seal (Monachus monachus) were found on Sal and some live
animals were reported by fisherman, raising the hypothesis of a small population still persisting there (Hazevoet
1995; Hazevoet & Wenzel 1997).

Since the discovery of the uninhabited archipelago by the Portuguese in 1462, terrestrial biodiversity is being lost
fast. Slaves were brought from the West African coast to work on cotton, fruit-trees and sugar-cane plantations.
Introduced mammals also accentuated soil erosion and biodiversity lost. Many terrestrial endemic and native
species, some of which are economically valuable, are now at risk of extinction. Cape Verdean biodiversity is of
enormous scientific value; therefore conserving it is a world concern.

Apart from the specific threats to biodiversity above mentioned, there are other threats to the ecosystems that
lead to the decrease of water quality, soil erosion and consequentially to species extinctions. The unsustainable
and inefficient management of abiotic natural resources, as extraction of rock, sand, and soil for construction
and of water resources are such examples. Also habitat degradation and destruction, and dispersal of untreated
human waste are preoccupying. Nevertheless, Cape Verde has undertaken since the 1970’s strong conservation
actions to restore the environmental equilibrium. Reforestation and construction of stonewalls and dikes programs
were implemented to aid in combating the problem of erosion, which has an averaging rate of 7.8 tons/ha/year.
Although the problem remains severe (MAAP-DGA 2004), reforestation significantly increased avifauna popula-
tions (MAAP-DGA 2004) for species such as of the endemic grey-headed kingfisher (Halcyon leucocephala) and
the native common quail (Coturnix coturnix).

In 1982 at the world congress on national parks, the Macaronesian Islands were identified as priority area for PAs
development because of the low percentage of representative habitats protected in this region (Harrison et al. 1982).
Then, in 1988, the National Institute of Agrarian Development and Research (INIDA) took the first steps toward
a wildlife conservation program by initiating a national PAs network project. As a consequence, the Desertas
island group (Sta. Luzia and Raso, and Branco islets; see Fig. 1.3.1.A) were declared as Natural Reserves in 1990
(Anonymous 1990), helped by the pressure made by international researchers. Later, in 1995, the government
ratified the Convention of Rio de Janeiro on Biodiversity which led to the publication of the First Red List of Cape
Verde (Schleich 1996). This resulted in the promulgation of the law for the protection of plant and animal species
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(Anonymous 2002) and for the creation of a PAs network (Anonymous 2003a). One marine reserve and 46 terrestrial
PAs will outline the national PAs network. All islands and the islets of the archipelago except Brava are targeted
in that program. Four PAs are legally established in Santiago, S. Nicolau, Fogo and Sta. Luzia and three of them
already have management plans (Anonymous 2003b, 2007a, b, 2008).

Other international conventions were signed, namely the RAMSAR convention in 2005, on the protection on
important wetlands, especially for birds, and the CITES agreement on the international trade of endangered
wild species. Civilians also mobilised two NGOs directed to the environmental protection. Recently, the General
Direction of Environment (DGA) together with the Ministry of Environment, Agriculture and Fisheries (MAAP)
published several reports on the state of the environment and biodiversity (MAAP-DGA 2004). Also a database on
biodiversity and a monitoring mechanism of the state of the biodiversity was created and a National Strategy and
Action Plan on Biodiversity and for the Environment (PANA) were elaborated and are valid until 2013 (MAAP 2004).

The stage is set, yet chorological, ecological and genetic data are missing for most of the species, particularly in
formats that policymakers and administrators can interpret (Miller 1993). Gathering the data needed to perform
conservation management is thus a challenging task of higher importance.

SECTION 1.4. STUDY GROUP: THE CAPE VERDE REPTILES

Reptiles, because of their low metabolic rates and resistance to dryness and, in some groups, to salinity are the
second most capable vertebrates of colonizing oceanic islands after birds (Carranza et al. 2000). Among reptiles,
geckos and skinks are more prone to long-distance colonisation (Carranza & Arnold 2003). Geckos are especially
favoured on transmarine dispersals by their adhesive toes, which increase the ability to maintain position on natural
rafts (Carranza et al. 2000), and the capacity to lay calcareous eggs that can often resist exposure to salt water.

Reptiles in general, and in the Cape Verde Islands in particular, are good model species for taxonomic and phylo-
geographic studies because they are diverse, some cryptic but with alpha-taxonomy roughly known, most locally
abundant, easy to manipulate and to collect non-invasive samples and poorly studied (Jesus 2005). They are also
non-volant, thus good models from where to extract information on historical patterns and evolutionary processes
that certainly affected most other terrestrial taxa. Furthermore, a considerable proportion of this taxonomic group
are globally threatened (Gibbons et al. 2000). There have been dramatic losses of reptilian species, as a result of the
vulnerability of isolated island endemics, with up to 90% of reptile extinctions being island endemics (WCMC 1992).

In Cape Verde, reptiles are present in every island, which present different sizes, habitats and altitudes and for
which some of the ages are known; hence reptiles may provide valuable insights into colonisation patterns and
adaptive radiation. Reptiles are the less studied vertebrate group in the archipelago; hence extensive studies
targeted on them are more relevant for conservation purposes.

Section 1.4.1. Previous studies

From the 18th century until the beginning of the 20th century, European museums ordered various explorers and
naturalists to bring reptile specimens of each species from the Cape Verde archipelago to their national collections.
The Lisbon Museum received specimens from Joao Feijo (1780-1800's), Leygarde-Pimenta and Ferreira Borges
(1860's), Serpa Pinto (1890’s), Newton (1890-1900's), Hoppfer (1870-1900’s) and others. Similarly, museums from
Paris, Geneva and London received them from Chevalier (1930's), Fea (1890's) and Rev. Lowe (1900’s), respectively.
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The firsts studies on the taxonomy, systematic and morphology of the Cape Verdean herpetofauna were con-
ducted by Bocage (1873, 1875, 1896, 1897, 1902), Boucourt (1870), Boulenger (1885, 1887, 1906), Duméril & Bibron
(1839), Gray (1845), Orlandi (1894), O’ Shaughnessy (1874), Peracca (1891) and Vaillant (1882), describing several
new species to science. They were particularly interested in the giant saurian (Fig.1.4.1) of the Desertas group
(see Fig. 1.3.1.A). Later Angel (1935, 1937), Brygoo (1985, 1990), Dekeyser & Villiers (1951), Greer (1976), Mertens
(1955) and Loveridge (1947) also addressed morphological studies on the Cape Verdean endemic reptiles. In the
late XX century, Schleich visited the Islands during the 1980’s and published several articles on distribution, tax-
onomy and systematic of these reptiles (Schleich 1980, 1982, 1984), describing new taxa (Gruber & Schleich 1982),
and reviewing their distributions essentially at an inter-island scale (Schleich 1987). Later, Joger (1984a, 1993)
described two more new reptile taxa for the Cape Verdes; Mateo and colleagues (1997, 2005) and Lopéz-Jurado
and colleagues (1999, 2005) focused specially on the Desertas group (see Fig. 1.3.1.A) and the giant skink, and
listed all reptiles species and Andreone (2000) revised the collections made by Fea.

Figure 1.4.1 Giant skink, Chioninia (=Macroscincus) coctei, of the

Desertas island group (from painting by Silva Lino).

More recently, genetic studies were conducted by Brehm et al. (2001), Brown et al. (2001), Carranza et al. (2000,
2001, 2002), Carranza & Arnold (2003, 2006), Jesus et al. (2001, 2002) and Mausfeld-Lafdgiya (2002) for phylogeo-
graphic purposes, although using few individuals per island. All these latter studies pointed out the need of a
complete systematic and taxonomic revision of the Cape Verdean reptiles. The molecular relationship estimates
also indicated possible cryptic species and paraphyly/ polyphyly of some species (Brehm 2001; Brown et al. 2001;
Carranza et al. 2000, 2001, 2002; Jesus et al. 2002). Moreover, not all the islands of the archipelago were sampled
in those studies and therefore not all taxa were included. Therefore additional lineages might be uncovered.
In addition, intraspecific variation was not assessed.

Section 1.4.2. Diversity and origins

Presently, there are 12 native reptile species with 26 recognised taxa in the Cape Verdes (Schleich 1996), which
can be divided into three genera (Fig. 1.4.2), the Hemidactylus and Tarentola geckos (Families Gekkonidae and
Phyllodactylidae, respectively) and the Chioninia skinks (Family Scincidae). Cape Verde has the highest number of
endemic reptile taxa for the Macaronesia (Schleich 1987; Pleguezuelos et al. 2002; Lopez-Jurado et al. 2005; Oliveira
et al. 2005). There are also exotic reptile species with recent confirmed presence on the archipelago, namely two
geckonids, Hemidactylus angulatus and H. mabouia (Jesus et al. 2001).

The Gekkonidae family has cosmopolitan species occurring in all the tropical and subtropical regions of the

world. Hemidactylus Oken, 1817 is a genus with more than 85 gecko species inhabiting all warm continental land
masses and hundreds of intervening continental and oceanic islands, and is one of the most species-rich and
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Figure 1.4.2 Examples of endemic reptiles from the Cape Verde Islands.

widely distributed of all reptile genera (Carranza & Arnold 2006). These house geckos, very frequently associated to
humanized habitats, are found in all the tropical regions of the world, extending into the subtropical parts of Africa
and Europe, reaching the Mediterranean region and South America. They are mainly nocturnal climbers which
can be distinguished by the presence of slender distal clawed joints on every finger or toe that bears underneath
two rows of lamellae (Arnold & Ovenden 2004). As referred above, three species of Hemidactylus can be found on
the Cape Verdes, the exotics H. angulatus and H. mabouia and the endemic H. bouvieri (Lopez-Jurado et al. 2005).

The two exotics are world widespread species often commensal with man (Jesus et al. 2005). Both were considered
invasive on the archipelago (Lépez-Jurado et al. 2005). As already noted by Jesus et al. (2001), the haplotype of
H. angulatus specimens from Sal in the Cape Verde archipelago shows a genetic divergence of about 5% from those
animals on other islands (S. Nicolau, Boavista, Santiago, and Santo Antdo), which exhibit little differentiation
between themselves (Carranza & Arnold 2006). Specimens from Sal also present morphological differences when
compared with specimens from the remaining islands (Rdsler & Glaw 2010). However, both sets of Cape Verdean
haplotypes of H. angulatus are similar or identical to ones found in coastal Mauritania and Guinea, about 460-
600 km to the east (Carranza & Arnold 2006). One probable explanation is that all these geckos have been moved
between islands anthropogenically along the extensive trade routes that exist in this region. If this is the case,
H. angulatus had to reach the islands independently twice (Carranza & Arnold 2006). Concerning H. mabouia,
specimens found on S. Vicente (Jesus et al. 2001) are thought to be a very recent anthropogenic introduction too
(Jesus et al. 2005) from an uncertain tropical African source (Carranza & Arnold 2006). The precise area of occu-
pancy and extent of occurrence of both introduced geckos is unknown.

The endemic H. bouvieri clusters within the African-Atlantic clade (Carranza & Arnold 2006). The pattern of water circula-
tionin the Atlantic (see Fig. 1.3.2) suggests that the ancestor of H. bouvierireached the Cape Verdes from extreme West Africa
on the south-west-running Canary current between 6 to 16 million years ago (Mya) (Carranza & Arnold 2006). In addition,
these authors suggested that this taxon showed considerable mtDNA variation among the Cape Verde Islands.

