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Previous Note

PREVIOUS NOTE

This dissertation is the final product of my PhD work that aimed at understanding the
evolutionary relationships of the inshore fish fauna of the northeastern Atlantic and
Mediterranean, placing a particular emphasis on the Azores islands. My research focused
on the study of twelve coastal fish species using molecular markers and applies
phylogeographic and historical demography approaches.

This dissertation in composed of an Introduction, a collection of ten papers produced in
collaboration with my advisors and colleagues and a Discussion that integrates the results
obtained for all species. Nine of these papers are already published or accepted for
publication in scientific journals, while one of them is submitted and waits editorial

decision.







Nota Pévia

NOTA PREVIA

Esta dissertacdo € o produto final da minha tese de doutoramento que visa a compreensao
das relacdes evolutivas da fauna piscicola costeira do Atlantico nordeste e do
Mediterréneo, dando particular énfase as ilhas dos Agores. O meu trabalho foca o estudo
de doze espécies de peixes costeiros utilizando marcadores moleculares, e emprega
métodos filogenéticos e de demografia histdrica.

Esta dissertacdo € composta por uma Introdugdo, uma colecgdo de dez artigos produzidos
em colaboracdo com os meus orientadores e colegas, e uma Discussdo que integra os
resultados obtidos para todas as espécies. Nove destes artigos estdo ja publicados ou
aceites para publicacdo em revistas cientificas, enquanto que um deles estd submetido e

aguarda uma decisdo editorial.







Abstract

ABSTRACT

In this thesis the evolutionary relationships of the inshore fish fauna of the northeastern
Atlantic and Mediterranean were assessed. Twelve coastal fish species from six families:
Blenniidae, Labridae, Pomacentridae, Scaridae, Sparidae and Tripterygiidae, were studied
using mitochondrial and nuclear molecular markers. Results were analyzed applying
phylogeographic and historical demography approaches.

Species revealed four distinct phylogeographic patterns that were supported by genetic
diversity and demographic parameters of the different populations: i) two distinct groups
of populations (sometimes considered different species), one including the Mediterranean
and the Atlantic coast of western Europe, and another including the Atlantic archipelagos
of Canaries, Madeira and Azores (Chromis chromis/ C. limbata, Parablennius
sanguinolentus/ P. parvicornis and the two lineages of Tripterygion delaisi); ii) no
appreciable genetic differentiation between any of the populations (Sparisoma cretense,
Thalassoma pavo and Diplodus sargus); iii) marked differentiation of the Azorean
population (Lipophrys pholis and Coryphoblennius galerita) and a clear divergence between
Mediterranean and western European locations as well as Madeira and Canaries
(Coryphoblennius galerita); and iv) one form in the Mediterranean and in the northeastern
Atlantic coast (Parablennius gattorugine) and another one in the Atlantic islands and
European coasts (P. ruber), thus in sympatry with P. gattorugine. These distinct
phylogeographic patterns can be explained by a combination of differential effects of the
Pleistocene glaciations in several areas of the Atlantic and Mediterranean and the particular
thermal tolerances and dispersal capabilities of the species. The species conforming to the
first pattern are warm water species that would not have been able to survive the colder
glacial periods in the more affected areas such as western Europe, eastern Canaries, the
Azores and most of the Mediterranean. These species might have survived the cold periods
in warmer refuges such as Madeira, the western Tropical coast of Africa and some
southern pockets of the Mediterranean. After warmer conditions were restored, fishes
surviving the glaciations in the western Tropical coast of Africa would have expanded
northwards colonizing the northern coast of Africa and the Macaronesian islands, while
fishes from the south of Mediterranean invaded the entire Sea and the adjacent European
Atlantic coast. Isolation between the two refuges might have promoted divergence and
eventually speciation. Colonization of the Azores would have been possible by fishes that
survived in Madeira, and also in the western coast of Africa, with the intermediate islands
of Canaries and Madeira acting as stepping stones. Species that conform to the pattern of
no genetic differentiation among the populations are species with higher dispersal ability,
which might have promoted a very fast mixing of the populations after warmer conditions
were restored, erasing the signs of population differentiation. The third pattern was
depicted for the two cold-water species studied. These species might have persisted during
the Pleistocene cooling episodes in the less affected areas, among which are the Azores.
The long term persistence of these species coupled with their limited dispersal ability
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would have promoted the genetic differentiation of the more isolated locations such as the
Azores and the Mediterranean. The fourth pattern pointed to a speciation in the Azores or
Madeira followed by an invasion of the European shores.

Concerning the Atlantic-Mediterranean transition, only one species, the blennniid
Coryphoblennius galerita, showed a clear and strong genetic differentiation between the
two basins, that was accompanied by morphological differentiation. Historical isolation
caused by sea level lowering at the Gibraltar Strait during the Pleistocene glaciations might
have promoted the divergence between the two basins. The complex pattern of gyres and
eddies of the Alboran sea can also constitute an effective physical barrier between the two
regions. Other factors such as larval behavior and the superficial currents during C.
galerita’s spawning season my also have influenced the segregation of the two divergent
lineages.

Within the Mediterranean Thalassoma pavo and Chromis chromis showed a restriction to
gene flow south of the Greek Peloponnese, where a permanent anticyclonic gyre has been
identified.

This study contributes to further our knowledge on the evolutionary relationships of the
coastal fauna of the Atlantic-Mediterranean, pointing out that features like thermal
tolerances and dispersal ability of the species are amongst the important forces shaping
the phylogeographic patterns of the species.
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Resumo

RESUMO

Nesta tese sdo analisadas as relacdes evolutivas da fauna piscicola costeira do Atlantico
nordeste e do Mediterrdneo. Foram estudadas doze espécies de peixes costeiros
pertencentes a seis familias: Blenniidae, Labridae, Pomacentridae, Scaridae, Sparidae e
Tripterygiidae, utilizando marcadores moleculares mitocondriais e nucleares. Os resultados
foram analisados através de métodos filogeograficos e de demografia histérica.

As espécies revelaram quatro padrdes filogeogréficos distintos, suportados pelas
diversidades genéticas e demografias histéricas das diferentes populagdes: i) dois grupos
distintos de populagdes (por vezes considerados espécies diferentes), um incluindo o
Mediterrdneo e a costa oeste europeia, e outro incluindo os arquipélagos atlanticos das
Canérias, Madeira e Acores (Chromis chromis/ C. limbata, Parablennius sanguinolentus/ P.
parvicornis e as duas linhagens de Tripterygion delaisi); ii) auséncia de diferenciacdo
genética entre as populacbes (Sparisoma cretense, Thalassoma pavo e Diplodus sargus);
iii) acentuada diferenciacdo da populagdo dos Agores (Lipophrys pholis e Coryphoblennius
galerita) e uma divergéncia clara entre o Mediterrdneo e o oeste europeu, bem como a
Madeira e Candrias (Coryphoblennius galerita); e iv) uma forma no Mediterrdneo e costa
atlantica nordeste (Parablennius gattorugine) e outra nas ilhas atlanticas e na costa
europeia (P. ruber), em simpatria com P. gattorugine. Estes padrdes filogeogréficos
distintos podem ser explicados pela combinagéo dos efeitos diferenciados das glaciagbes
do Pleistocénio em varias areas do Atlantico e do Mediterraneo com as tolerdncias térmicas
e capacidades de dispersdo das diferentes espécies. As espécies que se enquadram no
primeiro padrdo sdo espécies de dgua quente que durante os periodos glaciares mais frios
ndo poderiam ter sobrevivido nas dreas mais afectadas como o oeste europeu, as ilhas
este das Candrias, os Acores e a maior parte do Mediterrdneo. Estas espécies devem ter
sobrevivido os periodos frios em refligios mais quentes como a Madeira, a costa Tropical
oeste de Africa e algumas bolsas de &gua mais quente a sul do Mediterraneo. Apds as
condicBes mais quentes terem sido repostas, os peixes que sobreviveram as glaciagbes na
costa Tropical oeste de Africa, ter-se-8o expandindo para norte, colonizando a costa norte
de Africa e as ilhas da Macaronésia, enquanto que os peixes do sul do Mediterraneo teréo
invadido todo este mar e a costa atldntica europeia adjacente. O isolamento dos dois
refligios devera ter promovido divergéncia e eventualmente especiacdo. A colonizacdo dos
Acores deverd ter sido possivel por peixes que sobreviveram na Madeira e também na
costa oeste Africana, com as ilhas intermédias das Candrias e Madeira a actuar como
stepping stones. As espécies que se enquadram no padrdo de inexistente diferenciagdo
populacional sdo espécies com maior capacidade de dispersdo, o que tera permitido uma
mistura rapida das populacbes apds as condigBes mais quentes terem sido repostas,
eliminando quaisquer sinais de diferenciacdo populacional. O terceiro padrdo foi
identificado para os duas espécies de agua fria estudados. Estas espécies deverdo ter
persistido nas dreas menos afectadas, incluindo os Agores, durante os periodos frios do

Pleistocénio. A persisténcia prolongada deste peixes, bem como a sua reduzida capacidade

11
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de dispersdo terdo promovido a diferenciacdo genética das regides mais isoladas como os
Acores e o Mediterraneo. O quarto padrdo aponta para um fendmeno de especiagdo nos
Acgores ou na Madeira, e posterior invasdo das costas europeias.

No que respeita a transicdo entre o Atlantico e o Mediterréneo, apenas uma espécie, o
blenio Coryphoblennius galerita, mostrou uma clara e forte diferenciacdo genética entre as
duas bacias, acompanhada por diferenciacdo morfolégica. O isolamento histérico causado
pela redugdo do nivel do mar no Estreito de Gibraltar durante as glaciacdes do
Pleistocénio, podera ter promovido a divergéncia entre as duas bacias. O padrdo complexo
de redemoinhos do Mar Alboriano pode também constituir uma barreira fisica efectiva
entre as duas regides. Outros factores como o comportamento larvar e as correntes
superficiais durante a época de reprodugdo de C. galerita, podem ter também influenciado
a segregacao das duas linhagens divergentes.

Dentro do Mediterréneo, Thalassoma pavo e Chromis chromis revelaram a existéncia de
restricdo ao fluxo genético a sul da Peloponésia grega, onde um gyre anticiclénico foi
identificado.

Este estudo contribui para alargar o nosso conhecimento acerca das relagdes evolutivas da
fauna costeira do Atlantico-Mediterréneo, e aponta caracteristicas como a tolerdncia
térmica e capacidade de dispersdo das espécies, como forgas importantes para o delinear
de padrdes filogeogréficos das espécies.

12



INTRODUCTION






Introduction

1. A brief history of the northeastern Atlantic and the Mediterranean

Early history

For long geological periods a single and immense sea, the Tethys Sea, existed separating
continents into a southern and a northern group. The Tethys Sea connected up what are
today the east Pacific, the central Atlantic, the Mediterranean, the Indian Ocean and the
west Pacific. During the Paleocene, India pivoted away from the African coast and its
northern margin contacted Asia. In the Eocene India completely fused with Asia
eliminating the northern section of the Tethys Sea. By that time, Africa had moved closer
to Spain leaving only a narrow passage for Tethys Sea to reach the Atlantic Ocean. In the
early Miocene, African and Eurasian plates eventually contacted via the Arabian Peninsula,
eliminating the Tethys Sea and creating the Mediterranean (Briggs 1995). At the same
time, Central America was in place except for a small gap between Panama and Columbia.
In late Miocene, Africa kept getting closer to Eurasia, causing the formation of the Alps and
other mountains to the east of that chain. These elevations separated the Paratethys basin
from the Mediterranean. By that time the Atlantic fauna, especially the Mediterranean one,
showed a clear tropical Indo-West-Pacific character (Ekman 1967). A not yet fully
understood tectonic movement closed the connection between the Mediterranean and the
Atlantic. This event triggered a major desiccation event of the Mediterranean, the
Messinian Sality Crisis, between 5.96 and 5.33 million years ago (Mya) (Krijgsman et al.
1999; Duggen et al. 2003). The isolation from the Atlantic caused a significant fall in the
Mediterranean water level followed by erosion and deposition of non-marine sediments
(Krijgsman et al. 1999). Following this stage, the Paratethys broke through to the
Mediterranean basin, creating a series of freshwater lakes (Briggs 1995). Except for a few
species capable of living in brackish or hypersaline lagoons, the marine fauna of the
Mediterranean became extinct during this desiccation episode. Following the formation of
the Strait of Gibraltar the marine conditions of the Mediterranean were restored with an
abruptly refill from the Atlantic.

At the Pliocene, several events of biogeographical and evolutionary importance took place.
The flooding of Beringia allowed the intermix of the marine faunas of the North Pacific and
Arctic-North Atlantic (Briggs 1995). At about 3 Mya the northern hemisphere experienced
a glaciating event, which originated a dramatic high-latitude cooling. The tropical character
of the central Atlantic changed considerably. The northern marine fauna migrated
southwards, the boreal marine biota of the Arctic went extinct or moved to the North-
Atlantic and a new cold biogeographic region began (Ekman 1967; Briggs 1995). By the
upper Pliocene, the Mediterranean had attained its present warm-temperate regime.
Another relevant event was the rise of the Isthmus of Panama (3.1-3.5 Mya, Coates and
Obando 1996) that separated the Atlantic and the Pacific Oceans. At about the same time,
the opening of the Bering Strait between Alaska and Siberia, allowed the extremely rich
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marine fauna of the Pacific to invade the Arctic and subsequently the Atlantic Ocean
(Briggs 1995).

Pleistocene glaciations

The Pliocene glaciation event was the begging of a series of glacial-interglacial cycles in
the Northern Hemisphere that extended through the Pleistocene culminating in the Last
Glacial Maximum (LGM) 30-19 thousand years ago (kya) (Lambeck et al. 2002). Adams et
al. (1999) reviewed studies of ice cores, deep ocean cores and sediments and proposed a
consensus picture for the climate changes of the last few million years. According to these
authors, ice sheets started to develop in the Pliocene, between 4 and 2.5 Mya. Cycles of
glacial-interglacial occurred every 41 thousand years (ky) in the beginning of the
Pleistocene and every 100 ky after the mid Pleistocene. Two interglacial periods with
climate analog to the present one occurred about 420-390 kya and 130-115 kya. The last
half of the Pleistocene was characterized by series of extremely cold and arid periods, the
so-called Heinrich events, interleaved with rapid warmer periods, the Dansgaard-Oeschger
events (Adams et al. 1999). The last Heinrich event occurred around 17-15 kya just after
the LGM. After the beginning of the deglaciation a sudden and brief cold event (Younger
Dryas) similar to the Heinrich events took place at 12,9-11,5—kya (Adams et al. 1999).
Both the onset of the Younger Dryas and the retreat of the ices that ended the event were
extremely rapid phenomena (Bard et al. 1987; Dansgaard et al. 1989).

In addition to extreme climate changes, these glacial/interglacial cycles have also been
implicated in severe sea level fluctuations, salinity fluctuations and changes in sea surface
hydrology (Cortijo et al. 1997; Chapman et al. 2000). The waxing and waning of ice sheets
over the last 800 ky caused major sea-level shifts occurring at intervals of approximately
100 ky, with maximum amplitudes of 120-140m (Lambeck et al. 2002).

Studies on foraminiferal assemblages situated the North Atlantic polar front during the
LGM at 42-46°N extending in an east-west direction (CLIMAP 1976). Chapman et al.
(2000) showed that the southward expansion of the polar conditions reached as far as
40°N on at least ten separate occasions during the last glacial-interglacial cycle, having
considerable environmental impact in regions located far away from the area of iceberg
melting. According to the same authors, the magnitude of sea surface temperature (SST)
decreases ranged from 3 to 6°C. The northeastern Atlantic area located between 38° and
45°N experienced therefore a steep south-north SST gradient. The magnitude of the
cooling as well as the SST gradient during the LGM are given in Table 1.

16
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Table 1 Present day and Pleistocene (18 kya) sea surface temperatures (winter and summer)

estimated for several Atlantic and Mediterranean locations. Data from CLIMAP (1976).

Location

Atlantic Coast

N Scotland
Irish Sea

W English Ch
Biscay
Lisbon

Cp S Vincent
Gibraltar St
Cp Juby

Cp. Bojador
Cp. D’Arguin

Senegal

_ Atlantic Islands

Azores
Madeira
Canaries

Cape Verde

Latitude N

59-55°
53-51°
49-47°

45-41°
39°

37°¢

35-31°
29°

27-21°
19-17°

15-14°

399
33°
27°

15°

Mediterranean coast

Spain
(NW Med)

Argel
(SW Med)

Greece
(NE Med)

Lebanon
(SE Med)

41°

37°

39°

31°

Feb. present Feb. 18Kya

7.8-8.6

8.6-9.7

9.5-10.3

10.8-12.8

13.6

14.2

14.2-16.7

17

18.1-19.2

18.9

20.3-27.8

15

17

18.3

12.2

13.6

14.2

16.1

Temperatures (°C)

ice

-0.2-ice

0.7-2.2

0.2-5.6

7.2

9

9-11.4

11.7

9.8-11.5

9.9-10

13.1-26.2

12

15.1

13

18.2

7.4

9.4

14.3

13.1-13.5
15-15.3
16.4-17
18.3-19.7
20

20.3
20.3-22.8
21.7
22-23.1
24.2-25.8

24.2-28.1

22.2
22.8
22.5

25.6

22.2

24.7

25.8

27

Aug. present Aug.18Kya

ice
4.9-ice
6.1-6.3
6.4-9.9
11.5

13.3
13.3-15.3
16.8
14.8-16.6
15.2-17.3

19.5-23.5

17.4
20.3
17.8

23.1

14.5

15.7

25.2

17



Vera S. Domingues

Records collected off the western Iberian margin revealed ice-rafting depositions in the
area associated with extreme cooling events (summer SST as low as 4.8°C) during the
LGM (de Abreu et al. 2003). Pailler and Bard (2002) identified three kinds of regimes for
the Iberian margin during the past 160 ky: a fist one with high SST (17-22°C) and low
productivity typical from the interglacial periods; a second one with 4-5°C colder SST and
high organic matter accumulation; and a last one characterized by extremely low biological
productivity and very low SST (6-12°C). Those regimes were clearly related to the Heinrich
events and Dansgaard-Oeschger cycles. Using data collected from two cores, one located
in a region under the periodic influence of the polar front (43°30’N 30°24'W) and another
located further south out of the influence of the polar waters (37°05’N 32°02'W), Calvo et
al. (2001) estimated a maximum difference of 6-7°C between the two locations (separated
by less than 6° of latitude) during the LGM. The same authors pointed out that differences
of such magnitude between close sites in LGM have not been reported anywhere else in
the world’s ocean and that they were due to the strong cooling in the northern core.
Crowley (1981) estimated smaller SST differences (2°-3°C) between 30° and 40°N during
the last 150 Ky.

Glacial/interglacial cycles were also felt in the Mediterranean during the Pleistocene. The
connection between the Atlantic and the Mediterranean was severely reduced or even
closed in the region of the Strait of Gibraltar during the Quaternary due to sea level
fluctuations (Thiede 1978; Bianco 1990). Although evidence of transportation of ice-rafted
detritus into the Mediterranean was not found (Thiede et al. 1978; Martrat et al. 2004),
there is strong evidence of very abrupt temperature changes in the last 250 Ky
corresponding to the Heinrich events and Dansgaard-Oeschger cycles (Martrat et al.
2004). During the last glacial, tropical planktonic foramineferal assemblages were
restricted to the eastern basin of the Mediterranean (Ionian and Levantine Seas) (Luz and
Bernstein 1976). Thiede et al. (1978) described a simple regional distribution pattern of
four planktonic foraminiferal assemblages in the glacial Mediterranean. The two cool
assemblages were concentrated in the northwest basins, the intermediate one occurred as
a belt across its central part and the tropical assemblage was restricted to the southwest
region of the Mediterranean. Based on a large fossil data set and using comprehensive
calibrations and powerful methodologies, Hayes et al. (2005) reconstructed SSTs of the
glacial Mediterranean. These authors described a west-east SST gradient, 4°C greater than
that existing today, during LGM summer and winter. During the glacial summer, a west-
east gradient of 9°C was described, while during the glacial winter the gradient was of 6°C.
SSTs ranged from 14°C in the Alboran Sea to 23°C in the south east of the basin during
the summer and from 7°C to 16°C during the winter. The Gulf of Lions was exceptionally
cold reaching 10°C in the summer and 7°C in the winter. During the winter, the major
changes occurred in the western basin, with SSTs 6°C lower than modern values. Maximal
decreases of 5°C were registered in the eastern basin during glacial winter. During the

glacial summer, a warm anomaly of 16°C off the east coast of Spain was identified. SSTs
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at the Strait of Sicily and along the North African coast as far as the Balearic basin were
estimated at 17°C for the summer.

Altogether, studies on the climatic changes experienced by the North Atlantic Ocean and
Mediterranean Sea during the Pleistocene, clearly show that distinct areas within these
regions were differentially affected. The shores of western Europe endured polar conditions
during the glacial maxima, with very cold waters also present along the northwestern
African coast and, to some extend, the Canary Islands. At the Azores, temperature drops
were moderate, while Madeira, the tropical western coast of Africa and some southern and
eastern Mediterranean areas were little affected.

2. Oceanography of the central northeastern Atlantic Ocean and the

Mediterranean Sea

North Atlantic Ocean circulation

The large scale ocean circulation in the North Atlantic is characterized by two gyres: the
cyclonic subpolar gyre and the anticyclonic subtropical north Atlantic gyre. The subpolar
gyre is sometimes difficult to define. It includes the northeastward flowing North Atlantic
Current, the East and West Greenland Currents and the Labrador Current (Juliano and
Alves in press). The north Atlantic subtropical gyre is delimited by the westward flowing
North Equatorial Current, the Caribbean Current, the “Loop” Current (inside the Gulf of
Mexico), the Florida Current, the Gulf Stream, the eastward flowing North Atlantic Current
and the Canary Current, along the northwest African Coast. The eastward flowing Azores
Current (south of Azores) is a very prominent zonal current within the gyre (Juliano and
Alves in press).

Figure 1 depicts the major surface circulation currents of the central-eastern Atlantic
Ocean. In the north Atlantic subtropical gyre, the Gulf Stream (GS), a fast-moving current,
transports warm water from the subtropics northwards along the coast of North America.
The GS intensity abruptly changes near 54°W, east of which it splits in a southern branch
flowing southwestwards and in two main systems (centered near 39° and 41.5°N, Reverdin
et al. 2003): the North Atlantic Current (NAC) flowing northeastwards and the Azores
Current (AC) moving eastwards until it reaches the Gulf of Cadiz, where some of its water
is entrained in the Gibraltar outflow of Mediterranean water (Sy 1988; Johnson and
Stevens 2000; Reverdin et al. 2003). Further to the east, but still west of the Mid-Atlantic
Ridge, the NAC divides into a branch that crosses the ridge as the permanent subpolar
front flowing northwards, and into a regime, composed of a variable number of branches,
to the south (Sy 1988). A minimum of two and a maximum of four branches have been
observed in variable locations (Sy et al. 1992). The AC is connected to its source region
through a cyclonic meander centred at around 359N 47.5°W. Although this meander is a
permanent feature, seasonal variation is identified at the connection between the AC and
the GS (Le Traon and De May 1994; Alves and de Verdiere 1999). In the winter, the area
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of origin of the AC consists of a single flow, but in the summer, its source region flow
separates into two bands, one flowing directly towards the AC region and the other
forming a southwest loop before merging into the AC (Klein and Siedler 1989). The zonal
AC is a quasi-permanent eastward flow that provides an important part of the upper ocean
transport to the eastern basin and displays a strong seasonal variability (Gould 1985; Klein
and Siedler 1989). The AC is centred around 34©°N, it has a meridional extension of about
50 in latitude and meanders all along its trajectory (Juliano and Alves in press). The
surface mean velocity of the AC reaches 30-40 cm s (Ollitrault 1995).

In the Azores-Canaries basin the AC splits into three major southward flowing branches:
one east of the Middle-Atlantic Ridge, another in the central basin and a third one near the
western coast of Africa. The exact location of these branches varies seasonally and
interannually (Klein and Siedler 1989). The easternmost branch feeds the Canaries Current
(CC), which flows along the coast of Africa and through the Canary archipelago, being
associated with coastal upwelling, filaments and eddies (Barton et al. 1998; Johnson and
Stevens 2000). The two other branches join the North Equatorial Current (or Cape Verde
Current) that flows to the west and closes the gyre when it merges with the Gulf Stream
(Maillard and Kéase 1989). This multibranch system is even more complex since it changes
with the time of the year. Not only the intensity of these flows is much higher during the
winter, but particular current systems are also formed resulting from interactions of the AC
and the NAC (Santos et al. 1995). During the winter, east of the Azores, the
northeastward flowing Southwest European Current (SEC) is formed from the confluence
of one branch of the NAC and AC (Santos et al. 1995). According to Klein and Siedler
(1989), in the summer, the AC narrows and moves further south increasing the mesoscale
variability. However, Tokmakian and Challenor (1993) and Cromwell et al. (1996) showed
that mesoscale variability is slightly higher in the winter than in the summer. This
contradiction may be due to interannual variability, as pointed out by Cromwell et al.
(1996).

According to what has been described above, the circulation at the Azores region is
characterized by a complex system of flows characterized by strong seasonal variation.
The NAC influences the northern islands, while the AC dominates the southern ones and
brings the subtropical thermohaline front (the Azores Front Current) close to the islands
(Santos et al. 1995). The complexity of the circulation system of the region is increased by
strong meanders and eddies originated by the Azores Front Current (Gould 1985; Alves et
al. 2002), which generates considerable mesoscale variability, with consequences for the
whole regional ecosystem (Santos et al. 1995). Although the general mean circulation
moves eastwards there is evidence of sporadic mean events in the opposite direction (from

Africa or Madeira towards Azores) (Santos et al. 1995).
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Figure 1 Surface currents of the central-eastern Atlantic Ocean. Gulf Stream (GS), North Atlantic
Current (NAC), Azores Current (AC), Southwest European Current (SEC).

Circulation in the Mediterranean Sea

The Atlantic Ocean and the Mediterranean Sea are connected via the Strait of Gibraltar,
which is characterized by a two-layer flow regime (Bryden and Kinder 1991). While the
Atlantic water flows into the Mediterranean in the upper layer, the Mediterranean water
flows outward in the lower layer. The Mediterranean water then descends the continental
shelf in the Gulf of Cadiz and underlies the north Atlantic water, spreading westwards and
northwards throughout the northeast Atlantic Ocean reaching the Azores at about 1000m
depth (Ozgéken et al. 2001). Surface currents of the Mediterranean Sea are shown in Fig.
2. The water in the Alboran Sea describes a quasi-permanent anticyclonic gyre in the west
(Garcard and Richez 1985) and a more variable circuit in the east, which is also
anticyclonic most of the time (Viludez et al. 1996). In this regard, the vein that flows from
Spain to Algeria is known as the Almeria-Oran jet (AOJ). The AOJ is influenced by
mesoscale activity and meanders and eddies have been depicted around the western and
eastern gyres (Tintoré et al. 1991; Davies et al. 1993). The Atlantic-Mediterranean water
flows further east along the Algerian coast forming the Algerian Current (AlgC), which is
associated with mesoscale eddy activity. The AlgC and its associated eddies spread directly
to the Balearic Islands, bringing Atlantic water into the region (Millot 1999). The northern
part of the western Mediterranean basin is characterized by a seasonally changing current

21



Vera S. Domingues

(the Northern Current, NC) flowing westward along the continental slope (Millot 1999). In
the winter this current is thicker and narrower than in the summer and it develops intense
mesoscale meanders (Millot 1999). The NC branches in the Balearic Sea, where mesoscale
structures have been identified being generally linked to Northern Current instabilities and
to the permanent incoming Atlantic waters that are brought by the AlgC (Millot 1999). At
some point, the NC enters the Alboran Sea where it encounters the strong incoming
Atlantic water and is deflected towards the Algerian Sea (Millot 1999). The AlgC also
branches in the Tyrrhenian Sea, where the water flows towards the eastern Mediterranean
basin. Mesoscale turbulence, which confers seasonal and annual variability to the area, has
also been identified (Millot 1999). The Atlantic surface water continues its spreading
throughout the eastern Mediterranean basin, where, in the Levantine Sea, it is subjected
to episodes of deep convection in wintertime (Malanotte-Rizzoli and Bergamasco 1989).
The Atlantic water carried eastward by the AlgC enters the eastern Mediterranean through
the Strait of Sicily. The major branch of the AlgC reaches the Levantine basin, where it is
deflected northward at the Israeli and Turkish coasts (Malanotte-Rizzoli and Bergamasco
1989). The Ionian and the Levantin Seas are characterized by a cyclonic circulation both in
winter and summer. Between Rhodes and Cyprus there is a cyclonic gyre that persist all
year long. While in the winter months the Rhodes gyre in embodied in the larger cyclonic
circulation of the Levantin basin, in the spring-summer months this gyre is more
pronounced and localized near Rhodes (Malanotte-Rizzoli and Bergamasco 1989).
Similarly, another cyclonic feature that persists all year long, the southern Adriatic gyre,
remains isolated in the summer, merging with the general cyclonic circulation of the Ionian
Sea in winter (Malanotte-Rizzoli and Bergamasco 1989). Southwest of the Greek
Peloponnesus an intense anticyclonic quasi-circular spot has also been identified
throughout the year, which is more intense and broader during spring and summer
(Malanotte-Rizzoli and Bergamasco 1989). Additionally, two seasonal anticyclonic gyres
have been identified: one extending from the Egyptian coast into the southeast Levantine
interior (absent in December) and another south of Cyprus (from spring through late fall)
(Malanotte-Rizzoli and Bergamasco 1989).
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Figure 2 Surface currents of the Mediterranean Sea. Almeria-Oran jet (AOJ), Algerian Current (AlgC),
Northern Current (NC).

3. Biogeography of the coastal fauna of the area

The Lusitanian Province

The northeastern Atlantic and the Mediterranean have been described as a single
biogeographic unit, the Lusitanian Province, which harbors warm water species mainly. The
Lusitanian Province has its northern limit in the western entrance of the English Channel
and extends southward until Cape Verde in the western coast of Africa, including the
Macaronesian archipelagos of Azores, Madeira and Canaries (Briggs 1974).

Biogeographic affinities of the marine fauna of the Lusitanian Province have been proposed
for different taxa. Using cluster analysis based on a database of littoral fishes, Santos et al.
(1995) found a great affinity between the Azores, Madeira and Canaries. This group
clustered with a second one composed by Morocco, Mauritania and Gulf of Guinea. A third
cluster was formed by Portugal and the Mediterranean and a fourth by the Gulf of Biscay
and the British Isles. The same authors emphasized the temperate affinities of the Azores
littoral fish and pointed out that the Azores is the least species rich of the Macaronesian
archipelagos, probably because of its greater distance to the continental coast. The results
presented by Santos et al. (1995) were further supported by a cluster analysis of similarity
values of blenniids among the eastern Atlantic zoogeographical areas (Almada et al. 2001).
Five groups were identified: i) a north temperate group; ii) a tropical group (tropical
African coast and Mauritania); iii) Cape Verde Islands; iv) a south temperate group
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(southern Africa) and v) a southern Atlantic group (Ascension and S. Helena Islands)
(Almada et al. 2001). Within the north temperate group three subgroups with higher
similarities were identified: i) Azores and Madeira; ii) Canaries and Morocco and iii) Iberia
and Mediterranean. The same authors identified two peaks of species diversity, one in the
tropical African coast and another in the Mediterranean Sea. Brito et al. (1991) showed
that the inshore fish species of the Canary islands share great affinities with the other
Macaronesian archipelagos (especially with Madeira) and also with the northwestern
tropical coast of Africa. Of the three Macaronesian archipelagos the Canaries has the
strongest tropical affinity.

Biogeographical affinities of other taxa have also been studied. Prud’homme van Reine
(1988) described two groups of seaweeds: one in the subtropical Macaronesian islands
(Canaries, Madeira, Selvagens) and another in the warm temperate African coast. The
seaweeds of the Azores are in an intermediate position between these two groups having
also some affinity with the Mediterranean and the warm temperate North America. The
Azores has fewer species than the other Macaronesian islands and show less endemism.
Like fishes, the molluscs Rissoidae and Anabathridae from the Azores show clear affinities
with the Atlantic coasts of Europe and North Africa as well as with the other Macaronesian
islands (Gofas 1990). Avila (2000) and Avila and Albergaria (2002) showed that the
Azores shared a great number of molluscs species with the western Mediterranean,
Madeira, mainland Portugal and Canaries and described thirteen endemic species to the
archipelago. A strong genetic affinity between bivalves of the genus Lasaea from the
Azores, Madeira and eastern Atlantic coast was described by O Foighil et al. (2001). These
authors suggested a stepping-stone like colonization of the islands from eastern mainland
sources. A direct colonization of the Azores from the eastern Atlantic coast was also
postulated, since some clades included haplotypes found in the Azores and Iberia, but not
in Madeira. According to O Foighil et al. (2001) this direct colonization might have been
possible by larvae transport via countercurrent sporadic phenomena and eddies. The
majority of the echinoderms found in the Azores occur in the coasts of Europe, but also in
the Mediterranean and northwestern Africa (Britton et al. 2000). Some species are also
common in other Macaronesian islands and a few in the western Atlantic coasts. In
contrast to a main European affinity, sponges and crustaceans from the Azores show a
stronger affinity with the Mediterranean (Boury-Esnault and Lopes 1985; Wirtz and Martin
1993). Carballo et al. 1997 showed a great affinity between sponges from the
Mediterranean, the Iberian and northern Africa coasts and the Macaronesian islands. The
Azorean hydroids show a major relationship with the Caribbean and northwestern
American but also some affinities with the Mediterranean and little endemism (Cornellius
1992).

The Atlantic-Mediterranean transition

Although the general idea is that the Atlantic and the Mediterranean form a single
biogeographic unit and that the Strait of Gibraltar does not represent an important
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zoogeographical boundary (Ekman 1967) some authors tended to subdivide the area.
Briggs (1974) pointed out that there is no firm evidence in either fishes or invertebrates
supporting the Atlantic and the Mediterranean coasts as different biogeographic units. The
extent of genetic differentiation between Atlantic and Mediterranean populations has been
estimated for different coastal organisms, revealing contrasting patterns. While some
species show no genetic partition between the Atlantic and the Mediterranean, others
reveal genetic differentiation between the two basins. Similarly, some species show
genetic homogeneity along the Mediterranean, while others exhibit population structure
with genetic breaks occurring at different locations. Fishes like the wrasse Thalassoma
pavo and the sparid Diplodus sargus have no genetic differentiation between Atlantic and
Mediterranean populations (Costagliola et al. 2004; Bargelloni et al. 2005). The goby
Pomatoschistus minutus shows some genetic differentiation between the Atlantic and the
western Mediterranean although not very pronounced (Stefanni and Thorley 2003).
Several invertebrates like the sponge Crambe crambe (Duran et al. 2004a), the Norway
lobster Nephrops norvegicus (Stamatis et al. 2004) and the limpet Patella ulyssiponensis
(Sa-Pinto et al. 2005) reveal no signs of genetic partition between the Atlantic and the
Mediterranean. The distribution of genetic diversity along the Atlantic and Mediterranean
populations of the oyster Ostrea edulis fits an isolation-by-distance pattern with the
Atlantic being less variable than the Mediterranean (Launey et al. 2002; Diaz-Almela et al.
2004). In contrast, microsatellite analysis of the labrid Coris julis from the Atlantic and the
Mediterranean, show a high degree of genetic differentiation between the two basins
(Aurelle et al. 2003). Two other coastal fishes, the goby Pomatoschistus microps (Gysels et
al. 2004) and the sparid Diplodus puntazzo (Bargelloni et al. 2005) reveal a genetic break
between the Atlantic and the Mediterranean at the Almeria-Oran jet. Genetic differentiation
between the Atlantic and the Mediterranean basins have also been described for several
invertebrate taxa such as the mussel Mytilus galloprovincialis (Quesada et al. 1995), the
bivalve Cerastoderma glaucum (Nikula and V&indlé 2003), the flounders Platichthys flesus
and P. stellatus (Borsa et al. 1997), the sea urchin Paracentrotus lividus (Duran et al.
2004b), the sea star Asterina gibbosa (Baus et al. 2005), the crabs Carcinus maenas
(Roman and Palumbi 2004), Xantho hydrophilus and X. poressa .(Reuschel and Schubert
2006), the limpet Patella rustica (Sa-Pinto et al. 2005), the scallops Pecten maximus and
P. jacobaeus (Rios et al. 2002; Saavedra and Pefia 2005) and the barnacles Chthamalus
stellatus and C. montagui (Pannacciulli et al. 1997). The Almeria-Oran jet and the Strait of

Gibraltar have been suggested as barriers to gene flow for these taxa.

The Macaronesian islands

Few studies attempted to evaluate the extent of differentiation within the Macaronesian
islands. The marine gastropod Littorina striatta showed no genetic structure between
Azores, Madeira, Canaries and also Cape Verde, although the last archipelago yielded
higher diversity indices (De Wolf et al. 2000). Similarly, the barnacle Chthamalus stellatus
showed genetic homogeneity between Azores and Madeira (Pannacciulli et al. 1997). A
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phylogenetic survey of several limpets revealed genetic differentiation between
Macaronesian and mainland Patella ulyssiponensis with low genetic structure within the
Macaronesian islands for this limpet, although the Azores was slightly different from the
other islands (Sa-Pinto et al. 2005). Some differentiation for P. candolei- P. Ilugrubis
complex was also described, with four main clades: Azores, Madeira/Desertas,
Selvagens/Canaries and Cape Verde (Sa-Pinto et al. 2005).

The Azores

The Azores archipelago has received particular attention due to its isolated location and
young age. The archipelago is composed of nine islands located between 37° and 40°N
and 25° and 31° W. The Azores are in permanent formation since the Miocene (Féraud et
al. 1980). The oldest island, Santa Maria, dates from about 8 million years (My), while Pico
is as young as 1 My (Azevedo et al. 1991; Serralheiro and Madeira 1993). The majority of
the Azorean coastal fauna is very modern and comprises species coming predominantly
from the eastern Atlantic coast (southern Europe and northwestern Africa) and the
Mediterranean (Morton and Britton 2000). A few species from other Atlantic sources are
also found in the islands. From the biogeographic affinities described above it is clear that
the marine fauna of the Azores exhibit several biogeographic affinities and that the
archipelago has been colonized from different sources. Several means of colonization can
be involved depending on the biologic characteristics of the species. Egg and larval
transport by ocean currents and eddies coming from Madeira, Canaries, the Atlantic coast
of Europe and the African coast has been suggested to be the primary source of
colonization for coastal fishes (Santos et al. 1995). Seaweeds and hydroids can also be
transported attached to floating objects (rafting) being able to reach the Azores from the
American coast (see the case of Hypleurochilus bananensis that reached the Azores from
the American coast, having been initially identified as Blennius fucorum, Nieto and Alberto
1990). Some sponges and crustaceans can survive in deeper waters and be transported by
the deep-water current coming from the Mediterranean.

Within the Mediterranean

Within the Mediterranean there is also evidence of population structure for some species.
The sponge Crambe crambe shows three populations along the Mediterranean: a western
one along the coast of Spain including the Balearic Islands, a central one comprehending
Marseille and Corsica and a third and more divergent one in Naples (Duran et al. 2004c).
Stefanni and Thorley (2003) showed strong restriction to gene flow at the Siculo-Tunysian
Strait for the goby Pomatoschistus minutus and a very differentiated population in the
Adriatic. A strong genetic break at the Greek Peloponnese was reported for the wrasse
Thalassoma pavo (Costagliola et al. 2004) and the bivalve Cerastoderma glaucum (Nikula
and Vainéla 2003). Borsa et al. (1997) identified these two regions as effective barriers to
gene flow for the flounders Platichthys flesus and P. stellatus.
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The barriers to gene flow occurring between the Atlantic and the Mediterranean and within
the Mediterranean have been associated with seawater level changes and cooling effects
during the Pleistocene glaciations (eg. Quesada et al. 1995, Stefanni and Thorley 2003,
Nikula and V&inéla 2003), current water circulation patterns (Rios et al. 2002; Bargelonni
et al. 2005; Baus et al. 2005), and/or physical, chemical or ecological differences of each
basin (Borsa et al. 1997, Pannasciulli et al. 1997; Baus et al. 2005).

Endemism

The warm-temperate Mediterranean-Atlantic has an endemism of about 40-50% (Briggs
1974). While the majority of the shore fishes of Portugal and Morocco also occur in the
Mediterranean, this Sea has a great number of species that are not found in the Atlantic
coasts. In addition, after the excavation of the Suez Canal in 1869, the Mediterranean was
invaded by fishes from the Red Sea. These species, called the Lessepsian migrants, added
at least 62 new fishes to the Mediterranean (Golani et al. 2004).

Briggs (1966) described a pattern of marine shore endemism for the Atlantic Ocean, where
the endemic rate was very low in the north and middle Atlantic, and much greater in the
southern Atlantic. Overall, the endemic rate was 0% in the Azores, 3% in Madeira, 4% in
Cape Verde and 27-50% in Santa Helena. According to this author, low sea surface
temperatures experienced in the northern areas of the Atlantic during the Pleistocene
glaciations could have promoted extinctions in this area, explaining the residual level of
endemism in the northern and central Atlantic. McDowall (1968, 1971) criticized Briggs
(1966) approach based on the fact that he compared levels of endemism for different
phyla. The same author pointed that other factors such as island age, island area,
population size, degree of isolation and species characteristics could also have contributed
for the low endemism of the shore fauna of the north Atlantic islands. More recent studies
revised by Morton and Britton (2000) confirmed the low level of endemism of the north
Atlantic islands, especially the Azores, for several taxa. At present, only one shore fish
species, the labrid Centrolabrus caeruleus (described as Symphodus caeruleus by Almada
et al. 2002), is recognized as endemic to the Azores (Azevedo 1999). Santos et al. (1995)
pointed out the low level of endemism of the Azores islands and suggested that the
majority of the marine fauna of the islands must have arrived after the Pleistocene
glaciations having thus little time to differentiate.

