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GENERAL INTRODUCTION

Phylogeography

In the era of molecular phylogenetics one of tigt faims was to determine simultaneously
the phylogenetic and geographical relationships ramdifferent mtDNA haplotypes or
sequences (Hedrick 2005). Avise (2000) termeddhe juse of phylogenetic techniques and
spatial distributions phylogeography and definedsitthe “field of study concerned with the
principles and processes governing the geograptisaibutions of genealogical lineages”
and suggested that “time and space are the joaxi® of phylogeography onto which are
mapped particular gene genealogies”. This mearighieamost distant populations in space
and populations that diverged the longest time siguld accumulate differences. The level
of genetic differentiation between populations dwse on different gene flow patterns
(Hedrick 2005). Gene flow can be described by diffié models based on the population
structure of a species: gene flow can occur frorooatinental to an island population
(Continent-Island Model; Wright 1931, 1940) (Figuta); as random migration between
many finite subpopulations (Island Model; Wright409 (Figure 1b); through gene flow
between adjacent demes only (Stepping Stone Mdédelura & Weiss 1964) (Figure 1c).
The genetic divergence can change in a linear dasimversely to geographic distance
(Isolation by Distance; Wright 1943).

(a) (b) ()
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Figure 1. (a) Continent-Island Model; (b) Island Model; (d¢gfping Stone Model.

The differentiation of populations and often asoasequence the speciation process begins
when gene flow is disrupted and populations becgereetically isolated. It is assumed that
the spatial differentiation of groups occurs eitlgr dispersal or vicariance. A dispersal
interpretation of a present-day distribution suggéisat a new population would have been
budding off from the ancestral species throughvactr passive dispersal (Briggs 1974)
(Figure 2a). Vicariance means that a species watedpnto two or more isolated ranges by

physical barriers that prevent gene flow, for exlmihe rise of a mountain range, the
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breakup of a continental landmass or the physigatlizision of a water body (Avise 2000)
(Figure 2b). Dispersal and vicariant events crélageconditions for genetic differentiation
and allopatric speciation. The three non-geogramholutionary mechanisms creating

divergence are genetic drift, mutation and selectio

(a

(b)
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Figure 2. (a) Dispersal event; (b) Vicariant event.

Marine systems

Phylogeographic studies play an increasing roleutderstand how differentiation and
speciation takes place in oceans. In marine systdmaspopulation range could vary from
thousands to tens of thousands of kilometres. Htieally, only few absolute barriers to
gene flow exist in oceans (Palumbi 1992). Thugnarine species, high rates of gene flow
are assumed to maintain panmictic reproduction slralld slow down allopatric species
formation. This has been shown for cephalopodsd@agt al. 2004), fish (Heyden et al.
2007), sea cucumber (Arndt & Smith 1998) and cugstas (Tolley et al. 2005). On the other
hand, the high level of biodiversity in the oceanggests a high speciation potential. Indeed
a number of molecular studies have revealed that §ew is restricted among many marine
species resulting in moderate to high levels ofegendivergence. The interrelationships
among these marine populations are the result ological traits, dispersal capabilities,
isolation by distance, biogeographic history andamography (Palumbi 1994; Avise 1994;
Queiroga 1996, 1998; Zane et al. 2000). In addipbylogeographic investigations have
revealed the presence of cryptic species over largesmaller geographical scales which
may go undetected by morphological investigatiolme (Tarjuelo 2001; Gusmao et al.
2006; Mathews 2006). In the last decades, a highgstion of cryptic species was estimated:
5000 cryptic Porifera, 7000 cryptic Echinodermatd &2 000 cryptic Crustacea species are
suggested in phylogeographic studies (Pfenning8cl@&wenk 2007).

Thus, investigations are needed to evaluate the ablgeographical history, oceanography
and ecology in generating marine diversity. Funime, phylogeographic studies are

important to approach the real level of marine hersity. When necessary, these
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phylogeographic data will also help to develop esnation strategies for threatened species,
for example to design marine protected areas aetves (Palumbi 2003). The present thesis
was designed to clarify and compare the mechansihgeneration and maintenance of

genetic diversity and to identify cryptic species marine and freshwater habitats using

phylogeographic approaches.

Geographic isolation

The Mediterranean marine fauna is receiving ane@®ing interest in phylogeographic
studies to test the role of geological evolutiontled Mediterranean Sea (Borsa et al. 1997,
Bargelloni et al. 2003; Peijnenburg et al. 2004rdduet al. 2004a). It has been suggested that
the marine biota could be the result of differeehetic mechanisms interacting with the
geological history of the Mediterranean Sea (Almat@85). The geology of the
Mediterranean Sea is complex, involving the brepkamd subsequent collision of the
African and Eurasian plates and several isolatieents from the Atlantic, e.g. the well-
known Messinian Salinity Crisis. The Messinian Gris widely regarded as one of the
dramatic episodes of oceanic change (Krijgsman 1et1899). In the Late Miocene
(Messinium) the Mediterranean Sea became isolatedn fthe Atlantic Ocean. In
consequence, a full or partial desiccation of trelMerranean Sea took place and large salty
lakes recharged by rivers replaced the previouslsima basins (McKenzie 1999). Krijgsman
et al. (1999) date the beginning at 5.96 Myr and é&md at 5.33 Myr ago. It is often
discussed, whether marine species could have sahwivthe remaining salt-lakes during the
Messinian Crisis or whether the Mediterranean batiied out completely.Carcinus
aestuarii is endemic to the Mediterranean Sea. Its sisteciepeC. maenas occurs
throughout the Atlantic Ocean. Demeusy (1958) ssiggkthat the isolation between the two
basins would have provided the geographic bareempting the allopatric speciation @f.
aestuarii At the beginning of the Pliocene, Atlantic watilmoded the Mediterranean Basin
again (Hsu 1972, 1983) allowing Atlantic speciegdecolonize the Mediterranean. These
species had to adapt to different conditions bex#us North Atlantic is considerably colder
and more nutrient-rich than the Mediterranean (ldbfer 2002). Also during the Quaternary
glacial periods, sea level regressions limited binatic exchanges through the Strait of
Gibraltar (Vermeij 1978). The coolings between tko-Pleistocene had potentially an
equally disastrous impact on the Mediterraneandasithe Messinian Crisis (Néraudeau &
Goubert 2002). The Mediterranean fauna could thase horiginated by repeated or

continuous multiple colonization events with adéiptato specialized habitats and adaptive
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radiation in these habitats (Almaca 1985). In th& lyears, molecular population genetics
have revealed historical separations as the causgehetic differentiation in several marine
species, for example the effect on the populaticucture of the killifishAphanius fasciatus
by the Messinian Crisis (Triantafyllidis et al. 200 There is also strong support that the
origin of the snailSalenthydrobia ferrericorrelates with the crisis (Wilke 2003). Populatio
differentiation due to the Pleistocene regressimnsuggested between the Atlantic and
MediterranearCoryphoblennius galertigsee Domingues et al. 2007), within the common
sea bas®icentrarchus labrax(see Lemaire et al. 2005) and within the calarsmdepods

Calanus helgolandicuandC. euxinugsee Papadopoulos et al. 2005).

Physical isolation

Present-day physical isolation of water bodies agydrographical boundaries has been
demonstrated to act as barrier to gene-flow ananaisnportant trigger for differentiation of
populations. Such physical barriers are the Englishnnel which isolates Atlantic from the
English Channel populations Fiévet et al. 2007loBit al. 2003); the Gibraltar Strait and
the Almeria-Oran Front (AOF) which separate Atlar@ind Mediterranean lineages (see
below); the Siculo-Tunisia Strait which is a barrieetween the western and eastern
Mediterranean populations (Carlsson et al. 2004kuldi & Vain6la 2004), and the
hydrographic isolation of the Aegean-lonian andialit Seas with isolated Mediterranean
subpopulations (see also Figure 3) (Bahri-Sfarl.eR@00). Particularly with regard to the
AOF, there are an increasing number of moleculadiss which reveal the influence of the
AOF on the population structure of several maripecges (Pérez-Losada et al. 2007;
Gonzales-Wanguemert et al. 2006; Rios et al. 2@@2e et al. 2000; Naciri et al. 1999;
Pannacciulli 1997). The Almeria-Oran-Front is afe@fve boundary between Atlantic and
Mediterranean surface waters. The cold and lessesaltlantic waters enter through the
Strait of Gibraltar and induce a jet toward Nortfrida. A part of the Atlantic waters return
westwards to form the Alboran gyre and another flavis eastwards along the coast of
North Africa (Tintore et al. 1988). It appears e that the AOF constitutes a physical
barrier for migration of larval stages between Atantic-Alboran and the Mediterranean
Sea (Lemaire et al. 2005)
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Figure 3. The Mediterranean Sea and potential physical rar(ECh = English Channel, AOF = Almeria-
Oran-Front, STS = Siculo-Tunisia Strait).

Ocean currents could also have an influence onnpateisolation by distance (IBD) in
marine populations and subsequently on the gendifterentiation and population
subdivision (Palumbi 2003). The plankters are athteby currents but there is only little
information about their mean dispersal. The idest #werage larval dispersal in marine
systems may be lower than expected and that |estgrdie dispersal may be rare became
more evident in the last years (Palumbi 2003). [&ineal transport may be affected strongly
by local eddies and current reversals (Shanks 19@%; et al. 1994). Therefore, the
populations might be restricted in their dispersapability and increasing geographical
distance is expected to enhance isolation by distamong them (Palumbi 1994; Roberts
1997). Within the tripelfin fish subspeciekripterygion delaisi xanthosomaBD was

revealed along the Spanish Mediterranean coastg@arCarbonell et al. 2006).

Dispersal

Most of the marine species pass through a complexhistory comprising a planktonic
(larval) and a benthic (juvenile-adult) phase (An2@01). The pelagic phase is considered to
be a prerequisite for a wide geographic range anénisure genetic exchange between
separate populations of the benthic organisms. dldde studies of many species have

shown that high dispersal potential due to planktdarvae is often associated with only
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mild genetic differentiation over large scales elge Norway lobsteNephrops norvegicus
(see Stamatis et al. 2004), the spo@gambe crambésee Duran et al. 2004a) and the stone
crabs Menippe mercenariaand Menippe adina(see Schneider-Broussard et al. 1998;
Williams & Felder 1986). The lack of a populatioimusture in many marine species over
large areas becomes evident when related freshgderes are compared (Avise 2004). The
barriers to gene flow in freshwater systems applearer because of the contrasting physical
structures of freshwater versus marine environmamdsthe diverse life-cycles. For example,
freshwater crabs developed different patternsfeftistory. The larval development is often
abbreviated or direct and the offspring tends toaia in the parental habitat (Schubart &
Koller 2005). In addition, geographic barriers peratlopatric differentiation in freshwater
systems, because each stream or river system mgunaan isolated population, separated
by land from adjacent rivers. A large number ofdggs have shown that freshwater species
with low dispersal tend to have a significant genstructure (Palumbi 1992; Daniels et al.
2001, 2003; Schubart & Koller 2005; Shih et al. @00An intermediate between typical
marine and freshwater species is the amphidromifausyicle, which occurs in many limnic
species. The adults inhabit freshwater systemsraledse larvae in the upper reaches of
rivers from where they drift passively to coastavieonments, where they develop and
metamorphose into post-larvae, which subsequenttyrate back upstream to the adult
habitats (Cook et al. 2006; McDowall 2007). Thepdisal capabilities of amphidromous
freshwater species and its influence on the pojoulagtructure is little studied, because the
life-history of amphidromous species is less ctéan of marine species or fully freshwater
species with abbreviated or direct development. @dveod larvae can survive in the sea, the
location of larval development, how they are aldeldcate and return to the mouths of
freshwater streams and the cues of settlement tdreusknown (Myers et al. 2000).
However, the presence of several larval stagesffefent amphidromous species in estuaries
has been shown (Benstead et al. 2000; Chace & HUbE®; Fiévet et al. 2001). Therefore,
dispersal via the ocean is most likely to happemvéen adjacent or nearby estuaries, only
allowing short-range gene flow. The comparison d&fe tpopulation structure of
amphidromous species with marine species may relfatences in the population structure
which might result from different dispersal capaias. The comparison of various marine
species which differ in the length of larval deyeteent should shed light on the influence of
the dispersal capability on the population struetuithin marine systems.

Nowadays, the dispersal of marine species is a&ffebly anthropogenic transport of small

marine organisms, often worldwide, via ballast wateships. The transported species often
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colonize the habitats successfully by endangethegntitural fauna. Good examples for such
non-indigenous/invasive species &arcinus maeangsee Yamada et al. 2005) outside of
Europe anceriocheir sinensigsee Hanfling et al. 2002) in Europe. For theseigge new
ecological opportunities arose and the potentiatigal increases in sibling species, due to
often similar ecological demands. Selection coaldtplace via predators, habitat condition,
and competition.

Not only invasive species have to adapt to differenvironmental conditions. As
environmental parameters are different between Miegliterranean Sea and the Atlantic
Ocean, there is an opportunity to estimate the flemeassociated with the adaptation of the
marine fauna to their environment. The Adria, lon&ea, eastern Mediterranean, Black Sea
and Spanish Atlantic Ocean are characterized Wgrdiit temperature and salinity regimes
as well as by different tidal influences (Dimitr&Dimitrov 2004; Hofrichter 2002). These
are differences at wide geographic ranges but tlaeeealso differences in the habitat
condition at a smaller scale due to anthropogdyicalisturbed habitats (jetties,
eutrophication and anoxic sediments) and differerninethe shape of the coastline (sandy
bottom or rocky shores). These different ecologaaiditions can play an important role
promoting adaptive radiation and speciation in maspecies (Schluter 2001). For example,
cryptic species irClavelinawere detected in response to different habitats:“thterior”
form of C. lepadiformisadapted to harbour environment and the “exteriorfocky littoral
habitat (Tarjuelo et al. 2001).

To study the influence of species-specific disgersgabilities, physical or geographic
isolation, dispersal and vicariant events and epobo traits, different decapod species were
chosen: the marine crab gendantho Leach, 1814 (Brachyura, Xanthidae) which has a
relatively short larval development with four zosthgeqIngle 1983), the marine caridean
shrimp Palaemon eleganRathke, 1837) (Palaemonidae) with nine zoealestg§incham
1977) and the Caribbean amphidromous shrixiphocaris elongataGuérin-Méneville,
1856) for which the number of larval stages is wovkn.
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The genusXantho

The genusKanthohas an exclusive Mediterranean-Atlantic distribatand consists of four
species Xantho hydrophilugHerbst, 1790)X. poressaOlivi, 1792) X. pilipesA. Milne-
Edwards, 1867, and. sexdentatugMiers, 1881). In the literature, these speciesehaiten
been confused, due to their morphological simyjadind complex taxonomic history
(Holthuis 1954; Garcia-Raso 198%. hydrophilusoccurs from the North Sea southward to
Morocco, including the Azores, Madeira, Canaryrd& and Cape Verde Islands (Manning
& Holthuis 1981) (Figure 3 and 4b). For the Mediaeean populations of. hydrophilus
Forest (in Drach & Forest 1953) described a vareatyed ‘granulicarpus®, which is often
considered as a subspecies. koh. granulicarpughe following pattern of differentiation is
suggestedX. h. granulicarpushas probably evolved from the East AtlanXichydrophilus
(see Almaca 1985). At the beginning of the PliogeA¢lantic water flooded the
Mediterranean Basin again (HsU 1983), allowing wiita species to re-colonize the
Mediterranean. These species had to adapt to @hffeonditions because the North Atlantic
is considerably colder and more nutrient-rich thiha Mediterranean (Hofrichter 2002).
While X. hydrophilusis more common in the Atlantic{. poressais one of the most
frequently found species in the Mediterranean dedBlack Sea and its geographical range
extends to the Canary Islands and Portugal (ZaygAilvarez 1968) (Figure 3 and 4a). The
stone crab shows variability in size and coloratibroughout its range of occurrence. The
distribution ofX. pilipesrangesrom Norway and the Shetland Islands southwardrigola
and into the Mediterranean Sea (d"Udekem d"Aco®)199 sexdentatuis only found in the
East Atlantic and tropical Atlantic, including tReores and the Canary Islands (d"Udekem
d Acoz 1999).

The caridean prawrPalaemon elegans

In comparison to the gend@nthq the dispersal capacities of the caridean sp&aésemon
elegans(Figure 4c) are presumably higher, since the cetedarval development has nine
zoeal stages (Fincham 197P. elegansis distributed in the Atlantic from Scotland and
Norway to Mauritania including Azores, Madeira ahd Canary Island, Mediterranean Sea,
Baltic Sea, Black Sea, Caspian Sea and Lake Ardldgkem d’Acoz 1999). Besides the
wide geographical range, the shrimp has also addptdifferent habitat types: it tolerates a
wide range of salinities, temperature and oxygearg®ind 1980; Berlund & Bengston
1981). In the past, morphological variations hagerbsuggested by de Man (1915), and the
subgenusPaleanderHolthuis, 1950 was reintroduced by Chace and Bid&93) forP.
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elegansto separate it from other species of the geRataemon Here we wanted to
determine the degree of genetic differentiation nglothe corresponding Atlanto-

Mediterranean coastline.

The amphidromous shrimXiphocaris

To study the genetic differentiation of an amphrdous species in comparison to marine
species we compared different populationXiphocaris elongatdGuérin-Méneville, 1856)
(Figure 4d). The genuXiphocaris occurs only on the West Indian Islands.was long
considered as a member of the familiy Atyidae,@ltih a primitive, aberrant species (Chace
& Hobbs 1969). Chace (1992) alloca{ghocarisin a separate family, the Xiphocarididae,
which is more closely related to the marine nenmatwnids than to the atyids (Martin &
Davis 2001). A characteristic of the speci@phocaris elongatas the extreme variability in
the relative length of the rostrum. Taking thisoicbnsideration, Pocock (1889) subdivided
Xiphocaris elongatan three distinct species and one variéiyphocaris brevirostrid?ocock,
1889, Xiphocaris gladiatoPocock, 1889Xiphocaris gladiatowvar.intermediaPocock, 1889
and Xiphocaris elongata(Guérin-Méneville, 1856). These morphological formscur in
many diverse types of habitats. Therefore, it apppassible that the length of the rostrum is
influenced by biotic and/or abiotic factors. Morjdgical and genetic comparisons should
help to estimate the degree of genetic differeiotiatand the role of life history and

ecological traits.

)
© d'Udekem d'Acoz (SRR
EE R St

Figure 4. The studied species: (Aantho poressab) Xantho hydrophilus(c) Palaemon elegans
(d) Xiphocaris elongata
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Aim of this thesis

The aim of this thesis was to detect mechanisngeotration and maintenance of genetic
diversity in marine and freshwater decapods witkeceggd emphasis on the geographic
structure. We wanted tdetermine whether Atlantic and Mediterranean pdpra of
Xantho hydrophilus Xantho poressaand Palaemon eleganscan be separated by
morphometric and genetic methods (publication amdour). For all these species, we
address the question whether the Strait of Gibtalthe Almeria-Oran-Front or the
biogeographic history has a measurable influencgeme flow between the Atlantic Ocean
and the Mediterranean Sea populations. In additlenstudies were carried out to search for
a possible isolation-by-distance pattern. For thmptadromous or adult freshwater shrimp
Xiphocaris elongataywe addressed the question whether its life cyakdn influence on the
population structure and whether the different rhergould be separated genetically
(publication five). The ecology of. poressawvas studied to document habitat preferences,
variety of colour patterns, size variability, pogtibn density and to determine if the different
colour patterns and size variability can be sepdragenetically (publication two).
Morphometric methods were used to study patternslative growth for determining the
onset of maturity and allometric growth (publicatione, two and five). In addition, the
morphometric and genetic results should providevarsif there exist cryptic species within
the studied taxa. With focus on a population-les@hparison, we used DNA-sequences of
the two mitochondrial genes 16S rRNA and COI (mdilon one to five). Mainly COI has
been proved to be a genetic marker exhibiting kel sequence variation suitable for
population analysis of other marine invertebrat€ap@dopoulos et al. 2005; Nikula
&Vainola 2003; Tarjuelo et al 2004; Roman & Palur@bD4; Stamatis et al. 2004).
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PUBLICATION 1

PHYLOGENY AND GEOGRAPHIC DIFFERENTIATION OFATLANTO—
MEDITERRANEAN SPECIES OF THE GENURANTHO(CRUSTACEA
BRACHYURA: XANTHIDAE ) BASED ON GENETIC AND MORPHOMETRIC
ANALYSES

Silke Reuschel and Christoph D. Schubart

Manuscript published biarine Biology
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ABSTRACT

The crab genuXantholLeach, 1814 is restricted to the north-easternnitaDcean and the
Mediterranean Sea. It consists of four spectesitho hydrophilugHerbst, 1790)X. poressa
(Olivi, 1792), X. pilipes A. Milne-Edwards, 1867, an&X. sexdentatugMiers, 1881).X.
hydrophilushas been divided into two geographic forms, ofaktone, X. h. granulicarpus
(Forest, 1953), is postulated to be endemic toMlegliterranean Sea. In this study, we
reconstruct phylogenetic relationships of the geKastho and related genera from the
Atlantic Ocean or Mediterranean Sea and comparerdift geographic populations of
Xantho hydrophilugand, to a lesser extent, Xf poressaby means of population genetic and
morphometric analyses. The molecular phylogenysetd on two mitochondrial genes (large
subunit rRNA and cytochrome oxidase I) and indisalteatX. poressaX. hydrophilusandX.
sexdentatusorm a monophyletic group, the latter two speabkaring identical haplotypes.
On the other hand. pilipesshows affinities to<anthodius denticulatu$opulation genetics
based on the COI gene reveal genetic differentiatvthin X. hydrophilus Morphometric
results also give evidence for distinct geograpioions in X. hydrophiluswith a clear
discrimination. In comparison, morphometric disariation between different geographic
populations of X. poressais less clear, but still significant. We therefoseggest a
recent/ongoing morphological and genetic diffedin within Xantho hydrophilus
restricted gene flow between its Atlantic and Mexd#nean populations (not allowing
subspecific differentiation) and possible mtDNA ragression between the speciXs

hydrophilusandX. sexdentatus
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INTRODUCTION

Population genetic studies of marine invertebrggec®es have shown that high-dispersal
potential due to planktonic larvae is often asgedavith only mild genetic differentiation
over large scales as for example in the stone dvedrsppe mercenariandMenippe adina
from the Gulf of Mexico and western Atlantic (Wdins & Felder 1986; Schneider-
Broussard et al. 1998), the batillarid srizditillaria multiformisoccurring along the Japanese
coast (Kojima et al. 2003) and the calyptraeidlsBGeepidula depress&om the east coast of
North America (Collin 2001). This implies high ldseof gene flow within marine coastal
megapopulations. However, despite the high-dispergantial of most marine invertebrates,
a variety of mechanisms can prevent gene flow batwmpulations. These mechanisms may
act at different levels, even among closely relaspecies. While some species show
sufficiently high rates of gene flow to reproducanmictically, the genetic exchange
becomes so remarkably low in other species, thatralaselection and genetic drift may
occur more or less independently in each demek{814881). Thereby, population structure
depends strongly on the dispersal potential ofdwesponding larval stages. Within the
genus Littorina, Kyle and Boulding (2000) found examples for high well as low
population genetic structure in accordance to theattbn of larval development.
Furthermore, nonobvious barriers, isolation byatise, local genetic drift, introgression due
to hybridization and incomplete lineage sorting @aiditional factors to be taken into account
when studying dispersal of marine species (Palur@®#; Avise 1994; Zane et al. 2000).