The Phylodactylidae is a trans-Atlantic gecko clade composed by eight genera based on a single synapomorphy
of three base pairs deletion in phosducin gene (Gamble et al. 2008). Tarentola Gray, 1825 is a phyllodactylid group
of geckos currently comprised of 21 species commonly called wall geckos. All of them present robust bodies, non-
divided subdigital lamellas and well-developed claws only on the third and fourth digits (Arnold & Ovenden 2004)
and have a conservative morphology (Harris et al. 2004). These climbing geckos are mostly active by night and
typically inhabit dry, open and rocky areas and also artificial habitats, as houses and drystone walls. This genus
is found across southern Europe, Mediterranean islands, North Africa and on many islands of the Macaronesian
region (Arnold & Ovenden 2004). On the other side of the Atlantic Ocean, T. americana (Gray, 1831), the recently
described T crombiei Diaz & Hedges, 2008 and the probably extinct T. albertschwartzi Sprackland & Swinney,
1998 occur in the West Indies (Cuba, Bahamas and Jamaica, respectively). Tarentola members were divided into
five different subgenera based on anatomical, biochemical, immunological and phylogenetic data (Joger 1984b;
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Carranza et al. 2000). These are: Sahelogecko and Saharogecko in North Africa, Tarentola sensu stricto in North
Africa, southern Europe and the eastern Canary Islands, Neotarentola which includes T. americana, T. crombiei
and T. albertschwartzi and Makariogecko in Macaronesian Islands (Carranza et al. 2000; Weiss & Hedges 2007).

The subgenus Makariogecko presents a synapomorphy: the supraciliar scales are bigger than the remaining interor-
bital scales and are divided (Joger 1984b). Nevertheless, recent molecular phylogenies including Tarentola chazaliae
(previously Geckonia chazaliae) do not seem to support the monophyly of this subgenus (Carranza et al. 2002).
Tarentola from Cape Verde are part of Makariogecko and have a very interesting origin from a single colonisation
event by propagules that rafted southwards from the western Canaries around 7 Mya by way of the Canary cur-
rent (Carranza et al. 2000). Occupation of this archipelago first occurred on the north-western group, perhaps S&o
Nicolau, with subsequent spread to its close neighbours. The eastern and southern islands were later colonised,
at least two invasions widely separated in time being involved. The single invader of the Cape Verde Islands radi-
ated into four species, T. darwini, T. caboverdiana, T. gigas and T. rudis, most of the islands being inhabited by
two species. A minimum of 16 journeys took place in the Cape Verde Islands (Carranza et al. 2000). The molecular
studies referred above unravelled some paraphyletic/ polyphyletic taxa and lack to sample some lineages.

The Scincidae family currently contains more than 1300 species grouped into over 85 genera (Bauer 1992) dis-
tributed in the inter-tropical regions in all continents but Antarctica (Zug 1993). Most skinks are mainly diurnal
and medium-sized with a length from the snout to the vent of up to 12 cm. This family differs from Lacertidae by
most species lacking pronounced neck and femoral pores and by supporting relatively small limbs, with several
genera having no limbs at all (Arnold & Ovenden 2002). Within this family, the Lygosomine is the most diverse
and widespread subfamily. About 100 species were grouped in the lygosomine genus Mabuya (sensu Greer, 1977),
which is the only lizard genus with a circum-tropical distribution. It seems that this group was originated in tropi-
cal Asia and colonised Africa at a later stage, giving rise to an extensive African radiation (Mausfeld et al. 2002),
and then America (Carranza & Arnold 2003; Miralles & Carranza 2009).

During the last decade, several phylogenetic analyses (Honda et al. 2000; Mausfeld et al. 2002; Carranza & Arnold 2003)
identified distinct geographic monophyletic lineages within Mabuya supporting its breakup into four genera.
As a consequence, Mabuya sensu stricto is now a term restricted to the Neotropics, whereas Eutropis Fitzinger,
1843 is applied to the Asian clade, Trachylepis Fitzinger, 1843 (see Bauer 2003) to the Afromalagasy clade (including
T atlantica, from Fernando de Noronha and T. tschudii, described from the Peruvian Amazonia; see Miralles et al.
2009) and Chioninia Gray, 1845 exclusive to the Cape Verdean clade (Mausfeld et al. 2002; although see criticisms
in Jesus et al. 2005 and Whiting et al. 2006).

Chioninia skinks morphologically show an intermediate position between the Asian and the South American
groups and are characterised by the following combination of characters: palatine bones in contact in the median;
palatal notch separating the pterygoids, extending forwards to between the centres of the eyes; pterygoid teeth
absent or present; 26-27 presacral vertebrae; reproduction either viviparous or ovoviviparous; the most posterior
supraocular contacted by the frontal is always the third (Mausfeld et al. 2002).

Chioninia skins were studied with genetic markers to infer its geographical origin. The first studies indicated
that the Chioninia species form a monophyletic unit, indicating a single colonisation of the Cape Verde Islands,
probably from West Africa (Brehm et al. 2001). This was also supported by other study, which estimated that
the colonisation event took place possibly in the Late Miocene or Early Pliocene period (Carranza et al. 2001).
The ancestor of the endemic Cape Verdean skinks made at least 17 inter-island journeys within the archipelago
(Carranza et al. 2001). The older eastern islands were probably occupied first and then the southern ones (Brown
et al. 2001; Carranza et al. 2001). Following the latter authors, colonisation of the north-western islands was slow
perhaps because colonisation cut across the north-east trade winds (see Fig. 1.3.2). Conversely, the southern
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islands appear to have been recently colonised with rapid expansions, perhaps because earlier inhabitants were
exterminated by climatic events or volcanic activity (Carranza et al. 2001). Speciation and dispersal has resulted
in many islands having more than one species, three on some southern ones, probably resulting from multiple
colonisations (Carranza et al. 2001).

Seven species are considered endemic of these islands, C. vaillanti, C. delalandii, C. fogoensis, C. geisthardti, C. stangeri,
C. spinalis and C. coctei (Schleich 1996). However, molecular studies referred above revealed that some taxa were
paraphyletic/ polyphyletic and that hence further studies should be performed.

Section 1.4.3. Conservation state

In recognition of the importance to levels of global biodiversity, endemic island taxa are increasingly being recog-
nised as of high conservation priority (Myers et al. 2000; Brooks et al.2006; Caujapé-Castells et al.2010). Reptiles
are particularly important to study in the Cape Verdes since all native reptiles are endemics and were not consid-
ered during the selection of the future protected areas in the country due to lack of data. Moreover, 28% of reptile
taxa from this archipelago were considered threatened or extinct (Schleich 1996), as the giant skink Chioninia
(=Macroscincus) coctei which was victim of massive collection for scientific purposes on the XIX century (Bocage
1896; see Appendix II) and introduced predators (Mateo et al. 2005; see Appendix III). Some of these reptiles are
already protected by national laws, such as the endemic Hemidactylus (Anonymous 2002).

The major threats to the endemic reptiles are intrinsic factors, such as reduced range, increased aridity and the
introduction of mammal predators and exotic reptiles. Another threat to this group is the lack of knowledge on
the ecology and behaviour of the species, essential for implementing conservation measures, such as precise
chorological data to infer their distributions and revaluate their conservation status.

SECTION 1.5. OBJECTIVES AND THEMATIC ORGANISATION OF THE THESIS

This thesis intends to integrate ecological modelling, phylogeography, morphology taxonomic revisions and reserve
design, combining GIS and molecular tools for unveiling phylogenetic relationships, cataloguing the diversity
(at both genetic and specific level) and promoting the conservation of Cape Verdean reptiles. Hence, this work
aimed to contribute to a better understanding of the biogeographic and phylogeographic patterns of Cape Verde
reptiles, and to use this knowledge to clarify the systematics of the three endemic genera, to update its conserva-
tion status and optimise the reserve design of the protected areas (PAs) for this group. Several main question and
objectives were defined for this work:

a) What is there? Which reptile species exist on the Cape Verde Islands?
Objectives:
To sample the ten islands of the archipelago extensively;
To identify new introduced species;
To unravel the phylogenetic relationships among taxa of each genus;
To clarify the taxonomy of the three endemic genera, Hemidactylus, Tarentola and Chioninia.
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b) Why? Which factors explain taxonomical and genetic diversity and distribution of the Cape Verde reptiles?
Objectives:
To infer origins of introduced taxa;
To infer colonisation patterns of the three endemic genera;
To relate recent and past historical events and environmental factors with reptiles diversity and distribution.

c) Where are they? Which are their distributions at island and intra-island level?
Objectives:
To produce a precise distribution atlas for introduced and endemic taxa based on new chorological and
bibliographic data;
To clarify uncertain and doubtful occurrences;
To predict potential maps of occurrence using ecological niche-based models.

d) How to conserve them? Which is the conservation status of the endemics and which are the priority areas
for their conservation?
Objectives:
To re-evaluate the conservation status of the endemics with updated worldwide criteria based on the bibliographic
record and new distribution data;
To access the main threats for each taxa;
To identify the gaps of the proposed network of protected areas at taxon and island level;
To locate the optimised areas for conservation of its taxonomic and genetic diversity;
To compare an ideal and realistic model of cost;
To propose new areas important for the conservation of the genetic diversity of the endemic reptiles.

This thesis is organised in four chapters and contains seven articles, included in two chapters. Chapter 1 is the
present chapter and includes a general introduction containing basic information on the study of biodiversity,
explaining why islands are such good models for evolution and conservation studies, focusing on the Cape Verde
archipelago by presenting relevant information regarding them, more specifically on its reptile species, the organ-
isms used as models.

Chapter 2 concerns the assessment of diversity of reptile taxa across the archipelago. It provides identification of
a new introduced reptile species on the archipelago and clarification of the systematics and taxonomy of the three
endemic genera, by inferring phylogenetic relationships among taxa of each genus and by analysing morphological
characters. It also intends to estimate times of divergence and colonisation patterns within each genus and to relate
taxonomic and genetic diversity with the ages and ecologic and geological features of the islands. This chapter is
organised in five scientific papers, four of them published in journals indexed in the Science Citation Index (SCI):

Article I is entitled ‘First report of introduced African rainbow lizard Agama agama (Linnaeus, 1758) in the Cape
Verde Islands’ and has been published in Herpetozoa. The main objectives of this short-note were to report the
introduction of an agamid in the Cape Verde archipelago, highlighting the problematic of introduced species on
islands, including the study area, and to identify the species based on phylogenetic analyses.

Article II is entitled ‘Systematics, biogeography and evolution of the endemic Hemidactylus geckos (Reptilia,
Squamata, Gekkonidae) of the Cape Verde Islands: based on morphology and mitochondrial and nuclear DNA
sequence’ and has been published in Zoologica Scripta. In this article, the systematic of the endemic Hemidactylus
geckos was revised, with the description of a new species from Fogo Island and reassignment of species status to
Sal and Boavista populations, based on morphological and genetic analyses extended to eight islands. Additionally,
a highly divergent mitochondrial lineage was identified in S. Nicolau. Asymmetrical abundances of taxa further support
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that the conservation requirements of the group should be reassessed. Concerning the colonisation pattern, analyses
suggested that the ancestor of this group reached independently the archipelago from extreme West Africa about 10
Mya. It supposedly first arrived on Sal, then spreading to Fogo and slowly to the north-western islands, from east to west.