Speciation centers and colonization routes

According to the biogeographical patterns described above, a few models of speciation of
the Atlantic-Mediterranean coastal species have been proposed. Due to its higher species
diversity the Mediterranean has been suggested as a center of speciation for many
invertebrates. Avila et al. (2000) suggested that the molluscs of the Azores may have
reached the islands from the Mediterranean and mainland Portugal, having Madeira as an
intermediate location. The same author speculated about the role of the submarine banks
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between Portugal and the islands in a stepping-stone like colonization. The phylogenetic
survey of S&-Pinto et al. (2005) pointed to the importance of the Mediterranean and
Macaronesian islands as speciation centers for the limpets of the genus Patella. According
to Santos et al. (1995) the littoral fishes of the Azores could have colonized the islands
from the western Africa and Macaronesian islands, on one side, and from the European
Atlantic coast on the other. Eddies that circulate in the region must have had an important
role in the transport of eggs and larvae, which might also have profited from the
seamounts that occur in the region. Zander (1973) assumed that during the Pleistocene
most blennioid species could not have survived in the cold Mediterranean and that the
ancestors of the modern forms might have evolved from forms that survived in the
warmer refuges in the western African coast. Based on behavioral studies of three species
of Tripterygion from the Mediterranean, Wirtz (1978) proposed that a common ancestor
from the eastern Atlantic invaded the Mediterranean three times. Between each invasion
the Atlantic and Mediterranean forms became separated promoting speciation in the
Mediterranean. Latter, Zander (1980) described the Macaronesian islands as centers of
speciation for some of the eastern Atlantic blennioids, from which the new species have
invaded the western European shores. Based on the higher level of diversity and
endemism in the Mediterranean and tropical west Africa and on the pattern of species
distribution in the Atlantic islands, Almada et al. (2001) proposed a scenario for the
migration routes of blenniids in the region, that can be extended to other warm water fish
species. These authors suggested that the warm water fauna of the Atlantic-Mediterranean
region was severely affected by the drop in sea surface temperatures during the
Pleistocene, being able to survive only in warmer refuges located in the tropical western
Africa and Mediterranean. Recolonization of the northern areas would have been possible
from these refuges after warmer conditions were restored. According to this hypothesis,
the tropical West Africa and Mediterranean constitute diversification and speciation centers
for the northeastern Atlantic marine fauna.

4. Approach and goals

Most inshore fishes have a bipartite live style with pelagic early life stages more prone to
dispersal and coastal associated older stages with restricted dispersal ability. Thus, coastal
fishes, especially the less vagile ones, are excellent organisms to study the biogeographic
affinities and evolutionary relationships of the marine fauna of a given region.

With the development of molecular tools, emerging disciplines like phylogeography and
historical demography have proved to be very useful in revealing the evolutionary
relationships of populations over time. Phylogeography is a discipline that focuses on the
principles and processes that are responsible for the geographic distribution of
genealogical lineages within and among closely related species (Avise 2000). It thus
combines information from a multitude of disciplines such as phylogenetics, population
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genetics, demography, paleontology and ethology. The ultimate goal of phylogeography is
to identify the evolutionary processes (selection, dispersal, vicariance) responsible for the
geographical distribution of the contemporary lineages. When aiming at understanding the
processes that generated the genetic distribution pattern that we see today, it is very
useful not only to look at phylogenetic relationships, but also to assess demographic
changes undergone by the focal populations in the past. The study of historical
demography has improved much with the development of mathematical models based on
the coalescent theory. The coalescent process describes the ancestry of a sample of genes.
The conceptual basis of the coalescence relies on thinking backwards in time. If we take
modern genes and trace their ancestry backwards from ancestor to ancestor, we will
encounter common ancestors. Eventually we will reach the gene that is ancestral to all the
modern genes in our sample (the most recent common ancestor). Because the time
necessary to reach a common ancestor is ultimately related to the size of a population
(and also to the mutation rate of the gene in study), models based on coalescence can be
developed to estimate valuable parameters such as present and past population sizes
(Avise et al. 1988), sudden reductions in population sizes over time (bottlenecks) (Rogers
and Harpending 1992) and coalescence time (time elapsed from the present to the most
common ancestor). More recently, the coalescent theory has been improved and extended
to populations of varying demography and structures (Tajima 1989a,b; Hudson 1998;
Withlock and Barton 1997) and also to accommodate recombining genes (Hey and
Wakeley 1997). New models that allow the estimation of recombination frequency,
population growth rate and migration events have been developed.

This study is centered on the evolutionary relationships of the warm water coastal fishes of
the northeastern Atlantic and the Mediterranean. It consists of studies on twelve species
from six families (Blenniidae, Labridae, Pomacentridae, Scaridae, Sparidae and
Tripterygiidae), with an Atlantic-Mediterranean distribution. In order to shed light on the
historical relationships of the different populations, phylogeographic and demographic
approaches were applied.

In this study the following questions are addressed:

e Are Atlantic and Mediterranean populations genetically structured?

e Do populations carry genetic signatures of local extinctions and recolonizations
triggered by the Pleistocene glaciations? Can Pleistocene refuges be identified and
colonization routes recovered?

e Are the colonization routes in agreement with the current system of the area?

o Do species with different thermal tolerances and dispersal capabilities show
contrasting patterns?
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Abstract

The desiccation of the Mediterranean Sea during the Messinian Salinily Crisis 6.0-5.3 million
years ago (Ma), caused a major exlinclion of the marine ichthyofauna of the Mediterranean.
This was followed by an abrupt replenishment of the Mediterranean from the Atlanticafter
the opening of the Strait of Gibraltar. In this study, we combined demographic and phylo-
geographic approaches wsing mitachondrial and nuclear DNA markers to test the alternative
hypotheses of where (Atlantic or Mediterranean) and when (before or after the Messinian
Salinity Crisis) speciation occurred in the Medilerranean damselfish, Chromis chiromis. The
closely related geminate transisthmian pair Chromis sudtilineata and Chromis atrilobata was
used as a way of obtaining an internally calibrated molecular clock. We estimated C. chromis
speciation timing both by determining the lime of divergence between C. chromis and its
Atlantic sister species Chroniis limbata (0.93-3.26 Ma depending on the molecular marker
used, e.g. 1.23-1.39 Ma for the control region), and by determining the time of coalescence
for C. chromis based on mitochondrial control region sequences {0.14-0.21 Ma). The time
of speciation of C. chromis was always posterior o the replenishment of the Mediterranean
basin, after the Messinian Salinity Crisis. Within the Mediterranean, C. chiromis population
structure and demographiccharacteristics revealed a genelic break al the Peloponnese, Greece,
with directional and eastbound gene flow between western and eastern groups. The eastern
group was found to be more recent and with a faster growing populatien (coalescent time
=0.09-0.13 Ma, growth = 485.3) than the weslern group (coalescent fime = 0.13-0.20 Ma,
growth = 325.6). Our data thus suggested a western origin of C. cliromis, most likely within
the Medilerranean. Low sea waler levels during the glacial periods, the hydrographic
regime of the Medilerranean and dispersal restriclion during the shorl pelagic larval phase
of C. chromis (18-19 days) have probably played an imporlant role in C. cliromis historical

colonization.
Keywords: Chromis, coalescence, Mediterranean, Messinian Salinity Crisis, phylogeography, speciation

Receiped 16 May 2005; revision accepied 25 July 2005

Introduction

The Mediterranean Sea underwent ai least one episode of
desiccation and replenishment, the so-called Messinian
Salinity Crisis (MSC) that occurred between 6.0 and 5.3
million years ago (Ma) (Hsii et el. 1977; Krijgsman et al.
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1999; Duggen #f al. 2003). Except for a small number of
species capable of surviving in brackish or hypersaline
lagoons, the marine ichthyofauna of the Medilerranean
became extinct during this desiceation episode. After that
period, the Mediterranean abruptly refilled from the Atlantic
following the opening of the Strait of Gibraltar. At present,
the Mediterranean Sea is defined as a warm-temperate
sea and harbours about 540 species of fish. Briggs (1974)
estimated that approximaiely 52 species (9.6%) are endemics.
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Subsequent studies, however, showed thai some of the
so-called endemics are also found in the Aflantic areas
adjacent to the entrance of the Mediterrancan (Almada
et al. 2001). Few species are shared with the Indian Ocean;
these are recent Tessepsian migrants invading from the
Red Sea through the Suez Canal (approximately 60 species,
Golani 1999). The vast majority of the Medilerranean
marine fish species originated from the adjacent Aflantic
fish fauna by invading via the Strait of Gibraltar (e.g.
Bargelloni et al. 2003). Mediterranean endemics are either
the result of in situ speciation (occurring after the M5C), or
experienced an extinction of their Atlantic populations
after colonizing the Mediterranean, In addition, since the
Mediterranean waters remained warmer that those of the
adjacent Atlantic during glacial peeks (Thiede 1978), many
species now present in the warm temperate Atlantic, likely
survived the cold phases of the glacial cycles within the
Mediterranean, recolonizing the Atlantic when more favour-
able femperatures were re-gstablished during interglacial
phases like the presentone (Almada et al. 2001). Thus, specics
of Mediterranean fishes provide a unique opportunity to
understand the processes of colonization, evolution, and
local adaplation.

In this study, we have focused on the Mediterrancan
damselfish, Chromis chromis (Pomacentridae). The species
is broadly distributed in the Mediterranean over rocky
reefs and seagrass beds, usually in waters shallower than
25 m (Lythgoe & Lythgoe 1971; Riedl 1983). Besides its
Mediterranean distribution, some individuals are observed
outside the Strait of Gibraltar, along the Atlantic coast of
Portugal (Wood 1977; personal observation).

The genus Chromis comprises 75 species that are distri-
buted worldwide (Allen 1991; Tang 2001; Quenouille ef al.
2004). C. chromis is found in the Mediterranean and the
Atlantic areas adjacent to this sea. Chreniis limbata, the most
likely sister species of C. chromis (Wood 1977; 1. Rocha et al,
unpublished), is restricted to the Macaronesian islands
(Azores, Madeira, and Canaries) and the western coast of
North Africa (between Senegal and Congo, Wood 1977;
L. Rocha et al., unpublished). Eastern and central Atlantic
Chromis species also include Chromis hibbocki (Cape Verde
Islands), Chromis sanctahielena (Saint Helena Island), Cliromis
cadenati (Senegal to Ghana), and Chronis mullilineaia (from
western Africa {o the western Atlantic) (Allen 1991). This
latter species is considered a transisthmian geminate, which
diverged from its eastern Pacific sister species Chromis
atrifobata, at the rise of the Isthmus of Panama, 3.1-3.5
million years ago (Ma) (L. Rocha 2{ al,, unpublished),

Several genetic studies have focused on the phylogeo-
graphic relationships of marine organisms both between
the Atlantic and the Mediterrancan Sea and within the
Mediterranean. Some studies have shown a strong genetic
divergence bebween Atlantic and Mediterranean faunas,
due {o the isolation of both seas during the Pleisiocene

slaciations and to the presenl-day hydrographic barriers,
while others found very high levels of gene flow between
these two regions. For instance, Bargelloni ¢t al. (2003) found
strong to no differentiation between the Atlantic and the
Mediterranean for five teleosts species of the family Sparidae.
The wrasse (Thalassoma pavo) (Costagliola ef al. 2004), and
the chub mackerel (Scomber japonicus, Zardoya ef al. 2004)
were described as having high gene flow levels between
the Atlantic and the Mediterranean. Stamatis et al. (2004)
found no signsof an Atlantic—Mediterranean divide for the
Norway lobster (Nephrops norvegicus). In contrast, Pannac-
ciulli etal, (1997) found marked genetic differentiation
between Atlantic and Mediterranean populations in two
species of Chthanalus barnacles, with the Almeria-Oran
front (Fig. 1) preventing extended gene flow between these
two regions. Pérez-] vsada ef al. (1999, 2002) described genetic
differentiation between Atlantic and Mediterranean popu-
lations of the cuttlefish Sepia officinalis, and so did Quesada
et al, (1995) for the mussel Muytilus galloprovincialis. Narciri
et al. (1999) described two groups of populations of the sea
bass Dicentrarchus labrax and postulated that the divide
may correspond (o the Almeria-Oran oceanographic front.
Comparing nuclear and cytoplasmic markers for the same
species, Lemaire ef al, (2005) suggested the existence of a
hybrid zone in the Alborean Sea.

Similarly, within the Mediterranean Sea, studies showed
highlevels of gene flow, or alteratively sirong population
differences. Kotoulas ef al. (1995) and Pujolar ef al. (2002)
found no genetic structure within the Atlantic for the
swordfish Xiphias gladivs. The two populations east of the
discontinuity found between the Atlantic and the Mediter-
ranean for the mussel M. galloprovincialis analysed by
Quesada ¢f al. (1995) were homogenous in haplotype fre-
quency. In conirast, some studies evidenced population
structure within the Mediterranean with genetic breaks
observed at different places. Indeed, some studies evidenced
a restriction of gene flow at the ‘saddle’ between Sicily and
Tunisia (Fig. 1) (e.g. the goby Penmutoschistus minutus,
Stefanni & Thorley 2003, and the mackerel S, japonicus,
Zardova ¢t al. 2004}, while others found a strong break in
Greece just south of the Peloponnese (Fig. 1) (e.g. the
anchovy Engraulis encrasicolus, Magoulas ef al. 1996;the sea
bass Dicentrarchus labrax, Balri-Sfar ef al. 2000; the bivalve
Cerastederma glaucun, Nikula & VEinoli 2003; and the wrasse
T. pavo,. Costagliola ef af, 2004), Borsa ¢t al. (1997) identified
three geographically isolated populations of the flounders
Platichthys in the Mediterranean, scparated by the two
breaks mentioned above. The Mediterranean damselfish
may conform to scenarios described for other species, with
the two extreme situations being strong population structure
between the Atlantic and the Mediterranean and within the
Mediterrancan, or high gene flow and no population structure,

Dispersal and vicariance have both probably played an
important role in shaping the different phylogeographic

@ 2005 Blackwell Publishing Ltd, Molecular Feology, 14, 40514063

42



Chromis chromis speciation

CHROMIS CHROMIS SPECIATION 4053

Tl
]
1

1

—_
-
-

o
-
;

o5

Goz e

1 2 3} :

i T !
L ,‘/“n‘ J ff

N
e g
ey
g
R
"
b t P
&,
ﬂY! ] ]
‘o

Fig. 1 Chromis dromis sampling locations in the Atlantic and the Mediterranean. Samples were collected in the following localities:
Sesimbra (Ses), Portugal; Formentera (For), Spain; Orbetello (Orb), Naples (Nap) and Procida (Pro), Italy; Gozo (Goz), Malta; Kithira (Kit),
Milos (Mil), Folegandros (Fol), Santorini (Sant), Skinousa (Ski), Amorgoes (Amo), Donoussa {Don), Levitha (Lev), Patmos (Pat), Lipsos (Lip),
Letos (Ler), Kalimnos (Kal), Greece; and Bedrum Gulf (BG),Turkey. Dashed lines limit regions (nos 1 8) used for testing degrees of
differentiation for multiple groupings. The Tunisia Sieily saddle s indicated by ‘TSS', and the Almeria-Oran front is indicated by ‘AOF".

patterns mentioned above. Lowsea waterlevels and changes
in ocean circulation patterns during the gladal perfods
could have played an important role in the segregation of
populations in the Mediterranean. Dispersal restriction
during the pelagic larval phase has probably contributed
to the current situation. In the case of C. chromis, after a rel-
atively short pelagiclarval duration (18—19 days, Raventts
& Macpherson 2001), fishes tend to be sedentary over sea-
grass or rocky reefs at depths ranging from 3 to 35m,
where they live for a maximum of 9 years (Duldc &
Kraljevic 1995). They reproduce repeatedly throughout the
spawning season (June-September) (Picciulin ef al. 2004).
Males establish territories, prepare nests and court females.
Females lay demersal eggs thatare guarded by males until
hatching. As for other pomacentrids, C. chromis has been
reported to exhibit reproductive parasitism (Picctulin ef al.
2004). In this study, our goal was to test the alternative
hypotheses related to speciation in Mediterranean fishes,
and spedifically of where and when spediation occurred in
the Mediterranean damselfish, C. chromis. If it speciated
within the Mediterranean, we would predict the divergence
from its sister species, C. limbata, as well as the coalescence
time of C. chromis, to have occurred after the MSC. In con-
trast, if C. chromis colonized the Mediterranean from the
Atlantic, the split between C. chromis and C. limbata could
have pre-dated the MSC, resulting in a divergence time
from C. limbata, and coalescence of C. chromis, to preceed
the formation of the present-day Mediterranean Sea. In
addition, we may also find a signature of recent expansion
in C. chromis populations, possibly showing amigration trend

© 2005 Blackwell Publishing Ttd, Molecular Ecology, 14, 4051 4063

and expansion going eastward inside the Mediterranean. A
third possibility is for an Atlantic origin of C. chromis and the
splitbetween C. chromis and C. Timbata to have occurred after
the MSC. This hypothesis, however, requires both a rapid
colonization of the Mediterranean and an extinction of
Aflantic populations of C. chromis over a relatively short time.

In order to determine if speciation occurred recently
within the Mediterranean Sea, orif it occurred in the Atlantic,
with a subsequent colonization event, we investigated the
following questions: (i) Can a phylogeographic approach
coupled with historical demographic parameters estimate
spedation time in C. chromis inrelationto the MSC? (i) Are
population structure and migration patterns within the
Mediterranean bearing signatures of recent colonization
and expansion?

To answer our questions, we decdided o combine a phylo-
geographic approach using mitochendrial and nuclear
markers, with a demographic study of the species. Weused
C. chromis as our focal species, C. limbata as its sister species,
and also the geminate transisthmian pair C. mulfilineata
and C. afrilobata as a way to calibrate the molecular clock
and estimate the mutation rate for this closely related group
of spedes.

Materials and methods

Sampling and DNA extraction

Sampling localities, dates of collections and number of
individuals are given in Table1 and Fig. 1. Samples of
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Table 1 Collection localities of Chroimis chvomis, Chromis limbale and oulgroup species, Chromids ! itiienta and Chrowis atrilobate, used in
the present ehudy. Number of individuals, namber of haplotypes {Hin) and Haplotype diversity (11d) (for mitochondrial control region)
were calculated using pNASP (Rozas ef af. 2003). Numbers after C. ¢hvopmis localities represent regions deseribed in Fig, 1, Locality labels from

Figs 1 and 2, and Fig. 3 are between parentheses

Species Locality No. of individuals Hn Hd Collection date
C. chyomis {CCH)
Portugal 1 Sesimbra (Ses) 14 14 1 November 2004
Spain 2 Formentera {For) 22 20 0.991 October 2003
Ttaly 3 Orbetello (Orb) 10 10 1 June 199

" Naples/ Procida (Nap/ Fro) 13 10 0949 June 2001/ July 2003
Malta Gozo (Goz) 6 6 1 April 2003
Greece 4 Kit hira (Kit) 7 o 0952 May 2003

5 Milos (Mil} 7 6 0.952 May 2003

" Folegandros (Fol} 8 ] 1 June 2003

Santorini {Sant) 7 [ 0952 June 2003
" Skinousa {Ski) 10 8 0.933 June 2003
" Amorgos {Amo) [ 5 0032 July 2003
Donoussa {Dnon) 10 10 1 August 2003

6 Levitha (Lev) 9 7 0944 August 2003

“ Patmos (Pat) Q fi (.889 September 2003

" Lipsos (Lip) 8 7 0964 August 2003

“ Leros {Ler) 9 8 0.792 September 2003

" Kalimnos (Kal) 9 9 1 July 2003
Turkey 7 Bodrum Gulf {BG) 21 17 0.9%76 October 2003
Total for C, chromis 185 1le 0.625
C. limbata (CLI)
Portugal Azores {Az) 4 December 2002

Madeira {(Mad) 1 September 2003
Spain Canaries {Can) 4 February 2004
C. praaltilisenta {CMU)
Panama San Blas {Atlantic coast) (Fanj March 1997
C. atrilobata (CAT)
Mexico B. Tortugas {Pacific coast) (Mex) 1 October 1999
Galapagos Santa Cruz (5C) 2 December 1994

Espafiola (Esp) 2 January 2000

1

Floreana (Flo)

January 2000

Chromis chromis were obfained from one location in the
Atlantic and 18 Jocations in the Mediterranean corresponding
to 17 populations (Naples and Procida locations were
treated as a single population due to their proximity). Six
of the Mediterranean locations were in the western basin,
the remaining 12 were in the eastern basin. Clirons limbata
(C. chremis sisler species) was collected from three Atlantic
islands (Azores, Madeira, and the Canaries). We used
Chremis multitineata and Chromis atrifobata as outgroups.
Samples were collected by spear or hand nets while scuba
diving. Fin clips were cul immediately after colleclion of
the individuals and stored at ambient temperature in 95%
ethanol. Tissues were digested overnight al 55 “Cin 700 pL.
of extraction buffer (400 mm NaCl, 10 ma Tris, 2mMm EDTA,
1% SDS). We purified the DNA by standard chloroform
extraction and isopropanal precipitation (Sambrook ef al.
1989).

Polymerase chain reaction and DNA sequencing

Amplification of the 5° hypervariable portion of the
mifochondrial control region (also called D-loop} was
accomplished with universal primers CR-A and CR-E (Lee
el al. 1995), and used a cycling profile of 45s at 91°C, 455
at 52°C, 1min at 72°C, for 35 cycles. In addition, we
amplified and sequenced segments of the mitochondrial
165 rRNA and cytochrome b genes as well as the nuclear
Ist intron of the alpha-tropomyosin (TROP) for a randomly
chosen subset of our samples. Cytochrome band 165 rRNA
were amplified for 45 s at 94 °C, 45 s at 48 °C, and | muin at
72 °C for 35 cycles, with the following primers: GLUDG-L
and CB3H, and 165AR and 165BR (Kocher etal. 1989).
Tropomyosin intron was amplified for 30's at 94 °C, 1 min
at 60 “C, and 2 min at72 “C for 35 cycles with the following
primers: TRIF and TRIR (Hassan &f al. 2002). Each 13-uL
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reaction contained 5-50 ng of DNA, 10 my Tris-HCI
{pH 8.3), 50 mn KCl, 1.5 mym MgCl, 1.25 U of Tag DNA
polymerase (PerkinElmer}, 150 mu of cach dNTP, and
0.3 mm of each primer. After purification following the
manufacturer’s protocol (Applied Biosystems), direct
sequencing was performed with an ABI 3100 automated
sequencer (Applied Biosystems). Sequencing was performed
in one direction only for the mitochondrial control region,
cyt b and 16S. The tropomyosin intron was sequenced in
both directions. None of the sequences contained ambiguous
heterozygous positions, but for two that contained a single
heterozygous (A and G) position that was encoded as
R (for purines). When removing thal position from the
analysis, results remained unchanged, thus the position
was kept for the final analysis.

Data analysis

DNA sequences and phylogenetic analyses, We used the
computer program CLUSTAL V implemented by Sequence
Navigator (Applied Biosystems) to align the sequences.
Number of haplotypes and haplotype diversity were cal-
culated using the software package DNAsP (Rozas ef al. 2003).
Phylogenetic relationships based on mitochondrial control

© 2005 Blackwell Publishing Ld, Molecuder Evology, 14, 4051-4063

region, 165, cyt b and TROP sequences were assessed using
representative individuals from each species (described in
Fig. 2). Character congruence between the four fragments
was tested using the incongruence-length difference test
(ILD) (Farris et al. 1995) available in paur (version 4.0;
Swofford 1998). We used three methods of phylogenetic
inference: maximum parsimony (using heuristic search,
TBR branch swapping, random addition of taxa and no
weighting), neighbour joining and maximum likelihood,
with the substitution model established using MODELTEST
3.06 (Posada & Crandall 1998) under hLRT (TIKY 1 G, ti/
tv ratio = 2.5511, gamma value = 0.1573, base frequencies
A =0.2786,C=0.1957, T=0.2564 and G = (.2693). All
methods were implemented by the software package PAUP
(Swolford 1998). Additionally, we inferred phylogenetic
relationships of all C. chromis specimens based on mitoch-
ondrial control region sexjuences using maximum-parsimony
and neighbour-joining methods (with the substitution model
obtained using mopeLtest under hLRT: HKY + G, ti/tv
ratio =2.1676, gamma value = 04752, base frequencies A =
0.3676, C = 0. 1871, T = 0.1405 and G = 0.3048). Topological
confidence was evaluated for all phylogenetic analyses, with
1000 bootstrap replicates (Felsenstein 1985). For maximum
parsimony, bootstrap was performed using the fast-step

45



Vera S. Domingues

4056 V. 5. DOMINGUES ET AL.

method (only one {ree kept al each replicate). Allernative
fopologies were {ested using the Shimodaira—Hasegawa
test (Shimodaira & Hasegawa 1999} implemented in paup
(Swofford 1998).

Genetic divergence and molecular clock calibration. Genetic diver-
gence between sister species (C. chronuis /C. limbata and C.
nudtitineata /C. afrilobata) was estimated for mitochondrial
control region, cyt b, 165 and TROP, using substitution
models obtained with MODPITEST. In order to account for
polymorphism in each species, divergence was estimated
as the average pairwise distance between species minus
the average pairwise distance within species. In order to
test for homogeneity of rates of molecular evolution for
D-loop, cyt b, 165 and TROP, we compared maximum-
likelihood topologies with or without enforcing a molecular
clock, using a likelihood-ratio test (Shimodaira-Hasegawa
test; Shimodaira & Hasegawa 1999}, implemented by the
software package raur (Swofford 1998),

The rate of divergence between C. multitineata and
C. afrilobala was calibrated using the liming of the rise of
the Isthmus of Panama (3.1-3.5 Ma; Coates & Obando
1996} as the minimum {ime of divergence between these
two species. This molecular clock was used to estimate the
minimum divergence time between C. chrons and C. limbata.

Population structure. Gene flow (Fgpand Nin) was estimated
using ARLEQUIN (version 2.000; Schneider ef al. 2000). Popu-
lation structure was estimated by an analysis of molecular
variance (AMovA; Excoffier et al, 1997) using ARLEQUIN.
Populafions were grouped in different regions and alternative
groupings were tested with an AMOVA to find the best fit for
our data, which defined western and eastern regions of
the Mediterranean. Corrections for simulianeous multiple
comparisons were applied using sequential Bonferroni
correction (Rice 1989).

To test for isolation by distance {IBD)) we applied the
Mantel test (Mantel 1967) to two matrices, F;, values and
log geographical distances in kilometres between locali-
ties, Weused 180 1.4 (Bohonak 2002) to perform the Mantel
test, using 1000 replicates to test significance.

Historical demography

Chromis chromis sample locations were divided in western
and eastern regions according to the results of the AMovaA.
The historical demography of the western and eastern groups
was {irst examined using mismaich distributions analysis
and Tajima’s D test of neutrality (Tajima 1989), in order to
evaluate possible events of population expansion and decline.
Theoretical studies have shown that populations in long
stable demographic equilibrium show a chaotic mismatch
distribution, while recent rapid population expansions
or botilenecks are reflected in a unimodal mismaich

distribution (Rogers & Harpending 1992; Rogers 1995).
Tajima’s D fest is classically used {o fest neutrality, but it can
also be used to test population growth as a population that
hasbeen experiencing expansion may result in a reject of the
null hypothesis of neutrality (significant negative D values).

Estimates of © (=2 Nit, where |1 is the mutation rate for
mitochondrial control region), were made for each region
as well as C. chronis as a whole. The parameter © was esti-
mated under two conditions: an unconstrained exponen-
tial growth parameter, and an assumption of constant N
(g = 0). We used rLucTUATE (Kuhner ef al. 1995) to estimate
the maximum likelihood of the parameters © and g (the
exponential growth parameter in units u-1). Seeds for all
analyses were generated randomly and the default transi-
Hon totransversion ratio was used. Analyses were repeated
10 times per region to ensure stability of parameters esti-
mates. Iinal analyses of each data set employed 10 short
Monte Carlo chains of 200 steps each and 5 long chains of
length 20 000, with a sample increment of 20. Exchanges
and range expansions {immigration) between western and
eastern regions were estimated using MIGRATE version 2.0
(Beerli & Felsenstein 2001; Beesli 200M). Again, analyses
were repealed 10 times, to ensure stability of parameter
estimates. Final analyses of each data set employed 10
short Monte Carlo chains with 500 recorded gencalogies
and five long chains with 5000 recorded genealogies, and
asample increment of 20. A chi-squared goodness-of-fit {est
was performed to test the null hy pothesis that migration in
both directions had equal rates. The time of coalescence
was estimated by assuming that coalescence was reached
when the population size was reduced to 1% of its present-
day value, following Wares & Cunningham (2001). In order
to estimate coalescence time, we estimated the mutation
raie (U} as p = substitulions per site per generation. Gener-
ation time, a value necessary to estimate coalescence time,
was estimated at 3 years, the approximate time for sexual
maturity for . chromis and C. lmbuta (Mapstone & Wood
1975; Dulcic & Kraljevic 1995).

Results

DNA sequences and phylogenetic analyses

The 165 rRNA and cylochrome b sequences were oblained
for 13 samples, 5 Chromis chromis, 3 Chroniis limbata, 3
Chromis atrilobata, and 2 Chromis multilineata. Sequences for
these two genes were 539 and 616 bp long, respectively.
Nudear sequences for the Ist intron of the alpha-tropomyosin
gene (317 bp) were obtained for 30 individuals, 15 C.
chromis, 7 C. limbate, 6 C. atrilobata, and 2 C. multilineatn. No
indels were found in this intron. The null hypothesis of
congruence between all four loci (D-loop, cyt b, 165 and
TROP) was not rejected (P = 1), thus data for all loci were
combined. All methods of phylogenetic inference resulted
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Table 2 Divergence of sister species Clromis atrilobain and Chroinis multilingata based on mitochondrial and nudear genes {column 1),
Maodel of substitation for each marker obtained using MopmTEST 3.06 (Posada & Crandall 1998) {column 2). Sequence: divergence {using
cubstitution model obtained in MopFRLTEST) and rate of sequence divergence [per million years Mym)] for Chromis atyilobats and Chypmis
multilineata are given in columns 3 and 4. Rate of divergence between C_multifineata and C.atrilobata was calibrated by the rise of the Isthmus
of Panama |3.1-3.5 million years ago (Ma)]. This molecular clock was used to estimate divergence time between Chioniis chironis and Clirontis

limbata {column 6), based on their sequence divergence (column 5)

C. atrilobata / C. mullilineata

C. citromis/ C. limbata

Model % divergence % divergence/Myr % divergence Divergence time (Ma)
D-loop HKY + G 4853 6.93-7.83 192 1.23-1.39
cyth HKY + G 16.33 2.36-2.67 572 1.09-1.22
165 K80 129 0.18-0.21 120 289-3.26
Tropomyosin (s 4.60 0.67-0.75 1.40 093 1.05

in the same topology. A maximum-likelihood phylogeny,
with an enforced molecular clock, is presented in Fig. 2.
As expected, individuals from nominal species (C. chromis,
C. limbata, C. multiliveata and C, atrilobata) grouped in well-
supported clades, with C. crromis being (he sister species of
C. limbata, and C. muldlilineala grouping with C. alrilobata
(Fig. 2).

Mifochondrial control region sequences were obtained
from 205 individuals including 185 C. chromis, 12 C. limbata,
6 C. atrilobata, and 2 C. multilineata. Number of haplotypes
and haplotype diversily are shown in Table 1. Phyloge-
nelic relationships of C. chrenis individuals based on the
mitochondrial control region resulted in two major clades
that were recovered both by the neighbour-joining and
maximum-parsimony methods, but with low bootstrap
support (less than 50%) (Fig. 3). In addition, samples did
not partition according to geographical regions (ie. there
were no fixed differences between regions). Enforced
geographically partitioned topologies were found to be
significantly worse than the topology presented in Lig. 3
(Shimodaira-Hasegawa test, I < (L001).

Genetic divergence and molecular clock calibration

Genetic divergences behween species are given in Table 2
for each separate locus and can be visualized in the combined
phvlogram presented in Fig. 2. As expected mulation rates
for the mitochondrial loci were highest for the control region,
intermediate for cyt b, and slowest for 165 rRNA (e.g.
McMillan & Palumbi 1997; Bernardi of al. 2001). The diver-
gence between the pair of geminate species, C. miiltilineata
and C, atrilobala, was higher than the divergence between
the target species, C. chromis and C. linibata, for all molecular
markers used. The ratio between the divergence across the
Isthmus of Panama (C. atrilobata /C. nudtilineata) and Atlantic
islands/Mediterrancan (C. limbata/C. chromis) was 2.52 for
the mitochondrial control region, 2.85 for eyt b, 107 for 168
rRNA and 3.33 for the nuclear tropomyosin iniron. We

12005 Blackwell Publishing 1.td, Moleeudar Ecolpgy, 14, 4051-4063

compared maximum-likelihood topologies with or without
enforcing a molecular clock using a Shimodaira-Tlasegawa
test (Shimodaira & Ilasegawa 1999) for D-loop, eyt b, 165
and tropomyosin. Topologies were not significantly different
(difference in Log L=0; P =1 for all markers). Therefore
we assumed homogeneity of rates of molecular evolution
for these markers.

The ris¢ of the Isthmus of Panama, which is assumed to
be responsible for the split of C. nudtilineata and C. atrilobata,
occurred between 3.1 and 3.5 Ma (Coates & Obando 1996).
This vicariant event has been used in other studies {o
calibrate mutation rates and estimate mutation rates ()
in closely related lineages (Bermingham & Lessios 1993;
Knowlton ef al. 1993; Bermingham ¢t al. 1997; Lessios 1998;
Donaldson & Wilson 1999; McCartney ef al. 2000).

Using this calibrated clock, the time of divergence between
C, chromis and C, limbata ranged from 0.93 to 3.26 Ma
depending on the molecular marker used (Table 2).

Population structure

As menfioned above, mitochondrial control region sequences
of C. chromis individuals ¢lustered in two major clades.
Fop and AMOVA tests were performed with all C. chromis
individuals. In order to detect if the implicit phylogenetic
signal was artificially producing significant results for
these tests, we performed the same analysis on a subset of
individuals from only the larger of the two clades. Both
procedures gave similar results, indicating that the presence
of the clades was not responsible for the significance of
the tests. We therefore performed the remainder of the
population analysis using all samples.

Comparing {o other damselfishes (Fauvelot e al. 2003),
all C. chromis populations analysed showed high haplo-
type diversity values (ranging from 0.792 to 1, Table 1).
Population structure of C. chromis was first assessed by
looking at gene flow between the 18 populations in our
study (Table 3). Gene flow between populations was found
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Fig. 3 Phylogeneticrelationshipwithin Chromiz dromis and its sister species Clvomis imbuta with Clrrais medtilineate and Chromis atrilobata used
as vutgroups. The phylogenetic tree, based on mitochondrial control region (D-loop), was obtained using the neighbour-joining method
{with HKY + G model}, implemented by thesoftware package raur {version 4.0, Swofford 1998). Maximum parsimeny resulted in the same
topology. Labels are described in Table 1, Additionally individuals belonging to ihe western or eastern groups are indicated by a W or E,
respectively, after cach label {(see text). The length of each branch is proportional to the mimber of nucleotide substitutions. Bootstrap values
above 50% for each node are shown as percentages for neighbour joining and pﬂrsimnny, above and below the nodes, rr-s[m‘ﬁvply.
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Table 3 Gene flow among Chromis chromnis populations represented by Nirt (below the diagonal) and Fer {abave the diagonal), calculated
from mitochondrial control region sequences using ARLEQUIN version 2.000 (Schneider 2t al. 2000). Significant P values (¥ < 0.05) are

indicated by an agterisk (after Bonferroni correction). Nm values below one migrant per generation are in bold

Nap/
Ses For Orb Pro Goz Kith Ml Fol

Ses 0.07 003 DODS D000 012 051° 053
Far .64 000 000 004 000 045 0497
Orb 575 inf D00 007 006 039° 0DA43*
Nap/Pro 375 303 iof 0.09 037 048 051"
Goz inf 1091 7.08 487 011 056 059
Kith 3.67 9420 787 13.04 4.02 057 0.62*
Mil 048" 0.61" 0.78% 0.55" 039 037 0.01
Fol 044" 0.51° 086" 0.46% 0.34" 0.31% 4632

Sant 367 inf 305 inf 336 inf 044 038"
Ski 043" 0.47* 0.54% 0.447 033" 0.31% 282 131
Don 028% 0.34" 034" 0.28° 0.17° 016" 119 0577
Amo 035% 0.36* 039 0.51* 020 016 140 072
lev 043" 056" 067" 0.48° 0.34° 033" inf A4z
Pat 0.25% 0.30* 028 0.25* 011 0.10* 085 040"
Lip 041" 0.53" 064" 045 030" 0.28" inf 855
Ler 029 0.33" 032" 0.27 018 014 1.07 053
Kal 0.51% 0.35* 035 050 0.18 0.16" 137 0.64"
BG. 093" 1.50° 1.01* 1008 4.27

Sant

0.12
0.00
0.00
0.00
0.13
0.00
0.53
0.57¢

0.36"
0.19%
0.20%
0.40"
0.12%
0.35%
0.17%
0.19¢
1.28

Ski

D.5¢*
0.52°
048*
D53
o607
0.61%
0.15

028

0.58%

6143
17.18
258
2375
1.78
4.61
inf
123

D.64*
0.60°
0.60*
0.64°
0.74%
0.75%
.30

0.47¢
0.72%
0.01

790
1.27
5.85
0.83
690
inf
0.80"

Amo
0.59°
0.58%
056"
0.62°
0.71
0.75
020
041
o7z
003
0.06

1.34
384
0.8%
inf
inf
0.85

Lev

0.5
0477
0.43*
0.51*
0.59°
0.60°
0.00
0.08
0.55"
0.1e
028
027

0.88
inf

107
1.31

522

Pat

0.67*
0637
0.54*
0.69*
0382*
0.84*
037
0.56%
0317
0.15
0.08
0.11
036

060
287
425
0.70

Lip

0.55¢
0489
0.44*
0.52*
0.63¢
0.64*
0.00
0.05
0.59*
022
0.38
036
0.00
0.45

0.62
0.87

7.52

Ler

0.63*
0.60¢
0.61*
0.65*
0.75
0.78%
0.32
0.48%
0.75¢
0.10
0.07
0.00
0.32
D15
042

17.25
0.75

Kal

0.62*%
0597
0.59¢
0.63*
073

0.75¢
0.27

0.44*
072"
0.00

0.0n
0.28
0.10
036
0.03

025

1345 1297 190°

to be remarkably low, with more than half of the Nm values
below the threshold value of one migrant per generation,
89 out of 153 pairwise comparisons (58.2%), and 117 (76.5%)
below five migrants per generation (Table 3). We detected
nosignificant correlation between Foand log-geographical
distance in C. chromiés populations (2 = 0.016, P > 1.05).

A series of AMovas with alternative groupings showed
that the highest degree of differentiation was found when
partitioning populations into two groups (western and
eastern), with the boundary between these groups falling
between the Greek islands of Kithira and Milos (Table 4,
Fig. 1). Gene flow between the Kithira and Milos popula-
tions was indeed very low (Fg; = 0.57, Nm = .37), but not
the lowest observed. Average number of migrants per gen-
cration (Nm) within western and eastern groups was 2,63
and 1.28, respectively, while average Nim between these
two regions was only 0.43 migrant per generation.

Historical demograply

Historical demography was assessed by determining
historical population size and growth wsing the control
region sequences of all the C. chromis and also partitioning
the data in western and eastern groups (Table 5). In all
cases, populations were growing at a relatively slow rate
(Table 5). Migrations between weslern and eastern groups
were also determined. Migration bebwveen these regions
was reduced, with a small eastward trend that was
statistically significant (49.478 castward migrants vs. 0.476
weslward migrants). A chi-squared goodness-of-fii test

© 2005 Blackwell Publishing Lid, Moleeular Ecology, 14, 4051-4063

Table4 Results of hierarchical analysis of molecular variance
{aMova) of miDNA control region haplotypes periormed in
ARLEQUIN {version 2.000; Schneider ef al. 2000). Significance {p} is
defined as the probability of finding a higher amang group
variance component and §~ than the observed value. Significant
P values (P < 0.05) are indicated by an asterisk {after Bonferroni
correction). Region labels are described in Table 1 and Fig. 1

Region % varlance

groupings Qar [ - Oy among groups P
{D{2-8) 0417 045% 0071 7.4 011247
{1, 2){(3-8) 0388 D483 0.156 15.58 0.07491
{1-3){4-8) 0281 0.521 0331 3311 0.00040%
(1-4) (5-8) 0.240 0.533 0385 3848 0.00000"
{1.3){6 8 284 0510 03le 3155 0.00000*
{1-6)(7-8) 0379 0404 0138 1376 0.03822
{1-7) (&) 0435 0377 -0103 -10.32 094614
(D{24)(5-8 0250 0512 0349 3494 0.00000"

assuming equal rates of migration in both directions rejected
this null hypothesis (? = 6.4, d.f. = 1, P < 0.05). Inaddition,
in both western and eastern groups, bimodal mismatch
distributions (not shown) and Tajima’s D test (west D =
—1.29, P = (L090; east D =-1.11, P = (.13) show no significant
bottleneck or recent demographic expansion for these
groups.

Relative historical population size was determined,
allowing us to estimate the coalescence time for C. chromis
and its eastern and western groups. Considering a genera-
tion {ime of 3 years (Mapsione & Wood 1975; Dulcic &
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SUMMARY: Parablennius sanguinolentus and P. parvicornis have been classified as either two distinct species or as two
sub-species depending on the different criteria used to classify them. An analysis of fragments of mitochondrial 128 and 168
rDNA showed that the genetic distance between samples of P. sanguinolentus and P. parvicornis is similar or higher than
those found for other blenniids that are widely recognized as distinct species. These results, together with the distinet geo-
graphical distributions and meristic differences. support the conclusion that P. sanguinolentus and P. parvicornis should be
considered as two different species.

Keywords: speciation, 128 mitochondrial rDNA. 168 mitochondrial rDNA, glaciations, NE Atlantic, Mediterrancan.

RESUMEN: CONFIRMACION CON DATOS MOLECULARES DEL ESTATUS ESPECIFICO DE PARABLENNIUS SANGUINOLENTUS Y
PARABLENNIUS PARVICORNIS (PISCES: BLENNIDAE). — Parablennius sanguinolentus y P. parvicornis han sido clasificados por
diferentes autores como especies distintas o bien como subespecies. El andlisis de fragmentos de las subunidades 125 y 168
del ADN ribosémico de la mitocondria muestra que la distancia genética entre los dos taxones s comparable o bien supe-
rior a las distancias entre especies de blénidos claramente reconocidas como vilidas. Este resultado, sumado a las ligeras
diferencias meristicas y a distribuciones geogrificas bien distintas, soporta cl reconocimiento de estos taxa como especies

vilidas.

Palabras clave: especiacién, 128 ADNr, 168 ADNr., glaciaciones, Atldntico Nororiental, Mediterrdneo.

INTRODUCTION

There has been considerable controversy over
the taxonomic status of the blenniids Parablennius
sanguinolentus (Pallas, 1811) and Parablennius
parvicornis (Valenciennes, 1836). Several authors
have used different criteria to classify P. sanguino-

“Received January 13, 2004. Accepted September 15, 2004,

lentus and P. parvicornis as two different species
(see Bath, 1977; Bath, 1990; Santos ef al., 1997), or
as two sub-species of P. sanguinolentus (see Arruda,
1979; Zander, 1980; Almeida and Harmelin-Vivien,
1983).