The genusXantho Leach, 1814 has an exclusive Mediterranean—Adadhistribution and
shows a great interspecific as well as intraspectfiorphological variability (d‘Udekem
d’Acoz 1999). All four species of the genus as ently defined (Guinot 1967), i.Xantho
hydrophilus (Herbst, 1790) (=Xantho incisusLeach, 1814, see Sakai 199%), poressa
(Olivi 1792) X. pilipes A. Milne-Edwards, 1867 an. sexdentatugMiers 1881) are
restricted to the north-eastern Atlantic Ocean dhd Mediterranean Sea. WhilX.
sexdentatuss only found in the tropical and subtropical A, the other three species are
distributed in the north-eastern Atlantic as wellimthe Mediterranean Sea. In the literature,
these species have often been confused, due tontlegphological similarity and complex
taxonomic history (Holthuis 1954; Garcia Raso et E87). For the Mediterranean
populations ofX. hydrophilus Forest (in Drach & Forest 1953) described a wartalled
granulicarpus which subsequently was often used as a subspeaes.X. h. granulicarpus

is characterized by more acute lateral carapaceespistronger granulated carapace and

pereiopods, and a dark pigmentation on the chelatyt of the adult males extending onto
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the palm region. Transitional forms have been rggbfrom the western Mediterranean Sea
and therefore the exact geographic boundaries e@ftwo subspecies oK. hydrophilus
always remained unclear and the taxonomic statu& of granulicarpusdoubtful (Almaca
1985; d’'Udekem d’Acoz 1999).

The western Mediterranean is connected to the #¢l&@rtean through the Strait of Gibraltar.
This narrow oceanic strait and the Almeria-Oramffioave been shown to represent natural
gene flow barriers between Atlantic and Meditereangoopulations in different marine
species and therefore to cause and maintain allops¢paration. Several studies have
revealed a restricted gene flow between Atlantid Btediterranean populations in different
marine invertebrate and vertebrate species, e.ghenbarnacle genu€hthamalus(see
Pannacciulli et al. 1997), the cuttlefiSepia officinalis(see Pérez-Losada et al. 2002), the
sea bassDicentrachus labrax (see Naciri et al. 1999) and the mus3ddltilus
galloprovincialis (see Quesada et al. 1995). In the history of tlesliMrranean Sea, there
have been numerous instances in which its watess b@en isolated from the Atlantic Ocean
during extended periods. In the late Miocene, f@maple, a sea level regression isolated the
Mediterranean Sea from the Atlantic, leading to adtncomplete desiccation of the
Mediterranean (Messinian Crisis, e.g. HsU 1983)soAlduring the Quaternary glacial
periods, sea level regressions limited the biokichange through the Strait of Gibraltar
(Vermeij 1978). These historic separations with ptate isolation as well as the continuing
potential gene flow barrier of the Strait of Gilbealmight have shaped the genetic structure
of the Mediterranean fauna. An endemic crab faunddchave originated by isolation from
Atlantic populations, repeated recolonizations waittaptation to specialized habitats, or
adaptive radiation (Almaca 1985). The allopatriesgation between the morphologically
similar Atlantic Carcinus maenasnd MediterraneaCarcinus aestuariias suggested by
Demeusy (1958), and later confirmed with genetialyses of the 16SrRNA gene by Geller
et al. (1997) and with the COI gene by Roman andinfa (2004), represents such an
Atlanto—Mediterranean separation event.

The present study is designed to reconstruct pkyletc relationships within the genus
Xanthoand to determine whether Atlantic and Mediterrangapulations oiX. hydrophilus
and X. poressaan be separated by morphometric and genetic metfidereby, we address
the question whether the Strait of Gibraltar hasyeasurable influence on gene flow of
xanthid crabs between the Atlantic Ocean and thditéiganean Sea, or if other separating

mechanisms may be involved. The results may proaigdeanswer to the question of the
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validity of the subspecieX. h. granulicarpusand if this taxon can be considered a
Mediterranean endemic.

MATERIALSAND METHODS

Samples for this study were obtained from fielggrio Giglio (Italy, 2001), Ibiza (Spain,
2001 and 2003), Parga (Greece, 2003), Corsica ¢eraz004), Istra (Croatia, 2001 and
2004) (all Mediterranean), Cadiz (Spain, 2004) 4Atic), and from colleague donations and
museum collections of the Senckenberg Museum FuainkEMF) and Naturalis Museum
Leiden (RMNH) (see Table 1).

For the morphometric comparisons, 436 specimensaothowere included in this study.
The sample size per population ranged from 22 tb ib@ividuals. Material from various
geographic areas from the Mediterranean Sea andittaetic Ocean including both sexes
was examined. Specimens were taken from the idé&trone to a depth of 10 meters by
snorkelling and occasionally by scuba-diving. Tokofving populations were used: from the
Atlantic Ocean, Portugal and Bretagne (France)Xohydrophilus Cadiz (Spain) forX.
poressafrom the western Mediterranean, Ibiza for botacégs, Corsica foX. poressafrom
the central Mediterranean, Greece for both speaigs,from the Adriatic Sea, Croatia fr
poressaonly (see Table 1).

For the genetic analyses, genomic DNA was extraftted the muscle tissue of the walking
legs using the Puregene kit (Gentra Systems). & tatmber of 82 specimens of the genus
Xantho and additional seven species of the family Xarabidvere thereby genetically
examined (Table 1). The selective amplificatioranfapproximately 520 basepair fragment
from the large subunit rRNA (16S) and a 640 basefragment from the cytochrome
oxidase subunit | (COI) (in both cases excludingmprs) genes was carried out by
polymerase chain reaction (PCR) (40 cycles; 45 </184n 48-50°/1min 72°
denaturing/annealing/extension temperatures) viaghprimers listed in Table 2. In the case
of COlI, new internal primers to COIf and COla wekesigned to allow amplification of.
poressaand older museum specimens (see Table 2). Thepg?@Ricts were purified with
Millipore Montage PCR Centrifugal Filter Devices i{lyjpore, Corp) and both strands were
used for cycle sequencing. The products were ptateo with ethanol, resuspended in water
and sequenced with the ABI BigDye terminator mixg(Bdye Terminator v 1.1 Cycle
Sequencing Kit; Applied Biosystems) in an ABI Prisatomated sequencer (ABI Prism 310

Genetic Analyzer; Applied Biosystems). The sequsneere analyzed with the program ABI
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Sequencing Analysis 3.4 (Applied Biosystems) andwumadly aligned with BioEdit (Hall
1999).

The two mitochondrial genes 16S rRNA and COIl weoenlgined for the phylogeny.
Panopeus herbstiH. Milne Edwards, 1834 sequences were obtainenh fiiee molecular
database and used as outgroup (16S: AJ130815; A12I74699). A Chisquare test of
homogeneity of base frequencies across taxa wagedayut as implemented in PAUP*
(Swofford 1998). Test for homogeneity among pamiéid datasets was also performed using
PAUP* (Swofford 1998), with COl and 16S as predefinpartitions. Three methods of
phylogenetic inference were applied to our data seiximum parsimony (MP) and
minimum evolution (ME) using the software packagdUP* (Swofford 1998), and
Bayesian analysis (Bl) as implemented in MrBayes3®b4 (Huelsenbeck & Ronquist
2001). The model of DNA substitution that fittedr @ata best was chosen using the software
Modeltetst 3.6 (Posada & Crandall 1998). This apphoconsists in successive pairwise
comparisons of alternative substitution models igyanchical likelihood ratio tests. The ME
and BI trees were obtained with the suggested moftlelolution and the corresponding
parameters. MP trees were obtained by a heurisicce with 100 replicates of random
sequences addition and tree bisection-reconneasdoranch swapping options. Gaps were
treated as fifth state. Subsequently, confidendaegafor the proposed groups within the
inferred trees were calculated with the bootstragthod (2,000 pseudoreplicates) with 10
replicates of stepwise random sequence additiontlaadreebisection-reconnection (TBR)
branch swapping algorithm, keeping multiple tre&&ul{rees). Otherwise, the default
options of PAUP* were used. Only minimal trees weztained and zero length branches
were collapsed. A second MP bootstrap analysis wasied out, this time giving
transversions five times more weight than transgiand treating gaps as missing, since MP
otherwise does not account for different subsbitutiates. The Bayesian analysis was run
with four MCMC chains for 2,000,000 generationsjisg a tree every 500 generations (with
a corresponding output of 4,000 trees). The —Inhveoged on a stable value between 5,000
and 7,500 generations (“burn in phase”). Thetfit®,000 generations were therefore not
included in the analysis to avoid the possibilifyicluding random and suboptimal trees.
The posterior probabilities of the phylogeny weretedmined for the remaining trees.

Consensus trees were constructed using the “supygton in MrBayes.
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For genetic comparisons of populations, we use®2 lfp fragment of the COI gene.
Parsimony networks were built with TCS (estimatiggne genealogies version 1.13;
Templeton et al. 1992). Thest value (the genetic differentiation between any two
subpopulations) was calculated by means of an AM¥coffier et al. 1992) to determine
the degree of genetic differentiation amongst thpupations ofX. hydrophilus(software
Arlequin 2.0; Schneider et al. 1999). First, genelifferentiation was tested between the
Mediterranean Sea (Greece and Ibiza; N=33) and Allantic (Portugal; N=20).
Subsequently, the Mediterranean Sea was subdivideal two populations, central
Mediterranean (Greece; N=20) and West Mediterran@hiza; N=13) and the genetic
differentiation was tested between the three pdjoms and between the two speciés
hydrophilus (N=53) andX. sexdentatugN=15). Genetic heterogeneity within populations
was estimated as haplotype diversity=1->f%; where f; is the frequency of théth
haplotype).

For the morphometric analyses the following morphalal measurements were used: (1)
carapace width (cw); (2) carapace length (cl);o@y height (bh); (4) frontal width (fw); (5)
ventral leg length of the fourth leg. Measuremenitdhe chelae and abdomen were not
included in the analyses because of sexual dimsmphiThe data were tested for normal
distribution by the Kolmogorov—Smirnov-test (soft@eStatistica 6.0; StatSoft). Patterns of
morphometric relationships can be influenced byetfiect of allometric growth and size in
species of undetermined age. To reduce the infi@iallometry, all measurements were
log-transformed, and ratios were arcsine-transfdrmEne comparison of morphometric
ratios of different populations was carried outhwd 1-Factor-ANOVA and a post hoc
Schefé test for the comparison within species. lge mcluded a Levene test to test the
homogeneity of the data. The equality of varianogadance matrices were tested with a
Box’s M-test (Box 1953). In addition, discriminant anatysvas used for a more accurate

differentiation between populations using log-tfanmed morphometric variables.

Table 2. Primers used for PCR amplification and sequenchghe 16S rRNA and the mitochondrial COI
genes.

Name Primer sequence 5-3° References
CoOlf CCT GCA GGA GGA GGA GAY CC Palumbi et al. 9D
COL3 ATR ATT TAY GCT ATR HTW GCM ATT GG  New inteal
COla AGT ATAAGC GTC TGG GTA GTC Palumbi et aba1
COH3 AAT CAR TGD GCA ATW CCR SCR AAA AT  New inteal
16L2 TGC CTG TTT ATC AAA AAC AT Schubart et al0@2

16H3 CCG GTT TGA ACT CAAATCATGT New
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RESULTS

Genetics

The genetic dataset consisted of an alignment 67 asepairs after removal of the primer
regions (640 of COIl and 527 of 16S). Out of thek®} positions were variable and 351
parsimony-informative. The test for homogeneitybake frequencies composition indicated
homogeneity within the combined COI and 16S datéRe0.249) as well as across taxa
(x2=34.236, @57, P=0.993). Application of the likelihood ratio testsvealed that the
selected model of DNA substitution by Akaike foetbombined data was the general time
reversible model GTR+I+G (Rodriguez et al. 199Qhvain assumed proportion of invariable
sites of 0.5445 and the rates following a gammaridigion with a shape parameter of
1.0464. The heuristic search of MP resulted inghmest parsimonious trees with a length of
1,013 (CI=0.596, RI=0.731, RC=0.436). Bayesian reriee, maximum parsimony (with
weighted transversions), and minimum evolution ysed resulted in a similar topology
without conflicting branching patterns and are éfere presented together in Figure 1. The
resulting 16S-COI gene tree suggests that the géanthoLeach, 1814 is not necessarily a
monophyletic group, sinc¥anthodius denticulatupossibly represents the sister species of
Xantho pilipes(low confidence values) and is not closely relat@dther members of the
genus Xanthodius Stimpson, 1859, including the type specikanthodius sternberghii
Stimpson, 1859. The other three species of the gy&amtho do form a well supported
monophyletic clade (1.0/100/85 posterior probapilir bootstrap values in BI/MP/ME).
Surprisingly, X. sexdentatuscannot be separated froiX. hydrophilus Also, the two
postulated subspeciesXf hydrophilugX. h. hydrophilusandX. h. granulicarpuscannot be
distinguished with this approach. Consequendy, hydrophilus from the Atlantic and
Mediterranean Sea andl sexdentatutorm a genetically wellsupported clade (1.0/100)10
The sister species to this cladeXiantho poressaSimilar as inX. hydrophilus also inX.
pilipes andX. poressall Mediterranean and Atlantic specimens are ohogely related and
grouped together (1.0/100/100 in both cas&sithodius inaequaligOlivier 1791) from
Africa and Xanthodius sternberghistimpson, 1859 from the eastern Pacific form agoth
monophyletic group (1.0/100/100), representinggéeusXanthodiusand the two species of
Monodaeus are also placed in a common clade withgtsupport (1.0/2100/100), supporting
the validity of the genu®latypodiella pictaandParactaea monodare characterized by long
branches and cannot be placed in phylogeneticityoifi any other species included in this

phylogeny.Panopeus herbstiepresents the designated outgroup (Figure 1).
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r Xantho h. granulicarpus C-Med
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Figure 1. Bootstrap 50% majority-rule consensus tree of @ighetic relationships within the gendantho
and other Xanthidae witliPanopeus herbstias outgroup. Bayesian inference, maximum parsimang
minimum evolution (with GTR+I+G model of evolutiotdpologies. Confidence values from 2,000 bootstrap
replicates (BI/MP/ME confidence values) based o2 Basepairs of the 16S and COI mitochondrial genes
only bootstrap values above 50 are shown. C-Medtr@eMediterranean; W-Med: West Mediterranean; ATL

Atlantic.
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The comparison of multiple sequences of 520 basemdi 16S mtDNA (16S) and 622
basepairs of COIl itX. hydrophilusrevealed the existence of most common haplotypes f
both genes. Because of the close relationship leetXesexdentatuand X. hydrophilusin
the phylogenetic tree (Figure 1), we includgd sexdentatusn the subsequent network
construction. For the 16S gene, 12 out of 19 specishare a common haplotype (seXen
hydrophilusfrom the Mediterranean, four from the Atlantic aode X. sexdentatys Five
additional haplotypes oX. hydrophiluswere found (four being separated by one transition
and one from lIbiza by two transitions), but occdrrenly once in our analysis. Two
specimens oK. sexdentatuare separated by different transitions. In cohtpégporessas
separated from this complex by at least 20 tramsstiand one transversion. WithK
poressa five out of six specimens share a common hapéotmd one additional haplotype
from ltaly occurs with one transition. Due to thggher variability and thus separating
potential of the COI gene, we included many morcspens of theX. hydrophiluscomplex
(N=53) in the intraspecific comparisons togethethwii5 specimens of. sexdentatusThe
minimum spanning tree shows a star-like shape, mitist haplotypes being connected by
very few mutation steps. The populations from Geedigiza and Portugal of. hydrophilus
and X. sexdentatushare one most frequent haplotype (HT1) which weesent in 18
specimens, six from Greece, three from Ibiza, smnf Portugal and three representiXg
sexdentatugFigure 2). A large number of rare haplotypes hdiwverged from the common
haplotype. They are generally present in not mbes tone individual per population: 14
haplotypes with one mutation, 11 with two mutatiansl 8 with three mutations were found.
Eight other haplotypes form a more differentiatedug: one haplotype with four (HT20
from Ibiza), oneX. sexdentatuwith five (HT39), one haplotype with six (HT12 fro
Portugal), one with seven (HT11 from Portugal), twith eight (HT30 from Greece and
HT40 representing onk¥. sexdentatys one haplotype with nine (HT41 representing &ne
sexdentatysand one with 11 substitutions (HT13 from Port)igalative to HT1. Eight of
the 15 sequenced specimengokexdentatushare one position, always distinguishing them
from HT1, the corresponding haplotype is termed BiT&Relative to HT42 oneX.
sexdentatusliverged with one (HT43) and two with three (HT48) transitions. However,
also some of the Mediterranean and Atlantic haplesyofX. hydrophilusare derived from
HT42 (Figure 2). These results therefore demorestthe lack of obvious diagnostic
differences in the 16S rRNA and COI genes betwherspecieXantho hydrophiluandX.
sexdentatuand give evidence that Atlantic and Mediterrangapulations ofX. hydrophilus

share a most common haplotype (Figure 2, Table 3).
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All populations & X. sexdentatus

O Portugal
@ Ibiza
0 Greece
. X. sexdentatus
GE;} @ Greece & X. sexdentatus

([ﬂ) Portugal & Greece

44

39% 1 13

40

Figure 2. Minimum parsimonious spanning network construacigith TCS of X. hydrophilus(N=53) andX.
sexdentatugN=15) of a 622-basepair fragment from the COlegdrach line represents one substitution; cross
lines on lines indicate additional substitutionpaating two haplotypes, a double line standsrimsversions.
The size of the circle is representative for tlegjfrency of the haplotypes (small: N=1; medium: N3;2arge:
N>10). Shading corresponds to geographic origin.

Nevertheless, the existence of genetic structuneleded with geography could be shown by
F-statistics. The analysis of variance of 622 basspof COIl between all Atlantic and
Mediterranean representatives ®f hydrophilus revealed a highly significant genetic
differentiation and a®sr -value of 0.07 P<0.001). Moderate genetic differentiation is
indicated by values between 0.05 and 0.15 (Wrigh?8). To study the degree of
homogeneity within the Mediterranean Sea, we furtheided the Mediterranean samples
into the two corresponding subpopulations; reprizsgrGreece and Ibiza (see Material and
methods). Thedsr-values were lower (and less significant) betwele® populations of
Portugal and Ibiza®st: 0.05,P=0.006), the populations of Greece and Ibidg{ 0.05;
P=0.005) than between the populations of Portugdl@reece with a highly significags-
value of 0.08 P<0.001). Adsr-value of 0.04 was estimated betweénhydrophilusandX.
sexdentatusbut with relatively low significancePE0.004). The haplotype diversity)(of
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HeEn the COIl gene within Atlantic and Mediterranean
sozag populations is relatively high (0.72 vs. 0.54) (Jeble
ST§0% 3).

