
Índice 

 - 1 - 

Índice 
 

NOTA PRÉVIA ..................................................................................................................................... - 3 - 

RESUMO ............................................................................................................................................... - 7 - 

ABSTRACT ......................................................................................................................................... - 13 - 

 

I  GENERAL INTRODUCTION.................................................................................................... - 19 - 

1 INTRODUCTION TO THE PROBLEM AND REVISION OF THE LITERATURE........................................- 21 - 

2 ADVANTAGES AND LIMITATIONS TO THE USE OF MOLECULAR TOOLS.........................................- 27 - 

2.1 Taxonomy, phylogeny and evolution .................................................................................. - 27 - 

2.2 Classification systems......................................................................................................... - 28 - 
Evolutionary taxonomy .................................................................................................................................- 28 - 
Phenetics or numerical taxonomy..................................................................................................................- 29 - 
Cladistics .......................................................................................................................................................- 31 - 

2.3 Choice of molecular markers and problems with the alignment ........................................ - 36 - 
Choice of markers..........................................................................................................................................- 36 - 
Sequence alignment.......................................................................................................................................- 37 - 

2.4 Methods for estimation of phylogenetic trees..................................................................... - 38 - 
Parsimony......................................................................................................................................................- 38 - 
Minimum evolution (e.g. neighbour-joining) ................................................................................................- 39 - 
Maximum-likelihood.....................................................................................................................................- 41 - 

2.5 Integration with other areas of Biology ............................................................................. - 42 - 
Biogeography ................................................................................................................................................- 42 - 
Ethology ........................................................................................................................................................- 44 - 
Phylogeography, historical demography and conservation............................................................................- 45 - 

Phylogeography and historical demography ..............................................................................................- 45 - 
Conservation of living resources................................................................................................................- 46 - 

3 MARKING EVENTS FOR THE EVOLUTION OF THE NORTHEASTERN ATLANTIC AND MEDITERRANEAN 

ICHTHYOFAUNA ...................................................................................................................................- 51 - 

3.1 Paleogeography and Paleoclimatology.............................................................................. - 52 - 

4 CHOSEN SPECIES AND OBJECTIVES OF THIS WORK ......................................................................- 61 - 

5 REFERENCES...............................................................................................................................- 65 - 

 

II  MACROEVOLUTIONARY STUDIES................................................................................... - 81 - 

1 PHYLOGENETIC ANSWERS TO ECOLOGICAL AND BEHAVIOURAL QUESTIONS...............................- 83 - 

1.1 A revision of the status of Lepadogaster lepadogaster (Teleostei: Gobiesocidae): sympatric 

sub-species or a long misunderstood blend of species?.................................................................. - 85 - 



Índice 

 - 2 - 

1.2 Reclassification of Lepadogaster candollei based on molecular and meristic evidence with a 

redefinition of the genus Lepadogaster........................................................................................... - 99 - 

1.3 Phylogenetic relationships of the North-eastern Atlantic and Mediterranean blenniids . - 107 - 

1.4 On the phylogenetic affinities of Centrolabrus trutta and C. caeruleus (Perciformes: 

Labridae) to the genus Symphodus. Molecular, meristic and behavioural evidences................... - 123 - 

 

III  MICROEVOLUTIONARY STUDIES .................................................................................. - 133 - 

1 MOLECULAR METHODS USEFUL FOR INTRASPECIFIC QUESTIONS ..............................................- 135 - 

1.1 Interspecific utility of microsatellites in fish: a case study of (CT)n and (GT)n markers in the 

shanny Lipophrys pholis (Pisces: Blenniidae) and their use in other Blennioidei........................ - 137 - 

2 INTRASPECIFIC RELATIONSHIPS AND SISTER-SPECIES IN THE NORTHEASTERN ATLANTIC AND 

MEDITERRANEAN...............................................................................................................................- 145 - 

2.1 Phylogeny of the shanny, Lipophrys pholis, from the NE Atlantic using mitochondrial DNA 

markers ......................................................................................................................................... - 147 - 

2.2 Molecular validation of the specific status of Parablennius sanguinolentus and P. parvicornis 

(Pisces: Blenniidae) ...................................................................................................................... - 155 - 

2.3 Molecular data confirm the validity of the Portuguese blenny (Parablennius ruber, 

Valenciennes, 1836) and its presence in Western Europe ............................................................ - 163 - 

 

IV  GENERAL DISCUSSION ...................................................................................................... - 173 - 

1 MACROEVOLUTIONARY PERSPECTIVE ......................................................................................- 175 - 

2 MICROEVOLUTIONARY PERSPECTIVE .......................................................................................- 185 - 

2.1 The Eastern Atlantic islands and the Mediterranean/Tropical Africa refugia................. - 191 - 

3 FUTURE PERSPECTIVES .............................................................................................................- 195 - 

4 REFERENCES.............................................................................................................................- 197 - 

  

 



Nota Prévia 

 - 3 - 

Nota Prévia 
 

Na elaboração desta Dissertação, e nos termos do Art. 15, Capítulo I, do 

Regulamento de Doutoramento da Universidade de Lisboa, publicado no Diário 

da República – II Série Nº 194, de 19-08-1993, foi efectuado o aproveitamento total 

de resultados de trabalhos já publicados, em colaboração, os quais integram 

alguns capítulos da presente tese. Em todos estes trabalhos, o candidato 

participou na obtenção, análise e discussão dos resultados, bem como na 

elaboração da sua forma publicada. 

 

Artigo I: Almada VC, Almada F, Henriques M, Serrão Santos R and Brito A 
(2002) On the phylogenetic affinities of Centrolabrus trutta and 
Centrolabrus caeruleus (Perciformes: Labridae) to the genus 
Symphodus. Molecular, meristic and behavioural evidences. 
Arquipelago:Life and Marine Sciences, 19: 85-92. (*) 

Artigo II: Henriques M, Lourenço R, Almada F, Calado G, Goncalves D, 
Guillemaud T, Cancela ML and Almada VC (2002) A revision of 
the status of Lepadogaster lepadogaster (Teleostei: Gobiesocidae): 
sympatric subspecies or a long misunderstood blend of species? 
Biological Journal of the Linnean Society, 76: 327-338. 

Artigo III: Almada F, Almada VC, Guillemaud T and Wirtz P (2005) 
Phylogenetic relationships of the north-eastern Atlantic and 
Mediterranean blenniids. Biological Journal of the Linnean Society, 
86: 283-295. 

Artigo IV: Almada, F, Henriques M, Levy A, Pereira A, Robalo J and 
Almada, VC (2008) Reclassification of Lepadogaster candollei based 
on molecular and meristic evidence with a redefinition of the 
genus Lepadogaster. Molecular Phylogenetics and Evolution, 46: 1151-
1156. 

Artigo V: Guillemaud T, Almada F, Serrão Santos R and Cancela ML (2000) 
Interspecific utility of microsatellites in fish: a case study of (CT)n 
and (GT)n markers in the shanny Lipophrys pholis (Pisces: 
Blenniidae) and their use in other Blennioidei. Marine 
Biotechnology, 2: 248-253. 
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Artigo VI: Stefanni S, Domingues V, Bouton N, Santos RS, Faria C, Almada F 
and Almada VC (2005) Phylogeny of the shanny, Lipophrys pholis, 
from the NE Atlantic using mitochondrial DNA markers. 
Molecular Phylogenetics and Evolution, 39: 282-287. 

Artigo VII: Almada F, Almada VC, Domingues V, Brito A and Santos RS 
(2005) Molecular validation of the specific status of Parablennius 
sanguinolentus and Parablennius parvicornis (Pisces: Blenniidae). 
Scientia Marina, 69: 519-523. 

Artigo VIII: Almada VC, Domingues V, Monteiro NM, Almada F and Santos 
RS (2007) Molecular data confirm the validity of the Portuguese 
blenny (Parablennius ruber, Valenciennes, 1836) and its presence in 
Western Europe. Journal of Fish Biology, 70: 248-254. 

 

(*) Durante a preparação da presente dissertação e de um artigo onde se 

pretendia estudar a evolução do comportamento parental na tribo Labrini 

outros autores publicaram resultados idênticos: “Hanel R., Westneat M. & 

Sturmbauer C. 2002. Phylogenetic relationships, evolution of broodcare 

behavior and geographic speciation in the wrasse tribe Labrini. Journal of 

Molecular Evolution, 55: 776-789”. Esta contingência levou-nos a publicar, no 

mesmo ano, um artigo com os resultados que tinhamos obtido até aquele 

momento (Artigo I). 

 

Devido a constrangimentos de ordem profissional esta dissertação foi realizada 

entre os anos de 1997 e 2008. Embora a maioria dos artigos aqui apresentados 

tenha sido publicada nos últimos anos, não foi possível evitar uma ligeira 

desactualização nos métodos aplicados no tratamento de dados moleculares. 

Este facto deveu-se, sobretudo, ao extraordinário desenvolvimento que os 

métodos utilizados no estudo de filogenias têm sofrido ao longo dos últimos 

anos, que permitem extraír resultados com menos “ruído” a partir das mesmas 

sequências de DNA. No entanto, análises posteriores à publicação destes 

artigos, utilizando este tipo de métodos, não só não contrariaram nenhuma das 

conclusões aqui apresentadas, como reforçaram alguns dos temas que, na 
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altura, foram apenas interpretados como sugestões que pareciam emergir dos 

resultados, remetendo o seu esclarecimento para trabalhos futuros. 

 

Tabela referente à participação do candidato nas diversas fases de elaboração 

dos artigos acima referidos numa escala de 0 (participação nula) até 3 

(participação total). 

 

 planeamento recolha de 

dados 

análise de 

resultados 

discussão Elaboração 

da forma 

publicada 

I 3 2 3 3 3 

II 3 3 3 3 3 

III 3 3 3 3 3 

IV 3 3 3 3 3 

V 2 2 2 3 2 

VI 2 3 1 2 2 

VII 3 3 3 3 3 

VIII 3 3 3 2 3 
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Resumo 
 

As filogenias de alguns grupos de peixes litorais do Atlântico Nordeste e do 

Mediterrâneo, nomeadamente os representantes das famílias Gobiesocidae, 

Blenniidae e Labridae, são analisadas neste trabalho. A ocorrência de 

inconsistências na taxonomia vigente foi investigada com base em dados 

morfológicos, dados de ecologia comportamental e dados moleculares. Este 

estudo resultou em diversas alterações, com a redefinição dos géneros Mirbelia e 

Lepadogaster (Gobiesocidae), Lipophrys e Microlipophrys (Blenniidae) e Symphodus 

e Centrolabrus (Labridae). Sugere-se também que as relações entre as subfamílias 

da família Gobiesocidae e as Tribos da família Blenniidae devem ser reavaliadas 

em estudos futuros. 

Quanto aos gobiesocídeos atlanto-mediterrânicos, embora as espécies aqui 

analisadas não representem todos os géneros deste grupo, foi possível verificar 

que o género Lepadogaster deve ser reavaliado. As duas subespécies Lepadogaster 

lepadogaster lepadogaster e L. lepadogaster purpurea ocorrem em simpatria na 

Madeira, nas Canárias, na costa atlântica da Península Ibérica e no 

Mediterrâneo, com algumas diferenças ao nível das preferências de 

microhabitat e com uma separação evidente das épocas de reprodução. Assim, 

estes dois taxa representam duas espécies distintas, agora designadas 

Lepadogaster lepadogaster (Bonnaterre, 1788) e Lepadogaster purpurea (Bonnaterre, 

1788). A análise dos dados moleculares e morfométricos revelou ainda que L. 

zebrina, tradicionalmente considerado um endemismo da Madeira, seria apenas 

uma população de L. lepadogaster naquele arquipélago. Esta conclusão conduziu 

à classificação de L. zebrina como uma sinonímia de L. lepadogaster. Os dados 

moleculares e merísticos revelaram ainda que o género Lepadogaster não deverá 

representar um grupo monofilético, o que levou à reclassificação de Lepadogaster 

candollei como Mirbelia candollei. 

No que diz respeito às diferentes espécies de blenídeos atlanto-mediterrânicos, 

estes resultados lançam algumas dúvidas sobre a definição das tribos 

Parablenniini, Blenniini e Salariini, pelo que as relações entre as seis tribos da 
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família Blenniidae deverão ser reanalisadas no futuro. O género Parablennius, 

que nunca foi recuperado como um grupo monofilético, pode incluir pelo 

menos três linhagens distintas. Por outro lado, no que diz respeito a alguns 

géneros endémicos do Atlântico Nordeste e do Mediterrâneo, os resultados 

apoiam a manutenção do género Lipophrys apenas com as espécies L. pholis e L. 

(=Paralipophrys) trigloides. Ao contrário do que seria de esperar, a espécie-irmã 

deste clade não é nenhuma das restantes espécies tradicionalmente classificadas 

como Lipophrys, mas sim a espécie Coryphoblennius galerita. As restantes espécies 

do género Lipophrys, de menores dimensões e cujos machos apresentam 

máscaras faciais durante a época de reprodução, formam um grupo 

monofilético independente que se propõe que seja reconhecido com o epíteto 

genérico Microlipophrys. Embora tenha sido proposta uma relação próxima entre 

os géneros Lipophrys e Salaria, endémicos do Mediterrâneo e costa atlântica 

adjacente, os resultados aqui apresentados contrariam esta perspectiva, na 

medida em que recuperam uma relação mais próxima entre os géneros Salaria, 

Scartella e Parablennius. O género Salaria deverá ser mais antigo do que os 

géneros Lipophrys e Microlipophrys, uma vez que este apresenta valores de 

divergência genética interespecífica muito superiores. 

No que se refere aos labrídeos atlanto-mediterrânicos, verificou-se que os 

exemplares de Centrolabrus trutta (que ocorre nos arquipélagos das Canárias e 

Madeira) e de Centrolabrus caeruleus (que ocorre no Arquipélago dos Açores), 

formam um grupo monofilético com as espécies do género Symphodus. Esta 

relação filogenética é reforçada por dados morfológicos (dicromatismo sexual) e 

comportamentais (construção de ninhos e cuidados parentais) partilhados pelos 

machos de C. trutta, C. caeruleus e a maioria das espécies de Symphodus. Estes 

dois representantes do género Centrolabrus estão claramente separados da outra 

espécie incluída neste género, Centrolabrus exoletus (que ocorre no Atlântico 

Nordeste), que por sua vez forma um clade monofilético distinto com a espécie 

Symphodus melanocercus (que ocorre no Mediterrâneo). Esta relação filogenética 

é também suportada por dados merísticos e comportamentais, visto que S. 

melanocercus é muito dissemelhante das restantes espécies de Symphodus e nem 
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S. melanocercus nem C. exoletus apresentam cuidados parentais. Adicionalmente, 

tanto S. melanocercus como C. exoletus apresentam um comportamento de 

remoção de parasitas de outros peixes extremamente desenvolvido, tendo 

mesmo sido observados a limpar outros labrídeos tradicionalmente 

considerados limpadores. Estes resultados apontam para uma redistribuição 

das espécies que fazem parte dos géneros Centrolabrus e Symphodus e 

consequente redefinição dos mesmos. C. trutta e C. caeruleus, que estão 

filogeneticamente muito próximos, não só em termos moleculares, mas também 

morfológicos, passariam assim a designar-se Symphodus trutta e Symphodus 

caeruleus. Por outro lado, S. melanocercus passaria a designar-se Centrolabrus 

melanocercus. 

No que diz respeito à evolução dos cuidados parentais nos labrídeos atlanto-

mediterrânicos, concluiu-se que existe uma tendência clara de espécies de 

climas tropicais com ovos pelágicos, emissão de gâmetas em água livre e com 

ausência de cuidados parentais, para espécies de climas temperados com ovos 

demersais adesivos, construção de ninhos e com cuidados parentais. Uma das 

características que poderão ter estado na origem desta via evolutiva foi o 

aparecimento de ovos demersais, que se podem observar actualmente 

nalgumas espécies tropicais e na maioria das espécies temperadas atlanto-

mediterrânicas. É possível que esta característica tenha tido um papel 

importante na colonização de habitats temperados. 

Os géneros do Atlântico Nordeste e do Mediterrâneo apresentam actualmente 

padrões de cuidados parentais extremamente variados. Este padrões podem 

representar todos os passos daquele que terá sido o percurso evolutivo de 

alguns padrões de cuidados parentais mais elaborados: 1) a maioria das 

espécies de labrídeos, cujo centro de distribuição se localiza na região tropical, 

não apresenta cuidados parentais e emite os gâmetas em simultâneo na coluna 

de água num movimento de ascenção; 2) Ctenolabrus apresenta ovos 

parcialmente aderentes e a defesa destes ovos é apenas uma consequência da 

defesa de um território pelos machos parentais; 3) Labrus tem ovos demersais e 

aderentes e os machos parentais constróem ninhos rudimentares na areia ou em 
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fendas nas rochas; 4) Symphodus apresenta ovos demersais e aderentes e os 

machos parentais constróem ninhos extremamente elaborados com diversas 

camadas de algas. O género Centrolabrus, aqui redefinido como C. exoletus e C. 

melanocercus, apresentava-se como uma excepção, visto que nenhuma destas 

espécies apresenta cuidados parentais, mas ambas têm ovos demersais. No 

entanto, este comportamento pode ter sido perdido secundariamente por um 

ancestral comum de ambas as espécies após a aquisição de ovos demersais. 

Em seguida, partindo de uma base filogenética mais sólida, é discutida a ideia 

de que o Sul do Mediterrâneo e a zona tropical da costa Oeste de África terão 

funcionado, pelo menos desde o Pliocénico superior, como zonas refúgio e 

como centros de especiação. Padrões biogeográficos comuns aos diferentes taxa 

aqui analisados foram seguramente influenciados por eventos paleogeográficos 

e paleoclimáticos marcantes na região do Atlântico Nordeste e do 

Mediterrâneo. A Crise Salina do Messiniano (5,5 Ma) e as glaciações Plio-

Pleistocénicas (1,8 Ma) deverão ter sido alguns desses eventos. A descida da 

frente polar durante as glaciações deverá ter isolado o Mediterrâneo do 

Atlântico, uma vez que as temperaturas à latitude do Estreito de Gibraltar 

seriam demasiado baixas para que o fluxo genético entre populações de 

espécies subtropicais e temperadas se mantivesse. Uma vez que as 

temperaturas do Sul do Mediterrâneo se mantiveram relativamente estáveis e 

que a zona tropical da costa Africana ficou reduzida a uma área geográfica mais 

restrita, estaria em curso um processo que promoveria a especiação em cada 

uma destas regiões. Este processo teria origem, não só num fenómeno de 

selecção natural em cada uma destas regiões, mas também num fenómeno de 

deriva genética que terá sido acelerado pelo efeito de bottleneck em curso. O 

isolamento reprodutor entre estas duas áreas geográficas poderia manter-se 

mesmo durante os períodos interglaciares, como aquele em que nos 

encontramos actualmente. Este argumento é suportado pelo facto de existirem 

diversas espécies endémicas do Mediterrâneo e costa atlântica adjacente 

intimamente aparentadas com espécies tropicais do Atlântico Este. 
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Por outro lado, os taxa que sobreviveram às glaciações no Sul do Mediterrâneo 

deverão ter expandido a sua área de distribuição, colonizando também a costa 

atlântica adjacente, deixando assim de ser considerados endémicos do 

Mediterrâneo.  

Numa escala muito reduzida, algumas ilhas Atlânticas poderão também ter 

funcionado como zonas de especiação durante as glaciações Plio-Pleistocénicas. 

Durante os períodos interglaciares, os arquipélagos de Cabo Verde, Canárias, 

Madeira e Açores poderão ter sido colonizados através de um processo 

conhecido como alpondra, para em seguida as espécies termófilas serem 

eliminadas destes arquipélagos com a descida da frente polar durante as 

glaciações. Durante a última glaciação, que ocorreu há apenas 18.000 anos, 

deverão ter persistido nestes arquipélagos apenas as espécies mais tolerantes a 

baixas temperaturas, o que permitiu que se acumulassem mutações que as 

diferenciam das suas congéneres continentais. Este argumento é suportado pelo 

facto do número de espécies endémicas nestas ilhas do Atlântico ser 

extremamente reduzido. Adicionalmente, as espécies cujas populações 

insulares e continentais apresentam diferenças genéticas entre si são 

precisamente as espécies que toleram actualmente temperaturas mais 

reduzidas, isto é, cuja área de distribuição se estende até latitudes mais 

elevadas. A existência de uma via de dispersão entre os Açores e as costas 

europeias é também discutida neste trabalho. 