The only notable characters that distinguish
these taxa from each other are: an additional dorsal
spine in P. sanguinolentus, small teeth anteriorly to
the canines in the upper jaw in P. parvicornis, which
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TABLE 1. — List of Blenniidae species and outgroup taxa included in the phylogenetic analysis, sample localitics, number of specimens and
corresponding Genbank accession numbers.

Sampling localities

Genbank accession number

12S tDNA 16S rDNA N
P. sanguinolentus Lebanon AF414697, AF414698 2 AF428242 1
Greece AF414700 1 AY345188 1
Croatia AF414699 1 AY345187 1
Ttaly AF414701, AF414702 2 AY345189 1
Mainland Portugal AF414703, AF414704, AF414705 3 AF428241, AY098837 2
P. parvicornis Cape Verde AF414712, AY345216 2 AY345190. AY345191 2

Canaries AY345210, AY345211, AY345212, AY345200, AY345201, AY345202.
AY345213 AY345214, AY345215 6 AY345203, 345204, AY 345205 6

Madeira AF414706, AF414707. AF414708, AYAF428239, AF428240, AY 345192,

AY345206 AY 345207 AY345193, AY345194 5

Azores AF414709, AF414710. AF414711, AF428238, AY345196, AY345197.
AY345208. AY 345209 5 AY345198, AY345199 5
P. gattorugine Greece AF414715 1 AY098835 1
P. ruber Azores AF414716 1 AY098834 1
P. incognitus Azores AY098788 1 AY098829 1
P. pilicornis Mainland Portugal AY098795 1 AY098831 1
T. delaisi Madcira AY098812 1 AY098850 1
L. nuchipinnis Cape Verde AY098807 1 AY098847 1

are absent in P. sanguinolentus (Bauchot, 1966), and
slight differences in pigmentation (Zander, 1979).

According to Zander (1986), Bath (1990), Oliveira
et al. (1992), Gongalves e al. (1993), and Santos et al.
(1997), the distribution area of P. sanguinolentus
includes the Mediterranean and the Atlantic coast
between France (Gulf of Biscay) and Morocco,
although Bath (1990), did not list . sanguinolentus as
inhabiting African shorelines. The distribution of P.
parvicornis includes the West African coast, from
Morocco or Mauritania to the Congo River including
the NE Atlantic archipelagos of Azores, Madeira and
the Canaries and Cape Verde islands.

In this paper we discuss the taxonomic status of
P. sanguinolentus and P. parvicornis using mito-
chondrial rDNA data.

MATERIALS AND METHODS

The species and outgroup taxa included in the
phylogenetic analysis, their sample localities, num-
ber of specimens and corresponding Genbank acces-
sion numbers are listed in Table 1.

The blenniids Parablennius gattorugine
(Briinnich, 1768), Parablennius ruber (Valen-
ciennes, 1836), Parablennius pilicornis (Cuvier,
1829) and Parablennius incognitus (Bath, 1968),
were also analysed to provide a wider frame of ref-
erence to clarify the relationships between the pop-
ulations that are morphologically classified as
Parablennius sanguinolentus and Parablennius par-
vicornis. Tripterygion delaisi (Cadenat and Blanche,
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1971) (Tripterygiidae) and Labrisomus nuchipinnis
(Quoy and Gaimard, 1824) (Labrisomidae), which
represent families that are closely related to the
blenniids (Stepien et al., 1997), were used as out-
groups.

Samples were collected underwater and in tide
pools and fixed in 96% ethanol. Total genomic DNA
was extracted either from muscle tissue or from fin-
rays using a proteinase K/SDS based extraction
buffer and phenol/chloroform with ethanol precipi-
tation (Maniatis et al., 1982).

The following primer sequences were used to
amplify two fragments of the mitochondrial DNA:
for 128 rDNA, 12SFor 5-AAC TGG GAT TAG
ATA CCC CAC-3" and 12SRev 5°-GGG AGA GTG
ACG GGC GGT GTG-3’; for 16S rDNA, * 16SFor
5'-AAG CCT CGC CTG TTT ACC AA-3’ and
16SRev 5'-CTG AAC TCA GAT CAC GTA GG-3°.
These primers were designed in our laboratory and
have already been used in previous studies (e.g.
Henriques, e al.. 2002).

For both fragments, PCR mixtures were prepared
with a total volume of 20 ml, with: 1.5 mM MgCl,,
200 mM of each dNTP, 0.5 mM of each primer, 0.5
units of 7ag polymerase (Gibco BRL, Life
Technologies Inc., Gaithersburg. MD), Ix buffer
supplied by the manufacturer and approximately 20
ng of genomic DNA. The amplification process was
performed in a Biorad Gene-Cycler™ as follows: 4
minutes at 94°C and 30 cycles of | minute at 94°C,
I minute at 55°C and | minute at 72°C. After this
sequence, these products where kept at 72°C for 10
minutes. PCR products were purified with a GFX
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PCR DNA purification kit (Amersham-Pharmacia),
following the manufacturer’s recommendations.
Automatic sequencing of PCR purified products
was performed with a CEQ 2000 XL, Beckman
Coulter, with the same primers.

Alignments were made using Clustal X 1.81
(Thompson et al., 1997), with default settings.
Character congruence between the two fragments
was tested using the incongruence-length difference
test (ILD) (Farris ef al., 1995), available in PAUP
4.0b10 Win (Swofford, 2002). The null hypothesis
of congruence between the two data sets was not
rejected (P=1). Therefore, we analysed the 12S and
16S rDNA sequences combined in one single frag-
ment (but see Dolphin ez al., 2000). Regions where
the alignment was ambiguous were removed from
the analysis, which resulted in a fragment with 847
bp. The degree of saturation was assessed by plot-
ting transitions and transversions against uncorrect-
ed p-distances.

Sequences were analysed with three methods of
phylogenetic inference: maximum-parsimony (MP),
maximum-likelihood (ML) and minimum evolution
(neighbour-joining - NJ) (Saitou and Nei, 1987).
The phylogenetic analysis was performed with
PAUP 4.0b10 Win (Swofford, 2002). Bootstrapping
(Felsenstein, 1985), was used to assess robustness of
the nodes in the trees with 1000 replicates for MP
and NJ and 100 replicates for ML. The heuristic
search option “random addition of taxa™ and tree
bisection reconnection (TBR), with the MULPARS
option in effect, was used with the three inference
methods. MP analysis was conducted with the ACC-
TRAN option.

In order to choose the model of molecular evolu-
tion that best fitted our data we used the program
Modeltest 3.06 (Posada and Crandall, 1998). For the
combined 12S-16S rDNA dataset the ML settings
selected, according to the results of the Modeltest,
corresponded to the general time reversible model
(GTR+G) with rate heterogeneity. The distribution
of rates at the variable sites was assumed to follow a
gamma distribution with a shape parameter equal to
0.2668. NJ was based on the distance estimator
derived from the ML settings selected for the com-
bined fragment.

RESULTS AND DISCUSSION

We analysed a total of 367 bp of the mitochondr-
ial 128 rDNA and 480 bp of the mitochondrial 16S

rDNA, which makes a combined sequence of 847
bp. Of these, 267 sites were variable and 137 sites
were parsimony informative. The TS/TV ratio was
1.53. The base frequencies were: A=0.2950;
C=0,2501; G=0,2289 and T=0,2260. There was no
evidence of saturation either for transitions or trans-
versions.

The three methods of phylogenetic inference
converged into the same topology represented in
Figure L.

All samples of P. sanguinolentus and P. parvi-
cornis formed a well supported monophyletic group
that was well differentiated from the remaining
species of Parablennius. Within this group, all the
samples of P. sanguinolentus formed a well support-
ed clade as did those of P. parvicornis. It is interest-
ing to note that all samples of P. sanguinolentus
from Mainland Portugal to Lebanon are represented
by the same haplotype. The genetic distance (p-dis-
tance) between P. sanguinolentus and P. parvicornis
was 2.43% (SD = 0.07: Min = 2.40; Max = 2.64).
The p-distance in relation to the variation within the
P. parvicornis clade was 0.17% (SD = 0.14; Min =
0: Max = 0.60). The highest values were found
between fish from Cape Verde and some Azorean
samples. which are the more peripheral and distant
localities within our study area.

The results of this study unambiguously confirm
the distinctiveness of P. sanguinolentus and P. par-
vicornis which has been suggested by previous mor-
phological studies (e.g. Bauchot, 1966).
Furthermore, the genetic divergence between P. san-
guinolentus and P. parvicornis (2.4-2.6%) is
markedly higher than the values found for other
pairs of blenniids widely recognized as distinct
species (e.g. Parablennius gattorugine /
Parablennius ruber: p-distance = 1.6%, present
study; Lipophrys canevai | Lipophrys nigriceps: p-
distance = 1.3%, Almanda et al., 2005).

One of the authors (A. Brito) conducted three
expeditions along the African coast (in 1986. 1988
and 1998), in order to examine the distribution of P.
sanguinolentus and P. parvicornis by sampling the
intertidal fish fauna. P. sanguinolenius was not
found south of the Casablanca area (34°N), a con-
clusion supported by Brownell (1978). P. parvicor-
nis was never collected north of Cape Blanc (21°N).
a finding also supported by Bath and Wirtz (1992).
South of this point, on the coast of Senegal, it is a
common fish. These results show that P. sanguino-
lentus and P. parvicornis are separated by a gap of at
least 13° of latitude.
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L. nuchipinnis

P. gattorugine

P. ruber

P. incognitus

P. pilicomnis

P. parv. Madeira 2

P. parv. Madeira 3

P. parv. Madeira 4

P. parv. Madeira 5

P. parv. Canaries 2
P. parv. Canaries 3
P. parv. Canaries 4
P. parv. Canaries 5
P. parv. Canaries 7
P. parv. Madeira 1

P. parv. Canaries 6

P. parv. Azores 7
P. parv. Azores 8
P. parv. Azores 1
65/67/63 P. parv. Azores 2

P. parv. Azores 3

P. parv. Cape Verde 1

P. parv. Cape Verde 2

P. sang. Mainland Portugal 1
P. sang. Mainland Portugal 2
P. sang. ltaly

P. sang. Croatia

P. sang. Greece

P. sang. Lebanon

T. delaisi

100/100/100
61/87/97 E
98/100/100
100/100/100
63/66/64
100/1C0/100
53/66/-
o5/80175
-I 63/52/67
967975
0,01

FiG. 1. — Phylogenetic tree obtained for the combined 128-16S rDNA sequences. L. nuchipinnis and T. delaisi have been used as outgroups.

Bootstrap values for cach node are shown as percentages of maximum-parsimony (tree length = 421 consistency index (CI) = 0.82: homo-

plasy index (HI) = 0.18: retention index (RI) = 0.82). of maximum-likelihood (GTR+G medel) and of neighbour-joining (distance based on

ML settings) respectively (MP/ML/NJ). The topology of the trees is the same for all inference methods. Branch lengths are proportional to
the genctic divergence between haplotypes.

From a biogeographical point of view it is inter-
esting to note that the northern limit of P. parvi-
cornis is much more to the south on the West
African coast than it is near the Atlantic islands.
Indeed, it reaches its northern limit at the Azores
well to the north of the entrance to the
Mediterranean. This distributional pattern com-
pares well with the results of previous studies (e.g.
Santos e al., 1995 and the references therein), that
have demonstrated that there are significant affini-
ties between the ichthyofauna of the Azores and
those of Madeira and the Canaries. These authors
discussed the possible oceanographic processes
fish of tropical African origin may use to reach the
Azores via the Canaries and Madeira.
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Further genetic studies using larger samples for
each geographical location and rapidly evolving
markers, such as the control region of the mitochon-
drial DNA. could help to test this biogeographical
hypothesis.
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1. Introduction

The distribution of the shanny includes the NE Atlan-
tic from Norway to Mauritania and the Atlantic islands,
with some records in the Western Mediterranean.
Although several studies have been carried out on the
morphology (Arruda, 1979: Bath, 1976: Lowe, 1843).
ccology (Faria and Almada, 2001: Almada and Faria,
2000), ontogeny (Iaria et al., 2002), and its diet composi-
tion (Maze et al., 1999) not much has been done on the
genetics (Guillemaud ct al., 2000).

Some authors have drawn attention to morphological
differences between Lipophrys pholis of the European
continental coasts and the Atlantic islands. One of the
first studies to propose subspeciation in L. pholis is Arr-
uda (1979) who identifies unique features for the Azo-
rean shanny,

This observation led Zander (1980) to propose a
model of re-colonisation of blennies for the Mediterra-
nean alter the Messinian crisis (Hsii et al., 1973). Zander
suggests that as the temperature and sea level decreased.
those Mediterranean blennies moved towards Atlantic
islands. One of these blennies could have been an ances-
tor of L. trigloides which probably gave rise to an ances-
tor similar to L. pholis. At the end of the glaciation. this
“new” species invaded the African and then the Euro-
pean coasts. Finally, Zander justifies the disjunct distri-
bution of the shanny by differences in competition

° Corresponding author. Fax: +351 292200411,
E-muail address: sstefannicenotes horta.uac.pt (8. Stelanni).

1053-7903/8 ~ see front matter © 2003 Elsevier Inc. All rights reserved.
doi; i0.1016/).ympev.2005.07.001

pressures that lead to the giant race in Madeira ( Blennius
bufo) and a northern European shanny (B. pholis).

In the present study. we usc molecular tools along
with meristic counts with the aim of resolving the phy-
logeny of the shanny. Phylogenctic inferences arc
based on the analysis of 128, 168, and partial control
region (CR) sequences of the miDNA from three
localities along NE Atlantic coast and two Atlantic
islands.

2. Materials and methods
2.1. Morphology

A total of 283 specimens were analysed {rom the col-
lections listed in Appendix A,

The specimens from “LiphAzI™ 1o “LiphAz5™ as well
as the larger individual from MMF 24241 were pre-
served in ethanol thercfore they have also been used for
the molecular studies.

In addition to meristic counts, for samples from
Azores. Portugal mainland, and France, the number of
cephalic pores in the nasal area has also been investi-
gated, since their absence was characterising the Azo-
rean population (Arruda. 1979).

2.2. Molecular analysis

A total of 28 shannies were included in the compari-
son of the control region (CR), 128, and 16S rDNA.
Sequences were analysed separately including 20 indi-
viduals Tor the CR and nine for the 128 and 16S (one
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individual was shared in all genes studied). Samples
were collected from the United Kingdom (Oban and
Plymouth), mainland Portugal (Gelfa, Avencas,
Amoreira, and Lagos), and two Atlantic islands:
Azores (Saldo in Fayal) and Madeira (Ponta Delgada).
As the projects were carried out at different time,
amplifications of CR, 12§, and 168 were not all done
on the same fishes.

In addition, the sequences of Lipophrys irigloides were
included as ocutgroups.

All fish were fixed in 95% ethanol before being
stored at —20°C. mtDNA was ecxtracted from
white muscle following the procedure of Sambrook
et al. (1989), with slight modifications (Stefanni, 2000).
FFragments of the mtDNA including partial CR were
amplified using the L-Prol and II-DL1 primers
(Ostellari et al, 1996), while for 128 and 16S the
primers used were 12STF, 12SR. 16SF, and 16SR
(Henriques eial, 2002), respectively. The same
primers were also used for sequencing, as described in
Stefanni (2000).

2.3. Sequence alignment and phylogenetic analyses

All sequences were aligned using SEAVIEW (Galtier
etal, 1996) and CLUSTAL X (Thompson et al.,, 1997).
Character congruence between 128 and 168 was tested
using the incongruence-length difference test (ILD; Far-
ris et al. 1995) available in PAUP 4.0 (Swofford, 1999).
The null hypothesis of congruence between the two data
sets was not rejected (p— 1) which led us to analyse the
128 and 168 rDDNA sequences combined in one single
fragment.

Hierarchical series of likelihood ratio tests (Huel-
senbeck and Rannala, 1997). implemented using
MODELTEST 3.06 (Posada and Crandall, 1998) were
used to identify the appropriate nucleotide substitution
models. Likelihood ratio tests of the model’s fit with
and without the assumption of a molecular clock were
conducted.

283

Phylogenetic tregs of the haplotypes were constructed
using PAUP. The trees were rooted with the L. irigloides
haplotypes as outgroup. The neighbor-joining (NIT)
method (Saitou and Nei, 1987) was used to construct a
phylogenetic tree from the maximum likelihood (ML)
distances estimated under the sclected models. The sup-
port for internal branches within the NJ tree was
assessed using the beotstrap (Felsenstein, 1985) with
1000 replicates. A maximum parsimony (MP) analysis
was performed using the default options for heuristic
search to find the best MP tree(s). The length (L), consis-
teney index (CI), and retention index (RI) of the MP
treefs) were calculated with parsimony-uninformative
sites excluded.

The degree of corrclation between geographieal dis-
tances and genetic differentiation was estimated by
regression of a matrix of pairwise linearised @ values
{Slatkin, 1993), calculated using the program ARLE-
QUIN 2,000 (Schneider et al., 2000), against a mairix of
spatial distribution of the sampling localities. Geograph-
ical distances were calculated following the coastal line
and for the islands as the shortest distance between one
and the other according to the isolation by distance
(TRID) model.

3. Results
3.1. Morphology

3.1.1. Meristics

For the mainland samples, frequency distributions
of ray counts in the second dorsal (D2) and anal (A)
fins show a shift towards higher numbers at higher lati-
tudes (Table 1). Counts of the rays of the first dorsal
fins (ID1) are stable at 12 with rare exceptions of 11
(Table 1). Counts for rays of the second dorsal and
anal fins show high frequencies of 18 and 19. Towards
the north the frequency of fishes with 19 fin rays
increases, with some individuals in the north having 20

Table 1

Meristics of L. pholis

Location Dl D2 A N
XI XII 17 18 19 20 me17 M 18 m+19 m+20

Mainland

UK 2 17 0 16 69 4 1 27 83 8 11¢

France 0 15 1 6 8 0 0 4 10 1 15

Portugal 3 11 0 3 g 0 0 4 10 0 14

Morocco 1 [ 0 48 2 1} 0 32 38 0 70

Islands

Azores® 3 26 0 1 26 27 0 19 35 54

Madeira ] 5 0 2 3 ] 1] 2 3 0 5

Savages ( 2 0 0 2 0 ] 0 2 0 2

Canaries 0 1 0 { 1 0 0 0 1 0 1

D1, first dorsal fin: D2, second dorsal fin; A, anal fin; N, total number of specimens.
* Ray counts for D1 do not include the specimens from the islands of Santa Maria.
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rays. In contrast to the mainland, the Azores popula-
tion is mainly characterised by 19 and 20 fin rays in
both the second part of the dorsal fin and the anal fin
(Table 1). At the other oceanic islands (Madeira, Sav-
ages, and Canaries) we did not find individuals with 20
fin rays in the second dorsal or anal fin, but samples
were too small for statistical comparisons (Table 1).
Frequency distributions of fin rays among the other
five populations (four mainland and Azores) differ sig-
nificantly (Kruskall-Wallis test, p<0.001 for both D2
and A). The method of multiple comparison (Siegel
and Castellan, 1988) revealed that the Azores were
different from all other populations (p<0.05 for both
D2 and A). Furthermore, Morocco differed from the
UK in one comparison (D2: p<0.05), which we inter-
pret as a result of the shift towards higher fin ray
counts mentioned above.

3.1.2. Sensory pores

The number of sensory pores in the inter-orbital nasal
area was identical in all fishes examined. Thus, the extra
pore that Arruda (1979) described as a unique feature
for the Azorean population was found in mainland pop-
ulations as well

3.2, Genetic analysis

321 CR

All shannies were successfully sequenced and the 20
sequences define 17 haplotypes (GenBank Accession
Nos. AYY66017-33). All fishes sharing the same haplo-
type are from the same sampling locality. All sequences
correspond to the first hypervariable and part of the
central domains of the control region with a length
ranging from 430bp (Oban, UK) to 434 bp (Azores).
Five indels are required to align the sequences, giving &
total length of 455bp for all the sequences. Two indels
partition the Azorean shanny haplotypes from the oth-
ers, two partition the Azorean with two and three
mainland Portugal haplotypes, respectively, and one is
affecting the two Scottish and three Portuguese shan-
nics haplotypes.

The appropriate model of nucleotide substitution was
the HKY (Hasegawa et al., 1985) model with invariable
sites (7), rate heterogeneity ((7), and no clock. The transi-
tion/transversion (1¥/tv) ratio, proportion of invariable
sites (i), and 7 shape parameter («) were estimated to be
tiftv=2.9294, i=0, and « =0.3877, respectively. The base
frequencies were estimated to be A =0.3601. C =0.1874,
T=0.3099, and G=0.1426.

3.2.2. 128+ 168

A total of eight fish were successfully sequenced from
which seven haplotypes were defined {GenBank Acces-
sion Nos. for 128 and 165 rDNA: AY097015,
AY098765-7, AYO098825, AYOO9R770, AY0987012-4,

AY0987017, and AY(987019-24). The combined [rag-
ment corresponded to a total of 863 and 369 bp for the
128 and 494 bp for the 165. No indels were required for
the alignment and the appropriate model of nucleotide
substitution was K80 with tiftv=2.

3.3 Phylogenetics

Phylogenetic analysis from CR sequences described
by the neighbor-joining (NJ) tree contains 13 internal
branches with bootstrap (BS) values greater than S0%
(IFig. 1). The branch separating the Azorean shanny is
extremely well supported (BS=100) while the one
including samples from Madeira, mainland Portugal,
and Scotland has a much lower value (BS =72). Inside
the latter clade, branches with BS values >350% define
small (=2 or 3) monophyletic groupings of haplotypes
from different sampling localities.

Of the 435 sites considered only 79 are parsimony-
informative. The maximum parsimony (MP) search
retained six best MP trees (L=163, C1=0859, and
RI=0.832). The strict component consensus tree of the
MP trees, which displays all and only those groups
found in all the MP trees. resembles the NJ tree. In this
tree, the first split separates the Azorean shanny from
the monophyletic clade composed by two other groups.
One clade which contains the same three haplotypes
from mainland Portugal, Avencas (Avl0, Avl3, and
Av17) as presented in the NJ tree, and the second con-
tains haplotypes from all the localities, except for the
Azores. The patristic distance between the Azorean

a9/ 100! AVB+AVE
FENoY| Am37
Avi2
a0 MD2
syoa] Avid
Avig
Am35
Avie

Feldes)

au’ 00
/eH 3

Avio
-/100] Av13
anon Avi7
r AZ3+AZ4
| rA71
561100 AZDIATS

1001104

AYO
Pl

Fig, |. Neighbor-joining tree constructed from HKY+1+G distances
with tiftv=29294, i=0, and «=03877. Numbers above internal
branches indisate bootstrap values out of 1000 replicates (only il
>50%) for NJ and MP strict consensus trees. Az, Azores; Am. Amore-
ira; Av, Avéncas; MD, Madeira; Sc, Oban.
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Fig, 2. Maximum parsimony trec for 125 + 168 with numbers above internal branches indicating bootstrap values omt of 1000 replicates (only if
>50%) for MP and NI uees. Az, Azores; Av. Avencas; Gel, Gelfa; La, Lagos; MDD, Madeira; Ply, Plymouth; S¢, Oban; Litx, L. trigloides.

clade and the clade containing the remaining samples is
between 1.55 and 1.69%.

Not taking into account the Azorean samples, pairwise
P values between sites varied between 0.093 (Amore-
ira—Oban) and 0935 (Oban - Madeira). The latter is of
the same order of magnitude when comparing the Azo-
rean haplotypes with the ones from the other localitics.
Iowever, p valucs showed very high significance only
when any of the sites is compared with the Azores.

The corrected sequence divergence between the Azores
sequences and all the others (Madeira, mainland Portugal,
and Scotland) is 442% while the sequence divergence
within the twao groups is (.34 and 2.53%, respectively.

The estimates of the number of migrants (A, calcu-
lated from the @g; values (Slatkin, 1993) are much
reduced between the two most remote sites
(N =0.0345) as well as between the islands of Madeira
and Azores (N, =10.0338). The reduction in gene flow
between localities is not supported by the IBD model
and the correlation between geographical distances and
genetie differentiation is not significant (p =0.076).

For the phylogenetic analysis of the combined
1258+ 168 [ragment, all inference methods converged on
the same {ree topology (Fig. 2). MP yielded a single most
parsimonious tree of 34 steps. All methods resulted in
the same samples of shannies as a monophyletic group
clearly divided in two clades with very high support val-
ues. One clade contains the Azorean fish while in the
other clade all the remaining localities are grouped
together (mainland Portugal, Madeira, and UK). The
patristic distance between the Azorean clade and the one
containing the remaining samples is 1.24%.

4. Discussion

The phylogenetic analyses and the population genet-
ics strongly support the presence of two groupings of

shanny. one for the Azores and one for the mainland
Europe which includes the island of Madeira. The clade
constituted by the Azorean sample is highly supported
by NI and MP trees using CR and 12S + 168. Genetics
show unique haplotypes for the Azorean shanny. Fur-
ther support to this finding is the substantial divergence
between Azorcan sample and the others. Patristic dis-
tances between these two groups are 0.77 and 1.58% for
the two fragments at slower rate of evolution (128 and
168, respectively) and 1.55-1.67% for the CR. While in
the 128 the two Azorean fishes share the same haplo-
type, in the 168 they differ from each other, and the dis-
tances between them and the group containing the
remaining shannies have an average of 0.61%.

It is important to note that the patristic distance
between the Azorean shanny and those from mainland
Portugal. UK, and Madeira are of the same order of
magnitude (or even higher) than the values between
some of recognised distinet species of blennies. For
example, the p distance between Parablennius gaitoru-
gine and P. ruber is 1.6% and between Lipophrys canevai
and L, nigriceps is 1.3% (Almada et al,, 2005).

As for 128 and 168, the CR also describes unique hap-
lotypes for the Azorean shanny. They are defined by 12
substitutions and four insertions, and are mainly encoun-
tered (more than 80% of them) in the first domain. Within
the two clades, the level of nucleotide diversity is very
different (Azores: == 0.008; continental Europe + Madeira:
n=0056) differences which are also reflected in the num-
ber ol shared haplotypes (Azores: 4(0%; continental
Europe + Madeira: 7%). These rough values also suggest
that the population of shanny in the Azores may be very
limited in size when compared to the continental one.

When all sampling localities are compared one 1o
another, pairwise values of &g result statistically signifi-
cant only when Azores is included. This is further sup-
ported by the lack of corrclation between genetic
differentiation and geographical distance.
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When comparing p distances from partial CR
sequences of several Lipophrys species {available from
GenBank), the lowest value, after the 0.09 between
“Azorean” L. pholis and “mainland Portugal” L. pholis,
was 0.27 between L. adriaticus and L. caboverdensis, fol-
lowed by a 0.32 between L. adriaticus and L. dalmatinus,
and 0.41 between L canevae and L. caboverdensis.

Interruption of gene flow in L. pholis between Azores
and continental Furope (most probably through
Madeira and Canaries islands) might have happencd
more recently than the Messinian crisis (5.9 Mya) as pro-
posed by Zander (1980). Applying mutational rates com-
patible with universal molecular clocks, 1% for region al
slow-paced rate (as 128 and 168), places the split
between continental and Azorean shannies at 1.23 Mya,
during the early Pleistocene. It is well known that CR
yields a mutation rate which is several times faster com-
pared to the rest of the mitochondrial genome (Brown
ct al., 1993). Taking into account that early Pleistocene is
a plausible period for this separation to occur, the muta-
tion rate affecting the CR of L. pholis would range
between 2.9 and 5.5%, values also encountered in other
fish species with similar transtion/iransversion rate
(McMillian and Palumbi, 1997). A reliable calibration of
the CR clock for teleosts is provided by the comparison
between two amphi-Panamic geminate species of snook
{Donaldson and Wilson, 1999), and using this estimate,
separation between continental and Azorean shannies
occurred about 1 Mya.

Early Pleistocene was characterised by an inter-gla-
cial period with relatively high global temperature and
little ice locked up in polar caps (Lambeck et al., 2002).
With such warm conditions in the northern hemisphere
we might expect to find the anticyclone known as the
“Azores High” located further north than today. In such
a scenario, we would expect that the trade winds would
also be blowing at a higher latitude, maybe from the
coasts of southern Europe westward. In this situation.
the Azores would receive a constant supply of eggs and
larvae from marine organisms breeding in Europe. Such
a regular genc flow would possibly have been affected by
interruptions, especially during the glaciations that were
becoming progressively intense.

During the last glacial maximum, probably several
times during the Pleistocene, the temperatures in the
European shores would have been so low that L. pholis
would have become extinct, re-colonizing from more
southern refugia during inter-glacials. On the contrary,
at the Azores, the drop in sea surface temperature was
apparently much smaller, about 3°C (Climap, 1981:
Crowley, 1981). As a result, the present population of
Azores would have survived there, eventnally adapting
to long cold periods. This difference in population
histories may help to explain the genetic differentiation
that we found and the contrast in patterns of meristic
characters.

The strong differentiation of the Azorean shanny
which is indicated by both, genetic and meristics data
and the fact that this fish is extremely rare in the Azores,
suggests that the taxonomic and conservation siatus of
this species should be carefully revised.
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Appendix A. Appendix

List of collections of L. pholis used for morphological
study: BMNH—DBritish Museum of Natural History.
London, UK; SMNS—Senckenberg Natural History
Museum, Frankfurt, Germany; MMF—Museum
Municipal do Funchal, Madeira, Portugal; DOP—
Department of Oceanography and Fisheries, Irayal,
Azores, Portugal: RMNH--State Natural History
Museum, Leiden, The Netherlands. The specimens were
originally collected from the following locations:

1. United Kingdom, 119 specimens: BMNH 47015:
n=11, Devon: #=2, Loch Kishorn: n=3, Isle of
Lewis—Iebrides; »=28 Pembrokeshire; n=3,
Bude—Cornwall: #—15, Lastborne—Sussex: n—=1,
Mullet Peninsula; » =2, Pembrokeshire; # =3, Ork-
ney; #—4, Isle of Mann; n= 3, Brighton; #= 13, Ros-
scarbery Bay: »=13, Lannacombe Bay, n=3,
Guernsey: BMNH 47020, # =11, Cornwall.

. France, 15 specimens: BMNII 47020; n=I10.
RoscoffBrittany; DOP LIP PHO Fr 1- 3, # =3, Beg-
Meil—Brittany; RMNH 23844, n=1, Roscoff—Brit-
anny; RMNH 23864, n — 1, Roscoff—Brittany.

3. Morocco, 70 specimens: SMNS 13541 n=24, Tan
Tan; SMNS 13532, n=1, Agdu; SMNS 13540, n =8,
15km south of Tan Tan; SMNS 13506, n=9, Cap
Rhin; SMNS 13538, #= 10, Tarfaya; SMNS 13536,
n=35, Sidi Ifni: 13544, »= 13, Flayounne.

4. Portugal mainland, 14 specimens: DOP LIP PHO
Parede 1-14; n — 14, Parede.

5. Madeira Island, five specimens: BMNII 1863.9.10.12

n=13, Lowe 1863; MMF 22421 n—2.

Porto Santo Island, 1 specimen: RMNTI 29592, south

west coast.

(=]

o
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7. Savages Iles. two specimens DOP LIP PHQ Selvagem
1,n=1, Selvagem Grande; MMF 201 n— 1, Selvagem
Islands.

. Azores islands (Central group: Fayal and Pico
islands), 29 specimens: BMNH 19870, n =1, Porto de
Saldo, Fayal: DOP LIP PHO Az 1-2, Porto de Salo.
Fayal, Clipe-project; DOP LIP PHO Az 3-5, Porto de
Salao, Fayal; DOP LIP PHO Az 6-25, north coast
Fayal; DOP 161-395-LIP PHO-(61) a=3, Sao
Reoque, Pico, Expedition Azores 89; (Oriental group:
Sao Miguel and Santa Maria islands), 27 specimens:
DOP LIP PHO Santa Maria 1-25, =25 (lost during
transfer of collection); RMNT 35033, n= 1, Baia S&o
Lourengo, Santa Maria; RMNH 35032, » =1, south
coast 8o Miguel.

9. Canary Islands, onc specimen: DOP 132-395-LIP

PHO-(6:1). Tenerife Norte.

o0
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Abstract

Recent studies have focused on the relationship between the marine fauna of the eastern Atlantic and the Mediterrancan Sea. but
within the Atlantic, little is known about genetic relationships between populations of the Macaronesian islands. In this study, we tested
whether the paleo-climatology and paleo-oceanography of the region could predict the genetic relationships among three eastern Atlantic
populations (Azores, Madeira. and Canaries) of a damselfish, Chromis limbata. and compared our results with its Mediterrancan and
adjacent Altlantic sister species, Chromis chromis. We combined phylogeographic and coaleseent approaches using the fast evolving mito-
chondrial control region gene. No population structure was found for the three archipelagos. The coalescence time estimated for C. fim-
bata (0.857-1.17 Mya) was much greater than that estimated for C chromis. We propose that this difference reflects differences in
glaciating extents in the Northeastern Atlantic and the Mediterrancan. Diversity indexes (Hd and genetic distances) together with histor-
ical demographic parameters of C. Jimbaia (© and g) revealed a more stable population history when compared to C. chromis. Qur results
suggest that the Macaronesian populations of C. limbata have probably been less afiected by the last glaciation than the Mediterranean
populations of C. chromis. Migration across the three archipelagos was estimated and a prevailing northwest trend was detected. This
result supports the idea of a colonization of the Azores by warm waler fish from Madeira or the westernmost Canary islands which acted
as major glacial refugia for the tropical and subtropical marine fauna during the glaciations.
© 2006 Elsevier Ine, All rights reserved.

Keywords: Chromis fimbata; Northeastern Atlantic islands: Phylogeography; Glaciations: D-loop

1. Introduction

To understand the relationships between speciation and
dispersal/population dynamics in marine species, genetic
connectivity between populations are usually studied across
geographic boundaries. Recently, studies have focused on
the relationship between the eastern Atlantic and Mediter-
ranean (Alvarado Bremer etal, 2005; Bargelloni et al.
2003. 2005; Costagliola et al., 2004; Domingues et al., 2005;
Lemaire et al., 2005; Naciri ctal. 1999; Stamatis et al.,

*. Corresponding author. Fax: +351 218860954,
E-muil address: veradomingues@ispa.pt (V.S Domingues).

1035-7903/S - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2006.02.009

2004: Zardoya etal., 2004). In contrast, little is known
about genetic relationships between populations of the
Macaronesian islands (Azores, Madeira. Canaries. and
Cape Verde: Almada et al.. 2005; Guillemaud et al.. 2000).
These isolated oceanic islands constitute interesting model
systems [or the study of colonization processes, as several
climatic and oceanographic phenomena have played a
major role in the history of the ichthyofauna of thesc
islands (Almada et al., 2001; Miller, 1984: Santos et al.,
1993: Zander. 1980).

During the Pliocene, the eastern Atlantic experienced a
progressive cooling that reached its extreme with the Pleis-
tocene glaciations (Adams etal.. 1999; Briggs, 1996). The
western coast ol Portugal was particularly affected by a
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very pronounced southward migration of the polar front,
which caused a significant dropping of sea water tempera-
tures in this region (Crowley, 1981; Dias et al., 1997). The
Madeira islands, located further south, were less affected,
while the Canaries were severcly affected due to its proxim-
ity to the continent, although probably less in the western
islands, which nowadays present the higher temperatures
{Barton et al., 1998) and warmer fauna of all the temperate
Macaronesia (Brito et al, 2001). The Cape Verde islands,
although remaining considerably warm, were clearly out of
the Tropical bio-region (Briggs, 1996). The sea surface tem-
peratures in the Azores region experienced a small cooling
(2-3°C) (Crowley, 1981). Several authors (Briggs, 1974;
Miller, 1984; Santos et al, 1995) suggested that this drop in
sea surface temperatures has probably resulted in mass
extinctions of littoral fish at the Azores, and that most of
the organisms now present would have recolonized the
islands after this glaciating event from some southern
regions such as Madeira.

In marinc organisms, occanographic conditions play an
important role in colonization processes, particularly in
those whose dispersal is restricted to their planktonic larval
phase. The Northeastern Atlantic current system is domi-
nated by the Gulf Stream, which splits into iwo main
branches, the North Atlantic Current (fowing north) and
the Azores Current (flowing east). Close o the Azores
islands, each of these currents divides into two branches,
one of which flows south, feeding the Madeira and Canar-
ies currents (Santos ct al,, 1995; Stramma, 1984). This mul-
tibranch system is even more complex due to seasonal
variations of the mean current directions, and as it is a
source of meanders and eddics (Santos ctal., 1993; Stra-
mma, 1984). Although dominant average ocean current cir-
culation reaches the Northeastern Atlantic islands from the
west. the marine littoral fauna and flora of the temperate
Macaronesia (Azores, Madeira, and Canaries) share affini-
ties with the eastern coasts of the Atlantic and the Mediter-
ranean (Boury-Esnault and Lopes, 1985; Brito et al, 2001;
Brilo and Qcana, 2004; Gofas, 1990; Lloris et al, 1991:
Prud’homme van Reine, 1988; Weerdtl, 1989; Wirtz and
Martins, 1993). This is probably the result of episodic
anomalies of the water movements described above (Santos
ctal. 1995), and of the temperate conditions that the north-
west African upwelling confers to these islands.

Chromis limbara (Valenciennes, 1833) is a species
restricted to the Macaronesian islands (Azores, Madeira,
and Canarics) and the western coast of Africa (between
Senegal and Congo, Edwards, 1986; Wood, 1977; L. Rocha
ctal, unpublished). The Cape Verde islands bear an
endemic and a tropical amphiatlantic Chromis species
(Edwards, 1986). Chromis chromis (Linnacus, 1758), the
most likely sister species of C. fimbata (Edwards, 1986;
Woeod, 1977; L. Rocha et al., unpublished) is [ound in the
Medilerranean and adjacent Atlantic. Chromis limbata
inhabits rocky areas from 3 to S0m, where it forms aggre-
gations in midwater (Brito et al., 2002). During the summer,
nesting males defend territories and take care of the eggs

and Evolution 40 {2006) 139-147

that are attached to the substratum (Mapstone and Wood,
1975), In the case of C. chromis, after a pelagic larval phase
of 18-19 days (Raventds and Macpherson, 2001) fish settle
to adult grounds. It is likely that C. limbata have similar life
history parameters.

The goal of this study was to test whether the paleo-cli-
matology and paleo-aceanography of the region could pre-
dict the genetic relationships among the three eastern
Atlantic populations (Azores, Madeira, and Canaries) of
Chromis limbata. Our working hypothesis was that relict
populations of C. limbata from the Madeira refugium
would have been the source of re-colonization of the other
two populations. To address this question, we combined a
phylogeographic and coalescent approach using the fast
evolving mitochondrial control region gene.

2. Materials and methods
2.1. Sampling and DNA extraction

Samples of C. limbata were obtained from one island of
the archipelagos of the Azores, Madeira, and the Canarics
(Fig. 1). C. chromis (C. limbata sister species) was used as
outgroup. Samples were collected by spear fishing or hand
nets while scuba diving. Fin clips were cut immediately
after collection of the individuals and stored at ambient
temperature in 95% ethanol. Tissues were digested over-
night at 55°C in 700 pl of extraction bufler (400mM NaCl,
10mM Tris, 2mM EDTA, 1% SDS). We purified the DNA
by standard chloroform extraction and isopropanol precip-
itation (Sambrook et al., 1989).

2.2. DNA amplification and sequencing

Amplification of the §' hypervariable portion of the
mitochondrial control region (also called D-loop) was
accomplished with universal primers CR-A and CR-E (Lee
etal, 1995). and used a cycling profile of 45s at 94°C, 45s
at 52°C, 1min at 72°C, for 35 cycles. Each 13 pl reaction
contained 5-50ng of DNA, 10mM Tris-1ICL {pll 8.3),
S0mM KCl, 1.5mM MgCly, 1.25u of Tag DNA polymer-
ase (Perkin-Elmer, Norwalk, Conn.), 150mM of each
dNTP, and 0.3mM of each primer. Affer purification fol-
lowing the manufacturer’s protocol (Applied Biosystems,
Forter City, CA), direct sequencing was performed with an
ABI 3100 automated sequencer (Applied Biosystems).

2.3, Data analysis

We used the computer program Clustal V implemented
by Sequence Navigator {(Applied Biosystems) to align the
sequences. Number of haplotypes and haplotype diversity
were calculated using the software package DNAsp (Rozas
et al., 2003).

Phylogenetic relationships of € /imbata individuals were
assessed using the neighbor-joining and maximum parsimony
methods implemented by the software package PAUP
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samples were collected in one island of the archipelagos of the Azores, Madeira, and the Canaries.

Arrows indicate the dJm.tmn 01' migration between the islands and numbers next to the arrows are the number of immigrants per generation, estimated

using Migrate version 2.0 (Beerli. 2004).

(Version 4.0; Swofford, 1998). Since, we were assessing an
intraspecific phylogeny, we adopted a model of evolution with
as few assumptions as possible and selected Kimura-2-dis-
tance (Kimura, 1980). Topological confidence was evaluated
for both methods with 1600 bootstrap replicates (Felsenstein,
1985). Additionally, a network of haplotypes was constructed
using the statistical parsimony method (Templeton etal,
1992) implemented in TCS (Version 1.21, Clement et al., 2000).
Gene flow (I'st and Nm) was estimated using ARLE-
QUIN (Version 2.000; Schneider etal, 2000). Population
structure was estimated by an analysis of molecular variance
(AMOVA; Excoflier et al,, 1997) using ARLEQUIN 2.0,
The historical demography of the islands was first exam-
ined using mismatch distributions analysis and Tajima’s
test of neutrality (Tajima, 1989), to evaluate possible events
of population expansion and decline. These analyses were
performed in ARLEQUIN 2.0. Theoretical studies have
shown that populations in long stable demographic equilib-
rium show a chaotic mismatch distribution, while recent
rapid population expansions or bottlenecks are reflected in
a unimodal (approximately Poisson) profile (Rogers. 1995;
Rogers and Harpending, 1992). Mismatch distributions
were established and their fit to Poisson distributions was
assessed by Monte Carlo simulations of 1000 random sam-
ples. The sum of squared deviations (SSD) between
observed and expected mismatch distributions was used as
a lest statistics, its p value representing the probability of
obtaining a simulated SSD larger or equal to the observed
one (Schneider and Excoffier, 1999). Tajima’s D test are
classically used to test neutrality, but they can also be used
to test population growth as a population that has been
experiencing expansion may result in a rejection of the null
hypothesis of neutrality (significant negative D value).