- Morphometrics

— = (]

There are significant morphometric differences leetw

1
1
1
1

the four populations ofX. hydrophilus and X.
sexdentatus(here included because of its genetic

similarity) in single character ratios as well awverall
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discriminant analyses. Two geographic forms and
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transitional forms of Xantho hydrophiluscould be
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1
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1

distinguished, in addition to the separation Xf
sexdentatusMost distant are the populations from the
Bretagne and Greece while the populations of laize
Portugal represent transitional forms. The 1 Factor
ANOVA analyses of the ratios of. hydrophilusandX.

1

1
23 3 3 6 23
233 3 6 23

1
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1

sexdentatusevealed significant differences between all

1
1
1
1

the populations of the Mediterranean Sea and the
Atlantic Ocean ofX. hydrophilusand X. sexdentatus
carapace length to carapace widthH & F=26.469;
P<0.001), body height to carapace widthf (d;
F=39.364;P<0.001) and frontal width to carapace width
(df 4; 26.407;P<0.001). The post hoc Schefé test for the

ratio carapace length to carapace width showed

1

1
2 23 3 4 2 36
223 3 4 2 3 6

1

1
11
11
11

1
1
11

significant differences for the population of the
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Bretagne andX. sexdentatusn comparison to all the
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other populations R<0.001), except betweenX.

sexdentatusand the population of IbizaP$0.1).

6

1
111111111
111113111

1

Furthermore, significant differenced?<0.001) were
detected in the ratio body height to carapace width
between Greece and all other populations. Forr#tis,

there were no significant differences between the

HT is the number of different haplotypes found in each population and # is the haplotype diversity according to Nei and Tajima, 1981. The number of substitutions { ;' Sub), transitions

Table 3 Xantho hydrophilus haplotype distribution within the Mediterranean Sea: Greece () and Ibiza (I); and the Atlantic Ocean: Portugal {F); also including X. sexdentatus (X. 5.). n
(S) and transversions { ) are defined in comparison to the most common haplotype 1

Locality Haplotypes
1
6
3
6
3
1

N Sub

. population of Ibiza anX. sexdentatu@”>0.1), between
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X. sexdentatuand the population of the Bretagri®>(0.1) and between the population of the
Bretagne and PortugaP%0.1). Only the population of the Bretagne showeghiBcant
differences IP<0.001) in the ratio frontal width to carapace Witlb Greece, Ibiza, Portugal
andX. sexdentatus

In order to test the overall differentiation of tgferent populations oK. hydrophilusand
the population oX. sexdentatysa discriminant analysis was carried out usingfive log-
transformed variables carapace length, carapacthwiddy height, frontal width and leg
length. The dataset were subjected to canonicdlyses shown in Figure 3. The group
dispersions were not homogeneous (BdW$est: M=188, F 45, 520s= 3.908,P<0.0001) and
the discrimination between the groups was highbnisicant (Wilks’ Lambda: 0.11F
(20.538) = 25.271P<0.00001; 80.11% correct classification). The papah of Greece is
correctly classified with a likelihood of 90.7% etipopulation of the Bretagne with 90%, the
population of Portugal with 77.42% aixd sexdentatusvith 92.8% likelihood. In addition,
the classification matrix showed that individualsldmging to Ibiza were only correctly
classified in less than 50%, (Table 4). The Mahatésm distancesD{®) of the population of
Greece revealed the shortest distance to the pagulaf Ibiza O? 2.2) followed by Portugal
(D? 6.9), X. sexdentatugD? 11.5) and the most distant BretagBé 19.9). The population of
Ibiza has a close relationship to its neighbougingulations of Greec®¢ 2.2) and Portugal
(D? 2.6). X. sexdentatusas the smallest distance to the population ofugat O? 5.5),
followed by the population of IbizaDf 8.4), Bretagnel* 9.6) and at last GreecB{ 11.5).
The population of the Bretagne shows high distaticeie population of IbizaDf 20.6),
Greece D? 19.9) and PortugalD? 14.1) (Table 4). The first canonical function @bo
accounted for 64.57% of the explained variance. firskand the second canonical function

explained 87.15% of the total variance.
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Root 2

Greece

Ibiza

X. sexdentatus
Bretagne
Portugal

]
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Figure 3. Canonical analysis depicting discrimination byrptemetric measurements betweensexdentatus
and X. hydrophilusfrom Bretagne (France), Portugal, Ibiza (Spaimyl #arga (Greece); plot of the first
discriminant function (root 1) against the secommb{ 2).

The four geographic groups ofantho poressaare not as clearly separable, despite
significant differences in two character ratios andrall differences in discriminant analysis.
Interestingly, most distant is the Adriatic popidat from two other Mediterranean
populations, while it is morphologically closer the Atlantic population. The 1-Factor-
ANOVA analysis of the ratios revealed no significdifference in the ratio body height to
carapace width d3; F=1.433;P=0.223), but significant differences in the ratmeapace
length to carapace widthf(@; F=10.835fP<0.001) and frontal width to carapace width3d
F=15.890;P<0.001).
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Table 4 Numbers and percentage correct dlassification to the different populations (in bold letters) and Mahalanobis distances (D7) based
on the morphometnc classification fimction for the four populations of X. Aydrephilus and X. sexdentatus, and five populations of
X.poresssa

Populations of X. kydrophilus  Bretagne Portugal Ibiza Greece X. sexdentaiy Correct classification (%)
Bretagne 18 1 0 0 1 90
Portugal 1 24 2 2 2 Ti4
7 14.1
Thiza 0 5 7 10 2 292
* 206 " 2e
Greece L 2 1 49 0 90.7
199 69 22
X. sexdentatus 0 1 1 1 39 92.8
7?96 rss 84 D?Ls
Populations of X. poressa Atlantic Corsica [biza Greece Adria Correct classification (%)
Atlanite 23 L 0 17 17 40.35
Corsica 1 1 2 17 1 4.5
i
Ibiza 4 a 1 20 2 3.7
s oS
Greece 9 0 0 86 & 851
29 D*03 Do
Adria 9 0 0 18 48 64
* 0.8 D48 D*3.9 D*3l

The post hoc Schefé-test was always nonsignifiteettveen the populations of Ibiza,
Corsica and Greece and between the populatiorfedhdria and the Atlantic. However, the
analysis revealed significant differencd®<Q.001) in the ratios frontal width to carapace
width and carapace length to carapace width foh bibie Atlantic and the Adriatic
populations versus the population of Greece, larmh Corsica.

For the discriminant analysis four log transformetiables were used: carapace length,
carapace width, body height and frontal width. leggth was excluded from this analysis,
because it was not normally distributed. The foumugs are not as clearly separated as the
populations ofX. hydrophilusbut also show that the group dispersion was notdgenous
(Box's M-test:M=292, F 30, 1236= 9,117,P<0.001) and highly significant differences (Wilks’
Lambda: 0.49F (16.837) = 13.4142<0.00001; 56.38% correct classification) (Figure 4)
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Root 2

Cadiz
Ibiza
Greece
Adria
Corsica

e »e+[Je

Root 1
Figure 4. Canonical analysis depicting discrimination by ptametric measurements ¥f poressafrom

Cédiz (Spain), Ibiza (Spain), Croatia (Adria) aratda (Greece); a plot of the first discriminantdtion (root
1) against the second (root 2).

The canonical analysis showed that the significames mostly due to the following
differentiation: the population of Ibiza and Cossigrouped together with the population of
Greece and the Adria population with the Atlantreoln addition, the classification matrix
showed that individuals belonging to Ibiza and @arsvere only correctly classified in less
than 10%. Instead, they correspond more oftend@tpulation from Greece (Table 4). The
Mahalanobis distance®?) reveal that populations of Ibiza and GreeBé (.7) and the
populations of Corsica and Greedd?(0.3) are closer to each other than the Atlantic
population to Ibiza@? 2.5), CorsicaD? 3.6) and GreeceDf 2.9). On the other side, the
population from the Adria is very similar to thelditic (O 0.8) and shows higher distances
to Greeced? 3.1), Ibiza D? 3.9) and CorsicaD 4.8) (Table 4). The first canonical function

(rootl) accounted for 82% and the first and sedomaot2) for 98% of the explained variance.
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DiscussiON

Population structure, as estimated by neutral nutdecmarkers, is determined by the
interactions between gene flow and genetic drifright 1943; Kimura & Weiss 1964;
Slatkin 1985). Interpretation of the level of sttwre can be difficult, because historical
events and a variety of nonobvious mechanisms eanuwlved in the separation processes
that eventually lead to future speciation.

The 16S rRNA and the more variable COIl mitochondgenes have been shown to be
variable enough for population studies in marinabsr (Schubart et al. 2000a; Fratini &
Vannini 2002). In this study, no single nucleotjaesition along 1167 basepairs of mtDNA
corresponding to the 16S rRNA or COI genes, cowdubed to consistently distinguish
different populations withitX. hydrophilusor X. poressanor to separat¥. sexdentatugom

X. hydrophilus However, the analyses of frequencies of haplotyigé&ributions in theX.
hydrophilus-X. sexdentatusomplex and morphometric comparisons sepafatexdentatus
and allows distinction of geographic formsXn hydrophilus with the geographically most
distant populations from the Atlantic (Bretagneyldhe Mediterranean (Greece) also being
most distinct and the other two populations reprasg transitional forms. This could be the
result of recent separation followed by incomplateage sorting and occasional gene flow
in neighbouring populations (e.g. Ibiza and Porugehe geographic separation may have
been caused or maintained by the Strait of Gibratiing as a gene flow barrier. On the
other hand, this study shows that there is alswictsd gene flow within the Mediterranean
Basin, for which the barriers and exact patteriisngted to be determined.

Triantafyllidis et al. (2005) showed that the Aegegaopulation of the European lobster
Homarus gammarudiffer significantly from the Atlantic samples, all as from the ones
from the Adriatic and West Mediterranean based apidtype frequencies arblst of a 3-kb
mitochondrial DNA segment. Duran et al. (2004b)ngs644 basepairs of the COI gene,
detected a slight but significant pattern of geneifferentiation between the Atlantic and
Mediterranean populations of the sea urdParacentrotus lividusZane et al. (2000) also
observed a genetic cline between both sides oGthealtar Strait for the pelagic crustacean
Meganyctiphanes norvegidaased on a 200 basepair fragment of the mitocheindADH
subunit I. Borsa et al. (1997) carried out analysfesllozyme variation showing fixed allele
differences among populations from the Atlantie thestern Mediterranean, the Adriatic
Sea and the Aegean Sea for the fish spétiaschthys flesusandP. stellatus Furthermore,
comparing samples with enzyme electrophoresis, Manet al. (1997) revealed extensive

genetic divergence between populations of the comintertidal sea anemonActinia
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equinafrom Britain and the Mediterranean. Additional ewdes for Atlanto—Mediterranean
differentiation were already enumerated in theodiiction (Quesada et al. 1995; Geller et al.
1997; Pannacciulli et al. 1997; Naciri et al. 199@rez- Losada et al. 2002). On the other
hand, in the literature we also find examples ofely related pairs of brachyuran crabs, that
are treated as distinct taxa, but for which gersmaration has not been demonstrated so far.
For example, two Mediterranean species of the wvdrganusBrachynotusB. sexdentatus
and Brachynotus gemmellari(see Froglia & Manning 1978), the stone crasnippe
mercenariaandMenippe adingMenippidae) from the Gulf of Mexico and westertiafvtic
(Williams & Felder 1986), the panopeid crabanopeus herbstandP. stimpsonirom the
north-western Atlantic (Schubart et al. 2000b) #rm&lvarunid crab€yrtograpsus altimanus
and C. affinis from the Argentinian coast (Spivak & Schubart 20083k consistent
differences in the 16S mtDNA and can only be sdpdreon the basis of colour,
morphometry or bathymetry, indicating recent sejpama or phenotypic variability
(Schneider-Broussard et al. 1998; Schubart et @012 Spivak & Schubart 2003). These
could represent additional examples for the redesight that morphological differences
between regional populations may be independem tiee genetic discontinuities between
lineages (see also Flowers & Foltz 2001; Wildingaet2000). On the other hand, none of
these examples have been addressed with poputgitgtic methods. Comparison of a few
individuals with the 16S rRNA gene would also héeen insufficient in our case study to
reveal genetic structure withiX. hydrophilusand differences in haplotype frequencies
betweenX. sexdentatuandX. hydrophilus

The stepping stone model of Kimura and Weiss (1%8HBumes a negative correlation
between genetic relatedness and geographic disteneer case, it is possible that gene flow
occurs only among adjacent populationsXofhydrophilusand therefore thést is largest
between the most distant populations and transitistages oi. hydrophilusexist in the
vicinity of the Strait of Gibraltar, all this reftéing isolation by distance. This could be
favoured by the relatively short larval developmehiX. hydrophilus because the genetic
structure of populations of marine animals is oftamrelated with different potential of
dispersal in their larval stages (Kyle & Bouldin@0B). The larval development &fantho
consists of four zoeal stages (Ingle 1983), whihelatively short in comparison to for
example the larval developmentéchygrapsus marmoratuanother Mediterranean littoral
species, with eight zoeal stages (Cuesta & Rodzi§984). Pogson et al. (2001) recognized
isolation by distance in the Atlantic co@adus morhua Planes et al. (1996) in the

surgeonfishAcanthurus triostegusand Ketmaier (2002) in the central Itali&orasellus
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coxalisisopod group. Palma and Andrade (2002) found ar deographic gradient within
the fish genuDiplodus between Atlantic and Mediterranean samples usingphometric
comparsions.

The discriminant analysis of our morphometric deggealed geographic differences for
Xantho hydrophilusand less pronounced also f&r poressaThe classification matrix of
four populations oK. hydrophilusshows that the population from Greece and the jaoipul
from the Bretagne can be classified correctly withhigh likelihood and thus form
morphometrically well separable groups. In contrést populations from lbiza and Portugal
do not represent such distinct groups. For the jatipn from Ibiza the Mahalanobis
distances indicate a high similarity to the neiginog populations from Greece and
Portugal. Furthermore, thest values also show that the population from Greexeahlarger
distance to the population from Portugal than ® ititermediate population from Ibiza. In
conclusion, also in morphometry the population frinza represents a transitional form
between the Atlantic and the Mediterranean Seas iBhexactly what has been postulated in
the literature concerning the separating morphokigtharacters of the two subspecieXof
hydrophilus transitional forms in the western Mediterraneaa #ere recognized by Almaca
(1985) and d’Udekem d’Acoz (1999). In our casep dshydrophilusrom Portugal forms a
transitional form in morphometry between the Bragmgand the Mediterranean Sea.
Therefore, it remains impossible to define the eXmundaries of the two variations Xf
hydrophilus especially when trying to define the ranges efpbssible subspecies.

We therefore consideXantho hydrophilusrom the Atlantic and the Mediterranean one
single species and suggest not to Xiseydrophilus granulicarpuas a distinct subspecies. It
possibly represents a morphological variant (fogrenulicarpus) which seems to be more
common in the Mediterranean, but with no taxonowale. The other taxonomic problem
turns out to be the status Xantho sexdentatuyVith the current lack of results from nuclear
DNA, we suggest thaX. sexdentatuand X. hydrophilusshould still be considered as two
different species (due to their consistent remdykdlfferent morphologies), between which
mitochondrial introgression may occur. Introgressi@fers to gene movement between
species or genetic populations mediated by hylaitin or backcrossing (Avise 2004).
Thus, introgression of mtDNA between taxa can cawsespecies that were monophyletic to
become para- or even polyphyletic with respect toMA. Rawson and Hilbish (1998) have
shown thatMytilus edulismtDNA haplotypes appear in mussel populations ftbenBaltic
Sea, which have predominantl. trossulusnuclear genotypes, indicating that introgressive

hybridization is prevalent among European mussegufations. Alternatively, a lack of
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concordance between species delineation and mitdciad gene genealogies can be the
result of incomplete lineage sorting (Avise etl&l84).

It has been suggested that in the marine environmany species may be organized into
large panmictic populations (Palumbi 1992, 1994)r @enetic and morphometric data show
that X. hydrophiluscannot be classified as panmictic. In the cas¥.gboressathere was
only low variability in the morphometric data, &d far population genetic data are lacking.
The morphometrically distinct population of the Aedis similar to the Atlantic population
and shows larger distances to the western andatééditerranean populations. The Adria
holds an exceptional position within the Meditegan Sea, because of its different
temperature and salinity regimes as well as foruiasual tidal influence. However, the
effect of the Adriatic Sea on the morphometry ofitkéd crabs is not consistent. A single
individual of X. hydrophilusobtained from the northern Adria clustered morpatically
with the central Mediterranean and not Atlantidhds to be considered, however, that in the
Mediterranean the two species distribute at diffedepthsX. poressdives in the shallow
subtidal zone (0—2 m) and thus under direct tiddlence, whereaX. hydrophilusis more
common in deeper rocky areas (1.5-10 m), and lefisenced by tides. We therefore
propose that the similar morphometryXf poressarom the Adria and the Atlantic Ocean
may reflect phenotypic plasticity or convergence ant genetic similarity. This, however,
remains to be tested genetically. Similarly, in g#tady of Schubart et al. (2001), it was
suggested thaBrachynotus gemmellarand Brachynotus sexdentatysossibly represent
different ecophenotypes of a single species aemdifit depths. Also iRyrtograpsus affinis
and C. altimanus molecular and morphometric comparisons reveate@enetic structure,
but two different morphs that were always assodiatgh subtidal versus intertidal habitats
(Spivak & Schubart 2003). Phenotypic plasticityuehced through the tides was also found
in the snailLittorina saxatilis in which a Venice sample and a Swedish sampliy Wwith
weak tidal influence, show morphological similarttyt are distinct from a British sample
and another Swedish with strong tidal influencengda 1985). Besides allopatric separation,
clinal variation thus represents an alternativeaagttion for local mechanisms of adaptation
(Quesada et al. 1995).

In order to determine (1) how consistently Medaeean and Atlantic forms can be
separated, (2) if the closely related speiesexdentatubybridises withX. hydrophilus (3)
how many genetic and morphometric subunitXohydrophiluscan be recognized and (4)
where their exact boundaries are in the Mediteaan8ea, many more specimens of the

genusXanthofrom other areas of its distribution, i.e. Canashaihds, eastern Mediterranean
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Sea, and Black Sea need to be included in the simaliore variable markers (e.g.
microsatellites or AFLP) would help to resolve du@ss concerning local gene flow. In
addition, population genetic studies of specie$ wimmilar distributions and life historieX.(

poressaBrachynotus sexdentateemplex) shall be carried out for comparative psgs.
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ABSTRACT

The ecology oXantho poress&Olivi, 1792) (Brachyura) was studied during fi¢tgbs to the
Mediterranean Sea, the Black Sea and the SpaniahtistOcean. Our results reveal tbéat
poressdives from the intertidal to the shallow subtidaine, and inhabits relatively protected
rocky shores, often with pebble underground, framepile to adult stages. A mark—recapture
experiment revealed a high population density ia Habitat. All stages, but predominantly
juveniles, show a variability of colour patternshigh allow the crabs to blend in with the
rocky substratum, thereby hiding from predatorspassive defence. Adulthood can be
reached with a carapace length smaller than 6 niva.mMorphometric analysis of the species
revealed allometric growth in carapace shape. Ydityin overall size could be observed at
different collecting sites. Neither the colour mimgspnor the size differences could be
attributed to differences of Cytochrome Oxidaseusitbl mitochondrial DNA sequences,
suggesting that ecological rather than geneticepadt are responsible for the different

phenotypes.
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PROBLEM

Recently, phenotypic plasticity has become an itgmbdrconcept in evolutionary thinking
(Pigliucci 2005). Phenotypic plasticity can be usiVely defined as the production of
multiple phenotypes from a single genotype, dependin environmental conditions (Miner
et al. 2005). In many marine crabs, phenotypictli&g in carapace coloration patterns has
been observed. This variation could be relatedafoitat and may involve some advantage
against visual predators through crypsis and caegmlymorphism by making it more
difficult to create a search image (Todd et al.3)00n the case of disruptive coloration, the
characteristic outline of an individual is brokey lands, stripes and spots. The individual
elements of the colour patterns imitate common renmental objects (e.g., in marine
habitats, bits of rock, shell or algae) to a visgakdator (Cott 1957). The shrimps
Heptacarpus pictuandH. paludicolaare under predation pressure by fish, and itggested
that the colour patterns are camouflage against gisvially-hunting predators (Bauer 1981).
Moreover, the body size is already known to be irtgga for the evolution of crypsis
(Forsman & Appelgvist 1999). Crypsis is predomihafdund among several decapods that
are fish-bite sized. Small crabs remain crypticotigh all developmental stages. The
phenomenon of colour polymorphic early settlers ammhochromatic large crabs has been
reported in environments dominated by small pregatsh, where large crabs are less
threatened (Palma & Steneck 2001). In two spediesapine crabs it has been suggested that
the variability in carapace colour pattern disappeaith increasing size (Bedini 2002). In
contrast, the importance of the use of colour padgte¢o differentiate among cryptic and
sibling species in decapods was discussed, e.ghérlpheid shrimp (Knowlton & Mills
1992) and for the grapsid gen@sniopsis(von Sternberg 1994).