Os resultados obtidos revelam padrões biogeográficos consistentes, que 

apontam para uma história evolutiva extremamente dinâmica no Atlântico 

Nordeste e no Mediterrâneo. Estudos futuros de filogeografia e de demografia 

histórica de espécies para as quais se detectou uma estruturação populacional, 

ajudarão a esclarecer melhor a biogeografia do Atlantico Nordeste e do 

Mediterrâneo. 

 

Palavras-chave: Blenniidae, Labridae, Gobiesocidae, atlanto-mediterrâneo, 

filogenia, biogeografia. 
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Abstract 
 

The phylogenetic relationships among the Atlanto-Mediterranean 

Gobiesocidae, Blenniidae and Labridae are analysed in this work. 

Inconsistencies in traditional taxonomy were investigated based on a 

comprehensive data set of morphological, behavioural ecology and molecular 

data. This study resulted in a taxonomical redefinition of some genera, namely 

the genera Mirbelia and Lepadogaster (Gobiesocidae), Lipophrys and 

Microlipophrys (Blenniidae) and Symphodus and Centrolabrus (Labridae). It is also 

suggested that, in the future, the relationships between the Gobiesocidae 

subfamilies and the Blenniidae tribes should be re-evaluated. 

Regarding Atlanto-Mediterranean gobiesocids, although the species analysed in 

this study do not include all the genera present in this region, it become evident 

that the genus Lepadogaster should be redefined. Molecular, meristic, 

morphological and behavioural ecology data lead to the conclusion that the two 

subspecies Lepadogaster lepadogaster lepadogaster and L. lepadogaster purpurea are 

sympatric in Madeira, Canary Islands, the Atlantic coast of the Iberian 

Peninsula and the Mediterranean with distinct microhabitat preferences and 

clearly asynchronous reproductive seasons. Consequently, these two taxa 

represent two distinct species now designated Lepadogaster lepadogaster 

(Bonnaterre, 1788) and Lepadogaster purpurea (Bonnaterre, 1788). The analysis of 

molecular and morphological data indicates that L. zebrina, traditionally 

considered endemic from Madeira, should be considered a population of L. 

lepadogaster in this archipelago, and therefore a synonym of L. lepadogaster. 

Molecular and meristic data also revealed that the genus Lepadogaster does not 

constitute a monophyletic group leading to the reclassification of Lepadogaster 

candollei as Mirbelia candollei. 

Regarding the different species of Atlanto-Mediterranean blenniids the results 

presented here cast some doubts on the currently accepted relationships 

between the tribes Parablenniini, Blenniini and Salariini, suggesting that the six 

different blenniid tribes should be re-evaluated in the future with a more 
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comprehensive data set. The genus Parablennius was never recovered as a 

monophyletic group and it may actually comprise three distinct lineages. 

Considering the endemic genera of the Northeastern Atlantic and the 

Mediterranean, the results presented here validate the genus Lipophrys with 

only two species: L. pholis and L. (=Paralipophrys) trigloides. The remaining 

Lipophrys species were not closely related to these two species. Instead, 

Coryphoblennius galerita was recovered as the sister-species of this clade. The 

smaller species of Lipophrys, whose males present facial masks during the 

breeding season, were recovered in a distinct and very well supported clade 

which we propose to designate as Microlipophrys. Although a close relationship 

between the Mediterranean and adjacent Atlantic coast endemic genera 

Lipophrys and Salaria had been proposed, the results presented in this work do 

not support it. Instead, a close relationship between the genera Salaria, Scartella 

and Parablennius was determined. The genetic distance between congeneric 

species suggests that the genus Salaria diversified prior to the genera Lipophrys 

and Microlipophrys. Regarding the Atlanto-Mediterranean labrids, Centrolabrus 

trutta (from the archipelagos of Canaries and Madeira) and Centrolabrus 

caeruleus (from the Archipelago of Azores) were recovered in a monophyletic 

group together with the species of the genus Symphodus, which is also 

supported by morphological (sexual dichromatism) and behavioural (male nest 

building and male parental care of the eggs) data. These two species are not 

closely related to the remaining species of this genus, Centrolabrus exoletus (from 

the Northeastern Atlantic), which forms a distinct monophyletic clade with 

Symphodus melanocercus (from the Mediterranean). This phylogenetic 

relatedness is also supported by meristic and behavioural data, since S. 

melanocercus is markedly different from the remaining Symphodus species, and 

both S. melanocercus and C. exoletus lack nest building and parental behaviour. 

Another similarity between S. melanocercus and C. exoletus is the display of a 

well developed cleaning behaviour, which includes the cleaning of other 

wrasses, which have also been described as cleaning fish. These results point 

toward a redefinition of the genera Centrolabrus and Symphodus, reclassifying C. 
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trutta and C. caeruleus as Symphodus trutta and Symphodus caeruleus and also 

reclassifying S. melanocercus as Centrolabrus melanocercus. 

The evolution of Atlanto-Mediterranean labrid parental care probably followed 

a trend from tropical species with pelagic eggs, water column spawning and 

absence of parental care toward temperate species with demersal eggs, nest 

building behaviour and parental care. Demersal eggs may have been in the 

origin of this evolutionary path, as they are present in some tropical species and 

in the majority of temperate species. Possibly this trait played a fundamental 

role in the colonization of temperate habitats. Presently, the Northeastern 

Atlantic and Mediterranean labrid genera present highly diverse parental care 

patterns. These patterns may represent the evolutionary steps of parental care 

behaviour in the Northeastern Atlantic and Mediterranean Labridae: 1) the 

majority of the Labridae, whose centre of distribution is located in the tropical 

region, show absence of parental care behaviour with simultaneous emission of 

gametes in the water column during an upward swimming movement; 2) the 

genus Ctenolabrus presents rudimentary adhesive eggs and the defence of these 

eggs by parental males is only a consequence of their territorial behaviour; 3) 

Labrus presents adhesive demersal eggs and the parental males build 

rudimentary nests in the sand or crevices; 4) Symphodus presents adhesive 

demersal eggs and builds elaborated nests with several layers of algae. The 

redefined genus Centrolabrus, with C. exoletus and C. melanocercus, should be 

considered an exception since none of these species displays parental care 

behaviour but both have demersal eggs. However, it is possible that parental 

care behaviour has been secondarily lost by a common ancestor, after the 

acquisition of demersal eggs. 

Following this phylogenetic framework, the hypothesis that the tropical west 

coast of Africa and the Southern Mediterranean may have served as refugia and 

speciation centres since the late Pliocene is also discussed. Common 

biogeographical patterns between the taxa analysed in this work were certainly 

influenced by paleogeographic and paleoclimatic events in the Northeastern 

Atlantic and Mediterranean such as the Messinian salinity crisis (5,5 Ma) and 
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the Plio-Pleistocene glaciations (1,8 Ma). The southward movement of the polar 

front during the glaciations must have isolated populations of several species in 

the Mediterranean and in the Atlantic, due to the low temperatures at the 

latitude of the Strait of Gibraltar. However, the Southern Mediterranean kept its 

mild temperature and the tropical African coast suffered a considerable 

reduction isolating populations and promoting speciation in these two regions. 

Genetic isolation would have occurred not only due to natural selection in these 

regions but also due to the increasing genetic drift during this bottleneck 

process. The high degree of relatedness between Mediterranean centred species 

and tropical species from the Eastern Atlantic suggests that these two areas 

have probably remained separated even during interglacial periods like the 

present one. 

Nevertheless, taxa that survived the glaciations in the Southern Mediterranean 

may have expanded their geographical distribution colonizing the adjacent 

Atlantic coast during interglacial periods, and can no longer withstand the 

status of Mediterranean endemisms. 

In a much smaller scale, Northeastern Atlantic islands may have acted has 

speciation centres during Plio-Pleistocene glaciations. The archipelagos of Cape 

Verde, Canaries, Madeira and Azores may have been colonised through a 

stepping-stone process during interglacial periods. Thermophilus species may 

have been recurrently eradicated from these archipelagos during glacial 

periods. During the last glacial maximum, 18 TY ago, only species with 

tolerance to lower temperatures may have survived, which explains their 

current genetic differentiation from their continental relatives. This hypothesis 

is supported by the low number of endemic species in these islands and by the 

fact that only eurythermic species, species whose geographical distribution 

currently reaches higher latitudes, show genetic differentiation between 

continental and island populations. The existence of a dispersion route between 

the Azores and the European coasts is also discussed in this work. 

The results presented in this work revealed consistent biogeographical patterns 

suggesting a dynamic evolutionary history in the Northeastern Atlantic and the 
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Mediterranean. Future studies on the phylogeography and historical 

demography of the species that present genetic differences between 

populations will help to clarify the biogeography of the Northeastern Atlantic 

and the Mediterranean. 

 

Key-words: Blenniidae, Labridae, Gobiesocidae, Atlanto-Mediterranean, 

phylogeny, biogeography. 
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1 Introduction to the problem and revision of the literature  

 

After the publication of “The origin of species” by Darwin (1859), the taxonomy 

which formerly used arbitrary characters, or had a merely “classifying” 

character, acquired a phylogenetic perspective (Ridley, 1996; Futuyma, 1998). 

With this modification of the conceptual scheme in which classification was 

based upon, concepts like “homologous characters” assumed a fundamental 

role. 

There is an underlying objective, which is not always clear, when it is said that 

taxonomy ought to reflect the phylogeny of the group under study. Many 

studies in biology are directly or indirectly dependent upon the current 

taxonomic classification and the phylogenetic classification is not just another 

criterion to classify the biodiversity already know. It serves, above all, to direct 

our attention towards an as yet unknown subject. In other words, a 

phylogenetic tree may be used as a “road map” which allows planning the 

heading in numerous research projects.  

There are plenty of examples to illustrate the importance of having the best 

possible assessment of the phylogenetic relationships of the taxa under study 

and they have nothing to do with Evolution itself. For instance, in the case of a 

particularly profitable aquaculture species, it is likely that closely related 

species may be also easy to rear in captivity and even more profitable (Pullin 

and Maclean, 1992). In the same way, if the emission of sounds in several 

species of a given fish family is common, it would make sense to study other 

species of the same family, in which acoustic emission has not yet been 

described, and the relative capacity to do so is unknown (Almada et al., 1996). 

Additionally, molecular phylogenies can be used to predict unstudied 

characteristics such as the pharmacological potential of the toxins produced by 

some venomous fish species, as recently discussed by Smith and Wheeler 

(2006). 
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These are mere examples to illustrate the importance of having the best possible 

assessment of the phylogenetic relationships of the taxa under study.  

In recent years, molecular techniques have suffered a very fast development 

and access to DNA sequencing has become widespread. With DNA fragments 

as a source of independent data, some inconsistencies have been detected in 

traditional phylogenies, mainly at a microevolutionary level (e.g. Ortí et al., 

1996; Hanel et al., 2002; Domingues et al., 2007a; 2007b). In this scenario, several 

previously proposed evolutionary hypotheses have been tested, and a great 

advance has been made in the construction of new phylogenies. 

Such inconsistencies are in fact not due to the use of inadequate data since 

morphological, behavioural or ecological data are as useful as molecular data. 

Instead, they were generated by an inadequate definition of the methods used 

in the analysis. Although these inconsistencies may have many different 

explanations they usually result from: (i) the fact that one single taxon presents a 

very distinctive character (autapomorphy) may create a bias in the analysis 

since distinctive and conspicuous characters could be unintentionally 

overweighted; therefore, this taxon could be placed in a distinct taxonomic 

group supported exclusively by that conspicuous character; (ii) the fact that the 

characters under study are primitive traits that are shared by several unrelated 

taxa (symplesiomorphy), the classification may reflect paraphyletic or even 

polyphyletic groups. Although researchers often considered similarities 

reflecting mere primitive characters, inherited with little or no change from a 

common ancestor, as equally important when accessing phylogenetic 

relatedness, the use of primitive similarities does not allow for a real evaluation 

of the degree of divergence between two lineages throughout their evolutionary 

history. 

In cladistic analysis (which is one of the main methodologies used in this 

thesis), only shared derived characters, those that appear de novo in a lineage 

(synapomorphies), are good indicators to define a monophyletic group or clade. 

The use of cladistic methods by a growing number of biologists was closely 

linked, at the historical level, with a renewal of many taxonomic studies. The 
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use of new emerging molecular techniques was the driving force for such a 

renewal. In particular, the widespread use of the polymerase chain reaction 

(PCR) method and the appearance of automatic sequencing made possible to 

quickly gather large pools of genetic data at low prices. Therefore, an 

unprecedented volume of information became readily available to elaborate 

new phylogenies. 

It is important to bear in mind that modern methods of phylogenetic 

estimation, including cladistic analysis, have become widespread among 

biologists only in recent decades (Harvey and Pagel, 1995). From the late 60s’ 

onwards, an “evolutionary philosophy” based on simple and clear 

assumptions, aims to establish an objective evolutionary tree (Hennig, 1966). 

The cladistic method states that each group is exclusively defined based upon 

synapomorphies and not by their overall similarity. Before that, the application 

of an explicit and rigorous methodology was mostly dependent on the 

researcher.  

Bayesian inference applied to the study of phylogenies is even more recent. It is 

based on a quantity called the posterior probability (Huelsenbeck et al., 2001; 

2002). Bayes theorem combines the prior probability of a phylogeny with the 

likelihood to produce a posterior probability distribution. The tree with the 

highest posterior probability can be chosen as the best estimate of the 

phylogeny being studied. 

Although the occurrence of inconsistencies in traditional phylogenies has been 

discussed above, it is important to stress that they are not common in all 

taxonomic groups. It is reassuring that if a rigorous analysis is applied to 

available data molecular phylogenies tend to be consistent with phylogenies 

previously based on morphological, behavioural or ecological data. Therefore, 

molecular phylogenies are robust and measure up with those produced using 

more traditional data and similar methodologies. 

Besides phylogenetic issues, there are also biogeographical questions 

underlying most of the chapters developed in this thesis. Understanding the 

origin and maintenance of genetic diversity and speciation in the ocean realm is 
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particularly difficult because marine species often have high fecundity rates and 

larvae are believed to be able to disperse over long distances and thus barriers 

to gene flow are less obvious (Patarnello et al., 2007). Vicariant events, coastal 

and oceanic currents, habitat discontinuities, larval behaviour, isolation by 

distance, species-specific traits and historical environmental factors such as 

glaciations are usually invoked as the most important mechanisms promoting 

inter and intraspecific genetic differentiation across geographical ranges 

(Palumbi, 1994; Roy et al. 1996; Wares, 2002; Patarnello et al., 2007). Although 

their relative contribution is hard to discriminate it is common to observe 

congruent biogeographical distribution patterns across populations or species. 

Portugal occupies a privileged position as it is located in the intersection of two 

“biogeographical axes” closely interrelated: 

 

� North-South axis: Continental Portugal is located in a transitional 

frontier between warm-temperate and cold-temperate ichthyofauna. This 

particular issue is of special relevance in the scenario of global or 

regional temperature change. It is predictable that while the change is 

slow and gradual it would affect the latitudinal distribution limit of 

several species. Therefore, the knowledge of the coastal ichthyofauna 

dynamics in this region could actually be considered a “biological 

barometer” of the Northeastern Atlantic. However, other factors, such as 

the Pleistocene glaciations interrupted by interglacial periods, may 

superimpose on these gradual changes disrupting this pattern. It is easily 

envisaged that some fish species may have been more affected than 

others during these periods. For instance, while species more tolerant to 

cold temperatures may have survived in a certain region affected by a 

glaciation, all other species may have been eliminated or gradually 

migrated to unaffected areas (see Stephani et al., 2006; Domingues et al., 

2007b). These biogeographical events are often recorded at the level of 

the DNA, assuming that the fragment(s) chosen has (have) an 

appropriate mutation rate for the intended level of phylogenetic analysis. 
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It is also reassuring that these patterns emerge independently in different 

taxa (e.g. Ávila, 2005), resulting in robust biogeographical hypothesis as 

the number of taxa where these patterns are observed increases. 

 

� Axis East-West. Despite the prevailing influence of the Atlantic in the 

Portuguese fish fauna there are, at present, “Mediterranean” species that 

may have been confined to a landlocked sea during the Pleistocene 

glaciations initiated 1.8 million years (MY) ago. The geographical 

distribution of these species may have recently been extended to the 

European and African Atlantic coastal waters (Domingues et al., 2007a; 

2007b). This event may have been initiated after the last glacial 

maximum 18 thousand years (TY) ago or even after the Younger Dryas 

12.000 years ago (Lambeck et al., 2002). 

The study of the biogeographical relationships between the mainland 

and the islands fish fauna of the Northeastern Atlantic is also relevant at 

different levels (for a more detailed description see the section on 

paleogeography and paleoclimatology below). Issues such as the intra 

and interspecific genetic diversity may help to clarify some concurrent 

biogeographic hypothesis in this area. It may also contribute to the 

development of conservation measures of several marine species that 

show similar biogeographical patterns or of populations that present 

exclusive genetic characteristics. One of the biogeographical hypotheses 

referred above proposes the progressive colonisation of the islands of the 

Northeastern Atlantic in a gradual dispersion process known as stepping-

stones (Santos et al., 1995; Almada et al., 2001). 
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2 Advantages and limitations to the use of molecular tools 

 

Prior to advance to a short description of the groups of littoral fish analysed in 

the study it deemed necessary to define the theoretical principles which make 

up the bases of the subsequent work. Therefore, in this chapter, some 

fundamental aspects of the evolutionary theory will be synthesized together 

with the theoretical principles of some of the techniques used to estimate 

phylogenies in order to set the context for the methodology applied in this 

work. 

 

2.1 Taxonomy, phylogeny and evolution 

 

To begin with, it will be necessary to distinguish two concepts that do not 

necessarily overlap: classification system and phylogeny.  

Classification systems aim to obtain relevant information about certain 

organisms that belong to a given group.  Phylogeny, on the other hand, is the 

assessment of the true evolutionary history of that group. In other words, a 

classification system aims to obtain a useful and intuitive system to organize the 

information. For example, a classification that distinguishes herbivores from 

predators or parasites is based on the “feeding ecology” and not on 

phylogenetic relationships. 

However, at present it is consensual that the classification system of living 

organisms (taxonomy) should be based on a phylogenetic approach. Therefore, 

an effort is being made in taxonomy to remove those groups that are 

polyphyletic (groups that include taxa from different lineages that do not share 

common ancestors). Although without general consensus the same applies to 

paraphyletic groups (groups that do not include all the taxa derived from a 

common ancestor). In general, the classification in monophyletic groups 

(groups that include all the taxa derived from a common ancestor) is usually the 

most frequently used in order to obtain relevant information about a group. 
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This is true not only for characters previously described by other authors but 

also creates a scaffold for characters not yet described. 

In the second half of the twentieth century, the publication of some 

fundamental literature (Michener and Sokal, 1957; Hennig, 1966) led to the 

development of three different groups of taxonomists: evolutionary 

taxonomists, pheneticists and cladists. The contribution of each group to 

modern taxonomy will be discussed in the sections below. 

 

2.2 Classification systems 

Evolutionary taxonomy 

Until the middle 50’s several approaches to the study of taxonomy were already 

known. However, they lacked an explicit methodology and the researchers 

frequently used the one considered “most suitable” under their personal 

perspectives (Cronquist, 1988). This situation together with a lack of objectivity 

sometimes resulted in difficulties to define a classification as opposed to a 

phylogeny. Some characters were considered more important than others, and 

it was often the researcher who defined the weight of the characters. In 

addition, the degree of acceptance of such considerations would depend 

directly in the “authority” of the researcher within the scientific community 

(Scotland, 1997). 

In practical terms, similarities were used ad hoc to build a taxonomic 

classification (Futuyma, 1998). Thus, following this criterion, taxonomy could 

result from a compromise between the degree of total likeliness and the origin 

from a common ancestor. Consequently, many evolutionary taxonomists (e.g. 

Cronquist, 1988) recognize groups that do not include all the descendents of a 

common ancestor because a given subgroup diverged markedly from its closest 

relatives (Scotland, 1997). The rationale used by Cronquist (1988) and criticized 

by Donoghue and Cantino (1988) and Humphries and Chappill (1988) is that 

some taxa evolve faster than others. Therefore the high number of derived 
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characters exclusive to a given taxon must be reflected in the classification of 

these taxa.  

Nevertheless, it would be fair to give credit to these taxonomists because the 

practical consequences of erecting groups that do not include all the 

descendents of a common ancestor (i.e. a paraphyletic group) were not 

completely clear for some authors. Furthermore, it was common to find that 

some lineages diverged much faster than the rest. The major consequence of 

paraphyletic grouping is that the evolutionary relationships amongst the 

members of the group may not be adequately reflected in its taxonomic 

classification. In addition the patterns of evolution may be described in a 

distorted way.  