Article III focuses on the systematics and intraspecific genetic diversity of the endemic Tarentola geckos, relat-
ing the latter with the ages and ecological and geological features of the islands. In this paper, ‘Insight into an
island radiation: the Tarentola geckos of the Cape Verde archipelago’, published in the Journal of Biogeography,
the phylogenetic relationships between all known forms of this genus were estimated for the first time using
mitochondrial markers, unveiling cryptic diversity and paraphyletic species. It was also confirmed that genetic
variability was positively correlated with size, elevation and habitat diversity of the islands, but was not linearly
related to the age of the islands. Despite the large sample size, low intraspecific diversity was found compared
to the Canary Islands reptiles. Recent volcanic activity, high ecological stress and poor habitat diversity might
explain this result. Concerning the colonisation pattern, it was inferred that Tarentola arrived to the archipelago
from the western Canary Islands approximately 8 Mya. It first reached S. Nicolau and then spread into two direc-
tions, southeast and west, radiating in several taxa. Since this study concluded that more studies were needed to
align taxonomy with phylogenetic relationships, in the following article this was accomplished.

In Article IV, 'Integrative taxonomic revision of the Tarentola geckos (Squamata, Phyllodactylidae) of the Cape
Verde Islands’, which is currently submitted to Zoological Journal of the Linnean Society, apart from previously
published mitochondrial data, three nuclear markers and about 20 morphological characters were used to fully
revise the taxonomy of this group. With an integrative approach, two new species are described and seven sub-
species elevated to species rank. The results show that there is a remarkable degree of concordance between the
units defined based on mtDNA data and those observed by morphological analyses and multilocus nuclear data.
However, nuclear genealogies do not support conclusively all the partitions observed in mtDNA possibly due to
incomplete lineage sorting of ancestral polymorphism.

Article V, the last article of this chapter, is entitled ‘An integrative taxonomic revision of the Cape Verdean skinks
(Squamata, Scincidae)’ and it has been published in Zoologica Scripta. In this paper, a comprehensive taxonomic
revision of the third endemic genus, Chioninia, is proposed based on mtDNA, nDNA and morphological data
of live and museum specimens. Using an integrative approach, three new subspecies of skinks are described,
two more are elevated to species rank and the complex taxonomic status of C. fogoensis fogoensis resolved. The
molecular results of this work point to low haplotypic diversity of the group and that first speciation event may
have been earlier than previously suggested and around 6 Mya. Colonisation probably first occurred on S. Nicolau
and from there to the southern island, where a very recent expansion was confirmed for some taxa, and also to
the north-western group, following a stepping-stone model. This pattern might again be related to extinction of
some lineages by volcanic activity.

With this set of articles the major evolutionarily significant units (ESUs) of native reptiles from the Cape Verde
Islands were identified by assessing intraspecific genetic variation in mitochondrial genes, their taxonomies updated
based on morphological and molecular characters and phylogenetic relationships clarified. Due to the taxonomical
and systematic reassessment in all three genera and to the increase of knowledge regarding within-island distri-
butions, the conservation status of some taxa needed to be updated. Thus, in Chapter 3 this was accomplished.

Chapter 3 is devoted to the study of the distributions of the introduced and endemic reptiles at island and intra-
island level and its implications to conservation status and optimisation of priority areas for conservation.

In Article VI, ‘Review of the distribution and conservation status of the reptiles of the Cape Verde Islands’, sub-
mitted to Oryx, a distribution atlas of all terrestrial reptiles taxa occurring in this Macaronesian archipelago is
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presented, based on extensive fieldwork and bibliographic references. In addition, a bibliographic revision was
accomplished to deal with uncertainties and clarify reptile distributions. The evaluation of conservation status
was considered following IUCN Red List criteria and using RAMAS software and the main threats for each taxon
were identified. The most striking result of this article is revealing that more than a third of taxa presented small
areas of occupancy and extent of occurrence, geckos more than skinks due to high habitat specialisation. More-
over, more than half of taxa occur in only one island or islet and about half were considered threatened, mainly
due to natural disasters, intrinsic factors and introduced species. In this work, several conservation measures are
proposed, including optimised design of PAs. This was the focus of the following article.

In Article VII, ‘Priority areas for island endemics using genetic diversity — the case of the reptiles of the Cape
Verde Islands’, which is still in preparation, the main goals are to locate the optimised areas for conservation of
endemic reptiles from the Cape Verdes. It is aimed to identify the gaps of the proposed network of PAs, using an
ideal and realistic model of costs, and to propose new PAs to conserve the taxonomic and genetic diversity of
these reptiles, based on ecological niche-based models. The main results depicted that the present implemented
PAs only guarantees cover of one taxon and that even the future network would be incapable of targeting all taxa
and ESUs. Hence, new PAs would be needed on all except four islands. Surprisingly, it was also found that the
realistic and ideal model were equally efficient in the reserve design.

Finally, Chapter 4 consists of a general discussion that summarises and contextualises the major findings that
can be drawn from the work presented in the former chapters and provides question to be addressed and direc-
tions for future work, and of concluding remarks.
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“In the end we will conserve only what we love.
We will love only what we understand.
We will understand only what we are taught”
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INTRODUCTION

Introduced reptile species can have various negative impacts on native ones, including predation, com-
petition for food, basking sites and other resources, hybridization and other genetic effects, spread of dis-
eases and parasites, and poisoning through toxic skin glands or venomous bites. They may also alter the
habitat of native species and disrupt ecosystem dynamics. These processes are especially danger-
ous if they happen on islands (Butterfield et al. 1997), where the number of endemic species is higher
(Whittaker 1998) and ecosystems more vulnerable to introductions (Shine et al. 2000). Unfortunately,
it is on islands that this phenomenon is occurring 110 times more frequently and with a higher probability of suc-
cessful establishment relative to mainland systems (Kraus 2003).

Case & Bolger (1991a, 1991b) examined introduction success rates for exotic reptiles (primarily lizards) on Pacific
islands and found that communities with a rich reptile fauna were more resistant to invasion by exotic reptiles
than communities with fewer reptile species. They also presented evidence supporting the hypothesis that
predation and competition set important constraints on the distribution, colonization and abundance of lizards,
predominantly on islands. Other authors confirm this theory through various case studies on islands around the
globe. For example, in the West Indies, where introduced Cuban Green Anole Anolis porcatus Gray, 1840 occurred,
its ecological analogue, the native Hispaniolan Green Anole Anolis chlorocyanus Dumeéril & Bibron, 1837 was
uncommon or absent and vice-versa, suggesting competition occurs between the two species (Powell et al. 1990).

Similarly the anthropogenically introduced Common House Gecko Hemidactylus frenatus Schlegel,
1936 has displaced on the Christmas Island the endemic Christmas Island Gecko Lepidodactylus listeri
(Boulenger, 1889) (Cogger et al. 1983). The same happened to the Polynesian gecko Hemidactylus garnotii
Duméril & Bibron, 1836 (Case et al. 1994) and to the native common smooth-scaled gecko Lepidodactylus
Iugubris (Dumeéril & Bibron, 1836) throughout the Pacific (Petren & Case 1996) and to the endemic night gecko
Nactus populations in the Mascarene Islands (Cole et al. 2005) that suffered catastrophic decline and extinction
by competition. In the Aeolian Islands, on the Mediterranean, the Italian Wall Lizard Podarcis sicula (Rafinesque,
1810) has reduced the range and eradicated many populations of the native Podarcis raffonei (Mertens, 1952) partly
through competitive exclusion and hybridization (Capula 1993). In the Madeira Island, in Macaronesia, the Moorish
Gecko Tarentola mauritanica Linnaeus, 1758 and House Gecko Hemidactylus mabouia (Moreau de Jonnes, 1818)
were introduced a few decades ago and are spreading (Baéz & Biscoito 1993; Jesus et al. 2002a); in the Azores,
Madeiran Lizard Lacerta dugesii Milne-Edwards, 1829 was also introduced recently.

The Cape Verde Islands are relatively poor in reptile species diversity but very rich in endemisms (Schleich
1987; Carranza et al. 2001; Jesus et al. 2002b; Arnold et al. in press). The introduction of alien house
gecko species, Hemidactylus angulatus Hallowell, 1852 (Fea 1899) and H. mabouia (Jesus et al. 2001),
is probably already causing problems in the endemic Cape Verde Leaf-toed Gecko Hemidactylus bouvieri
Bocourt, 1870 (Arnold et al. in press). Given that some endemic forms such as H. bouvieri razoensis
Gruber & Schleich, 1982 and Tarentola gigas (Bocage, 1875) are in a delicate situation (critically endangered
and endangered, respectively, Schleich 1996) (Mateo et al. 1997), knowledge regarding additional intro-
ductions is vital. This note details the collection of an introduced reptile, Agama agama (Linnaeus, 1758)
in the Cape Verde Islands.
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MATERIALS AND METHODS

The specimen was collected dead on the 22 of June of 2006 nearby Porto Novo (Lagedos, N 17,0184 W 25,0561 - WGS
84) in Santo Antéo Island. The voucher is deposited in the collection of Centro de Investigacdo em Biodiversidade
e Recursos Genéticos, Vairdo, Portugal (CIBIO). Genomic DNA was extracted following a standard high-salt pro-
tocol. Part of the 165 TRNA gene (483 base pairs) was amplified by Polymerase Chain Reaction using the universal
primers 16S A-L (light chain) and 16S B-H (heavy chain) (Palumbi et al. 1991) and conditions described in Harris
et al. (2007). The amplified products were sequenced on an automated sequencer (ABI 310® by Amersham Biosci-
ences®) and then aligned with other agamas from GenBank and others collected in continental Africa (Fig. 1.1) as
part of a separate phylogeographic study of these species (unpubl. data). These new sequences were deposited
on GenBank under the accession numbers: FJ159558 to FJ1569562.

®
$522929

Mauritania

Cape Verde

1364
L]

Figure I.1 Sampling localities (from this study,
Brown et al. 2002 and Matthee & Flemming 2002).

RESULTS

Morphological analysis of the voucher found in Santo Antéo Island clearly indicates that it is an agamid. However
due to the bad conservation status of the animal, some characters such as coloration and scale count can not be
taken into account to allow identification to the species level. The results of the phylogenetic analyses indicate
that it is an Agama agama since it is nested within this species (Fig. [.2). The phylogenetic position of the sample
from Cape Verde suggests it might have originated in Mali but further sampling would be needed to confirm this.

DISCUSSION

Porto Novo is a port, so it is easy to imagine an accidental introduction of this animal by cargo boats from west-
ern continental Africa, from countries situated in front of the Cape Verde islands. In fact, more introductions in
the Macaronesian Islands have occurred in the last 20 years than in the entire history of the islands. Indeed the
greatest danger for many endemic species results from recent introductions (Pleguezuelos 2002). Reduction of
entrance events of exotic species by biological control is the only way to minimize impacts since it is known that
after becoming widespread, eradication becomes extremely expensive if not impossible.
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The Agamidae is one of the top-ten most successful introduced families in the world, with a successful establish-
ment rate around 70% in North America (Bomford et al. 2005). It has been introduced in many islands systems
such as in Malta (Schembri & Lanfranco 1996) and in the Comoros (Carretero et al. 2005) possibly also as a result
of accidental importation with cargo. In Florida, the introduced A. agama population is spreading (Enge et al
2004). After intensive sampling throughout the island in 71 sites (conducted between 5 to 27 of June of 2006) with
at least 2 observers, no other agamids were found. However, locals suggested at least two specimens had been
seen together in the wild. It is therefore essential both to inform local authorities of the presence of exotic species
and to take actions against these introductions as quickly as possible.
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ABSTRACT

A total of 1854 bp of mitochondrial DNA (669 bp of cytochrome b (cyt b) and 386 bp of 12S rRNA), and 804 bp
of a nuclear gene (RAG2) were investigated in endemic Hemidactylus from eight Cape Verde Islands, and use
d to explore their phylogeny, biogeography and evolution. Maximum-likelihood, maximum-parsimony and
Bayesian analyses based on mtDNA revealed four well-supported clades with uncorrected genetic divergences
of 7.8 = 12.4% in the cyt b plus 12S rRNA genes, which were also supported by nuclear DNA. A population
from the southern island of Fogo is the most divergent in both molecules and morphology and is described as
Hemidactylus lopezjuradoi sp. n., and the populations on Sal and Boavista are also assigned species status as
H. boavistensis. Although divergent in their DNA, the clade on S. Nicolau and that in the north-western islands
are morphologically similar and both are assigned to H. bouvieri for the present. Hemidactylus b. razoensis from
Raso is genetically similar to H. b. bouvieri and differs only in its smaller body size. A molecular clock suggests
that the ancestor of the endemic Hemidactylus of the Cape Verde Islands colonized the archipelago approximately
10 + 2.48 Mya, perhaps reaching the north-eastern islands first. The H. lopezjuradoi lineage separated soon after,
and the north-western islands were colonized progressively but slowly, S. Nicolau probably being reached first,
then S. Vicente and islands on the same bank, and finally Sto. Antédo, which is likely to have been colonized
less than 1 Mya. Hemidactylus boavistensis is abundant on the arid islands where it occurs, but H. bouvieri
appears to have been uncommon at least since it was described 130 years ago, and the same may be true of
H. lopezjuradoi sp. n. The impact of introduced H. angulatus and H. mabouia on the endemic Hemidactylus
of the Cape Verde Islands is not clear, but the discovery of substantial genetic diversity in endemic Cape Verde
Hemidactylus means that the conservation requirements of the group should be reassessed.