The so-called European “stone crafdintho poresséOlivi, 1792), previously also known as
Xantho rivolosugRisso, 1816), is a very common crab in the Mediteean Sea as well as in
parts of the north-eastern Atlantic Ocean. The isgets characterized by a wide oval
carapace, short legs, unequal chelipeds, a notdhenupper buccal field and keel-like
carapace teeth (Forest in Drach & Forest 1953)dikgribution ranges from the Canary
Islands to Portugal and it is present in the elegliterranean Sea, including the Black Sea.
Bedini (2002) suggests that juvenile stone crabs In Posidonia oceanicaseagrass
meadows until the puberty moult, after which thdéaredon the prairies as adults for the
nearest rocky substrate. He defines as juvenikesite class of up to 8 mm carapace length,

and suggests that the adult stage is reached B8 h2m. Furthermore, he postulates tKat
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poressaexhibits a seagrass-specific colour pattern fogmptie mimicry while living as
juveniles among thBosidonialeaves.

For ecological and morphological studies, it issofimportant to know when crabs mature,
e.g. in our case to be able to determine a poskiskein colour polymorphism as adults.
Results from morphometry can be applied to detezrpiiterns of relative growth, establish
sexual dimorphism and the approximate size at arfssgxual maturity (Hartnoll 1982). For
the latter purpose, allometric relationships obplevidth in females and chelar propodus size
in males are related to carapace length or widthalBrupt change of the growth patterns of
pleon or chelae characterizes the puberty moultt(ielh 1974).

We studied the ecology ofantho poressat different collection sites along the Adria, ieom
Sea, eastern Mediterranean, Black Sea and Spanisimtié Ocean. These sites are
characterized by different temperature and salinggimes as well as by different tidal
influences (Hofrichter 2002; Dimitrov & Dimitrov 2@).

The targets of our study were (1) to determine thalpreferences oKantho poressas
juveniles and as adults, (2) to document varietgaddur patterns and their importance for
camouflage in different habitats, (3) to determiife different colour patterns and
geographically distant populations can be sepamgéeetically using DNA sequences of the
mitochondrial gene Cytochrome Oxidase subunit | [jC@) to study patterns of relative
growth for determining the onset of maturity, (6)tést if the morphometry of. poressds

constant throughout its distributionary range &)dd@ estimate local population density.
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MATERIALSAND METHODS
Habitat preferences were documented in the fiettitha variability of colour patterns were

photo-documented (Figure 1). A large variety offatént colour morphs, different
geographical regions and different sizes (smalkliom, large; see below) were included in

the genetic analyses (Table 1).

Figure 1. Examples for different colour morphs Xantho poressaA: purple colour morph, cl: 16.4 mm; B:
white transverse stripes on the walking legs andpace, cl: 10.77 mm; C: white band on the margithe
frontal carapace, cl: 8.22 mm; D: white transvessges on the walking legs and carapace, cl: ™#i; E:
orange colour morph, cl: 4.62 mm; F: camouflager fombs hidden among colourful pebbles. The colour
variability encountered in nature was much higher.
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Table 1. Localities, dates of collection (month-year}, number of specimens used for genetic (N} and morphometric (V) comparisons and genetic
accession number of all haplotypes of X, poressa. Abbreviation of museum: SMF. Senckenberg Museumn und Forschungsinstitut, Frankfurt am
Main.

callection site Ny N males N, females catalogue no. EMEL no.
Spain: Cadiz, 4-2004 90 41 20 SMF 30122 AM418522-23
Spain: Ibiza, 3-2001 & 3-2003 9 14 13 SMF 27529/30123 AM418525-27
Spain: Alicanrte, 5-2005 4 17 14 SMF 31198-99 AM418524
Spain: Tarragona, 9-2006 o] 20 10 SMF 31200-01 n/a

Croatia: Istra, 8-2001, 9-2004 & 9-2005 8 47 28 SMF 27533 AM418516-21
Greece: Parga, 9-2003 4 57 44 SMF 31190 AMA18531
Greece: Corf, 9-2002 2 11 6 SMF 31189 AM418530
France: Corsica, 6-2004, 6-2006 2 18 9 SMF 30124 AM418528-29
Bulgaria: Varna & Sozopol, 6-2005 3 44 25 SMF 31192-93 AM418532
Morocco: Nador, 11-2005 4 4 5 SMF 31195 -

Genomic DNA was extracted from the muscle tissua wfalking leg using the Puregene kit
(Gentra Systems). A selective amplification of gpraximately 660 bp fragment from the
COl (excluding primers) of a total number of 50 @peens ofX. poressavas carried out by
polymerase chain reaction (PCR) (40 cycles; 45 </184n 48-50°/1min 72°
denaturing/annealing/extension temperatures). Nemegps in the COIf—COla region (see
Palumbi et al. 1991) were designed to allow angdifon of X. poressa The following
primer combinations were used: COIf (5-CCT GCA G&SA GGA GAY CC-3') and
COla (5"-AGT ATA AGC GTC TGG GTA GTC-3") (Palumbi al. 1991); COIf and the new
CO H18 (5-CTA TGG AAG ATA CGA TGT TTC-3) and thaternal primers COL3 (5-
ATR ATT TAY GCT ATR HTW GCM ATT GG-3") and COH3 (RAAT CAR TGD GCA
ATW CCR SCR AAA AT-3") (Reuschel & Schubart 2006he PCR products were purified
with Millipore Montage PCR Centrifugal Filter Dews (Millipore, Corp.) or with
‘Quick/Sure Clean’ (Bioline). The products were @pitated with ethanol, resuspended in
water and sequenced with the ABI Big Dye terminator (Big Dye Terminatdt v 1.1 Cycle
Sequencing Kit; Applied Biosystems) in an ABI Prismtomated sequencer (ABI PriSfn
310 Genetic Analyzer; Applied Biosystems). The szmpes were proofread with the program
ABI Sequencing Analysfs 3.4 (Applied Biosystems) and manually aligned wtoEdit
(Hall 1999). Parsimony networks were built with T@Stimating gene genealogies version
1.13; Templeton et al. 1992). Genetic heterogeneithin populations was estimated as
haplotype diversityl{) (Nei & Tajima 1981) and nucleotide diversity) (Nei 1987) with
DnaSP 4.00 (Rozas et al. 2003).

For the morphometric comparisons, 414 specimen§ pbressavere included in this study.
Material from Ibiza (Spain, 2001 & 2003), Alicandé@d Tarragona (Spain, 2005 & 2006),
Corfu and Parga (Greece, 2002 & 2003), Corsicanff&;a2004), Istra (Croatia, 2001 & 2004)
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(all Mediterranean), Cadiz (Spain, 2004) (Atlantit)orocco (2005), Sozopol and Varna
(Bulgaria, 2005) (Black Sea) including both sexesas examined (Table 1). Most crabs from
Croatia, Greece and Bulgaria were released akerganeasurements. Specimens were taken
from the intertidal zone to a depth of 10 m by &eding and occasionally by SCUBA
diving. Visual and manual sampling methods werestat, including all sizes of crabs and
carried out by the same collectors and only inrcleater conditions, so that no bias could
have resulted.

The sample size per population ranged from 9 toid@iiduals. The population was initially
defined according to geographical regions. For riim@phometric analyses the following
morphological measurements were taken: (1) carapasttd (cw); (2) carapace length (cl);
(3) body height; (4) frontal width; (5) ventral légngth of the fourth leg; (6) length of chelar
dactylus; (7) length of chelar propodus; (8) heighthelar propodus; (9) pleon width. The
data were tested for normal distribution with th@l{ogorov—Smirnow test (software
Statistica 6.0; StatSoft). Growth of female pleomttv and male chelar size were plotted
against carapace width to test for abrupt change&gadawth which may be interpreted as the
onset of maturity (Hartnoll 1974, 1982). Patterrfsnworphometric relationships can be
influenced by the effect of allometric growth andesin species of undetermined age. To
reduce the influence of allometry, all measurememe transformed to ratios. Morphometric
ratios were calculated by relating measurementsatapace width. To enable testing of the
remaining effects of allometry, the specimens hadéd grouped. We chose the following
categories: small (cl: 3-15.50 mm), medium (cl51520 mm) and large (<20 mm) in a way
that large populations with smaller individualsg(e Greece) were entirely represented in the
smallest category. To subdivide larger animalshient the 20 mm category was used to
maintain approximately 5 mm differences betweessga of adult animals. The comparison
of morphometric ratios of different groups and gapdical regions was carried out with a
one-factor ANOVA and a post-hoc Schefé test. We aisluded a Levene test to determine
the homogeneity of the data. In addition, discraminanalysis was carried out for a more
accurate differentiation between the groups usaigs. To test possible effects of size of
individual crabs on the used ratios, a regressi@lyais was used to compare regressions of
the ratios carapace length to carapace width agasrmpace width, carapace height to
carapace width against carapace width and fronidthwo carapace width against carapace
width.

For the mark—-recapture experiment, we used thegbehmethod (Krebs 1999). This method

depends on repeated capture and recaptures ses$londirst day, 40 individuals were
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marked over a short time and released. The maskagydone by clipping the dactyls of one
to four walking legs in different combinations. Thalowing days, 40 individuals were
captured again, checked for marks, then marked raetehsed again. A series of four
independent sample sessions were performed infanedrcove near Parga (western Greece).
The cove was 13 m broad, 15 m long and delimited Byeep coast. The population density
was estimated after the formula of Schumacher aatifeeyer (see Krebs 1999).

RESULTS

The study of habitat preference revealed thahtho poressas a common crab in the
intertidal (especially Atlantic) and the shallowbsidal zone, to a depth of 3 m. Rosidonia
oceanica,the stone crab was very rarely found. Juvenilesaults preferred to stay under
larger boulders with a rocky underground consisbhgmall pebbles of different coloration
in shallow areas with low wave exposure, i.e.dittbck displacement. All stages, but
especially smaller animals, revealed a high vdrtglof colour patterns. In some cases, the
crabs show disruptive coloration in the form of tehiransverse stripes on the walking legs
or a white band on the margin of the frontal cacep@igure 1).

The comparison of 50 sequences of 614 basepai3Odfrevealed the existence of one
common and probably ancestral haplotype witkirporessaThe network shows a star-like
shape, with most haplotypes being connected bynfienation steps (Figure 2). Sixteen rare
haplotypes diverge from the common haplotype (HThey were generally present in not
more than one sampled individual. HT1 includes nspsttimens (n=32) with representatives
of different colour morphs and from all geographiegions (Croatia: Pula; France: Corsica;
Spain: Cadiz, Alicante, lbiza; Greece: Corfa, Pamalgaria: Varna, Sozopol; Morroco:
Nador). Eight specimens with the colour morph “whftont” belong to four different
haplotypes (five times HT1, once HT2, HT8 and HTJ}0 the “white stripe” morph is not
attributable to a specific haplotype (HT1 and HT18pecimens from the same collecting
point (Spain: Alicante) with many different colopatterns shared HT1 except for one
individual (HT9). More derived haplotypes do noasha specific coloration or geographic
pattern. There is also no separation by size: Mi€lldes all three categories, HT 5 is present
in a medium and a large crab and HT 10 in a snmallaamedium one. There is low genetic
differentiation withinX. poressahaplotype diversity of the COI gene is moderate (0.593)

and the nucleotide diversityis relatively low (0.004).
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Alicante x3

Figure 2. Minimum parsimonious spanning network construstétht TCS of a 614-bp fragment from the COI
gene ofX. poressa(n=50). Each line represents one substitution; kolggots on lines indicate additional
substitutions separating two haplotypes. The siz¢he circle is representative for the frequencytioé
haplotypes (small circle: N=1; medium circle: N=Pp rectangular box stands for the suggested aatest
haplotype). The shading corresponds to the diftese® categories; the illustrated crabs repret@twhite
front colour morph.

The size of the cove used to estimate populatiorsilewas approximately 170 m2. The
capture-recapture technique allowed calculatingresiy of at least 1.62 specimens / m2. The
captures and recaptures are listed in AppendixutinD all our field trips, we always had the
impression thaX. poressas a species with high population density. Thdembing was done
by turning stones in a depth from 0.3 to 2 m. Uralarost every suitable stone one to four
(rarely 10) specimens were found with differentesiand colour patterns.

In Parga (Greece), we collected 274 crab-specimamging from 3 to 16 mm in carapace
length during three days in the rocky shallow gsiddtiand in Croatia during one day 60
specimens ranging from 7 to 23 mm. The males aréatiger specimens, reaching a carapace
length of 29 mm, the females 22 mm (Figure 3A). Tiest frequent size classes in males
and females are shown in Table 2. From 69 specimatected during two days in Bulgaria,
females (n=25) ranged from 6 to 22 mm and maled4phfrom 7 to 29 mm carapace length,
which makes the specimens from the Black Sea tigeséXantho poressa&ollected by us.
The data of the Black Sea show a lack of mediureesizrabs, which must be the

consequence from an unwanted bias during collectegulting in higher numbers of large
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and small individuals. Only a few and only largals were found in the shallow parts of
Nador Lagoon (Sebkha Bou Areq) in Morocco. The flesén=5) ranged from 20 to 22 mm
carapace length and the males (n=6) from 23 to &7 fhe Morocco field trip was in the
end of November so that the sample size and tHectioin bias during the short immersion
could be influenced by the cold temperature. Alkéikely, smaller crabs may have migrated
to deeper waters. In general, the specimens framdtnthern Adria, the Spanish Atlantic,
Morocco and the Black Sea were larger animals mparison to the smaller specimens from
the lonian Sea and the western Mediterranean. $o fte the role of habitat on size
distribution we sampled in September 2006 two caffie collection sites along the Spanish
province of Tarragona in a distance of approxinyabél kilometres coastline during the same
day. In L’Ampolla (Tarragona | in Table 3) we coufthd all size categories in an
anthropogenically disturbed habitat (jetty and anogediments) and at Cap de Salou
(Tarragona Il in Table 3) only small crabs wererfdun a relatively undisturbed natural cove
(Table 3). Females carrying eggs from Greece angi€oranged from 5-12 mm (Figure
3B). In none of the populations, morphometric cleanig the measured relationships allowed

to determine onset of maturity.

Table 2. Most frequent size classes of males and females of Xantho
poresss at different collection sites {n = number of sampled sped-
mens; CL = carapace length).

males {r) CL {rmrm) fernales {n) CL {rmrm)

Greece 22 10-11 36 8-9
Croatia 17 1415 5 11-12
lbiza & Corsica 5 9-10 6 8-9
Cadiz 5 1718 4 1213

Table 3. Percentages of the various size classes of Nantho poressa
among the different collecting sites.

geographical region Yo gma Yoraecium % Large
Spain: Cadiz 564 309 127
Marocco: Nador 0 0 100
Spain: Alicante ag 10 0
Spain: Ibiza 926 74 0
Spain: Tarragona | 556 389 55
Spain: Tarragona |l 100 0 0
Corsica 846 115 39
Croatia: Pula 518 429 53
Greece: Parga 100 0 0

Bulgaria 476 158 36.6
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Figure 3. A) Size-frequency distribution of females and maléXantho poress&om Greece, B) carapace
length (CL) of females carrying eggs (N=number mifzals)

The test of normal distribution revealed a slig#t Ehift for the measurements of carapace
width, carapace length, body height and frontaltvid herefore an In-transformation of the
raw data was done previous to statistic analysedraAsformation for the not-normal

distributed ventral leg length of the fourth legsa®ot possible, so that it was excluded from
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the subsequent analyses. When using morphometidcfda population comparisons, it is
also necessary to test the influence of allomelhis became especially important after
realizing that different geographic populations siehof animals of different size classes
(Table 3). A one-factor ANOVA analysis revealed rgiigant differences between the
regression coefficients for carapace length topaga width against carapace width (df 1,
F=865.501; p<0.001) and frontal width to carapacddtiwagainst carapace width (df 1,
F=1179.862; p<0.001) but not for carapace heigltat@pace width against carapace width
(df 1; F=0.481; p=0.488) (Figure 4). Therefore, specimens were grouped in categories of
small (cl: 3-15.5 mm), medium (cl: 15.51-20 mm) dacge (>20 mm) animals to test for
morphometric differences between sizes.

The morphometric comparisons Bantho poressaevealed only significant differences in
two ratios between the size groups and the spesinsélow a clear separation in the
discriminant analysis. The 1-Factor-ANOVA analysisthe ratios revealed no significant
difference in the ratio body height to carapacethw(df 2; F=0.844; p=0.431), but significant
differences in the ratios carapace length to caepedth (df 2; F=168.93; p<0.001) and
frontal width to carapace width (df 2; F=186.120@301). The post-hoc Schefé-test revealed
significant differences (p<0.001) in the ratiosrft@a width to carapace width and carapace
length to carapace width for all three groups.

For the discriminant analysis, the three ratiosemesed. The three groups show highly
significant differences (Wilks’ Lambda: 0.47, F{66) = 58.57, p<0.00001; 86.17% correct
classification) (Figure 5). The canonical analy®sfirmed that there is a separation among
the size classes. The first canonical function titpb@ccounted for 99% and the first and

second (root2) for 100% of the explained variance.
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Figure 4. Xantho poressaA) Regression of carapace length to carapacehwadginst carapace width, B)
regression of frontal width to carapace width aga@arapace width.
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Figure 5. Canonical analysis depicting discrimination by ptwmetric measurements ¥antho poressaf
three different size groups: small, medium anddaggplot of the first discriminant function (rabt against the
second (root 2).

To test if there are differences between geografiiiclistant populations we carried out
one-factor-ANOVA of the ratios and a discriminangbysis for the specimens of the small
group only of the following geographical regionsadiz, Ibiza, Corfa, Corsica, Croatia,
Parga and the Black Sea. The 1-Factor-ANOVA anslgsithe ratios revealed significant
differences in the ratios carapace length to caeapadth (df 7; F=2.599; p<0.013) and
frontal width to carapace width (df 7; F=3.562; @3@l). Thepost-hocSchefé-test showed
that there were no more significant differencesvieen the geographic populations. In the
ratio body height to carapace width, there weresmgmificant differences at all (df 7;
F=0.669; p=0.699). In the discriminant analysis gemgraphic regions show significant
differences, but there is no separation or a ridigbrrect classification among the regions
(Wilks’ Lambda: 0.81, F (24.870) = 2.8779, p<0.089;08% correct classification).
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DiscussiON

The field observations revealed théat poressas a very common crab at all our collection
sites at rocky shores of the shallow subtidal zionthe Mediterranean Sea (intertidal in the
Atlantic). The crabs were almost never foundPiroceanicameadows or on sandy-dominated
shores. In seagraBs oceanicaneadows, Bedini (2002) collected 23 craBarCinus maenas
and X. poressaduring 2 years by SCUBA diving at a depth of 208 and suggested that
this represents the juvenile habitat Xf poressa According to our results and the small
sample size of Bedini, the collected specimensedil (2002) must represent a very small
fraction of the overall size class and have setitidtie sea grass meadows in absence of more
suitable habitat. Concerning the adult specimelss, Riedl (1983) describeX. poressaas a
common species in shallow harbours and shores|yrasturring under stones. For the three
species X. poressa X. hydrophilus and X. pilipes a bathymetric separation in the
Mediterranean becomes apparefantho poressaccurs mostly in the shallow subtid;
hydrophilus prefers depths below 2 nXantho pilipeswas most often found by SCUBA
diving at depth of 15 m. This was already descrimgdImaca (1985). Also in the literature it
is commonplace that adults ¥f poressaare inhabitants of the shore aXdhydrophilusof
the littoral down to 40 m depth (Pesta 1918; Zaeyu 968; Riedl 1983).

In the case of the observed colour patternX.oporessaall stages — juveniles as well as
adults — were found with highly variable colourglaolour patterns (Fig. 1). In the literature,
X. poressads also described as variable, brown to olive-gredth red dots and white stripes
(Pesta 1918; Riedl 1983). Bedini (2002) suggeststtie juveniles oK. poressahave colour
patterns that conform to cryptic mimicry in seasgtaas the coloration provides an excellent
camouflage among theosidonialeaves and that the adults change their colotheat final
moult to adulthood completely and move to rockyreko We propose thaX. poressa
juveniles mostly live among small colourful pebblasd larger rocks and reduce the
likelihood of a predator spotting them by matchithgir underground with variability in
colour, also using white transverse stripes onlélgs and frontal carapace to disrupt their
outline (Fig. 1F). Disruptive cryptic coloration passive defence (camouflage) is also found
in the colour pattern oHeptocarpus pictusand H. paludicola (see Bauer 1981). More
examples of camouflage are found in seagrass meadbve old leaves dPosidoniaare
often epiphytized by pink to browfRosiella pneophyllumandHippolyte spp. is mimicking
these thalli with the epiphytes (d’'Udekem d’Acoz9®® Spider crabs (Majidae) are often
overgrown by algae to match the underground (Caasunarez 2002). In the caseCQdncer

irroratus, crabs display a spectrum of non-adult colours disappear as they grow (Palma &
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Steneck 2001)Xantho poressas smaller and more vulnerable th&ancer irroratus
Therefore, it is important for them to keep theypobrphism also as adults, like the chip crab
Heterocrypta granulata(see Gosner 1978). In the Mediterranean Sea, wél aabserve
repeatedly the fish speci€vris julis andThalassoma pavpreying on adults oX. poressa
Our mtDNA data are not linked to colour morphs &mds provide no evidence for colour
heritability. Breeding experiments have to be earout to obtain final evidence that colour
morphs are the result of phenotypic plasticitywtiuld be interesting to compare juveniles
from the same hatch exposed to differently coloweiment throughout several moults.