 

Phenetics or numerical taxonomy 

Michener and Sokal (1957) intended to reduce the bias introduced by the 

researcher when one gives differential weights to certain conspicuous 

characters.  

They suggested that the most relevant and important feature is the pattern of 

general resemblance. Therefore, the higher the number of characters used for an 

analysis the better and more robust would be the result. In practice this 

approach would translate the results into a matrix of distances or similarities to 

which an agglomerative or divisive algorithm is applied. With an 

agglomerative method the analysis starts with as many groups as the number of 

taxa being analysed. These taxa are progressively integrated in larger groups at 

every step of the analysis which ends up with a single group. In contrast, in a 

divisive approach, the method is the opposite and the analysis starts with a 

single group, resulting in as much terminal branches as the taxa being analysed. 

It is important to note that Michener and Sokal (1957) never intended to recover 

the evolutionary history of the studied taxa. Instead, they devoted an effort to 

expose the degree of similarity between taxa. 
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Frequently, data were previously analysed with principal component analysis 

(PCA’s) in order to decrease dimensionality. PCA is complemented by ordering 

techniques to extract from the data a set of variables with the lowest possible 

correlation between them that could be treated as independent entities. A good 

example to illustrate this method is the influence of size in the analysis. When 

species of different sizes are compared the natural consequence is that size 

affects several morphometric dimensions, but often in different ways. 

Therefore, the comparison between species of different sizes must previously 

filter the co-variation of characters determined by size or the conclusions of the 

analysis will be necessarily biased by the intrinsic effect of size.  

The result of the application of this method is a phenogram or a dendrogram 

which is a diagram representing the degree of total similarity between the 

taxonomical units being analyzed. 

This approach introduces explicit rules and rigorous statistical procedures in 

the classification of organisms. In addition, it introduces numerous instruments 

of multivariate analysis in Biology. It also revealed to be useful in other areas 

when the classification of large collections of complex objects with differences 

in multiple dimensions is needed. 

In evolutionary biology this approach suffers however of an important 

limitation: while it considers whole similarity between the entities to classify, it 

does not differentiate similarities that express homology and those that result 

from parallel or convergent evolution. Parallelism and convergence are 

important phenomena in the phylogeny of many taxonomic groups, and 

phenetic methods may be incapable to capture them properly. 

Additional problems may arise if a lineage accumulates many distinctive 

characters (autapomorphic characters). In this scenario, the distance between 

this lineage and the rest of the taxa will be larger and, as a consequence, this 

group will appear in a deeper position in the phenogram. 

Futuyma (1998) describes an example comparing a Hominidae (e.g. man), a 

Equidae (e.g. horse) and a Lacertidae (e.g. lizard) to illustrate the potential 

incongruence which may result if one tries to infer phylogenetic relationships 



General Introduction – Advantages and limitations to the use of molecular tools 

 - 31 -

from phenetic methods. The comparison of a single character such as the 

number of fingers/toes provides a meaningless result in evolutionary terms: 

Hominidae and Lacertidae are similar with 5 fingers in each member but are 

not closely related, while Equidae would appear in a deeper position in the 

phenogram due to the fact that they have a single toe in each member. 

MacFadden (1992) provided an explanation for this situation which resulted 

from the fact that the Equidae lineage accumulated several autapomorphic 

characters with the loss of some toes and the fusion of others, leading to the 

present situation with a single toe in each member. One important conclusion 

from the present example is that the degree of divergence between two taxa, 

and the period of time elapsed from the emergence from a common ancestor are 

two different concepts. In other words, a phenogram does not necessarily 

reflect a phylogenetic relationship and a similar character shared by two 

different taxa may have had three different origins: 

1) It might be a shared character that derived from one single ancestor one 

single time (sinapomorphy); 

2) It might be a primitive character shared by the taxa under analysis 

(simplesiomorphy); 

3) It might be a non-homologous character in both taxa, i.e. it evolved 

independently in both lineages by evolutionary convergence (homoplasy). 

However, this example is only useful to illustrate the perils of using similarities 

to infer phylogeny. In fact, in the example discussed above, if one compares not 

a single character but the overall similarity a true phylogenetic tree would arise 

among these taxa. 

 

Cladistics 

The fundaments of cladistics have been formulated and described in detail by 

Hennig (1966). Cladistic analysis is a classification approach based upon the 

reconstruction of genealogies. Therefore, cladistics must reflect phylogenetic 

relationships and not the degree of adaptative divergence or relative likeliness. 
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In practice, Hennig (1966) fashioned the tools to meet Darwin’s (1859) objective: 

allow the classification to reflect the genealogy of organisms. 

This approach differs from phenetics in that it considers only one out of the 

three ways to explain the occurrence of similar characters in different species. 

Thus, a monophyletic group must be defined by characters with a unique origin 

in a common ancestor. This character is shared by all the taxa originated from 

such common ancestor (i.e. a monophyletic group is defined by its 

synapomorphies). Although, at first sight, the reduction of the number of valid 

characters used for the analysis may look as a disadvantage (simplesiomorphic 

and homoplasic characters are no longer valid), this option is essential to 

accomplish a fundamental objective: estimate evolutionary history. 

Simplesiomorphic or shared primitive characters cannot be used to infer a 

phylogenetic relationship between two taxa. Also, homoplasic characters cannot 

be used in the process either since, by definition a convergence or parallelism 

does not reflect a kin relationship. In addition, autapomorphic characters in one 

taxon do not reflect a distant relationship to other taxa throughout the 

evolutionary process. It only indicates that a certain species diverged from an 

ancestor with higher evolutionary rates than the remaining species of the same 

lineage. 

At this stage it is important to clarify that the status of a shared character 

(apomorphic or plesiomorphic) depends on the taxonomic level under 

consideration and how primitive and derived characters were identified. A 

character considered simplesiomorphic at certain taxonomic levels, may be 

considered sinapomorphic in broader taxonomic levels. Revisiting the example 

presented above, the five digits in each member would constitute a 

sinapomorphic character in tetrapods, but would be a simplesiomophic 

character in a narrower group such as mammals for instance. 

According to Scotland (1997), cladistics should be ruled for the following 

summary principles: 

1. The natural or “true” hierarchy may be discovered and represented by 

the use of a diagram called cladogram; 
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2. The interpretation of the characters may change according to the 

taxonomic level under analysis. Homoplasic or plesiomorphic characters 

cannot be used to define phylogenetic relationships; 

3.  The principle of parsimony maximises the matching between 

characters, since it accepts the explanation demanding the lowest 

number of reversions, i.e. it accepts the most parsimonious tree. For 

instance, if within ten characters eight support a certain topology and 

two an alternative one, the most parsimonious tree would be the one 

that implies a maximum of two homoplasic or symplesiomorphic 

characters while the alternative tree may involve up to eight.  

As previously referred, the phylogenetic inference by cladistic methods using 

parsimony is based on the principle that only the characters that became 

modified through a single transformation from a common ancestor identify a 

monophyletic group. However, this principle raises two difficulties: 

1)  How to distinguish a sinapomorphy from a homoplasy? 

2) How to distinguish a sinapomorphy from a simplesiomorphy? 

Regardless of the method used, the distinction between shared derived 

characters and evolutionary convergence is difficult to detect (Lecointre, 1996). 

Nevertheless, parsimony aims to minimise the number of homoplasies by 

choosing the tree with the most parsimonious topology and using the largest 

collection of taxa and characters. 

The answer to the second question focuses on the distinction between primitive 

and derived characters. The ideal scenario would imply access to the true 

ancestor of the group under analysis. However, more often that not, data from 

the true ancestor, such as its fossil record or DNA samples, is limited or 

inexistent. Therefore, the polarization of characters involves the comparison of 

the group of species under study (ingroup) with their sister taxa (outgroup) 

(Farris, 1982). Thus, the primitive character will be defined as the one with a 

wider distribution throughout the outgroup.  The choice of outgroup taxa is 

crucial for subsequent phylogenetic analysis since these taxa will allow to 
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identify primitive from derived characters, conditioning the topology of the 

phylogenetic tree (Maddison et al., 1984). 

It is important to clarify at least four essential aspects related with the choice of 

the outgroup species:  

1) The outgroup is distantly related to the ingroup: homologous characters in the 

outgroup taxa have a wide range of variation and may prevent the 

identification of the primitive condition. For instance, if four different 

outgroup species have four different nucleotides in the same locus, it becomes 

impossible to polarize that character because the “ancestral condition” may 

be either of the bases. According to Ritchie et al. (1997), in this scenario the 

locus should be considered as non-informative. This situation would be 

frequent when phylogenetically distant species are chosen as outgroups, and 

likely have accumulated multiple modifications. In extreme situations it 

would even be impossible to identify homologous characters in very distant 

taxa; 

2) The outgroup is so closely related to the ingroup that should be included in it: 

if taxa that should be included in the ingroup are used as outgroup an even 

more serious mistake is committed. If the sister group of a given ingroup is 

unknown there is an inherent risk of using an outgroup that belongs to the 

monophyletic group of the ingroup. In this case the tree will not be polarized 

from primitive to derived characters but from close to distant relationship 

with the wrongly chosen outgroup. In other words, instead of recovering the 

species with more primitive characters in a deeper position in the tree, the 

species closer to the “so called” outgroup will emerge in more basal position, 

which will not result in a phylogenetic tree. 

3) The outgroup is unknown: when the divergence between groups is extremely 

fast and closely related taxa are inexistent or unidentified, the selection of 

proper outgroups is extremely difficult or impossible unless a broader 

phylogenetic study is previously performed (Ritchie et al., 1997). In these 

cases the best candidate outgroup taxa have usually suffered multiple 

changes which do not allow the identification of the primitive condition; 
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4) The outgroup was chosen from the sister-group of the ingroup: precautionary 

measures are always advisable even when an “appropriate” outgroup is 

chosen. The species chosen under the aforementioned assumptions will 

allow the best possible estimation of the primitive and derived characters. 

However, there are no guarantees and any given phylogeny is no more than 

a hypothesis. It is nevertheless the best possible hypothesis substantiated by 

the data and the methods of inference available. There is no demerit in 

admitting that the phylogenetic tree is a study with a historical nature. As 

such, it cannot be experimentally reproduced and the goals of the researcher 

are directed to reconstruct the most likely past scenario. 

To conclude this issue it is essential to assume that the choice of the species that 

make up the outgroup is a crucial decision in a phylogenetic analysis and 

depends, to a certain degree, from the judgement of the researcher(s) involved 

in the study. The choice of the outgroup will certainly have an effect on the tree 

topology, which in turn will influence the outcome of the subsequent analysis. 

Cladistic methods are at present the most used in the study of phylogeny 

(Moritz and Hillis, 1990; Harvey and Pagel, 1995; Lecointre, 1996; Forey et al., 

1997). This fact is due, at least in part, to the development of specific software 

that allows for a fast analysis of a large volume of data (e.g. Felsenstein, 2002; 

Swofford, 2002; Williams, 1997). 

If the quality (and quantity) of data allows a cladistic analysis and the decisions 

of the researcher are based in a sound knowledge of the groups under study, 

then cladistic methods allow the recovery of the most likely evolutionary 

history of a group of taxa (Hull, 1988). Under these circumstances, and based on 

molecular phylogenies, it is frequent to observe the emergence of new 

hypothesis to explain the evolution of morphological and behavioural traits 

which were previously obscured or conditioned by the historical knowledge of 

the subject. Therefore, new hypothesis arise to better explain the topology of the 

newly estimated phylogenetic tree. 
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2.3 Choice of molecular markers and problems with the alignment  

Choice of markers  

The first step to perform a phylogenetic analysis based on molecular data is the 

selection of the fragments of DNA to be amplified and sequenced. Sometimes 

this choice is conditioned by the availability of primers, PCR protocols and 

published sequences for closely related taxa. However, additional factors need 

to be taken into account to choose the markers to use in a phylogenetic study. 

Mitochondrial DNA was for a long time the material of choice for this type of 

studies. This choice was derived from the fact that more copies of mitochondrial 

than nuclear DNA are available and are more easily extracted and amplified. In 

addition, the maternal transmission of mitochondria and the rarity of 

recombination (Rokas et al., 2003) makes the analysis of results particularly 

easier. However, these same characteristics make the mitochondrial DNA 

intrinsically limited when compared to nuclear DNA. In fact, if heritability is 

exclusively of maternal origin it makes impossible to capture hybridisation 

events from the evolutionary past of a group (see Sousa-Santos et al., 2005). The 

absence of recombination means that two sequenced fragments of 

mitochondrial DNA are not really independent regions of the DNA. 

At present there is a clear perception that the higher the number of fragments of 

mitochondrial and nuclear DNA located in different chromosomes, the better 

the consistency and the higher the probability to obtain the best estimate of the 

phylogeny of a particular group. However, the practical constrains derived 

from the cost of sequencing make the final result a compromise between the 

theoretical optimum and the practically and materially feasible.  

An additional constrain on the choice of markers relates to the time scale of the 

evolutionary process under scrutiny. Different DNA fragments in different 

positions of the same gene may evolve at rates extraordinarily different (Harris 

and Crandall, 2000; Liu et al., 2003). If the case study involves very closely 

related species that diverged recently it becomes necessary to select fragments 

with a fast mutation rate to increase the probability that at least some 

differences between species have accumulated since they diverged from a 
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common ancestor. The control region of the mitochondria contains fragments 

with fast mutation rates, widely used in these types of studies (e.g. Domingues 

et al., 2007a; 2007b). In studies of phylogeny that entail relationships between 

families, orders, classes or even phyla the use of DNA fragments with slow or 

very slow mutation rates are required. The fragments that evolve faster may 

suffer new mutations in previously mutated positions of the DNA. This 

phenomenon called multiple hits saturation implies that the ancient 

phylogenetic signal slowly fades off the DNA. 

All these considerations imply that the choice of DNA fragments to consider in 

a study require serious attention from the researcher and a clear definition of 

the time scale required for a particular study. 

 

Sequence alignment  

DNA sequences may raise questions ranging from the identification of 

homologous sequences to the identification of homologous characters. For 

instance, gene duplications may be in the origin of a family of paralogous 

sequences (identical sequences repeated in the same individual). However, to 

infer phylogenetic relationships it is essential to compare orthologous 

sequences (sequences truly homologous derived from a common ancestor) 

(Fitch, 1970). When the orthologous sequences are identified the homology of 

molecular data is estimated by the best alignment of those sequences. The 

criterion followed to define “best” is aligning the higher possible number of 

identical bases, followed by transitions and finally transversions (e.g. 

Thompson et al., 1994). In general, the alignments do not involve a great deal of 

subjective inference since a high percentage of the bases of the DNA fragments 

are frequently conserved, even among distantly related species, and the use of 

fragments with a high rate of divergence is unadvisable for phylogenetic 

analysis (Smith and Fitch, 1981). In addition, refinement of the alignments may 

be performed considering the secondary structure of the molecule. In this 

situation, it becomes easier to align paired fragments since they have an 
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additional constraint for substitutions and they are often more conserved across 

species (see Hillis and Dixon, 1993; Vawter and Brown, 1993). A similar 

situation in terms of mutation constraints occurs in the substitution position 

within a codon as, unlike in the first and second positions, a substitution in the 

third base is usually neutral since it codes for the same amino acid (Williams, 

1997). 

 

2.4 Methods for estimation of phylogenetic trees  

Several methods have been described to estimate phylogenetic relationships. A 

great deal of those methods involve dichotomic branching, since polichotomic 

branching is not frequently expected (e.g. appearance of new species by 

hibridisation or simultaneous speciation - peripatric speciation). 

The basic methods described throughout this work are summed up in the 

following sections and correspond to the most used methods described in the 

literature of the last decade. However, Bayesian inference has received growing 

interest in the last years (see Holder e Lewis, 2003 and Huelsenbeck et al., 2002 

for a critical review). 

 

Parsimony  

The criterion of parsimony is the most widely applied and the basic principle 

assumes that the best phylogenetic estimation is the tree that involves the 

lowest number of steps or reversions (Hennig, 1966). Depending on the model, 

there are several cladistic criteria that may be used to analyse the data (for a 

detailed description of the different methods in parsimony see Kitching, 1997). 

To illustrate the differences accounted for by the use and application of 

parsimony methods we will look into the simplest models of parsimony: 

parsimony of Wagner and parsimony of Fitch.  

The model of Wagner is one of the methods of parsimony that imposes fewer 

restrictions. This method may be used for continuous, discrete and binary data. 

However, it is more appropriate for the analysis of additive characters when the 
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transformation of one character into another involves a transition through all 

the intermediate stages (Kluge and Farris, 1969).  In this model the probability 

of transition from the stage A to stage B equals the reversion from stage B to 

stage A and the tree is independent of the position of the root (Kitching, 1997). 

In addition, an analysis by this method may result in several trees equally 

parsimonious, particularly if the data set contains homoplasic characters. 

The model of Fitch is similar to the model of Wagner. However, Fitch’s model is 

less limiting as it does not impose restrictions to the progressive transition from 

one stage to the next. In consequence, this method is the method of choice when 

the transformation of a single character into another may be direct and does not 

involve intermediate stages (Fitch, 1971).  

In practice the model of Wagner accounts the transition from a stage A to a stage 

C as two steps, and considers the premise of existence of an intermediate stage 

B. In contrast, the model of Fitch is not limited by the premise of existence of an 

intermediate step between stages A and C, and accounts the transition from one 

to another as a single step in the parsimony tree.  

Parsimony allows for a direct application of the cladistic principles previously 

described and is often considered the best and most efficient approach only 

because it is the simplest (Farris, 1988), showing once more the application of 

the classical principle of ”Ockham’s razor”. Naturally, the efficiency of this 

approach will completely depend on the characteristics of the data set under 

analysis which in certain situations may lead to analytical mistakes as 

demonstrated by Felsenstein (1978). The argument in favour of parsimony as 

the most efficient method derives from the fact that this hypothesis adjusts to 

the data in a very robust way. Other hypotheses, not derived from parsimony, 

require a greater number of premises in the phylogenetic tree (Farris, 1988). 

 

Minimum evolution (e.g. neighbour-joining) 

The neighbour-joining method (Saitou and Nei, 1987) is one of the techniques of 

analysis frequently applied to the study of relationships between taxa. It implies 
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the choice of a distance measure which will be used to obtain a data matrix with 

all pairwise distances between taxa. The resulting tree is built by redefining the 

length of the branches every time a new taxon is added to the analysis. 

Usually, during the analysis of a large number of taxa the effects of homoplasic 

characters tend to get diluted throughout the topology of the tree (Lecointre, 

1996). The method of neighbour-joining often provides the most similar results to 

parsimony analysis, when compared with other methods of group analysis. 

This correspondence is probably due to the fact that, similarly to parsimony, the 

neighbour-joining analysis also applies the criterion of minimum evolution 

(Lecointre, 1996). However, the degree of similarity between both analyses 

often depends on the distance selected by the researcher to expose the 

relationships between taxa. A great diversity of the available distance measures 

directly translates into different models of evolution. For example, in some 

cases it might be legitimate to assume that any base in a codon has the same 

probability of suffering a mutation. In alternative, in some situations it might 

deem necessary to assume that the transitions are more likely than 

transversions. In a region of coding DNA, the substitutions of the third base are 

often neutral in terms of natural selection because of the existence of degenerate 

codons for a single amino acid, while mutations in the first or second base may 

result in different amino acids. Even the relative base frequencies in a certain 

segment of DNA may influence mutation rates. 

The diversity of phenomena mentioned in previous sections acquires different 

degrees of importance in different regions of the DNA, in different taxonomic 

groups and when performing studies that involve very broad and uneven time 

scales. Thus, this multiplicity of phenomena results in as many models of 

evolution as the different scales of distance considered. In consequence, the 

understanding of the effect of the distance in the model of evolution has lead 

researchers to devote more effort in choosing the model of evolution to apply to 

a data set before performing a phylogenetic analysis. Specific software has been 

developed to address this issue, assisting in the choice of the most appropriate 

model for a certain data set (Posada and Crandall, 1998). 
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The issues discussed in previous sections may have raised a doubt: if cladistic 

methods are more efficient to recover the phylogenetic relationships between 

taxa when compared with minimum evolution methods (Hull, 1988), why is it 

still so frequent to use these methods in molecular studies? 

As previously stated, a phenetic approach does not necessarily contradict a 

previously estimated phylogeny. The effort of several authors, such as Sneath 

and Sokal (1973), to avoid evolutionary premises does not imply the rejection of 

the idea of evolution. It is simply an attempt to introduce objective criteria that 

are independent of the views of the researcher about the taxa under study. If a 

large number of characters are used, the probability that an analysis based on 

distances will reflect a phylogenetic history is extremely high and will be even 

higher if these characters are selectively neutral. 