73



CHAPTER 2 / Reducing the Linnean Shortfall - What is there? Why?

INTRODUCTION

Animal and plant lineages that colonize oceanic archipelagos often disperse through them and diversify on different
islands. If phylogenies based on DNA sequence are available, the pattern of dispersal can sometimes be reconstructed.
Phylogenies also permit reassessment of previous systematics, which are usually based only on morphology. For reptiles,
this has been done in several archipelagos for a variety of taxa including the Macaronesian islands: gekkonids (Joger 1984,
1985; Nogales et al. 1998; Carranza et al. 2000, 2002; Giibitz et al. 2000; 2005); lacertids (Brehm et al. 2003; Maca-Meyer
et al. 2003) and scincids (Brown et al. 2000; Carranza et al. 2008a). Studies focusing on the Cape Verde Islands include
ones on Tarentola geckos (Carranza et al. 2000, 2002; Jesus et al. 2002) and Mabuya skinks (Brehm et al. 2001; Brown et al.
2001; Carranza et al. 2001; Carranza & Arnold 2003), the investigations revealing considerable cryptic variation in the taxa
concerned. Here we consider a third taxon in the Cape Verde archipelago, the endemic geckos of the genus Hemidactylus.
To date, investigation of endemic Cape Verde Hemidactylushas been very limited. A study of mitochondrial DNA included
samples of H. bouvieri from just two islands, Boavista and Sal (Jesus et al. 2001), and a broader investigation of Hemidac-
tylusadded one from S. Vicente (Carranza & Arnold 2006). Both investigations revealed high genetic divergence between
islands. Assessing their genetic diversity and phylogeny, is not only helpful in elucidating their history and dispersal
and comparing these with those of other taxa, but also in designing conservation strategies for these geckos. These
strategies are necessary because some endemic populations of Cape Verde Hemidactylus are regarded as Rare
(H. bouvieri bouvieri) and in one case Critically Endangered (H. bouvieri razoensis) and in urgent need of protection
(Schleich 1996).

The Cape Verde Islands are an oceanic archipelago located approximately 450 km from the West African coast.
They comprise 10 main islands plus eight islets that are arranged in a deep arc with its concavity facing west-
wards (Fig. II.1). The archipelago is volcanic (the last eruption occurred on Fogo in 1995), and has never been
connected to the neighbouring mainland (Mitchell-Thomé 1976). Radiometric dating, based on potassium/argon
(K/Ar1) and on argon isotopes (*°Ar - *Ar), indicates the islands decrease in age from east to west. Sal is about
25.6 + 1 million years (My); Maio 21.1 + 6.3 My and Santiago 10.3 = 0.6 My. The youngest islands at the westward
tips of the arc, Sto. Antdo and Brava, are about 7.566 + 0.56 and 5.9 + 0.1 My, respectively, and S. Vicente is about
6.1 My (dates from Griffiths et al. 1975; Grunau et al. 1975; Mitchell-Thomé 1976; Stillman et al. 1982; Mitchell et al.
1983; Carracedo 1999; Torres et al. 2002; Plesner et al. 2002). The presence of shallow banks joining some islands
indicates that these would have been continuous during the intermittent sea level falls in the last 1.6 My that
have characterized the Pleistocene epoch. This is true of a group of north-western islands, including S. Vicente,
Sta. Luzia, Branco and Raso, which are separated by depths of less than 50 m and may possibly also apply to the
eastern islands of Boavista and Maio (Morris 1989).

At present only a single endemic species of Hemidactylus is recognized from the Cape Verde Islands:
Hemidactylus bouvieri (Bocourt, 1870). This gecko is small, the largest animals only growing to about 50 mm from snout
to vent, and is characterized by its pointed snout, absence of enlarged tubercles on the dorsum of the head, body and tail,
in having femoral pores in males reduced in number to one on each side in front of the vent, and in often possessing a
dorsal pattern of few transverse bands that are darker than the background colour, although there is considerable varia-
tion in detail. Hemidactlylus bouvieri has three currently recognized subspecies (Schleich 1987). Hemidactylus bouvieri
bouvieri (Bocourt, 1870) described originally from S. Vicente is also recorded as occurring on Sto. Antdo, Santiago, Fogo
and Brava; Hemidactlylus bouvieri boavistensis (Boulenger, 1906) described from Boavista is also found on Sal; and
Hemidactlylus bouvieri razoensis (Gruber & Schleich, 1982) is reported only from Raso and Sta. Luzia (Mateo et al. 1997).
Hemidactylus b. bouvieri grows to less than 40 mm from snout to vent and has 3 — 4 scansors and enlarged scales
under the first toe and 4 — b under the fourth; H. b. boavistensis reaches around 50 mm and has higher digital
scansor counts of 5 — 6 and 6 — 8, respectively; H. b. razoensisis very small, not exceeding 29 mm and has similar
scansor counts to H. b. bouvieri. It is also said to be distinctive in the first upper labial scale not reaching the
lower border of the nostril. Recently, a population of H. bouvieri has been reported from S. Nicolau (Lépez-Jurado
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Figure II.1 Map of the Cape Verde islands showing the origins of the Hemidactylus samples included in the analyses. Unfilled circles indicate
samples used by Jesus et al. (2001) and Carranza & Arnold (2006); filled circles are additional specimens used in the present study.

et al. 2005; Kohler et al. 2007; J. A. Mateo and P. Geniez unpubl. data) but it has not been ascribed to any of the
subspecies. A further morphologically distinctive form was found on Fogo in 1997 by J. A. Mateo and P. Geniez.
Its taxonomic status is discussed later in this paper.

Two other species of Hemidactylus are present in the Cape Verde archipelago and are believed to have been
introduced there by people, as genetically similar populations occur on the mainland of Africa, where both spe-
cies have wide distributions. Hemidactylus angulatus Hallowell, 1852 (in the sense of Carranza & Arnold 2006)
is known from Boavista (Mertens 1955; Lopez-Jurado et al. 1999), Santiago (Fea 1898; Mertens 1955; Carranza &
Arnold 2006), S. Nicolau (Jesus et al. 2001), S. Vicente (Mertens 1955; Schleich 1982, 1987, 1996; Andreone 2000)
Sto. Antdo (Schleich 1982; Jesus et al. 2001, 2005; Carranza & Arnold 2006), and perhaps Maio (Schleich 1982)
and Sta. Maria islet (Schleich 1987), while a population on Sal appears to represent an independent introduction
(Carranza & Arnold 2006). It is also reported from Fogo (Fea 1899a; Angel 1937; Schleich 1987), Brava (Mertens
1955; Schleich 1982, 1987, 1996) and Rombos islets (Mertens 1955; Schleich 1982, 1996). The second species,
H. mabouia, was first reported from S. Vicente (Jesus et al. 2001), but is also present on the neighbouring island of
Sto. Antao and on Brava (R. Vasconcelos unpubl. data).

In the present work, molecular and morphological study of endemic Cape Verde Hemidactylus, coverage was
extended to eight islands, using fragments of two mitochondrial genes: 669 bp (base pairs) of cytochrome b (cyt
b), comprising two fragments of 303 and 366 bp; and 381 — 386 bp of 12S TRNA. Since mitochondrial DNA (mtDNA)
alone can occasionally be misleading when investigating relationships (Shaw 2002; Alves et al. 2006), an indepen-
dent nuclear marker was also investigated, namely the Recombination Activating Gene 2 (RAG2). The resultant
phylogenies are also used to estimate dates of events in the dispersal of endemic Cape Verde geckos.
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MATERIALS AND METHODS

Samples, DNA extraction, amplification and sequencing

Identifications, localities and GenBank accession numbers of the samples used are listed in Table II.1. Where
voucher specimens are available, they have been deposited in the Natural History Museum, London.

Total genomic DNA was extracted from small pieces of tail using standard methods, following Carranza et al. (1999). Poly-
merase Chain Reaction (PCR) primers used in both amplification and sequencing were 125a and 12Sb for the 12S TRNA gene
(Kocher et al. 1989) and cyt b 1, cyt b 2 (Kocher et al. 1989), the forward primer of cyt b 2 (cyt b 2F) and a modified version of
CB3-3’(Palumbi et al. 1996) (5-TGG GAT TGA TCG TAG GAT GGG GTA-3’) for the cyt bgene. For the nuclear marker, two
pairs of primers were used: 31 FN venk, LUNG 460R (Chiari et al. 2004) for the first PCR and RAG2 LUNG 35F and RAG LUNG
320R (Hoegg et al. 2004) for the second. For 12S and cyt b, PCR conditions were the same as those used by Harris (2001).
For RAG2 an initial denaturation step of 94° C for 2 min was used, followed by 35 cycles comprising 94° C for
30 s, 53° C (annealing temperature) for 40 s, 68° C (extending temperature) for 2.5 min and then a final extension at 68° C
for 5 min. Amplified mitochondrial and nuclear fragments were sequenced from both strands on a 310 Applied Biosystems
DNA Sequencing Apparatus.

Phylogenetic analyses

For the phylogenetic analyses three data sets were used. Data set 1 was used to assess the monophyly of
endemic Cape Verde Hemidactylus and to estimate dates of divergence. It consisted of 689 bp of mtDNA (303
bp of cyt b — the ¢yt bl fragment — and 386 bp of 12S rRNA) from 20 individuals of Cape Verde Hemidactylus
(including three from Jesus et al. 2001), seven individuals from five other members of the African-Atlantic clade of the
genus (Carranza & Arnold 2006), eight individuals of three species of Tarentola geckos (Carranza et al. 2002), used to
calibrate the tree, and one Teratoscincus scincus keyserlingi, which was used to root it. In data set 1, 380 positions were
variable and 306 parsimony informative. Data set 2 was mainly employed to assess relationships within endemic Cape
Verde Hemidactylus and consisted of 1050 bp of mtDNA (669 bp of cyt b—303 bp of the cyt b1 and 363 bp of the cyt b2
fragments, and 381 bp of 12S rRNA) for 17 individuals of endemic Cape Verde Hemidactylus from eight islands. In this
data set, 332 positions were variable and 208 parsimony-informative. Hemidactylus haitianus Meerwarth, 1901 was used
as an outgroup, in preference to closer relatives of the Cape Verde taxa in the African-Atlantic clade of Hemidactylus,
as it proved difficult to amplify the 363 bp of the cyt b2 fragment of cyt b for these. Data set 3 was used as an
independent test of results from data set 2 and consisted of 804 bp of the nuclear RAG2 gene.