With our morphometric data, it was not possiblesbhow an abrupt change of growthXn
poressaand thus to determine the approximate size ofaaxaturity. Egg-carrying females
ranged from 5.5 to 11 mm, in the Black Sea up tonbé (Fig. 3B). Ovigerous females were
found from mid May to mid September. No ovigeroaméles were found in the northern
Adriatic Sea in August. In Greece, egg-carrying d&ma ranged from 6 to 11 mm. So, only
crabs with CL < 6 mm may be considered juvenilasthe adulthood may already be reached
at a size of 6 mm carapace length, at least in sointbe studied populations. This differs
from Bedini (2002), who suggested a carapace leafjti—12 mm to reach the adult stage.
Therefore, Bedini’s definition of the juvenile seagnd the postulated seagrass-specific colour
pattern are herewith put to question.

A pattern of allometric growth could be recogniizedhe carapace shape Xf poressathe
smaller the crabs are, the rounder is the caraglzay@e, and the larger the crabs are, the wider
and more oval the carapace becomes. Likewise,rtim iis relatively more narrow in larger
animals. It could be an advantage against predébogsow fast to outgrow predation size.
This is possibly also the case in the other spemfidbe genus<antha For X. hydrophilusit
was suggested that there exists a clear geographar@hometric variation in concordance
with a genetic gradient (see Reuschel & Schuba@&RMHowever, the morphometric results
are in part also influenced by allometric growtiwvounpublished data).

In this study, we document variability in size argayur different collecting sites (Table 3).
When the examined organism spans a broad size,réangan be difficult to extract the
relationship between size and shape from a seteasarements (Zelditch et al. 2004). In our
previous study, the discriminant analysis of theadavealed geographical differences Xor
hydrophilusand less foiX. poressalsee Reuschel & Schubart 2006). In the preseilystu
new analyses oX. poressain which the data set was split in three sizegaties, show no
remaining geographical separation. ThereforeX.imporessaand X. hydrophilus we should

expect size to be the dominant explanation for mmampetric variance and not geographical
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separation. The observed similarity between Adriatid Atlantic specimens of. poressan
Reuschel & Schubart (2006) can now be fully attebuto similar body sizes. The first
canonical function (root 1) of the discriminant &tion of size classes K. poressaccounted
for 99% of the variance. The first function is imtested as a measure of size, and all the
others are interpreted as measures of shape (@eldital. 2004). It is unlikely that the
remaining 1% explain anything but noise. Rincor0@0showed in two sturgeon species that
the two composite variables used in a previousystudre badly affected by ontogenetic
allometry, thereby leading to the ascription oglaand small specimens to different groups.
We could not relate the differences in siz&Xoporessdo a gradual geographical pattern or a
special season of the year. Instead, it may beecklo a different spectrum of predators,
temperature, salinity regimes and unusual tidaluarfce at the collecting points. In
L’Ampolla we found specimens in all size classeswith no big variability in colour pattern.
There, the habitat consisted of large bouldersontfof a jetty overgrown with algae and
partly muddy anoxic sediments. At the same daykra&urther north at Cap de Salou, only
small crabs with a high variability in colour mosptvere found. Here, the bottom consisted
of small colourful pebbles and the crabs were founder medium-sized stones. We therefore
propose that the size variation Xf poressamay reflect phenotypic plasticity, but without
fully understanding the factors favouring differesizes. In the case of the shore crab,
Carcinus maenasBrian et al. (2006) hint that patterns of mormgatal variability in this
species are largely determined by local environalesgnditions and the species may exhibit
phenotypic plasticity in UK populations. Schubatrtaé (2001) suggested thBrachynotus
gemmellariand Brachynotus sexdentatysossibly represent different ecophenotypes of a
single species at different depths. Alsodprtograpsus affiniand C. altimanus molecular
and morphometric comparisons revealed no genetictate, but two different morphs that
were always associated with subtidatsusintertidal habitats (Spivak & Schubart 2003).

It remains to be tested how geographical size tranas determined. For this purpose, future
experiments documenting growth in response to gambconditions should be carried out in
parallel to population genetics. Until now, theseailack of structured genetic variationXn
poressabased on mtDNA (see also Reuschel & Schubart 200&) further studies on
population genetics and colour morphs, variabldeawcmarkers (microsatellites or AFLPS)
would be important to complement our results. Adoay to the estimated high population
density and the wide distribution range of the s . poressamay represent a coastal
metapopulation, reproducing panmictically and simgaphenotypic plasticity with respect to

colouration and size.
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SUMMARY

Field studies of habitat preferencesXofporessaevealed that the species is abundant in a
wide size range in the intertidal and shallow siditizone hiding between small and often
colourful pebbles under larger rocks. A mark—regepexperiment revealed that the species
reaches population densities about 1.62 specimefslmveniles and adults ¥f poressaise
different colours and disruptive cryptic coloratias passive defence (camouflage). A pattern
of allometric growth in the carapace shape andabdiiy in size at our different collecting
sites was observed. The different colour pattensdifferent sized populations seem not be
genetically separated. These results suggest pieagtasticity in the species. Geographical
separation does not seem to play a role for theetgeiand morphometric variability. In
contrast, the comparison of size classes resultechighly significant morphometric
differences, underscoring the important effect dbraetric growth for morphometric

analyses.
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Appendix 1

A list of the captures and recaptures for calculating the
population—density in the field.

5 C M R U

1 30 = = 30
2 32 30 8 24
3 30 54 & 24
4 40 78 7 33

5: successive days capture, C: number of captured spedmens,
M: number of marked specimens, R: number of recaptured specmens
and U number of new marked specimens.
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ABSTRACT

Intraspecific genetic diversity is investigatedtire prawnPalaemon elegan@Rathke, 1837)
(Palaemonidae), a common representative of thetiode and shallow subtidal of the
northeastern Atlantic, including the Baltic Sea thhole Mediterranean, as well as Black
and Caspian Seas. The Mediterranean has been Igtrafigcted by well documented
Pleistocene glaciations, possibly acting as geow tharriers in addition to contemporary
oceanographic boundaries. In order to test polegeiaetic differentiation in dependence of
the biogeographic historyve carried out a population genetic comparison witlo
mitochondrial genes (16S rRNA and COl). Our stuglyerled a surprisingly high population
structure.Three main groups of haplotypes can be separatedfrom the Atlantic Ocean
(Type I) and two from the Mediterranean Sea (Tyipand 111). While Type Il and Il occur
in sympatry, a clear phylogeographic break was mesefor Type I, giving evidence for an
ongoing genetic isolation of Atlantic and Mediterean populations. The borderline lies in
the westernmost Mediterranean Sea and seems tespond to the Almeria-Oran-Front.
Type 1l consists of a very distinct group of hagjees. The high levels of nucleotide
divergence in COIl and the 16S rRNA suggest a aygtiecies withirP. elegansType llI
might have a Messinan origin, when the nearly desed Mediterranean Sea was completely
isolated from the Atlantic, while Type Il could like result from posterior introduction
events of Atlantic specimens. The colonizationh& southern Baltic Sea is most likely due
to human introduction. Our results also indicasstniction to gene flow within the Atlantic

Ocean.
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INTRODUCTION

The common European littoral pravidalaemon elegans adapted to cope with extremely
variable environmental conditions: it tolerates mlevrange of salinities, temperature and
oxygen (Berglund 1980; Berglund & Bengston 1981he Tspecies can be found from
hypersaline lagoons to tidal rock pools, shallovekso coasts,Zostera Posidonia and
Cymodoceasea grass meadows to partly brackish estuariés.also common along man-
made rock jetties and within harbours. The natig&ridution ranges from the Atlantic Ocean
(from Scotland and Norway to Mauritania includiniget Azores, Madeira and Canary
Islands) to the entire Mediterranean Sea and Bk (d’'Udekem d’Acoz 1999). Nowadays,
the species can also be found in the Aral and @aspea, but this goes back to unintentional
introductions in the 1950s (Zenkevich 1963; Graklow&006). Since 2000, it has also
colonized the southern coast of the Baltic Sea,ravhieis already replacing the native
Palaemon adspersu&rabowski 2006). It is discussed, if the introdue there is due to
natural dispersal or to human transport (Grabo§ki6). The broad ecological niche and
the recent range expansion of the distributiorPoklegansmake the prawn an important
player of the European marine littoral fauna. Thepersal capacities are probably high, since
the complete larval development takes place inotean with nine zoeal stages (Fincham
1977), possibly resulting in high rates of genenfland panmictic population structure.
Nevertheless, Berglund and Lagercrantz (1983) fosigdificant genetic heterogeneity by
horizontal starch gel electrophoresis including sampling sites along the Atlantic coast
from Sweden to France. Fortunato and Sbordoni (1888wed also high genetic variability
with allozymes within the Mediterranean Sea. Presip, morphological variations had been
suggested by de Man (1915).

The narrow connection between the Atlantic Oceanh tie Mediterranean Sea has been
proposed to represent an important phylogeogrdmieiak in several marine species based on
oceanographic models and molecular population genéé.g. turtles, Reece et al. 2005;
cirripedes, Pannancciulli et al. 1997; bivalvesgefada et al. 1995; crustaceans, Zane et al.
2000, Triantafyllidis et al. 2005; sea urchin, Durat al. (2004); fish, Borsa et al. 1997,
cuttlefish, Pérez-Losada et al. 2002). The Meditegan Sea was strongly affected by well
documented sea level regressions and Pleistocex&tybns. It was isolated several times
from the Atlantic. In the late Miocene (Messiniuna),sea level regression separated the
Mediterranean Sea from the Atlantic, leading tol fat partial desiccation of the
Mediterranean Sea. At the beginning of the PlioceAdantic water flooded the

Mediterranean Basin again (Hsu et al. 1977), algwhAtlantic species to re-colonize the
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Mediterranean. Also during the Quaternary glaceiqals, sea level regressions limited the
biotic exchange through the Strait of Gibraltar rifvieij 1978). The opening and closing of
the Strait of Gibraltar has made the Mediterranaaregion of high endemism and a
generator of diversity. This This narrow oceanreat could still represent a barrier to gene
flow between Atlantic and Mediterranean populaticarsd be responsible for ongoing
allopatric separation. It is possible that displeissprevented by oceanographic patterns or by
behavioral mechanisms that act to prevent transgdervae between populations (Palumbi
2003). The Mediterranean crab fauna could thus loaiggnated by repeated or continuous
multiple colonization events with adaptation to gpkzed habitats and adaptive radiation
(Almaga 1985). This could have lead to marked gendifferences resulting in cryptic
speciation and a high proportion of endemism (28.&ccording to Hofrichter 2002) in the
Mediterranean Sea. Cryptic species are defined asphulogical indistinct lineages
separated by species level genetic differencedi@Belet al. 2003). Knowlton (1993, 2000)
has indicated that the phenomenon of cryptic spasiwidespread in the oceans. In addition,
several studies have shown the great utility ofengllar markers in diagnosing endemism
and cryptic speciation, even when traditional megkail or are ambiguous (Avise 2004).
Cryptic species ofClavelina (Ascidiae) could be identified in the north-western
Mediterranean with mtDNA data (Tarjuelo et al. 2pOCarcinus aestuariiof the
Mediterranean Sea is morphologically very similarthe Atlantic Carcinus maenasilts
cryptic species status, however, was confirmed gé&hetic analyses of the 16SrRNA gene
and the COI gene (Geller et al. 1997; Roman & Pallz04).

The purpose of this study is to determine the degfegenetic differentiation dPalaemon
elegansalong the corresponding Atlanto-Mediterranean peam coastline, with focus on a
population-level comparison using DNA-sequencesthaf two mitochondrial genes 16S
rRNA and COI. Our comparison includes animals fittva Atlantic and Mediterranean coast
as well as from Norway, the North Sea and Baltia Seasts of Germany and Poland, the
Black and Caspian Sea. This way, we also addresgytlestions whether the Strait of
Gibraltar has a measurable effect on gene flow &éetwAtlantic and Mediterranean

populations and if restricted gene-flow is resugjtin cryptic-speciation.
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MATERIALSAND METHODS

Sampling

Specimens ofP. eleganswere collected from as many different geographigiaes as
possible, comprising the Baltic Sea (2004-05), Negian Sea (2007), North Sea (2004-05),
Atlantic coast of Portugal (2006), Spain (2004-O®)e¢ Canary Islands (2005), the
Mediterranean coast of Spain (2004-06), Croati®42B005), Italy (2006), Greece (2003)
Tunisia (2006), Turkey (2007), Ibiza (2003 and 20@7e Black Sea (2005) and the Caspian
Sea (see Table 2, Figure 1). The samples werectadlevith a hand net, most often from
rock pools, along man-made rock jetties and withanbours. After collection, the samples

were preserved in ethanol (70%).
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Figure 1. Geographical locations of collection sitedPofelegansThe different types are shown in symbols; for
the abbreviations of collection sites look also [€ab(AOF = Almeria-Oran-Front).
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DNA isolation, PCR amplification and DNA sequencing

A total of 282 specimens d?alaemon elegansvere used for this study. For the genetic
analyses, genomic DNA was extracted from the mussteie of the abdomen using the
Puregene kit (Gentra Systems). We amplified mitadnal DNA from the large subunit
rRNA (16S) gene, and from the cytochrome oxidadeusit | (COIl) gene by means of
polymerase chain reactions (PCR) (4min 94°; 40esy@lith 45sec 94° / 1min 48-50° / 1min
72° denaturing/annealing/extension temperaturgsectisely and 10min final extension at
72°). The following primer combinations were us&6lL.2 (5-TGC CTG TTT ATC AAA
AAC AT-3") (Schubart et al. 2002) and16H3 (5- CGGT TGA ACT CAAATC ATG T -

3’) (Reuschel & Schubart 2006). In the case of GlH, specifically designed new primers
COL6Pe (5'- AAG ATA TTG GAA CTC TAT AT-3") and COHR (5"- GTG SCC AAA
GAA YCA AAA TA-3") were employed. Sequences wereangared in DNA alignments of
520 basepairs (bp) 16S and 621 bp COI mtDNA. PCGRIymts were purified with Quick /
Sure Clean (Bioline). The products were ethanotipre&ated, resuspended in water and
sequenced with the ABI BigDye terminator mix (BigyeédTerminatof v. 1.1 or 3.1 Cycle
Sequencing Kit; Applied Biosystems) in ABI Prismt@mated sequencers (ABI Prism™

310; Applied Biosystems).

Data analysis

The sequences were analyzed and proofread witbrttggam ABI Sequencing Analy$ig.4
(Applied Biosystems) and manually aligned with BigE(Hall et al. 1999) excluding the
primer regions and could be aligned unambiguousby.genetic comparisons of populations,
parsimonious networks for both genes were builhwiCS (estimating gene genealogies
version 1.21; Templeton et al., 1992). Loops in tieéworks were solved after the three
criteria suggested by Crandall and Templeton (1:9@3)geographic criterion, (2) frequency
criterion and (3) topological criterion. Genetic tdér@geneity within populations was
estimated as haplotype diversity (Nei & Tajima 1981), nucleotide diversity)((Nei 1987)
and the mean number of pairwise differendgscomputed with DnaSP 4.00 (Rozas et al.
2003). Thedstvalues were calculated with Arlequin 3.1 (Excoffegral. 2005) to estimate
genetic divergences between populations for theemariable COl dataset. The comparisons
were performed within the different haplotype-grspee below). A histogram was done to

illustrate the distribution of the different haplpe-groups (Figure 4).
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Mismatch analysis

To determine the historical demography of the sgeand its genetic subunits we analysed
the mismatch distributions with the model of Rogamnsl Harpending (1992) for the COI
dataset. The mismatch distributions are used tesastt of haplotype data to the sudden
demographic expansion model (Rogers & Harpendiri2)l9Ve tested the null hypothesis
of neutrality, which may be rejected when a popofathas experienced population
expansion (Tajima 1989). Therefore, TajimBgest (Tajima 1989) and Fu's (199 test
and their significance levels were estimated ugingSP 4.00 based on 1000 simulated re-
sampling replicates. Mismatch distribution analysesder the assumption of selective
neutrality, were also used to evaluate possibleotcsl events of population growth and
decline (Rogers & Harpending 1992). Past demogcapdiameters, including(Li 1977),0¢
and6; and their probabilities (Rogers & Harpending 19@2)e estimated with Arlequin and
DnaSP.

Table 1. Localities; locality name of the sampled populasiand the number of specimens used for genetic
comparisonsN) of the 16S gene; the haplotype divershy 4nd nucleotide diversityt] within the examined
population and the three typeskfelegans

Collection site of P. elegans Abbr. | N Type h n
Germany: Kiel: Nord-Ostseekanal Kiel y. I 0 0
Germany: Helgoland Hel 1 | 0 0
Germany: Wilhelmshaven (Niedersachsenbriicke) Wi 3 0 0

Spain: Canary Islands: Gran Canaria (La Isleta, Can7 |1 0.28 | 0.00055
Spain: Cadiz: Rota Cad 6 | 0.6 0.001138
Spain: Malaga: Marbella: Cabo Pino Mal P 0 0
Spain: Granada: Almunecar Gra P 0 0
Spain: Almeria: Garrucha Gar 4 [l 0.5 0.00096
Spain: Murcia: Mar Menor MM 1 1 0 0

Spain: Tarragona: Ebro Delta (2006) EbO6 6 0.88.00128
Spain: Girona: L’Escala Gir 20 1 - -

Spain: Balearic Islands: Ibiza (Cala Llenya) Ibi G111 1 0.01385
Greece: Kalami Beach Gre 3 Il - -
Croatia: Pula Cro 4 1 0.83 0.0022¢
Black Sea: Bulagari: Sozopol BS g Il 0.6 0.00115
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Table 2. Localities; locality name of the sampled populatiaand the number of specimens used for genetic
comparisonsN) of the COI gene; the haplotype diversity &nd nucleotide diversityr] within the examined
population and the three types Bf elegans(type which dominates the population in bold; thenber of
specimens which belong to the type in brackets).

Collection site of P. elegans Abbr. [ N Type h n

Poland: Baltic Sea: Gulf of Dansk Bal pu 0.2 00129
Norway: Bergen: Fantoft Nor 8 I 0.89 0.00397
Germany: Kiel: Nord-Ostseekanal Kiel 1BI1 (9) & 111 (4) 0.9 0.00483
Germany: Helgoland Hel 11 | 1 0.0065
Germany: Wilhelmshaven (Niedersachsenbriicke) Wi 4 1 0.00483
Portugal: Lisbon : Cabo Raso Port 10 | 0.93 0.00969
Spain: Canary Islands: Gran Canaria (La Isleta, Can1o | | 0.87 | 0.0039
Spain: Cadiz: Rota Céad 1 I 0.78 0.002%
Spain: Malaga: Marbella: Cabo Pino Mal 4 I 1 0.0®4p
Spain: Granada: Almunecar Gra 10 | 0.87 0.0033
Spain: Almeria: Garrucha Gar 10 1 0.91 0.0034
Spain: Murcia: Mar Menor MM 2 1] 0 0

Spain: Alicante: Torrevieja Tor g 0.84 0.00272
Spain: Alicante: Cabo Nao Nao 5 i 0.7 0.00225
Spain: Valencia: Puig Val 1q 0.78§ 0.0018p
Spain: Tarragona: Ebro Delta (2006) EbO6 10 1 30.50.00129
Spain: Tarragona: Ebro Delta (2005) EbOb D Il 0.p0.0049
Spain: Tarragona: Ampolla Amp 1011 (8) & 111 (2) 0.84 | 0.00408
Spain: Tarragona: Salou Sal 10 1 0.87 0.004B3
Spain: Tarragona: Vilanova di Geltra Vil 10 1 0.980.00530
Spain: Girona: L’Escala Gir 10 11 (9) & 111 (2) 0.96 | 0.02344
Spain: Balearic Islands: lbiza (Cala Llenya) Ibi 101 (3) & 111 (7) 0.96 | 0.04376
Italy: Sardegna: Palau Sar 5 Il 1 0.003%6
Italy: Livorno Liv 9 i 0.92 | 0.00403
Italy: Fusaro: Lago di Fusaro near Pozzuoli Fus 10 | 1 (7) &I (3) 0.98 | 0.04409
Italy: Calabria: Torre Melissa Cal 7 I 0.95 0.0854
Greece: Kalami Beach Gre 4 Il 1 0.00832
Greece: Crete - 1 1] - -

Croatia: Pula Cro 12| 11 (11) &l (1) | 0.96 | 0.02344
Turkey: Phaselis Tur 9 1 0.98 0.00686
Tunisia Tun 9 I1(2) &Il (7) 0.86 | 0.02312
Black Sea: Bulagari: Sozopol BS p 0.89 0.005f3

Caspian Sea Cas 10 0.47| 0.00269
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Molecular clock

A relative-rate-test was done with MEGA 4.0 (Tamataal. 2007) to test the constancy of
evolutionary rates. We applied the relative ratgstdbetween the common haplotypes of
Type | and Type lll and the common haplotypes opdyl and Type Il using?alaemon
serratus from Ibiza as an outgroup (EMBL number pendingheTsnapping shrimp
mitochondrial for clock COI of 1.4 % sequence dgesice between pairs of lineages per

Myr was used (Knowlton & Weigt 1998) to date theitig of population isolation.