Estimates of @ (= 2N g, where g is the mutation rate for
mitochondrial control region), were made for the entire C.
limbata sample using FLUCTUATE (Kuhner et al, 1998).
The parameter & was estimated under an assumption of
unconstrained exponential growth. Seeds for all analyses
were generated randomly. Analyses were repeated 10 times
per region to ensure stability of parameters estimates. I'inal
analyses of cach datasct employed 10 short Monte Carlo
chains of 200 steps each and 5 long chains of length 20,000,
with a sample increment of 20,

The time of coalescence of the islands was estimated by
assuming that coalescence was reached when the popula-
tion size was reduced to 1% of its present day value, follow-
ing Wares and Cunningham (2001). In order to estimate
coalescence time, we used the mutation rate (¢) for mito-
chondrial control region as 8241075930 107¢
{Domingues et al., 2005).

Exchanges and range cxpansions (immigration) between
each island were estimated using MIGRATE 2.0 (Beerli and
Felsenstein, 2001; Beerli, 2004). Again, analyses were repeated
10 times, to ensure stability of parameter estimates. Final
analyses of each dataset employed 10 short Monte Carlo
chains with 5000 recorded genealogies and 5 long chains with
50,000 recorded genealogies, and a sample increment of 20
We applied an exhaustive search using 4 heated chains {1, 4,
7,10} and an interval between swapping trees of 1.

3. Results
3.1. Population diversity and phylogenetic analysis

A total of 62 mitochondrial control region sequences
were obtained for Chromis limbara. Three €. chromis
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sequences were used as outgroup. Number of haplotypes,
diversity indexes and uncorrected p-distances are shown in
Table |. The two mosi southern islands (Madeira and
Canaries) showed higher diversity indexes and p-distances
than the Azores.

Both methods of phylogenetic inference gave similar
topologies (Fig. 2). Individuals from the three islands did
not partition into distinet clades, indicating some level of
gene flow between islands. Phylogenetic relationships, how-
ever, partitioned the samples in two major clades, one con-
taining 10 individuals (6 from Madeira and 4 from the
Canaries) and the other containing the remaining samples,
The smaller clade was only weakly supported (boostrap
replicates, 59 and 51% for Maximum-Likelihood and Max-
imum Parsimony, respectively). In the other clade, C. fim-
bata sequences grouped in small and low supported clades,
which include individuals from the threc iglands. Evolution-
ary relationships among haplotype sequences were also
represented in the form of statistical parsimony networks
(Fig. 3). C. limbata revealed a complex pattern with three
networks and 13 haplotypes that could not be connected
under the confidence limit of 95% (Templeton et al., 1992).
The two larger networks included individuals from the
three islands, which supports a lack of geographical struc-
ture. The entire network is also characterized by several
closed loops instead of linear relationships connecting hap-
lotypes, suggesting the presence of homoplasy (Templeton
etal, 1992). Two haplotypes present exclusively in the
Azores were inferred to be ancestral, as they yielded the
highest outgroup weights in each of the networks (0.467
and 0.162) (Castelloc and Templeton, 1994},

3.2. Population structure

Population structure was first assessed by looking at gene
flow between the Azores, Madeira, and Canary islands (Table
2). Consistent with the phylogenetic description above, gene
flow was high between the three archipelagos Number of
migrants was higher between Madeira and the Canary islands
than between either of these islands and the Azores. The
Azores population showed similar Fst values for the two
southern island groups. The analysis of molecular variance
showed no population structure for the Azores, Madeira, and
the Canaries. There were a high pereentage of within popula-

tion variation for the three archipelagos (89.5%). and a low
percentage of variation between populations (105%).

3.3, Historical demography

To investigate the presence of a past demographic
expansion or bottleneck, mismatch distribution analyses
were performed. Given the lack of population differentia-
tion for C. limbara, the three islands were analyzed in a
combined sample. Methods showed contrasting results,
making the occurrence of past changes in population size
unclear. According to the goodness of fit test, C. fimbata
could be fitted to an expansion model (SSD =00046,
2 =0.356). This method is however very conservative, rarely
rejecting the expansion model (Schneider and Excofiier,
1999). Indeed, visual inspection of the mismatch distribu-
tions (Fig. 4) showed a multimodal profile, which is typical
of demographic stable populations (Rogers and Harpend-
ing, 1992). This outcome was supported by a non-signifi-
cant Tajima’s D value (D = —0.999, p=0.158).

Theta (@) and growth (g) values were estimated for C
limbata (Table 3} When compared to populations of C. chr-
omis (Domingues et al., 2003), C. fimbata was growing at a
slow rate (Table 3).

Migration between the Azores, Madeira, and Canary
islands was determined. The prevailing migration direction
was towards the northwest (Fig. 1). Number of migrants
was higher from the Canaries into Madeira and from
Madeira into the Azores. Migration in the other directions
could not be excluded, although it occurs in a much smaller
extend (6.66 from Madeira into the Canaries and 342 from
the Azores into Madeira; sec Fig, 1).

4. Discussion

In a previous paper, Domingues et al. (2003) estimated the
timing of speciation of C. chromis based on the mitochon-
drial control region, using two approaches: (i) determining
the time of divergence between C. chromis and its sister spe-
cies C. limbata (using a molecular clock based on the diver-
gence between the transisthmian geminate species
multilineare and C. atrilobata); 1) estimating the age of the
most recent common ancestor using the time of coalescence
for the two sister species. The divergence time of C. chromis

Collection localities of Chyomiis limbara and outgroup species, C. ehromis, used in the present study and diversity indexes for mitochondrial control region

Table |

Lacality Number individuals
Chromis limbata

Azores (Azo) 25

Madeira (Mad) IR

Canaries (Can) 19

Total 62

Chromis chromis

Sesimbm (Ses) (Portuguese Atlantic coast) k!

Hn Hd b p-distance (average) Collection date
12 048 0.036 0033 Feb. 2004
17 094 0.058 0057 Sep. 2003
19 1 0.080 0.046 Apr. 2004
Mar. 1997

Number of individuals, number of haplotypes (Hn), Haplotype diversity (Hd), Nucleotide diversity (), and average uncorrected p-distance for each pop-

ulation are shown,
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Fig, 2. Phylogenetic relationship withiu Chromis limbata using C. civoniis as outgroup. A neighbor-joining tree is shown with neighbor-joining (above the
nodes) and maximum parsimony (helow the nodes) bootstrap support above 507%, Labels ave described in Table 1. The length of each branch is propor-

tional to the number of nucleotide substitutions. Seale bar: 1% Kimura-2 genetic distance.

from its sister species C. limbata was estimated at 093

time was estimated at 0.857-1.17Mya. These results are in

326Mya, while its time of coalescence was reached (.14~ agreement with the general idea that the divergence time of

0.21 Mya (Table 3). In the case of C. limbata, coalescence

two sister species is most likely an overestimate of their
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Qa1

Fig, 3. Statistical parsimony networks of D-loop seq for C. limb
each neiwork {Castelloe and Templeton, 1994) are displayed in a square.

Tahle 2

Gene flow among Chremis i 1 ted by Fst (below
the diagonal) and Nm (above the dmgonal) mkulawd from mitochon-
drial control region sequences using ARLEQUIN version 2.000 (Schoeider
et al.. 2000)

Azores Madeira Canaries
Azores 2623 4.189+
Madeira 0.160* 13744
Canaries 0.107* 0,035

Significant p values (p < 0.03) are indicated by an asterisk.

actual coalescence time (Edwards and Beerli, 2000). As stated
above, the coalescence time estimated for €, Jimbara is much
greater than that estimated for C. chromis by Domingues
ctal (2005). This difference may reficet the differentiate
impact of glaciations in the two arcas. While in the Atlantic
islands, specially in Madeira, the drop in sea surface tempera-
ture was negligible (Crowley, 1981), in the Mediterranean
warm water fish were reduced to small pockets in the south-
ern Mediterranean (Thiede, 1978), which must have implied
amajor population collapse of C. chromis.

No population structure was found among C. limbata
from the Azores, Madeira, and Canary islands. None of the
phylogenetic inference methods yielded highly supported
clades encompassing individuals from one of the islands
exclusively. Similarly, the statistical parsimony network

Empty circles represent missing haplotypes. Ancestral haplotypes for

i

showed no particular groupings of individuals across
islands. The lack of population differentiation was sup-
ported by a low percentage of variation between popula-
tions (10.5%) shown by the AMOVA analyses. Indeed, gene
flow among the three islands was high (Table 2), with all the
comparisons showing Nm values greater than 1.

Historical demographic parameters of C. /imbata (Table
3) reveal a more stable population history when compared
o €. chromis of the Western Mediterranean and adjacent
Atlantic (Domingues et al, 2005). In addition to the differ-
ences of coalescence times discussed above, two lines of
evidence support this conclusion. Western Mediterranean
C. chromis showed a smaller @ (and thus smaller Ne) than
C. limbatg. Although the difference is not very large
(@ - 0.54] and 0.572 for the Western Mediterranean C. chr-
omis and C. limbata, respectively), it is important to remem-
ber that the Western Mediterranean and adjacent Atlantic
have a much higher area. As for the growth parameter,
C. chromis showed much higher values than C. limbara.
Large g values are typical of populations expanding their
geographical range following regressions due to glaciating
cvents, These observations, which suggest a relatively stable
population of C. limbara with moderate growth during the
Pleistocene, would explain the apparent contradiction
between the results of the mismatch analysis and the non-
significant Tajima’s D value.
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Fig, 4. Mismatch distribution

mitochondrial control region. The bars represent the observed frequency of the pairwise

differences among haplotypes, while the line shows the expected curve predicted for a population that has undergone a demographic expansion in the past.
The parameters of the model of sudden expansion (Rogers and Harpending. 1992) are presented as well as goodness of fit test to the model: 88D sum of
squared deviations; §,, pre-expansion and 9, post-expansion population sizes; * time in number of generations, elapsed since the sudden expansion episode.

Tajima’s (19891 D test value and its statistical significance are also given,

Table3
Demographic parameters of Chromis limbaia based on miDNA control
region

a r Coalescence
time (Mya)
C limbata
Azo,Mad, Can  0372(20037) 52678 (+5072) 0857-1.17
C. chronis
Mediterranean ~ 0.897 (£0.178) 308026 (+45979)  0.14-0.21

Estimates of @ (compound parameter representing the effective popula-
dou size and mutation raw), g (growth p ). and coal time.
Parameters were estimated wsing FLUCTUATE (Kuhuoer et al. 1998).
I'he standard deviation is presented between par after @ and 2.

In the Azores region during the glacial peaks the drops
in sea surfuce temperatures were small (2-3°C), due to a
complex and stabilizing system of interactions between
the Gulf Stream and North Atlantic Current (Crowley,
1981). However, as noted by the same author, the plank-
tonic foraminiferal record in this region has experienced
large variations during the last 150,000 years. Indeed,
Santos et al. (1995) suggested that this temperature drop,
although not very strong, has probably resulted is mass
extinctions of littoral fish from the Azores. Following this
idea, most of the organisms now present would have
recolonized the islands after the last glaciating event
from some southern, less affected regions like the North-
western coast of Africa south of Cape Blanco, the west-
ernmost Canary islands and Madeira. Tndeed, both the
haplotypic and nucleotidic diversity indexes as well as
the uncorrected p-distances were lower for the more
affected population of Azores than for the southern

Madeira and Canary islands. When looking at migration
across the three archipelagos, a prevailing northwest
trend is evident. This estimation agrees with the coloniza-
tion process proposed by Santos etal. (1995) for the
Azores. According to these authors, the western Africa
and Macaronesian islands have been the main source of
eggs and larvae transported by several eddies and having
small islets and shallow seamounts as “stepping-stones”
for the dispersal of warm water organisms to the Azores.
Also the proximity of the Canary islands to the continen-
tal African coast combined with the above mentioned
eddics may have played an important role in the coloni-
zation process of Madeira and Azores.

In summary. our study shows that the Macaronesian
populations of €. fimbata have probably been less affected
by the last glaciation than the Mediterranean populations
of C. chromis studied by Domingues etal. (2005). It also
supports the colonization model proposed by Santos et al.
{1995) for the warm water fish of the Azores and the possi-
ble role of Madeira and the westernmost Canary islands as
a major glacial refugia for the tropical and subtropical
marine fauna.
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Abstract The genus Triprerygion (Risso 1826) is
restricted to the eastern Atlantic and the Mediterra-
nean, and comprises only three species. 7. melanuros
and T. tripteronatus arc cssentially endemic to the
Mediterrancan, while Tripterygion delaisi occurs in the
Atlantic and in the Mediterranean. Two subspecies of
T. delaisi have been described (T d. xanthosoma in the
Mediterrancan and 7. d. delaisi in the Atlantic). Sev-
eral scenarios have been proposed for the evolution of
T. delqisi subspecies, but so far its subspeciation pro-
cess is not clear. In this study we present a population
survey of 7. delaisi including specimens from the two
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recognized subspecies. We combined a phylogeo-
graphic approach with estimates of the direction of
migration (between the Atlantic and the Mediterra-
nean) and of the coalescence time of the two subspe-
cies, using polymorphic mitochondrial and nuclear
genes, The results of this study clearly support the exis-
tence of two Tripterygion delaisi clades, one in the east-
ern Atlantic islands and another in the Atlantic coasts
of Europe and in the Mediterranean. Historical migra-
tion between the islands and Western Europe plus
Mediterranean was restricted, and showed a west-
bound trend. with a higher number of migrants going
from the Western Europe plus Mediterranean into the
islands. We estimated the time of coalescence of both
groups of T. delaisi to be more recent than the onset of
Pleistocene glaciations (1.7 Mya). Qur results are con-
sistent with previous hypothesis that consider succes-
sive dispersal events of a Tripterygion ancestor from
the western African coast colonizing the Atlantic
islands and the Mediterranean, promoting the evolu-
tionary divergence between these areas.

Introduction

Despite the fact that the Medilerranean and adjacent
Atlantic have been considered the same biogeographi-
cal province (Briggs 1974), several recent studies using
molecular markers addressed levels of differentiation
between these regions. Studies on different marine
organisms have shown contrasting results. Some spe-
cies exhibit little gene flow and strong genetic diver-
gence  between  Allantic and Mediterranean
populations (Kotoulas et al. 1995; Borsa et al. 1997;
Chikhi etal. 1997; Naciri etal. 1999; Aurelle et al.
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2003; Bargelloni et al. 2003, 2005), while others show
very high levels of gene flow (Bargelloni et al. 2003,
2005; Costagliola et al. 2004; Duran et al. 2004; Zar-
doya etal. 2004). An emerging pattern is shown in
cases of closely related species. In such cases one of
two sister species is present in the Mediterranean and
adjacent Atlantic while the other is found in tropical
west Africa and Macaronesian islands (eg. Chroms
chromis and C. limbata, Domingues et al. 2005; Para-
blennins sanguinolentus and P. parvicornis, Almada
et al. 2005a). Thus the study of the boundary between
these regions may shed light on the role of biogeo-
graphic breaks in the formation and maintenance of
speciation events.

Several scenarios have been proposed for the evolu-
tion and phylogeography of the ichthyofauna of the
northeastern Atlantic and the Mediterranean. Based
on small cryptic fishes (blennioids)., Zander (1980)
described the Macaronesian islands as a center of spe-
ciation for the Atlantic blennioids from which the new
species have colonized the western European shores.
Almada et al. (2001) proposed the tropical coast of
Africa and the Mediterranean as possible speciation
centers of the northeastern Atlantic blenniids, serving
also as refugia during the glacial periods.

Triplefin blennioids (family Tripterygiidae) com-
prisc a number of small demersal fish living in rocky
habitats. The genus Tripferygion (Risso 1826) is
restricted to the eastern Atlantic and the Mediterra-
nean (Zander 1986; Wirtz 1990). In recent years only
three species of this genus have been recognized in the
entire area. {ripterygion melanurus (Guichenot 1850),
and 7. ftripteronotus (Risso 1810) are essentially
endemic to the Mediterranean (but there are indica-
tions pointing to the existence of an Atlantic popula-
tion on the coasts of northwest Morocco; Brownell
1978). T. delaisi (Cadenat and Blache 1970) is distrib-
uted in two disjunct arcas: a southern arca comprising
western tropical Africa north to Senegal and the Maca-
ronesian islands, and a second area comprising the
Mediterranean sea and adjacent northeastern Atlantic
waters south to Casablanca and Morocco, and north to
the British Isles. Indeed, although Zander (1986) men-
tioned the species as ranging from southern England to
Senegal, there are no records of triplefins between
Casablanca and Senegal. Moreover a recent survey did
not detect it in Western Sahara (Falcon et al. 2002),
The name 7. xanthosoma (Zander and Heymer 1970)
was recognized for the Mediterranean, but Wirtz
(1950) placed 7. xanthosoma in synonymy with the
eastern Atlantic T delaisi. In spite of this, Wirtz (1930)
recognized that there were small differences among
populations of different locations that could be statisti-

@ Springer

cally detected if sufficiently large samples were ana-
lyzed. Zander (1986), based on the couriship behavior
and color of the males, considered that the differences
between the Mediterranean and Atlantic populations
of T. delaisi were sufficient to ascribe them to two
different subspecies (T. 4. xanthosoma in the Mediter-
ranean and T. d. delaisi in the Atlantic). Thus, the three
species are sympatric in the Mediterranean where they
differ in microhabitats preferences. both in terms of
depths and level of illumination (Wirtz 1978). T. delaisi
lives at a depth of 3-40m, T. tripteronotus between 0
and 6 m and 7. melanurus between 0 and 18 m (Wirtz
1978). T. delaisi prefers darker places while T. wriprer-
onotus and 1. melanurus occurs in small caves (Wirtz
1978). Interestingly, the western African populations
of I. delaisi from Senegal do not show these habitat
restrictions occupying all depth levels and light zones
that were described for the three species in the Medi-
terranean (Wirtz 1980). All three species exhibit terri-
torial breeding and male parental care of benthic eggs.
Dispersal is restricted to their planktonic larval phase,
which is very similar for the three species (17-18 days
in the casc of 7. delaisi and T. tripteronotus, and 15-
18 days for T. melanurus; Raventés and Macpherson
2001).

The presence of a single species widely distributed
in the castern Atlantic, and in the Mediterrancan and
two other species ecolagically very distinct in the Med-
iterranean, has raised the interest of many biologists to
understand the biology and evolutionary history of the
genus. Different hypotheses have been proposed for
the speciation of Triptervgion. Zander (1973) sug-
gested that during the last glaciations Tripterygion
evolved into two different populations along the west-
ern African coast: a cold-resistant northern population
and a southern population better adapted to warmer
waters. After the glaciations, each of these populations
might have migrated into the Mediterrancan evolving
there into two different species: 7. xanthosoma (now T.
delaisi) and T. tripteronotus. Wirtz (1978, 198)) pro-
posed several invasions of the Mediterranean by a pri-
mary west african Tryplerygion. This author suggests
that the fluctuation of the sea level during the last glaci-
ations caused the isolation of the Mediterranean from
the Atlantic, promoting speciation within the Mediter-
ranean. According to this model, the Mediterranean
population of T. delaisi resulted from the last group of
invaders. Jonge and Videler (1989) suggested that T.
delaisi evolved into T. tripteronotus within the Mediter-
ranean after the last glaciations, either sympatrically or
in allopatry. Geertjes et al. (2001) hypothesized that
the divergence between the three species started
before the Pleistocene and that 7. melanurus and T.
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tripteronotus survived the Pleistocene glaciations in
refugia wilthin the Mediterranean. According to the
same authors, 7. tripteronotus and 1. delaisi might have
diverged sympatrically in the Mediterranean. Recently,
Carreras- Carbonell et al. (2005) attempted to clarify
the phylogenetic relationships and taxonomic status of
Tripterygion using four mitochondrial markers and one
nuclear gene, which unfortunately showed a single
haplotype for the three species. According to the same
authors the speciation process of Tripterygion may
have resulted from a rapid radiation event after the
Messinian Salitiny Crisis (5.2 Mya) leading to a trichot-
omy. The same authors showed that the two subspecies
of 1. delaisi have originated much more recently, prob-
ably during the climatic Quaternary fluctuations (1.10
1.23 Mya). Interestingly, they found that of the five
specimens of 7. delaisi from the Atlantic they analyzed,
one, from northwestern Spain, clearly clustered with
the Mediterranean samples, while the remaining four
(two from Azores and two from the Canaries) formed
a very distinct cluster. Thus, Carreras-Carbonell et al.
(2005) stated that further sampling of T. delaisi in the
Atlantic is necessary to assess the direction of migra-
tion between the Atlantic and the Mediterranean in
order to determine the subspeciation process.

In this study we present a population survey of Trip-
tervgion delaisi including specimens from the two rec-
ognized subspecies. Qur goals were to evaluate the
extent of the genetic divergence between the north-
castern Atlantic islands versus the European western
coast and the Mediterranean populations, and to clar-
ify the process of subspeciation of 7. delaisi. We ana-
lyze polymorphic mitochondrial and nuclear genes to
compare populations of T. delaisi from the Atlantic
(Azores, Madeira, Canaries, and the continental coast
of Portugal) and the Mediterranean. To shed some
light on the process of evolution of 7. delaisi subspe-
cies, a phylogeographic approach was combined with
estimates of the direction of migration (between the
Atlantic and the Mediterranean) and of the coales-
cence time of the two subspecies.

Materials and methods
Sampling and DNA extraction

Samples of Triptervgion delaisi were obtained from
three eastern Atlantic islands (Azores, Madeira, and
the Canaries), from the Portuguese Atlantic coast
(Arrabida) and {rom the Mediterranean (Vivara and
Capri in Italy, Croatia and Cyprus). The other two spe-
cies of the genus Tripterygion, T. tripteronotus and

T. melanurus, were also included in the analysis and T.
melanuros was used as outgroup, following the phylo-
genetic relationships recovered by Carreras-Carbonell
etal. (2005). Samples were collecied by hand nets
while scuba diving. Fin clips were cut immediately after
collection of the individuals and stored at ambient tem-
perature in 95% ethanol. Tissues were digested over-
night at 55°C in 700 pl of extraction buffer (400 mM
NaCl, 10 mM Tris, 2mM EDTA, 1% SDS). We puri-
fied the DNA by standard chloroform extraction and
isopropanol precipitation (Sambrook et al. 1989).

DNA amplification and sequencing

Amplification of the 5 hypervariable portion of the
mitochondrial control region (also called D-loop) was
accomplished with universal primers CR-A and CR-E
(Lee etal. 1995), and used a cycling profile of 45 s at
94°C, 45 s at 52°C. 1 min at 72°C, for 35 cycles. Each
13 pl reaction contained 5-30 ng of DNA, 10 mM Tris
HCI (pH 8.3), 50 mM KCI, 1.5 mM MgCl,, 1.25u of
Tag DNA polymerase (Perkin-Elmer, Norwalk, CT),
150 mM of each ANTP, and 0.3 mM of each primer. In
addition, we amplified and sequenced the second
intron of the S7 ribosomal protein gene. using the
primers STRPEX2F and STRPEX3R (Chow and Haz-
ama 1998), and an anncaling temperaturc of 56°C.
After purification following the manufacturer’s proto-
col (Applied Biosystems, Forter City, CA). direct
sequencing was performed with an ABI 3100 auto-
mated sequencer (Applied Biosystems).

Data analysis

We used the computer program Clustal V implemented
by Sequence Navigator (Applied Biosystems) to align
the sequences. Number of haplotypes and haplotype
diversity were calculated using the software package
ARLEQUIN (vers. 2.000; Schneider et al. 2000). For
the nuglear marker, we could not ascribe the two alleles
of heterozygous positions to one of the sequences of
each individual. Sample size was not enough for a maxi-
mum likelihood estimation of the allelic constitution of
each sequence. Thus, we adopted a reliable criterion,
using one sequence per individual scoring the variable
sites with alternative nomenclature.

Phylogenetic relationships were assessed using Max-
imum Parsimony and Neighbor-Joining. As we were
dealing with very closely related species, with small
genetic distances, we adopted the p distance following
Nei and Kumar (2000). Both methods were imple-
mented by the software package PAUP (vers. 4.0; Swo-
flord 1998). Topological confidence was evaluated for
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Maximum Parsimony and Neighbor-joining with 1,000
bootstrap replicates (Felsenstein 1985).

Gene flow (Fst) was estimated using ARLEQUIN
(vers. 2.000; Schneider etal. 2000). Corrections for
simultaneous multiple comparisons were applied using
sequential Bonferroni correction (Rice 1989). Popula-
tion structure was evaluated by an analysis of molecu-
lar variance (AMOVA; Excoffier et al. 1997) grouping
the populations into two groups: eastern Atlantic
islands versus Arrdbida and Mediterranean. The
AMOVA was implemented in ARLEQUIN (vers.
2.000; Schneider et al. 2000).

Historical demography

Estimates of ® = 2Ny, where p is the mutation rate for
mitochondrial control region, were made for the two
groups described above. The parameter @ was estimated
under an unconstrained exponential growth parameter.
We used FLUCTUATE (Kuhner et al. 1998) to estimate
the maximum likelihood of the parameters @ and g (the
exponential growth parameter in units u ). Seeds for all
analyses were generated randomly. Analyses were
repeated 10 times per region to ensure stability of param-
eters estimates. Iinal analyses of each dataset employed
ten short Monte Carlo chains of 200 steps each and five
long chains of length 20,000, with a samiple increment of
20. The time of coalescence was estimated by assuming
that coalescence was reached when the population size
was reduced to 1% of its present day value, following
Wares and Cunningham (2001). In order 1o estimate coa-
lescence time, we used the mutation rate (p) for mito-
chondrial control region as 824 x 10°%—-930x10°%
that was estimated using an internally calibrated molecu-
lar clock (Domingues et al. 2005). Exchanges and range
expansions (immigration) between the island and Arrdb-
ida plus Mediterranean were estimated using
MIGRATE 2.0 (Beerli and Felsenstein 2001; Beerli
2004). This software gives the value M (M = m/p), which
is the number of migrants scaled by the mutation rate.
Again, analyses were repeated 103, to ensure stability of
parameter estimates. Final analyses of each dataset
employed ten short Monte Carlo chains with 5,000
recorded genealogies and five long chains with 50,000
recorded genealogies, and a sample increment of 20.

Results
IDNA sequences and phylogenetic analysis

Mitochondrial control region sequences were obtained
from 72 individuals including 66 Tripterygion delaisi,

“'3 Springer

three T. tripteronotus, and three T. melanurus. In addi-
tion, second iniron of the 87 ribosomal protein gene
sequences was obtained from 56 samples, SO 7. delaisi,
three 7. (ripteronotus, and three T. melanurus.
Sequences of the mitochondrial control region and §7
intron were 352 and 450 bp long, respectively. Number
of haplotypes and haplotype/genotypic diversities are
shown in Table 1.

Both methods of phylogenetic inference resulted in
a similar topology. Neighbor-joining phylogenies based
on the mitochondrial control region and S7 intron
sequences are presented in Figs. 2a and b. For both
genes, T. delaisi were found to partition in two major
sister clades, one¢ including samples from the eastern
Atlantic islands and the other including samples from
mainland Portugal (Arrdbida) and the Mediterrancan.
The two clades were defined by 16 fixed differences in
the control region. For the nuclear marker S7, hetero-
zygous individuals make the analysis of fixed differ-
ences more complex during direct sequencing. We
found that seven nucleotides are uniguely found on the
Atlantic islands and two nucleotides are uniguely
found on the mainland and the Mediterranean, result-
ing in the phylogenetic separation of those two regions
into two different clades as described above. These
clades were well supported for the mitochondrial con-
trol region but showed lower bootstrap values for the
S7 intron (less than 50% for maximum parsimony).

Population structure

Population structure was first assessed by looking at
gene flow between the seven populations in our study
(Table 2). As expected, gene flow estimates were
higher in the nuclear marker than in the mitochondrial
marker (Table 2). As described above, no gene flow
was detected between the mainland/Mediterranean
and the Atlantic Islands. Within these regions, markers
showed a higher level of gene flow within the island
group (I'st ranging from 0.085 to 0.523 for Dloop and
from 0.000 to 0.053 for 87), than within the mainland
Portugal and Mediterranean populations (Fst ranging
from 0.260 to 0.981 for Dloop and from 0.000 to 1.000
for 87). While these numbers were mostly driven by
small sample sizes in the Mainland/Mediterranean
group, results still held when only considering the two
largest populations (Italy and Arrabida).

The analysis of molecular variance showed a high
degree of differentiation between the two groups of popu-
lations (86.56% and 64.58% for Dloop and 87, respec-
tively). Uncorrected p distances between these two
groups were high (average = 0.068, SID = 0.009, min =
0.047, max—=0083 for Dloop; and average— 0.024,
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Table 1 Collection localities, diversity indexes and date of collection of Tripterygion delaisi, T, tripte tus and T, melanurus nsed in
the present study
Locality Number of & Hd Gd Caollection
individuals date
Divop 57 Dioop 57 Dioop 57
Tripterygion delaisi
Azores 13 10 2 ] 0.15 0.60 March 2004
Madeira 4 3 1 2 0.25 0.67 ?
Canaries 16 13 8 ] 0.50 0.46 February 2005
Arribida, Portugal 16 15 1 11 D06 073 February 2004
Italy (Capri, Vivara) 2 7 5 5 0.42 0.71 June-July 2003
Croatia 2 1 2 1 1 1 7
Cyprus 3 1 2 1 1 1 May 2062
Total 66 50
Tripterygion maelanurus
Italy (Vivara) 3 3 June 2003
Tripteryzion tripteronotus
Spain (Cabo Gata) 1 1 July 2004
Ttaly (Vivara) 1 2 June 2003
Greece (Limmos) 1 0 July 2003

Number of individuals, number of haplotypes (k), haplotype diversity (I1d) and genotypic diversity (Gd) for mitochondrial control re-

gion and S7 intron are given

Table 2 Fstvaluesfor Tripterygion delaisi populations calculated
from mitochondrial contral region sequences (above the diago-
nal) and 87 intron (below the diagonal), using ARLEQUIN ver-
sion 2.000 (Schneider et al. 2000)

Azores Madeira Canaries

Azores 0,085* 0523+
Madeira 0.002 0.488'
Canarics 0.053 0.000

Arribida Ttaly Croatia Cyprus
Arrabida 0.606** 0.981* 0.845*
Traly 0.003 0.488* 0.402%
Croatia 0.300 0.000 0.260
Cyprus 0.076 0.162 1.000

Significant P values (P < 0.05) before Bonferroni correction are
indicated by +, and after Bonferroni correction are indicated by
an asterisk

SD = 0.008, min = 0.004, max = (.043 for 87) when com-
pared to the distances within each group (average = 0.008,
SD=0.007, min =0,000, max=0.036 for Dloop and
average — 0.004, SD - 0.004, min — 0.000 max - 0.018 for
S7 for the eastern Atlantic islands and average = (.006,
SD=0.005, min =0.000, max=0.017 for Dloop and
average = 0.009, SD = 0.006, min = 0.027 max = 0.000 for
§7, for Arrdbida plus the Mediterranean).

Historical demography

Historical demography was assessed by determining
historical population size and growth using the control

region and 87 intron sequences, for the two groups of
populations of Tripterygion delaisi: islands and Arrab-
ida plus Mediterranean (Table 3). The islands group
showed a much higher growth rate than the Arrabida
plus Mediterranean group for the mitochondrial con-
trol region. However, for the §7 intron this relation was
the opposite, although the difference between the
growth values of the two populations was not as high
(Table 3).

Relative historical population size was determined,
allowing us to estimate the coalescence time of the
two groups of 7. delaisi. Using the mutation rate ()
for mitochondrial control region as 824 » 108
9.30 » 10° (Domingues et al. 2005), the islands popula-
tions of T. delaisi was 1% of its present size approxi-
mately 5,000-6,000 ya (Table 3). The coalescence time
for Arrdbida plus Mediterrancan populations was
175,000-210,000 ya. Historical migration between the
Atlantic islands and Arridbida plus Mediterranean was
restricted, with a trend of migration from the Mediter-
rancan into the Atlantic islands [22.04 (% 1.10)/p
Islands immigrants vs. 0.09 (£ 0.27)/u Mediterranean
immigrants; Fig. 1].

Discussion

The results of this study support the existence of two
Tripterygion delaisi clades, one in the eastern Atlantic
islands and another in the Atlantic coasts of Hurope
and in the Mediterranean. All phylogenetic reconstruc-
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‘Table 3 DDemographic parameters of [ripterygion delaisi based on mtlIJNA control region and 87 intron

@ (growth) 2 Coalescence
time (y)

Dloop
Islands 0.005 (+ 0.005) 10,000 (+ 0.000) 5000-6,000
Arrébida and Mediterranean 0.016 (+ 0.003) 275.12 (+ 8.19) 175,000-210,000
s7
Islands 0.033 (= 0.001) 59.90 (+ 6.474)
Arrébida and Mediterrancan 0.052 (£ 0.002) 369 (£20.253)

Estimates of © {¢compound parameter representing the effective population size and mutation rate) and g (growth paramerer) based on
the mitochondrial control region and S7 intron for both groups of T. delaist (islands and Atlantic plus Mediterranean populations). Coa-
lescence time of T, delaisi populations based on mitochondrial control region data is shown in the column 4. Parameters were estimated
using FLUCTUATE (Kuhner et al. 1998), The standard deviation is presented between parentheses after each estimator

tion methods partition . delaisi into two major clades
(eastern Atlantic islands vs. Arrdbida and Mediterra-
nean). High-uncorrected p distances between these
two groups for the mitochondrial control region
sequences (0.07) and the §7 intron (0.02), also supports
the existence of two highly divergent groups of 7.
delaisi. Indeed, this value is only slightly lower than the
distance between each group of 7. delaisi and the other
Tripterygion species: T. tripteronotus (0.10-0.19 for
Dloop and 0.01-0.04 for 87) and T. melanurus (0.08
0.12 for Dloop and 0.02-0.06 for 87). These values are
similar to the distance between mitochondrial control
region sequences of other blennioid sister species avail-
able in the GenBank (Parablennius parvicornisiP. san-
euinolentus =0.13; P. pilicornisiP. salensis = 0.11;
Lipophrys pholis/L. trigloides = (0.17; L. adriaticus/I..
dalmatinus = 0.21).

In addition to the phylogenetic data, gene flow
between the eastern Atlantic islands and Arrabida plus
Mediterranecan was very low (average Fst = 0.94 and

0.70 for Dloop and S7 intron, respectively). This was
also confirmed by the AMOVA analyses showing that
the total genetic variance was strongly explained by the
existence of two groups of populations of 7. delaisi
(eastern Atlantic islands versus Arrdbida and Mediter-
rancan). Moreover, migration between these regions
was remarkably restricted.

Several studies have shown restricted gene fow
between the Atlantic and the Mediterranean for differ-
ent marine organisms. Some studies described a strong
genetic divergence between Atlantic and Mediterra-
nean faunas, ascribed to the relative isolation of both
seas during the Pleistocene glaciations and to present
day barriers such as the hydrology in the strait of
Gibraltar. Genetic discontinuities between the Atlantic
and the Mediterranean were found for four sparids
(Bargelloni et al. 2003, 20035), for the cuttlefish Sepia
officinalis (Pérez-1.osada et al. 1999, 2002) and the mus-
sel Mytitus galloprovincialis (Quesada et al. 1995). Other
species such as the ornate wrasse {Thalassoma pavo,

Fig. 1 Tripterygion delaisi
sampling locations. T, delaisi
samples were collected in the
northeastern Atlantic islands.
Portuguese Atlantic coast,
and in the Mediterranean. La-
bels are Azores (Aze), Madei-
ra (Mad), Canaries (Can),
Arrdbida (A7), ltaly (J1a),
Croatia (Cre), and Cyprus
{Cyp). The extend of migra-
tion between the two clades of
T. delaisi are indicated in the
figure. Number of migrants
scaled by the mutation rate
were estimated using MI-
GRATE 2.0 (Beerli 2004 )
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Fig. 2 Phylogenetic relationship within Tripterygion delaisi for
the mitochondrial control region sequences {a) and 87 intron (b).
T. tripteronotus and T. melanurus were also included and 7. mel-
anuros was used as outgroup., Neighbor-joining trees are shown
with neighbor-joining {(above the nodes) and maximum parsi-
mony (below the nodes) bootstrap support above 50% indicated

Costagliola et al. 2004), the chub mackerel (Scomber
japonicus, Zardoya et al. 2004), the withe sea-bream
(Diplodus sargus, Bargellani et al. 2005) and the Nor-
way lobster (Nephrops norvegicus, Stamatis et al. 2004)
were described as having high gene flow levels between
the Atlantic and the Mediterranean and no signs of an
Atlantic-Mediterranean divide. These contrasting pat-
terns may stem {rom different biological characteristics
of the species. Larval ecology in particular. is well
known to affect the extent of gene flow (eg. Riginos
and Victor 2001). Results for 7. delaisi arc contradic-

at the nodes. Labels are T. delaisi (TDE), T. tripteronotus (TTR),
T, melanuros {TME), Azores (Azo), Madeira (Mad), Canaries
{Can), Arribida (Arr), Spain (Spa), ltaly (Ita), Croatia {Cro),
Greece (Gre), and Cyprus (Cyp), The length of each branch is
proportional to the number of nucleotide substitutions. Scale bar:
0.5% Uncorrected P distance

tory. Fst values between Arrdbida and Ttaly (the most
western location of the Mediterranean in our study)
are high for the mitochondrial control region but very
low for the S7 intron (0.606 and 0.003, respectively,
Table 2). All individuals from Arrdbida are repre-
sented by a single mitochondrial control region haplo-
type, which is not present in any of the other
populations. However, the uncorrected p distances
between Arrdbida and Ttaly are very small (0.005),
indicating that the haplotype of Arrdbida is similar to
lialy’s.
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Fig. 2 continued

Zander (1986) described Atlantic and Mediterra-
nean subspecies of T. delaisi. However, both phyloge-
netic and population analysis in this study showed that
the individuals from the Atlantic coast of Portugal, like
the one from norwestern Spain included in Carreral-
Carbonell et al. (2005), are more closely related to the
Mediterranean fish than to those from the Atlantic
islands. This biogeographic pattern is also seen in other
sister species such as the blennids Parablennius parvi-
comnis! P. sanguinolentus (Almada et al. 2005a), and the
pomacentrids Chromis limbaia/C. chromis (Domingues
etal. 2005). In these cases, one of the species is
restricted to the Macaronesian islands and the Atlantic
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tropical coast of Africa. while the other is found in the
Mediterranean and Atlantic coast of southwest
Lurope. In the blenniids, a family closely related to the
tripterygids, Almada et al. (2005b) showed that at least
two clades (Macrolipophrys and Parablennius) have
species in Tropical Africa that have counterparts in the
Mediterranean and adjacent Atlantic waters. The
examples cited above and the distribution of the two T.
delaisi clades point to the conclusion that, in many
instances, the main split is not between coastal Atlantic
and Mediterrancan populations. Instead, many clades
split in two groups: one comprising populations from
western Africa, and often the Macaronesian islands,
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and another including the Mediterranean plus a more
or less extensive range of the northeastern Tberian
Atlantic,

The times of coalescence of the eastern Atlantic
islands population and the Mediterranean plus Arrab-
ida population of 7. delaisi were more recent than the
onset of Pleistocene glaciations, which occurred,
1.7Mya (Briggs 1996) (Table 3). This result shows a
more recent separation of the two 7. delaisi clades than
what was suggested by Carreras-Carbonell etal
(2005). These authors estimated the evolutionary rate
for 12SrDNA and 16SrDNA mitochondrial genes
assuming that the speciation process of Tripterygion
started when the Strait of Gibraltar reopened. Using
this calibration they found that the two clades of T.
delaisi were separated 1.23 + 045 and 1.10 + 0.49 Mya
for 128 and 168, respectively. Using the 128 genetic
distances from Carreras-Carbonell et al. (2005), and
applying an internally calibrated molecular clock based
on the closely related blenniid geminate transisthmian
pair Ophioblennius atlanticus and O. steindachneri
(sequences available at GenBank), we estimated the
time of separation of the two 7. delaisi clades at
0.64 + 0.23 Mya. This result is more in agreement with
our coalescence time estimation, specially taking into
account that the divergence lime of two sister species
has been shown to most likely be an overestimate of
their actual coalescence time (Edwards and Beerli
2000).

The biogeographical hypothesis proposed by Zan-
der (1980), considered the eastern Atlantic islands,
especially the Azores, as speciation centers that
exported colonizers to the Mediterranean and adjacent
Atlantic coast. This hypothesis predicts an older coa-
lescence time of the islands population in relation to
the Mediterranean and adjacent Atlantic coasts. The
present results, however, do not support this prediction
as the islands population showed a more recent origin
than the Arrdbida plus Mediterranean populations for
the mitochondrial control region sequences (Table 3).
Moreaver, although migration between the islands and
Arrabida plus Mediterranean was restricted, it showed
a westbound trend, with a higher number of migrants
going from the Arrdbida plus Mediterranean into the
islands [22.04 (+ 1.10)/n] than the opposite [0.09
(4 0.27)/n; Fig. 1].

Our results, are consistent with the hypotheses of
Wirtz (1978, 1980) and Almada et al. (2001), that con-
sider successive dispersal events from the western Alri-
can coast which could follow two routes: (a) one that
would successively colonize the Atlantic islands; (b)
another directed northwards, along the continental
coast of Africa, that would colonize the Mediterra-

nean. The southern Mediterranean would act as a refu-
gium during glacial periods and as a secondary
speciation center for warm water species, which would
colonize the Atlantic shores of the Iberian Peninsula
(and in some cases the western European shores more
ta the north), and northwestern Africa, during intergla-
cial periods like the present one {Almada et al. 2001).
Indeed, during some glacial maxima (e.g. 18,000 years
ago) the polar front, with water temperatures of 4°C,
moved as far south as 37°N (Dias et al. 1997). These
extremes of low temperature must have eliminated all
tropical, subtropical, and warm temperate fauna along
the shores of southwestern Europe and northwestern
Africa. Thus, I. delaisi Arrabida population might
have been the result of a post-glacial colonization from
the Mediterranean. The low genetic diversity of this
population shown for the mitochondrial contral region
supports this hypothesis.

This scenario is also in agreement with the specia-
tion processes proposed by Jonge and Videler (1989)
and Geertjes et al. (2001) for the other Mediterrancan
triplefins. These authors ¢onsider different processes of
speciation, all occurring within the Mediterranean,
which has acted as a refugium during the Pleistocene
glaciations.