 

Maximum-likelihood 

The maximum likelihood method was proposed by Felsenstein (1981a) and 

requires a specific model for evolution. The analysis involves diverse 

parameters such as rates of transition and transversion and different rates of 

evolution in different regions of the DNA. The method evaluates the likelihood 

of each possible phylogeny (including order and branch length) and singles out 

the one that is more adequate for the data set according to the model chosen by 

the researcher (Futuyma, 1998). Felsenstein (1981a; 1981b) described the method 

referring that the analysis is initiated with two taxa, to which new taxa are 

added progressively until the total of the taxa under analysis is reached. The 

likelihood of the relationship between the two initial taxa is calculated and one 

additional taxon is included. At each point, the likelihood is reassessed. This 

iterative process is repeated until all possible combinations have been analysed 

and compared. 

According to Farris (1988) this method is less robust than parsimony as it 

involves a previous knowledge of the evolutionary process of the taxa under 

study, a demand that is not always possible to fulfil. Felsenstein (1981a) and 
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Siebert (1997) reinforce this view highlighting that each tree reflects one model 

of evolution. In other words, the result is the selection of the tree (within the 

model) that is more congruent with the observed data set, and not the 

probability that a given tree is the best phylogenetic approach. However, this 

method has the benefit of allowing a calculation of the likelihood associated to 

each tree, a benefit that permits statistical comparisons between trees or models 

of evolution. 

Although it is necessary to define beforehand a model for evolution, this 

method has the advantage of establishing objective criteria of choice and 

optimality. These criteria are solidly supported by statistical considerations 

which will minimise the subjective bias introduced by less substantial and 

purely qualitative criteria. Assuming that “the simplest explanation is certainly 

the best” may in fact be an oversimplification. Therefore, the best approach may 

be to enquire for the most likely instead of the simplest, as this method does. 

It is reassuring for the researcher to find that a phylogeny obtained by methods 

of parsimony is congruent with a phylogeny obtained by minimum-evolution 

or maximum-likelihood analysis. In fact, if the use of different methodologies 

leads to the same or similar results it is unlikely that the topology of the tree is 

an artefact of the analysis. In contrast, when the results obtained by different 

methods present contradictory results, this provides a very useful warning for 

the researcher, and new taxa and/or additional characters may have to be 

added to the analysis. It is common practise in phylogenetic studies to compare 

results obtained by different methods withdrawing solid conclusions only in 

those cases were the relationships between groups emerge consistently. 

 

2.5 Integration with other areas of Biology 

Biogeography 

The recent increase in publications reassessing phylogenetic relationships 

between organisms has, in a way, conditioned the way their biogeography is 

understood (Humphries, 1997). The distribution of organisms and the regions 
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with endemic species are not randomly located. On the contrary, repetition 

patterns appear that require an historical explanation. Darwin (1859) discussed 

biogeography from an evolutionary point of view and highlighted the 

fundamental role of dispersion in the process of speciation by natural selection. 

Almost at the same time, Wallace (1876) recognized a pattern of geographical 

distribution of several taxonomical groups where the taxonomical composition 

was far more uniform within certain regions than between them. These findings 

lead to the designation of diverse biogeographical kingdoms that are still 

recognised at present. According to Briggs (1995) and Humphries (1997), 

biogeography was approached in the following ways: 1) a given species would 

originate in a certain area that would be recognised as its centre of speciation. 

There was an understanding that the more primitive members of a 

monophyletic group would distribute close to this centre of speciation (but see 

also Palumbi, 1997); 2) migrations originating from the centre of speciation 

would take individuals of this species to other regions where these would suffer 

modifications by natural selection; 3) reproductive isolation could take place 

with time in the new regions, thus originating new species. 

Two main alternatives would explain speciation events: 

1) Sympatric speciation, with a geographical overlapping during the 

process of speciation, which may or may not involve habitat segregation 

in the same geographical area;  

2) Allopatric speciation with the divergence being driven by the 

existence of physical barriers separating two or more populations of the 

same species. Allopatric speciation may result from: 

2.1) Speciation by dispersion in which a population departs from 

the ancestral population and overcomes a pre-existing barrier, 

colonising a new geographical area. If these individuals survive 

and remain isolated from the ancestral population, the conditions 

exist for the mechanisms of genetic isolation and speciation to take 

place; 
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2.2) Speciation by Vicariance in which an ancestral population is 

sub-divided in two or more populations by a permanent barrier or 

by the extinction of a population with an intermediate 

distribution, generating a discontinuity. Once the barrier is 

established, populations may diverge from each other. 

 

Ethology  

The integration of the study of phylogeny and behavioural data may follow two 

distinct approaches: 1) it could be considered that behavioural patterns, like any 

other phenotypic character, constitute a source of data to estimate a 

phylogenetic tree; 2) it could be considered that behavioural data should only 

be integrated after the construction of the phylogenetic tree with the objective of 

studying the evolution of behavioural patterns. The second approach is 

consensually used in most cases (see Almada, 1990 and Ryan, 1996). As 

previously referred, additional difficulties may appear not only in what 

concerns the definition of homologous behavioural characters, but also in the 

identification of evolutionary convergences (Sanderson and Donoghue, 1989; 

Queiroz and Wimberger, 1993). This issue is essentially related to difficulties 

inherent to the labile nature of behavioural patterns (Guittleman et al., 1996). 

According to Almada (1990), in a “logistic analysis” of behaviour, it becomes 

clear that certain types of behavioural patterns only appear if other behavioural 

patterns are present, i.e. evolution will only work with the pre-existing material. 

Following this rationale, every modification of behaviour, or any other 

character, will “open” new evolutionary perspectives for those individuals but, 

at the same time, it may obviously “close” others. If the comparative analysis 

method is associated to this approach it becomes possible to determine 

primitive and derived behavioural characters. In addition, this association 

allows for identification of intermediate forms (Almada, 1990; Harvey and 

Pagel, 1995) thus providing a great potential for the study of evolution of 

behaviour. 
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Phylogeography, historical demography and conservation  

This short overview of the use of DNA sequences for the study of organismal 

relationships would not be complete without considering the application of this 

tool box to population studies. These studies are a valuable aid to conservation 

strategies and the intraspecific analysis they provide can be used to characterize 

population relationships and structure. In most cases, conservation measures 

are not applied to all members of a species and this leads to the identification of 

smaller units. Following this rationale it becomes necessary to first demonstrate 

that the phylogenetic approach at the species level or even at higher taxonomic 

levels may be transposed, with the necessary modifications, for application at a 

microevolutionary level. As a mater of fact, two new disciplines, 

phylogeography and historical demography (briefly introduced in the 

following section), are the result of the effort to explore molecular tools and 

their application to the study of the relationships between populations. 

 

Phylogeography and historical demography  

The coalescent theory has demonstrated that it is possible to estimate the 

genealogy of genes in a given population and reach the point from were all 

present sequences have derived. This apparently trivial idea has opened 

extraordinary new perspectives in the study of population genetics (Avise, 

1994), in a way it is the equivalent process (in the opposite direction) of genetic 

drift (Harding, 1996). As we go back in time, the present sequences coalesce in 

less numerous ancestral sequences and a common ancestor may be reached. 

Obviously, the speed of this process will certainly depend on the size of the 

population. This strategy offers a fascinating perspective to study gene 

genealogy. It becomes possible not only to estimate the actual size of the 

population at present, but also to infer the processes that affected the 

demography in the past. 

For instance, the study of gene genealogy allows for the detection of past 

episodes of population expansion or contraction (given the right conditions), 

dating of these episodes, identification of periods of especially intense genetic 
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drift or, using genealogy of several genes, detection of episodes of natural 

selection. In summary, the study of DNA sequences allows to reconstruct the 

demographic history of a population from the marks left in its present DNA 

sequences. In addition to historical demography, the application of DNA 

sequence comparison was in the origin of yet another discipline with great 

expansion in the last few years: phylogeography. Amongst the issues explored 

with the application of this instrument it is possible to highlight: identification 

of population physical limits, evaluation of migration fluxes between 

populations, study of geographical transformation in the past, dispersion to 

new areas, persistence in shelter areas in adverse periods and establishment of 

secondary contacts with other populations. 

The common tree diagrams employed in phylogeny were in the origin of other 

type of representation for its use in populations. Usually, a phylogenetic tree 

represents a situation where one of the assumptions is the extinction of the 

ancestors and the branching patterns transmit the idea that speciation originates 

two sister species. Whether or not these assumptions are valid in phylogenetic 

terms will not be discussed in this section. However, it is clear that, at a 

population level, the time scale under study is shorter. Frequently the ancestral 

haplotypes are very likely represented in the present population and may well 

be the most frequent (Donnelly and Tavaré, 1986; Crandall and Templeton, 

1996). On the other hand, a population may have multiple subdivisions or have 

its origin in different routes of dispersion. These reasons taken together are the 

cause for graphic representations of population genetic structure. Hence, 

instead of trees this structure is represented by net diagrams with different 

levels of complexity (Crandall and Templeton, 1996). 

 

Conservation of living resources 

Despite its short existence, there are already many examples on the use of 

molecular data in historical demography and phylogeny applied to resource 

conservation, covering a variety of organisms from plants (Olfelt et al., 2001), to 

mammals (Deinard and Kidd, 2000) and fish (Alves et al., 2001). 



General Introduction – Advantages and limitations to the use of molecular tools 

 - 47 -

Moritz (1996) has put some effort into organising this kind of work, and 

proposed that phylogeographic studies may be useful for conservation at two 

different levels: first, by inferring about the population dynamics (as previously 

described), and/or second, by a description of the biodiversity of each 

population. 

One of the prime objectives of conservation, especially in the case of 

endangered species, is to preserve the genetic diversity of the target group. This 

objective is in keeping with the rationale of the existence of a close relationship 

between genetic diversity and the capacity of response to adaptative pressure. 

In order to ponder the priorities for conservation, it is fundamental to define 

first the unit to preserve. Moritz (1994a; 1994b) has divided these entities into 

two different groups according to the amplitude of the conservation objective to 

achieve:  

1) Conservation units (CU) consist of groups of populations that may be 

geographically isolated. They are important in terms of short term 

resource management and are normally characterised by differences in 

allelic frequencies (Hudson et al., 1992); 

2) Units with evolutionary importance (UEI) comprise groups of 

populations historically isolated that are characterised by covering the 

evolutionary diversity of a taxonomic entity. They are important for 

long-term resource management and often provide information about 

allelic frequency. Moritz (1994b) defines them as «units reciprocally 

monophyletic for mitochondrial DNA that are substantially different at 

the levels of nuclear allelic frequencies». 

The UEI are particularly useful when populations are spread in different 

geographical areas and are so diverse that the conservation should be to the 

whole and not to a single area as in this last case only a fraction of the real 

population (and its subsequent intraspecific diversity) would be preserved. In 

practice, the pretension of preserving a UEI is often unrealistic. A more practical 

approach entails the identification of geographical areas with evolutionary 
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importance for a large number of species, with the relative importance of these 

areas being defined by the philogeography of the group of species. 

Nevertheless, there are different opinions regarding the criteria to define a 

geographical area with evolutionary importance. Vane-Wright et al. (1991) 

suggest that one criterion should be the total genetic diversity which results in 

the protection of groups putatively representative of the targeted taxa. On the 

other hand, Erwin (1991) considers that the protection strategies should be 

targeted to species undergoing the divergent process, i.e. the protection effort 

should be directed to the «youngest» groups since these are the ones that ensure 

survival in an ever changing environment (Erwin, 1991). However, this 

perspective reflects a single extrapolation of an ontogenetic rationale to 

evolution, since it explains the loss of diversity and the extinction by the aging 

of the lineage. This approach has consequently been abandoned by the vast 

majority of evolutionary biologists. As a consequence of this conceptual conflict 

it is frequent that different authors decide on one or other alternative 

depending on the particular conservation objective and the taxa involved in this 

decision.  

In general, the largest contributions of demographical history and 

phylogeography to conservation biology are the definition of the unit with 

evolutionary importance and the possibility of following populational 

processes throughout evolutionary history (Moritz, 1996). In addition, in a 

completely different perspective, Ryan (1996) points out yet another advantage 

for the association of evolutionary and conservation biology. To illustrate his 

idea lets consider how to plan the conservation of a given species with little 

knowledge of its behaviour or ecology due to difficulties in accessing its natural 

environment or due to a scarce number of individuals. One way around this 

problem is to aim for effective strategies in closely related species. If the target 

species belongs to a robust monophyletic clade it is likely that many ecological 

and behavioural characteristics are shared by the species from that clade, thus 

justifying extrapolation of conservation measures.  However, this line of action 
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is not risk free and indirect deduction is only recommended when all 

alternative approaches are unavailable. 
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3 Marking events for the evolution of the Northeastern Atlantic 
and Mediterranean ichthyofauna 

 

Although the geographical areas analysed in this work are described in the 

following chapters, it is useful to provide an explanation for the selection of the 

area that includes the Northeastern Atlantic and the Mediterranean (Figure 1.1). 

 

 

Figure 1.1 – Sampling locations. Samples from the Atlantic were collected in the archipelagos of 
Azores, Madeira, Canaries and Cape Verde, in Great Britain and along the coast of Portugal and 
Spain. Samples from the Mediterranean were collected from Spain, Italy, Croacia, Greece and 
Lebanon. The arrows indicate approximately the location of the sample collection areas for all 
the groups under study. 
 

As shown in the map, the area under study corresponds in essence to the 

Lusitanian province (sensu Briggs, 1974), enclosing the areas of the warm 

temperate North Atlantic, including Great Britain, the archipelagos of Azores, 

Madeira, Canaries and Cape Verde and the Mediterranean Sea. 

Revisiting the title of this thesis, the prime objective was to demonstrate that 

DNA sequencing and phylogenetic analysis may provide answers ranging from 

a microevolutionary to a macroevolutionary level with comparisons of genera, 

tribes or even different families (Malhotra et al., 1996 ; Nee et al., 1996). 

On the other hand the present distribution of the ichthyofauna in the 

Northeastern Atlantic and the Mediterranean Sea, including the Macaronesian 
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islands referred above, raises biogeographical questions that demand a 

sampling strategy as widespread as possible (Eckman, 1967; Briggs, 1974, 1995; 

Wirtz, 1978; Zander, 1979; Almada et al. 2001). 

In order to perform inferences on the evolutionary pathways of the groups 

studied in this work it is essential to gain knowledge on both paleogeography 

and paleoclimatology of the Northeastern Atlantic and the Mediterranean. 

Throughout this chapter, a summary of the tectonic and climatic events 

considered to have been important in the distribution of the taxa studied in this 

work will be presented. 

 

3.1 Paleogeography and Paleoclimatology  

The events that conditioned the biogeographical patterns found nowadays in 

the Northeastern Atlantic and the Mediterranean started to take place 

throughout the Mesozoic between 251 and 144 MY ago (Jones et al., 1992; 

Briggs, 1995). 

The fragmentation of the supercontinent Pangaea started during this period 

and several tectonic movements took place that resulted in dramatic alterations 

in the distribution of marine organisms at a global level. Pangaea gradually 

splited into a northern continent, Laurasia, enclosing North-America, Europe 

and most of Asia, and a southern continent, Gondwana, enclosing South-

America, Africa, India, Australia and Antarctica. This lead to the formation of a 

tropical sea, called Tethys Sea, that extended from East Asia to Western 

America (Briggs, 1995). 

The separation between the Iberian Peninsula and Africa and the temporary 

link between South America (still close to Africa) and North America 

(Duellman and Trueb, 1986; Gayet et al., 1992) resulted in the expansion to the 

west of the Tethys Sea which assumed a circum-tropical character at the 

beginning of the Cretaceous period (144 MY ago). To this expansion may have 

also contributed the wet tropical climate and an increase in the level of CO2 and 

consequently in the greenhouse effect, which resulted in an increase of the 
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seawater level (Marshall et al., 1988). As a consequence, pre-existing 

geographical barriers disappeared and the tropical ichthyofauna had the chance 

of redistributing itself throughout the circum-global tropical sea. 

It is important to note that this paleogeographic data set is in good agreement 

with biogeographical data of several taxa in present days. Taking into 

consideration the density, diversity and general distribution of the marine 

ichthyofauna, it becomes evident that the tropical regions may have functioned 

as centres of adaptive radiation.  

At the end of the Cretaceous period (65 MY ago), a decrease of temperature 

may have taken place with the subsequent regression of the sea level, shortly 

followed during the Palaeocene epoch (65-55,6 MY ago) of a new temperature 

increase. The end of the Cretaceous period, that marks the transition between 

Mesozoic and Cenozoic, is characterized by mass extinction of emblematic 

groups, either terrestrial, like the dinosaurs, or marine, like the ammonites 

(Futuyma, 1998). During the Palaeocene the Tethys Sea consisted of a 

circumglobal belt of tropical waters with favourable conditions for primary 

production and consequently for diversification of marine fauna. This trend 

continued throughout the Eocene epoch (55,6-33,5 MY ago) and corresponds to 

a period when the specific marine diversity reached maximum values 

(McKinney et al., 1992). 

During this epoch, tectonic movements with prime importance for the 

evolution of the Tethys Sea, at first, and for the Mediterranean, at a later stage, 

were progressing. The northward movement of the African tectonic plate 

resulted in the tightening of the Tethys Sea in the region of Gibraltar that still 

divides the Atlantic and Mediterranean. This geographical constraint to marine 

population flow is amplified by a quasi-permanent anticyclonic gyre in the 

Alboran Sea that generates the “Almerian-Oran jet” (Millot, 1999). 

Simultaneously, the Atlantic was still under formation due to the movement of 

North America to the west, South America to the northwest and of Eurasia and 

Africa to the east (Briggs, 1995). 
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During the transition Eocene-Oligocene, but mainly during the Oligocene (33,5-

23,8 MY ago), a critical period started for several littoral organisms. The 

progressive trend towards a colder and dryer climate may have been related 

with two different factors: the separation of Australia and Antarctica, that lead 

to ice accumulation in the later (Bartek et al., 1992; Keller et al., 1992); or the 

impact of one or more meteorites with the following dispersal of detritus in the 

atmosphere (MacLaren and Goodfellow, 1990). Regardless of the explanation 

for its origin, the reduction of temperature accompanied by a global regression 

of the sea line resulted in a sequence of general extinctions (Thomas, 1992; 

Aubry, 1983). The combination of the regression of the seawater level, the 

northward movement of the African tectonic plate, and the sedimentary 

deposition in its north and east areas (Jones, 1992) resulted in the contact with 

the Euro-Asian plate at the beginning of the Miocene (23.3-5.2 MY ago). The 

timing for the formation of the geographical barrier that divided the Tethys Sea 

and become the Mediterranean Sea has been subject of controversy since the 

sediment deposition in the contact area was discontinuous (Jones, 1992; Adams 

et al., 1999). Different proximate estimates suggest that the closing of the East 

Mediterranean and the subsequent separation of the ichthyofauna from the 

Mediterranean and the Indo-Pacific provinces may have occurred 18 MY ago 

(Jones, 1992), 14 MY ago (Rögl, 1998) or 13-11 MY ago (Jacobs et al., 1996). The 

collision between the African and Eurasian plates resulted also in the 

formations of mountain chains, including the Alps, which contributed to the 

formation of a landlocked interior lake separated from the Mediterranean called 

Paratethys, which included the Aral Sea, the Black Sea and the Caspian Sea. 

The isolation of the ichthyofauna from the Mediterranean and the Indo-Pacific 

regions, with the eastern closure of the Mediterranean during the Miocene, 

preceded a series of dramatic events for the marine species of the Atlantic and, 

above all, the Mediterranean. Two main events may be highlighted by both 

geographical amplitude and biological importance: the first involved 

paleogeographic and paleoclimatic events and was called the Messinian salinity 
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crisis; the second event relates with the glaciation cycle that was particularly 

intense in the North Atlantic, and involved only paleoclimatic events. 

During the transition from the Miocene to the Pliocene (5.96-5.33 MY ago) a 

desiccation process started that nearly dried the Mediterranean Sea and 

resulted in a decrease of the seawater level of over 1000 m (Krijgsman et al., 

1999). This event occurred due to the combination of three main factors: 1) the 

northward progression of the African plate and the consequent closing of the 

Mediterranean in the west, between Northern Africa and the Iberian Peninsula, 

isolating the Mediterranean from the Atlantic; 2) the decrease of the average sea 

water level due to the accumulation of ice in Antarctica; 3) higher evaporation 

than precipitation rates in the Mediterranean region. During the Messinian 

crisis the Mediterranean nearly dried out and was reduced to a series of 

scattered hypersaline lagoons (Hsü et al., 1973; Hsü, 1974; Briggs, 1995; Clauzon 

et al., 1996). The Messinian crisis, which may not have been continuous 

(Sonnenfeld and Finetti, 1985; Sorbini, 1988), probably lasted about 500 TY and 

only species with high salinity tolerance may have survived (Raffi and Marasti, 

1982; Landini and Sorbini, 1989). 