RESULTS

Fifty-three individuals over a length of 520 basepdbp) fragment were used for the
analysis of the 16S rRNA, resulting in 17 haplotyghts) and 29 variable sites, with 17
parsimony informative sites. The genetic heterofjgrrevealed a relative high haplotype
diversity (= 0.811 +/- 0.04) and nucleotide diversity=0.01438 +/- 0.00056) arid= 7.48

as the overall mean number of pairwise differences.

For the mitochondrial COI gene, 282 individuals evercluded and a fragment of 621bp was
used. From Crete we only had one specimen whichdeaated by a colleague. 136 different
hts were detected resulting in high haplotype=(0.950 +/- 0.0009) and nucleotide £
0.0472 +/- 0.00060) diversities. The mean numbepaiwise differences ik = 29.28. A
total of 131 variable sites (21.1 %) were deteet@t 85 parsimony informative sites. Most
substitutions involved transitions, with a trarmititransversion ratio amounting to 3.3. Nine

mutations resulted in an amino acid substitutioth @my two of the nine are fixed.

Haplotype networks

Within Palaemon eleganghe comparison of multiple sequences of 16S mtDiwd COI
revealed the existence of three different haplotypips (referred to as types) for both of
the genes (Figs. 2-3). For the 16S gene (Figurean@nty-three out of fifty-three specimens
belong to the Atlantic Type I. Out of these twetttyee, nineteen share a common haplotype
(ht), which is suggested to represent the ancesaalotype (HT 1). Four additional hts are
separated by one transition from HTI. Type Il ipamted with at least six (p=1.2%) and
Type lll with at least thirteen (p=2.5%) fixed miia steps from all Type | haplotypes.
Within Type I, there exists a common ht (HT llpnsisting of five specimens, and five
additional hts, of which four differ by one mutatiand one by two mutations with respect to
HT II. Type lll is separated by nine differences{p7%) from Type Il and has a common ht

(HT 1) found in thirteen specimens and additiof@r hts separated by one mutation and
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one ht by two mutations. The haplotype diversityclaotide diversity and the mean number

of pairwise differences for each collection site ksted in Table 1.

I: 19 spacimen

Canary Island 6x;
Kiel 2x;
Wilhelmshaven 3x;
Cadiz 4x;

Malaga x2;
Granada 2

Il: & specimen

Canary Island Greece 2x; Girona:;
Ibiza; Croatia

lli: 13 specimen
Garmucha 3x; Ebro Six;

Cadiz | Canary Island

Black Sea x3; Mar
Menor; Ibiza

Helgoland

Black Sea x2

Gresce Croatia

lhiza

Gircna Ibiza

Croatia x2

Figure 2. Minimum parsimonious spanning network of 16S RNohstructed with TCS. The network is based
on the haplotypes of 53 individual prawns. Eacltleirrepresents a single haplotype and its diamister
proportional to the frequency of the haplotype hvilhe smallest circle representing a single indigid Each
line represents one substitution; lines indicatditamhal substitutions separating two haplotypelse Bhading
corresponds to the different types.

In case of the COI gene & elegangFigure 3), the minimum spanning network shows a
higher genetic differentiation in comparison to 168d results in a multiple star-like
minimum spanning tree. Type Il hts could not bespaony-connected anymore to the Type
I-1l network, because they are separated by ovendation steps from the other two types.
Type | includes 80 specimens from Norway (Bergédgrmany (Eckernforde, Helgoland,
Wilhelmshaven, Kiel), Portugal and Spain (Canatgnds, Cadiz, Granada, Malaga). The
haplotype-diversity within this type was high € 0.956 +/- 0.014; N (ht) = 49) and the
nucleotide diversity relative hight & 0.0013 +/- 0.00035) (see also Table 2). Therakht
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of Type | (HT 1) includes 14 individuals from diffent geographic regions. 21 rare
haplotypes are directly connected to HT |. Eleveecgmens from northern Europe are
diverging as the so called haplotype grdufrom HT a. HT a and its seven minimally
diverged hts are from Portugal, Canary Islandsn&ada and Norway. Most specimens of the
Canary Islands resulted in another haplotype-gevopnd HTc with four connected hts. HT
a is separated by four mutation steps anddbly five mutation steps from the HT I; both lie
between HT | and HT II. HT | is separated from HDbYy 12 mutation steps (p=1.9%). Four
fixed steps separate the two groups. The fartheshections within Type | consists of
thirteen mutation steps.

The second haplotype group Type Il includes 89 ispets exclusively from the
Mediterranean Sea: Spanish coast (Ampolla, Saldlandva, Ebro05, Girona, lbiza), Italy
(Fusaro, Calabria), Greece, Croatia, Tunisia ankéyu We obtain similar results for the
haplotype-diversity { = 0.930 +/- 0.020; N (ht) = 52) and the nucleotdieersity @ =
0.0056 +/- 0.0004) as within Type | (see also T&)lerhe postulated ancestral ht of Type II
(HT 1) includes 21 specimens. 27 hts are directiynected to HT Il by only a few mutation
steps in a star-like fashion. A haplotype groupuatbHTd is separated with three mutation
steps and lies between HT | and HT II. 20 rare ¢igpks diverge more or less directly from
HT d. Within Type I, the most distant connecti@sn up to fourteen mutation steps.

Type Il includes most of our specimens (N=118){ baly 36 hts diverged here from the
central ht resulting in a lower haplotype-diversity= 0.771 +/- 0.041) and nucleotide
diversity @t = 0.0029 +/- 0.00032) (see also Table 2). The ggayc distribution of Type Ili
includes the Polish and German Baltic Sea and wikerranges from Mediterranean Spain
(Garrucha, Mar Menor, Torrevieja, Cabo de la Naale¥icia, Ebro06, Ampolla, Ibiza) to
Italy (Fusaro, Livorno), Tunisia, the Black Sea dbaspian Sea. It was also found in one
specimen from Croatia, Crete and Girona each. Tyge@s one common ht (HT IlI), which
was found in fifty-six specimens. HT Il is sepa@tfrom HT | by 54 mutation steps
(p=8.7%) and from HT Il by 53 mutation steps (8.5%@ut of these mutation steps twenty-
six are exclusively for Type Il and therefore cheteristic for this type (Table 3 and 4). 36
hts or haplotype-groups are separated by only arfeuation steps in a star-like shape.
Geographical overlap between Types Il and Il isfaorecorded from the population of
Girona, Ampolla, Ebro, Ibiza, Fusaro, Croatia andni$ (see also Figure 4). For
convenience, the haplotype diversity, nucleotidesidiity and the mean number of pairwise
differences for each collection site was alwaysnested for the type which dominates the

population listed in Table 2 (bold).
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I: a:
Helgoland Feln\\/pHa‘l Canary Island
Kiel Granada x3
Wilhelmshaven b
Portugal x3 Norway x3
Cadiz x5 :
= e Kiel x3
e Wilhelmshaven
c
Canary Island x4
Kiel Helgoland
Cadiz
"
by
b > 50
by

Mal i.?ﬁé\ + + 2 Can
" /\0 Can

d:
Fusaro
Calabria x2
Croatia x2
Ampolla x4
Ebro05
Salou

Sal

Tur :
Amg O
Gre ;i.mpOL\( i
e ———— S Kiel x3
Livomo
Girona
Ebro06 x7
Il Cabo Nao x3
Greece Torrevieja x4
Turkey x2 g-larg{ugz] xsz
Fusaro a
Croatia x2 e: Caspian Sea x8
Girona x3 Fusaro Sardegna
Ampolla x2 Livorno x3 Tunisia x3
Villa Nava x3 Ampaolia Ibiza x2
Salou x4 Cabo Nao Mar Menor x2
Ebro05 x3 Valencia Balfic Sea x9
Tunisia Crete

Figure 3. Minimum parsimonious spanning network of CytocheoOxidase | constructed with TCS. The
network is based on the haplotypes of 282 indivigwawns. Each circle represents a single haploypeits
diameter is proportional to the frequency of theplbgype, with the smallest circle representing agks
individual. Each line represents one substitutitines indicate additional substitutions separatimgp
haplotypes. The shading corresponds to the difféypes. See Table 1 for the abbreviations of disalities.
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Table 3. Variable sites of the 520 bp fragment of the 168eglr Type I, Il and Ill. Asterisks in the lower
sequence indicate nucleotides that are identicahdse in the upper sequence and the last line shbev
diagnostic sites for the Type Ill specimens. Seqaeposition after universal primer 16Sar (Palunmbale
1991).

Type | 148 152 227 229 303 323 344 461

I G A G C G T T T
[
Il A G A T A C C G

Table 4. Variable sites of the 621 bp fragment of the C@he for Type I, Il and Ill. Asterisks in the lower
sequence indicate nucleotides that are identicahdse in the upper sequence and the last line shbev
diagnostic sites for the Type Ill specimens. Seqagposition after universal primer CO1472 (Folmegrle
1994).

Type |68 110 125 140 152 161 221 233 245 281 296 299 341 344

I G C A G C A C C C A A A C G
[
Il AT C T T G T A T C G G T A

Type |345 348 353 374 479 506 527 557 569 581 599 620

I T A T C A A C C T A C C
I . . . . . . . . . . . T
Il G G A T T S T R C T T A

Population genetic parameters

Analysis of molecular variance of the 16S showg tim@st molecular variance can be
attributed to the differences between the threegsy(®3.85%) whereas a very small portion
of the variance was due to variation within popolad (5.79%) and among populations
within types (0.36%). The AMOVA between all subptgiions reveals a significant mean
value of overall®sr of 0.94 (p>0.0001). A strikingly similar result wabtained from the
COIl dataset, the molecular variance between theethypes being 93.68%, within
populations 5.98% and among populations within $ype83%. The AMOVA between all
subpopulations reveals a significant mean valuevefall @st of 0.94 (p>0.0001). Pairwise
@stVvalues between populations are listed in Tableh& domparison was done between all
collection sites where at least seven specimensrewvbeailable. The®sr values were
analysed combining Type | and Il (Table 5) and ¢mdhe high genetic differentiation,
separately within Type Il (not shown). In the cadethe few sequences documenting the
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geographical overlap between Type Il and Il (Ant@olGirona, Ibiza, Fusaro, Croatia and
Tunisia) the rare ones had to be excluded fromréspective analysis to avoid overly
pronounced differentiation. The number of includgmecimens is shown in Table 1. The
analysis revealed significant differences betwegpufations of Types | and Il. Within Type
I and Il alImost all possibléstcomparisons of the Canary Islands, Norway (exatiel),
and Helgoland (except to Cadiz) were significanithid the Mediterranean Sea (Type II)
the @st values are low and almost all of them not sigaific The same pattern was revealed
for all @st values within Type lll, being very low (>0.09) amahly few of them being
significant without a clear geographical pattera.cbnfirm restricted gene-flow between the
northern and the north-east populations of Typeel did an AMOVA. A comparison
between the North-Atlantic (Norway, Helgoland, Vlimshaven, Kiel) and the North-East-
Atlantic (Portugal, Cadiz, Canary Islands) reveakgnificant mean value of overahst of
0.19031 (p>0.0001).
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Garrucha
Mar Menor
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Ebro 06
Sardegna

Livorno

Tunisia
Black Sea

Caspian Sea

Wilhelmshaven
Canary Islands

‘DAtIantic / Type | BMed-new / Type || B Med-old / Type IlI ‘

Figure 4. Histogram showing the distribution of the threegy@and illustrating the geopraphical overlaps. The
shading corresponds to the three types.
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Mismatch analysis

Three separate assemblages of mismatch distrilsutd@re constructed: (A) Type I; (B)
Type Il and (C) Type lll (Figure 5). The mismatcistdbutions for all types were not
significantly different from the sudden expansiondal of Rogers and Harpending (1992).
The smooth unimodal mismatch distributions of thpasated types and the statistics of the
other neutrality tests, Tajimal® and Fu'sFs were significant and negative (Table 6) thus
suggesting sudden population expansion. Negatilteesaf Tajima D suggest deviations
from mutation-drift equilibrium, possibly caused pgpulations bottlenecks (Tajima 1989).
The diversity indices and the magnitude of the ealwf Fu'sFs and of demographic
estimates were similar in Type | and Type Il. Thessults suggest that both types have
undergone a sudden expansion around the same Timeesteep display of the mismatch
curve of Type lll, the smallp, andt are consistent with a recent sudden expanfsan a
small initial population (Rogers & Harpending 199%ise 2000). The smaller the initial
population is the steeper will be the leading fat¢he curve of the mismatch distribution
(Rogers & Harpending, 1992). The diversity indieesl the values of demographic estimates
of Type Ill are different from these of Type | amidsuggesting a distinct demographic
history. Thet estimates appear to support that Type | and Tiypave an older history than
Type lll. The pattern of the multiple starlike netiks may suggest otherwise (Bremer et al.
2005), but Type 11l has the shortest maximum distan(10) between hts, again arguing for a

more recent evolution.
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Figure 5. Mismatch distributions and values obtained from COIl gene sequence data. Dhtedd line
represents the observed pairwise differences. Bhid surve is the expected distribution under thelden
expansion model.

Table 6. Summary of statistics of the COI gene; N, numbersefluences; M, number of haplotypes; h,
haplotypic diversity; n, nucleotide diversity; Symber of segregation (polymorphic) sites; k, meamioer of
pairwise differences between individuals; SD, staddleviation; values of Tajima’s D and Fu withlyability
values (P).

Sample N M h(SD) n (SD) S k(SD) D (P) Fu's (P)

Typel 80 49 0.96(0.014) 0.0013 (0.0004) 86 8.@72) 0.082 3.545 33.477 -1.76 (0.01) -24000Q1)

Typell 89 52 0.93(0.020) 0.0056 (0.004) 59 3.4r8) 1.019 2.992 15566 -2.28 (0.001) -260.0ql)

Typelll 117 37 0.77(0.041) 0.0029 (0.0018) 43 831(1.06) 0.896 1.235 6.401 -2.39 (0.01) -2{07@01)
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DiscussiON

For most marine species, a high level of gene flosuggested, due to the preponderance of
pelagic larval stages and the absence of obviostsiliition barriers for them. Therefore,
panmictic species are predicted and marine speciajppears only probable with long term
geographical barriers or rare colonization eveR&Umbi 1994). However, the extant high
level of marine biodiversity suggests that genelifferentiation and speciation must be
common in marine systems (Mathews 2006). Thereseveral non-obvious barriers to gene
flow: larval behaviour favouring retention, isotai by distance, local genetic drift, or
historical events (Avise 1994; Palumbi 1994; Qugard 996, 1998; Zane et al. 2000). These
barriers have to be taken into consideration inimasystems, when estimating the hidden
marine biodiversity. Most species are defined byrphological characters, despite our
modern knowledge that morphology is a quite complexker and could lead to under- or

overestimation of biodiversity (Lefébure et al. B8R0

Genetic - geographical structure of populations

In our study, the 16S rRNA and the more variablel @@tochondrial genes revealed a
surprisingly high population structure in the marispecied?alaemon eleganand clearly
distinct genetic lineages. Three haplotype-grougs be defined: Type | (Atlantic and
Alboran Sea), Type Il (entirely Mediterranean) ahgpe Il (Mediterranean plus Baltic,
Caspian and Black Seas). The common ht of Typédflotype-group is separated by 13
differences in the 16S rRNA and by over 50 diffeesnin the COI gene from both common
hts of the haplotype groups | and Il. The haplotgpeup Il can be distinguished by eight
fixed differences of the 16S gene and twenty-stedi differences of the COIl gene to both
other types oP. elegangsee Table 3 and 4). Since no morphological difiees could be
found between the different genetic types so farsuggest a species complexRorelegans
with the existence of one cryptic species. Many ingarcryptic crustaceans have been
detected (Knowlton 1993), e.g. in the snappingmsprgenusAlpheususing the 16S and COI
mitochondrial genegMathews 2006), in the seabob shrimp spe&igghopenaeus kroyeri
and Xiphopenaeus rivetiwith COI (Gusmao 2006), and among the mysid shrimp
Mesopodopsis slabbewith 16S and COI mitochondrial genes (Remerie e2@06). When
considering the existence of a cryptic speciesiwith elegansthe taxanomic status of the
species needs to be discussed. SRceleganswas first described by Rathke, 1837 from
specimens of the Black Sea, the ndmelegansorresponds to our Type Il populations and

would thus be restricted to the Black Sea, Caspea eastern Baltic Sea and all of the Type
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[l specimens in the Mediterranean Sea. De Man §1%9&cognized three forms withip.
elegans a species which he referred to lasander squilla The form L. squilla var.
intermedia can be distinguished from the typical form by arsér ramus of the outer
flagellum and by the second leg — the carpus apeehttle shorter than the chelae - and was
described from the Dutch province of Zeeland, thglish Channel, the Irish Coast, Scotch
waters, France and Portugal. Therefore, for typid#lantic (and the Mediterranean
populations of Type II), the nam@alaemon intermediugDe Man, 1915) would become
available. So far the three types could not distisiged by morphological characters. It

remains to be tested whether hybridization is t@kilace.

Causes of dispersal limits

Although Rathke, 1837 describ&d elegandased on specimens from the Black Sea, Type
[l animals probably do not have there origin thérke Black Sea was primarily a freshwater
basin and was flooded with Mediterranean salineewabout only 6800 to 9630 years ago.
As a result, the Mediterranean fauna was introduicgo the Black Sea (Dimitrov &
Dimitrov 2004). The geology of the MediterraneansiBagives evidence for at least one
major isolation event from Atlantic waters followeg massive decrease of the water level
(Messinian Crisis in the Pliocene) (Por & Dimentni®89). Assuming that marine animals
survived in the Mediterranean during that time, pitesexisting evidence of hypersaline
conditions, allopatric speciation from the Atlantiorms would have been the logical
consequence (e.g. Schubart et al. 2001). The veladite test was not significant between
Type Il and the other two types (p = 0.75 for Typend IIl; p = 0.76 for Type Il and IlI).
Therefore, an estimate of divergence could beeduwut, which was based on the calibration
of a molecular clock based on other caridean shjnipe snapping shrimp of the genus
Alpheusisolated by the closure of the Isthmus of Panatmawlton & Weigt 1998). For the
calculation, we used the sequences with the loamdthighest divergence to obtain the mean
value and standard deviation of divergence perianiliyears. Our results indicate that the
divergence between the ancestors of types I&Il Byyk Il occurred 6.85 + 0.85 Myr ago.
This confirms the possibility that Type Il ancastovere isolated from the “Atlantic”
populations during the Messinian Crisis, sinceldbginning of the crisis is dated around 5.96
Myr ago (see Krijgsman et al. 1999). For the Euaspshore crab genu3arcinus genetic
differences of 2.5% in the 16S and 11% in the C&iMeen the AtlanticC. maenasand
MediterranearC. aestuariiwere detected (Geller et al. 1997; Roman & Paludd®i4). This

is comparable t®. eleganswvith genetic differences of 2.5% in the 16S ar®8in the COI
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genes. Demeusy (1958) proposed that the isolatioingithe Messinian Crisis between the
Mediterranean and the Atlantic could have providkd geographic barrier permitting
allopatric speciation withirCarcinus. The same has been suggested for the split in the
varunid genusBrachynotus between the Atlanti@. atlanticusand the MediterraneaB.
foresti (see Schubart et al. 2001). There is also stropgat that the origin of the snail
Salenthydrobia ferreriicorrelates with the crisis (Wilke 2003). With tfleoding of the
Mediterranean Basin with Atlantic water after theddinian Crisis, Atlantic forms were re-
introduced into the Mediterranean Sea, possiblhout reproducing with the local Type Il
ancestors, and progressively separated from Atlantpe |I. Thereafter they evolved to the
new Mediterranean Type Il populations, possibly tussolation by distance, later gene flow
barriers like Pliocene/Pleistocene sea level ragnas and ongoing limited exchange due to
oceanic currents (e.g. Almeria Oran Front). The agaphic analyses of Type | and I
support a similar sudden expansion around the s@nee In the polychaetkeysidice ninetta
(Audouin & Milne-Edwards, 1833), the presence ofraspecific cryptic lineages was
recorded. At some sites this species is sympaitit w collaris Grube, 1870. FokL. ninetta

a re-colonization of the Mediterranean Basin fréma Atlantic, after the Messinian Crisis is
assumed (lannotta et al. 2007).