The most appropriate model of sequence evolution for the first data set was estimated using Modeltest v3.06
(Posada & Crandall 1998) to be the GTR + I + T for the combined mtDNA genes (cyt b + 125), the GTR + I’ model
for the 12S tRNA, and the GTR + I + I model for the ¢yt b. For data set 2 the most appropriate model was K81uf +
I+ G for the combined mtDNA genes (cyt b + 12S) analyses, and the HKY + G for the 12S tRNA and the GTR + I
+ I for the cyt b. Genetic distances were calculated using Mega 3.0 (Kumar et al. 2004).

All sequences were aligned with previously published ones for Cape Verde Hemidactylus and their outgroups
using ClustalX (Thompson et al. 1997) with default parameters (gap opening = 10; gap extension = 02). All the
cyt b sequences had the same length and therefore no gaps were postulated for this gene, although some were
used to resolve length differences in the 12S rRNA gene fragment. All positions from both mtDNA data sets were
included in the analyses.
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Table II.1 Locality codes (see Fig. I1.1), taxa, location (country, region and locality) and GenBank accession numbers for the nuclear (RAG2)
and mitochondrial markers (two fragments of cyt b plus 12S rRNA) used in the phylogenetic analyses.

Code Taxon Country Island/ Locality RAG2 cyt bl cyt b2 128
Fig. 1 Region
Tarentola americana Cuba Cuba Guantanamo AF184991 AF186119
T angustimentalis Spain (Canary Islands) Fuerteventura Fuste AF184993 AF186121
T b. boettgeri Spain (Canary Islands) Gran Canaria  Arinaga AF184997 AF186125
T b. hierrensis Spain (Canary Islands) El Hierro Tamaduste AF184998 AF186126
T. b. hierrensis Spain (Canary Islands) El Hierro Los Llanillos AF184999 AF186127
T b. bischoffi Portugal (Selvagens) Selvagens Selvagem Grande AF185000 AF186128
T b. boettgeri Spain (Canary Islands) Gran Canaria  Tauro AF184996 AF186124
T b. boettgeri Spain (Canary Islands) Gran Canaria  Tauro AF184995 AF186123
Hag1 H. agrius Brazil Genipabu Touros, Genipabu EF540746 DQ120262 DQ120433
Hag2 H. agrius Brazil Piaui D. Expedito Lopes EFb40746 DQ120261 DQ120432
Hpa H. palaichthus Trinidad Chacachaare DQ120263 DQ120434
Hgr H. greeffi S. Tomé e Principe Principe DQ120244 DQ120415
Bbr H. brasilianus Brazil Piaui D. Expedito Lopes DQ120257 DQ120428
Hlo H. longicephalus S. Tomé e Principe S. Tomé DQ120245 DQ120416
Hpl H. platycephalus Kenya Kajiado Rift Valey EF540745 DQ120266 DQ120437
Hhaitil, H. haitianus Cuba Cuba Matanzas DQ120216 EU730676 DQ120387
HO03 H. lopezjuradoi sp. Cape Verde Fogo Ribeira [1héu — Atalaia EU730681 EU730650 EU730660 EU730639
H13 H. lopezjuradoi sp. Cape Verde Fogo Ribeira Ilhéu — Atalaia EU730682 EU730651 EU730660 EU730640
HO05 H. bouvieri Cape Verde S. Nicolau Cachago EF540737 EU730652 EU730661 EU730641
H16 H. bouvieri Cape Verde S. Nicolau Cachago EF540742 EU730653 EU730662 EU730642
H17 H. bouvieri Cape Verde S. Nicolau Cachago EF540743 EU730654 EU730663 EU730643
H04 H. b. razoensis Cape Verde Raso Ché do Castelo EF540738 EU730655 EU730664 EU730644
H28 H. b. razoensis Cape Verde Raso Cha do Castelo EF540740 EU730656 EU730665 EU730645
H29 H. b. razoensis Cape Verde Sta. Luzia Ribeira Penedo EU730683 EU730657 EU730666 EU730646
H30 H. b. razoensis Cape Verde Sta. Luzia Ribeira Penedo EU730684 EU730658 EU730667 EU730647
Hb54 H. b. bouvieri Cape Verde S. Vicente DQ120253 EU730668 EU730648
HRV H. b. bouvieri Cape Verde Sto. Antao Lombo de Diogo EF540744 EU730659 EU730669 EU730649
HO1 H. boavistensis stat. rev. Cape Verde Sal Bunalema EU730677 DQ120247 EU730670 DQ120418
HO09 H. boavistensis stat. rev. Cape Verde Sal Buracona DQ120248 EU730671 DQ120419
H10 H. boavistensis stat. rev. Cape Verde Sal Buracona DQ120249 EU730672 DQ120420
HO02 H. boavistensis stat. rev. Cape Verde Boavista Ribeira EU730678 DQ120251 EU730673 DQ120422
H11 H. boavistensis stat. rev. Cape Verde Boavista Curral Velho islet EU730679 DQ120251 EU730674 DQ120422
H12 H. boavistensis stat. rev. Cape Verde Boavista Sal Rei islet EU730680 DQ120250 EU730675 DQ120421
HJO01BV1 H. boavistensis stat. rev. Cape Verde Sal - AF324811 - AF324812
HCV38 H. boavistensis stat. rev. Cape Verde Boavista Vila de Sal Rei AF324809 — AF324810
HCV125 H. boavistensis stat. rev. Cape Verde Boavista Vila de Sal Rei AF324807 — AF324808

Three methods of phylogenetic analysis, maximum likelihood (ML), maximum-parsimony (MP) and Bayesian
analysis, were employed and their results compared. The ML analysis was performed using both PAUP* (Swofford
1998) and PhyML (Guindon & Gascuel 2003) with model parameters fitted to the data by likelihood maximization.
MP and ML analyses in PAUP* (Swofford 1998) included heuristic searches with TBR branch swapping and 100
random addition replicates. For the MP analyses, transitions and transversions were given the same weight and
gaps were treated as a fifth state. Reliability of the ML and MP trees was assessed by bootstrap analysis (Felsen-
stein 1985) performed with 1000 replications.

Bayesian analyses were performed with MrBayes v3.1.2 (Huelsenbeck & Ronquist 2001). Four incrementally heated
Markov chains with default heating values were used. All analyses started with randomly generated trees and ran for
1.56x10° generations, with sampling occurring at intervals of 100 generations, producing 15,000 trees. After the analyses,
the log-likelihood values of all trees saved from both runs were plotted against the generation time. After verify-
ing that stationarity had been reached both in terms of likelihood scores and parameter estimation, the first 5000
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trees for all three data sets were discarded from both runs, and independent majority-rule consensus trees were
generated from the remaining (post burn-in) trees. The frequency of any particular clade of the consensus tree
represents the posterior probability of that node (Huelsenbeck & Rongquist 2001); only values equal or above 95%
were considered to indicate that nodes were significantly supported (Wilcox et al. 2002).

In order to assess the relations shown by the mitochondrial marker between individuals belonging to the different
island groups, a network analysis based on 804 bp of RAG2 was performed for the third data set using the program
TCS v2.1 (Clement et al. 2000). RAG2 sequences contained no indels.

Topological incongruence among partitions was tested using the incongruence length difference (ILD) test (Mich-
kevich & Farris 1981; Farris et al. 1994). In this test, 10,000 heuristic searches were carried out after removing all
invariable characters from the data set (Cunningham 1997). To test for incongruence among data sets, we also
used a reciprocal 70% bootstrap proportion (Mason-Gamer & Kellogg 1996) or a 95% posterior probability threshold.
Topological conflicts were considered significant if two different relationships for the same set of taxa were both
supported with bootstrap values > 70% or posterior probability values > 95%.

Estimating divergence times

Divergence times were estimated for the different lineages recovered by the analysis of the first data set using the
computer program 18sb v1.6.4 (Sanderson 1997, 2003). This program implements several methods for estimating absolute
rates of molecular evolution, ranging from standard ML ones to more experimental semiparametric and nonparametric
methods, which relax the stringency of the clock assumptions using smoothing methods. One of the advantages of
this program is that, through a cross-validation test, it allows the user to explore the fidelity with which any of these
methods explain the branch length variation (Sanderson 2003). This procedure removes each terminal branch in turn,
estimates the remaining parameters of the model without that branch, predicts the anticipated number of substitutions
on the pruned branch and reports the performance of these predictions as a cross-validation score, which allows the
user to select the method that best explains the branch length variation (Sanderson 2003). To estimate absolute rates,
we used a single calibration point based on the assumption that divergence between Tarentola boettgeri hierrensis
Joger & Bischoff, 1983 (endemic to the island of El Hierro) and Tarentola boettgeri bischoffi (Joger, 1984) (endemic
to the Selvagens Islands) began approximately 1 Mya, soon after El Hierro was formed, and rapid colonization from
Selvagens by the ancestor of T. boettgeri hierrensis occurred (see Carranza et al. 2000). These taxa are suitable for
calibration as they are sisters and each is monophyletic with low intraspecific variability (Nogales et al. 1998).

Apart from the assumption that El Hierro was colonized rapidly, factors that could affect clock calibrations include
stochastic variation at low levels of sequence divergence and the possibility of extinct or unsampled lineages
(Emerson et al. 2000a,b; Emerson 2002), although there is no evidence, of any of these factors acting in Tarentola
from either the Selvagens or El Hierro. The estimated dates are very provisional, as no calibration point is avail-
able within endemic Cape Verde Hemidactylus, or in their close relatives, and they may have been separated from
Tarentola for as long as 100 My (Gamble et al. 2008a,b). However, the substitution rate inferred from 18s for the
concatenated cyt b + 12S fragments of the present study is 1.156% per million years, which is comparable to rates
calculated for exactly the same mtDNA regions for populations of non-gekkonid lizards like the lacertid lizards of
the tribe Lacertini (1.35% per My; Carranza et al. 2004; Arnold et al. 2007), Chalcides skinks (1.35% per My; Carranza
et al. 2008a), and even amphibians of the genus Pleurodeles (1.46% per My; Carranza & Arnold 2004; Carranza &
Wade 2004) and Hydromantes (0.99% per My; Carranza et al. 2008b). Moreover, in order to account for the error
involved in the calibration of the Hemidactylus phylogeny a parametric bootstrap analysis was performed in which
we simulated 1000 alignments from the ML tree and recalculated dates using r8s from the same ML topology
with branch lengths optimized for each simulated alignment. This allowed us to evaluate the stochastic errors of
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date estimates associated to sampling a finite number of base pairs (Sanderson & Doyle 2001; Lalueza-Fox et al.
2005). Finally, we can also test if the calibrations are appropriate by checking if the arrival of endemic Cape Verde
Hemidactylus to particular islands is more recent than the origins of the islands themselves where this is known.

RESULTS

The results of the ILD-test showed that the two gene partitions (cyt b and 12S rRNA) of data sets 1 and 2 were
congruent (P =0.11 and P = 0.66, respectively) and independent analyses of the two gene partitions in both data
sets confirmed there were no topological conflicts (Mason-Gamer & Kellogg 1996). Therefore, the two mitochondrial
fragments were combined for further analyses.

In analyses of data set 1, all three methods used (PhyML, MP and Bayesian) produced very similar estimates of
relationships (Fig. II.2). They show that H. bouvieri as presently understood and the distinctive population from
Fogo form a monophyletic group within the African-Atlantic clade of Hemidactylus.