The survival of the Mediterranean ichthyofauna became even more 

compromised when the Paratethys flowed out about 5 MY ago, bringing the 

Messinian crisis to an end with the progressive flooding  of the Mediterranean 

basin with fresh water (Bianco, 1990). This event, that lasted about 100 TY, is 

known as the Lago-Mare phase, since it transformed the Mediterranean in a 

series of freshwater lakes (Bianco, 1990). According to Bianco (1990), there is a 

possibility that during the Lago-Mare phase a redistribution of the freshwater 

ichthyofauna took place in the rivers that feed the Mediterranean (but see 

Penzo et al., 1998).  

At the start of the Pliocene a reopening of the Strait of Gibraltar re-established 

the marine condition of the Mediterranean Sea. Sorbini (1988) refers that 

between middle and late Pliocene, the tropical taxa found in fish deposits in the 

Mediterranean basin had disappeared, which seems to indicate that the 

Mediterranean acquired its mild temperature around the end of that epoch. 
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During the late Pliocene, paleoclimatic changes that would have an influence 

not only in the ichthyofauna of the Mediterranean but also in the ichthyofauna 

of the North Atlantic were progressing. The accumulation of ice in the Arctic, 

initiated 3 MY before, resulted in a decrease of temperature with higher impact 

in the North Atlantic when compared with the North Pacific (Shackleton et al., 

1984). This phenomenon may have two possible explanations. On one hand the 

Pacific is a larger oceanic area protected from the water and ice flux originated 

in the Arctic by the peninsula where the strait of Bering is presently located. On 

the other hand, the closing of the Isthmus of Panama resulted in an increase of 

salinity in the Caribbean Sea (Berggren and Hollister, 1974). This increase in 

salinity results in the sinking of superficial warm water which is partially 

responsible by the maintenance of the Gulf Stream that produces a clockwise 

current in the North Atlantic (Apel, 1987). The recent closure of the Isthmus of 

Panama separated the ichthyofauna of the Atlantic and the Pacific. Although 

there is a link between the Pacific and the Atlantic basins through the Drake’s 

Passage surrounding South-America, there is an effective barrier for the 

dispersion of warm or temperate water species due to the cold water mass in 

this region of contact between the two oceans. The consequences are still visible 

at present and many examples of sister-species are available at both sides of the 

Isthmus of Panama (see Muss et al., 2001).  

According to Sarnthein and Fenner (1988), the progressive cooling of the North 

Atlantic may have started 3.2-2.4 MY ago. Raffi (1986) and Stanley (1986) 

suggested that several marine species may have become extinct in the North 

Atlantic and the Mediterranean and only eurythermic species or species taking 

refuge in the tropical region may have survived. 

Finally, during the Pleistocene (1.64 MY ago to present) the cyclic glaciations 

were the phenomenon with highest impact on the biogeography of the Atlanto-

Mediterranean ichthyofauna. At least 12 large glaciations are known for this 

period (Crowley and North, 1991), which continued (to a smaller scale) the 

mass extinction of littoral fauna that started during the Pliocene (Raffi and 

Manegatti, 1993; Briggs, 1995). According to Briggs (1995), the warm and 



General Introduction – Marking events for the evolution of the Northeastern Atlantic and Mediterranean ichthyofauna 

 - 57 -

temperate waters of the Northeastern Atlantic are one of the poorest regions in 

the planet in terms of species diversity, a fact probably related to the large 

amplitude of temperature alterations in this geographical area during this 

epoch. The reduced specific diversity of the ichthyofauna in the Northeastern 

Atlantic probably indicates that the ichthyofauna in this region is still 

undergoing a recovery process from the mass extinctions that took place during 

the Pleistocene (Briggs, 1995).  

Almada et al. (2001) proposed that the South Mediterranean and the tropical 

coast of Africa provided refuge to several species of littoral fish. Large masses 

of cold water located at the entry of the Mediterranean probably acted as 

intermittent isolating factors for these species. This isolation may have provided 

the causal factor for speciation and the appearance of sister species in both the 

Mediterranean and the Atlantic. The persistence of areas of warm water in the 

Mediterranean may have acted as refuges for the populations during the 

Pleistocene glaciations (Briggs, 1995), while the tropical coast of Africa may 

have been the last available habitat of the warm and temperate species confined 

to the Atlantic during the southward movement of the Arctic ice cap. This 

hypothesis is supported by the fact that both areas present the highest specific 

biodiversity in this region of the globe (Myers et al., 2000; MacPherson, 2002). 

These paleoclimatic changes probably had an effect in other areas of the 

Northeastern Atlantic. For instance, in the Azores temperatures as low as 8º-

15º C were predominant during the last glaciation (Cortijo et al., 1997; 1999), 

although lower temperatures may have been registered in previous glaciations 

(Crowley, 1981). This temperature profile (8º-15º C) parallels the present profile 

of the North Atlantic and would probably exclude warm and temperate species 

(Ávila, 2005; Domingues et al., 2007b; but see Ávila et al., 2008). 

One simple method to test whether or not the mass extinction took place is to 

analyze the number of endemic species in these Atlantic islands and compare 

those numbers with the age of each archipelago (i.e. Azores (8 MY), Madeira (14 

MY), Canaries (20 MY) and Cape Verde (8-20 MY) (Abdel-Monem et al., 1975; 

García-Talavera, 1999; Ali et al., 2003). If the number of endemic species is low 
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then recent phenomena of extinction and repopulation (from nearby continental 

areas) may have occurred. An alternative hypothesis would be provided by an 

intense genetic flux that would prevent the required isolation for speciation and 

consequent appearance of endemisms. 

In fact, the number of endemic species in these archipelagos is extremely low, 

especially in Azores (see Briggs, 1966 and Almada et al., 2001), a fact probably 

related with the relatively recent glacial maximum (only 18 TY ago), a period 

during which the polar front was located between parallels 37º and 40º N, 

which is the latitude of the continental Portuguese coast (Dias et al., 1997). 

While it is relatively easy to admit that species from warm and tropical waters 

may have gone extinct from these archipelagos, a hypothesis is still required to 

explain their arrival during the interglaciar periods. The stepping-stone model 

(Croizat, 1968) would entail: 1) a re-colonisation of the archipelagos of Canaries 

and Madeira paralleling the regression of the polar front, which would be a 

viable explanation for similarity between the ichthyofauna of the continental 

coast of Africa and these archipelagos; and 2) the navigation through the 850 

kilometres that separate Madeira from the Azores. 

However, the pattern of water currents in this area of the Atlantic is precisely 

the reverse. At least since the closing of the Isthmus of Panama and the fixing of 

the Gulf Stream, the predominant currents are westward directed (North 

Atlantic and Azores currents; see Ávila, 2005 and its references for an extensive 

description). This pattern would favour the arrival of species of American 

origin to the Azores. 

However, the “American route” hypothesis is highly improbable for two main 

reasons: 1) the fact that the distance between the Eastern American coast and 

the Azores (>2000 Km) is almost three times the distance between Madeira and 

the Azores (850 Km); 2) the high affinity between the ichthyofauna of the 

Azores and the European coast (Briggs, 1974; Santos et al., 1997), parallels the 

biogeographical pattern of other taxonomic groups (Morton and Britton, 2000; 

Ávila 2005). 
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Furthermore, although the westward currents are dominant, southeast-

northwest currents with durations of over 25 days have also been observed 

(Santos et al., 1995), suggesting that the Madeiran colonisation route is, or has 

been, available throughout the evolutionary history of this region. These 

currents could occasionally carry larvae of some littoral species to the Azores. 

In addition, this process of dispersion may in fact be facilitated by the 

regressive phase of the interglacial periods when the average sea water level 

may have reached levels as low as minus 130 m (Dias et al., 1997). In this 

scenario, the islands of the archipelagos known nowadays would be at least 3 

times larger than nowadays (Ávila, 2005), and additional islands that we know 

presently as marine banks or seamounts were emerged. Such is the case of the 

Gorringe bank, with its peaks Ormonde and Gettysburg, and Ampère 

seamount, halfway between Cape S. Vicente and Madeira. Both islands and 

submersed seamounts may have constituted additional passages for littoral 

organisms from their continental refugia to these archipelagos during 

interglacial periods like the present one. 
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4 Chosen species and objectives of this work 

 

Common to most of the chapters developed in this thesis is the fact that all 

effort was devoted to representative families of the Atlantic and the 

Mediterranean littoral fish present in the Portuguese coast: Gobiesocidae, 

Blenniidae and Labridae. 

The reasons to choose the species analysed in this study were the differences in 

the microhabitat they occupy, the number of species they comprise and the 

existence of a reasonable knowledge of several aspects of their biology. In 

particular, their taxonomy and behavioural ecology are, for the most part, well 

documented (e.g. Blenniidae: Springer, 1968; Bath, 1977; 1996; Almada et al., 

1983; Bock and Zander, 1986; Labridae: Quinhard, 1966; Lejeune, 1985; Potts, 

1985; Gobiesocidae: Ninni, 1933; Briggs, 1955). In fact, these fish families are 

among the most representative ones in the Portuguese rocky littoral coast. They 

also correspond to three very diverse levels of substrate dependence. First, the 

Gobiesocidae are typically benthic species that, in many species, do not loose 

contact with the substrate to which they adhere with a sucking disk, derived 

from a modification of the pelvic fins. Second, the Blenniidae are much more 

active and mobile fish although typically depend on the rocky surfaces and 

other substrates where they find shelter, nesting and feeding grounds. Their 

fins are typically provided of hooks in the extremity of the finrays and they 

have a mucus rich scaleless skin. In addition, they have a long body, denser 

than the water, which allows them to overcome the hydrodynamism of the surf 

area and exploit the intertidal habitats. Third, the Labridae, that also rely on the 

substrate for feeding and protection, but are much more active swimmers in the 

water column. 

Solving some taxonomic issues and evolutionary questions has been another 

main objective of the present work. However, the questions that appeared in 

the beginning of the study were not as far-reaching as, for example, estimating 

the evolutionary relationships of a certain group of fish in the Northeastern 
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Atlantic and the Mediterranean. In honour to the truth, the questions were 

much simpler, for example: why, in a given genus of blenniids, only the males 

of some species have facial masks during the reproductive season? Or, why in a 

labrid genus, species that display cleaning behaviour are not sexually 

dimorphic and males do not build nests, while all remaining species show only 

rudimentary cleaning behaviour, are sexual dimorphic, and males build algae 

nests? In addition, why do two sympatric morphotypes of gobiesocids 

supposed to belong to the same species, show not only bathymetric segregation 

but also breeding seasons out of phase? 

It would be unlikely, to say the least, that these combinations of characteristics 

would evolve independently in so many cases. In other words, assuming the 

phylogenetic relationships traditionally accepted for these rocky littoral fish, 

there were concerns at both ecological and behavioural levels that raised 

phylogenetic doubts. The contribution of the present work to the clarification of 

some of these issues was only possible with the analysis of molecular data and 

the use of appropriate methods of phylogenetic inference. 

The present study also aims to identify biogeographic patterns common to 

some of these taxa. The biogeography of littoral fish of the Northeast Atlantic 

and Mediterranean has been studied by several authors (e.g. Wirtz, 1978; 

Zander, 1979; Santos et al., 1995; Almada et al., 2001). These studies were based 

on a reasonable knowledge of the paleogeography of this region (Ruggieri, 

1967; Hsü, 1974; Thiede, 1978; Briggs, 1995; Clauzon et al., 1996; Borsa et al., 

1997; Dias et al., 1997; Siesser and Kanel, 1999; Gaudant, 2002). However, the 

availability of molecular data may allow for an independent confirmation of the 

biogeographic models previously proposed by other authors, which were based 

on morphological similarities and patterns of geographical distribution. The 

data integration proposed above may include examples such as the one that 

follows: if we register a species with a unique haplotype in the Azores and in 

continental European coasts and a second species with a distinctive haplotype 

in each region, it would be reasonable to assume that the two populations of the 

second species were genetically isolated for a longer period than the two 
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populations of the first species. In addition, if the second species is the one that 

presently is able to tolerate lower temperatures it is also reasonable to assume 

that this genetic differentiation is due to the fact that the Azorean population 

survived in both locations through successive Plio-Pleistocene glacial periods. If 

this hypothesis proves to be correct, it is expected that the first species without 

genetic differentiation would have a primarily tropical distribution and would 

be unable to tolerate cold waters. According to this interpretation, the absence 

of genetic differentiation between the populations of the Azores and the 

European continental coasts indicates that one or both populations became 

extinct in these regions during the last glacial period and a new re-colonisation 

took place afterwards. 

Naturally, the underlying assumption in this example is that the ecological 

preferences of these species (and their relatives) remained unaltered during 

their recent evolutionary history. In order to minimize the potential bias 

introduced by this assumption, the same phylogeographic pattern has to be 

identified in a significant number of taxa to rule out alternative interpretations. 

If these predictions are confirmed then an evident agreement exists between 

ecological, paleoclimatic and molecular data and the confidence in the 

hypothesis advanced above is enhanced. 

Finally, the phylogenetic analyses presented in subsequent chapters underlie 

the objectives presented above. The phylogenies presented in this thesis are 

necessarily partial because although the area under study is extensive it only 

comprises the Northeastern Atlantic and the Mediterranean, while the families 

under study have a circumglobal distribution (Nelson, 2006). However, as 

previously stated, the main objective of this thesis was far from describing 

exhaustively the phylogeny of the families Blenniidae, Labridae and 

Gobiesocidae, which comprise 345, 500 and 120 species respectively (sensu 

Nelson, 2006). 
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In summary, the objectives of the present thesis are: 

1. The study of the phylogeny of the Blenniidae, Labridae and Gobiesocidae 

confined to the Northeastern Atlantic and Mediterranean, presumably since 

the early Miocene (circa 23,8 MY ago); 

2. Provide an interpretation for the biogeography of these littoral fish species 

in the Northeastern Atlantic and the Mediterranean with the purpose of 

testing models of dispersion and speciation presented by other authors, 

taking into consideration phenomena like the Messinian crisis (5-5,5 MY) or 

the Plio-Pleistocene glacial periods (1,8 MY– 18 TY); 

3.  Shed light on the taxonomic status of several closely related species or 

subspecies whose taxonomic classification remains unclear or unsolved with 

traditional morphological, ecological or behavioural approaches; 

4. Study the evolution of the behaviour of several selected fish species based 

on the results obtained from the phylogenetic studies. 

 



General Introduction – References 

 - 65 -

5 References 

 

Abdel-Monem AA, Fernandez LA and Boone GM (1975) K-Ar ages from the 

Eastern Azores group (Santa Maria, São Miguel and the Formigas Islands). 

Lithos, 8: 247-254. 

Adams CG, Bayliss DD and Whittaker JE (1999) The terminal Tethyan event: a 

critical review of the conflicting age determinations for the disconnection 

of the Mediterranean from the Indian Ocean. In: Fossil Vertebrates of Arabia. 

Whybrow PJ and Hill A (Eds.) Yale University Press, New Haven, USA, 

pp. 477-484. 

Ali MY, Watts AB and Hill I (2003) A seismic reflection profile study of 

lithospheric flexure in the vicinity of the Cape Verde Islands. Journal of 

Geophysical Research, 108: 1-24. 

Almada VC (1990) Etologia da reprodução e cuidados parentais nos peixes ósseos – 

Contributos para uma análise filogenética e ecológica. Ph.D. Thesis, University 

of Lisbon, Lisboa, Portugal, 376 pp. 

Almada VC, Amorim MCP, Almada F, Pereira E, Matos R and Godinho R 

(1996) Behaviour and sound production in Gaidropsarus mediterraneus 

(Linnaeus 1758). Journal of Fish Biology, 49: 363-366. 

Almada VC, Dores J, Pinheiro A, Pinheiro M and Santos RS (1983) Contribuição 

para o estudo do comportamento de Coryphoblennius galerita (L.) (Pisces: 

Blennidae). Memórias do Museu do Mar – Série Zoológica, 2: 1-166. 

Almada VC, Gonçalves EJ, Oliveira RF, Almeida AJ, Santos RS and Wirtz P 

(2001) Patterns of diversity of the North-eastern Atlantic blenniid fish 

fauna (Pisces: Blenniidae). Global Ecology and Biogeography, 10: 411-422. 

Alves MJ, Coelho MM and Collares-Pereira MJ (2001) Evolution in action 

through hybridization and poliploidy in an Iberian freshwater fish: a 

genetic review. Genetics, 111: 375-385. 



General Introduction – References 

 - 66 -

Apel JR (1987). Principles of Ocean Physics. Academic Press, U.K., 631 pp. 

Aubry MP (1983) Late Eocene and early Oligocene calcareous nannoplankton 

biostratigraphy and biogeography. American Association of Petroleum 

Geologists Bulletin, 67: 415. 

Ávila SP (2005) Processos e padrões de dispersão e colonização nos Rissoidae 

(Mollusca:Gastropoda) dos Açores. Ph.D. Thesis, University of Açores, Ponta 

Delgada, Portugal, 329 pp.  

Ávila SP, Madeira P, Mendes N, Rebelo A, Medeiros A, Gomes C, García-

Talavera F, Marques da Silva C, Cachão M, Hillaire-Marcel C and Frias 

Martins AM (2008) Mass extinctions in the Azores during the last 

glaciation: fact or myth? Journal of Biogeography, 35: 1123-1129. 

Avise JC (1994) Molecular markers, natural history, and evolution. Chapman and 

Hall, New York, USA, 511 pp. 

Bartek LR, Sloan LC, Anderson JB and Ross ML (1992) Evidence from the 

Antarctic continental margin of late Paleogene ice sheets: a manifestation 

of plate reorganization and synchronous changes in atmospheric 

circulation over the emerging Southern Ocean? In: Eocene-Oligocene climatic 

and biotic evolution. Prothero DR and Berggren WA (Eds.) Princeton 

University Press, Princeton, USA, pp. 131-159.  

Bath H (1977) Revision der Blenniini (Pisces: Blenniidae). Senckenbergiana 

Biologica, 57: 167-234. 

Bath H (1996) Beitrag zur osteologie der arten der Tribus Parablenniini die 

beziehungen der knochen des schädeldaches zum seitenorgan-system und 

zu den weichteilbildungen der kopfoberseite sowie die systematische 

bedeutung der befunde nebst bemerkungen zu Lupinoblennius dispar Herre 

1942 (Pisces: Blenniidae). Senckenbergiana Biologica, 76: 65-92. 

Berggren WA and Hollister CD (1974) Paleogeography, paleobiogeography and 

the history of circulation in the Atlantic Ocean. In: Studies in Paleo-



General Introduction – References 

 - 67 -

Oceanography. William WH (Ed.) Society of Economic Palaeontologists and 

Mineralogists SP20, pp. 126-186. 

Bianco P (1990) Potential role of the paleohistory of the Mediterranean and 

Paratethys basins on the early dispersal of Euro-Mediterranean freshwater 

fishes. Ichthyological Exploration of Freshwaters, 1: 167-184. 

Bock M and Zander CD (1986) Osteological characteres as tools for blenniid 

taxonomy – A generic revision of european Blenniidae (Percomophi; 

Pisces). Zeitschrift fur Zoologische Systematik und Evolutionsforschung, 24: 

138-143. 

Borsa P, Naciri M, Bahri L, Chikhi L, García de Leon FJ, Kotoulas G and 

Bonhomme F (1997) Zoogéographie infra-spécifique de la Mer 

Méditerranée: analyse des données génétiques populationnelles sur seize 

espèces atlanto-méditerranéennes (Poissons et Invertébrés). Vie et Millieu, 

47: 295-305. 

Briggs JC (1955) A monograph of the clingfishes (Order Xenopterygii). Stanford 

Ichthyological Bulletin, 6: 33-39. 

Briggs JC (1966) Oceanic islands, endemism and marine paleotemperatures. 

Systematic Zoology, 15: 153-163. 

Briggs JC (1974) Marine zoogeography. McGraw-Hill Book Co., New York, USA, 

475 pp.  

Briggs JC (1995) Global Biogeography – Developments in Palaeontology and 

Stratigraphy. Elsevier, Amsterdam, The Netherlands, 452 pp. 

Clauzon G, Suc J, Gautier F, Berger A and Loutre M (1996) Alternate 

interpretation of the Messinian salinity crisis: controversy resolved? 

Geology, 24: 363-366. 