Our hypothesis is reinforced by the lack of records
of Tripterygion in the African Atlantic coast from
Casablanca south to Senegal (Brownell 1978). Recent
studies of coastal fishes in the Sahara coast have not
recorded specimens of this triplefin blennioid (Faleén
etal. 2002). It is likely that the situation is similar to
that of the sister species Parablenius parvicornis and P.
sanguinolentus. P. parvicornis occurs in tropical Africa
and the Macaronesian islands while P. sanguinolentus
are restricted to the Mediterranean and adjacent north
Atlantic waters (Almada et al. 2005a). This species pair
is also absent from the western African coast north of
Cape Blanco (Mauritania). It scems that the African
upwelling has played an important role as a biogeo-
graphical barrier for littoral species, promoting the
divergence of the tropical populations and those of the
Mediterranean and adjacent Atlantic.

The presence of 1. delaisi in the Macaronesian
islands could be related to the larval transport from the
African coast by water filaments that reach the Canar-
ies (Barton et al. 1998; Rodriguez et al. 1999), or to the
maintenance of the populations in the warmer zones of
the islands (Madeira or the westernmost Canary
Islands) during the last glacial period, as it seems to
have occurred in other cases (Miller 1984). The com-
plex eddies system of the Canary Current may have
allowed a northwards dispersal to the Azores (Stra-
mma 1984: Santos et al. 1995).
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In this study, we show the existence of two highly
divergent clades of Tripferygion delaisi, that corre-
spond to the two clades identified by Carrera-Carbo-
nell et al. (2005). Are these two clades equivalent to
the two subspecies I'ripterygion delaisi xanthosoma
and T. d. delaisi defined by Zander and Heymer
{1970)? With molecular data only, this question cannot
be adequately answered. Detailed morphological,
behavioral, biogeographical and genetic work encom-
passing the entire distribution area of what is now
called T delaisi is urgently needed to address this issue.
The study of gpecimens from Senegal is particularly
important in this respect.
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Abstract

Phylogeography of Diplodus sargus trom the northeastern Atlantic and the Mediterranean was assessed using sequences from
the mitochondrial control region and the first intron of the S7 ribosomal protein gene. The relationship between genetic and
geographic distances supported an isolation by distance model, with the Azores having a peripheral position. The geographic
distribution of the genetic diversity. together with the historical demography of the populations studied can be explained by the
effect of the Pleistocene glaciations in the northeastern Atlantic warm water fauna. D. sargus might have disappeared from western
Europe during glacial peaks and suffered considerable demographic reductions in the Canaries and Mauritania, surviving in less
affected areas such as Madeira, Azores and the Mediterranean. The mismatch analysis and the Fu’s Fs values provide clear
evidence of expansion in western Iberia (8. Pedro), Canaries, Mauritania and also in the eastern Mediterranean. Atlantic and
Mediterranean populations of D. sargus showed no signs of genetic differentiation. D. sargus are active swimmers that can
undergo extensive movements along the shores. This and the presence of planktonic eggs and larvae would allow rapid mixing
between Mediterranean and Atlantic fish, erasing signs of population differentiation.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Diplodus sargus: 1solation by distance; Northeastern Atlantic: Mediterranean; Pleistocene glaciations

1. Introduction

* Corresponding author. Instituto Superior de Psicologia Aplicada. Diplodus sargus is an Atlantic—Mediterranean spe-
Unidade de Investigacdo em Eco-Etologia, R. Jardim do Tabaco 34.

1149-041 Lisboa, Portugal. Tel: =351 218811700; fax: +351 cies complex belonging to the family Sparidae, with
218860954, only one subspecies living out of this area. The complex
E-mail address: v_domingues@yahoo.com (V.S. Domingues). includes six subspecies: D. s. sargus in the Mediterranean
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and Black Sea; D. s. cadenati in the eastern Atlantic (from
the Bay of Biscay to Senegal including the islands of the
Azores, Madeira and Canaries); D. s lineatus which is
endemic to Cape Verde islands; D. s. helenae in St.
Helena island; D. s ascensionis in Ascension island; and
D. s. kotschyi from the Persian Gulf and northern Indian
Ocean. Another subspecies of the complex, Diplodus
sargus capensis, which occurs from Angola to Mozam-
bique and southern Madagascar, has been recently
considered a species (Diplodus capensis) by Heemstra
and Heemstra (2004).

The diversification of D. sargus seems to have
resulted from a rapid series of colonization events
originated in the eastern Atlantic, which is supported by
morphological (De la Paz et al., 1973) and molecular
(Summerer et al., 2001) phylogenies.

Like other Sparids, D. sargus has commercial value
and is of great interest for aquaculture. Young are
curyhaline, entering brackish waters and lagoons in the
spring. The adults can be found in a diverse range of
habitats. including coastal rocky reefs, sandy bottoms,
and seagrass beds (Posidonia oceanica in the Mediter-
ranean). They congregate in schools of 5-50 indivi-
duals, feeding on polychaetes. mollusks and sea urchins
(Bauchot and Hureau, 1986; pers observ.). D. sargus are
non-guarders and have pelagic eggs and larvae.

Bargelloni et al. (2005) assessed the extent of genetic
differentiation of D. sargus in the Mediterranean
including a sample from the Atlantic immediately outside
of the Gibraltar Strait. Results, based on the analysis of
allozymes and a fragment of the mitechondrial control
region, showed lack of population structure and no
appreciable genetic differences between the Mediterra-
nean and Atlantic samples. A molecular phylogeny by
Summerer et al. (2001) yielded similar results.

Although the Mediterranean populations of D. sargus
have been studied, little is known about the distribution
of genetic variability within the Atlantic. The northeast-
ern Atlantic has experienced severe climatic and sea
level fluctuations during the Pleistocene glaciations
(Briggs, 1996: Adams et al., 1999). Current research
suggests that these glaciation events were very influen-
tial in shaping patterns of genetic variability and the
geographic distribution of marine fauna from this region
(Almada et al., 2001: Domingues et al., 2006, 2007;
Stefanni et al., 2006). The warm-water fauna of the most
affected regions like the western coast of Europe and, to
some extent, the Azores and Canaries islands (Crowley,
1981; Dias et al., 1997) must have not survived in those
regions. Most of the organisms now present would have
recolonized these areas after the glaciating events from
some southern regions such as Madeira, the western

African tropical coast, or the Mediterranean (Briggs.
1974; Miller, 1984; Santos et al., 1995).

Previous phylogeographic and phylogenetic studies of
warm water benthic fish of the northeastern Atlantic
(Chromis limbata, Domingues et al., 2006; Tripterygion
delaisi, Domingues et al, 2007) showed that the
postglacial recolonization followed two routes: fish
reached the Azores from Madeira, which in turn is
connected to the western African coast, while the
southwestern European shores were colonized from
Mediterrancan refugia. On the contrary, a study on Li-
phophris pholis, a benthic fish more tolerant to cooler
waters, showed a high level of differentiation for the
Azorean population, strongly suggesting that it survived
the modest sea cooling of the Azores during the
glaciations (Stefanni et al.. 2006).

In this paper we tested the hypothesis that the
relationships among the populations of D. sargus follow
a pattern characterized by isolation by distance com-
bined with substantial gene flow among populations.
This hypothesis stems from the following features of D.
sargus: 1) the species is benthopelagic and not benthic,
which means that, dispersal is achieved not only by eggs
and larvae but also by adults that can move to depths
much greater (deeper than 50 m in the Atlantic, Bauchot
and Hureau, 1986) than those tolerated by the species
included in the studies mentioned above; 2) judging from
the present day distribution of the species, it must have
survived the drops in sea surface temperatures estimated
for Mauritania, Madeira and the Azores (Crowley, 1981)
and the Mediterranean (Thiede. 1978) having became
extinct in the Atlantic shores of western Europe (Dias
et al,, 1997) and perhaps in the further eastern islands
of the Canaries (Crowley, 1981).

In this study we focus on the phylogeography of
D. sargus covering eastern and western Mediterranean,
and the northeastern Atlantic including the Azores.
Madeira and Canaries archipelagos and also the Portu-
guese and Mauritanian coasts. Sequences from a fragment
of the mitochondrial control region and the st intron of
S7 ribossomal protein gene were obtained and genetic
diversities, gene flow levels and historical demography of
the populations were determined. Results were interpreted
in light of palacoclimatic events, contemporary oceanic
current patterns and the ecology of the species.

2. Materials and methods
2.1. Sample collection and laboratorial procedires

Individuals of D. sargus were obtained from five
locations in the Atlantic and six locations in the
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Mediterranean (Fig. 1 and Table 1). Additionally, one
individual of Diplodus vulgaris was collected from Sdo
Pedro and used as outgroup. Fish were collected by
spear fishing while scuba diving, by line fishing or with
hand nets in tide pools. Sampled individuals were non-
spawning adults. Fin clips were cut immediately after
collection of the individuals and stored at ambient
temperature in 95% ethanol. Total genomic DNA was
extracted by SDS proteinase K procedure and purified
by standard chloroform and isopropanol precipitation
(Sambrook et al., 1989). Amplification of the 5'
hypervariable portion of the mitochondrial control
region (also called D-loop) was accomplished with
universal primers L-Prol and H-DL1 (Ostellari et al.,
1996), and used a cycling profile of 1 min at 92 °C,
1 min at 50 °C, 1 min at 72 °C, for 30 cycles. Each 13 pl
reaction contained 5-50 ng of DNA, 10 mM Tris HCL
(pH 8.3), 50 mM KCL 1.5 mM MgCl. 1.25 u of Tag
DNA polymerase (Perkin-Elmer, Norwalk, Conn.),
150 mM of each dNTP, and 0.3 mM of ecach primer.
In addition, we amplified and sequenced the first
intron of the S7 ribosomal protein gene, using the
primers S7RPEXIF and S7RPEX2R (Chow and
Hazama, 1998) and an annealing temperature of

56 °C. PCR amplification was performed as described
for the mitochondrial control region. Afier purification
following the manufacturer’s protocol (Applied Biosys-
tems, Forter City, CA), direct sequencing was performed
with an ABI 3100 automated sequencer (Applied
Biosystems).

2.2. Data analysis

2.2.1. Mitochondrial control region

Sample size was increased with two mitochondrial
control region sequences of Diplodus sargus sargus
from Calvi (France) and two sequences of D. s. cadenati
from Agadir (Morocco) available in GenBank (Acces-
sion numbers: AF365348 AF365349 AF365350
AF365351).

Sequences were aligned using the CLUSTAL V
(Higgins et al., 1991) implemented by Sequence
Navigator (Applied Biosystems). Gaps were not includ-
ed in the analyses. Population diversity indexes (number
of haplotypes, haplotype and nucleotide diversities, p-
distances and % of private haplotypes) were calculated
using the software package ARLEQUIN (vers. 2.000;
Schneider et al., 2000).

Fig. 1. Diplodus sargus sampling locations. Individuals included in this study were collected from the Mediterranean (western and eastern basing) and
from the Atlantic in the European and African coasts as well as in the astern Atlanlic islands of Azores, Madeira and Canaries. Labels are shown in

Table 1.
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Table 1
Collection localities of Diplodus sargus used in the present study and diversity indexes for mitochondrial control region
Localities N Hn Hd 3 p-di p-di p-di % private H Collection

(average) (max) {min) date

Atlantic
Portugal
Azo— Azores (Faial) 18 8 0.850 0.027 0.024 0.042 0.000 87.5 Nov. 2003
Mad-—Madeira (Funchal) 20 15 0.968 0.035 0.034 0.054 0.000 73.3 Sep. 2003
S.P—8. Pedro 21 21 1.000 0.036 0.033 0.055 0.000 95.2 Nov. 2003
Spain
Can-—Canaries (Tenerife) 15 14 0.990 0.034 0.032 0.047 0.000 85.7 Nov. 2005
Morocco
Mor—(Agadir) 2 2
Mauritania
Mau—(Nouakehott) 17 17 1.000 0.033 0.032 0.055 0.000 70.6 Nov. 2005
Western Mediterranean
Spain
For—Formentera 1 Oct. 2003
Bar—Barcelona 27 23 0.971 0.024 0.022 0.04 0.000 78.3 Dec. 2006
France
Cal-—Calvi 2 2
Italy
Nap—Naples 6 6 1.000 0.026 0.050 0.037 0.005 833 Oct. 2003
Eastern Mediterranean
Greece
Kea—Kea 9 9 1.000 0.028 0.027 0.045 0.005 35.6 Jun. 2006
Sif—Sifnos 8 8 1.000 0.033 0.032 0.050 0.003 100 Jun. 2006
And — Andros 1 Aug. 2006
Total 147

Number of individuals (N), number of haplotypes (Hn), Haplotype diversity (Hd), Nucleotide diversity (z), Uncorrected p—distances and percentage
of private haplotypes (% private H) for each population are shown. Samples collection date is shown for each location in the last column.

Phylogenetic relationships between individuals were
assessed using Maximum Parsimony (Farris, 1970) and
Neighbor—Joining (Saitou and Nei, 1987) using D.
vulgaris as outgroup. As we were dealing with very
closely related species, with small genetic distances, we
adopted the Uncorrected p-distance following Nei and
Kumar (2000). Both methods were implemented by the
software package PAUP (vers. 4.0: Swofford, 1998).
Topological confidence was evaluated for Maximum
Parsimony and Neighbor—Joining with 1000 bootstrap
replicates (Felsenstein, 1985). Uncorrected p-distances
for all the populations were estimated and visualized
using a multidimensional scaling analysis performed in
STATISTICA (version 7.1; Statsoft Inc.).

Gene flow (Fst) was estimated using ARLEQUIN
(vers. 2.000: Schneider et al., 2000). Pairwise compar-
isons were estimated for the populations with similar
sample sizes. Samples from the three Greek islands
(Kea, Sifnos and Andros) were analyzed together since
they are geographically very close. Corrections for
simultaneous multiple comparisons were applied using
sequential Bonferroni correction (Rice, 1989). Popula-

tion structure was assessed by an analysis of molecular
variance (AMOVA; Excoffier et al., 1997) implemented
in ARLEQUIN (vers. 2.000; Schneider et al.. 2000). To
test for isolation by distance (IBD) we applied the
Mantel test (Mantel, 1967) to two matrices, Fst values
and log geographical distances in Km between locali-
ties. We used IBD 1.4 (Bohonak, 2002) to perform the
Mantel test, using 1000 replicates to test significance.
The historical demography of each population was
examined using mismatch distributions analysis per-
formed in ARLEQUIN (vers. 2.000; Schneider et al.,
2000). Theoretical studies have shown that populations
in long stable demographic equilibrium show a chaotic
mismatch distribution, while recent rapid population
expansions or bottlenecks are reflected in a unimodal
(approximately Poisson) profile (Rogers. 1995: Rogers
and Harpending. 1992). Mismatch distributions were
established and their fit to Poisson distributions was
assessed by Monte Carlo simulations of 1000 random
samples. The sum of square deviations (SSD) between
observed and expected mismatch distributions was used
as a test statistics, its P value representing the probability
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of obtaining a simulated SSD larger or equal to the
observed one (Schneider and Excoffier, 1999). In
addition Fu’s Fs neutrality test (Fu, 1997) was used to
detect possible population expansions.

2.2.2. First intron of the S7 ribosomal protein gene

Sequences were aligned using the CLUSTAL V
implemented by Sequence Navigator (Applied Biosys-
tems). Heterozygous positions could not be ascribed to
each sequence of each individual. Thus, we scored and
converted those positions into a codominant genetic
marker dataset. Linkage disequilibrium was tested using
the program GENETIX 4.04 (Belkhir et al., 1996-2004)
and only unlinked loci were used in subsequent ana-
lyses. Samples from the Mediterranean were analyzed
in two populations: western Mediterranean (Barcelona
and Naples) and eastern Mediterranean (Greek islands).
Gene diversity, allelic frequencies, observed and ex-
pected heterozygosity and exact probability tests for
deviations from Hardy—Weinberg equilibrium (HWE)
were performed using the same program. All tests were
conducted using 1000 permutations. The proportion of
shared alleles (Ps) for pairs of populations was cal-
culated as the number of shared alleles summed over
loci divided by twice the number of loci, as in Bowcock
ctal. (1994). A genetic distance matrix between pairs of
populations was obtained by-In (Ps). UPGMA cluster
analysis was conducted using the PHYLIP software
package (Felsenstein, 1989).

Fst, population structure and isolation by distance
were estimated using the same procedures as for the
mitochondrial control region fragment.

3. Results
3.1. Genetic diversity and phylogenetic analysis

3.1.1. Mitochondrial control region

A total of 143 D. sargus mitochondrial control
region sequences were obtained (GenBank Accession
numbers: EF468518-EF468623). Fragments were
385 bp long. All populations showed high genetic
diversity (Table 1). Phylogenetic trees recovered using
Maximum Parsimony and Neighbor-Joining yielded
similar topologies (Fig. 2). The phylogenetic trees
showed no partition between Atlantic and Mediterra-
nean populations of D. sargus. Four haplotypes (HS,
H9, H10 and HIl; Fig. 2) were shared between the
Atlantic and Mediterranean and samples from both
regions grouped together. Clades containing haplotypes
from only one region showed very low bootstraps
values.

3.1.2. First intron of the S7 ribosomal protein gene

The first intron of the S7 ribosomal protein gene was
amplified for a total of 127 individuals (GenBank
Accession numbers: EF467669-EF467796). A total of
308 bp were successively sequenced. Individuals differed
only in base frequencies in heterozygous positions. A
total of 47 polymorphic positions were found. As we
could not ascribe the two alleles of heterozygous
positions to one of the sequences of each individual, we
used those positions as a dataset of codominant genetic
markers. Afier eliminating loci that were shown to be
linked, our dataset was represented by 13 loci. Allelic
frequencies of these 13 loci are shown in Table 2. None of
the loci showed deviations from Hardy-Weinberg
equilibrium. Gene diversities estimated based on the
13 loci are also shown in Table 2. The Azores appears as
the least genetically diverse population.

3.2. Population structure

The relationship across populations based on the
genetic distances calculated for the mitochondrial
control region can be visualized in the form of a
multidimensional scaling plot (Fig. 3). This plot shows
the Azores as the most differentiated population. The
UPGMA tree built using the distance based on the
proportion of §7 intron shared alleles (Fig. 4) also shows
the Azores as a more differentiated population.

Gene flow was high between all the populations
(Table 3). Fst estimates, based on the mitochondrial
control region sequences, between the Azores and all the
other population were higher than all other pairwise
comparisons, suggesting the Azores as the most isolated
population. Fst values between Atlantic and Mediterra-
nean populations also yielded significant values. The
isolation of the Azores and Mediterranean is not shown
by the Fst values estimated from the S7 data. Indeed.
this marker yielded very low and not significant Fst
values for all pairwise comparisons except for Azores
versus the Greek islands. To assess the existence of
population structure within D. sargus we applied an
AMOVA analysis. Additionally, to evaluate the differ-
entiation between Atlantic and Mediterranean we
applied an AMOVA grouping population into Atlantic
and Mediterranean groups. Results showed lack of
population structure for D. sargus. In both cases, a high
percentage of the variance in the data derived from
within-population variance (Table 4). Only a very small
percentage of the data variance was attributable to the
separation of Atlantic and Mediterranean populations
and, in the case of D-loop, this value was very similar to
the variance among populations within each group
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H1-Az0100, Azo103, Azo104, Azo107, Azo110,
Azo117

1
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H3-Azo108, Azo109, Azo115
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H5—h£adgo4, Mad116, Mau13, Nap4, Bar23,

ea
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Fig. 2. Phylogenetic relationships of Atlantic and Mediterranean D. sargus using D. vulgaris as outgroup. None of the major branches showed
bootstrap supports above 50%. Labels are described in Table 1. The length of each branch is proportional to the number of nucleotide substitutions.
Scale bar: 1% uncorrected p genetic distance.

104



IBD in D. sargus

108 V.S. Domingues et al. / Journal of Experimental Marine Biology and Ecalogy 346 (2007) 102-113
Table 2
Sample size (N), Gene diversity and allelic frequencies obtained from the heterozygous positions of the first intron of the S7 ribosomal gene
sequences

Azo Mad Can Mau S.P W. Med E. Med
N 17 17 11 11 21 33 18
Gene diversity 0.567 0.741 0.758 0.684 0.785 0.754 0.787
Locus 1
Freq. Allele 1 0.000 0.029 0.000 0.045 0.048 0.045 0.056
Freq. Allele 2 1.000 0.971 1.000 0.955 0.952 0.955 0.944
Locus 2
Freq. Allele 1 0.000 0.08R 0.000 0.091 0.071 0.000 0.000
Freq. Allele 2 1.000 0.912 1.000 0.909 0.929 1.000 1.000
Locus 3
Freq. Allele 1 0.000 0.000 0.000 0.000 0.024 0.000 0.056
Freg. Allele 2 1.000 1.000 1.000 1.000 0.976 1.000 0.944
Locus 4
Freq. Allele | 0.000 0.059 0.091 0.045 0.024 0.030 0.083
Freg. Allele 2 1.000 0.041 0.909 0.955 0.976 0.970 0917
Locus 5
Freq. Allele 1 0.000 0.000 0.045 0.000 0.024 0.030 0.000
Freq. Allele 2 1.000 1.000 0.955 1.000 0.976 0.970 1.000
Locus 6
Freq. Allele 1 0.147 0.176 0.182 0.045 0.071 0.106 0.083
Freq. Allele 2 0.853 0.824 0.818 0.955 0.929 0.894 0917
Locus 7
Freq. Allelel 0.118 0.000 0.000 0.045 0.071 0.015 0.028
Freg. Allele 2 0.882 1.000 1.000 0.955 0.929 0.985 0972
Locus &
Freq. Allele | 0.235 0.324 0.318 0.273 0.333 0.545 0.611
Freq. Allele 2 0.765 0.676 0.682 0.727 0.667 0.455 0.389
Locus 9
Freg. Allele 1 0.000 0.000 0.045 0.000 0.000 0.000 0.028
Freg. Allele 2 1.000 1.000 0.955 1.000 1.000 1.000 0.972
Locus 10
Freq. Allele 1 0.000 0.000 0.045 0.000 0.024 0.000 0.000
Freq. Allele 2 1.000 1.000 0.955 1.000 0976 1.000 0.000
Locus 1
Freq. Allele 1 0.000 0.029 0.000 0.000 0.024 0.000 0.000
Freq. Allele 2 1.000 0.971 1.000 1.000 0.976 1.000 1.000
Locus 12
Freq. Allele | 0.000 0.029 0.091 0.045 0.024 0.076 0.083
Freq. Allele 2 1.000 0.971 0.909 0.976 0.924 0917 0.949
Locus 13
Freg. Allele 1 0.000 0.000 0.000 0.000 0.000 0.015 0.000
Freq. Allele 2 0.000 0.000 0000 .0000 0.000 0.015 0.000
Freq. Allele 3 1.000 1.000 1.000 1.000 1.000 0.970 1.000

Frequencies are shown for the 13 unliked loci used in the study. Labels are described in Table 1.

(Table 4). The IBD test showed a significant correlation
between Fst and log geographical distances (+2=0.542
and 0.688; P=0.018 and 0.011 for D-loop and S7
respectively), pointing to the existence of genetic
isolation by geographic distance.

3.3. Historical demography

Mismatch distributions based on the mitochondrial
control region sequences were estimated (Fig. 5) and

SSD tests were performed (Table 5). The model of
sudden expansion was only rejected for the Azores and
Barcelona, although visual inspection of the mismatch
distribution show a unimodal profile for the later
population. P values for Madeira were close to the
limit of rejection. Fu’s Fs values were significantly
negative for all the populations except for the Azores
and Madeira.

Estimates of expansion parameter T were similar for
all the populations. This parameter is equal to 27u,
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Fig. 3. Multidimensional scaling based on Diplodus sargus mitochondrial control region Uncorrected p-distances. See Table | for labels.

where 1 is the time of the expansion and u is the
mutation rate. Thus, population expansion occurred at
approximately the same time in all samples. Although
estimates of # are less accurate than T (Schneider and
Excoffier, 1999), values of #, are similar and very low,
suggesting that D. sargus has undergone a bottleneck
before the population expansion.

4. Discussion

Our data confirm the results of other molecular
phylogenies (Summerer et al., 2001; Bargelloni et al.,
2005) which found no appreciable genetic differences
between Atlantic and Mediterranean D. sargis and no
evidence supporting the distinction between D. s.

Azo

Mad

Mau

Ny S.P

WMed

EMed

Can

Fig. 4. Phenogram based on the genetic distance obtained from the
proportion of 87 intron shared alleles between Diplodus sargus

populations, The phenogram was estimated using the UPGMA cluster

analysis. See Table | for labels.

cadenati and D. s. sargus. Bargelloni et al. (2003)
considered two hypotheses to explain this lack of
differentiation. Either D. sargus is a recent immigrant in
the Mediterranean or historical bottlenecks and recolo-
nization processes prevented strong differentiation of
Atlantic and Mediterranean basins. Our data showed
high genetic diversities for the Mediterranean, even in
the eastern basin, and lack of clear evidence of popu-
lation expansion in the western basin. These findings
make a recent invasion of the Mediterranean unlikely.

The relationship between genetic and geographic
distances supported an isolation by distance model as
predicted by the hypothesis outlined in the introduction.
If we consider the Fst values and the Uncorrected p-
distances for the mitochondrial control region (Table 3
and Fig. 3), together with the pattern of S7 ribosomal
protein gene shared alleles (Fig. 4) a number of features
emerge: 1) the peripheral position and low genetic
diversity of the Azores: 2) the substantial connection
among the Azores, Madeira and Canary islands; and
3) the proximity of western Portugal and the Mediter-
ranean. The same pattern was also described for other
species such as Ophioblennius atlanticus (Muss et al.,
2001), Chromis limbata (Domingues et al., 2006) and
Tripterygion delaisi (Domingues et al., 2007).

The Fsts computed from S7 were generally lower
than those for the D-loop. This is not surprising since,
because mtDNA is haploid and only maternally
inherited, mitochondrial genes have a fourfold lower
effective population size than the nuclear ones, which
makes fixation of mutations much slower in the nuclear
genes. The only significant difference was found when
comparing the Azores with the Greek islands, which are
the most geographically distant sites. Thus, overall our
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Table 3

Fst values for Dipladus sargus populations calculated from mitochondrial control region sequences (below the diagonal) and 87 intron (above the

diagonal) using ARLEQUIN (version 2.000 Schreider et al., 2000)

Azores Madeira Canaries Mauritania S. Pedro Barcelona Greek islands

Azores 0.006 0.005 0.000 0.000 0.077 0.118%
Madeira 0.173% 0.000 0.000 0.000 0.030 0.055
Canaries 0.142% 0.000 0.000 0.000 0.019 0.042
Mauritania 0.216* 0.047 0.060 0.000 0.040 0.068

S. Pedro 0.190% 0.018 0.045 0.049* 0.025 0.047
Barcelona 0.328* 0.150* 0.196% 0.139% 0.048% 0.000

Greek islands 0.300* 0.096* 0.147% 0.100* 0.017 0.027

Significant P values (P< 0.05) after Bonferroni correction are indicated by an asterisk.

results provide evidence supporting our hypothesis,
specifically suggesting that the Azorean population
persisted through the glacial cycles, and that gene flow
is probably substantial among populations conforming
to a pattern of isolation by distance.

The geographic distribution of the genetic variability
shown by our data is easily explained by the paleo—
biogeographic history of the eastern Atlantic. Briggs
(1974) proposed that the severe Pleistocene climatic
fluctuations that occurred in the northeastern Atlantic
(Adams et al.. 1999) had a strong impact in the coastal
fauna of the region, leading to local extinctions and
latitudinal shifts of many taxa. The coasts of Biscay and
western Iberia were particularly affected by a very
pronounced southern migration of the polar front
(Crowley, 1981; Dias et al., 1997) reaching temperatures
too low for D. sargus to survive. The sea surface
temperatures in the Azores region decreased about 2—
3 °C (Crowley. 1981). Such a decline would bring the
sea surface temperatures at the Azores to values similar
to those prevailing nowadays in western Iberia where
D. sargus breeds and grows successfully. Thus, it is
unlikely that the Azorean population was eliminated by
the glaciations. The archipelago of Madeira, located
further south, was even less affected, while the Canaries
(at least the eastern islands) were severely affected due
to its proximity to the continent and to the influence of
upwelling effects (Barton et al., 1998). The Mauritanian

Table 4
Results of hierarchical analysis of molecular variance (AMOVA)

Among Among populations Within

groups within groups populations
All populations -~ 12.20%/2.76% 87.80/97.24
Mediterranean vs  7.41%/6.16  7.13%/-0.84 84.86%/94.69*

Atlantic

Percentage of the data variance are shown for the mtDNA control
region and the first intron of S7 ribossomal gene respectively.
Significant values (P<0.05) are indicated by an asterisk.

population, being geographically close to the thermal
stable tropical coast of Africa must have quickly
received fish from the southern refugia after the
Pleistocene glaciations and acted later as a source for
the northern colonization. Taking this into consider-
ation, recent research suggests that Saharan upwelling
filaments are capable of transporting larvae from the
African neritic zone into oceanic areas and towards the
Canary archipelago (Rodriguez et al, 1999, 2004).
Indeed, D. sargus from Madeira and Mauritania showed
high genetic diversities and low percentages of private
haplotypes (Table 1). Another region where warm water
pockets persisted during the Pleistocene, although in
areas much smaller than today, is the Mediterranean
(Thiede, 1978). The mismatch analysis and the Fu's Fs
values showed a clear population expansion for the
eastern Mediterranean basin (Greek islands), but not for
the western basin (Barcelona). The historical demogra-
phy of D. sargus based on the mitochondrial control
region supports the hypothesis outlined above, which
assumes that D. sargus disappeared from the Atlantic
shores of Europe during glacial peaks and suffered
considerable demographic reductions in the Canaries
and Mauritania, surviving in Madeira, Azores and in
some regions of the Mediterranean. Interestingly, the
values of Fu’s Fs and SSD only provide clear evidence
of expansion in western lIberia (S. Pedro), Canaries,
Mauritania and the Greek islands.

The dual pattern of refugia in the western tropical
African coast and Madeira and in the Mediterranean,
probably explains splits between sister taxa like those
between Parablennius parvicornis and P. sanguinolen-
tus (Almada et al., 2005); Chromis limbata and C.
chromis (Domingues et al, 2006); or the forms of
Tripterygion delaisi from the oceanic islands and the
Mediterranean populations (Domingues et al., 2007).
Why then does D. sargus lack the patterns of population
differentiation that seem to be common in other warm
water species previously examined? It is important to
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Fig. 5. Mismatch distribution for Diplodus sargus populations based on the mitochondrial control region. The bars represent the observed frequency
of the pairwise differences among haplotypes. while the line shows the expected curve predicted for a population that has undergone a demographic

expansion in the past.

note that several of the species studied so far were rocky
littoral or sub-littoral species that as adults show very
restricted movements and are confined to the upper
meters of the water column (P sanguinolentus 1 m,
Zander, 1986: T. delaisi 3—-40 m, Wirtz, 1978; C.
limbata 5-45 m, Allen, 1991). In addition, blennids,
tripterygiids and pomacentrids all show male parental
care of demersal eggs, meaning that the planktonic
phase is restricted to the larval stage. D. sargus spawns
planktonic eggs, attains a size that is much larger than
the species mentioned above and both juveniles and
adults are active swimmers. Although precise data on
the extent of their movements could not be found, it is
likely that they can undergo extensive movements along
the shores, a possibility that is absent for the adults of

Table 5

blenniids and tripterygiids and even probably small
pomacentrids like Chromis. This mobility of the adults
would allow rapid mixing between Mediterranean and
Atlantic fish. On the other hand, not being a strictly
benthic fish, D. sargus may have profited, at least
occasionally. from the numerous submarine banks and
seamounts that have been mapped between the
European mainland coast and the Azores archipelago
(Kitchingman and Lai, 2004; Kitchingman et al., 2007).
It is known that D, sargus can be found below 50 m in
the Atlantic (Bauchot and Hureau, 1986). Several of the
seamounts mentioned above reach such depths (eg.
Gorringe-40 m, Lagabrielle and Auzende, 1982:
Ampere-18 m, Josephine-50 m, D. Jodo de Castro-
13 m, Cardigos et al.,, 2005). With sea level drops of

Estimated values for the expansion model for each population: SSD (sum of square deviations) and its probability P: ¢, and #, (compound parameter
representing the mutation rate and the female efective population size before and after expansion respectively): and 7 (time in generations, upper and
lower bounds of 95% CI in parenthesis) Fu’s £5 neutrality test and its probability P

SSD

P bo &) T Fu's Fs P
Azores 0.066 0.00 - - - 2492 0.888
Madeira 0.014 0.08 0.000 5010 14.75 (10.43-18.00) -1.822 0.228
Canaries 0.005 0.75 0.011 4730 13.66 (8.29-16.73) —4.145 0.046
Mauritania 0.011 0.41 0.006 114.65 14.064 (7.13-17.31) —8.145 0.000
S.Pedro 0.003 0.83 0.015 139.24 15.37 (9.29-18.88) —11.670 0.000
Barcelona 0.027 0.00 ~ - - —11,067 0.001
Greek islands 0.007 0.55 0.001 78.01 2.93 (9.47-16.09) —9.690 0.000
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120-140 m in the glacial maxima (Lambeck et al.,
2002) many of these seamounts werc above sea water
level, making the number of available stepping stones
higher than today. If this interpretation is correct, we
expect many other benthopelagic species, especially
those with planktonic eggs, to show a less differentiated
population structure than the benthic ones, when the
Azores and Madeira are compared to southwestern
Europe and the Mediterranean.

All phylogeographic studies published so far em-
phasize the strong affinities of the Azorean populations
with those of Madeira, Canaries and western Africa. In
general, the migratory flow tends to prevail towards the
Azores. Santos et al. (1995) and references therein
showed that eddies capable of transporting fish, eggs
and larvac from Madeira towards the Azores are
frequent in the area. This, associated with the probable
local extinctions of warmer water species during the
glaciations at this archipelago, likely combine to explain
the low level of endemism of these islands which have
puzzled marine biogeographers for many years (Briggs,
1974). More studies with different types of organisms
with distinct ecology and life histories will help to
improve our understanding of the present and past
biogeography of the area.

5. Conclusions

The present work reveals no signs of differentiation
between the Atlantic and Mediterranean populations of
D. sargus, confirming previous results. Gene flow
patterns of the northeastern Atlantic and Mediterranean
populations of D. sargus follow an isolation by distance
model, with the Azorean being more isolated and less
diverse than the other populations. Gene flow seems,
however, to be higher than in benthic fishes with demer-
sal eggs studied in the same geographical area. The
geographic distribution of the genetic diversity, together
with the historical demography of the populations studied
can be explained by the effect of the Pleistocene glacia-
tions in the northeastern Atlantic warm water fauna.
D. sargus might have disappeared from the Atlantic coast
of Europe during glacial peaks and suffered population
bottlenecks in the Canaries and Mauritania, surviving in
Madeira, Azores and in the Mediterranean.
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DNA sequence analysis confirms the distinction between Parablennius ruber and Parablennius
gattorugine, simultancously validating the presence of the former species in Western Europe
where it has been reported for >150 years. A possible scenario involving speciation of 2. ruber at
the Azores and subscquent transport of larvae to Europe, a process that may be still occurring
nowadays, could explain this pattern of occurrence. i 2007 The Authors
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The Portuguese blenny (Parablennius ruber, Valenciennes, 1836) is a blenniid
fish, which constitutes a major element of the rocky subtidal ichthyofauna of
the Azores (Santos, 1987; Azevedo & Homem, 2002). Almada er al. (2005)
showed, based on molecular data, that P. ruber is a sister species of Parablen-
nius gattorugine (Linnaeus, 1758), with which it forms a very differentiated clade
within the genus Parablennius. The similarity between the two species is so
strong that, although described in the 19 century (Valenciennes, 1836), for
many years, the validity of P. ruber was questioned and it was often not distin-
guished from P. gattorugine. The species was revalidated independently by Bath
(1982) and by Almeida (1982). Both the authors showed that P. ruber differs from
P. gattorugine in a number of morphological traits that include the morphology

tAuthor to whom correspondence should be addressed. Tel.: +351 218811700; fax: 4351 218860954;
email: valmadai@ netcabo.pt
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of the lateral line system and the shape of the orbital tentacles (Fig. 1). Surpris-
ingly, although the species was commonly viewed as a fish from the Macarone-
sian Islands, both the original description of Valenciennes (1836) and the
revalidation by Almeida (1982) were based on material collected in the shores
of mainland Europe, from the western coast of France to the southern coast
of Portugal. This is remarkable because P. gattorugine is quite abundant in both
the Atlantic and the Mediterranean shores of Europe. The finding of these speci-
mens of P. ruber indicates that, at least from the time of Valenciennes (1836), P.
ruber is sympatric with P. gattorugine although surveys of European littoral fishes
very rarely report its presence. In recent years, the presence of this species in the
shores of western Britain and Ireland became clearly noted (pictures and records
available at http://www.habitas.org.uk/marinelife/species.asp?item=72G6370; B.
Picton, pers. comm.). One of these pictures was also examined by P. Wirtz (pers.
comm.) who also confirmed the identification.

Two distinct issues are addressed within this note: first, using the mitochon-
drial 128 and 168 rDNA, Azorean P. ruber samples are compared with those of
P. gattorugine from the Mediterranean and from the Atlantic shores of Europe,
in order to test, using molecular data, the consistency of the distinction
between the two species as suggested by their morphologies. Additionally,
the DNA of fish morphologically classified as P. ruber and caught in Northwest
Portugal was compared both with material from P. gattorugine and with Azor-
ean samples of P. ruber. This comparison was made to test the hypothesis that
the morphological similarities between continental and insular fish classified as
P. ruber reflect true genetic affinity.

Samples of P. ruber were collected from the Azores (Faial 38°40" N; 27°10° W,
eight specimens, PRAZ1-PRAZ8) and from the northwest coast of main-
land Portugal (Moledo do Minho, Caminha 41°50’ N; 8°50’" W, three speci-
mens, PRMMI-PRMM3). Samples of P. gatrorugine were collected from
mainland Portugal (S. Pedro do Estoril, Cascais 38°41’ N; 09°25’ W, eight
specimens, PGSPI-PGSPS), England (Plymouth 50°25" N; 04°05" W, one spec-
imen, PGEN1), the Mediterranean from Eastern Italy (Chioggia 45°13" N;
12°17" E, two specimens, PGIT1 and PGIT2) and Eastern Greece (Lavrio

Fic. 1. Diagrammatic representation outlining the more salient differences between Parablennius gattor-
ugine (G) and Parablennius ruber (R). The differences at the level of the otrbital tentacles and the
lateral line are especially conspicuous. In P. ruber the supraorbital tentacles tend to be bilobed, the
main stem is short with many branches arising almost at the same level. In P. gattorugine there is
a central stem along which thinner branches arise at different levels. The shape of the supraorbital
tentacles is, however, quite variable in P. gattorugine.
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37°42' N; 24°04’ E, one specimen, PGGR1). Sequences are available at Gen-
Bank under accession numbers AY098778, AY098779, AY (98834, AY098835
and DQ160198-DQ160205. The voucher specimens are deposited in the fish
collection of the Eco-Ethology Research Unit at the Instituto Superior de Psicolo-
gia Aplicada, Lisbon. Parablennius pilicornis (Cuvier, 1829) and Parablennius
sanguinolentus (Pallas 1814) were used as out-groups (GenBank accession num-
bers AY098796. AY098831, AF414700 and AY345187). Fin clips were cut
immediately after collection of the individuals and stored at ambient tempera-
ture in 96% ethanol. Total genomic DNA was extracted from fin rays using
a proteinase K/sodium dodecyl sulphate (SDS) based extraction buffer follow-
ing the Sambrook er al. (1989) protocol.

Fragments of the 12S and 16S rDNA were amplified using primers described in
Henriques er al. (2002), and polymerase chain reaction and sequencing conditions
described in Almada et al. (2005). Sequence alignments were made using ClustalX
1.81 (Thompson et al., 1997) with default settings. Character congruence between
the two fragments was tested using the incongruence-length difference test (Farris
et al., 1995) available in PAUP (version 4.0; Swofford, 1998). The null hypothesis
of congruence between the two data sets was not rejected (P = 1), which led us to
analyse the 128 and 16S rDNA sequences combined in one single fragment.

Phylogenetic relationships were assessed using maximum parsimony (MP) and
neighbour-joining (NJ) methods, implemented by the software package PAUP.
Bootstrapping (Felsenstein, 1985) was used to assess robustness of the nodes in
the trees with 1000 replicates. As the authors were dealing with very closely related
species with very small genetic distances, patristic distances were adopted (follow-
ing Nei & Kumar, 2000). An analysis of molecular variance (AMOVA; Excoffier
et al., 1997) was performed using ARLEQUIN 2.0 (Schneider er al, 2000), to test
the genetic differentiation between the samples of P. ruber and P. gattorugine.

A total of 367 bp of the mitochondrial 12S rDNA and 480 bp of the mito-
chondrial 16S rDNA were analysed, resulting in a combined sequence of 847
bp. In Fig. 2, the results of the phylogenetic analysis are summarized. A single
phylogenetic MP tree of 139 steps was recovered and had the same topology as
the NI tree. Parablennius ruber and P. gattorugine form a monophyletic clade
clearly separated from the other species of the genus Parablennius used as
out-groups. All samples of P. gattorugine form a well-supported clade, which
is sister to another equally well-supported clade that contains all P. ruber sam-
ples. The samples from mainland Portugal, group unambiguously with the
Azorean samples of P. ruber. The mean interspecific uncorrected p distances
are 1:67% (s.0. = 0:12%) and 1'71% (s.p. = 0-14%) for 128 and 168, respec-
tively. The intraspecific distances are 0:91% (s.b. = 0-17%) and 0-11% (s.0. =
0-17%) for P. ruber (128 and 168, respectively), and 0% (s.0. = 0%) and
0:096% (s.0. = 0-11%) for P. gatrorugine (128 and 168, respectively).

The AMOVA analysis showed that 84-99% of the total genetic variation was
due to interspecific differences, while the intraspecific variation accounted for
15-01%. The fixation index was highly significant (P = 0) for 1023 permutations.

The results presented in this study provide molecular support for the distinc-
tion between P. ruber and P. gattorugine. They also demonstrate that P. ruber is
present both in the Azores and in the northwestern shore of mainland Portugal.
This conclusion could be criticized due to the fact that the molecular markers

i 2007 The Authors
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Fi16. 2. Phylogenetic relationship of Parablennius ruber and Parablennius gattorugine using Parablennius
pilicornis and Parablennius sanguinolentus as out-groups. A neighbour-joining tree is shown with
neighbour-joining (above the nodes) and maximum parsimony (below the nodes) bootstrap support
at the major nodes. Labels are: MM (Moledo do Minho. Northern Portugal), Azo (Azores). Port
(Southern Portugal), Eng (Plymouth, England), Ita (Italy), Gre (Greece). The length of each branch
is proportional to the number of nucleotide substitutions.

used are maternally inherited, and the presence of hybrids could not be excluded.
This possibility seems unlikely as all the specimens. from both mainland Europe
and Azores, all genetically classified as P. ruber, were unequivocally assigned to
the same species based on all available morphological diagnostic criteria.