Data set 2, which was based on longer sequences of mtDNA, gave congruent results (Fig. I1.3). Samples of the recently
discovered form from Fogo are sister to the populations which are currently assigned to H. bouvieri (uncorrected
genetic divergence for the cyt b + 12S tIRNA mtDNA genes 11 — 12%). Within H. bouvier], as presently understood,
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Figure I1.2 Relationships and estimated times of divergence in endemic Cape Verde Hemidactylus and their relatives based on an analysis
of 689 bp (303 bp cyt b and 386 bp of 12S rRNA). Output tree from 18sb program is shown, which includes other members of the African-
Atlantic clade of Hemidactylus (sensu Carranza & Arnold 1996) and selected Tarentola geckos, is rooted using the south-west Asian gecko
Teratoscincus scincus keyserlingi. Topologies from PhyML, MP and Bayesian analysis are similar. Figures above nodes indicate bootstrap
support for ML (left), MP (centre) and Bayesian posterior probability values (right). Where the value in all three is 100, only a single figure is
shown. Figures below nodes indicate the estimated age of the speciation events concerned in millions of years (My), followed by the standard
deviation and 95% confidence intervals (in parenthesis below) obtained with parametric bootstrap using the original topology (see Materials
and methods). For fuller locality data and GenBank accession numbers see Table II.1.
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Figure II.3 Relationships within Cape Verde endemic Hemidactylus. ML tree based on an analysis of 1050 bp of mtDNA (669 bp cyt band 381
bp of 12S rRNA), rooted using H. haitianus as outgroup. Topologies from ML and MP analyses were very similar. Figures above nodes indicate
bootstrap support in ML (left) and MP (right) analyses; figures below node are Bayesian posterior probabilities. For fuller locality data and
GenBank accession numbers of specimens, see Table I1.1.

animals from the eastern islands of Sal and Boavista (H. bouvieri boavistensis) are sister to the ones from the
northern islands (8.3 — 9.8% divergence). Here the S. Nicolau sample is distinct from those from the north-western
islands of S. Vicente, Sta. Luzia, Raso and Sto. Antao (7.8 — 8.3% divergence). The first three of these north-western
islands, exhibit divergences that are just 0.1 — 1.2%, while those between these islands and Sto. Antédo are 1.3 — 1.7%.
Divergences between Sal and Boavista animals are 2.7 — 3.1%.

In data set 3, six haplotypes of the independent nuclear marker, RAG2 were identified (Fig. II.4). Two that differ
by a single mutational step occur on Fogo and the two individuals studied are heterozygous for them. The seven
individuals from the north-western islands of S. Nicolau, Raso, Sta. Luzia and Sto. Antéo are all alike and dif-
fer by a further step from one of the Fogo haplotypes. The single Sal specimen investigated differed by another
step more, while the three specimens from Boavista exhibited either one or two additional differences from this.
The nDNA haplotypes show strong correlation with the most of the geographical units indicated by mtDNA,
but do not reflect the phylogenetic topology of the mtDNA tree. When a network analysis was performed using
TCS v1.21 (Clement et al. 2000), none of the haplotypes was identified as ancestral with high probability.
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Figure I1.4 Network showing RAG2 sequence variation. Lines represent mutational steps and circles represent haplotypes. The area of the circles
is proportional to the number of individuals. The arrow indicates where the network is rooted to the two outgroups used (Hemidactylus platycephalus
and H. agrius), which are separated by 19 and 21 mutational steps, respectively. Circles indicated by broken lines enclose heterozygote haplotypes.
For fuller locality data and GenBank accession numbers of specimens, see Table I1.1.

Systematics

The four geographical units among endemic Cape Verde Hemidactylusthat are apparent from their DNA show consider-
able congruence with morphological variation. The Fogo animals that diverge basally from others and differ from them
by 11 - 12% in the combined mtDNA fragments studied here, also differ in several anatomical features. Similarly, the
populations from Sal and Boavista that are currently assigned to their own subspecies H. bouvier boavistensis have
several distinctive anatomical characteristics. The remaining two units, from S. Nicolau and from the north-western
islands, form a clade with distinctive morphological features but are not obviously differentiated from each other in this
respect, in spite of differing by about 8% in their mtDNA. In the northwestern islands most populations are assigned to
H. b. bouvieri, the exception being those from Raso and Sta. Luzia, which have been differentiated as H. b. razoensis.
Available specimens from Raso have a much smaller adult body size than the remaining north-western populations,
but the supposedly distinctive nasal feature is not universal and also turns up occasionally in other endemic popula-
tions of Hemidactylusin the Cape Verde Islands (E. N. Arnold unpubl. data).

As divergences between the four DNA units are relatively high (Harris 2002), and as there are also often morpho-
logical differences, the following taxonomic changes are made. The distinctive Fogo population is described as
anew species; H. b. boavistensis is returned to the species status originally allocated by its describer (Boulenger
1906), and remaining populations are assigned to H. bouvieri itself. Within this last species, the separate subspe-
cies status assigned to the Raso and Sta. Luzia populations (Gruber & Schleich 1982) is retained. The population
on S. Nicolau, which is genetically distinct from other populations assigned to H. bouvieri, may also require formal
naming and description, but material available for this study is too poorly preserved to do this.
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Family GEKKONIDAE
Genus Hemidactylus Oken, 1817
Hemidactylus lopezjuradoi sp. n. (Fig. I1.5. A, B)

Holotype. Adult male, CAPE VERDE ISLANDS, northern Fogo island between Ribeira Ilhéu & Atalaia 1997, Mateo
& Geniez. (BMNH 2005.1632).

Paratypes. Same locality as holotype, adult male, adult female and two juveniles Mateo and Geniez (BMNH
2005.1633-1636).

Etymology. The species name, lopezjuradoi, honours Dr Luis Felipe Lopez-Jurado, for his lifelong involvement
in Herpetology, and for organizing the expedition during which the specimens of H. lopezjuradoi were collected.

Diagnosis. Small (males to about 40 mm from snout to vent); ear opening small and rounded and situated below the
level of the angle of the mouth; mental scale not narrowed; one pair of short postmental scales; enlarged tubercles
present on back but not on head or limbs, low and smooth or very weakly keeled, the spaces between them much larger
than their diameter, in 6-10 very irregular longitudinal rows at midback; ventral scales of body coarse and imbricate,
increasing in size posteriorly, about 20-23 across mid-belly; a total of about six small femoral pores in males; four
scansors and enlarged scales under first hind toe, six to eight under fourth, six to seven under fifth; dorsal scales on tail
much larger than those on body, four smooth or weakly keeled enlarged tubercles per whorl basally, subcaudal scales
sometimes irregular; dorsal pattern consisting of broad dark transverse bands. Differs from other endemic Hemidactylus
in the Cape Verde Islands, H. bouvieri and H. boavistensis, in its blunter snout with convex upper border, usually
broader mental and postmental scales, presence of enlarged dorsal tubercles on body and tail, smaller but more
numerous femoral pores in males, and sometimes irregular subcaudal scales.

Description. Head and body rather depressed and head not especially broad. Up to 40 mm from snout to vent;
in adult males, head length about 30 — 33% of this, head width about 65% of head length; head depth about 45%
of head length and 65 — 70% of head width. Nostril between rostral, supranasal and superposed postnasals, with
the first upper labial scale usually also entering narrowly into its border. One or two scales separating supranasal
scales on midline, 11 — 14 scales in a straight line from postnasal scales to edge of orbit. No enlarged tubercles
on head. Ear opening usually round rather than diagonally elongated, smooth edged, only 20 — 25% of diameter
of eye, the upper part of the ear drum hidden by a downwardly directed fold of skin. Upper labial scales 8, lower
labial scales 6 — 7. Sides of mental scale converging posteriorly to form a right angle (or a slightly more acute one),
two large postmental scales that are broader than long, and meet in a short suture; these and lower labial scales
bordered by more irregular and smaller though still enlarged scales. Gular scales small and granular as far back
as about the level of the ear openings. Enlarged tubercles present on dorsal surface of body but relatively small
(about twice diameter of surrounding scales), low, round and unkeeled or only very weakly so, arranged in about
6 — 10 very irregular longitudinal rows at mid-back and about six rows between hind legs; tubercles rather larger
laterally, either not extending forward beyond forelimbs or very few present on neck, tending to be rather larger
laterally, spaces between them much greater than their own diameter. Ventral scales under neck and body larger
than gulars and dorsal scales with which they gradually merge, imbricate with rounded borders, increasing in size
posteriorly, about 20 — 23 in a transverse row at mid-body. Available males with three small femoral pores on each
side, separated by a single central scale. Usually two cloacal tubercles on each side, larger in males. No enlarged
tubercles on limbs. Scales on forelimb small and juxtaposed, though rather larger and somewhat imbricate on
anterior surface and on dorsal surface of upper limb. Dorsal scales on hindlimb small and juxtaposed; scales on
front of thigh and underside of limb large and imbricate but smaller than those on posterior belly. Distal sections
of digits extending well beyond adhesive pad, the maximum width of which on the fourth hind toe is much nar-
rower than its length in adults; four scansors and enlarged scales under first hind toe, six to seven under third,
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Figure II.5 A - F Endemic Hemidactylus from the Cape Verde Islands. A) Hemidactylus lopezjuradoi sp. n. Holotype (left) and one of the
paratypes (BMNH 2005.1633-1634), both males, from between Ribeira Ilhéu and Atalaia, northern Fogo; B) H. lopezjuradoi sp. n. (holotype) and
H. boavistensis from Boavista, showing difference in upper profile of snout; C) H. boavistensis, male (BMNH 1946.8.25.70) from Boavista, one
of the type series; D) H. boavistensis. Underside of male, showing the narrow toes pads characteristic of endemic Cape Verde Hemidactylus,
and the two well-developed femoral pores in males and regular, laterally expanded subcaudals scales typical of H. boavistensis and H.
bouvieri; also visible are the rather elongated ventral scales found in many H. boavistensis; E) H. bouvieri. Left: male from Santiago (BMNH
1875.4.26.10); right: female from S. Vicente with a regenerated tail (BMNH 1866.4.12.3); F) H. bouvieri. Two apparently adult animals from
Raso, the type locality of H. b. razoensis, right: female, left: male (BMNH 2005.1666-1667). All scales in mm.

six to eight under fourth and six to seven under fifth. Whorls of tail poorly defined, its dorsal scales larger than
those on body, being about twice as long; about five to six scales in longitudinal row on fourth whorl after vent.
Four enlarged smooth rounded tubercles on dorsal surface of each whorl that are twice as long as those on body,
and about a third the length of the whorls themselves; about one to three small scales between tubercles on fourth
and fifth whorls. Scales increase in size ventrally, so underside of tail is covered by about five longitudinal rows
of large scales, with sometimes the medial row laterally expanded beginning just after the hemipenial bulge in
males, or large ventral scales of tail may be tessellated.
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Colouring. Grey brown to brown above; a dark brown streak running from nostril through eye and above ear,
sometimes joining a broad transverse band on neck; three similar broad transverse bands present on body and
one on tail base; edges of bands often wavy or jagged, posterior margin often remaining dark in pale animals;
a series of dark blotches on upper surface of tail, spaced every two whorls. Dorsal pattern stronger in juveniles,
which may have dark blotches on upper surface of head including a dark transverse bar in occipital region. Under-
side pale greyish; mental and labial scales blotched light brown; underside sometimes with a light brown stipple
especially at sides of belly, accompanied or replaced by tiny blackish punctuations, which may also occur under
the tail; dorsum of tail orange in life.