Cortijo E, Balbon E, Elliot M, Labeyrie L and Turon JL (1999) Glacial and 

interglacial hydrological changes in the North Atlantic Ocean. In: 

Reconstructing Ocean History: a Window into the Future. Abrantes F and Mix 



General Introduction – References 

 - 68 -

A (Eds.) Kluwer Academic/Plenum Publishers, New York, USA pp. 83-

101. 

Cortijo E, Labeyrie L, Vidal L, Vautravers M, Chapman M, Duplessy JC, Elliot 

M, Arnold M, Turon JL and Auffret G (1997) Changes in sea surface 

hydrology associated with Heinrich event 4 in the North Atlantic Ocean 

between 40ºN and 60ºN. Earth and Planetary  Science Letters, 146: 29-45. 

Crandall KA and Templeton AR (1996) Applications of intraspecific 

phylogenetics. In: New Uses for New Phylogenies. Harvey PH, Brown AJL, 

Smith JM and Nee S (Eds.), Oxford University Press, New York, USA, pp. 

81-102. 

Crowley TJ (1981) Temperature and circulation changes in the Eastern North 

Atlantic during the last 150,000 years : evidence from the planktonic 

foraminiferal record. Marine Micropaleontology, 6: 97-129. 

Crowley TJ and North GR (1991) Palaeoclimatology. Oxford University Press, 

New York, USA, 339 pp. 

Croizat L (1968) Introduction raisonnée à la biogéographie de I’Afrique. 

Memórias da Sociedade Broteriana, 20: 1-451. 

Cronquist A (1988) A botanical critique of cladism. The Botanical Review, 53: 1-

52. 

Darwin C (1859) The origin of species by means of natural selection, or the 

preservation of favored races in the struggle for life: a facsimile of the first edition. 

1981. Harvard University Press, Cambridge, USA, 513 pp. 

Deinard AS and Kidd KK (2000) Identifying conservation units within captive 

chimpanzee population. American Journal of Physical Anthropology, 111: 25-

44.  

Dias JA, Rodrigues A and Magalhães F (1997) Evolução da linha de costa, em 

Portugal, desde o último máximo glaciário até à actualidade: síntese dos 

conhecimentos. Estudos do Quaternário, 1: 53-66. 



General Introduction – References 

 - 69 -

Domingues VS, Almada VC, Santos RS, Brito A and Bernardi G (2007a) 

Phylogeography and evolution of the triplefin Tripterygion delaisi (Pisces, 

Blennioidei). Marine Biology, 150: 509-519. 

Domingues VS, Faria C, Stefanni S, Santos RS, Brito A and Almada VC (2007b) 

Genetic divergence in the Atlantic-Mediterranean Montagu´s blenny, 

Coryphoblennius galerita (Linnaeus 1758) revealed by molecular and 

morphological characters. Molecular Ecology, 16: 3592-3605. 

Donnelly P and Tavaré S (1986) The ages of alleles and a coalescent. Advances in 

Applied Probability, 18: 1-19. 

Donoghue MJ and Cantino PD (1988) Paraphyly, ancestors, and the goals of 

taxonomy: a botanical defense of cladism. Botanical Review, 54: 107-128. 

Duellman WE and Trueb L (1986) Biology of amphibians. McGraw Hill, New 

York, USA, 670 pp. 

Eckman S (1967) Zoogeography of the sea. Sidgwick and Jackson, London, UK, 417 

pp. 

Erwin TL (1991) An evolutionary basis for conservation strategies. Science, 253: 

75-82. 

Farris JS (1982) Outgroups and parsimony. Systematic Zoology, 31: 328-334. 

Farris JS (1988) Hennig86, ver. 1.5 manual; software and MS-DOS program, 

New York, USA, 11776. 

Felsenstein J (1978) Cases in which parsimony and compatibility methods will 

be positively misleading. Systematic Zoology, 27: 401-410. 

Felsenstein J (1981a) Evolutionary trees from DNA sequences: a maximum 

likelihood approach. Journal of Molecular Evolution, 17: 368-376. 

Felsenstein J (1981b) A likelihood approach to character weighting and what it 

tells us about parsimony and compatibility. Biological Journal of the Linnean 

Society, 16: 183-196. 



General Introduction – References 

 - 70 -

Felsenstein J (2002) PHYLIP - Phylogeny inference package (Version 3.6a3), online. 

Department of Genome Sciences, University of Washington, Seattle, USA. 

Fitch WM (1970) Distinguishing homologous from analogous proteins. 

Systematic Zoology, 19: 99-113. 

Fitch WM (1971) Toward defining the course of evolution: minimum change for 

a specified tree topology. Systematic Zoology, 20: 406-416. 

Forey PL, Humphries CJ, Kitching IL, Scotland RW, Siebert DJ and Williams 

DM (1997) In: Cladistics – A Practical Course in Systematics. The Systematics 

Association Publication nº 10, Oxford Science Publications, Clarendon 

Press, Oxford, UK, 191 pp. 

Futuyma DJ (1998) Evolutionary Biology, 3rd edition, Sinauer Associates, Inc., 

Sunderland, USA, 751 pp.  

García-Talavera F (1999) La Macaronesia. Consideraciones geológicas, 

biogeográficas y paleoecológicas. In: Ecología y Cultura en Canarias. 

Fernandéz-Palacios JM, Bacallado JJ and Belmonte JA (Eds.), Múseo de la 

Ciencia, Tenerife, Spain, pp. 41-63. 

Gaudant J (2002) La crise messinienne et ses effets sur l’ichthyofaune néogène 

de la Méditerranée: le témoignage des squelettes en connexion de poissons 

téléostéens. Geodiversitas, 24: 691-710. 

Gayet M, Rage C, Sempere T and Gagnier PY (1992) Modalites des echanges de 

vertebres continentaux entre l'Amerique du Nord et l'Amerique du Sud au 

Cretace superieur et au Paleocene. Bulletin de la Societe Geologique de France, 

163: 781-791. 

Guittleman JL, Anderson CG, Kot M and Luh HK (1996) Phylogenetic lability 

and rates of evolution: a comparison of behavioural, morphological and 

life history traits. In: Phylogenies and the Comparative Method in Animal 

Behaviour. Martins EP (Ed.), Oxford University Press, Oxford, UK, pp. 166-

205. 



General Introduction – References 

 - 71 -

Hanel R, Westneat MW and Strurmbauer C (2002) Phylogenetic relationships, 

evolution of broodcare behaviour, and geographic speciation in the wrasse 

tribe labrini. Journal of Molecular Evolution, 55: 776-789. 

Harding RM (1996) Using the coalescent to interpret gene trees. In: Molecular 

Biology and Human Diversity. Boyce, AJ and Mascie-Taylor, CGN. (Eds.) 

Cambridge University Press, Cambridge, UK, pp. 63-81. 

Harris JD and Crandall KA (2000) Intragenomic variation within ITS1 and ITS2 

of freshwater crayfishes (Decapoda: Cambaridae): implications for 

phylogenetic and microsatellite studies. Molecular Biology and Evolution, 17: 

284-291. 

Harvey PH and Pagel MD (1995) The Comparative Method in Evolutionary Biology. 

Oxford Series in Ecology and Evolution, Oxford University Press, New 

York, USA, 239 pp. 

Hennig W (1966) Phylogenetic systematics. University of Illinois Press, Illinois, 

USA, 270 pp. 

Hillis MT and Dixon DM (1993) Ribosomal RNA secondary structure: 

compensatory mutations and implications for phylogenetic analysis. 

Molecular Biology and Evolution, 10: 256-67. 

Holder M and Lewis PO (2003) Phylogeny estimation: traditional and Bayesian 

approaches. Nature Reviews-Genetics, 4: 275-284. 

Hsü KJ (1974) The Miocene desiccation of the Mediterranean and its climatical 

and zoogeographical implications. Naturwissenschaften, 61: 137-142. 

Hsü KJ, Ryan WBF and Cita MB (1973) Late Miocene desiccation of the 

Mediterranean. Nature, 242: 240-244. 

Hudson RR, Boss DD and Kaplan NL (1992) A statistic test for detecting 

geographic subdivision. Molecular Biology and Evolution, 9: 138-151.  



General Introduction – References 

 - 72 -

Huelsenbeck JP, Larget B, Miller RE and Ronquist F (2002) Potencial 

applications and pitfalls of Bayesian inference of phylogeny. Systematic 

Biology, 51: 673-688. 

Huelsenbeck JP, Ronquist F, Nielsen R and Bollback JP (2001) Bayesian 

inference of phylogeny and its impact on evolutionary biology. Science, 

294: 2310-2314. 

Hull DL (1988) Science as process: an evolutionary account of the social and 

conceptual development of science. University of Chicago Press, Chicago, 

USA, 586 pp. 

Humphries CJ (1997) Cladistic biogeography. In: Cladistics - A Practical Course in 

Systematics. Forey PL, Humphries CJ, Kitching IL, Scotland RW, Siebert DJ 

and Williams DM (Eds.). Oxford University Press, New York, USA, pp. 

137-159. 

Humphries CJ and Chappill JA (1988) Systematics as science: a response to 

Cronquist. Botanical Review, 54: 129-144. 

Jacobs E, Weissert H, Shields G and Stille P (1996) The Monterey event in the 

Mediterranean: a record from shelf sediments of Malta. Paleoceanography, 

11: 717-728. 

Jones CE (1992) Strontium isotopes in Jurassic and early Cretaceous seawater. PhD 

Thesis, University of Oxford, Oxford, UK, 191 pp. 

Keller G, MacLeod N and Barrera E (1992) Eocene-Oligocene faunal turnover in 

planktic foraminefera and Antartic glaciation. In: Eocene-Oligocene Climatic 

and Biotic Evolution. Prothero DR and Berggren WA (Eds.) Princeton 

University Press, Princeton, USA, pp. 218-244. 

Kitching IL (1997) Tree-building techniques. In: Cladistics – A Practical Course in 

Systematics. Forey PL, Humphries CJ, Kitching IL, Scotland RW, Siebert DJ, 

Williams DM (Eds.) Oxford University Press, New York, USA, pp. 44-71. 

Kluge AG and Farris JS (1969) Quantitative phyletics and the evolution of 

anurans. Sistematics Zoology, 18: 1-32 



General Introduction – References 

 - 73 -

Krijgsman W, Hilgen FJ, Raffi I, Sierro FJ and Wilson DS (1999) Chronology, 

causes and progression of the Messinian salinity crises. Nature, 400: 652-

655. 

Lambeck K, Esat TM and Potter E-K (2002) Links between climate and sea levels 

for the past three million years. Nature, 419: 199–206. 

Landini W and Sorbini L (1989) Ichthyofauna of the evaporitic Messinian in the 

Romagna and Marche regions. Bollettino della Società Paleontologica Italiana, 

28: 287-293. 

Lecointre G (1996) Methodological aspects of molecular phylogeny of fishes. 

Zoological Studies, 35: 161-177. 

Lejeune P (1985) Le comportement social des labridés Méditerranéens. Cahiers 

d’Ethologie Appliquee, 5: 1-208. 

Liu ZL, Zhang D, Wang XQ, Ma XF and Wang XR (2003) Intragenomic and 

interspecific 5S RDNA sequence variation in five Asian pines. American 

Journal of Botany, 90: 17-24. 

MacFadden BJ (1992) Fossil horses: systematics, paleobiology, and evolution of the 

family Equidae. Cambridge University Press, Cambridge, UK, 369 pp. 

MacLaren DJ and Goodfellow WD (1990) Geological and biological 

consequences of giant impacts. Annual Review Earth Planetary Science, 18: 

123-171. 

MacPherson E (2002) Large-scale species-richness gradients in the Atlantic 

Ocean. Proccedings of the Royal Society of London, B, 269: 1715-1720. 

Maddison WP, Donoghue MJ and Maddison DR (1984) Outgroup analysis and 

parsimony. Systematic Zoology, 33: 83-103.  

Malhotra A, Thorpe RS, Black H, Daltry JC and Wüster W (1996) Relating 

geographic patterns to phylogenetic process. In: New Uses for New 

Phylogenies. Harvey PH, Leigh Brown AJ, Maynard Smith J and Nee S 

(Eds.) Oxford University Press, New York, USA, pp. 187-202. 



General Introduction – References 

 - 74 -

Marshall HG, Walker JCG and Kuhn WR (1988) Long-term climate change and 

the geochimical cycle of carbon. Journal of Geophysical Research, 93: 791-801. 

McKinney ML, McNamara KJ, Carter BD and Donovan SK (1992) Evolution of 

Paleogene echinoids: a global and regional view. In: Eocene-Oligocene 

Climatic and Biotic Evolution. Prothero DR and Berggren WA (Eds.) 

Princeton University Press, Princeton, USA, pp. 349-367. 

Michener CD and Sokal RR (1957) A quantitative approach to a problem in 

classification. Evolution, 11: 130-162. 

Millot C (1999) Circulation in the Western Mediterranean Sea. Journal of Marine 

Systems, 20: 423–442. 

Moritz C (1994a) Applications of mitochondrial DNA in conservation: a critical 

review. Molecular Ecology, 3: 403-413. 

Moritz C (1994b) Defining “Evolutionarily Significant Units” for conservation. 

Trends in Ecology and Evolution, 9: 373-375. 

Moritz C (1996) Uses of molecular phylogenies for conservation. In: New uses for 

New Phylogenies. Harvey PH, Leigh Brown AJ, Maynard Smith J and Nee S 

(Eds.) Oxford University Press, New York, USA, pp. 203-216. 

Moritz C and Hillis DM (1990) Molecular systematics: contex and controversis. 

In: Molecular Systematics, Moritz C and Hillis DM (Eds.) Sinauer 

Associates, Sunderland, USA, pp. 1-10. 

Morton B and Britton JC (2000) The origins of the coastal and marine flora and 

fauna of the Azores. Oceanography and Marine Biology: an Annual Review, 38: 

13-84. 

Muss A, Robertson DR, Stepien CA, Wirtz P and Bowen BW (2001) 

Phylogeography of Ophioblennius: the role of ocean currents and 

geography in reef fish evolution. Evolution, 55: 561–572. 

Myers N, Mittermeier RA, Mittermeier CG, Da Fonseca GB and Kent J (2000) 

Biodiversity hotspots for conservation priorities. Nature, 403: 853-858. 



General Introduction – References 

 - 75 -

Nee S, Read AF and Harvey PH (1996) Why phylogenies are necessary for 

comparative analysis. A phylogenetic framework for comparative studies. 

In: Phylogenies and the Comparative Method in Animal Behaviour. Martins EP 

(Ed.) Oxford University Press, New York, USA, pp. 339-411. 

Nelson JS (2006) Fishes of the world. John Wiley & Son, Inc., New Jersey, USA, 

601 pp. 

Ninni E (1933) Primo contributo allo studio dei ”Lepadogaster“. Notas y Résumes 

del Intituto Español de Oceanografía, 65: 1-34. 

Olfelt JP, Furnier GR and Luby JJ (2001) What data determine whether a plant 

taxon is distinct enough to merit legal protection? A case study of Sedum  

integrifolium  (Crassulaceae). American Journal of Botany, 88: 401-410. 

Ortí G, Petry P, Porto JIR, Jégu M and Meyer A (1996) Patterns of nucleotide 

change in mitochondrial ribosomal RNA genes and the phylogeny of 

Piranhas. Journal of Molecular Evolution, 42: 169-82. 

Palumbi RS (1994) Genetic divergence, reproductive isolation, and marine 

speciation. Annual Review of Ecology and Systematics, 25: 547–572. 

Palumbi SR (1997) Molecular biogeography of the Pacific. Coral Reefs, 16: S47-

S52. 

Patarnello T, Volckaert FA and Castilho R (2007) Pillars of Hercules: is the 

Atlantic-Mediterranean transition a phylogeographic break? Molecular 

Ecology, 16: 4426-4444. 

Penzo E, Gandolfi G, Bargelloni L, Colombo L and Patarnello T (1998) 

Messinian Salinity Crisis and the origin of freshwater lifestyle in Western 

Mediterranean gobies. Molecular Biology and Evolution, 15: 1472-1480. 

Posada D and Crandall KA (1998) Modeltest: testing the model of DNA 

substitution. Bioinformatics Applications Note, 14: 817-818. 



General Introduction – References 

 - 76 -

Potts GW (1985) The nest structure of the corkwing wrass, Crenilabrus melops 

(Labridae: Teleostei). Journal of the Marine Biological Association of the United 

Kingdom, 65: 531-546. 

Pullin RSV and Mclean JL (1992) Analysis of research for the development of 

tilapia farming: an interdisciplinary approach is lacking. Netherlands 

Journal of Zoology, 42: 512-522. 

Queiroz A and Wimberger PH (1993) The usefulness of behaviour for 

phylogeny estimation: levels of homoplasy in behavioral and 

morphological characters. Evolution, 47: 46-60. 

Quinhard JP (1966) Recherches sur le labridés (Poissons Téléostéens 

Perciformes) des côtes européennes. Systematique et biologie. Naturalia 

Monspeliensia (Zoologie), 5: 1-248. 

Raffi S (1986) The significance of marine boreal mollusks in the early Pleistocene 

faunas of the Mediterranean area. Palaeogeography, Palaeoclimatology, 

Palaeoecology, 52: 267-289. 

Raffi S and Manegatti P (1993) Bivalve taxonomic diversity throughout the 

Italian Pliocene as a tool for climatic-oceanographic and stratigraphic 

inferences. Proceedings of the 1st R.C.A.N.S. Congress, 12, 1992. UNL, 

Lisbon, Portugal, pp. 45-50. 

Raffi S and Marasti R (1982) The Mediterranean bioprovince from the Pliocene 

to the Recent: observations and hypothesis based on the evolution of the 

taxonomic diversity of mollusks. In: Proceedings of the First International 

Meeting on “Palaeontology, Essential of Historical Geology”, Gallitelli EM (Ed.) 

Venice, Italy, pp. 151-177. 

Ridley M (1996) Evolution, 2nd Edition, Blackwell Science Inc., Oxford, UK, 719 

pp. 

Ritchie PA, Lavoué S and Lecointre G (1997) Molecular phylogenetics and the 

evolution of Antartic Notothenioid fishes. Comparative Biochemistry and 

Physiology, 4: 1009-1025. 



General Introduction – References 

 - 77 -

Rögl F (1998) Paleogeographic Considerations for Mediterranean and 

Paratethys Seaways (Oligocene to Miocene). Annalen des Naturhistorischen 

Museum Wien, 99: 279-310. 

Rokas A, Ladoukakis E and Zouros E (2003) Animal mitochondrial DNA 

recombination revisited. Trends in Ecology & Evolution, 18: 411-417.  

Roy K, Valentine JW, Jablonski D andKidwell SM (1996) Scales of climatic 

variability and time averaging in Pleistocene biotas: implications for 

ecology and evolution. Trends in Ecology & Evolution, 11: 458–463. 

Ruggieri G (1967) The Miocene and Later Evolution of the Mediterranean Sea. 

Aspects of Tethyan Biogeography, 7: 282-290. 

Ryan MJ (1996) Phylogenetics and behaviour: some cautions and expectations. 

In: Phylogenies and the Comparative Method in Animal Behaviour. Martins E 

(Eds.) Oxford University Press, Oxford, UK, pp. 1-21.  

Saitou N and Nei M (1987) The Neighbor-joining method: a new method for 

reconstructing phylogenetic trees. Molecular Biology and Evolution, 4: 406-

425. 

Sanderson MJ and Donoghue MJ (1989) Patterns of variation in levels of 

homoplasy. Evolution, 43: 1781-1795. 

Santos RS,  Hawkins S, Monteiro LR, Alves M and Isidro EJ (1995) Case studies 

and reviews. Marine research, resources and conservation in the Azores. 

Aquatic Conservation: Marine and Freshwater Ecosystems, 5: 311-354. 

Santos RS, Porteiro FM and Barreiros JP (1997) Marine fishes of the Azores: an 

annotated checklist and bibliography. Arquipélago. Life and Marine Sciences 

(Suppl. 1), 38: 1-244. 

Sarnthein M and Fenner J (1988) Global wind induced change of deep-sea 

sediment budgets, new ocean production and CO2 reservoirs ca. 3.3-2.35 

Ma. Philosophical Transactions of the Royal Society of London, 1191: 487-504. 



General Introduction – References 

 - 78 -

Scotland RW (1997) Cladistic theory. In: Cladistics – A Practical Course in 

Systematics. Forey PL, Humphries CJ, Kitching IL, Scotland RW, Siebert DJ 

and Williams DM (Eds.). Oxford University Press, New York, USA, pp.  3-

13. 