In recent years, many warm water organisms have been recorded in European
waters for the first time, while the distribution of others have shifted. tracking
changes in sea surface temperatures (Southward er al., 1995; Kroncke er al.,
1998; O’Brien et al., 2000). In the case of P. ruber, it is interesting that the orig-
inal description by Valenciennes (1836) was based on specimens from the western
coast of France, which means that this species already occurred in Europe more
than one and a half century ago. The material included by Almeida (1982), in his
revalidation of the species, was from northwest Portugal and from Algarve, in
the south of the country. Bath (1982) used material from Azores and from
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Madeira, implying that the species was also found at these archipelagos. Recent
surveys (N. Monteiro, unpubl. data), on the shore of Madeira, could not detect
P. ruber, suggesting that the species may now be uncommon at this archipelago.

Concerning the presence of P. ruber in the Atlantic shores of Western
Europe, the issue that requires clarification is the apparent contradiction
between the relatively old presence of this species in Europe and its rarity or
absence in most surveys of fishes of the European rocky shores. One has to
admit the possibility that the species was not recorded because of insufficient
sampling or inadequate identification. This seems, however, unlikely for areas
like the British Isles where thorough surveys of the inshore ichthyofauna have
been conducted for many years. Thus, the possibility that P. ruber is regularly
present on the west European shores, although at low numbers should not be
ruled out. If it occurs in very small numbers, it is possible that P. ruber may not
be able to establish viable populations in Europe. The authors suggest that
these populations may be, to a considerable extent, replenished by occasional
larval transport from the Azores. The idea that blenniid larvae are able to
undergo long distance transport was already proposed by Muss ez al. (2001)
to explain the distribution of Ophioblennius atlanticus (Valenciennes, 1836)
across the Atlantic Ocean. Rafting on algae is another form of long distance
transport that was demonstrated for blenniids. Specimens of Hypleurochilus fis-
sicornis (Quoy & Gaimard, 1824), a species living in the southwestern Atlantic,
were collected from a raft, off Azores (Santos et al., 1997), a transport that in-
volves a much greater distance that the one between Azores and Western Europe.

Azevedo & Homem (2002) showed that, at the Azores, P. ruber breeds in
winter, the time when winds blowing from southwest are stronger, maximizing
the likelihood of larval transport from the Azores to Western Europe. Thus,
P. ruber may be a species conforming to the model of blenniid speciation pro-
posed by Zander (1973, 1980). According to this model, blenniids transported
from the European shores, could sometimes reach the Atlantic Islands where
they could survive the glacial periods undergoing some degree of independent
evolution to become incipient new species. These new species would then be
transported back to Europe by the predominant currents and, if reproductive
isolation was sufficiently strong, could become a new component of the European
ichthyofauna, when temperatures become more favourable. The idea that the
Macaronesian Islands like the Madeira and the Azores were colonized from
eastern Atlantic sources is supported by the fact that from the eight blenniid
species found at the Azores, six were ‘Lusitanian’. They are shared with the
warm temperate eastern Atlantic shores of Europe and Africa extending in
most cases into the Mediterranean. One species (0. atlanticus) is shared with
the tropical Africa and the tropical western Atlantic, and another (Parablennius
parvicornis, Valenciennes, 1836) occurs in the Macaronesia and in the tropical
Africa. The situation of the blenniid fauna of Madeira is very similar and many
Azorean fish probably derived from a Madeiran source (Santos er al, 1995).
Thus, at least in the past, it is certain that blenniids dispersed from the eastern
Atlantic shores to the Macaronesian Islands (Almada ef al., 2001). Such a sce-
nario may well apply to P. ruber. It very likely derived from a P. gattorugine-
like ancestor that colonized the Azores. It may have evolved there, surviving
for one or more glacial periods. During glacial peeks, the Atlantic shores of
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1, Introduction

Studies on the phylogeography and historic demogra-
phy of the marine fish fauna of the northeastern Atlantic
Ocean and the Mediterranean Sea have demonstrated the
impact of the Pleistocene glaciations on their populations
(Domingues et al.. 2006, 2007a,b; Stefanni et al., 2006).
Estimates of sca surface temperatures (SST) of the north-
castern Atlantic over the last 280 Kyr showed a clear gla-
cial/interglacial evolution and a steep north-south SST
gradient between 37 and 45°N during the last glacial period
(Calvo et al., 2001). SST at the Azores region were esti-
mated to be 2-3°C lower than present day values (CLI-
MAP, 1976; Crowley, 1981). The archipelago of Madeira,
located further south. experienced negligible variations in
SST. while the eastern islands of the Canaries were more
affected due 1o their proximity to the continent (Fig. 1,
Calvo et al., 2001). Santos et al. (1995a) mentioned that
the drop in SST at the Azores, might have been cnough
io promote the local disappearance of the warm water mar-
ine fish in the region. The same authors propose the
Madeira Islands and the western coast of Africa as glacial
refugia and source of fish for post-glacial colonization of
the Azores. Almada et al. (2001) argued that the warmer
water fish of the Atlanto-Mediterranean area survived in
two distinet glacial refugia which acted as sources of
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post-glacial colonization: onc in the west coast of Tropi-
cal/Subtropical Africa and Madeira. from which fish
reached the Azores, and another inside the Mediterranean,
from which the northeastern Atlantic waters adjacent to
the Mediterranean entrance were colonized during the
interglacials, These ideas have been supported by molecu-
lar studies on species like the pomacentrid Chromis limbata
(Domingues et al., 2006) and the blenniid Tripterygion
delaisi (Domingues et al., 2007a).

The Mediterranean has also been impacted by the Plesi-
tocene glaciations experiencing considerable reduction in
SST (Hayes et al., 2003), except for some preserved warm
water pockets in the southern regions of this Sca (Thiede.
1978). Effects of the cooling events of the Mediterranean
have also been identified by the molecular analysis of C.
chremis {Domingues et al.. 2005), T. delaisi (Domingues
et al,, 2007a) and Diplodus sargus (Bargelloni et al., 2003;
Domingues et al., 2007b).

The species pair Parablennius parvicornis (Valenciennes.
1836) and P. sanguinolentus (Pallas, 1814) (Piscies: Blennii-
dae) constitutes a promising system to test the biogeo-
graphical hypothesis presented above. These blenniids
have been described as two distinct species (Almada
et al.. 2005a) and their sisier status has been demonstrated
in a molecular phylogeny of the northeastern Atlantic and
Mediterranean blenniids {Almada et al., 2005b). Almada
et al. (2005a) commented on the pattern of geographic dis-
tribution of the species pair, highlighting the interest of a
population survey to address biogeographical issues. Para-
blennius parvicornis occurs in the western Alfrican coast,
south of Cape Blanc to the Congo river. including the
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Fig. 1. Parablepnius parvicornis and P. sanguinolentus sampling locations. Individuals of P. parvicornis were collected in the islands of Fayal {Azores).

Madeira, and Tenerife (Canaries). Samples of P. sanguinolentis were

archipelagos of Azores, Madeira, Canaries and Cape
Verde. The distribution of P. sanguinolentus includes the
Mediterranean and the Atlantic coast between the Gull
of Biscay and Morocco (north of Casablanca, Almada
et al., 2005a and references therein). The two species are
allopatric and are scparated by a gap of at least 13° of lat-
itude. These fishes are intertidal and are found in well-illu-
minated sites in sheltered areas with algae-covered rocks
(Bath, 1990: Zander, 1986). Like other blenniids. P. parvi-
cornis and P. sanguinolentus have demersal adhesive ¢ggs
guarded by the male (Santos, 1989) and planktonic larvae
that remain in the water column for over a month {Santos
et al.. 1995b: Raventds and Macpherson, 2001).

In this note we analyze mitochondrial control region
sequences of populations of P. parvicornis from the Atlan-
tic archipelagos of Azores, Madcira and Canaries and P.
sunguinolentus from a western Mediterranean location.
We aim at determining whether the phylogeography and
historical demography of these species fit the biogeograph-
ical pattern proposed by Almada et al. (2001) and Santos
et al. (1993a).

2. Materials and methods

Samples of P. parvicornis were collected from the Azores
(Fayal), Madeira (Funchal) and Canaries (Tenerife). Indi-
viduals of P. sanguinolentus were collected from Spain
(Cape of Gata). A sequence of P. sanguinolentus from
Arrabida (western coast of Portugal) available from Gen-
Bank database was also included in the analyses. Collec-
tion localities and date of collection are shown in Fig. 1
and Table 1. Fin clips were cut immediately after collection
of the individuals and stored at ambient temperature in
95% cthanol, Total genomic DNA was extracted by SDS

llected in Cape of Gata.

proteinase K procedure and purified by standard chloro-
form and isopropanol precipitation (Sambrook et al.,
1989). Amplification of the 5' hypervariable portion of
the mitochondrial control region (alse called D-loop) was
accomplished with primers Lprol (Ostellari et al.,, 1996)
and 128 (Neshé et al., 1998), using an annealing tempera-
ture of 50 °C. Diract sequencing was performed with both
primers with an ABI 3100 automated sequencer (Applied
Biosystems) yielding a final fragment of 556 bp.

Sequences were aligned using CLUSTAL V (Higgins
ef al., 1991) implemented by Sequence Navigator (Applied
Biosystems). Genetic diversity indexes (number of haplo-
types. haplotype diversity and nucleotide diversity) were
calculated. Population structure was determined by an
analysis of molecular variance (AMOVA; Excoffier et al.,
1997) and gene flow (Fst) between populations was esti-
mated. These analyses were performed in the program
ARLEQUIN (version 2.000; Schneider et al., 2000).

A network of haplotypes was constructed using the sta-
tistical parsimony method (Templeton et al., 1992) imple-
mented in TCS (version 1.21, Clement et al., 2000).

The historical demography of each population was
examined using mismatch distributions analysis (Rogers
and Harpending, 1992; Rogers, 1995) performed in ARLE-
QUIN (version 2.000; Schneider et al., 2000). The parame-
ters of the expansion 6, 6, and = were computed and the
time of the expansion (7) was estimated using the formula
= 2tp, where p is the mutation rate. In the absence of
an estimate of g for the mitochondrial control region of
blenniids, we used p = 8.24 % 10~° that was estimated using
an internally calibrated molecular clock for two pomacen-
trid sister species separated by the closure of the isthmus of
Panama (Domingues et al., 2005). This value is very similar
to the one applied by Bowen et al. (20006) after a revision of
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Table 1
Collection localities of Parableanius parvicornis and P. sanguinolentus used in the present study and diversity ind for the ‘hondzrial control region
sequences

N nH Hd L Date of callection GenBank Accession Nos,
Parablennius parvicornis
Azores (Azo) 22 8 0,736 0.002 November 2002/ June 2008 EF554601 EF354622
Madeira (Mad) 29 23 0.980 0,005 September 2003 EF554623 EF534651
Canaries (Can) 18 16 0987 0.005 Navember 2005 EF554652 BF554669
1!) bl H innlomtue
Arrdbida {Arr) 1 AY090789
Cape of Gata (CG) 14 6 0.604 0.001 July 2004 EF551670 EF554683

Number of individuals (N); number of haplotypes (nH); haplotype diversity (Hd}: and nucleotide diversity (=) for each population are shown. Date of

collection and GenBank Accession Nes. are shown in the two last columns.

D-loop molecular clock calibrations for several tropical
Atlantic fish species. In addition Fu's Fs neutrality test
(Fu, 1997) was used to detect possible population
expansions.

3. Results

A total of 83 D-loop sequences were oblained and
deposited in GenBank database (Table 1). Madeira and
Canaries showed similar haplotype and nucleotide diversi-
ties, which were higher than the values for Azores and
Cape of Gata (Table 1). The AMOVA analysis showed
that 24.36% (P < 0.001) of the data variance was explained
by differences among populations. Gene flow was shown to
be higher between Madeira and Canaries (Fst = 0.016,
P = 0.261) than between Azores and the other archipelagos
(Fst = 0.385, P—0.000 for Azores and Madeira and
Fst = 0.280, P = 0.000 for Azores and Canaries).

The haplotype networks of the two species are not con-
nected at the confidence level of 95% (Fig. 2). Ancestral
haplotypes in each network were inferred as the ones that
yielded the highest outgroup weights (Castelloe and Tem-
pleton, 1994). Both networks showed very simple patierns
with few mutational steps separating the most divergent
haplotypes from the ancestror (two steps in the case of £,
sanguinolentus and 6 steps in the case of P. parvicornis).
Parablennius parvicornis show two common haplotypes,
differing by four mutations. from which the remaining
haplotypes derive by one or two mutations. Haplotypes
were shared between Azores, Madeira and Canaries popu-
lations and genetic partition between the three populations
was not evident. Few network reticulations are observed
suggesting the exisience of moderaie homoplasy.

The model of sudden expansion was not rejected for any
of the populations (Table 2} and mismatch distributions
were unimodal (figures not shown). While the values of 8
{the compound parametet representing the mutation rate
and the female effective population size) were similar before
the expansion (f,) in the four populations, the values cor-
responding 1o the same parameter after the expansion
{¢,) were much higher in the Azores and Cape of Gata.
Population expansions seemed to have occurred more

recently in the Azores and Cape of (Gata than in Madeira
and Canary islands.

4. Discussion

Our results showed that £ parvicornis from the Atlan-
tic archipelagos of Azores, Madeira and Canaries are
genelically connecied with a particular strong connection
of Madeira and Canaries, In this study we wanted to test
whether populations of P parvicornis were differentially
affected by the Pleistocene glaciations. Evolutionary rela-
tionships among P. parvicornis haplotypes resulted in a
star-like network (Fig. 2), which is consistent with a
recent demographic expansion following a considerable
reduction in population size. In the parsimony network
Azorean haplotypes tend to be closer to the ancestral
one while in Madeira and Canaries there are haplotypes
linked by more mutational steps to the most common
one. This suggests that if bottlenecks took place in these
islands the loss of genetic diversity was less aceentuated
for Madeira and Canaries than for the Azores. The his-
torical demography analysis revealed the exisience of a
past population expansion for all the populations (Table
2). Comparison of fy and 6, values (the compound
parameter representing the mutation rate and the female
effective population size belore and after the expansion,
respectively), showed that the demographic expansion of
P. parvicornis was more accentuated in the Azores than
in Madeira and Canary islands, According to CLIMAP
(1976) and Crowley (1981) SST during the Pleistocene gla-
ciations decreased about 2-3°C in the Azores region.
Santos et al. (1995a) suggested that such a decrease would
have been enough to promote the local disappearance of
warm water species such as P. parvicornis from the
Azores, The less affected tropical western coast of Africa,
the archipelago of Madeira, the westernmost Canary
islands and some regions of the Mediterranean have been
shown to act as refugia for species that were not able to
survive the cold phases in the northern Atlantic locations
(Domingues et al., 2006, 2007a.b). Qur Ondings support
this hypothesis. Indeed, P. parvicornis from the Azores
show a strong and recent population expansion that
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Mad107 109,111
Canit 36
H2Mad 101,40
Cant

Ha-dadi18 122
H5Msd118 130
HB-Mad10d 114,117
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Phyloge

Parablennius parvicorrss

Fig. 2, Statistical parsimony network of Parablennius parvicornis D-loop haplotypes. Empty circles represent missing haplotypes, Ancestral haplotypes for
each network (Castelloe and Templeton, 1994) are in grey. The size of the circles is proportional to the haplotype frequency. Shared haplotypes are defined

in the table, See Fig. 1 for labels.

Table 2

Estimated values for the expansion model for cach population of Parablennius parvicornis and P. inolentus ob d from the D-loop sequences
SSD ¥ ] g 6 T { {Kyr ago) Fu's Fs P

Parablennius parvicornis

Azores 0,006 0.380 0.000 1693 0.228 2.189 1.61 155 —4.247 P05

Madgira 0.004 0.460 1.184 078 1.132 5177 8.01 36.1 -23.149 P <0001

Canaries 0.018 0.360 0.005 8.198 2,051 8389 145 593 —13.419 £<0,00]

P A 2 o1 7.

Cape olf Gata 0.00m 0.840 0,000 1252 0.000 1.911 0.00 13.5 —5.997 P <0001

SSD {sum of square deviations) and its probability P: # and #;(compound parameter representing ihe mutation rale and the female effective population
size before and after expansion, respectively); and = (time in generations). The time of the expansion (/) is also presented. Fu's Fs neutrality test and its

probahility P are shown in the last two columns.

might have occurred after the Younger Dryas at about
12 Kyr (Table 2). when, although already afler the Last
Glacial Maximum, a large-scale cooling occurred {(Lam-
beck et al. 2002). According to our data, demographic
expansions of P. parvicornis in Madeira and Canaries
were less pronounced and occurred earlier than in the
Azores. Interestingly, Azorean fish show lower genetic
diversity than Madeira and Canaries populations {Table
1), Lower levels of genetic diversity are typical of recent
populations or of populations that have experienced a

recent bottleneck, like the onc we propose to have
occurred in P. parvicormis from the Azores. According
to this scenario. £. parvicornis from the Azores resulted
from a post-glacial colonization having its origin in south-
ern, and thus less affected, regions like Madeira. Eddies
moving from Madeira towards the Azores, which persist
for many weeks and retain the characteristic of the water
mass that originated them, have been documented (Santos
et al., 1995a and references therein). These eddies can eas-
ily transport the pelagic larvae of P. parvicornis, which
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remain in the water current for over a month (Santos
et al.,, 1995b).

In this study, we were also interested in assessing the
effects of this climatic event on one population of P. san-
guinolentus (the sister species of P. parvicornis) from the
western Mediterranean. Considerably reductions in SST
during the Pleistocene have also been described for the
Mediterranean Sea {Hayes et al., 2005), with warm water
fish species being confined to southern warmer pockets
(Thiede, 1978). The genetic diversity mdices and demo-
graphic parameters obtained for P. sanguinolentus from
Cape of (3ata yielded a pattern similar to the one obtained
for the Azorean P. parvicornis. It is thus likely that this
population of P. sanguinolentus has been drastically
reduced during the Pleistocene glaciations having its origin
in a post-glacial colonization from the preserved regions of
the Mediterranean.

Results on £ parvicornis and its sister species P. san-
guinolentus presented in this study add to the growing
evidence of a biogeographical scenario for the Atlanto-
Mediterrancan warm water benthic species. Previous
work on other warm water benthic fish species such as
Tripterygion delaisi (Domingues et al., 2007a) and C. lim-
bataf/C. chromis (Domingues et al., 2006) pointed to the
existence of two groups of populations: one including
the Mediterrancan and the Aflantic coast of western Eur-
ope and another encompassing the western tropical coast
of Africa and the Atlantic archipelagos of the Macarone-
sia. This pattern may reflect the different effects of the
Pleistocene glaciations on warm water fishes that must
have become extinct or suffered considerable reductions,
in some regions where sea surface temperatures were seri-
ously reduced (western coast of Europe, Azores, eastern
Canaries and northern Mediterranean), surviving in less
affected regions that acted as refugia. Recolonization of
the affected locations may have been possible in the last
10 Kyr, from the western tropical coast of Africa, the
western Canaries and Madeira islands, in the case of
the Azores, and the southwestern Mediterranean in the
casc of the Atlantic shores of lIheria (Almada et al.,
2001). As suggested by Almada et al. (2001) the opera-
tion of this double sysiem of refugia through the entire
series of glaciations may have also promoted speciation
with the formation of multiple sister species pairs involv-
ing one Afro-Macaronesian species and onc in the Med-
iterranean and adjacent Atlantic waters.
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Abstract

Coryphoblennius galerita is a small intertidal fish with a wide distribution and limited
dispersal ability, occurring in the northeastern Atlantic and Mediterranean. In this study we
examined Atlantic and Mediterranean populations of C. galerita to assess levels of genetic
divergence across populations and to elucidate historical and contemporary factors
underlying the distribution of the genetic variability. We analyze three mitochondrial and one
nuclear marker and 18 morphological measurements. The combined dataset clearly supports
the existence of two groups of C. galerita: one in the Mediterranean and another in the
northeastern Atlantic. The latter group is subdivided in two subgroups: Azores and the
remaining northeastern Atlantic locations. Divergence between the Atlantic and the
Mediterranean can be the result of historical isolation between the populations of the two
basins during the Pleistocene glaciations. Present day barriers such as the Gibraltar Strait or
the “Almeria-Oran jet” are also suggested as responsible for this isolation. Our results show
no signs of local extinctions during the Pleistocene glaciations, namely at the Azores, and
contrast with the biogeographical pattern that has been observed for Atlantic-Mediterranean
warm water species, in which two groups of populations exist, one including the
Mediterranean and the Atlantic coast of western Europe, and another encompassing the
western tropical coast of Africa and the Atlantic islands of the Azores, Madeira and Canaries.
Species like C. galerita that tolerate cooler waters, may have persisted during the Pleistocene
glaciations in moderately afected locations, thus being able to accumulate genetic differences
in the more isolated locations such as the Azores and the Mediterranean. This study is one of
the first to combine morphological and molecular markers (mitochondrial and nuclear) with
variable rates of molecular evolution to the study of the relationships of the Atlantic and
Mediterranean populations of a cool water species.
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Introduction

The study of genetic divergence and speciation in the marine environment represents a great
challenge. Marine populations tend to be large and marine species often have high fecundity
and larvae that can disperse over long distances. Thus, marine species are usually expected
to show high levels of gene flow and low geographical differentiation. However, increasing
evidence indicates that at least partially isolated populations may occur quite commonly in
marine systems (eg. Doherty et al. 1995; Shulman & Bermingham 1995; Bernardi 2000;
Riginos & Nachman 2001; Stefanni & Thorley 2003; Taylor & Hellberg 2003; Baus et al.
2005). Several mechanisms have been proposed by which marine species with high dispersal
potential can diverge genetically. These include vicariance processes caused by past barriers;
oceanographic currents; habitat discontinuities; local adaptation; larval behavior; isolation by
distance and limited dispersal to new areas promoting genetic differentiation (Palumbi 1994;
Riginos & Nachman 2001 and references therein).

In this regard, the northeastern Atlantic, including the Macaronesian islands, together with
the Mediterranean constitute very interesting study cases. Different areas within these
regions were differentially affected by drops in sea surface temperature associated with the
Pleistocene glaciations. The shores of west Europe endured polar conditions during the glacial
maxima, with very cold waters also present along the northwestern African coast (Crowley
1981; Dias 1997) and, to some extend, the Canary Islands (Lamb 1977, Crowley 1981). At
the Azores, temperature drops were moderate (about 2-3°C; Crowley 1981), while Madeira,
the tropical western coast of Africa and some southern Mediterranean areas were little
affected (Thiede 1978). These fluctuations led to local extinctions and latitudinal shifts of
many taxa, namely those that are only capable of living in warmer waters (Almada et al.
2001; Domingues et al. 2006). After warmer conditions were restored, recolonization
probably occurred from some less affected regions that may have acted as refugia. Thus,
vicariance and dispersal have very likely played an important role in the evolutionary history
of the marine fauna of the northeastern Atlantic and the Mediterranean.

Oceanic currents should also be taken in consideration when identifying the factors that
influence the distribution of the genetic variability in a particular region, especially when
studying coastal organisms whose dispersal capabilities are restricted to their planktonic
larval phases. The northeastern Atlantic current system is dominated by a multibranch
complex system that has its origin in the Gulf Stream (Stramma 1984). The circulation flows
predominantly to the east and northeast, bringing warm water to Europe. However, one
branch of the system turns south originating the cold water Canaries current which runs
parallel to the shores of southwest Europe and Northwest Africa, reaching Madeira and the
Canaries (Santos et al. 1995; Stramma 1984) (Fig. 1). However, meanders and eddies also
cause sporadic transport of water and plankton from Madeira to Azores (Santos et al. 1995).
The impact of currents in the Canary Islands also generates a complex system of eddies that
promotes transport towards the north in the western islands (Molina et al. 1996). These
eddies make the connection between the Canaries and Madeira possible, with the Salvage
islands possibly acting as a stepping-stone. Between the West African shore and the Canary
Islands, upwelling filaments can also cause sporadic transport towards the islands (Barton et
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al. 1998; Rodriguez et al. 1999; Bécognée et al. 2006). The Atlantic and the Mediterranean
communicate by the Gibraltar strait, which is characterized by a two-layer flow regime.
Atlantic waters inflow in the upper layer and Mediterranean waters outflow in the lower layer
(Malanotte-Rizzoli & Bergamasco 1989; Ozgékmen et al. 2001). Close to the Gibraltar strait,
the water in the Alboran Sea describes a quasi-permanent anticyclonic gyre that generates
another oceanographic barrier known as the “Almerian-Oran jet” (Millot 1999) (Fig. 1).

The effects of the Pleistocene glaciations together with the circulation patterns described
above for the Atlantic and the Mediterranean have been suggested to be responsible for a
major biogeographic break between the two regions. Results, however, are not conclusive
since the extent of the differentiation varies across species. Indeed, some species such as
the seabream Diplodus puntazzo (Bargelloni et al. 2005), the sea bass Dicentrarchus labrax
(Lemaire et al. 2005), the cuttlefish Sepia officinalis (Pérez-Losada et al. 2002) and the
sponge Crambe crambe (Duran et al. 2004) show high levels of genetic differentiation
between Atlantic and Mediterranean populations, while others like the damselfish Chromis
chromis (Domingues et al. 2005), the seabream Diplodus sargus (Bargelloni et al. 2005,
Domingues et al. 2007a), the wrasse Thalassoma pavo (Costagliola et al. 2004) and the
Norway lobster Nephrops norvergicus (Stamatis et al. 2004) show no genetic partition
between the Atlantic and the Mediterranean.

The phylogeographic patterns of Atlantic-Mediterranean fish described in recent studies have
revealed genetic signatures of the effects of Pleistocene glaciations on the different
populations. Incidentally, these patterns are consistent with transport of eggs and larvae
that are possible with the current regime described for these water masses. Warm water
species such as Tripterygion delaisi (Domingues et al. 2007b), Chromis chromis/ C. limbata
(Domingues et al. 2006) and Parablennius sanguinolentus /P. parvicornis (Almada et al.
2005) show two groups of populations: one including the Mediterranean and adjacent
European Atlantic coast and another that comprises the western coast of Africa and the
Macaronesian islands. According to the studies mentioned above, this dual pattern can be
explained by local extinctions at the time of the glacial peaks in the more affected regions
(Azores, Canaries and European Atlantic coast) followed by post-glacial colonization from
warmer refugia such as Madeira and the Tropical coast of Africa, in the case of the Azores,
and the southern regions of the Mediterranean, in the case of the Atlantic Europe. The
differentiation between these two groups is not only supported by molecular divergences but
also by differences in morphologic characters. Parablennius parvicornis / P. sanguinolentus
differ in the number of spines in the dorsal fin, presence or absence of extra teeth in the
upper jaw and pigmentation (Almada et al. 2005 and references therein). Although the two
groups of Tripterygion delaisi have not been described as distinct species, differences in the
number of rays of the second dorsal, and in the number of scales in the lateral line have
been described, as well as color and behavioral variation between the two forms (Domingues
et al. 2007b and references therein). Interestingly, cool water species such as Liphophrys
pholis (Stefanni et al. 2006) and Parablennius ruber (Almada et al. 2007) seem to have
been able to survive the cooler periods in the Azores. In the case of L. pholis, the Azorean
population shows a strong genetic differentiation that is accompanied by meristic differences
in the number of rays of the dorsal and anal fins (Stefanni et al. 2006).
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Coryphoblennius galerita (Linnaeus 1758), the single member of its genus, is a small benthic
fish living in exposed rocky shores in the littoral zone (Zander 1986). The species is present
in the eastern Atlantic (from the southwestern coast of Britain to Cape Juby in the Saharian
coast, including the Azores, Madeira and Canary Islands) and in the Mediterranean including
the Black Sea (Zander 1986; Quéro et al. 1990; Falcén et al. 2002). This species breeds
from spring to summer in the Atlantic, although the extent of the breeding season varies
with latitude (Almada et al. 1996). In the Mediterranean breding can also take place in
winter (Richtarski & Patzner 2000). Females spawn demersal eggs that are cared for by the
males until hatching (Almada et al. 1983; Milton 1983). Dispersal is restricted to the
planktonic larval phase of about 26-27 days (Raventdés & Macpherson 2001). The large
distribution range of C. galerita, together with its limited dispersal ability, suggests the
existence of population structure for this species. Bath (1978), based on morphological data
(fin rays and coloration), found differences in the Atlantic and Mediterranean populations,
and also between fishes from Madeira and Canaries. Indeed, Almada et al. (2005), in a study
of the phylogeny of the northeastern Atlantic and Mediterranean blenniids, found substantial
divergence between conserved mtDNA sequences of C. galerita from the Mediterranean and
the Atlantic. The same authors also found that in the Atlantic there was a clear genetic
divergence between mainland shores of Europe and Madeira on one hand and the Azores on
the other. However, sample sizes were small and no definitive conclusions were attempted
on this issue.

Several factors make the study of Coryphoblennius galerita very promising. It inhabits areas
that experienced very distinct glacial effects and differ in present day ecological and
oceanographic conditions. In this study we examined Atlantic and Mediterranean populations
of C. galerita, including the eastern Atlantic archipelagos of the Azores, Madeira and
Canaries, to assess the levels of genetic divergence of this widely distributed blenniid. Since
it is well known that the combined analysis of patterns seen in different loci is very
informative when studying spatial and temporal genetic structure (Slatkin & Maddison 1989),
we employed three mitochondrial and one nuclear markers with different rates of molecular
evolution. Additionally, we combined the molecular survey with an analysis of morphological
characters. Judging from the geographical distribution of C. galerita, which has its northern
limit in the southwestern coast of Britain, this species must have been able to survive the
cold temperatures of the Pleistocene glaciations in moderately affected regions such as the
Azores Islands. We thus expect the distribution of C. galerita genetic diversity to conform to
the scenario described for the cooler water species, where strong genetic differentiation
between populations is found. This may also be accompanied by some degree of
morphological differentiation. This is one of the first studies to apply a comparative analysis
of molecular and morphological traits to a cool water species. We believe that this approach
will shed light on the evolutionary history of the species and will also contribute to the
elucidation of the biogeographical scenarios that are now emerging for the northeastern
Atlantic and the Mediterranean.
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6. Materials and methods

Sampling

A total of 132 Coryphoblennius galerita were collected from 7 locations in the Atlantic and 4
locations in the Mediterranean (Fig. 1). Samples were collected in tide-pools using hand nets.
Fin clips were cut immediately after collection of the individuals and stored at ambient
temperature in 95% ethanol.

Figure 1 Coryphoblennius galerita’s sampling locations. Samples were collected in the Atlantic
archipelagos of Azores (Fayal, Azo); Madeira (Madeira, Mad) and Canaries (Tenerife, Can); in Plymouth
(England, Ply); and in the Atlantic coast of Portugal in C. Mundo (CM), S. Pedro (SP) and Luz. Samples
from the Mediterranean were collected from Cape of Gata (CG), Spain; Chioggia (Chi), Italy; Rovinj
(Rov), Croacia; and one location in Lebanon (Leb). Numbers of individuals sequenced for each of the
markers are shown in the table. Arrows indicate major current flow patterns. The Canaries Current is
indicated by ‘CC’, the Gibraltar Strait is indicated by “"GS” and the Almeria-Oran jet’ is indicated by ‘AOJ’.
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Molecular analysis

DNA extraction, amplification and sequencing. Total genomic DNA was extracted by SDS
proteinase K procedure and purified by standard chloroform and isopropanol precipitation
(Sambrook et al. 1989). Fragments of the conserved 12S and 16S rDNA mitochondrial genes
were amplified for a subset of our samples using primers and PCR conditions described in
Almada et al. (2005). Amplification of the 5’ hypervariable portion of the mitochondrial
control region (also called D-loop) was performed for a larger number of individuals, using
primers and PCR conditions described in Ostellari et al. (1996). In addition, we amplified the
first intron of the S7 ribosomal protein gene, using primers S7RPEX1F and S7RPEX2R (Chow
and Hazama 1998), and an annealing temperature of 56°C. After purification following the
manufacturer’s protocol (Applied Biosystems, Forter City, CA), direct sequencing was
performed with an ABI 3100 automated sequencer (Applied Biosystems).

For the first intron of the S7 ribosomal protein gene, the two strands of each individual were
recovered using one of two methods. (1) For the individuals that showed heterozygous
indels, we used double peaks in chromatograms generated as artifacts in the vicinity of the
heterozygous indels to identify the specific sequences present in individual strands, following
the approach described by Sousa-Santos et al. (2005). (2) Both strands of the individuals
that did not possess heterozygous indels, but that showed heterozygous positions, were
recovered using a set of specific amplifications. Heterozygous positions were identified as
double peaks in the chromatograms obtained with S7RPEX1F and S7RPEX2R primers, and
specific primers were designed for the amplification of only one of the sequences of each
individual. The last base of each of these primers consisted of one of the bases in the first or
last heterozygous positions of the individual. Amplifications were then made using the
specific primer in combination with S7RPEX1F or S7RPEX2R under high annealing
temperatures in order to assure specificity. A total of 14 primers were required to obtain the
two strains of all the individuals (primer sequences and PCR conditions available from
authors upon request). Direct sequencing was then performed using S7RPEX1F or S7TRPEX2R
primers.

DNA sequences and phylogenetic analyses. Sequences were aligned using the program
CLUSTAL v (Higgins et al. 1991) implemented by Sequence Navigator (Applied Biosystems).
Diversity indexes were calculated using the software package ARLEQUIN (version 2.000;
Schneider et al. 2000). The computer program MODELTEST ver. 3.7 (Posada & Crandall 1998)
was used to determine a model of sequence evolution that best fitted each gene. The Akaike
Information Criterion (AIC) was chosen since it yields more reliable results (Posada &
Buckley 2004). Phylogenetic relationships within Coryphoblennius galerita were assessed
using Bayesian inference, performed in MR BAYes 3.0b4 (Huelsenbeck & Ronquist 2001). The
blenniid Lipophrys trigloides was used as outgroup. The dataset was divided into four gene
partitions (12S, 16S, D-loop and S7), which were assigned separate (unlinked) parameters
to accommodate gene-specific differences in evolutionary rate. The general model selected
by MoDELTEST was used for the analysis, allowing MR BAYES to estimate the parameters in that
model. The GTR model with equal rates was chosen for12S and 16S and the GTR model with
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gamma rates was used for D-loop and S7. Monte Carlo Markov chains were run for
5,000,000 generations saving a tree every 100 generations. To help ensure that stationarity
was reached, we discarded the first 15,000 generations (150 sampled trees) as burn-in and
used the remaining 4,985,000 generations (49,850 sampled trees) in all subsequent
analysis. A majority rule consensus tree calculated from the 49,850 remaining trees was
constructed and used to determine the posterior probabilities of clades. Phylogenetic trees
were also obtained using the mitochondrial and the nuclear sequences separately.

Gene flow and population structure. Individuals were grouped forming 5 samples (see Fig.
1): Azores, Madeira, Canaries, Portugal (including samples from C. Mundo, S. Pedro, Luz and
also the sample from Plymouth) and Western Mediterranean (C. Gata). Samples from the
remaining locations of the Mediterranean belonged to the eastern basin and were only
included in the phylogenetic analysis. Gene flow (Fst) between the 5 locations was
estimated. Corrections for simultaneous multiple comparisons were applied using sequential
Bonferroni correction (Rice 1989). Population structure was determined by an analysis of
molecular variance (AMOVA; Excoffier et al. 1997) using the program ARLEQUIN (version
2.000; Schneider et al. 2000). Population average pairwise differences were estimated and
results were visualized using a multidimensional scaling analysis implemented by STATISTICA
(version 7.0; Statsoft Inc.). These analyses were performed for a combined dataset including
the two slow evolving mitochondrial genes (12S and 16S rDNA) and for the D-loop and S7
intron separately.

Historical demography. Sequences were pooled forming three groups of populations (Group
1= Azores, Group 2= Madeira, Canaries and Portugal, Group 3= Mediterranean) according to
the phylogeny results. The historical demography of the three populations was examined
using mismatch distributions analysis performed in ARLEQUIN 2.0. Theoretical studies have
shown that populations in long stable demographic equilibrium show a chaotic mismatch
distribution, while rapid population expansions or bottlenecks are reflected in a unimodal
(approximately Poisson) profile (Rogers 1995; Rogers & Harpending 1992). Mismatch
distributions were established and their fit to Poisson distributions was assessed by Monte
Carlo simulations of 1000 random samples. The sum of square deviations (SSD) between
observed and expected mismatch distributions was used as a test statistics, its P value
representing the probability of obtaining a simulated SSD larger or equal to the observed one
(Schneider & Excoffier 1999). The parameters of the expansion 8y, 6;, and © were estimated
and the time of the expansion (t) was estimated using the formula 1 = 2 t pu, where p is the
mutation rate. In the absence of an estimate of p for the mitochondrial control region of
blenniids, we used p = 8.24 x 10® that was estimated using an internally calibrated
molecular clock for two pomacentrid sister species separated by the closure of the isthmus of
Panama (Domingues et al. 2005). We did not attempt to estimate the time of the expansion
using the S7 intron data, since there is not any estimation of the mutation rate of this intron.
In addition Tajima’s D neutrality test (Tajima 1989) was used to detect possible population

expansions.
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Morphological analysis

Measurements A total of 84 fish were measured: 25 from Azores; 11 from Madeira; 21 from
Canaries; 11 from C. Mundo (Portugal) and 16 from the Mediterranean. A total of 18
measurements were taken for each fish, using callipers to a precision of 0.1 millimetres:
total length (TL); standard length (SL); head length (HL: from the tip of the snout to the
rear edge of the opercular bone); snout length (SnL: pre-orbital); pre-anal length (PreAL:
from the tip of the snout to the base of the first ray of the anal fin); pre-dorsal length
(PreDL): ibidem to the base of the first ray of the dorsal fin); length of the ventral fin (LV:
from the base to the end of the longest ray); length of the pectoral fin (LP: from the base to
the end of the longest ray); head height (HH: measured at the level of the opercular bone);
pre-orbital width (PreOW); eye diameter (YD); body width at the insertion of the pectoral fin
(WIP); body width at the level of the anus (WA); body height at the insertion of the pectoral
fin (HIP); mouth perimeter (MP); mouth width (MW); crest width (CW: measured at the base
of the crest); crest height (CH). The number of rays of the different fins was also counted.
Sex was determined by direct observation of the genital papilla.

Statistical analysis To compare the populations Discriminant Analysis were performed on the
residuals obtained from log-log Regressions of each continuous measure over the standard
length. UPGMA cluster analysis was used to build a phenogram based on the Squared
Mahalanobis Distances obtained in the Discriminant Analysis. UPGMA cluster analysis was
conducted using the PHYLIP software package (Felsenstein 1989). As crest width and height
residuals were the features with the highest contribution to the separation of populations,
they were separately analyzed using ANOVA with the Tukey HDS test for post-hoc
comparisons among populations. Differences on meristic data were tested using ACTUS
(Estabrook & Estabrook 1989), a simulation statistic procedure designed to analyse
contingency tables that is not limited by the assumptions of conventional y? Tests and that
apart from assessing the overall significance of the table, allows assessment of the
significance of deviations between observed and expected frequencies for each individual
cell.

Results

Molecular analysis

DNA sequences and phylogenetics analyses A total of 61 12S rDNA sequences, 66 16S rDNA
sequences, 108 D-loop sequences and 218 S7 first intron sequences (corresponding to 109
individuals) were obtained (Fig. 1). Some of the 12S and 16S sequences were available in
GenBank (accession numbers: AY098816- AY098816 and AY098749- AY098755). The
remaining sequences were registered in GenBank (accession numbers: EF520774-EF520790,
EF521602-EF521813 and EF527585-EF527802). The 12S and 16S rDNA sequences were 395
bp and 568 bp long respectively and no gaps were required for their alignment. 12S rDNA
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sequences showed a total of 8 polymorphic sites, while 32 polymorphic sites were found for
16S rDNA sequences. Sequences of the mitochondrial control region showed a complex
pattern composed by sequence motifs of variable length, which were repeated several times.
The motif TATATGTACTA was found in every sequence. However, variations of this motif
were found to be characteristic of each geographic region. Sequences from the
Mediterranean were composed by a variable number of TATATGTACTAGG repeats, while the
motif TATATGTACTATACAC was only found in the Azores and the motif
TATATGTACTATACAGTATATGTATGGGTACA was characteristic of Portugal, Canaries and
Madeira. These motifs occurred in the central region of the sequences and, due to the
variable times that they are repeated, the alignment was very difficult. Thus, we opted to
exclude the central region of the sequences and decided to base our analysis on the
remaining 312 bp. For the first intron of the S7 ribosomal protein gene a fragment of 636 bp
was obtained. There was one fixed difference between Mediterranean and Atlantic individuals
and 76 heterozygous positions. Of these, 73 positions were only heterozygous in individuals
from the Atlantic or the Mediterranean and the remaining 3 showed heterozygosity in the 2
locations.

Diversity indexes based on the four genes sequences are shown in Table 1. The bayesian
phylogeny built using the combined dataset of the four genes shows the existence of two
strongly supported monophyletic groups, one including the Mediterranean samples and
another comprehending the Atlantic haplotypes (Fig. 2). Within the Atlantic group, Azores
haplotypes cluster together in a strongly supported monophyletic clade, while another very
well supported clade groups fish from mainland Portugal, England, Madeira and Canaries.
Phylogenetic reconstructions based on the mitochondrial genes only showed the same
pattern (Fig. S1 in the Supplementary material). The tree based on the nuclear intron groups
the Atlantic haplotypes in a monophyletic clade, which includes the Azorean haplotypes. The
haplotypes from the Mediterranean did not form a monophyletic clade (Fig. S2 in the
Supplementary material).
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Figure 2 Bayesian phylogeny of Coryphoblennius galerita populations based on sequences from the four
genes fragments (12SrDNA, 16SrDNA, D-loop and S7 intron). The dataset was divided into four gene
partitions to accommodate gene-specific differences in evolutionary rate. Numbers on branches are
posterior probabilities from a consensus tree of all post bur-in topologies visited by the Markov chain.

Labels are described in Figure 1.
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Table 1 Coll I of Cor h galerita used in the present study and diversity indexes for 12srDNA, 16SrDNA, D-

loop and S7 intro Number of {Hn), ¢ Gene diversity (Hd/Gd), and Nucleotide diversity (= ) for

each population are shown.