Distinctive features of the holotype. 40 mm from snout to vent; tail broken off at base, truncated separated
section 12 mm long. Lower labial scales seven; four scansors and enlarged scales under first hind toe, six under
fourth and six under fifth; scales under tail tessellated.

Distribution. Known only from the north of Fogo island.

Conservation status. Hemidactylus b. bouvieri was listed as being Rare on Fogo and so in need of urgent protection
under the criteria of the First Red List of Cape Verde (Schleich 1996). Later, the Cape Verde authorities considered
the status of this population as Indeterminate (Anonymous 2002). Whether either of these assessments actually
refers to Hemidactylus lopezjuradoi is unknown.

Hemidactylus boavistensis stat. rev. (Boulenger, 1906) (Fig. I1.6.B — D)

Hemidactylus bouvieri Bocage (part), (1902: 209);

Hemidactylus boavistensis Boulenger (1906): 198. Type locality: Boa Vista island, Cape Verde Islands;
Hemidactylus chevalieri Angel (1935): 166. Type locality: ‘le Sal, Cape Verde Islands;

Hemidactylus bouvieri boavistensis Loveridge (1947): 121;

Hemidactylus bouvieri chevalieri Loveridge (1947): 121.

Material examined. Sal (BMNH 1946.8.25.68-73, originally BMNH 1906.3.3.4-9), types donated by L. Fea.

Diagnosis. Up to about 50 mm from snout to vent; head relatively broad posteriorly, snout narrow with concave
or straight upper profile; mental often narrowed posteriorly, postmentals frequently longer than wide; no enlarged
tubercles on dorsum; ventral scales small, often some longer than wide, about 35 — 40 across mid-belly; two large
femoral pores in males; five scansors and enlarged scales under first hind toe, seven to nine under fourth; five to
seven under fifth; medial subcaudal scales regular and expanded laterally; dorsal pattern often consisting of broad
transverse bands, but these may be divided on the midline, or the anterior ones broken in to several sections, or
animals may be more uniform without bands.

Distribution. Sal and Boavista islands
Conservation status. Populations considered at Low Risk, following the criteria of the First Red List of Cape

Verde (Schleich 1996).

Hemidactylus bouvieri (Bocourt,1870) (Fig. II.5.E, F)

Emydactylus bouvieri Bocourt (1870): 17. Saint Vincent, Cape Verde Islands;
Hemidactylus Cessacii Bocage (1873): 210. Saint Iago, Cape Verde Islands;
Hemidactylus bouvieri Rochebrune (1884): 76.
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Diagnosis. Up to about 40 mm from snout to vent; head not broad posteriorly, snout narrow with a concave or straight
upper profile; mental often narrowed posteriorly, postmentals frequently longer than wide; no enlarged tubercles
on dorsum, ventral scales moderate, not longer than wide, about 20 across mid-belly, two large femoral pores in
males; three to four scansors and enlarged scales under first hind toe, four to five under fourth; four to six under fifth;
medial subcaudal scales regular and expanded laterally; dorsal pattern usually consisting of broad transverse bands.
Distribution. S. Vincente, Sto. Antéo, St. Luzia, Raso, S. Nicolau, Santiago; also possibly Brava (Fea 1899b; Angel
1937; Loveridge 1947; Mertens 1955). Although it has also been reported from Fogo by Angel (1935, 1937), Loveridge
(1947), Mertens (1955) Schleich (1982, 1996), Joger (1993) and Loépez-Jurado et al. (2005); at least some of these
reports may actually refer to H. lopezjuradoi.

Hemidactylus bouvieri bouvieri (Bocourt, 1870) (Fig. I1.5.E)
Emydactylus bouvieri Bocourt (1870): 17. Saint Vincent, Cape Verde Islands
Hemidactylus Cessacii Bocage (1873): 210. Saint Iago, Cape Verde Islands
Hemidactylus bouvieri Rochebrune (1884): 76.

Hemidactylus bouvieri bouvieri Loveridge (1947): 122

Material examined. S. Vicente (BMNH 1866.4.12.3-4); Santiago (BMNH 1875.4.26.10) and S. Nicolau (BMNH
2005.1638-1640).

Distinctive features. Differs from H. b. razoensis in its larger size (adults up to about 40 mm from snout to vent).

Distribution. S. Vincente (Boucourt 1970; Bocage 1902; Angel 1937; Loveridge 1947; Mertens 1955; Schleich 1982;
Andreone 2000; Carranza & Arnold 2006) Sto. Antdo (Bocage 1902; Angel 1937, Mertens 1955), Santiago (Bocage
1902; Angel 1937; Mertens 1955) and possibly Brava (Fea 1899b; Angel 1937; Mertens 1955).

Conservation status. Hemidactylus b. bouvieri was listed as being Rare and so in need of urgent protection under
the criteria of the First Red List of Cape Verde (Schleich 1996). Later, the Cape Verde authorities considered the
status of this form as Indeterminate (Anonymous 2002).

Hemidactylus bouvieri razoensis (Gruber & Schleich, 1982) (Fig. I1.5.F)

Material examined. Raso (BMNH 2005. 1666-1667).

Distinctive features. Differs from H. b. bouvieri in its small size (adults only to 29 mm from snout to vent). Also
said to be distinctive in having first upper labial scale separated from nostril. However, this does not apply to all
animals and the condition sometimes occurs in H. b. bouvieri and H. boavistensis.

Distribution. Raso (Gruber & Schleich 1982; Mateo et al. 1997) and Sta. Luzia (Mateo et al. 1997).
Conservation status. Hemidactylus b. razoensis was listed as being Critically Endangered, following the criteria
of the First Red List of Cape Verde (Schleich 1996), an assessment also later made by the Cape Verde authorities

(Anonymous 2002). Without intervention, these populations are likely soon to become extinct, as they appear to
have already done on the nearby island of S. Vicente (Schleich 1987).

85



CHAPTER 2 / Reducing the Linnean Shortfall - What is there? Why?

Hemidactylus bouvieri, S. Nicolau population

Material examined. S. Nicolau, Cachago (BMNH 2005.1637- 1640).

Distinctive features. The four desiccated specimens available appear distinctive only in one of them having a scat-

tering of slightly enlarged scales on the dorsum of the body. More importantly this population shows an uncorrected

genetic divergence from others analysed in the present study of 14.2 — 16.1% for the cyt band 4.5 — 8.8% for the 125
TRNA mitochondrial gene fragments used (GenBank accession numbers: EU730652-4, EU730661-3, EU730641-3).

Distribution. S. Nicolau island (Lépez-Jurado et al. 2005; Kéhler et al. 2007; J.A. Mateo and P. Geniez unpubl. data).

KEY TO HEMIDACTYLUS GECKOS IN THE CAPE VERDE ARCHIPELAGO
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Enlarged, raised, keeled or trihedral tubercles present on upper surface; males with 20 — 54 femoral pores 2

Enlarged tubercles on upper surface absent or, if present, low, not strongly keeled and confined to body and
tail; femoral pores few, perhaps Not eXCEEAINT SIX ... 3

Enlarged scales under fourth hind toe reaching base of the digit; femoral pores in males 20 — 46 (Sal,
Boavista, Fogo, Santiago, Sto. Antdo, S. Vicente, S. Nicolau, Brava and Rombos and perhaps Maio and
SANEA MATIA ISIET) ..o H. angulatus

Enlarged scales under fourth hind toe not reaching base of the digit; femoral pores in males 24 — 54
(S. Vicente, St0. ANtE0 AN BIAVA) ... H. mabouia

Low, smooth or weakly keeled enlarged tubercles present on upper surface; femoral pores in males small, more than 2;
snout relatively blunt with a convex upper profile; large scales under tail may be irregular (Fogo) ... H. Iopezjuradoi

No enlarged dorsal tubercles on upper surface (or just a few weakly enlarged scales); males with two
relatively large femoral pores; snout pointed with a concave or straight upper profile; a regular row of
large broad scales on UNAerside Of TAI1 ... ..o 4

Relatively large, up to 50 mm from snout to vent; head broad, ventral scales fine and often longer than
wide, about 35 — 38 across mid-belly; usually 5 enlarged scales under first hind toe and 7 — 9 under fourth;

head broad (Sal and BOAVISTA) ......cooo oo H. boavistensis
Relatively small, up to 40 mm from snout to vent; ventral scales coarse, about 20 — 25 across mid-belly; usually
3 — 4 scales under first hind toe and 4 — 5 under fourth; head narrow ... H. bouvieri b
Up to about 40 mm (Sto. Antéo, S. Vicente, Santiago and possibly Brava) ..o H. b. bouvieri
Up to 30 mm; (RASO, Sta. LUZIA) ...ovoveooeoeeeeeeeeeee e H. b. razoensis

Up to 40 mm; sometimes with a few weakly enlarged scales on back; mitochondrial DNA sequence
distinctive (S. NICOLAU) .....o.vvieioeceeeeeeeeeeeee e H. bouvieri, S. Nicolau population
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DISCUSSION

Morphological evolution

The main morphological changes in the Cape Verde clade of endemic Hemidactylus are shown in Fig. I1.6. Clearly,
the ancestor of the group evolved a syndrome of features, some of which are uncommon or not found among close
relatives in the African-Atlantic clade of the genus. Hemidactylus lopezjuradoi sp. n. is relatively primitive in its
morphology, but the remaining forms all share additional synapomorphies including loss of enlarged tubercles,
presence of a very pointed snout, and reduction of the femoral pores in males to two. It is unknown whether the
distinctive features of endemic Cape Verde Hemidactylus are functionally related to their mode of life.

All the populations of endemic Cape Verde Hemidactylus have adult body sizes that are much smaller than other
members of the African-Atlantic group of species, suggesting that their ancestral lineage underwent size reduc-
tion after arrival in the archipelago. This contrasts with the frequent increase in body size that occurs in other
lizard groups in oceanic islands, such as some Tarentola geckos and Mabuya skinks in the Cape Verde archipelago;
Carranza et al. 2000, 2001), and some Phelsuma geckos and Leiolopisma skinks on Mauritius (Austin et al. 2004;
Austin & Arnold 2006). However, size reduction in Cape Verde Hemidactylusis not unique and has occurred in the
ancestor of the gecko Nactus coindemerensis Bullock, Arnold & Bloxam, 1985 on Mauritius and its likely relative
on the neighbouring island of Reunion (Arnold 2000; Arnold & Bour 2008).

Figure I1.6 Some morphological changes in the history of endemic Cape Verde
Hemidactylus geckos. Where parsimony does not indicate direction of change, as
for example with size, size of ventral scales and scansors under toes, values are
given for more than one taxon. (1) Small size (only up to about 50 mm from snout to
vent); ear opening small and rounded; at least some reduction of dorsal tubercles;
femoral pores in males reduced in number (perhaps to six or fewer); dorsal scales
on tail markedly larger than those on body; dorsal pattern often consisting of broad
dark transverse bands. (2) Comparatively small (up to 40 mm from snout to vent),
ventral scales large (about 20-23 across mid-belly), femoral pores reduced in size;
scaling beneath tail sometimes irregular. (3) Snout narrow, its upper profile concave
or straight, mental often constricted posteriorly; postmentals narrow; no enlarged
dorsal tubercles; number of femoral pores reduced to two. (4) Comparatively large
(up to about 50 mm); posterior head broad; ventral scales often longer than wide
and fine (about 35-40 across mid-belly); 7-9 scansors and large scales under fourth
hind digit; dorsal pattern variable with transverse bands sometimes broken up
anteriorly, divided on midline or absent. (5). Comparatively small (less than 40 mm);
ventral scales relatively large (about 20-23 across mid-belly); 4-5 scansors and
large scales under fourth hind digit. (6). Very small adult size (under 30 mm).