Shackleton NJ, Backman J, Zimmerman H, Kent DV, Hall MA, Roberts DG, 

Schnitker D, Baldauf JG, Desprairies A, Homrighausen R, Huddleston P, 

Keene JB, Kaltenbach AJ, Krumsiek KAO, Morton AC, Murray JW and 

Westberg-Smith J (1984) Oxygen isotope calibration of the onset of ice-

rafting and history of glaciation in the North Atlantic origin. Nature, 307: 

620-623. 

Siebert DJ (1997) Tree statistics; trees and ‘confidence’; consensus trees; 

alternatives to parcimony; character weighting; character conflict and its 

resolution. In: Cladistics – A Practical Course in Systematics. Forey PL, 

Humphries CJ, Kitching IL, Scotland RW, Siebert DJ and Williams DM 

(Eds.). Oxford University Press, New York, USA, pp. 72-88. 

Siesser WG and Kanel EP (1999) Neogene calcareous nannofossils: Western 

Mediterranean biostratigraphy and paleoclimatology. Proceedings of the 

Ocean Drilling Programme (Scientific Results), 161: 223-237. 

Smith TF and Fitch WM (1981) Comparative biosequence metrics. Journal of 

Molecular Evolution, 18: 36-46. 

Smith WL and Wheeler WC (2006). Venom evolution widespread in fishes: a 

phylogenetic road map for the bioprospecting of piscine venoms. Journal of 

Heredity, 97: 206-217. 

Sneath PHA and Sokal RR (1973) Numerical taxonomy. The principles and practice 

of numerical classification. W. H. Freeman, San Francisco, pp. 573.  

Sonnenfeld  P and Finetti I (1985) Messinian evaporites in the Mediterranean: a 

model of continuous inflow and outflow. In: Geological Evolution of the 

Mediterranean Basin. Stanley DJ and Wesel F (Eds.) Springer-Verlag, New 

York, USA, pp. 347-353. 



General Introduction – References 

 - 79 -

Sorbini L (1988) Biogeography and climatology of Pliocene and Messinian fossil 

fish of Eastern Central Italy. Bolletino del Museo civico de storia naturale di 

Verona, 14: 1-85. 

Sousa-Santos C, Robalo JI, Collares-Pereira MJ and Almada VC (2005) 

Heterozygous indels as useful tools in the reconstruction of DNA 

sequences and in the assessment of ploidy level and genomic constitution 

of hybrid organisms. DNA Sequence, 16: 462-467. 

Springer VG (1968) Osteology and classification of the fishes of the family 

Blenniidae. Bulletin of the United States National Museum, 284: 1-97. 

Stanley SM (1986) Anatomy of a regional mass extinction: Plio-Pleistocene 

decimation of the Western Atlantic bivalve fauna. Palaios, 1: 17-36.  

Stefanni S, Domingues V, Bouton N, Santos RS, Almada F and Almada V (2006) 

Phylogeny of the shanny, Lipophrys pholis, for the NE Atlantic using 

mitochondrial DNA markers. Molecular Phylogenetics and Evolution, 39: 282-

287. 

Swofford DL (2002) PAUP* - Phylogenetic analysis using parsimony (*and other 

methods), version 4.0b10 (Alvitec). Sinauer Associates, Sunderland, USA, 130 

pp.  

Thiede J (1978) A glacial Mediterranean. Nature, 276: 680-683.  

Thomas E (1992) Middle Eocene-late Oligocene bathyal benthic foraminifera 

(Weddell Sea): faunal changes and implications for ocean circulation. In: 

Eocene-Oligocene Climatic and Biotic Evolution. Prothero DR and Berggren 

WA (Eds.) Princeton University Press, New York, USA, pp. 245-271.  

Thompson JD, Higgins, DG and Gibson, TJ (1994) Clustal W: improving the 

sensitivity of progressive multiple sequence alignment through sequence 

weighting, position-specific gap penalties and weight matrix choice. 

Nucleic Acids Research, 22: 4673-4680. 

Vane-Wright RI, Humphries CJ and Williams PH (1991) What to protect – 

systematics and the agony of choice. Biological Conservation, 55: 235-254. 



General Introduction – References 

 - 80 -

Vawter L and Brown WM (1993) Rates and patterns of base change in the small 

subunit ribosomal RNA gene. Genetics, 134: 597-608. 

Wallace AR (1876): The Geographical Distribution of Animals: with a study of the 

relations of living and extinct faunas as elucidating the past changes of the earth's 

surface, Macmillan. London, UK, 1110 pp. 

Wares JP (2002) Community genetics in the Northwestern Atlantic intertidal. 

Molecular Ecology, 11: 1131–1144. 

Williams DM (1997) DNA analysis: theory. In: Cladistics – A Practical Course in 

Systematics. Forey PL, Humphries CJ, Kitching IL, Scotland RW, Siebert DJ 

and Williams DM (Eds.). Oxford University Press, New York, USA, pp. 89-

101. 

Wirtz P (1978) The behaviour of the Mediterranean Tripterygion species (Pisces, 

Blennioidei). Zeitschrift für Tierpsychology, 48: 142-174. 

Zander CD (1979) Morphologische und ökologische untersuchung der 

schleimfische Parablennius sanguinolentus (Pallas, 1811) und Parablennius 

parvicornis (Valenciennes, 1836) (Perciformes, Blenniidae). Mitteilungen des 

Hamburger Zoologisches Museum und Institut, 76: 469-474. 



Macroevolutionary Studies 

 - 81 -

 

 

 

 

 

 

 

 

 

 

 

II MACROEVOLUTIONARY STUDIES



Macroevolutionary Studies 

 - 82 -



Macroevolutionary studies – Phylogenetic answers to ecological and behavioural questions 

 - 83 -

 

 

 

 

 

 

 

 

 

1 Phylogenetic answers to ecological and behavioural questions 

 



Macroevolutionary studies – Phylogenetic answers to ecological and behavioural questions 

 - 84 -



Macroevolutionary studies – A revision of the status of Lepadogaster lepadogaster (Gobiesocidae) 

 - 85 -

 

 

 

 

 

 

 

1.1 A revision of the status of Lepadogaster lepadogaster 
(Teleostei: Gobiesocidae): sympatric subspecies or a long 
misunderstood blend of species? 
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1.2 Reclassification of Lepadogaster candollei based on 
molecular and meristic evidence with a redefinition of the 
genus Lepadogaster 
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1.3 Phylogenetic relationships of the North-eastern Atlantic 
and Mediterranean blenniids 
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1.4 On the phylogenetic affinities of Centrolabrus trutta 
and C. caeruleus (Perciformes: Labridae) to the genus 
Symphodus. Molecular, meristic and behavioural evidences 
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1 Macroevolutionary perspective 

 

One of the themes underlying most of the chapters of the present dissertation 

was the clarification of several phylogenetic issues that surface throughout the 

taxonomic groups under study. 

Anchored in robust molecular data, a second level of analysis intended to 

support several biogeographical hypotheses for a region as complex and 

interesting as the Northeastern Atlantic and the Mediterranean. 

Whenever the available data in the literature allowed it, a third level of analysis 

was attempted, putting forward hypothesis for the evolution of morphological 

or behavioural characters. 

The time line of this work reflects a temporal scale starting in the beginning of 

the Miocene. It starts with a discussion on the existence of a characteristic 

regional fauna in the Northeastern Atlantic and the Mediterranean, generated 

by the closing of the Tethys Sea, and finalises with the study of the relationships 

between sister-species that may have been the result of relatively recent 

evolutionary phenomena.  

 

Throughout this work, as a rule, the phylogenetic relationships of large 

taxonomic groups were only approached at a very superficial level. However, 

the results obtained may provide interesting clues for the existence of a regional 

fauna of the Lusitanian province (sensu Briggs, 1974). 

At present, there are some endemic groups in this biogeograpical region, such 

as the genera: Aidablennius, Salaria, Coryphoblennius, Lipophrys, Microlipophrys 

and Blennius (Blenniidae); the tribe Labrini with the genera Centrolabrus and 

Symphodus (Labridae); and most of the genera of the subfamily Lepadogastrinae 

such as Lepadogaster, Diplecogaster, Gouania and Opeatogenis (Gobiesocidae) 

(Quéro et al., 1990). In addition, the Mediterranean presents approximately 540 

fish species of which 52 are endemic to this interior sea (Briggs, 1974). 
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In addition to these endemic species, other genera, such as Scartella and 

Parablennius, have their centre of distribution in this biogeographical area, with 

a small number of species in the Indo-Pacific and in the West Atlantic. The fact 

that both genera are not represented in the East Pacific suggests that their 

arrival to the American coast is the result of an ancient trans-Atlantic 

dispersion. 

According to Briggs’ (1974) estimation, approximately 9,6% of Mediterranean 

species are endemisms. However, Almada et al. (2001) have shown that this 

value is an overestimation at least for some groups, such as the Blenniidae. This 

disagreement is most likely due to the intensive oceanographic and 

ichthyologic research that took place between the 1970’s and the end of last 

century, which revealed that several species, formerly classified as endemic to 

the Mediterranean, could be found in the adjacent Atlantic coasts of the Iberian 

Peninsula and Northern Africa (Almada et al., 2001). 

Not withstanding, taking into account all species with centre of distribution in 

the Mediterranean, the picture changes entirely. In fact, many of these species 

with a distribution off the Strait of Gibraltar but limited to the Atlantic coast of 

the Iberian Peninsula and Northern Africa could have become extinct outside 

the Mediterranean in successive glacial cycles, re-migrating to the north during 

periods of mild temperature conditions (Wirtz, 1978; 1980; Almada et al., 2001; 

Article III; Domingues et al., 2005; Article VIII; Domingues et al., 2007a). 

The speciation of the Mediterranean endemisms along with that of the species 

with distribution centred in the Mediterranean did not probably occur earlier 

than the end of the Messinian salinity crisis and the Lago-Mare phase, 

approximately 5 MY ago (Bianco, 1990). Alternatively, they may be the 

surviving populations of species that in the past were also distributed 

throughout the Atlantic. 

The degree of relatedness and the interactions between the ichthyofauna of the 

Mediterranean and that of the Atlantic through the Strait of Gibraltar needs to 

be clarified, regarding the taxa distributed through the European and African 
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coasts and also the Northeastern Atlantic islands (but see Domingues et al, 2005; 

2006; Patarnello et al., 2007). 

The present data pool is insufficient to apply the method of coalescence for the 

estimation of the timing of divergence for pairs of taxa. However, a molecular 

clock may be calibrated for a pair of sister species: Ophioblennius atlanticus and 

Ophioblennius steindachneri (Blenniidae). O. atlanticus, characteristic of the 

Atlantic and O. steindachneri, from the East Pacific tropical region, have most 

likely been isolated for at least 3,10 MY, due to the closure of the Isthmus of 

Panama (Coates and Obando, 1996) as suggested by Muss et al. (2001). 

Comparison of a fragment of the 12S subunit of mitochondrial rDNA from both 

species (O. steindachneri, Genbank U90396, Stepien et al. (1997) and O. atlanticus, 

Genbank AY098805, Article III) provides a genetic distance (Kimura 2-

parameter) of 12,30%, which suggests a divergence rate of approximately 3,97% 

per MY. 

The molecular clock established for O. atlanticus and O. steindachneri is probably 

an overestimation of the time of divergence from a common ancestor, because 

genetic isolation probably preceded the complete closing of the Isthmus of 

Panama (Muss et al., 2001). In addition, this estimate has to be considered with 

great caution for three main reasons: 

(1) both Ophioblennius species have large distribution areas in the Atlantic 

and Pacific oceans and the inter-population variation should be high, a 

confirmed fact for O. atlanticus (Muss et al., 2001). Since an estimation of 

intraspecific variability is not available for O. steindachneri it becomes 

impossible to apply the proper corrections to circumvent this error. 

Therefore, the use of individual sequences for calibrations of this nature 

is not appropriate;  

(2)  the DNA fragment with the sequences available for alignment for both 

species is markedly small, with only 227 base pairs; 

(3)  it has to be considered that the validity of the calibration of a molecular 

clock is restricted to divergence rates with values close to those of the 

rate used in the intrinsic calibration. Hence, recent divergences that 
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occurred much later than those used for the calibration of the molecular 

clock often provide overestimations, while much earlier divergences 

tend to be underestimated (Arbogast et al., 2002). 

Given the aforementioned limitations of data obtained from the analysis of 

mitochondrial DNA of the genus Ophioblennius, the only resource left available 

to achieve a new estimation for a calibrated molecular clock is the literature on 

other fish groups.  

Different calibrations of molecular clocks for mitochondrial DNA of other fish 

groups are available in the literature, in some cases with large differences 

between them. As it will become clear in the forward review, these calibrations 

are much smaller than the 3,97% divergence rate per MY we determined above. 

In the case of the Labridae analysed here (Article IV), Hanel et al. (2002) 

calibrated a molecular clock for the genera Labrus and Symphodus, using the 

available fossil records and provided values of 0,35% and 0,43% 16S rDNA 

genetic divergence per MY for each genus respectively. In addition, Ritchie et al. 

(1996) suggested a transversion divergence rate close to 0,4% per MY for the 

family Trematomidae. Similarly, Hillis and Dixon (1991) and Caccone et al. 

(1997) indicated identical transversion rates of 0,4% per MY for mitochondrial 

ribosomal genes in vertebrates. Penzo et al. (1998) proposed a rate of 0,14-0,67% 

of divergence between the lineages of gobies, another family of littoral fish 

common in the Northeastern Atlantic and Mediterranean waters. These authors 

considered only transversions. However, when the rate of total divergence is 

considered, the final value converges to 0,42% as indicated before and 

consistent with the values presented by other authors (Meyer and Wilson, 1990; 

Hillis and Dixon, 1991; Allard et al., 1992; Ritchie et al., 1996; Caccone et al., 

1997). In contrast, other authors propose divergence rates close to 1% per MY 

for mitochondrial DNA (e.g. Avise, 1994). It should be noted though, that 

estimates for mitochondrial DNA as a whole are of dubious application for 

specific DNA fragments. A great discrepancy may exist when two regions with 

different secondary structure are compared (e.g. control region and 12S or 16S 

mitochondrial rDNA).  
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As reported, value of 3,97% divergence rate estimated for the two sister species 

of the genus Ophioblennius, was obtained with a fragment of the 12S 

mitochondrial rDNA. Since larger fragments from both species are not available 

at this time, the conclusions drawn from this comparison may be an 

overestimation of the divergence rate, due to spurious effects of mutations in a 

particularly highly variable region of the DNA. It seems thus reasonable to use 

the value of 0,4% of total divergence per MY provided by most authors in the 

literature, using larger DNA fragments and a much more diversified spectra of 

taxa, including fish and other vertebrates. 

Even with such an imprecise calibration, a molecular clock allows to distinguish 

Plio-Pleistocene radiations from those sufficiently differentiated to state that 

they occurred before the Messinian salinity crisis (5.96-5.33 MY). For this 

reason, and according to Arbogast et al. (2002), the molecular clock will not be 

used to interpret events that occurred prior to the Miocene or, on the opposite 

extreme, events much more recent in the evolutionary history of the species 

analysed in this work.  

Some of the taxa analysed in the present study must have diverged before the 

closure of the Tethys Sea and consequently before the formation of the 

Mediterranean (18 MY ago according to Jones, 1992 and 11 MY ago according to 

Jacobs et al., 1996). This view is in good agreement with the genetic distances 

found for genera (and supragenera) such as genera Scartela and Parablennius 

(Blenniidae). It is important to note that the genus Parablennius was never 

recovered as a monophyletic group, and it is constituted by at least three 

different lineages in both the Atlantic and the Mediterranean.  

Clearly it is difficult to estimate the exact location within the Tethys Sea were 

these ancient cladogenetic events took place. However, we are confident 

enough to suggest, as a central hypothesis, that the diversification of the 

Blenniini, as described in Article III, including tribes Parablenniini and 

Blenniini (sensu Bock and Zander, 1986) (Blenniidae), Labrini (Labridae) and 

Lepadogastrinae (Gobiesocidae), occurred in the area that presently 

corresponds to the Eastern Atlantic and the Mediterranean. In fact the 
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distribution of the Blenniini outside this region is merely residual, a remarkable 

fact considering that the centre of diversity of marine fish is located in the West 

Indo-Pacific coast (Briggs, 1995). Genera such as Scartella and Parablennius 

(Blenniidae) have their highest diversity in the Atlantic-Mediterranean region 

with a minor presence in the Indo-Pacific (S. emarginata, P. cyclops, P. 

intermedius, P. laticlavius, P. tasmanianus, P. lodosus, P. marmoratus, P. opercularis, 

P. serratolineatus, P. yatabei, P. thysanius) and in the Atlantic coast of tropical 

America (S. poiti, P. marmoreus), as previously referred (i.e. 2 out of  5 species of 

Scartella – S. cristata was not included due to its global distribution; 11 out of 25 

species of Parablennius – P. pilicornis was not included due to its global 

distribution) (Froese and Pauly, 2006). In contrast, other genera of the family 

Blenniidae not included in the tribe Blenniini (e.g. Istiblennius, Entomacrodus, 

etc), have a minimal distribution in the Atlantic-Mediterranean region, while 

they have a widespread distribution with a high number of species in the 

tropical and subtropical Pacific. The only two genera of the tribe Blenniini 

endemic to American waters: Hipsoblennius and Chasmodes, are not widely 

distributed neither in the Pacific nor in the far offshore waters of the American 

Atlantic coast. Taken together, these facts suggest that the region of the Tethys 

Sea where a great part of Blenniini diversification took place corresponds to the 

Eastern Atlantic and the Mediterranean. Some ancestral taxa would have 

migrated eastwards, circumventing South Africa or progressing through the 

still existing connection between the Mediterranean and the Indian Ocean (e.g. 

Scartella and Parablennius). These taxa would have also dispersed westwards 

reaching the American coast before the closure of the Isthmus of Panama. This 

hypothesis may explain how the ancestral Hypsoblennius diverged into several 

species along the Pacific American coast. Only molecular data will allow 

estimating the distances between the Atlantic and the Red Sea Southern Asian 

species and the species from the Eastern coast of Africa. In the future this 

analysis will ensure an evaluation of the relative importance of the dispersion 

routes postulated in this work: (1) direct dispersion from the Mediterranean to 
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the Indic before the closure of the Tethys Sea; or (2) dispersion circumventing 

the coast of South Africa.  

The tribe Labrini (Labridae) and the subfamily Lepadogastrinae (Gobiesocidae) 

have even more restricted distributions in the Eastern Atlantic and the 

Mediterranean shores and have not dispersed to the Indo-Pacific nor to the 

Western Atlantic coast. 

All these restricted distributions strongly centred in the East Atlantic and the 

Mediterranean are in remarkable contrast with the distribution of several 

genera of tropical marine fish that typically have their highest diversity in the 

Indo-Pacific and, in many cases, are present in both margins of the Pacific 

Ocean and the tropical Atlantic (Briggs, 1995). 

The evidence presented in this work confirms a notable regionalism in the area 

currently corresponding to the East Atlantic and the Mediterranean, including 

the tropical West coast of Africa, which probably originated before the complete 

closure of the Tethys Sea. 

From this point onwards a series of divergences for the taxa distributed along 

the Atlanto-Mediterranean region will be discussed. These divergences should 

correspond to events that occurred after the closure of the Tethys Sea, probably 

during the Miocene or the early Pliocene. The inter-generic relationships within 

the Blenniini, with the inclusion of the genus Salaria into the genus Lipophrys, 

has been suggested by some authors (e.g. Zander, 1978; 1986; Bock and Zander, 

1986), and was supported by studies of reference such as Whitehead et al. 

(1986). However, the results presented in this work are in contrast and disprove 

such suggestion (Article III). Furthermore, this work shows that the species of 

Salaria are phylogenetically closer to Scartella and Parablennius than to Lipophrys 

or Microlipophrys (Article III). In addition, the species of the genus Salaria may 

have diverged earlier than those included in genera Lipophrys and 

Microlipophrys, since they have much higher interspecific distances (Kimura 2-

parameter between S. pavo and S. fluviatilis 13% 12S+16S rDNA; between 

Lipophrys 5% 12S+16S rDNA and between Microlipophrys 5-8% 12S+16S rDNA) 

(Article III). Focussing on taxonomic issues related to genera, this study 
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presents data that supports the close relationship between Lipophrys and 

Coryphoblennius. At the same time, it becomes clear that Lipophrys trigloides is the 

sister species of L. pholis, and there is no ground to maintain a putative genus 

Paralipophrys with a single species (sensu Bath, 1977) (Article III). In addition, 

from a purely molecular point of view, it would be justifiable to group C. 

galerita, L. trigloides and L. pholis in a single genus. This was not the choice 

because the molecular distance between C. galerita and these other Lipophrys 

species is slightly higher than the distance between them. Furthermore, C. 

galerita presents a high number of eco-morphological and behavioural 

specialisations that include the presence of a conspicuous crest in the head and 

the presence of teeth with mobile insertions specialised in a herbivorous diet, 

that make this species extremely peculiar (Almada et al., 1983). The 

acknowledgment of these specialisations combined with a conservative 

taxonomic approach, avoiding unnecessary changes in the current taxonomic 

classification, lead to the maintenance of Coryphoblennius as a monospecific 

genus.  