While Type Il is found only in the MediterraneanaS&ype Ill has a broader distribution. It
also occurs in the Baltic, Black and Caspian Seassaems to dominate the Mediterranean
Sea (see also Figure 4). Often the two types wamed in sympatry (e.g. northeastern Spain,

southwestern Italy, Croatia, and Tunisia).

Invasive species

Grabowski (2006) reported the rapid colonizationtled Polish Baltic coast blalaemon
elegans The author discusses the possibility of the gsebeing an introduced invasive as
opposed to a natural range expansion. In the lesades, several crustaceans spread by
human activity, for example with ballast water (fasth et al. 2000; Leppakoski & Olenin
2000; Tavares & de Melo 2004). Since our study aack that all souttern Baltic Sea
specimens belong to the genetic Type lll, whicbtlserwise confined to the Mediterranean
Sea, it is indeed likely according to our modegtth. elegansvas introduced to the Baltic
Sea by humans and therefore represents an invegaaes. In support of that is also the
finding that the Baltic Sea population shows thevdst haplotype diversity (0.2) of all
studied populations. A possible bottleneck can hi@ael to chance reduction in genetic

variation so that the haplotype diversity was redlicompared to the ancestral population
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(see also Hedrick 2005). Limited mtDNA haplotypeeaisity was also detected in the Baltic
populations of the cladocerddercopagis pengofsee Cristescu et al. 200Ijhe authors
suggest that the population was founded by a smiatiber of colonizers from the Black Sea
and have undergone a bottleneck (Cristescu et0fl1)2 The cause of this translocation
remains unknown. A similar case of a bottleneck @i be assumed for the population of
P. elegangn the Caspian Sea. Again we have a relatively taplotype diversity (0.47)
compared to the population in the Black Sea (0.88)eral geographically isolated lineages
from different species, that currently inhabit imagnted habitats in the Ponto-Caspian
region, show a limited genetic divergence, whiclgimibe attributed to genetic bottlenecks
(Grigorovich et al. 2004).

Physical barriers to gene flow

Our haplotype networks oPalaemon eleganshow a geographic distinction between
Atlantic (Type I) and Mediterranean populationst mith an extension of the Atlantic
population into the Mediterranean Basin (Alboram)Sd-or a long time, the relatively
shallow Strait of Gibraltar, representing the gepipic boundary between the western
Mediterranean and the Atlantic Ocean, was assumadttas a potential barrier of gene flow.
However, more recently it has been suggested tieaftmeria-Oran front between Cabo de
Gata (province of Almeria in south-eastern Spang @ran in Algeria represents the more
important hydrographic boundary between Atlantidd avdediterranean surface waters.
Circular jetties predominate between this front dhe Strait of Gibralta(Tintoré et al.
1988). It has been confirmed for different maripeaes, e.g. the cuttlefis®epia officinalis
(see Pérez-Losada et al. 2002, 2007), the pelagbasisiid crustacealeganyctiphanes
norvegica(see Zane et al. 2000) and the scallBpsten jacobeuandP. maximugsee Rios
et al. 2002) that the Almeria-Oran front representsarrier to gene flow between Atlantic

and Mediterranean populations, which might be Hisaccase foPalaemon elegans

Another European physical marine geographic boyndanfirmed by our data is the
English Channel. The English Channel is an armhef Atlantic Ocean that separates the
island of Great Britain from northern France andrets the North Sea and the Atlantic.
The hydrodynamic features of the English Channdlthe northern Atlantic coasts of France
may also shape gene flow and separate water maisdexth sides from the English Channel
(Salomon & Breton 1993; Jolly et al. 2005). For tAdantic populations ofCarcinus
maenasa slight but significant break between westerropa and northern Europe along the
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English Channel was found (Roman & Palumbi 2004geAetic break was also observed for
the common gobyomatoschistus micropound the British Isles, with distinct haplotypes
dominating at either side of the English Channeys@s et al. 2004). In this study, we
revealed a significant differentiation between populations of the North Sea (east of the
English Channel) and the open northeastern Atlamtiacch must be assigned to the effect of
the English Channel. Thésrvalues showed evidence of a strong correlationvéen
genetic differentiation and geographical distarfcenf Norway to Cadiz). An isolation-by-
distance pattern within the Atlantic is thus plélesi

Conclusions

The results of this study give clear evidence foe¢ haplotype groups withiRalaemon
elegansDue to the high genetic differentiation of onedlod three haplotype groups (2.5% in
16S and 8.7% in COI), we propose the occurrence afyptic species within this complex
(Type IlI) resulting from an isolation event durittge Messinian Crisis based on a molecular
clock calibrating with the COI gene. The genetivedsity of the different types is
furthermore influenced by physical barriers likee tAlmeria-Oran Front and the English
Channel. In order to determine, if members of tived types hybridise and to confirm the
presence of a cryptic species a nuclear marker laeeding experiments should be
performed. In addition, a fine scale sampling atcb@abo de Gata would be important to
determine the exact population structures along thibgeographic boundary. Further
sampling is also needed in populations originafmogn the Atlantic coast, Irish Sea and
North Sea to investigate more closely the phylogaolgc separation withiP. elegansan
this region. This is of particular importance, hesa the®st values among the Atlantic
populations show a higher genetic differentiatibant those within the Mediterranean Sea

and thus give evidence for a higher potential oal@ndemisms.
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ABSTRACT

Surprisingly high levels of genetic differentiatibave been recorded for the European prawn
Palaemon eleganand three main haplotype groups can be distingdislone from the
Atlantic Ocean and two from the Mediterranean Séw geographic separation of the two
haplotype groups of the Mediterranean Sea fromAti@ntic one lies within the Alboran-
Gyre and is proposed to be due to the Almeria-Gramt (AOF). A number of intraspecific
phylogeographic studies have already suggestedhiba®OF is an important barrier to gene
flow, but without determining the barrier more sifieally or with absolute certainty. A fine-
scale sampling around Cabo de Gata (Spain: Almeniad performed to study the
distribution of the three haplotype groups Bélaemon elegansnd to determine more
precisely the geographic barrier to gene flow cduse the AOF. The mitochondrial gene
COl was used for a phylogeographic population caomapa,. A geographical overlap of the
three haplotype groups in this area was revealddspatial structuring of genetic diversity
was shown in an isolation-by-distance pattern altreg Mediterranean Spanish coastline.
The AOF is hereby confirmed as an important phybggaphic break with restricted gene

flow.
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INTRODUCTION

Ocean currents are a major factor for the dispercahany marine life forms as they may
increase the spread of larvae as well as the distaavelled (Palumbi 2003). Approximately
70% of the extant marine organisms have a lifeohystomprising a planktonic larval
(juvenile or adult) and a benthic phase (ThorsoB0)l9The planktonic larval stages allow
many marine species a large dispersal before wettie (Palumbi 2003). It has been
suggested that the dispersal capability, and tbexajenetic differentiation, depends on the
duration of the larval development (Kyle & Bouldi2§00): high dispersal is coupled with
low genetic differentiation and low dispersal witigh genetic differentiation. But a number
of studies have revealed that species with longaladevelopment and high dispersal
potential still may show genetic structuring anstrieted gene flow for example within the
marine bivalveMacoma balthicawith a planktonic larval development up to five ekes
(Luttikhuizen et al. 2003). This phenomenon is fexplained by different oceanographic
mechanisms like wind drift or tidal currents, déysiriven flow, coastal boundary layer and
eddies (Shanks 1995). Therefore, in some caseananerents can also prevent gene flow
between populations.

Oceanographically, the western Mediterranean ismt@mesting geographical area (Carreras-
Carbonell 2006). The Almeria-Oran-Front (AOF) isedfective boundary between Atlantic
and Mediterranean surface waters. The cold andskds®e Atlantic surface waters enter the
Strait of Gibraltar and induces a jet of surfacdewaoward North Africa (see Figure 1). A
part of the Atlantic water returns westwards inmioof two gyres (West and East Alboran
Gyre) and most of the remaining surface water fleastward into the Mediterranean Basin
along the coast of North Africa. In contrast, thehaline Mediterranean water sinks below
the constantly incoming Atlantic waters to form toot water, called the Mediterranean
outflow (Tintoré et al. 1988; Hofrichter 2002).
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Figure 1. Major surface currents in the Iberian- Moroccary Bad Alboran Sea from Tintore et al. (1988).
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Therefore, the AOF is a potential physical barfegrmigration of larval stages and for gene
flow of populations between the Atlantic Ocean aklbdordn Sea on one hand and the
Mediterranean Sea on the other (Naciri et al. 12@8aire et al. 2005). Estrada et al. (1985)
have found different planktonic communities on esicle. Furthermore, a number of studies
have suggested that the AOF is the responsibleogbghraphic break in the described
population genetic structuring (Pannacciulli 198&ciri 1999; Zane et al. 2000; Rios et al.
2002; Cimmaruta et al. 2005; Saavedra & Vifas 2@&nzales-Wanguemert et al. 2006;
Pérez-Losada et al. 2007). But in most of thesdiesuthe sampling design was not specific
enough to confirm with reasonable certainty the Ad3Fa barrier to gene flow (see Table 1).
Therefore, performing a fine-scale sampling for ¢benparison of populations around Cabo
de Gata would be important in order to determihehe AOF actc as a phylogeographic
break between the Atlantic-Alboran and the Medi#ieean Sea and on what scale it is
functioning.

Within the European prawRalaemon eleganéRathke, 1837), Reuschel et al. (submitted)
gave evidence for a surprisingly high populatiamaure using the mitochondrial genes 16S
and COl.Three main groups of haplotypes could be cleayassed with such a high genetic
differentiation that a species complex is suggestgd one cryptic species. The haplotype
groups were defined as Type |, Il and Ill. Typerégents the Atlantic haplotype-group, Type
Il the New Mediterranean haplotype group and Tybeahle Old Mediterranean haplotype
group. The Old Mediterranean Type is separated ffgge | and 1l with over 50 mutation
steps in the mitochondrial gene COI. Within the Medanean Sea, Type Il and Il can occur
in sympatry. The Atlantic and New Mediterranean logype groups also revealed a clear
genetic differentiation along the Atlanto-Mediteremn border (Reuschel et al. submitted).
Within the Mediterranean Sea, the separation wa$asa@stablished between Almufiecar
(Granada) and Garrucha (Almeria) and was intergrietgorobably be caused by the AOF. In
this study, a short-range sampling is carried aoured Cabo de Gata to determine the
distribution of the three previously described loagte groups, to define more precisely the
borderline between the Atlantic and the Meditereaméypes and to confirm the AOF as a

barrier to gene flow using population genetic congmas with the mitochondrial gene COI.
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MATERIALSAND METHODS

A total of 369 shrimps (including 282 samples frBx@uschel et al. submitted) were available
to assess the genetic variability wittin elegansFour new sequences from Corsica and 83
specimens collected along the Spanish coast tondlexcuthe faunal change in this area were
included in this study. The major focus of thisdstdies on the 83 prawns which were
obtained during collecting trips to the Spanish Medanean coast by the second author
(Figure 2 and Table 2). The collected material pr@served in 70% ethanol.

For the extraction of genomic DNA, muscle tissues wemoved from the abdomen of the
shrimp and DNA isolated using the Puregene kit (@e8ystems). Selective amplification of
a 640 basepair product from the mitochondrial ggrniechrome oxidase subunit | (COI) was
carried out by a polymerase-chain-reaction (PCR)d¥cles: 45sec 94°/1min 48-50°/1min
72° denaturing/annealing/extension temperaturekg fbllowing primer combination was
used: COL6Pe (5 - AAG ATA TTG GAA CTC TAT AT-3") dnCOH6Pe (5°- GTG SCC
AAA GAA YCA AAA TA-3) (from Reuschel et al. subntgd). The PCR products were
purified with “Quick / Sure Clean” (Bioline). Thergducts were precipitated with ethanol,
resuspended in water and sequenced with the ABDyigterminator mix (Big Dye
Terminatof v 1.1 Cycle Sequencing Kit; Applied Biosystems)aim ABI Prism automated
sequencer (ABI Prism™ 310 Genetic Analyzer; Applgidsystems). The sequences were
proofread with the program ABI Sequencing Anal§s®.4 (Applied Biosystems) and
manually aligned with BioEdit (Hall 1999) excludipgimer regions. Genetic heterogeneity
within populations was estimated as haplotype dityeth) (Nei & Tajima, 1981), nucleotide
diversity @) (Nei 1987) and the mean number of pairwise diffiees K) computed with
DnaSP 4.00 (Rozas et al., 2003). The AMOVA drgvalues were calculated with Arlequin
3.1 (Excoffier et al. 2005) for the whole data debr population comparison analyses,
sequences from fourteen populations from the Span@astline from Reuschel et al.
(submitted) and the nine populations from this gtuere used (Table 2) to show isolation-
by-distance effects and the haplotype-distribuiong the Spanish Mediterranean coastline
(Figure 4 and Table 3). The comparison was donle @itdiz (southern Spain, Atlantic side)
as reference point. The same populations were dediun a histogram to illustrate the
haplotype-distribution in the area of Cabo de G&tgure 3). The geographical overlaps are

also shown with pie charts in Figure 2.
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Table 2. Localities; locality abbreviations of the sampleapulations, number of specimens used for genetic
comparisonsl), haplotype diversityh) and nucleotide diversityt) within the examined population and the
three types oP. elegangtype which dominates the population in bold; nembf specimens of respectively
type in brackets).

Collection site of P. elegans Abbr. [ N Type h n

Spain: Almeria: Almeria Alm 10 1 (6)/11(4) 0.91 | 0.01014
Spain: Almeria: Los Genoveses Gen 10 | @)(B) 0.91 | 0.01095
Spain: Almeria: San José Jos| D 1 (6)/11(3) 0.89 | 0.01102
Spain: Almeria: Cala de las Toros To 10 I (5) (5N 0.93 | 0.01216
Spain: Almeria: Las Salinicas Sal g 1 (A) L4) /11l (3) 1 0.00926
Spain: Almeria;: Carboneras Car 1o 1 (ah(e)/ 1 (3) 1 0.01196
Spain: Almeria: Macenas Mac 9 [ (3) /11 )1 (4) 1 0.01488
Spain: Almeria: Mojacar Moj 7 11(6) /1 (1) 1 0.00771
Spain: Castell6n Cas 10 1 (2p/(e) /11 (3) 1 0.01236
France: Corsica: St. Florent Cor 4 1 (1)V(3) 0.67 | 0.0011

RESULTS

Together with results from our previous study (Rées et al. submitted), sequences of the
COI gene consisting of 605 basepairs were availabie 369 specimens ¢falaemon
elegans The molecular analysis of the whole dataset ledek44 different haplotypes, 90
parsimony-informative sites and 10 non-synonymousations. The AMOVA between all
subpopulations, including results from Reuschell etsubmitted), reveals a significant mean
value of overalkbst of 0.91 (p<0.0001), the molecular variance betwerthree types

being 81.24%, among populations within types 9.24#b within populations 8.82%. The
AMOVA between the Atlantic Type and the New Meditgrean Type reveals a significant
mean value of overatbst of 0.58641 (p<0.0001). In this case, the molecudaiance can be
attributed to the differences between the two ty{@8s87%) and within populations
(41.36%) whereas a very small portion of the vargawas due to variation among
populations within types (9.77%).

The 83 sequences from southwestern Spain (AImi6&34. 2) could be assigned as follows
to the three previously designed haplotype groRpsndividuals belong to haplotype group |
(Atlantic Type); they are from Almeria, Los GenoggsSan José, Toros, Macenas and one
specimen from Las Salinicas, Carboneras and Céstedspectively. Haplotype group Il
(New Mediterranean Type) includes 42 specimens #dmeria, Los Genoveses, San Jose,

Toros, Las Salinicas, Carboneras, Macenas, MoguhiCastellon. These two types show
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similar haplotype and nucleotide diversities (Ta®)eType Il (Old Mediterranean Type)
haplotypes (htsdre separated by over 50 mutation steps from ther divo types. Type I
includes 14 specimens, but with a lower haplotyperdity and nucleotide diversity. This
third haplotype group includes specimens from Lalin&as, Carboneras, Macenas,
Mojacar, Castellon and is the only type presei@anrucha, Mar Menor, Torrevieja, Cabo
del Nao and Valencia. The geographical overlap éetwnall types is shown in Figure 2 and
3. One of the four sequences from Corsica belomgset Atlantic Type the other three to the

Old Mediterranean Type (not shown).

Figure 2. Geographical locations of collection sitesRf elegans The shading corresponds to the different
types and is proportional to the number of specanehthe types which are found at the site. For the
abbreviations of collection sites see also Takl€dd = Cadiz; Mal = Malaga; Gra = Granada; Gar #r@&da;
MM = Mar Menor; Tor = Torrevieja; Nao = Cabo Naoal\= Valencia; Cast = Castellon; Ebro = Ebro Delta;
Amp = Ampolla; Sal = Salou; Vil = Vilanova; Gir =iéna; AOF = Almeria-Oran-Front).
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Table 3. Summary of statistics of the COI gerd, number of sequences; M, number of haplotypes;
haplotypic diversityx, nucleotide diversity; S, number of segregationly{morphic) sites; k, mean number of
pairwise differences between individuals; SD, staddieviation.

Gen | Sample [N | M | h(SD) n (SD) S k (SD)

COl | Typel 27 | 16| 0.89(0.054] 0.0047 (0.001 27 8423.72)
Typell 42 | 32| 0.97(0.014) 0.0069 (0.0008) 44 14P8)
Typelll |14 | 7 0.8 (0.09) 0.0031 (0.0008) 10 71(8.06)

In our previous study, we only had evidence that tyypes can occur in sympatry. However,
the present study reveals cases where all typesr dogether (see Figure 3). Type |
decreases more or less gradually from Almeria taeévlas. Type Il dominates the central
Spanish Mediterranean coast: from Garrucha to \é@eonly the Old Mediterranean Type is
found. This is also the case in the eastern Baiack and Caspian Seas (Reuschel et al.,
submitted). The distribution of Type Il in the Baland Caspian Sea probably goes back to
unintentional human introductions (see GrabowsKd?20Reuschel et al. submitted). The
New Mediterranean Type is only found in the Med@aean Sea. Within the Mediterranean
Sea, one specimen of the Atlantic haplotype gro@s ¥ound in Castellon and Corsica,

respectively.
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Figure 3. Histogram showing the distribution of the threpey and illustrating the geographical overlaps. The
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In order to determine, if there is an isolationdigtance

Table 4. Pairwise ®@g7 values
between Cadiz and populations

pattern the pairwisebst values — with Cadiz as referencey Type I, Il and IIl. Significant

values are in bold.

population - are presented in Table 4 and FigureTle

Céadiz
comparison was done between all collection sitemalthe |Granada 0.05498
. . . . Almeria 0.2328
Spanish coast and only with the type which dommatee || o conoveses 040932
population. Type | and Il was thereby considereihgle gene | San José 0.1281
. | Toros 0.29595
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Figure 4. The graph demonstrate an isolation-by-distanceepatthown by the pairwis@®sr values - with
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DiscussiON

Marine organisms often show biogeographical patténat can be associated with historical
changes in the relative positions of land and seases. Variations in the hydrographic
conditions may influence speciation and the isotatf taxa (Naranjo et al. 1998; Schubart
et al. 2006). FoP. eleganswe revealed an isolation of populations due sbdnical changes
and ocean currents. The Old Mediterranean Typeisisnef a very distinct group of
haplotypes and its isolation might go back to thesBinian Crisis while the New
Mediterranean Type (Type Il) could be the resutrfra reintroduction of Altantic specimens
after the Crisis without total isolation (see Réwedeet al. submitted). For the Atlantic Type
(Type 1) we here describe a phylogeographic br@de barrier to gene flow lies in the
western Mediterranean Sea and corresponds to theerfd-Oran-Front. It separates the
populations of the Old Mediterranean Type, which peobably be considered as a different
species, and the New Mediterranean Type form thenAt Type. Therefore, the AOF might
play a central role in maintaining previously acqdi allopatric separation which has been
suggested for several marine species and planiseXample for the cuttlefistBepia
officinalis (see Pérez-Losada et al., 2002, 2007), for thestzeAsterina gibbosgsee Baus
et al. 2005), for the scallog®ecten jacobeuandP. maximugsee Rios et al., 2002) and for
four coastal flowering plant species (see Kadextea. 2005).