History and phylogeny of endemic Cape Verde Hemidactylus

The internal relationships of the African-Atlantic clade of Hemidactylus to which the endemic Cape Verde spe-
cies belong, together with its relationships to the other main clades of Hemidactylus, indicate that it originated in
tropical Africa but has made several excursions into the Atlantic: at least twice to islands in the Gulf of Guinea
(Jesus et al. 2005), twice to Southern America (Carranza & Arnold 2006), and once to the Cape Verde Islands.
As Cape Verde endemic Hemidactylus are not especially closely related to any of the other trans-Atlantic migrants,
their colonization of the Cape Verde archipelago is likely to have been independent of these. Also, the pattern of
water circulation in the Atlantic Ocean suggests the ancestor of Cape Verde endemics reached the archipelago
from extreme West Africa, while ancestors of the South American forms travelled with the west-running Equato-
rial current, which arises further south and east in the Gulf of Guinea.
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If the results of the molecular clock are accepted, the ancestor of the endemic Cape Verde Hemidactylus could
have reached the archipelago between 10 + 2.48 and 18 + 3.9 Mya (Fig. I1.2). Prevailing south-westerly currents
suggest the first landfall may have been in the north-east of the archipelago, possibly on Sal. From here, there
was an early migration, presumably with the same current, to the southern island of Fogo perhaps about 10 + 2.48
Mpya. Topology suggests later movement occurred from the initial area of colonization along the northern-western
island chain: first to S. Nicolau then somewhat later to the group of islands including S. Vicente, Sta. Luzia and
Raso, and finally to Sto. Antédo, perhaps arriving there less than only 1 Mya. Spread to the north-west was appar-
ently very slow, perhaps because the prevailing south-west-running currents in the area run transversely across
the line of islands making movement between them difficult. A similar situation exists in Gallotia lacertids in the
Canary Islands, where spread westwards through the archipelago to Gomera, again across the prevailing current,
may have taken several million years (Maca-Meyer et al. 2003). Even taking the effects of currents into account,
the long period of possibly 4 My or more between H. bouvieri reaching the S. Vicente group of islands and the
colonization of Sto. Antdo is surprising, given that the gap between these islands is less than 15 km. One pos-
sibility is that H. bouvieri did colonize earlier but the resultant populations were eliminated by volcanic activity,
which has been extensive at times on Sto. Antao since its origin 7.6 Mya (Plesner et al. 2002). If such extermination
took place, the present populations would represent a later recolonization. Genetic uniformity in the populations
of H. bouvieri from S. Vicente, Sta. Luzia and Raso is probably because these islands all occur on a shallow bank
and have been connected during the seal-level falls that characterized the Pleistocene epoch. The H. bouvieri on
the southern island of Santiago probably colonized it from the more northern islands where this species is found
with the prevailing current. As no DNA sequence is available from Santiago, it is not possible to say whether this
population originated in the north-western islands or on S. Nicolau. A relatively recent movement also occurred
in H. boavistensis between the islands of Sal and Boavista, an estimated 1.6 + 0.85 Mya. As expected, estimated
dates of dispersal of endemic Cape Verde Hemidactylus to particular islands are more recent than the origins of
the islands themselves where this is known.

The Cape Verde endemic Hemidactylus clade shows both similarities and differences in its history compared to the
other lizard groups in the archipelago, namely Tarentola geckos and Mabuya skinks (Carranza et al. 2000, 2001; Brehm
etal 2001; Jesus et al. 2002). These are estimated to have diversified, respectively, around 4 and 6 Mya, perhaps rather
later than the endemic Hemidactylus. They are similar in having a strong division between the northern and southern
groups and probably making their initial landfall in the north-east and moving slowly to the north-west, but again did
so rather later and were also different in each having more than one lineage there. As with the Hemidactylus, their
populations on islands on the S. Vicente bank exhibit little divergence, and those on Sto. Antdo are also similar, again
suggesting recent colonization of this relatively old and long-separated island. Tarentola twice colonized the southern
islands from the northern ones an estimated 2 — 4 Mya. In Mabuya, the ancestor of the clade formed by M. delalandii and
M. vaillanti probably moved to the southern islands from the north approximately 6 Mya, as did M. spina-
lis at a later stage, perhaps 2 Mya. In all these cases, the lineages concerned may parallel the origin of the
H. bouvieri population of Santiago, although no timing is yet available for this. The relatively late arrival of Tarentola
and M. spinalis on the southern islands of the Cape Verdes has been tentatively attributed to extinction of previous
populations by volcanic action there (Carranza et al. 2001), as is postulated here for Sto. Antédo. But the presence on
Fogo of the very distinct H. lopezjuradoi sp. n., which separated from its relatives over 10 + 2.48 Mya, and the long
persistence of the representatives of the M. delalandii— M. vaillanti clade on the southern islands makes this less likely.

Interestingly, other Cape Verde vertebrates exhibit a similar pattern of differentiation to the endemic
Hemidactylus. For example, although the kestrel Falco tinnunculus has only two presently recognized subspecies in
the archipelago, DNA indicates there are three geographical units: in the north-western, eastern and southern islands,
respectively (Hille et al. 2003). However, it is likely that this pattern originated much later than in Hemidactylus.
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Abundance and conservation status of endemic Cape Verde Hemidactylus

Of the endemic Hemidactylus geckos in the Cape Verde archipelago, H. boavistensis appears to have been abun-
dant at least since it was first noted by scientists. L. Fea collected specimens on Boavista in 1898, depositing 10
in the Natural History Museum, London and 25 in the Museo Civico ‘G. Doria’ di Storia Naturale, Genoa. Mertens
(1955) mentions 11 collected on this island by H. Lindberg in 1954, and the species was still abundant there in
1997 (Loépez-Jurado et al. 1999). On Sal, Angel (1935) recorded a sample of 13 animals, and Mertens (1955) one of
22, also collected by H. Lindberg; again it was found to be common in 1997 (J. A. Mateo unpubl. data).

Although known for much longer, H. bouvieri has also never been recorded as abundant. The original description
of the species from S. Vicente was based on just three animals (Bocourt 1870), although two had already been col-
lected by Rev. T. Lowe before 1865, and one much more recently (Andreone 2000). On Sto. Antédo, an unspecified
small number were collected by Dr Hopffer (Bocage 1897, 1902) and one was encountered in 2007 by R. Vasconcelos,
S. Rocha and S. Martins. The Raso population was first discovered in 1981 when five animals were collected by
Gruber & Schleich (1982), and a further four were found in 1997 (Mateo et al. 1997). On S. Nicolau and Sta. Luzia, H.
bouvieri was first noted only in 1997, when, respectively, four and two animals were encountered (J.A. Mateo and P.
Geniez unpubl. data; Mateo et al. 1997; Lopez-Jurado et al. 2005) plus one in 1997 by Kéhler et al. (2007) in S. Nicolau.

On Santiago, the description of Hemidactylus cessacii, a synonym of H. bouvieri, was based on a single animal
(Bocage 1873), although Bocage presented another specimen from the island to the Natural History Museum,
London & in 1875. An unspecified number was collected there by Cessac and F. Borges (Bocage 1897, 1902) and a
further single animal is recorded by Mertens (1955). Only one individual has been reported from Brava, collected
by L. Fea in 1899 (Fea 1899b; Andreone 2000).

The records listed above indicate that H. bouvieri has never been encountered in large numbers in the past
140 years, so there may not have been recent decline. This may possibly have occurred earlier in the period
since the Cape Verde islands were first occupied by people, with associated extensive habitat destruction, or
H. bouvieri may have been uncommon even before this. The species may also be secretive, or occurs in habitats
that are rarely searched by herpetologists. There is some evidence that H. lopezjuradoi sp. n and H. bouvieri
may have specialized habitats, perhaps in the restricted relatively humid places in the Cape Verde Islands.
While H. boavistensis is abundant in very arid open areas with few plants, H. Iopezjuradoi sp. n. was found under
stones in deep valleys on Fogo with lots of vegetation, and H. bouvieri was encountered on S. Nicolau (J. A. Mateo
unpubl. data) and on S. Antéo (R. Vasconcelos unpubl. data) on the tops of mountains, where humidity was high
due to condensation.

One possible cause of decline of endemic Cape Verde Hemidactylus is the introduced species of this genus.
At least one of the introduced species, H. mabouia, is known to be an aggressive species capable of displac-
ing and eating other geckos, as has been reported in Venezuela where it seems to be increasing dramatically
in numbers (Rivas et al. 2005). Elsewhere, H. frenatus has had a deleterious effect on endemic gecko popu-
lations in other parts of the world. Its introduction to islands in the Pacific has often been associated with
decline in the endemic H. garnotii (Case et al. 1992). This species also appears to be responsible for the ongo-
ing extermination of a radiation of seven species of Nactus in the Mascarene Islands (Arnold 2000), something
that may have been mediated through competition for refugia (Cole et al. 2005). However, H. boavistensis
appears to survive well in the presence of H. angulatus on Sal and Boavista, even though the latter spe-
cies has been there for a long time, having been collected by L. Fea over a century ago (Andreone 2000).
Nevertheless, the two species do not coexist widely, H. angulatus tending to occur in different habitats from
H. boavistensis, being mainly found in anthropogenic situations like airport and village buildings, and neigh-
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bouring field walls and ruins. Moreover, where H. angulatus is really abundant, as in Ribeira do Norte, Boavista,
H. boavistensisis not present (Lopez-Jurado et al. 1999). Introduced Hemidactylus species could conceivably have some
potential effect on H. lopezjuradoi sp. n and H. bouvieri, but this cannot apply to the highly endangered population
of H. bouvieri on Raso and Sta. Luzia, as neither H. angulatusnor H. mabouia have been recorded on these islands.
Although H. angulatusis said to have been collected on Fogo by L. Fea (Fea 1899a; Andreone 2000) and Schleich
(1987), and on Brava and Rombos by H. Lindburg (Mertens 1955), these records have to be confirmed, especially as
the species was not encountered on these islands in 1997 (J. A. Mateo unpubl. data), 1998 (S. Carranza unpubl. data)
or in 2007 (R. Vasconcelos unpubl. data). However, it seems that its presence has been increasing through time and
presently was recorded on almost all of the islands, except the desert islands and islets of Santa Luzia, Raso and
Branco. The other introduced reptile, H. mabouia, may be expanding its range, as it was originally identified from
S. Vicente (Jesus et al. 2001) and has been found more recently on Sto. Antdo and Brava (R. Vasconcelos unpubl. data).
Hemidactylus mabouia has also expanded rapidly in many other areas where it has been introduced, especially in
the Americas (Carranza & Arnold 2006).

Another threat to endemic Hemidactylus species and other reptiles in the Cape Verde archipelago are
introduced predators such as cats (particularly in the nature reserve on Sta. Luzia) and rats, and brows-
ing and grazing ungulates. The numerous goats on some islands are especially damaging, as they deci-
mate the little remaining natural vegetation, which may be necessary for the survival of some endemic
lizards. For example, most specimens of H. b. nicolauensis encountered on S. Nicolau were found under
bushes of the endemic Euphorbia tuqueiana. Clearly, studies are urgently required to assess the abundance of
H. Iopezjuradoi sp. n and its conservation needs. The same is true for the populations assigned to H. bouvieri which,
as the present work makes it clear, comprise at least two genetically different geographical units which may have
different conservation requirements. Careful GIS modelling to derive probability of occurrence/habitat suitability
for each unit will be needed to decide the most appropriate areas to protect.
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