12SrDNA 16SrDNA D-loop s7
Hn Hd ® Hn Hd ® Hn Hd x Hn Gd ®

Azores 2 0.143 0.000 |2 0.143 0.000 |5 0.556 0.005 | 26 0955 0.005
Madeira 1 0,000 0.000 |1 0.000 0.000 |8 0.381 0.055 | 21 0,928 0.002
Cananies 3 0.464 0.001 (1 0.000 0000 |7 0.333 0.003 | 28 0.936 0.004
Portugal i 0000 0.000 |4 0.421 0000 |15 0.536 0.010 | 21 0944 0.001
Total Atantic 5 0.539 0.005 | ¢ 0.539 0.014 |35 0.443 0.009 | 73 ©.949 0.003
Cape of Gata, Spain 2 0.556 0.001 |4 0.644 0,001 |18 1 0,016 | 29 0,994 0,010
Chioggia, Italy 1 0.000 0.000 |1 - - 1 - - 2 -

Rovinj, Croacia 1 0000 0.000 | 2 0.55 0.001 |3 - | 0.013 |5 9,933 0.006
Lebanon 1 0.000 0.000 |5 0857 0004 | & b 0.027 | 2 0578 0.011
Tetal Meditzrranean 2 0.395 0.001 |8 0.676 0.002 |18 0.621 0.036 | 45 0.9% 0.010

Gene flow and population structure. Gene flow (Fst) between Coryphoblennius galerita
locations was determined (Table 2). Gene flow between the Mediterranean and all the other
locations was very restricted for all the molecular markers. Fst values between the Azores
and the other locations were high for the mitochondrial markers, but not for the S7 intron.
The AMOVA based on the mitochondrial markers showed that a high percentage of the total
genetic variance was explained by the variance among populations (96.67% P=0.000 and
85.06%, P=0.000 for 12S+16SrDNA and D-loop respectively) pointing to the existence of
population structure for Coryphoblennius galerita. However, for the S7 intron 56.40%
(P=0.000) of the total variation was due to variation within populations. Population average
pairwise differences were estimated and results were visualized using a multidimensional
scaling diagram (Fig. 3). According to the 12S +16S rDNA and D-loop the Mediterranean and
the Azores appear as very differentiated populations. The Madeira and Canary Islands
together with mainland Portugal appear as closely related populations. The picture is slightly
different for the S7 intron, as only the Mediterranean appears as a very differentiated
population.
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Table 2 Fst values for Coryphob

galerita

| from the 12S and 16S

TONA (top table below the diagonal); mitechondrial control regicn sequences (top @ble, above

the diagonal) and 57 intron (bottom table). Significant P values (F < 0.05) after Bonferroni

correction are indicated by an asterisk. Fst vajuss above 0.5 are bolded.

Azores Madeira Canaries Portugal W. Med
Azores X 0.544> 0.930* 0.842* 0.856*
Madeira 0.984* x 0.261* 0.281* 0.896*
Canaries 0.970* 0,071 X 0.023 0.893*
Portugal 0.972% 0.002 0.000 X 0.879*
W. Med 0,981* 0.977= 0,955% 0,959% x
Azores Madeira Canaries Portugal W. Med
Azores x
Madeira 0.007 x
Canaries 0.028 ©.000 X
Portugal 0.014 0.012 0.026 X
W, Med 0.596* 0.639* 0.618* 0.633* x
128 +16S rDNA 128 +16S rDNA
14 14
12| WMed 12| W-Med
10 10
08 08
~ 08 ~ 08
5 5
E 04 2 04
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Figure 3 Multidimensional scaling based on Choryphoblennius galerital’s population average pairwise
differences for 12S rDNA + 16S rDNA (A); D-loop (B) and first intron of the S7 protein gene (C). In the

D-loop graph Madeira and Portugal plots ov

erlap.
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Historical demography. Mismatch distributions based on D-loop and S7 sequences were
estimated for 3 populations (Azores; Madeira + Canaries + Portugal; and Western
Mediterranean) according to the results obtained in the phylogenetic reconstruction. SSD
tests were performed for each population. In the case of the mitochondrial control region the
Azores population is represented by nine sequences only. Thus, the mismatch analysis
concerning mitochondrial sequences from the Azores must be viewed with caution and only
as an exploratory tool to inspect the data. Despite the mismatch distributions of the
Mediterranean population were not unimodal (Fig. 4), the model of sudden expansion was
not rejected for any of the populations (Table 3). Tajima’s D values were significantly
negative for the group including Madeira, Canaries and Portugal. Mismatch distributions
based on the nuclear sequences were not unimodal for the Azores (Fig. 4) and SSD test
rejected the model of sudden expansion for this population only (Table 3). However, Tajima’s
D values were significantly negative for Azores and the group including Madeira, Canaries
and Portugal. The times of the expansion of the Azores and the remaining locations of the
Atlantic are more recent than the Mediterranean estimates.

D-loop S7 intron

Azores

Madeira, Canaries and Madeira, Canaries and 3
Portugal Portugal [

1 23 45 6 7 8 ¢ 10 |

W. Mediterranean

;I. l -

123 45867 8 910N

|

Figure 4 Mismatch distributions of Coryphoblennius galerita D-loop and S7 intron haplotypes. The bars
represent the observed frequency of the pairwise differences among haplotypes, while the line shows the
expected curve predicted for a population that has undergone a demographic expansion in the past.
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Table 3 Estimated values for the expansion model for each population: SSD {sum of squars ions) and its p lity P; @, and 8, ( pai
representing the mutation rate and the female effective population size before and after expansion respectively); and : (time in generations). The time of the
expansion (£, in millien years) & also presentad. Tajima’s D neutrality test and its probability P. Significant P valuas (P < 0.05) are indicated by an asterisk.

D-loop sSD P [ 8 * t (Kyr) D P
Azores 0.007 0.758 0.000 821.2 1.759 0-22.5 -0.843 0.232
Madeira

Canaries 0.001 0.620 0.000 467.6 0.872 1.18-8.64 -2.150 0.000~
Portugal

W. Mediterranean 0.026 0.260 0.000 9.708 4.560 13.4-52.5 ~0.317 0.404
57

Azores 0.014 0.020* - L £ 2 -1.486 0.038~
Madeira

Canaries 0.001 0.920 0.246 7.676 1.841 o -1.958 0.002~
Portugal

. Mediterransan 0.004 0.500 1,168 45.922 5.607 - 0,099 0.500

Morphological analysis

A discriminant function analysis using 17 continuous measurements generated a significant
model (Wilk’s A = 0.062, Approx. F eg.49 = 3.776, P < 0.001). The first two discriminant
functions explained 86% of the data variability. The measurements which vyielded a
significant P value were PreAL, PreDL, PreOW, MW, CH and CW. Except for crest height (CH)
and width (CW), measurements did not show a consistent pattern of variation. The ANOVA
applied to CH and CW showed significant differences among populations for both
morphological characteristics (HC: F (3,5) = 16.947; P < 0.001 and WC: F (;,) = 18.835; p <
0.001). Tukey HDS test for post-hoc comparisons based on CW yielded significant results for
comparisons of the Mediterranean with all other populations. The same test based on CH
yielded significant results for comparisons of Azores against all the populations and also for
comparisons of Madeira against all the populations. Crest width differentiates the
Mediterranean individuals from all the others, while crest height separates the Azorean and
Madeiran individuals from the ones in the remaining locations. Fish from the Azores show a
high and wide crest, while Mediterranean representatives possess a low and narrow crest
(Fig. 5). In addition, the Mediterranean fish present filaments only on the upper edge of the
crest, while in the Atlantic the filaments occur around the entire crest (Fig. 5). Overall
classification success was approximately 86%, with the Azores and the Mediterranean
showing values above 90%. Figure 6 depicts the placement of the 5 populations in the two
dimensional space defined by the first two discriminant functions. The Mediterranean is
separated from the other populations. The Azores is somehow differentiated, being cl‘oser to
Madeira than to the other locations. The Canary Islands and Portugal show a close
connection. Figure 7 shows the phenogram based on the Squared Mahalanobis Distances
resulting from the discriminant analysis. According to these distances the Mediterranean is
well differentiated from the other populations. Azores/ Madeira and Canaries/ Portugal are
morphologically close to each other. The results of the analysis of contingency tables of the
meristic data are shown in Table 4. Although some values differed significantly from a
random distribution, the distribution of the number of rays does not follow a geographic
pattern.
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Table 4 Results of the analysis of contingency tables of the meristic data from Coryphoblennius galerita. The first value is the number of times that the
simulated values did hot exceed the observed ones. The second value is the number of times that the observed values did not exczed the simulated ones.
Significant P values (< 0.05) are indicated by an asterisk.

2" dorsal fin Anal fin
{y =167.507,df =8, P < 0.001) (' = 46,664, df = 12, P < 0.001)
Number of rays Number of rays
15 1% 17 16 17 18 19
Azores 1000/0* o985/24* 0/1000™ 524/716 809/271 156/928 B23/539
Madeira 1000/1* 994716 0/1000* 385/803 7577323 5337639 551/1000
Canaries 8607477 98332~ 16/995" 272/878 347/742 975/46™ 54171000
Portugal 071000~ 57995 1000/0* B74/155 761/266 47/365 ~ 664/488
Mediterransan 485/1000 969/54 96/935 10/1000" 15/997~ 1000/0* B23/53%

Figure 5 Diagramatic representation of the crest of
Coryphoblennius galerita from the Azores (A) and the
Mediterranean (M).
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Figure 6 Representation of the five Coryphoblennius galerita

populations in the two dimensional space defined by the first two
discriminant functions of a discriminant analysis including 17
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Figure 7 Phenogram based on the Squared
Mahalanobis Distances resulting from the
discriminant analysis using 17 continuous
morphological measurements of Coryphoblennius
galerita. The phenogram was estimated using the
UPGMA cluster analysis.

145



Vera S. Domingues

Discussion

This study clearly supports the existence of two clades of Coryphoblennius galerita: one in
the Mediterranean and another in the eastern Atlantic. The eastern Atlantic group is
subdivided in two subgroups: Azores; and the group formed by Madeira, Canaries and
mainland Portugal (including also the sample from England). The Mediterranean
differentiation is strongly supported by all molecular markers. Even the samples from the
eastern basin clearly fell in the same clade. According to the mitochondrial markers, the
Azores is also clearly differentiated from the other Atlantic locations. Interestingly, 12S and
16S rDNA uncorrected p distances between Atlantic and Mediterranean populations of C.
galerita (1.3% and 3.3% respectively) and between the Azores and the remaining locations
of the Atlantic (1.0% and 3.0% respectively) are very similar, and in some cases even
higher, than the distances between several closely related blenniid species pairs (Almada et
al. 2005; Carreras- Carbonell et al. 2005; Stefanni et al. 2006). Although the genetic
differentiation of the Azores population was very clear according to the three mitochondrial
markers, this differentiation was not detected with the nuclear intron. This is not surprising
since lack of recombination in the mitochondrial DNA makes the whole genome a single
genetic entity. Moreover, since mtDNA is haploid and only maternally inherited,
mitochondrial genes have a fourfold lower effective population size than the nuclear ones,
which makes fixation of mutations much slower in the nuclear genes.

The AMOVA analysis also reveals a major barrier between Mediterranean and Atlantic
populations of Coryphoblennius galerita. Indeed, individuals from Cape of Gata, in the
western Mediterranean, and those from the western coast of Portugal, despite being
geographically close, show distinct mitochondrial and nuclear genotypes and a very restricted
gene flow. When the patterns derived from the nuclear and mitochondrial markers are
combined, the picture that emerges is one that involves a major split between Mediterranean
and Atlantic populations, with some separation although less marked, between the Azores
and the group formed by mainland Portugal, Madeira and Canaries. Interestingly this is also
supported by the analysis of morphological characters (crest height and width). While crest
width distinguishes two groups (Mediterranean from all the Atlantic fish) with a minimum in
the Mediterranean and a maximum at Azores, crest height separates fish from Azores and
Madeira from all the others, showing a minimum in the Mediterranean and a maximum at
Azores. Bath (1978) using meristic characters and color patterns had already noted a clinal
variation in C. galerita from the eastern end of the Mediterranean to the oceanic islands.
Taken together the results presented above suggest the existence of an effective barrier that
prevents gene flow between Mediterranean and Atlantic populations of Coryphoblennius
galerita. Several studies have proposed the Gibraltar strait or/and the “Almerian-Oran jet” as
barriers to gene flow in different marine organisms (e.g. Pérez-Losada et al. 2002; Duran et
al. 2004; Bargelloni et al. 2005; Lemaire et al. 2005). The connection between the Atlantic
and the Mediterranean is known to has been severely reduced or even closed in the region of
the Gibraltar strait during the Quaternary due to sea level fluctuations (Bianco 1990). This
could have promoted the isolation of the two basins with subsequent genetic divergence. On
a shorter time scale, the complex pattern of gyres and eddies of the Alboran sea can
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constitute an effective physical barrier to small coastal fish like C. galerita, whose dispersal is
restricted to the planktonic larval phase. On the other extreme, high levels of gene flow were
found between the western coast of Portugal and the archipelagos of Madeira and Canaries.
The Canaries current can assure the transport of larvae between these locations. It is
interesting to note that the breeding season of C. galerita along the Portuguese coast lasts
from March to September (Almada et al. 1996), which coincides with upwelling events in the
Atlantic coast. This phenomenon is due to strong northwestern winds that, once reaching the
coast, create offshore currents flowing to southwest. Larvae from the Atlantic coast of
Portugal can then be easily pushed offshore joining the Canaries current that might promote
their mixing with larvae from the islands. Thus, the population of Madeira is likely to have
contributions from sources more to the north, namely southwestern Europe, together with
fish persisting locally. It is well known that there are transport mechanisms capable of
carrying fish larvae from Madeira to the Azores (Santos et al. 1995). This transport, even if
sporadic, would prevent a complete isolation of the Azorean populations, explaining why,
despite the great geographical isolation of the archipelago, the differentiation of the Azorean
fish from those of the remaining Atlantic sites is less marked than that between the Cape of
Gata and Portuguese fish, which are separated by a much shorter distance. Another
explanation for this discrepant levels of genetic differentiation can be that gene flow between
Atlantic and the Mediterranean populations has been reduced for a longer period than gene
flow between Azores and the remaining locations in the Atlantic.

The Pleistocene glaciations have been shown to have a great effect in the geographical
distribution of the genetic diversity of the Atlantic warm water species. Cooling during glacial
peaks has been thought to have caused local extinctions and latitudinal shifts of the marine
fauna of the region (Almada et al. 2001; Schiebel et al. 2002; Domingues et al. 2006,
2007b). Our data reveal no signs of regional extinctions, since genetic diversity is high in all
populations studied. The Azorean population in particular shows a strong degree of genetic
differentiation, at least for the mitochondrial markers, showing the long-term persistence of
the population. Although not drastic, the effects of Pleistocene glaciations on the
demographic history of C. galerita populations were felt, at least in some regions. The
historical demography of the species reveals that the Azores and the remaining populations
of the Atlantic experienced an expansion at about the same time (between 0 and 22.5 Kyr in
the case of the Azorean population and 1.18- 8.64 Kyr in the case of Madeira, Canaries and
Portugal). This time frame roughly coincides with the Younger Dryas (YD) at about 12 Kyr,
when, although already after the Last Glacial Maximum (LGM), a large-scale cooling occurred
(Lambeck et al. 2002).

It is interesting to note the emergence of two biogeographical patterns when considering
Atlantic/Mediterranean marine fauna. Warm water species, such as Tripterygion delaisi
(Domingues et al. 2007b), Chromis limbata/ C. chromis (Domingues et al. 2006) and
Parablennius parvicornis/P. sanguinolentus (Almada et al. 2005) show two groups of
populations: one including the Mediterranean and the Atlantic coast of western Europe and
another encompassing the western tropical coast of Africa and the Atlantic islands of the
Azores, Madeira and Canaries. On the other hand, cold resistant species such as
Coryphoblennius galerita and Lipophrys pholis (Stefanni et al. 2006) show an accentuated
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differentiation of the Azores population, and, in the case of C. galerita, a clear divergence
between Mediterranean and western European individuals (L. pholis does not form stable
populations in the Mediterranean; Zander 1986). Similarly, the clade Symphodus trutta and
S. caeruleus, which belongs to a temperate genus, shows that the Azorean population
acquired enough distinctive characters to be placed in a different species (S. caeruleus) when
compared to fish from Madeira and Canaries (S. trutta; Almada et al. 2002). It is very likely
that S. caeruleus ancestors persisted in the Azores during the glaciations, being able to
diverge and accumulate substantial differences. This pattern may reflect the different effects
of the Pleistocene glaciations on fishes with different thermal tolerances. Less tolerant
species must have become extinct in some regions where sea surface temperatures were
seriously reduced. These regions include the western coast of Portugal, the eastern islands of
the Canary archipelago, and to a lesser extent the Azores. Recolonization of these locations
may have been possible in the last 10 Kyr, from less affected regions, namely the western
tropical coast of Africa and Madeira islands in the case of the Azores and the western
Canaries and the southwestern Mediterranean in the case of the Atlantic shores of Iberia
(Almada et al. 2001; Domingues et al. 2006; Domingues et al. 2007b). This different
postglacial colonization routes would explain the lack of differentiation between Portuguese
and western Mediterranean populations on one hand and also the homogeneity among
Azorean, Canarian and Madeiran populations and their affinities with western Africa, on the
other. The scenario outlined above fits well all the available data for warm water species but
is unlikely to hold for species that tolerate cooler waters, like C. galerita. Populations of these
species might have persisted during the Pleistocene cooling episodes at the less afected
areas, including the Azores. Thus, it is not surprising that these species show clear signs of
population differentiation in the more isolated locations such as the Azores archipelago and
the Mediterranean Sea. Although the shores of southwest Europe were seriously affected at
the glacial maxima, causing a likely local extinction of C. galerita, the tolerance of the
species to relatively cold waters may have allowed its survival in the shores of northwest
Africa, from which they could have easily re-invaded Europe.

Our study is one of the first to combine morphological and molecular markers, and to apply
molecular markers of different natures (mitochondrial and nuclear) and with variable rates of
molecular evolution to the study of the relationships of the Atlantic and Mediterranean
populations of a cool water species. It is well known that an accurate investigation of spatial
and temporal genetic structure should consider the variety of patterns seen in different loci,
because of the stochastic effect of genetic drift in gene frequencies of each locus (Slatkin &
Maddison 1989). Moreover, because the phylogenetic tree derived from a single locus may
not accurately reflect the history of a species or population (Ball et al. 1990), population
structure can only be accurately viewed by the concordance of phylogenetic patterns across
several loci (Avise 2000).

More studies on these cool water species are needed to test the hypothesis that fishes of
tropical and temperate affinities differ in their response to the glacial changes that affected

the Atlantic-Mediterranean area.

148



Genetic divergence of Coryphoblennius galerita

References

Riginos C, Victor BC (2001) Larval spatial distributions and other early life-history
characteristics predict genetic differentiation in eastern Pacific blennioid fishes. Proc.
R. Soc. Lond. B 268:1931-1936

Robertson DR, Karg F, de Moura RL, Victor BC, Bernardi G (2006) Mechanisms of speciation
and faunal enrichment in Atlantic parrotfishes. Mol Phyl Evol 40: 795-807

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

Almada VC, Almada F, Henriques M, Santos RS, Brito A (2002) On the phylogenetic affinities
of Centrolabrus trutta and Centrolabrus caeruleus (Perciforms: Labridae) to the
genus Symphodus: molecular, meristic and behavioural evidences. Archipelago, 19A,
85-92.

Almada VC, Carreiro H, Faria C, Gongalves EJ (1996) The breeding season of
Coryphoblennius galerita in Portuguese waters. Journal of Fish Biology, 48, 295-297.

Almada VC, Domingues VS, Monteiro NM, Almada F, 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, 70B, 248-254.

Almada, VC, Dores ], Pinheiro A, Pinheiro M, Santos, RS (1983) Contribuigdo para o estudo
do comportamento de Coryphoblennius galerita (L.) (Pisces, Blennidae). Memorias do
Museu Bocage, Série Zooldgica 2. Museu Bocage, Lisboa, 1-165.

Almada VC, Oliveira RF, Gongalves EJ, Almeida AJ, Santos RS, Wirtz P (2001) Patterns of
diversity of the northeastern Atlantic blennid fish fauna (Pisces:Blenniidae). Global
Ecology and Biogeography, 10, 411-422.

Avise JC (2000) Phylogeography. The History and Formation of Species. Harvard University
Press, Cambridge, Massachusetts.

Ball RM, Neigel JE, Avise JC (1990) Gene genealogies within the organismal pedigrees of
random-mating populations. Evolution, 44, 360-370.

Bargelloni L, Alarcon JA, Alvarez MC, Penzo E, Magoulas A, Palma ], Patarnello T (2005) The
Atlantic-Mediterranean transition: Discordant genetic patterns in two seabream
species, Diplodus puntazzo (Cetti) and Diplodus sargus (L.). Molecular Phylogenetics
and Evolution, 36, 523-535.

Barton ED, Aristegui J, Tett P, Cantén M, Garcia-Braun J, Herndndez-Leén S, Nykjaer L,
Almeida C, Almunia J, Ballesteros S, Basterretxea G, Escanez J, Garcia-Weill L,
Herndndez-Guerra A, Ldépez-Laatzen F, Molina R, Montero MF, Navarro-Pérez E,
Rodriguez JM, Lenning K. van, Vélez H, Wild K (1998) The transition zone of the
Canary Current upwelling region. Progresses in Oceanography, 41, 455-504.

149



Vera S. Domingues

Bath H (1978) Geographische variation der korperfarbung und flossenformel von
Coryphoblennius galerita (Linnaeus 1758) (Pisces: Blenniidae). Senckenbergiana
biol., 59 (5/6), 317-324.

Baus E, Darrock D], Bruford MW (2005) Gene-flow patterns in Atlantic and Mediterranean
populations of the Lusitanian sea star Asterina gibbosa. Molecular Ecology, 14, 3373-
3382.

Bécognée P, Almeida C, Barrera A, Herndndez-Guerra A, Herndndez-Ledén S (2006) Annual
cycle of clupeiform larvae around Gran Canaria Island, Canary Islands. Fisheries
Oceanography, 15, 293-300.

Bernardi G (2000) Barriers to gene flow in Embiotoca jacksoni, a marine fish lacking a
pelagic larval stage. Evolution, 54 (1), 226-237.

Bianco PG (1990) Potential role of the palaeohistory of the Mediterranean and Paratethys
basins on the early dispersal of Euro-Mediterranean freshwater fishes. Ichthyological
Exploration of Freshwaters, 1, 167-184.

Carreras-Carbonlell J, MacPherson E, Pascual M (2005) Rapid radiation and cryptic speciation
in mediterranean triplefin blennies (Pisces: Tripterygiidae) combining multiple genes.
Molecular Phylogenetics and Evolution, 37, 751-761.

Chow S, Hazama K (1998) Universal PCR primers for S7 ribosomal protein gene introns in
fish. Molecular Ecology, 7, 1247-1263.

Costagliola D, Robertson DR, Guidetti P, Stefanni S, Wirtz P, Heiser JB, Bernardi G (2004)
Evolution of coral reef fish Thalassoma pavo spp. (Labridae). 2. Evolution of the
eastern Atlantic species. Marine Biology, 144, 377-383.

Crowley T] (1981) Temperature and circulation changes in the eastern north Atlantic during
the last 150000 years: evidence from the planktonic foraminiferal record. Marine
Micropaleontology, 6, 97-129.

Dias JA, Rodrigues A, Magalhdes F (1997) Evolugdo da linha de costa em Portugal, desde o
ultimo maximo glacidrio até a actualidade: sintese dos conhecimentos. Estudos do
Quaternario, 1, 53-66.

Doherty PJ, Planes S, Mather P (1995) Gene flow and larval duration in seven species of fish
from the Great Barrier Reef. Ecology, 76, 2373-2391.

Domingues VS, Almada VC, Santos RS, Brito A, Bernardi G (2007b) Phylogeography and
evolution of the triplefin Tripterygion delaisi (Pisces, Blennioidei). Marine Biology,
150, 509-519.

Domingues VS, Bucciarelli G, Almada VC, Bernardi G (2005) Historical colonization and
demography of the Mediterranean damselfish, Chromis chromis. Molecular Ecology,
14, 4051- 4063.

Domingues VS, Santos RS, Brito A, Alexandrou M, Almada VC (2007a) Mitochondrial and

nuclear markers reveal isolation by distance and effects of Pleistocene glaciations in
the northeastern Atlantic and Mediterranean populations of the white seabream

150



Genetic divergence of Coryphoblennius galerita

(Diplodus sargus, L.). Journal of Experimental Marine Biology and Ecology. 346:102-
113.

Domingues VS, Santos RS, Brito A, Almada VC (2006) Historical population dynamics and
demography of the eastern Atlantic pomacentrid Chromis limbata (Valenciennes,
1833) Molecular Phylogenetics and Evolution, 40, 139-147.

Duran S, Giribet G, Turon X (2004) Phylogeographical history of the sponge Crambe crambe
(Porifera, Poecilosclerida): range expansion and recent invasion of the Macaronesian
islands from the Mediterranean sea. Molecular Ecology, 13, 109-122.

Estabrook CB, Estabrook GF (1989) ACTUS: a solution to the problem of small samples in the
analysis of two-way contingency tables. Historical Method, 22, 5-8.

Excoffier L, Smouse PE, Quattro JM (1997) Analysis of molecular variance inferred from
metric distances among DNA haplotypes: application to human mitochondrial DNA
restriction data. Genetics, 131, 479-491.

Falcédn M, Brito A, Gonzélez G (2002) Peces de la laguna de Khnifiss (Sahara, NW Africa) y
de los sectores costeros préximos. Revista Academia Canaria Ciencias, 14, 139-152.

Felsenstein J (1989) PHYLIP - Phylogeny Inference Package (Version 3.2). Cladistics, 5, 164-
166.

Higgins DG, Bleasby AJ, Fuchs R (1991) CLUSTAL V: improved software for multiple
sequence alignment. Cabios, 8, 189-191.

Huelsenbeck JP, Ronquist FR (2001) MRBAYES: bayesian inference
of phylogenetic trees. Bioinformatics, 17, 754-755.

Lamb HH (1977) Climate present, past and future. 2. Climate history and the future.
Methuen, London.

Lambeck K, Esat TM, Potter E-K (2002) Links between climate and sea levels for the past
three million years. Nature, 419, 199-206.

Lemaire C, Versini J-J, Bonhomme F (2005) Maintenance of genetic differentiation across a
transition zone in the sea: discordance between nuclear and cytoplasmic markers.
Journal of Evolutionary Biology, 18, 70-80.

Malanotte-Rizzoli P, Bergamasco A (1989) The circulation of the Eastern Mediterranean. Part
1. Oceanologica Acta, 12, 335-351.

Millot C (1999) Circulation in the Western Mediterranean Sea. Journal of Marine Systems,
20, 423-442.

Milton P (1983) Biology of littoral blenniid fishes on the coast of south-west England. Journal
of the Marine Biological Association of the United Kingdom, 51, 247-265.
Molina R, Cabanas J M, Laatzen F L (1996) Corrientes e hidrografia en la regién canaria.

Campana Canarias 9205. Boletin Instituto Espafiol Oceanografia, 12, 43-51.

Ostellari L, Bargelloni L, Penzo E, Patarnello P, Patarnello T (1996) Optimization of single-
strand conformation polymorphism and sequence analysis of the mitochondrial

151



Vera S. Domingues

control region in Pagellus bogaraveo (Sparidae, Teleostei): rationalized tools in fish
population biology. Animal genetics, 27, 423-427.

Ozgékmen TM, Chassignet EP, Rooth CGH (2001) On the Connection between the
Mediterranean Outflow and the Azores Current. Journal of Physical Oceanography,
31, 461-480.

Palumbi RS (1994) Genetic divergence, reproductive isolation, and marine speciation. Annual
Review of Ecology and Systematics. 25, 547-572.

Pérez-Losada M, Guerra A, Carvalho GR, Sanjuan A, Shaw PW (2002) Extensive population
subdivision of the cuttlefish Sepia officialis (Mollusca: Cepahlopoda) around the
Iberian Peninsula indicated by microsatellite DNA variation. Heredity, 89, 417-424.

Posada D, Crandall KA (1998) Modeltest: testing the model of DNA substitution.
Bioinformatics, 14 (9), 817-818.

Posada D, Buckley TR (2004) Model selection and model averaging in phylogenetics:
advantages of Akaike Information Criterion and Bayesian approaches over likelihood
ratio tests. Systematic Biology, 53 (5), 793-808.

Quéro JC, Hureau JC, Karrer C, Post A, Saldanha L (1990) Check-list of the fishes of the
eastern tropical Atlantic. JNICT, Lisbon, Portugal.

Raventés N, Macpherson E (2001) Planktonic larval duration and settlement marks on the
otoliths of Mediterranean littoral fishes. Marine Biology, 138, 1115-1120.

Rice (1989) Analyzing tables of statistical tests. Evolution, 43, 223-225.

Richtarski U, Patzner RA (2000) Comparative morphology of male reproductive systems
in Mediterranean blennies (Blenniidae). Journal of Fish Biology 56, 22-36.

Riginos C, Nachman MW (2001) Population subdivision in marine environments: the
contributions of biogeography, geographical distance and discontinuous habitat to
genetic differentiation in a blennioid fish, Axoclinus nigricaudus. Molecular Ecology,
10, 1439- 1453.

Rodriguez JM, Herndndez-Ledn S, Barton ED (1999) Mesoescale distribution of fish larvae in
relation to an upwelling filament off Northwest Africa. Deep-Sea Research I, 46,
1969-1984.

Rogers AR (1995) Genetic evidence for a Pleistocene population explosion. Evolution, 49,
608-615.

Rogers AR, Harpending H (1992) Population growth makes waves in the distribution of
pairwise genetic differences. Molecular Biology and Evolution, 93, 552-569.

Santos RS, Hawkins S, Monteiro LR, Alves M, Isidro EJ (1995) Marine research, resources
and conservation in the Azores. Aquatic Conservation: Marine and Freshwater
Ecosystems 5, 311-354.

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular Cloning a Laboratory Manual, 2nd ed.
Cold Spring Harbor Laboratory Press, New York.

152



Genetic divergence of Coryphoblennius galerita

Schiebel R, Schmuker B, Alves M, Hemleben C (2002) Tracking the recent and late
Pleistocene Azores front by the distribution of planktic foraminifers. Journal of Marine
Systems, 37, 213-227.

Schneider S, Excoffier L (1999) Estimation of past demographic parameters from the
distribution of pairwise differences when the mutation rates vary among sites:
application to human mitochondrial DNA. Genetics, 152, 1079-1089.

Schneider S, Roessli D, Excoffier L (2000) ARLEQUIN, Version 2.000: A Software for
Population Genetics Data Analysis. University of Geneva, Switzerland.

Shulman MJ, Bermingham E (1995) Early live histories, ocean currents, and the population
genetics of Caribbean reef fishes. Evolution, 49, 897-910.

Slatkin M, Maddison WP (1989) A Cladistic Measure of Gene Flow Inferred from the
Phylogenies of Alleles. Genetics, 123, 603-613.

Sousa-Santos C, Robalo 1J, Collares-Pereira MJ, Alimada 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.

Stamatis C, Trianfylidis A, Moutou KA, Mamuris Z (2004) Mitochondrial DNA variation in
Northeast Atlantic and Mediterranean populations of Norway lobster, Nephrops
norvegicus. Molecular Ecology, 13, 1377-1390.

Stefanni S, Thorley JL (2003) Mitochondrial DNA phylogeography reveals the existence of an
Evolutionary Significant Unit of the sand goby Pomatoschistus minutus in the Adriatic
(Eastern Mediterranean). Molecular Phylogenetics and Evolution, 28, 601-609.

Stefanni S, Domingues V, Bouton N, Santos RS, Almada F, Almada V (2006) Phylogeny of
the shanny, Lipophrys pholis, from the NE Atlantic using mitochondrial DNA markers.
Molecular Phylogenetics and Evolution, 39, 282-287.

Stramma L (1984) Geostrophic transport in the warm water sphere of the

eastern subtropical North Atlantic. Journal of Marine Research, 42, 537-558.

Tajima F (1989) The effect of change in population size on DNA polymorphism.

Genetics, 123, 597-660.

Taylor MS, Hellberg ME (2003) Genetic evidence for local retention of pelagic larvae in a
Caribbean reef fish. Science, 299, 107-109.

Thiede J (1978) A glacial Mediterranean. Nature, 276, 680-68.

Zander CD (1986) Blenniidae. In: Fishes of the North-Eastern Atlantic and the Mediterranean
(eds Whitehead, PJP, Bauchot, M-L, Hureau J-C, Nielsen J, Tortonese E), pp.1096-
1112. UNESCO, Paris.

153



Vera S. Domingues

Acknowledgments

We are grateful to several people for providing samples and helping in field work: R.
Beldade, A. Frias , J. Robalo, C. Santos, N. Serpa, P. Sordino , R. Patzner and S. Francisco.
S. Francisco provided sequences from Portugal. We also thank Estagdo Maritima do Funchal
and Parque Natural de Cabo de Gata- Nijar for field work support. We thank G. Bernardi for
helpful suggestions on procedures to recover the two nuclear gene strands of each
individual. C. Santos was a great help in analysing chromatograms with double peaks. We
are gratefull to N. Monteiro for providing Fig. 5. Vera S. Domingues has a doctoral fellowship
from the Portuguese Foundation for Science and Technology (FCT) (SFRH/BD/13069/2003).
Sergio Stefanni is a postdoctoral fellow funded by FCT (SFRH/BPD/14981/2004). Research at
ISPA-UIE (UI&D #331/94) and IMAR-DOP/UAz (UI&D #531 and LA#9) are funded by FCT
through pluri-annual and programmatic funding schemes (FEDER). IMAR-DOP/UAz research
is also granted by DRCT. This study was also funded by the FCT research grant
PNAT/BIA/15017/99. This paper is also a contribution to MarBEF (Network of Excellence:
“Marine Biodiversity and Ecosystem Functioning” - contract nr. GOCE-CT-2003-505446).

154



Genetic divergence of Coryphoblennius galerita

Supplementary material

100

7
100

6)

—— 5 changes

Figure S1 Bayesian phylogeny of Coryphoblennius galerita populations based on sequences
from the mitochondrial fragments (12SrDNA, 16SrDNA and D-loop). The dataset was divided
into four gene partitions to accommodate gene-specific differences in evolutionary rate.
Numbers on branches are posterior probabilities from a consensus tree of all post burn-in

98

Mad100
Mad101
Mad102
— Mad103
Mad104
Mad105
Mad106

~ Can2

Can3
I;’ECanS
CM1

Can4
Cané
Can8
CM3
100(| ' CM4

«©
Jo

SP108
- SP7

44Lu28
Luz9

Luz10
Can7

CG1
CG2
CG3

e d
o [ co12

topologies visited by the Markov chain. Labels are described in Figure 1.

Lipophrys trigloides
Azo4
Azo11

Azo14
Azo15
Azo17
Azo8

Azo12

Azo013
Azo16

155



Vera S. Domingues

Lipophrys trigloides
— Azo4

100] Az08

Azo12
1_@I—_Azo11
CM1
57 Azo14
89|as Mad106
1y CM3
Luz9
Luz8
Can4
— SP108
— Azo13
— Azo15
Azo16
98 Azo17
Mad105
100 Mad100
Mad101
Mad102
Mad103
Mad104
— Can2

Can3
Can5
Can6é

87

Can7
— Can8
CM4

79 —— SP7
— Luz10

75| CG6

Leb7
— Rov2

I Rov1
Leb5
CG1

CGs8
Chi1
Leb4

Leb1

gy ——

CG14
CG3
— CG4

— CG5

CG7
I Rov3

Leb3

5 changes

Figure S2 Bayesian phylogeny of Coryphoblennius galerita populations based on sequences
from the first intron of the S7 ribosomal protein gene. Numbers on branches are posterior
probabilities from a consensus tree of all post burn-in topologies visited by the Markov chain.

Labels are described in Figure 1.

156



Chapter 10

Tropical fishes in a temperate sea: evolution of the wrasse
Thalassoma pavo and the parrotfish Sparisoma cretense in

the Mediterranean and the northeastern Atlantic islands






Evolution of 7. pavo and S. cretense

Tropical fishes in a temperate sea: evolution of the wrasse Thalassoma
pavo and the parrotfish Sparisoma cretense in the Mediterranean and the
northeastern Atlantic islands

Submitted to Marine Biology

Vera S. Domingues®?3%", Markos Alexandrou®*, Vitor C. Almada!, D. Ross Robertson®,
Alberto Brito®, Ricardo S. Santos?, Giacomo Bernardi®

1. Instituto Superior de Psicologia Aplicada, Unidade de Investigacdo em Eco-Etologia, R.
Jardim do Tabaco 34, 1149-041 Lisboa, Portugal.

2. Departamento de Oceanografia e Pescas, Universidade dos Acgores, 9901-862 Horta,
Acores, Portugal

3. Department of Ecology and Evolutionary Biology, University of California Santa Cruz,
100 Shaffer Road, Santa Cruz, 95060, California, USA

4. Department of Biological & Chemical Sciences, University of London, Queen Mary, Mile
End Road E1 4NS, U.K.

5. Smithsonian Tropical Research Institute, Balboa, Rep. de Panama

6. Universidad de La Laguna, Dpto. Biologia Animal (Ciencias Marinas), Avenida Astrofisico
Francisco Sanchez s/n, 38206, La Laguna, Tenerife, Islas Canarias

* Corresponding author:

Vera S. Domingues

Long Marine Lab, 100 Shaffer Road, Santa Cruz, 95060, California, USA

Telf: (831)4591282

Fax: (831)4593383

Email: v_domingues@yahoo.com

159



Vera S. Domingues

Abstract

The northeastern Atlantic and the Mediterranean Sea are historically closely related and
share great faunal affinities. The majority of the Mediterranean species have Atlantic
origin, with a few species with tropical affinities. These include the parrotfish Sparisoma
cretense and the wrasse Thalassoma pavo that are restricted to the subtropical North-
eastern Atlantic, the Macaronesian archipelagos and the southern Mediterranean. The
Pleistocene glaciations have been described as having different effects on the fauna of the
two regions. During glacial peaks, Mediterranean waters remained warmer than those of
the adjacent Atlantic. Within the eastern Atlantic, the effects of Pleistocene glaciations
were differentiated. Here, we perform a comparative analysis focusing on 7. pavo and S.
cretense populations from the northeastern Atlantic and the Mediterranean to assess the
effects of Pleistocene glaciations in these two species. Sequences from the mitochondrial
control region were obtained and analyzed combining phylogeographic and demographic
approaches. Gene flow between Atlantic and Mediterranean populations was shown to be
very high. The Mediterranean populations of 7. pavo and S. cretense showed high levels
of genetic diversity, even in the eastern basin, pointing to an ancient colonization of this
sea. This suggests that both species must have been able to persist in the Mediterranean
during the cold Pleistocene periods. Historical migration estimates revealed a
Mediterranean towards Atlantic trend in the case of Thalassoma pavo, which may reflect
the re-colonization of areas in the Atlantic by fish that survived the cold phases in
relatively warmer Mediterranean refugia. Our data also showed that migration in the
_ Macaronesian Archipelago occurred from Madeira towards the Azores, for both T. pavo and
S. cretense, thus supporting a post-glacial colonization of the Azores by fish that persisted
in the warmer region of Madeira. Similar geographic distributions, thermal affinities, and
means of dispersion for 7. pavo and S. cretense resulted in a similar response to the
effects of Pleistocene glaciations, as evidenced by identical phylogeographic patterns.

Introduction

Paleogeography and oceanography have played an important role in shaping the present
day phylogeographic patterns in Northeastern Atlantic and Mediterranean marine faunas.
Approximately 5-6 million years ago (Mya), the Mediterranean Sea experienced a
desiccation event, the Messinian Salitiny Crisis (MSC), that lasted for some hundred
thousands years and resulted in @ major extinction of its marine fauna (Hsi et al. 1977;
Krijgsman et al. 1999; Duggen et al. 2003). This event was followed by replenishment
from the adjacent Atlantic Ocean, at the base of the Pliocene, suddenly restoring the open
marine conditions. More recently, Pleistocene glaciations were accompanied by lowered
seawater temperatures and changes in oceanographic characteristics (Briggs 1996; Adams
et al. 1999; Lambeck et al. 2002). During these glacial peaks, Mediterranean waters
remained warmer than those of the adjacent Atlantic (Thiede 1978). Within the eastern
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Atlantic, the effects of Pleistocene glaciations were differentiated. The western coast of
Europe and the northwest coast of Africa were particularly affected by a very pronounced
southward migration of the polar front, which caused a significant drop in the seawater
temperatures of these regions (Crowley 1981, Dias 1997). The Macaronesian archipelagos
(Azores, Madeira and Canaries) and Cape Verde islands were also differentially affected.
While the Azores region experienced moderate cooling (2-3°C; Crowley 1981), the Madeira
archipelago, located further south, was not affected. The Canaries were affected to some
extent, and the Cape Verde islands, although remaining considerably warm, were clearly
out of the Tropical bio-region (Briggs 1996). These climatic events promoted the extinction
of the warm temperate species in the cooler regions of the Atlantic. Although the lowering
of sea surface temperatures of the Azores were not very pronounced, they may have still
triggered migrations and even local extinction of several littoral fish species, particularly
for populations that are not distributed further north than this region. Many species now
present in the warm temperate Atlantic are likely to have survived the cold phases of the
glacial cycles in less affected regions such as Madeira, the western tropical coast of Africa,
and southern Mediterranean, recolonizing the affected regions when more favorable
temperatures were reestablished during interglacial phases (Almada et al. 2001). Santos
et al. (1995) suggested that a relevant set of the organisms (mainly fish) now present in
the Azores would have recolonized the islands from some of the southern regions
mentioned above, namely Madeira, after the end of the last glaciation. These geological
and climatic events shaped the biota of the Mediterranean, which is currently considered a
subtropical temperate sea, with most species being temperate. Most Mediterranean species
have Atlantic affinities, which is supported by genetic evidence (Pannacciuli et al. 1997;
Pérez Losada et al. 1999; Aurelle et al. 2003; Bargelloni et al. 2003; Costagliola et al.
2004; Duran et al. 2004). A few species show clear tropical affinities. These include the
parrotfish Sparisoma cretense and the wrasse Thalassoma pavo, which belong to the
closely related families Scaridae and Labridae respectively. The distributions of both
species reflect their preference for warmer water. Indeed, these species are restricted to
the subtropical North-eastern Atlantic, the Macaronesian archipelagos and the southern
Mediterranean (but are slowly migrating North, due to recent warming trends; Guidetti et
al. 2002). In the Atlantic, T. pavo occurs from Portugal (Algarve) southwards to Cape
Lopez (Gabon) (Quignard and Pras 1986a), and S. cretense has its southern limit in
Senegal (Quignard and Pras 1986b; Gonzalez 1993).