To conclude these taxonomic considerations it is important to emphasise that 

the present study completely contradicts the separation of the tribes Blenniini 

and Parablenniini as defined by Bock and Zander (1986). None of the tree 

topologies retrieved in Article III recovers a dichotomy between Blennius 

ocellaris and the so called Parablenniini. On the contrary, the deep phylogenetic 

relationships of this group are inadequately solved with persisting basal 

politomies. Thus, if a suggestion of proximity exists, is the link of the genus 

Blennius to genera Lipophrys, Coryphoblennius and Microlipophrys, whilst genus 

Aidablennius remains in a more basal position. 

Genera Scartella, Parablennius and Salaria emerge with a clear relatedness, 

composing a clade that excludes the other Blenniidae genera. Although these 

results do not allow for a detailed resolution of the phylogeny of the group, 

they unambiguously show that the tribes Blenniini and Parablenniini are 

paraphyletic entities. The tribe Blenniini was recovered in this work as 

previously defined by Norman (1943), Springer (1968) and Bath (1977), 
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including the genus Blennius in a group together with the remaining taxa 

classified as Parablenniini by Bock and Zander (1986). As stated before, the 

relationships between these tribes should be considered provisional since the 

tribe Salariini seems to be inadequately defined, due to the presence of O. 

atlanticus within the Blenniini/Parablenniini ingroup. This issue has been 

previously detected by Stepien et al. (1997) and referred to by Bath (2001). To 

solve the pending taxonomic issues, a future approach to these deeper 

phylogenetic relationships within the Blenniidae, should include more taxa and 

new molecular markers. 
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2 Microevolutionary perspective 

 

Earlier in this discussion the relation between the Mediterranean and Atlantic 

ichthyofauna was only mentioned briefly. The putative re-colonisation of the 

Mediterranean by Eastern Atlantic fauna through the Strait of Gibraltar may 

have taken place after the marine conditions were re-established following the 

Messinian crisis. This phenomenon preceded the Plio-Pleistocene glaciations, 

which had clearly affected the biogeography of the Atlanto-Mediterranean 

ichthyofauna. During this period the regions of tropical Africa and the South 

Mediterranean may have served both as refuges and centres of speciation.  

If it is assumed that these fish species, with an ancient common history, started 

to diverge after the closure of the Tethys Sea and the formation of the 

Mediterranean, it is also assumed that they followed specific evolutionary paths 

in the East Atlantic/Mediterranean region and in the West Indo-Pacific region. 

This assumption leads to the following conclusion: the endemic taxa of our area 

of study may have diverged during the Plio-Pleistocene epoch (i.e. in the last 5 

MY). The endemic taxa mentioned above would fall into this category since the 

endemic taxa of the Mediterranean, with the exception of some euryhaline 

species, may have become extinct during the Messinian salinity crisis (Sorbini, 

1988). The species of the genus Salaria (S. pavo and S. fluviatilis) may have 

survived this process since they represent an ancient lineage in the phylogeny 

of the Atlanto-Mediterranean blennies. The analysis of genetic distance and the 

application of molecular clocks described previously in this chapter do not 

contradict this hypothesis. In addition, they present insertions and deletions of 

stretches of bases in the DNA not observed in other species analysed in this 

study. Moreover, Plaut and Afik (2001) show that despite some signs of osmotic 

stress, mostly in S. pavo, both species survive in extreme conditions of salinity. 

Not only S. fluviatilis (the only freshwater blenny in the Atlanto-Mediterranean 

region) survives in seawater, but also S. pavo (a characteristic marine species) 

survives freshwater exposure, suggesting a high degree of euryhalinity in both 
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species. The genus Salaria seems to have explored two different ecological 

and/or physiological solutions to survive the Messinian salinity crisis: the 

refuge in circa-Mediterranean rivers and an enhanced tolerance to salinity 

changes. The first refers to S. fluviatilis and had been already introduced by 

Mckay and Miller (1991). Penzo et al. (1998) discussed it as an alternative to 

explain the origin of freshwater Gobiidae in the rivers surrounding the 

Mediterranean basin (Gobiidae is another family of littoral fish represented by 

many species in the Atlanto-Mediterranean region, from which most species are 

typical coastal marine species). 

At present, only tentative hypothesis can be put forward and future studies of 

historical demography, phylogeography, and even better calibrations of 

molecular clocks will be required to test these evolutionary paths. For instance, 

the high genetic distance observed between the sequences of S. fluviatilis and S. 

pavo in this study is not incompatible with a vicariant episode during the pre-

Messinian period, when the Paratethys separated from the Mediterranean 

(Penzo et al., 1998). 

The passage of marine fauna between the Northeast Atlantic and the 

Mediterranean during the Plio-Pleistocene glaciations was at the very least 

unlikely, especially in the case of larvae that move with surface currents. The 

predominant direction of surface currents is from the Atlantic to the 

Mediterranean, due to the high rate of evaporation and the subsequent increase 

of density and decrease of volume of the Mediterranean (Millot, 1999). To a 

lesser extent, a deeper current in the opposite direction (Mediterranean to 

Atlantic) moves a mass of denser water that forms a plume in the Atlantic that 

reaches a distance of hundreds of kilometres (Santos et al., 1995; Özgokmen et 

al., 2001). However, recent studies using molecular markers have shown that 

the genetic flux between populations of the Atlantic and the Mediterranean 

varies depending on the species studied (Patarnello et al., 2007). Many species 

exhibit a low genetic flux and a subsequent genetic divergence between 

populations of the Atlantic and the Mediterranean (Kotoulas et al., 1995; Borsa 

et al., 1997; Naciri et al., 1999; Aurelle et al., 2003; Bargelloni et al., 2003; 2005), 
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while other species shown intense genetic flux (Bargelloni et al., 2003; 2005; 

Costagliola et al., 2004; Duran et al., 2004; Zardoya et al., 2004). In the Strait of 

Gibraltar strong eastern winds are frequent and probably move the superficial 

waters of the Mediterranean toward the Atlantic, thus counteracting the surface 

currents mentioned earlier in this paragraph. 

Once the permeability of the barrier between the Atlantic and the 

Mediterranean during inter-glacial periods was established, the hypothesis that 

the South Mediterranean and the West coast of Africa had an important role as 

shelters and centres of speciation, from at least the upper Pliocene, gains 

strength (Figure 1). This proposal is supported by the fact that diverse endemic 

species of both the Mediterranean and the adjacent Atlantic coast are closely 

related with tropical Eastern Atlantic endemic species. 

 

 

 

Figure 1 – The African tropical coast (ATC) and the South Mediterranean (SM) may have served 

as shelters during the Plio-Pliocene glacial periods. During inter-glacial periods, the recession of 

the polar front together with the concomitant transgression of water masses probably allowed 

the northward expansion of the distribution limit of most species sheltered in both regions. 
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The advance of the polar front during the glacial periods may have isolated the 

Atlantic from the Mediterranean since the temperature would be low enough to 

eradicate thermophilus species from the areas adjacent to the Strait of Gibraltar 

(Dias et al., 1997). In contrast, in the South Mediterranean the persistence of 

warm masses of water may have functioned as a shelter for a great number of 

thermophilus species (Almada et al., 2001). 

The strong temperature decrease of surface East Atlantic waters during the 

glacial peaks had also an impact in the coasts of Morocco and Mauritania, of 

such amplitude that even the Archipelago of Cape Verde lost its tropical nature 

(Briggs, 1995). The warm temperate and tropical species may have been 

fragmented in isolated populations during glacial episodes, subsisting in 

isolated warm water masses in the South Mediterranean basin and in tropical 

Western Africa (Almada et al., 2001).  

Under these conditions a process of speciation may have started in each of these 

regions. Such process, originated by natural selection and also by genetic drift, 

was probably accelerated by the underlying bottleneck effect. The reproductive 

isolation between both geographic areas was probably maintained even during 

inter-glacial periods similar to the current one. The reproductive isolation was 

probably sustained by the existence of masses of cold water along the coast of 

Mauritania generated by the intense upwelling in this area (Marañon et al., 

2001) together with the Almeria-Oran barrier, a quasi-permanent ocean gyre 

and a temperature/salinity front east of the Strait of Gibraltar (Tintore et al., 

1988; Millot, 1999). However, it is known that in some periods, like the current 

hyperthermal interglacial period, northward dispersions of «Senegalese» fauna 

may have created opportunities for sporadic contact between the 

Mediterranean and the Eastern Atlantic tropical species (Emig and Geistdoerfer, 

2004) (Figure 1 – black arrows). Therefore, while new species were emerging in 

the Mediterranean and in the tropical Eastern Atlantic, the Mediterranean was 

also being enriched with new species of tropical origin, with the ability to 

survive in this somehow isolated sea. This could explain the high biodiversity 
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found in this sea, despite its location at relatively high latitude, and its exposure 

to extreme events since the end of the Miocene (Briggs, 1995; Almada et al., 

2001). 

One of the most stimulating conclusions of the present study was the detection 

of several pairs of sister-species with one member from the Eastern Atlantic and 

another from the Mediterranean. This pattern is observed in the genus 

Parablennius, with P. parvicornis (in the Atlantic) and P. sanguinolentus (centred 

in the Mediterranean)(Article VII), with P. salensis and P. pilicornis in the 

Atlantic, and P. rouxi and P. tentacularis, in the Mediterranean (Article VII). The 

same pattern is also observed in the genus Microlipophrys, with the species M. 

caboverdensis and M. adriaticus (Article III). This last genus includes some species 

exclusive to the tropical region of the West African coast (e.g. Microlipophrys 

bauchotae), while others are exclusive to the Mediterranean (e.g. Microlipophrys 

nigriceps). It also includes species that may or may not be found in the adjacent 

Atlantic coast (e.g. Microlipophrys canevai). This pattern has been consistently 

found in other taxonomic groups like Chromis chromis in the Mediterranean and 

C. limbata (Pomacentridae) in the Eastern Atlantic (Domingues et al., 2005). 

In genetic terms, the similarity between the specimens collected along the 

Atlantic coast of the Iberian Peninsula and their Mediterranean counterparts 

suggests a recent expansion of the Mediterranean ichthyofauna during 

favourable periods, like the current interglacial period. A good example is 

provided by both subspecies of Tripterygion delaisi (Domingues et al., 2007a). 

Regarding the Labridae and the Gobiesocidae, the Mediterranean also seems to 

have favoured the persistence of lineages and the origin of new species. The 

vast majority of the species of the genus Symphodus (Article IV) is confined to 

the Mediterranean and the adjacent Atlantic areas. In addition, it was possible 

to confirm that the species included in the genus Symphodus have diverged very 

recently as suggested by their high morphological similarity (Hanel et al., 2002; 

Article IV). This conclusion is substantiated by the low number of DNA 

substitutions found between Symphodus species when compared with the 

number of substitutions found between other congeneric fish species from 



General Discussion – Microevolutionary perspective 

 - 190 - 

different families. For instance, when a comparison was made between S. trutta 

and S. roissali (Article IV) using a fragment of approximately 400 bp of the 12S 

subunit of ribosomal DNA, no more than a single substitution was detected. 

Despite the lack of molecular data, it is known within the Gobiesocidae that the 

genus Gouania is endemic to the Mediterranean, which is the region with the 

highest diversity of genera and species of the subfamily Lepadogastrinae 

(Articles I and II). 

This pattern of sister species characteristic of the Mediterranean and the tropical 

African coast is not the only one. In Article IV an example was presented of a 

Mediterranean species, Centrolabrus melanocercus, with a sister-species in the 

European Atlantic coast and in the North Sea, without tropical affinities: C. 

exoletus.  

It should be stressed that in the pairs of species identified in the present work, 

despite the plasticity of ethological characters, there are examples 

demonstrating that behavioural traits may be as conserved as morphological 

characters. In the case of Microlipophrys (Blenniidae), a reduction of the 

complexity of agonistic and courting behaviour becomes evident as well as a 

reduction or even disappearance of the vertical movement in the water column. 

It is suggested that these simplifications are an adaptation to the intertidal zone 

that, due to an especially strong hydrodynamism, discourages movements 

involving loss of contact with the substrate. On the other hand, the subsequent 

loss of conspicuousness of the males during the reproductive period would be 

compensated by morphologic characters such as facial masks, or by alternative 

behaviour not requiring the parental male to leave the nest (e.g. nodding). In the 

example mentioned for the Labridae C. melanocercus and C. exoletus, the 

cleaning behaviour of parasite removal from other fish is extremely well 

developed and both species have been observed cleaning individuals of other 

labrid species traditionally known by their cleaning behaviour. This behaviour 

is preserved, despite the distinct geographical distribution of both species 

(Article IV). 
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2.1 The Eastern Atlantic islands and the Mediterranean/Tropical Africa 
refugia 

 

The biogeographic hypothesis introduced by Almada et al. (2001), which the 

present work supports with molecular data, is also congruent with the 

molecular similarity of the ichthyofauna from the Canary Islands, Madeira, 

Azores and Cape Verde. During the glacial periods the decrease of water 

temperature, mostly at superficial and coastal levels, was severe in the eastern 

areas of the Canary Islands, more susceptible to the effect of cold waters 

circulating along the coast of Africa (Barton et al., 1998; Brito et al., 2001). In the 

Azores the decrease in water temperature was around 3ºC during the last 

glacial maximum, while in Madeira the temperature drop may have been 

slightly lower (Crowley, 1981) (it was not possible to obtain data for Cape 

Verde other than the loss of tropical nature reported by Briggs (1995)). 

In that scenario, the water temperature in these archipelagos was very close to 

the current temperatures, while southeast Europe reached near sub-polar 

temperatures and Northwest Africa became mildly cold.  

Thermophilus species like P. parvicornis and O. atlanticus of the family 

Blenniidae, and C. limbata and Abudefduf luridus of the family Pomacentridae, 

may have become extinct in the Azores, while species with tolerance to lower 

temperatures like C. galerita and L. pholis (Blenniidae) that currently survive in 

the United Kingdom and Norway respectively, may have persisted in these 

islands (Article VI; Domingues et al., 2007b). 

The climatic information presented above leads to two complementary 

predictions: that the Azorean populations of thermophilic species may be of 

post-glacial origin while eurythermic species populations should have survived 

in this region during these glacial periods and therefore present signs of 

populational differentiation when compared with populations from the coast of 

Africa and the Mediterranean.  

The speciation and survival of S. caeruleus in Azores as opposed to S. trutta in 

Madeira and the Canary Islands fits this hypothesis (Article IV), and support 

the biogeographic pattern suggested by Santos et al. (1995). Independent data 
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by Domingues et al. (2006) for Pomacentridae and by Ávila (2000, 2005) and 

Ávila and Albergaria (2002) for molluscs provide additional support for this 

hypothesis. 

Additionally, both L. pholis and C. galerita (Blenniidae) present a population 

structure with defining haplotypes for each geographical area (Article V; Article 

III; Article VI; Domingues et al., 2007b). Furthermore, both present 

morphological peculiarities, like a strong tendency to gigantism in Azorean L. 

pholis (Zander, 1980), or different coloration patterns in different geographic 

areas in C. galerita (Bath, 1978). In L. pholis there are mutations that separate 

populations from Azores and continental Portugal (Article V; Article VI) while 

C. galerita has a structure somewhat more complex, with evident differences 

between Azores, the Atlantic coast and the Mediterranean (Article III; 

Domingues et al., 2007b).  

The genetic divergence found among these putative populations of C. galerita is 

identical or even higher than the divergence identified between pairs of sister-

species of the same family (Microlipophrys canevai/M. nigriceps, Parablennius 

rouxi/P. tentacularis, P. salensis/P. pilicornis, P. sanguinolentus/P. parvicornis, and 

P. gattorugine/P. ruber) (Article III). 

Intriguingly, both 12S and 16S rDNA fragments recover three haplotypes with a 

gradient of genetic distance that reflects geographic distance, with Azorean and 

Mediterranean populations showing the highest divergence rates and the 

United Kingdom, continental Portugal and Madeira placed in an intermediate 

position. In addition, C. galerita diversity in coloration patterns described by 

Bath (1978) and Almada et al. (1983), seems to reflect the same geographic 

pattern recovered by recent molecular studies. Domingues et al. (2007b) 

provided a higher number of samples, molecular markers and methods that 

allowed the identification of the genetic fluxes and helped to clarify the 

phylogeography of C. galerita. 

In contrast, when termophylus species are considered, interpopulational 

differences are not detected. This conforms well to the interpretation presented 

earlier that suggests that the thermophilus species of the Azores are probably of 



General Discussion – Microevolutionary perspective 

 - 193 - 

post-glacial origin. P. parvicornis (Article VII), C. limbata (Domingues et al., 2005) 

and T. delaisi (Domingues et al., 2007a) are good examples to illustrate this 

suggestion. 

Thus, the available evidence indicates that the populations from the Azores 

demanding higher temperatures must have re-colonised the archipelago 

following the route suggested by Santos et al. (1995). This route, supported by 

oceanographic studies, geographical distribution and molecular data on the 

fauna, implies sporadic transport between the coastal areas of West Africa, the 

Canary Islands and Madeira, and from here to the Azores. Revisiting the title of 

the section, it is likely that regarding the Mediterranean/tropical Africa refugia, 

at least for termophilus species, tropical Africa may have been the main source 

of founders to the insular populations, with a complex circulation between 

various groups of islands, through a recurring and progressive process of 

stepping-stones. 

All the results presented here contradict a notion that was very popular a few 

decades ago: that the Mediterranean and Azores had some fish fauna affinities 

(Zander, 1980). The alleged affinities do not seem to reflect a strong 

biogeographic connexion, but rather the fact that both regions have 

considerably warmer waters than the European coast.  

This discussion would not be complete without pondering one last possibility: 

the Azores, where western quadrant winds dominate, may be a source of 

organisms for the European coast. This hypothesis previously defended by 

Zander (1980), seems to apply to Parablennius ruber (Article VIII), a blenny 

absent from the Mediterranean but distributed along the west coast of Europe, 

from continental Portugal to the United Kingdom, including Ireland and the 

archipelagos of Madeira and Azores. Curiously, this species is so rare in the 

continental coast and the British Isles that it was only re-validated at the end of 

the 20th Century (Almeida, 1982; Bath, 1982). It was first described based on 

specimens collected in Britain in the early 19th century (Valenciennes, 1836). 

Therefore, is does not represent a recent dispersion to the European coast. The 

rarity of P. ruber along the continental European coast is certainly not a 
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consequence of inadequate inspection of these coastal waters, since this region 

has been thoroughly studied in the last few decades. However, its scarcity 

raises the question of whether there are persisting populations of P. ruber in the 

European coast or their sporadic presence is the result of multiple episodes of 

transport from the Azores. 

 

In general, the present results support the biogeographic model introduced by 

Almada et al. (2001) in the sense that it seems to point to successive events of 

dispersion along the African coast divided in two alternative pathways: (1) a 

first pathway that would have resulted in the colonization of the Eastern 

Atlantic islands following a stepping-stone process; and (2) a second route that 

would have resulted in the colonization of the North African coast, and would 

have split into two paths  at the entrance of the Mediterranean: one explaining 

the colonization of the Mediterranean, the other progressing northwards, 

explaining the colonization of the Atlantic coast of Europe (see Cabral et al., 

2001). Complementarily, the populations originated and established in the 

Mediterranean may also have colonised the adjacent Atlantic coast of Western 

Europe and Northern Africa during the interglacial periods.  
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3 Future perspectives 

 

The new questions arising from the results of this thesis may also be subdivided 

in macroevolutionary and microevolutionary issues. 

At a macroevolutionary level it would be interesting to clarify several questions 

that emerged in the course of this work in regard to the phylogenetic 

relationships at the family and tribe level, especially in the case of the 

Gobiesocidae and the Blenniidae. 

It would also be interesting to confirm if the tropical region of the African coast 

as well as the South Mediterranean may have acted as refugia during the Plio-

Pleistocene period. To pursue this goal, samples from these two regions are 

required so that the genetic diversity of these populations can be determined. 

This subject could also be approached from a microevolutionary perspective. 

Thus, the collection of samples of species with a widespread distribution could, 

with the application of methods of phylogeography and historical demography, 

provide interesting data on one or more potential routes of dispersion discussed 

in this thesis. 
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