Life history characteristics

The genus Thalassoma comprises 30 species that are mostly found on tropical coral reefs
(Bernardi et al. 2004). Six closely related species are found in the Atlantic Ocean: T.
bifasciatum and T. norhonanum are found in the western Atlantic, and 7. newtoni, T. pavo,
T. sanctaehelenae and T. ascensionis in the eastern Atlantic (Costagliola et al. 2004).
Thalassoma newtoni, is found in Sdo Tomé and Principe, just off shore from Gabon, the
recognized southern distribution limit of T. pavo (Quignard and Pras 1986a). It is possible
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that this southern limit is due to a misidentification of T. newtoni. Nevertheless,
individuals from the Cape Verde islands were shown to be T. pavo (Costagliola et al. 2004)
indicating that the southern distribution of 7. pavo reaches at least these islands and could
possibly go beyond them. In addition, T. pavo is found in the warmer regions of the
Mediterranean. Like many other wrasses T. pavo is a partially protogynous hermaphrodite,
with external fertilization and broadcast spawning (Gomon and Forsyth 1990). Pelagic eggs
hatch after a few days and active swimming larvae remain in the water column for 38-49
days (Raventdés and Macpherson 2001). Juvenile fishes then recruit to rocky reefs and
seagrass beds (Posidonia oceanica). Costagliola et al. (2004) studied Atlantic and
Mediterranean populations of 7. pavo and found no genetic discontinuities between the two
regions. Within the Mediterranean, populations of T. pavo showed a genetic restriction of
gene flow between eastern and western regions.

The genus Sparisoma comprises 13 species that are restricted to the Atlantic Ocean
(Robertson and Warner 1978; Bernardi et al. 2000; Robertson et al. 2006) with most
species found in the western Atlantic. One species, S. aff. rubripinne, occurs in the tropical
eastern Atlantic from Mauritania to Gulf of Guinea including Cape Verde and Sdo Tomé and
Principe islands (L. Rocha, personal communication). An isolated species, S. strigatum, is
distributed in the mid Atlantic islands of Saint Helena and Ascension and was shown to be
the sister species of S. cretense (Bernardi et al. 2000; Robertson et al. 2006). The
distribution of S. cretense is very similar to the distribution of Thalassoma pavo, as they
are both found in the Macaronesian archipelagos, Cape Verde islands and in the warmer
waters of the Mediterranean. Sparisoma cretense is a benthic fish mainly inhabiting rocky
bottoms and sea grass beds. This species is essentially gonochoristic, although the
potential for sex change is not excluded (Gonzélez et al. 1994; Girolamo et al. 1999). The
reproductive season of S. cretense lasts mainly throughout the months of June to October,
with variations according the climatic regional conditions (Gonzdlez 1993). Fertilization
occurs in the water column and larvae remain pelagic until recruitment to the adult
habitat. Unlike most wrasses and parrotfishes, S. cretense male coloration is drab while
the female is brilliantly colored with yellow patches on an orange background (Gonzélez et
al. 1994).

The evolutionary history of Sparisoma cretense and Thalassoma pavo presents a number
of interesting challenges: 1) How were populations affected when seawater temperatures
dropped during the Pleistocene glaciations events? 2) What are the historical dynamics
between Atlantic and Mediterranean populations? 3) Do S. cretense and T. pavo
populations show similar phylogeographic and demographic patterns and to what extent
may this similarity be attributed to the effects of Atlantic and Mediterranean paleoclimatic
history?

To address these questions we used a comparative phylogeographic method based on the
fast evolving mitochondrial control region gene. We focus on two fish species with tropical
affinities that are restricted to the Mediterranean and Northeastern Atlantic. Sequences
from Thalassoma pavo available from Costagliola et al. (2004) were integrated in our study

and a comparative analysis including Sparisoma cretense was performed. New data
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analysis tools based on the coalescent theory, allowed the determination of the direction of
migration between populations of 7. pavo and S. cretense. Combined with traditional
approaches, these methods shed light on the evolutionary history and population dynamics
of the two species in these closely related regions.

Materials and methods

Sampling and laboratory procedures

A total of 84 Sparisoma cretense and 134 Thalassoma pavo from the Mediterranean and
the islands of the Azores, Madeira, Canaries and Cape Verde were used in this study. We
used S. strigatum and T. ascensionis and T. sanctahelenae from Ascension Island and
Saint Helena as outgroups. Sampling localities and number of individuals are given in
Table 1 and Figure 1. Samples of S. cretense were collected by spear or hand nets while
scuba diving or free diving. Fin clips were cut immediately after collection of the
individuals and stored at ambient temperature in 95% ethanol. Total genomic DNA was
extracted by SDS proteinase K procedure and purified by standard chloroform and
isopropanol precipitation (Sambrook et al. 1989). Amplification of the 5’ hypervariable
portion of the mitochondrial control region (611bp) was accomplished with universal
primers L15725 (revised from Sorenson et al. 1999) and CR-E (Lee et al. 1995), and used
a cycling profile of 45 sec at 94°C, 45 sec at 52°C, 1 min at 72°C, for 35 cycles. Each 13 pl
reaction contained 5-50 ng of DNA, 10 mM Tris HCL (pH 8.3), 50 mM KCI, 1.5mM MgCl,,
1.25 u of Tag DNA polymerase (Perkin-Elmer, Norwalk, Conn.), 150 mM of each dNTP, and
0.3 mM of each primer. After purification following the manufacturer’s protocol (Applied
Biosystems, Forter City, CA), direct sequencing was performed with an ABI 3100
automated sequencer (Applied Biosystems). Partial mitochondrial control region sequences
(321 bp) of Thalassoma pavo obtained in Costagliola et al. (2004) (GenBank accession
numbers AY329698-AY329798) were used in this study. In addition, 3 different locations in
the Mediterranean (Kea, Sifnos and Santorini) were included in the analysis, and sample
size of Cape Verde was increased. PCR and sequencing procedures followed Costagliola et
al. (2004).
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Table 1 C ion localities and df y indexes of pavo and cretense used in the present

study. Number of individuals (n), number of hapiotypes {nH}, Haplotype diversity {Hd) and nucleotide diversity (r)
for mitochondrial control region were caiculated using DNAsp (Rozas er af, 2003). Locality labels are presented
between parentheses.

Thalassoma pava Sparisoma crefense
Species Lozality n nH Hd = n nH Hd =
Atlantic 49 30 0915 0.011 51 31 0.943 0.005
Azores, Portugal (Az0) 12 & 0,818 0.004 10 L 0,978 0.005
Canaries, Spain {Can) 11 & 0.800 0.005 19 12 0.871 0.003
Cape Verde (CV) 15 15 1.000 0.016 12 9 0.955 0.005
Mediterranean 85 34 0.829 0.006 33 23 0.964 0.007
Wesrern Mediterranean
Al-Hoceima, Morocco (Mor) 2 3 1000 0.008 - - » -
Genoa, Italy (Gen) 10 6 0.778 0,007 - - - -
Caivi, Corsica, France {Cal) 3 3 1.000 0©.006 - = = =
Olbia, Sardinia, 1zly (Olb) 10 4 0.533  0.002 2] - - =
Pozzuoli, ltaly (Poz) 11 5 0.618  0.004 - - - -
Naples, Italy {(Nap) 3 3 1,000 0008 . - - -
Ustica, Jtaly (Ust) 2 2 1.000 ©0.003 3 & & =
Lipari, Ialy {Lip) 7 3 0.524  0.004 - - - -
Linose, Italy {Lin) 3 3 1.000 0.004 = - - =
Lampedusa, Italy (Lamgp) - - - - 3 3 1.000 0.004
Eastern Mediterranean
Otranto, italy (Otr) 9 3 0.833 0.007 < - - =
Kea, Greece (Kea) 3 2 0.667 0.002 12 i1 0985 0.007
Sifnos, Greece {Sif) 3 5 0832 0.007 10 -/ 0,978 0.005
Santorini, Greece (Sant) - - - - 8 7 0.964 0,011
Rhodes, Greece (Rho) 1s 8 0.733 ©.005 - - & -

—

- 767m/p

e

83Tm/pn Om/

Om/p

Can

oV

Figure 1 7. pavo and 5. cretense samgling locations. Both speties were from the M ian and Cape Verde isiands, in the

Atlantic, and the Mediterranean (sea Table 1 for detailed sampling locations and labels). Extent of migration of T. pavo (between Atlantic
and Mediterranean populations and between Azores and Madeira) are shown with black arrows. Extent of migration of S. eretense

(betwean the Azores and Madeira) are shown with arey arrows. Numbers of migrants in each direction are given close to the arrows.
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Genetic diversity and phylogenetic relationships

Sequences were aligned using the computer program Clustal V implemented by Sequence
Navigator (Applied Biosystems). Diversity indexes (number of haplotypes, haplotype
diversity and nucleotide diversity) of Sparisoma cretense and Thalassoma pavo were
calculated using DNAsp (Rozas et al. 2003). Phylogenetic relationships were inferred using
Maximum Parsimony (MP) and Neighbor-Joining (NJ) methods implemented by the
software package PAUP (version 4.0; Swofford 1998). As we were dealing with very closely
related species, with small genetic distances, we adopted the uncorrected p distance
following Nei and Kumar (2000). Topological confidence was evaluated for MP and NJ, with
1000 bootstrap replicates (Felsenstein 1985).

Gene flow and Historical demography

Gene flow (Fst) and corrected average pairwise differences between populations were
estimated for both species using ARLEQUIN (vers. 2.000; Schneider et al. 2000). p
distances were estimated for each pair of populations. Population structure was estimated
by an analysis of molecular variance (AMOVA, Excoffier et al. 1997) by partitioning the
data into two groups (Atlantic and Mediterranean).

Exchanges and range expansions (immigration) between Atlantic and Mediterranean and
also between Azores and Madeira were estimated for Sparisoma cretense and Thalassoma
pavo using MIGRATE 2.0.3 (Beerli and Felsenstein 2001; Beerli 2004). In the case of T.
pavo, only samples from the western basin of the Mediterranean were included in the
analysis generating similar sampling sizes for the two locations. Analyses were repeated 10
times, to ensure stability of parameter estimates. Final search strategy varied according to
the dataset. For S. cretense final analyses employed 10 short Monte Carlo chains with
1,000,000 sampled genealogies and 3 long chains with 10,000,000 sampled genealogies.
We applied an exhaustive search using four heated chains {1, 4, 7, 10} and an interval
between swapping trees of 1. For the T. pavo dataset the same heating scheme and
number or Monte Carlo chains were used, but 100,000 sampled genealogies for the short
chains and 1000,000 sampled genealogies for the long chains were enough to ensure
stability. Finally, two runs were performed using the obtained parameters estimated in the
previous runs to ensure stability was reached.
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Results

Genetic diversity and phylogenetic relationships

A total of 83 Sparisoma cretense and 13 S. strigatum partial sequences of the
mitochondrial control region were obtained (GenBank accession numbers: EF484419-
EF484515). New sequences of Thalassoma pavo were also deposited in GenBank
(accession numbers: EF484516-EF484537). Number of haplotypes, haplotype diversity and
nucleotide diversity for the mitochondrial control region are shown in Table 1. Both species
revealed high diversity values for all locations.

Both methods of phylogenetic inference resulted in similar topologies. Figures 2 and 3
show Thalassoma pavo and Sparisoma cretense Neighbor-Joining phylogenies based on
the mitochondrial control region sequences. Haplotypes were shared between populations
and none of the species showed clear signs of geographic partitioning. The majority of T.
pavo haplotypes from Cape Verde grouped together in a clade containing also 2 haplotypes
from Italy. However, this clade was weakly supported (bootstrap below 50%). Similarly, all
haplotypes from the island of Rhodes, Greece grouped together in a clade with a bootstrap
below 50%. For Sparisoma cretense all clades included haplotypes from different locations,
thus resulting in a tree with no obvious geographic structure.

Gene flow

Fst values and p distances estimated for Thalassoma pavo and Sparioma cretense
populations are shown in Tables 2 and 3 respectively. Gene flow between S. cretense and
T. pavo populations was found to be high. Sparisoma cretense in particular, revealed
remarkably high levels of gene flow, with all pairwise comparisons showing Fst values
below 0.1. Cape Verde samples appeared as a more isolated population for both species.
Thalassoma pavo showed gene flow restriction between the Canary islands and the other
locations but also between the eastern locations of the Mediterranean (Kea, Sifnos and

Rhodes) and the remaining locations.
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H2-A70%,6,8,11, Mgd1, 3,9, 11, Ust2, Lin2,
1ipl,2,4,5,9, 014, 7, 6,9, Nap3, Poz2.3, 4,
5,7,10,11,Gib1, 3, 4,6, 8,9, 10, Gens, 7, 10,
12

H3-Cm3, 14, Kea2, Sif3
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H6-Lip7, Os

H7-Parl, Olb2, Geng

Hs:Keal, 3

H9-Rhad, 4,10,12,13. 15,18, 20

Figure 2 Phylogenetic relationship within Thalassoma pavo for the mitochondrial control region
sequences. T. sanctaehelenae and T. ascensionis were used as outgroup., Neighbor-Joining trees are
shown with Neighbor-Joining (above the nodes) and Maximum Parsimony (below the nodes) bootstrap
support above 50% indicated at the nodes. Labels are described in Table 1. The length of each branch
is proportional to the number of nucleotide substitutions.
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Sparisoma strigaum

szl

sesd
a=ell

Sample Localities

B Atlantic
O Mediterranean
o Atlantic-Mediterranean

Sparboma crelense

Haplotypes:

HI-Az02,7, Canl, 7, 12,19, 15, 16, 20, CVE, Lamp3,
Santl, Sifl
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Hi- Mads, Keal6

HS- Madll, Keal 7

H6- Canld, V10, 13

T Canld, Sam6, Sifs

HS- Sant1, 7, Kea?

HO. V7,15

Figure 3 Phylogenetic relationship within Sparisoma cretense for the mitochondrial control region
sequences. S. strigatum was used as outgroup., Neighbor-Joining trees are shown with Neighbor-
Joining (above the nodes) and Maximum Parsimony (below the nodes) bootstrap support above 50%
indicated at the nodes. Labels are described in Table 1. The length of each branch is proportional to
the number of nucleotide substitution.
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Table 2 Uncarrected p distsnces and Fst values {above and below the diagonal iy) ameng pava It
from mitechondnial contre! region sequences using ARLEQUIN version 2.000 [Schneider et al. 2000}, Fat significant p values {p<0.05) sfter
Bonferroni correction are bolded

Azo Mad Tam Qv Mor Gen  Cal Olb Poz Nap  Ust Lip Lin Cir Kaa sif Rho
Azc 0.080 0.287 D.541 0.053 0.000 ©0.222 0.000 0.0DC D.0s4 0.034 0.000 0.00C D.000 0.413 0.2B4 0.563
Mad  0.000 0.305 0.544 0.066 0.003 0.256 0,002 0.031 0.047 0.047 0.003 0.047 0.013 0.464 0.292 0Q.575
Can 0.335 0.409 0.780 €360 0.308 0.806 (.337 0.347 0,338 0.3%¢ 0.241 0.379 0.353 0.18% C.000 0©.607
o 0.304 0.336 0.401 0.473 0.575 0.953 0.643 0.617 0.328 0.744 0.655 0.730 0.64% 1,119 (.793 122§
Mor 0.122 0.245 0417 ©0.208 0.076 0.069 €132 0.144 0.104 0.20€ 0.149 0.208 0.139 0.625 0.375 0.711
Gen  0.000 0.013 0.332 0.307 0.125 0.243 C€.000 0.000 0.076 0.035 0.000 9.035 0.000 0.45%1 £.295 0.558
Cat 0.260 0.417 0.53¢ 0.360 0.06% 0.251 0.192 0220 0.313 0.208 0.208 0.206 0.208 0.486 0.583 0.753
Olb 0.00¢ 0.003 0.488 0.368 £.38D) 0.000 0.440 0.0DC D.0E% 0.007 0.000 0.007 €.000 0.382 0.309 0.343
Poz 0.00¢ 0.029 0.439 0.356 0.323 0.000 ©.383 0.000 0.05% 0.011 0.000 2.011 8.000 0.428 0.311 0.545
Nap 0.D85 0.137 0.432 0.128 0.100 0.102 0©.273 (.297 0.208 0.104 0.074 0.104 0.081 0.521 0€.375 0.621
Ust 0.000 0.083 0.417 D.229 ©.137 0.000 ©,186 C.089 0.000 0.088 0.000 0.000 0.000 0.417 0.375 0.545
Lip 0.000 0.012 0,411 0.327 0,263 (.000 ©.315 0.000 0.000 0.176 0.000 0.000 ©.000 ©.417 0.301 0.533
List 0000 0.122 0.425 0,280 0.222 0.000 €250 0,100 0.042 0.143 0.000 0.000 0.000 0.417 0.2d0 0535
Otr 0.000 0,033 0.375 0.331 0,192 0.000 ©.238 0000 0.000 0.115 0.000 0,000 9,000 0,417 0,328 0335
Kea 0.372 0.558 0.245 0.393 0.500 0.372 C.483 0.621 0.533 D.500 0.635 0.503 0.571 0.373 0.167 0.645
Sif 0.296 0.391 0.0C0 0.354 0.336 0.287 0.444 0.446 0.400 0.342 0.317 0.350 0.333 0.320 0.174 0.587

Rho  0.499 0.565 0.548 0.540 0.584 0488 03599 0.578 0.500 0.555 0.510 0.525 0.524 0.488 0.570 ©€.520

Table 3 Uncorrectad p distances and Fst values (above and below the diagonal respectively) among Sparisoma cretense pooulations calculated from
mitochondrial cortrol region sequences using ARLEGUIN version 2,000 {Schneicer et al. 2000). Fst significant p values (p<0.05) after Bonferroni

torrestion are bolded,

Azo Mad Can (=4 Lamp Kaa Sif Sant
Azo 0.000 0.004 0.023 0.056 0.000 0.011 0.00¢
Mad ©.000 0.0c0 0.011 0.018 0.600 0.000 0.000
Can 0.032 0.000 0.016 0.014 0013 0.010 0.008
o 0.037 0.021 0.043 0.048 0064 €.052 6.058
Lamp 0.00C 0.024 0.087 0471t 0053 0.093 0.035
Kea 0.600 0.000 0.037 0.090 0.030 0.005 £.000
Sif 0.015 0.000 0.037 0.084 0.000 0.007 0.00C
Sant 0.000 0.000 0,058 ©0.089 0.000 0.600 0.000

The AMOVA analyses showed a significant but weak differentiation between Atlantic and
Mediterranean populations. Only a very small percentage of the data variance (9.96%,
p=0.00 in the case of Thalassoma pavo and 2.24%, p=0.03 in the case of Sparisoma
cretense) was attributable to the separation between Atlantic and Mediterranean
populations.

Historical demography

Migration between Atlantic and Mediterranean was determined for Thalassoma pavo.
Migration between the two basins showed a higher value of Atlantic immigrants revealing a
westward trend. We were not able to determine migration between Atlantic and
Mediterranean populations of Sparisoma cretense. Despite several attempted search
strategies, stationarity of parameters was not achieved. Both species showed similar
levels of migration from Madeira into the Azores and no migration in the opposite direction.
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Discussion

Thalassoma pavo and Sparisoma cretense showed no evidence for genetic partition
between the Atlantic and the Mediterranean. Gene flow between localities in the two basins
was very high for both species. Similarly, AMOVA analyses revealed that only a very small
percentage of the data variance was attributable to Atlantic/Mediterranean differentiation,
although T. pavo showed a slightly higher variance between Atlantic and Mediterranean
than S. cretense. Even though Cape Verde is not genetically isolated from the other
locations, Fst values indicate lower levels of gene flow between this archipelago and the
other location for both 7. pavo and S. cretense. Within the Mediterranean, 7. pavo showed
gene flow restriction between Kea, Sifnos and Rhodes and the locations to the west. This
analysis confirms the lack of genetic discontinuities between Atlantic and Mediterranean
populations of both 7. pavo and S. cretense, and the existence of a genetic discontinuity at
the Peloponnesus for T. pavo. Thus, despite of increasing the number of available
samples, our analysis is still in agreement with the results presented by Costagliola et al.
(2004).

The Northeastern Atlantic Ocean and the Mediterranean Sea are known for sharing great
fauna affinities shaped by an intimately related paleogeography. Pleistocene glaciations
had a differential effect in the two regions, shaping the structure of marine populations,
which disappeared as the ice endured and managed to recolonize regions after
temperatures stabilized. Distribution ranges of Thalassoma pavo and Sparisoma cretense
reflect a clear preference for warm waters. Some warm water species such as Chromis
chromis/ C. limbata and Tripterygion delaisi (Domingues et al. 2006, 2007), have been
suggested to have survived the cold periods in warmer regions like Madeira, the tropical
African coast and the southern Mediterranean, where the climatic conditions did not
change significantly during the Pleistocene (Thiede 1978; Crowley 1981). Indeed,
Mediterranean populations of 7. pavo and S. cretense show high levels of genetic diversity
even in the astern basin, pointing to an ancient colonization of this sea. This suggests that
both species must have been able to persist in the Mediterranean during the cold periods,
possibly in some southern warmer water pockets (Thiede, 1978). Although the direction of
historical migration between the Atlantic and the Mediterranean could not be estimated for
S. cretense, a Mediterranean-Atlantic trend is evident for T. pavo (Fig 1). This trend may
reflect the re-colonization of the cooler areas of the Atlantic by fish that survived the cold
phases in the Mediterranean. Colonization of the Atlantic from the Mediterranean may have
been vacillated by the numerous submarine banks and seamounts that occur between
Europe and the islands of Madeira and Azores (Kitchingman and Lai 2004; Kitchingman et
al. 2007). Thalassoma pavo and Sparisoma cretense are active demersal (or benthic) fish,
with pelagic eggs and larvae, that occur at depths of 50 m or below (Quignard and Pras
1986 a,b), thus being able of reaching these seamounts. The interpretation of the
Mediterranean-Atlantic migration trend must, however, be viewed with some caution, since
the Atlantic samples come from island locations, which in the case of Cape Verde and the

Azores, are very far away from shore, meaning that many haplotypes may not have been
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able to reach them. Sampling on the western African shore is urgently needed to improve
our understanding of the phylogeography of these fishes.

According to what has been discussed, persistence of Thalassoma pavo and Sparisoma
cretense in the Azores archipelago during the Pleistocene glaciations is difficult to admit.
Planktonic foraminifera record of the last 150 ky in the region, revealed variations in Sea
Surface Temperatures of 2-3 °C (Crowley 1981). These small fluctuations might have been
enough to promote local disappearance of sub-tropical species like 7. pavo and S.
cretense, whose northern limit of distribution is in this archipelago. Indeed, Santos et al.
(1995) suggested the recolonization of the Azores by sub-tropical species following the end
of the glaciations from some southern regions such as Madeira. Bearing in mind that
Thalassoma pavo has active swimming larvae that remain in the water column for 38-49
days (Raventés and Macpherson 2001), this colonization might have been possible, at
least for this species, by counter current phenomena that cause sporadic transport of
“water and plankton from Madeira to Azores (Santos et al. 1995). This colonization route is
very well supported by the historical migration trend shown by our data. Migration
between these two regions is shown to occur in the Madeira-Azores direction only, for both
T. pavo and S. cretense. Given the probable post-glacial origin of T. pavo and S. cretense
in the Azores, we would expect low genetic diversities for this population. However, this
does not seem to be the case. Our data shows that Madeiran and Azorean populations of
both species have extremely high levels of gene flow and exhibit no genetic differentiation
(Fst and pairwise p distances are zero). Thus, the reason for the high genetic diversity of
the Azores could be the present day intense connection of the two populations. For marine
organisms with high dispersal potential, colonization of new areas can be achieved in a
short period of time, when physical and ecological conditions are suitable. These rapid
movements promote genetic homogenization and can easily erase the typical genetic signs
of strong population reductions.

It is very interesting to note that the two species examined in this study share common
phylogeographic patterns and a similar historical demography. Several studies have
attempted to establish a relation between population structure and species ecological
characteristics, especially egg types and pelagic larval duration (eg. Shulman and
Bermingham 1995; Riginos and Victor 2001). Results however have not been consistent
and a clear relationship between dispersal ability and population structure cannot be
generalized. Other factors can influence the phylogeographic pattern of coastal fishes,
particularly in regions that have experienced strong climatic and habitat changes such as
the ones caused by the Pleistocene glaciations. The two species studied here are active
demersal (or benthic) littoral fishes and have similar geographic distributions and thermal
affinities. These characteristics seem to have triggered a similar response to the effects of
Pleistocene glaciations, resulting in identical phylogeographic patterns.
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Discussion

1. Phylogeographic patterns

Instead of a concordant phylogeographic pattern for all species studied, four distinct
phylogeographic patterns emerged. In the first pattern, taxa like Chromis chromis/ C.
limbata, Parablennius sanguinolentus/ P. parvicornis and the two lineages of Tripterygion
delaisi showed two distinct groups of populations (sometimes considered different species),
one including the Mediterranean and the Atlantic coast of western Europe, and another
comprising the Atlantic archipelagos of Canaries, Madeira and Azores. A second pattern
characterized by no appreciable genetic differentiation between any of the populations was
revealed by Sparisoma cretense, Thalassoma pavo and Diplodus sargus. Lipophrys pholis
and Coryphoblennius galerita conformed to a third pattern, showing a marked
differentiation of the Azorean population, and, in the case of C. galerita, a clear divergence
between Mediterranean and western European locations as well as Madeira and Canaries
(L. pholis does not form stable populations in the Mediterranean, Zander 1986). Finally,
the species pair Parablennius ruber/ P. gattorugine showed one form in the Mediterranean
and in the northeastern Atlantic coast (P. gattorugine) and another one in the Atlantic
islands (P. ruber), the latter being also present in the European coasts, thus in sympatry
with P. gattorugine. These distinct phylogeographic patterns can be explained by a
combination of differential effects of the Pleistocene glaciations in several areas of the
Atlantic and Mediterranean with the particular thermal tolerances and dispersal capabilities
of the species.

Taking into account the present day geographical distribution of warm water species like C.
limbata/ C. chromis, P. parvicornis/ P. sanguinolentus, T. delaisi, D. sargus, T. pavo and S.
cretense, we can speculate that these species would not have been able to survive the
colder glacial periods in the more affected areas of the Atlantic and the Mediterranean. Ice-
rafting depositions were found off the western Iberian margin, documenting extreme
cooling events during the Pleistocene (de Abreu et al. 2003). Although the drop in sea
surface temperatures (SSTs) was moderate in the Azores region (Crowley 1981), it might
have been enough to promote local extinction of warm water fishes that have their
northern distribution limit in the area. Located further south, the Madeira archipelago, the
western islands of the Canaries and the tropical western coast of Africa were only slightly
affected, while the eastern Canary islands were also somehow affected due to their
proximity to the coast (CLIMAP 1976). Except for some warmer-water pockets in southern
and eastern regions, SSTs of the Mediterranean Sea have also been severely reduced
(Thiede 1978; Hayes et al. 2005). In this context it is interesting to note that the Azorean
populations of C. limbata, P. parvicornis and T. delaisi are genetically less diverse than
those of the other islands. This was also shown to be the case for Ophioblennius atlanticus
(Muss et al. 2001). Mismatch analysis of P. parvicornis and P. sanguinolentus showed that
the Azores and the western Mediterranean (represented by Cape of Gata) suffered an
accentuated population expansion after the last glacial maximum, probably reflecting a

recovery from the impoverishment of the cold periods. In contrast, fish from the less
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affected islands of Madeira and Canaries revealed a weaker expansion. Diplodus sargus
from the Azores, Madeira and Barcelona did not show trends of a demographic expansion
indicating that this species might have been able to survive the moderate Pleistocene
cooling there. However, the Azores appeared as a less diverse population occupying a
peripheral position. A clear population expansion was revealed by mismatch analysis for
western Iberia, Canaries, Mauritania and the Greek islands.

Almada et al. (2001) suggested the western Tropical coast of Africa and the Mediterranean
as refuges for the warm water blenniids during the Pleistocene glaciations. According to
the same authors, these regions would have acted as diversification centers from which
fishes would have invaded other Atlantic regions. The phylogeographic pattern described
above for the warm water C. limbata/ C. chromis, P. parvicornis/ P. sanguinolentus and T.
delaisi, with two highly divergent groups, fits very well in this scenario. Fishes surviving
the glaciations in the western Tropical coast of Africa would have expanded northwards
colonizing the northern coast of Africa and the Macaronesian islands, while fishes from the
south of Mediterranean invaded the entire Sea and the adjacent European Atlantic coast.
Since the two refuges were isolated from each other due to the existence of cooler water
masses between them, divergence and subsequent speciation, in the case of C. limbata/ C.
chromis and P. parvicornis/ P. sanguinolentus, may have happened. In this regard, it is
important to note that the colonization of the Azores would have been possible by fishes
that survived in Madeira, and also in the western coast of Africa, with the intermediate
islands of Canaries and Madeira acting as stepping stones. This would have occurred
following the sporadic transport of eggs and larvae carried by the currents and eddies
flowing from Madeira and the African coast towards the Azores (Santos et al. 1995).
Indeed, this colonization route was identified by historical migration estimates of C.
limbata, T. pavo and S. cretense. High gene flow and a strong genetic connection between
Canaries, Madeira and Azores were also identified for P. parvicornis and D. sargus.

Since D. sargus, T. pavo and S. cretense are warm water species, we would expect them
to show a phylogeographic pattern similar to the one observed for Chromis, Parablennius
and Tripterygion, which shows two highly divergent groups of populations. However, this
does not seem to be the case. A possible explanation for this discrepancy relies on the
higher dispersal ability of D. sargus, T. pavo and S. cretense, which might have promoted
a very fast mixing of the populations after SSTs were restored. In this regard it is
interesting to note the high levels of genetic diversity of T. pavo and S. cretense from the
Azores. These species have a clear tropical affinity, which makes their survival in the
Azores during the Pleistocene glaciations highly improbable. The high levels of genetic
diversity might then be explained by several rapid migration fluxes of fishes from southern
refuges towards the islands, importing genetic variability. Importantly, while blennids,
tripterygiids and pomacentrids show male parental care of demersal eggs, D. sargus, T.
pavo and S. cretense have planktonic eggs and larvae, which enhances their potential for
dispersal. Moreover, the three fishes that show genetic differentiation are rocky littoral or
sub-littoral species that as adults show very restricted movements and are confined to the
upper meters of the water column (P. sanguinolentus 1 m, Zander 1986; T. delaisi 3-40 m,
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Wirtz 1978; C. limbata 5-45 m Allen 1991). Diplodus sargus, T. pavo and S. cretense
attain a size that is much larger than the species mentioned above and both juveniles and
adults are active swimmers. Although precise data on the extent of their movements could
not be found, it is likely that they can undergo extensive movements along the shores, a
possibility that is absent for the adults of blenniids and tripterygiids and even probably
small pomacentrids like Chromis. This mobility of the adults would allow rapid mixing
between Mediterranean and Atlantic fish, erasing any sign of divergence that might have
emerged while the two regions were isolated. This is supported by the historical migration
trend from the Mediterranean towards the Atlantic revealed for 7. pavo and also by the
marked proximity of D. sargus from western Portugal and the Mediterranean. On the other
hand, not being strictly benthic fishes, movements of D. sargus, T. pavo and S. cretense
between European mainland coast and the Azores archipelago might have been facilitated
by the numerous submarine banks and seamounts that have been mapped between the
two regions (Kitchingman and Lai 2004; Kitchingman et al. 2007). These seamounts have
summits at depths varying from 100m to 4000m, some of them being even shallower
(Gorringe- 40 m, Lagabrielle and Auzende 1982; Ampere- 18 m, Josephine-50 m, D. Jodo
de Castro- 13 m, Cardigos et al. 2005). Diplodus sargus, T. pavo and S. cretense are
active demersal (or benthic) fishes that can bee found below 50 m (Bauchot and Hureau
1986; Quignard and Pras 1986 a,b), thus being able of reaching these seamounts. With
sea level drops of 120-140m in the glacial maxima (Lambeck et al. 2002) many of these
seamounts were above sea water level, making the number of available stepping stones
higher than today.

The two phylogeographic scenarios outlined above fit well all the available data for warm
water species, but is unlikely to hold for species that tolerate cooler waters, like L. pholis
and C. galerita. These fishes might have persisted during the Pleistocene cooling episodes
at the less affected areas, among which are the Azores. The long term persistence of these
blenniids coupled with their limited dispersal ability would have promoted the genetic
differentiation of the more isolated locations such as the Azores and the Mediterranean (in
the case of C. galerita). A similar pattern is found for the temperate clade Symphodus
trutta and S. caeruleus (Almada et al. 2002). While the former species occurs in Madeira
and Canaries, the latter was described for the Azores (Azevedo 1999). It is very likely that
S. caeruleus’ ancestors persisted in the Azores during the glaciations giving rise to a new
species. Because of the polar conditions felt in the Iberian margin during the Pleistocene, it
is very unlikely that L. pholis and C. galerita were able to persist there. Survival of C.
galerita in the western Mediterranean was supported by our data. A colonization of the
Atlantic coast of Europe from the Mediterranean is however not likely, given the high
degree of genetic differentiation between the two basins. The relatively cold-water
tolerance of the species may have allowed their survival in the shores of northwest Africa
from which they could have easily re-invaded Europe.

The warm water species discussed so far seem to have evolved according to the
biogeographical scenario proposed by Almada et al. (2001) and Wirtz (1978) in which the
tropical western coast of Africa and the Mediterranean acted as speciation centers. An
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alternative hypothesis proposed by Zander (1980) considered the Macaronesian islands,
especially the Azores, as speciation centers for blenniids, from which the new species have
colonized the European shores. Parablennius ruber is apparently one of the species
conforming to this model. This blennid is very abundant in the rocky subtidal of the Azores
and has also been reported, although in lower abundances, from the European shores,
where it is sympatric to its sister species P. gattorugine. Although definite conclusions will
only be possible with population surveys, it seems likely that P. ruber evolved in the
Azores or Madeira and accumulated sufficient differences to become a different species,
being then transported to the European shores. Although P. ruber has been reported for
the European coast since the 19™ centuary (Valenciennes 1836) the status of the species
in the area is not known. This blenniid my form stable populations there or it can also
hybridize with P. gattorugine. Alternatively, it is also possible that P. rubber does not form
stable population in the European coast, and that larvae are constantly being brought from
the islands by ocean currents.

2. The Atlantic-Mediterranean divide

As described in the introduction, coastal species show variable levels of genetic
differentiation between Atlantic and Mediterranean populations. In this study only one
species, the blenniid Coryphoblennius galerita, showed clear and strong genetic
differentiation between the two basins. Although two subspecies of Diplodus sargus are
formally recognized as Atlantic and Mediterranean forms, our analysis showed no genetic
partition between the two basins, which are connected by high levels of gene flow. The
same conclusion has also been advanced in other molecular surveys (Summerer et al.
2001; Bargelloni et al. 2005). The pomacentrid Chromis chromis showed high levels of
gene flow between the western coast of Portugal and several western Mediterranean
locations. Indeed, an analysis of molecular variance (AMOVA) showed that only 7% of the
total variance of the data was attributable to the separation between the Atlantic and the
Mediterranean. Similarly, Atlantic and Mediterranean populations of the wrasse Thalassoma
pavo and the parrotfish Sparisoma cretense showed no genetic partition, and high levels of
gene flow between several locations of the two basins. Results for Tripterygion delaisi were
not straightforward. Although samples from the Portuguese coast clustered together with
the ones from the Mediterranean, they were represented by a single and unique haplotype.
This haplotype was, however, only a few steps different from the Mediterranean ones.
Additionally, high levels of gene flow between the two locations were found for the nuclear
fragment, but not for the mitochondrial one. In contrast to these results, C. galerita
showed a very clear genetic partition between Atlantic and Mediterranean populations,
which was accompanied by morphological differentiation (Mediterranean representatives
possess lower and narrower crests). Divergence between these two forms might have
occurred during the Pleistocene glaciations, when communication through the Strait of
Gibraltar was reduced due to sea level lowering. On a more recent time scale, the complex
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pattern of gyres and eddies of the Alboran sea can constitute an effective physical barrier
to small coastal fish like C. galerita, whose dispersal is restricted to the planktonic larval
phase. The Strait of Gibraltar and/or the Almeria-Oran jet have also been suggested as
effective barriers to gene flow for the goby Pomatoschistus microps (Gysels et al. 2004)
and the sparid Diplodus puntazzo (Bargelloni et al. 2005) as well as for several
invertebrates. Other factors such as larval behavior and the superficial currents during C.
galerita’s spawning season my also have influence in the segregation of the two divergent
lineages.

3. Population structure within the Mediterranean

Similarly to what has been shown for the Atlantic-Mediterranean transition, contrasting
levels of genetic differentiation were revealed within the Mediterranean Sea across species.
Diplodus sargus and Sparisoma cretense show no genetic discontinuities along the
Mediterranean basin. In the case of the sparid, individuals sampled in the western and
eastern basins shared haplotypes and the two basins were connected by high gene flow.
Although only three S. cretense individuals were sampled in the western basin, their
haplotypes were shared with fish from the Greek islands, pointing to a lack of genetic
partition between the two basins. In contrast to these results, Thalassoma pavo and
Chromis chromis showed a restriction to gene flow south of the Greek Peloponnese, where
a permanent anticyclonic gyre has been identified (Malanotte-Rizzoli and Bergamasco
1989). In the case of the pomacentrid, gene flow showed a prevailing east direction.
Another coastal organism, the bivalve Cerastoderma glaucum, shows also a genetic
partition at this region (Nikula and Vain6la 2003). This genetic brake is probably linked to
sea levels changes during the Pleistocene glaciations, which might have promoted the
isolation of the two basins. The intense anticyclonic eddie that exists in the region may
also act as an effective barrier.

4. Factors that contribute to the phylogeographic patterns

The distinct phylogeographic patterns depicted from the study of these eleven coastal
fishes can only be understood when we think of the multitude of factors that can influence
species responses to challenging environments. Predicting the population structure of a
given species is thus not an easy task. According to our results, it is clear that
geographical distribution of the genetic diversity of the species studied was highly shaped
by the differential effects of the Pleistocene glaciations. Thermal tolerances of the different
species to cooling events seem to have been an important factor determining the survival
or local extinction of populations in regions like the Azores and the Mediterranean.
Importantly, demographic and genetic aspects such as the effective size of the population
affected, the amplitude of a bottleneck and the genetic diversity that was preserved are
also probably relevant in determining the present day phylogeographic pattern of a
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species. When we think of recolonization phenomena from glacial refuges, as well as on
the capacity to overcome oceanographic barriers, dispersal abilities of the species are also
very important. Several studies have attempted to relate species range and population
structure to dispersal abilities, putting effort on establishing a relationship between
planktonic larval duration (PLD) and extent of population structure. Comparative results
across species have, however, not been consistent (Shulman and Bermingham 1995;
Victor and Wellington 2000; Riginos and Victor 2001; Bay et al. 2006) and a clear
relationship between dispersal ability and population structure cannot be generalized. Our
study contributes to this idea. For instance, Coryphoblennius galerita, a blenniid with
strong genetic differentiation between populations of the Portuguese coast and the western
border of the Mediterranean, has a PLD of 26-27 days (Raventds and Macpherson 2001),
while Tripterygion delaisi and Chromis chromis, with lower PLDs (17-18 days and 18-19
days, respectively, Raventés and Macpherson 2001) have no genetic differentiation
between the two regions. On the other hand, it is also true that larvae of Thalassoma pavo
stay in the plankton for as long as 38-49 days (Raventds and Macpherson 2001), and that
this wrasse shows high levels of gene flow through the northeastern Atlantic and the
Mediterranean (with a restriction only found in the eastern basin). Other aspects of the
biology of the species, such as egg type and larval and adult behavior, as well as
hydrological conditions of the reproductive season, may also influence their dispersal
ability (Leis and McCormick 2002). As noted before, warm water species with pelagic eggs
and higher dispersal ability as adults (Diplodus sargus, T. pavo and Sparisoma cretense),
appear to have been able of recolonizing the more affected regions very rapidly, in
contrast to the .strictly benthic species with benthic guarded eggs (Parablennius
parvicornis, T. delaisi, Chromis limbata). Moreover, costal species that are prone to be
transported attached to algae or other objects by rafting, as was suggested for
Parablennius rubber, have higher chances of colonizing more distant areas.

The comparative analysis of the alternative phylogeographic patterns revealed by the
study of these fishes, in light of their biological and ecological characteristics, contributed
to further our knowledge on the evolutionary relationships of the coastal fauna of the
Atlantic-Mediterranean and also of the forces that shaped those patterns.
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FINAL REMARKS

The papers presented in this thesis show that the warm water species present
phylogeographic patterns that are consistent with the hypothesis proposed by Almada et
al. (2001) where the Mediterranean and the western Tropical African coast may have acted
as glacial refuges and centers of speciation. Although this idea is supported by the
geographical distribution of the genetic diversity of the populations studied as well as by
their historical demography and migration routes, it can only be fully tested when
individuals from the western Tropical Africa are analyzed. Unfortunately, due to logistic
limitations, we were not able to obtain samples from that location. If the western Tropical
Africa acted as a refuge, we would expect to find high levels of genetic diversity in the
region and signs of a long-term stable population. Additionally, it would be very interesting
to recover historical migration directions of the warm water fishes including samples from
this potential refuge. We would expect the western coast of Africa to be a population
source by identifying migration from this location towards the northern regions.

Another very interesting avenue of research would be the analysis of genetic patterns of
fishes from the seamounts that occur between the mainland Portuguese coast and the
archipelagos of the Azores and Madeira. As mentioned in the discussion, these seamounts
may have acted as stepping-stones for the colonization of these islands. If this was the
case, we would expect to identify this colonization route when computing the historical
migration fluxes of the species including samples from the seamounts.

The comparative analysis of the distinct phylogeographic patterns revealed by the study of
several coastal fishes with different thermal tolerances and dispersal abilities, shed light on
the historical and evolutionary relationships of the Atlantic-Mediterranean. Our knowledge
will certainly be improved if identical analyses were conducted on other coastal taxa with
similar, and also contrasting, ecological and biological characteristics. In this respect,
genetic analysis of the several invertebrates that have been subject to biogeographical
studies seems very promising. In addition, contrasting these results with studies on pelagic
species that have high dispersal ability as adults, and that are able to reach deeper depths
being exposed to different ocean currents, would allow a more complete picture of the
evolutionary relationships of the marine fauna of the Atlantic-Mediterranean.
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