In comparison to these studies (see also Tableeljlid a finer scaled geoghraphic sampling
to confirm the influence of the AOF on the popuatistructuring. All the three types can
occur in sympatry in this region. In the area obGde Gata, we revealed a geographic break
with a narrow zone of overlap: specimens of theutetpons from Almeria to Toros belong
to the Atlantic Type | as well as to Type Il, whiépecimens of the populations from Las
Salinicas to Macenas belong to all three types fSgare 2 and 3). The Atlantic Type
decreases gradually along the Spanish coast frame to Macenas. This geographical
overlap could be explained due to the instabilitpcean currents. They are often not stable
during a year and vary due to the season whiclsisslnown for the Almeria-Oran front. The
AOF is variable in its shape and position, a fdt tcould influence the distribution of
zooplankton and its dispersal at the front (Fieddat al. 2001). A zone of overlap between
the populations from the Alboran-Gyre and the wmestMediterranean is the effect.
Therefore, the AOF is a phylogeographic break aithansition zone where mixing between
populations of the Atlantic (Type I) and the Medigmean Sea (Type 1l) is still possible. For
example Zane et al. (2000) revealed that the ptipolaof the Alboran-Gyre is an

intermediate between the Atlantic and western Medihean. Our results also show that
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there is occasional transport of Atlantic haplog/pdo the Mediterranean Sea (Castellén and
Corsica). This is most likely due to ocean curreatgasionally transporting Atlantic
propagules into the western Mediterranean. Howeves,interesting to note that there is no
transport of Mediterranean haplotypes into the arasAlboran Gyre or the Atlantic Ocean.
Most of the zooplankton is restricted to the swefagater where its food source, the
phytoplankton, is located (Hofrichter 2002). Sinte2e Mediterranean waters enter the
Atlantic as bottom water, the dispersal of pelalgicvzae into the Atlantic seems to be
impossible. In contrast, due to the Atlantic suefacater the dispersal of larvae from the
Atlantic into the Alboran and Mediterranean Seamae likely. In future studies, a finer
scaled sampling between Cadiz and Almeria will beied out in order to confirm this
hypothesis.

In addition to restricted gene flow due to maringrents occurring in the Gibraltar area,
other factors might explain the Atlantic-Mediteream division of Type | and Il such as
historical events. Mediterranean and Atlantic papahs have been isolated several times
during sea level regressions in the Plio-/Pleistecavith subsequent genetic divergence and
secondary contact. Such biogeographic scenarios baen suggested for other marine
species as the bonifarda sardgsee Viias et al. 2004), the mudstilus galloprovincalis
(see Quesada et al. 1995) and the scafgesen jacobeausndPecten maximugee Rios et
al. 2002). In addition, the different conditionstbe North Atlantic, which is considerably
colder and more nutrient-rich than the Mediterran8aa, could facilitate a phylogeographic
break due to differences in adaptation (Hofrict2@02). Cimmaruta et al. (2005) suggested
that the genetic differentiation within the Europdaake Merluccius merlucciusis due to
differences in water temperatures and salinithattvo basins. In the case of the Ebro Delta,
we collected two populations in different yearsQ2@utside the harbour of St. Carles de la
Rapita and 2006 inside the harbour. The populatib2005 belongs to Type Il and the
populations of 2006 to Type lll (see Reuschel esabmitted). It is possible, that different
types adapted to different environmental conditid@snetic differentiation in response to
different habitats is shown for the ascidian gedlavelina the *“interior” form of C.
lepadiformis adapted to harbour environment and the “extertorrocky littoral habitat
(Tarjuelo et al. 2001).

There is no abrupt or strict linear genetic différation of the closely related Type | and
Type 1l along the Mediterranean Spanish coastlssee (Figure 4). Within the Mediterranean
Sea, the complexity of the coastline and the nuoeeislands create many small eddies and

other local currents (Send et al. 1999). This dralow amplitude of tidal currents in the
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Mediterranean Sea could reduce the dispersal dapatfi marine species (Shanks 1995).
Therefore, the gene flow between populations aedsgireading of the different types could
be different along the coastline. This might alsplain that in some places the different
types occur in sympatry and in other places or deoaegions only one type is found (e.g.
between Garrucha and Valencia).

This is the first study that clearly shows in detta¢ effect of the AOF as barrier to gene flow
for the marine fauna. We suggest the AOF to beadnthe main reasons for maintaining
cryptic and endemic species in the Mediterranean Aéhigh genetic differentiation due to
the AOF was revealed between Type | and Il andtimadilly it acts as a barrier for dispersal
of Type Il into the Atlantic Ocean. However, inetrarea of Cabo de Gata restricted
haplotype mixing is still possible between the Atla and New Mediterranean Type
populations. Therefore, this narrow zone is a items zone for marine species. Another
important result is the evidence of transport ofaAtic propagules into the Mediterranean
Basin, while no Mediterranean propagules were faartde Atlantic.
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ABSTRACT

Genetic divergence in the West Indian freshwateingh Xiphocaris elongata(Guérin-
Méneville, 1856) is here described as DNA-sequewmagation in fragments of the
mitochondrial genes COI (48 individuals) and 168IAR(13 individuals) from five different
river systems of Puerto Rico and comparative maltéiom Cuba, the Dominican Republic
and Jamaica. The study revealed high genetic ditation withinX. elongatabut without

an apparent geographic pattern. The demographiysmsaof the species suggest a small
initial population that experienced a sudden exiganslhe previously described variability
in the relative length of the rostrum resultingtlimee to four morphs (in part considered as
species) was tested with genetic and morphometethads. While the morphometric
analysis confirmed significant differences betwedbnee distinct morphological forms,
molecular results gave no evidence for a mitochiahdifferentiation of these phenotypes
We therefore propose that the variable length & tbstrum represents phenotypic

variability, only partly depending on carapace size
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INTRODUCTION

Species with different life history strategies bkely to display different genetic structuring,
because population structure, genetic divergencelaval dispersal are strongly coupled
(Slatkin 1981; Palumbi 1992). In marine specieghhiates of gene flow are assumed to
maintain panmictic reproduction. Indeed, populatgemetic studies of many species have
shown that high dispersal potential due to planktdarvae is often associated with only
mild genetic differentiation over large scales (Sebneider-Broussard et al. 1998; Kojima et
al. 2003; Spivak & Schubart 2003; Reuschel & SchuBf07). In freshwater systems,
barriers to gene flow promoting speciation are mpreminent than in marine systems,
because each stream and its tributaries harbopopalation potentially separated by land
from adjacent ones. Therefore, species that inh&bgh water often display higher
population genetic structure, which has been preghass a general rule for species of
freshwater fish (Avise 2004). For example, recamlgses of mtDNA in the marine and
riverine populations oAthering showed that the marin®. presbytempresents a pattern of
high level of gene flow and low degree of genetiffedentiation, whereas the riverine
speciesA. boyerishows differentiation between the populations (Eisoo et al. 2006). In
freshwater species, the potential for larval disgers furthermore limited, because larval
development is often abbreviated or reduced anaffispring tends to remain in the parental
habitat like in sesarmid crabs of Jamaica (Schub&oller 2005). Therefore, levels of gene
flow are often so low that natural selection andhajie drift may occur more or less
independently in each deme. For example, Hughes ¢1996) revealed for the freshwater
shrimp Caridina zebra a species with a highly abbreviated larval dewelent with no
planktonic stage, a high genetic differentiatioroaginine isolated populations.

The Caribbean endemic freshwater shriKiphocaris elongatéhas an amphidromous life
cycle and thus represents an intermediate betwg®oat marine and freshwater species.
Females release larvae in the upper reaches afsrivem where they drift passively to
coastal environments to develop and metamorphosgaostlarvae that subsequently migrate
back upstream to adult (freshwater) habitats (fseMyers et al. 2000; Cook et al. 2006 and
McDowall 2007 for other amphidromous species). €fae, the question arises, whether the
population structure shows a pattern of typicadlivgater or marine species. Barelongata,
the length of the larval development, the habifdarval development (in the open ocean or
in estuaries) and the mode of localization andrreta the mouths of freshwater streams
should determine the degree of geographic structhuerently, this important life history

information is unknown. Benstead et al. (2000) aveced the presence of several larval
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stages ofX. elongatain two estuaries and suggested that at least pogron of larvae
develop to post-larval stage in estuarine habitatgeneral, Chace and Hobbs (1969) and
Fiévet et al. (2001) suggest for Caribbean shringpfeeshwater species the presence of their
larvae in estuaries, close to the coast or uprivexe predict a larval retention life history
strategy, as opposed to larval dispersal, theredisp may be limited to adjacent or nearby
estuaries and restricted gene flow would be the&gonsequence.

Morphologically, the most evident characteristicXofelongatais the extreme variability in
the relative length of the rostrum. Based on d#ifees in rostral length, Pocock (1889)
subdivided X. elongatainto three distinct species and one variety. Theppsed taxa,
Xiphocaris brevirostrisPocock, 1889,Xiphocaris gladiator Pocock, 1889, Xiphocaris
gladiator var. intermediaPocock, 1889 an&iphocaris elongatan correspondence to the
length of their rostra, are here used for morphckigsubdivison only. Ortmann (1894),
Bouvier (1925) and Hart (1961) argued that only species should be recognised and that
Pocock’s species are, if anything, only subspemiesrieties. The reason for the variability
in the relative length of the rostrum could notebglained so far. Chace and Hobbs (1969:
87) pointed out the following pattern for the phememon: “the rostrum increases rapidly in
relative length in the youngest juveniles, and thgesdually decreases in proportion as the
body lengthens and broadens”.

The genusXiphocaris occurs only on the West Indian Islands and no cletatives are
known from the mainland. Most of the islands aréalder than the late Oligocene or early
Miocene. For the colonisation of the Greater Aesltwo hypotheses are being discussed:
the dispersal and the vicariance hypothesis (Whlicl989; Page et al. in press). Both result
in geographical isolation (allopatry), which in gnallows separated populations to evolve
independently (Humphries & Ebach 2004). The disgdensodel postulates that either four
centres of origin contributed through massive langshort term dispersal to a Caribbean
fauna, or that one Caribbean centre contributeghteastern Pacific, eastern Atlantic, North
and South American fauna (Hedges et al. 1992).vi¢eriance model, on the other hand,
considers the Caribbean biota a result of fragnteatecestral biota that occupied a “proto
Antillean archipelago”, colonised from North anduBo America during times of direct
contact in the Mesozoic. Portions of Pacific seaflaonoved eastward carrying the
archipelago with it. Islands and their biota mouedtheir present location during late
Mesozoic & Cenozoic (Rosen 1976). Phylogenetic istidare supporting vicariance
(Chakrabarty 2006) and dispersal (Perdices etO8l5R highlighting the unsolved history of
Caribbean freshwater faunBor Xiphocaris,Chace and Hobbs (1969) pointed out that the
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species may represent the remnant of an old stwakhas disappeared from its original
distribution and has found a congenial habitaha\WVest Indies.

In this study, we used a molecular phylogeograpipisroach to investigate the population
structure ofX. elongataat two different scales: between different rivgstems of Puerto
Rico and between the islands Puerto Rico, DominkRapublic, Cuba and Guadeloupe, with
single individuals from the latter two localitied/e used mitochondrial DNA sequences of
the 16S rRNA and the COI gene. The morphologicaietias “X. brevirostris”, “X.
gladiator” andX. elongatavere compared with genetic and morphometric meghiocrder

to investigate whether the species can be splieparable distinct morphs or whether there is
a gradient of rostral lengths. With the whole detawe also investigated the demographic

history of the species.

MATERIALSAND METHODS

Genetics

For the intra-island comparison we analyzed 22 igpats from five different river systems
of Puerto Rico. For the comparison among islan@sineluded twelve additional individuals
from different river systems of the Dominican Rejuland twelve from different river
systems of Jamaica (see Table 1 and Figure 1).speeimen each from Cuba and from
Guadeloupe was available for this study.

For the genetic analyses, genomic DNA was extrdected the muscle tissue of the abdomen
using the Puregene kit (Gentra Systems). A totahbver of 48 specimens of the genus
Xiphocariswas examined (Table 1 and 2). The selective aroglibn of an approximate 540
basepair fragment from the large subunit rRNA g&t&S) for 13 specimens and a 640
basepair fragment of the cytochrome oxidase sudugéne (COI) for all specimens was
carried out by polymerase chain reaction (PCR)cidfdes; 45sec 94°/1min 48-50°/1min 72°
denaturing/annealing/extension temperatures). Tolwing primer combinations were
used: for the COI, the new primers COL15 (5" - G&CT GGD GGW GGW GAC CC - 3')
and COH19 (5" - TAT ATA AGC ATC GGG GTA ATC — 3)ere designed; for 16S 16L2
(5" - TGC CTG TTT ATC AAA AAC AT - 3") (Schubartteal. 2002) and 1472 (5" - AGA
TAG AAA CCA ACC TGG - 3%) (Crandall & Fitzpatrick296). The PCR products were
purified with Quick Clean (Bioline), precipitatedittv ethanol, resuspended in water and

sequenced with the ABI BigDye terminator mix (Bigyd Terminator® v 1.1 Cycle
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Sequencing Kit; Applied Biosystems) in an ABI Prismtomated sequencer (ABI Prism™
310 Genetic Analyzer; Applied Biosystems). The semes were proofread with the
program ABI Sequencing Analysis® 3.4 (Applied Bissgms). Alignments were carried out
by hand with BioEdit (Hall 1999), excluding themper regions.
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Figure 1. Map of the Caribbean Islands and of Puerto Riaduding collection sites of the different river
systems of Puerto Rico (I = Rio Guayanés, Il = &immani, Ill = Rio Jacaboa, IV = Rio Nueve Pasos, V
Rio Fajardo; shading corresponds to collection).site
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Table 1. Localities (PR=Puerto

comparisons of the 16S gene.

Rico, DR=Dominican Repuplisumber of specimens used for genehiy (

Species Collection site N
Xiphocaris“brevirostris”

Xiphocaris“brevirostris” Jamaica: Morgan River 1
Xiphocaris"brevirostirs” DR: Rio Yéasica 2
Xiphocaris"brevirostirs” PR: Rio Guayanés N18°03,883 W65°59,727 1
Xiphocaris"brevirostirs” PR: Rio Jacaboa N18°01,149 W65°59,727 1
Xiphocaris “gladiator”

Xiphocaris “gladiator” PR: Rio Fajardo N18°16,904 W65°43,896 1
Xiphocaris elongata

Xiphocaris elongata Jamaica: Great River: Marchmount 2
Xiphocaris elongata Jamaica: Rio Bueno 1
Xiphocaris elongata PR: Rio Guamani N18°02,031 W66°06,110 1
Xiphocaris elongata PR: Rio Fajardo N18°16,904 W65°43,896 1
Xiphocaris elongata PR: Rio Nueve Pasos N18°09,467 W67°04,534 1
Xiphocaris elongata Cuba: Rio Canas,Wof Trinidad N21°50,23 W80°01,47 1

Table 2. Localities (PR=Puerto Rico, DR=Dominican Republisymber of specimens used for genehig) (

comparisons of the COI gene, number of individuasisd for the morphometritNg) comparisons.

Species Collection site Ng Nm
Xiphocaris“brevirostris”

Xiphocaris“brevirostris” Jamaica: Upper Cabarita River -
Xiphocaris“brevirostris” Jamaica: Rio Negro 4 11
Xiphocaris"brevirostirs” DR: Rio Yéasica 4 -
Xiphocaris"brevirostirs” PR: Rio Guayanés N18°03,883 W65°59,727 5 9
Xiphocaris"brevirostirs” PR: Rio Jacaboa N18°01,149 W65°59,727 5 12
Xiphocaris “gladiator”

Xiphocaris “gladiator” Jamaica: Green Island River 4
Xiphocaris “gladiator” DR: Los Patos 3 3
Xiphocaris “gladiator” PR: Rio Fajardo N18°16,904 W65°43,896 1 2
Xiphocaris elongata

Xiphocaris elongata Jamaica: Rio Bueno 1 -
Xiphocaris elongata Jamaica: Great River: Marchmount 1
Xiphocaris elongata Jamaica: Morgan River - 3
Xiphocaris elongata Jamaica: Bluefields - 4
Xiphocaris elongata DR: La Escalareta 5 5
Xiphocaris elongata PR: Rio Guamani N18°02,031 W66°06,110 3 3
Xiphocaris elongata PR: Rio Fajardo N18°16,904 W65°43,896 3 4
Xiphocaris elongata PR: Rio Nueve Pasos N18°09,467 W67°04,534 5 6
Xiphocaris elongata Guadeloupe 1 -
Xiphocaris elongata Cuba: Rio Canas,WofTrinidad N21°50,23 W80°01,47 1-
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To determine the historical demography of the papoih we analysed the mismatch
distributions with the model of Rogers & Harpend{§92). The mismatch distributions are
used to assess fit of haplotype data to the sudderographic expansion model (Rogers &
Harpending 1992). We tested the null hypothesiseoittrality, which may be rejected when a
population has experienced population expansiojin(@al989). Therefore, TajimaB-test
(Tajima 1989) and Fu's (199F test and their significance levels were estimatsitg
DnaSP based on 1000 simulated re-sampling repdicatesmatch distribution analyses,
under the assumption of selective neutrality, wads® used to evaluate possible historical
events of population growth and decline (Rogers &pgénding 1992). Past demographic
parameters, including (Li 1977), 6o and 6; and their probabilities (Rogers & Harpending
1992) were estimated with Arlequin and DnaSP.

Morphometrics

For the morphometric comparisons, 2L brevirostris”, 13 X. elongataand 2 X. gladiator”
from Puerto Rico, 11X. brevirostris”, 8 X. elongataand 4 ‘X. gladiator” from Jamaica and

5 X. elongataand 3 X. gladiator” from the Dominican Republic were included in the
analysis. The following morphological measurememée taken: 1) carapace length with
rostrum and 2) carapace length up to the orbit (€Ehe rostrum length (rl) was then
calculated as the difference from these two measemés. The data were tested
independently for normal distribution by the Kolnoogv-Smirnow-test (software Statistica
6.0; StatSoft). To reduce the influence of allomeegrowth, the rostrum-carapace ratios were
used for subsequent analyses. The comparison ofidnghometric ratio of X. brevirostris”,

“X. gladiator” and X. elongataand a geographical comparison Xf brevirostrisand X.
elongatafrom the different islands were carried out witth-&actor-ANOVA and a post-hoc
Schefé test. In order to test possible effectszaf sf individual shrimps on the used ratios, a
regression-analysis was used to compare regrestibe ratio of rostrum length to carapace
length against carapace length. A scatterplot vaassteucted to show the relationship of

rostrum length to carapace length of both propepedies.
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RESULTS

Genetics

For genetic comparisons of populations, we used(lasepair alignment of 16S mtDNA
and a 620 basepair fragment of the COI gene. Th®e A€work of the 16S showed a high
number of haplotypes with thirteen specimens regpin twelve different haplotypes and a
high haplotype diversityhj of 0.98, whereas the nucleotide diversity was comparatively
low (0.00589). The maximum pairwise difference kestw two haplotypes was six mutation
steps. The network revealed no geographical paffegure 2).

Due to the higher variability and thus separatingeptial of the COI gene, we included
many more specimens in this comparigdi=48). We first built a minimum spanning
network out of 22 specimens from the five differeivter systems of Puerto Rico. The
network showed a star-like shape, with no frequeagtlotype. The haplotype with most
connected haplotypes was suggested as centraltyyagld 8 rare haplotypes have diverged
from the central haplotype. Haplotypes were geherptesent in not more than one
individual per population and most haplotypes warenected by only few mutational steps,
again resulting in high haplotype diversity and loucleotide diversityl(; 0.987;x: 0.0082).
The most distant connection of 11 mutational st@as between a haplotype from the river
Guamani and a haplotype of the river Guayanés, thath systems being in the southeast,
but draining independently from each other (Figdixe

The second network includes all specimens (N=48)slmowed a similar pattern: it revealed
a star-like shape with high haplotypic diversity9®) but low nucleotide diversity (0.00832)
(Figure 4). The haplotype diversity, nucleotideeatsity and the mean number of pairwise
differences for Jamaica, the Dominican Republic Rodrto Rico is listed in Table 4. Thrity-
three of the 40 haplotypes were not present in rii@e one individual; six were represented
in two haplotypes and the central haplotype wasdon three individuals. The most distant
connections sum up to 15 mutation steps betweeanwmiduzls from Guadeloupe and Puerto
Rico and between two individuals from Puerto Rico.

There was no clear evidence for a correlation betwgenetic structure and geography or
morphology as shown by the minimum spanning tree lanAMOVA and F-statistics: the
analysis of variance of 620 basepairs of COIl betwalé subpopulations revealed a mean
value of overall®st of 0.0052 (p=0.48). The highest percentage ofatiamn was within

populations of single river-systems (99.48%).
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Figure 2.  Minimum parsimonious spanning network of elongata (N=13) constructed with TCS
corresponding to a 540-basepair fragment from % ARNA gene. Each line represents one substitution
circles indicate additional substitutions sepatatimo haplotypes. The size of the circle is repneséve for the
frequency of the haplotypes (small: N=1; large: N=Phe shading corresponds to geographic origin and
numbers corresponds to the different river systeihfuerto Rico (black = Dominican Republic, whit€gerto
Rico, gray = Jamaica; | = Rio Guayanés, Il = Ri@a@ani, Il = Rio Jacaboa, IV = Rio Nueve Pasos, Rie
Fajardo).

To study the exact degree of differentiation betwé®e different populations, we further
subdivided the samples into the three islands.Thiewse @sr —values were low, not
significant and within the range of 0.00084 to ®DXp>0.1). The percentage of variation
among the three groups was 0.40%. The results dtlearly that there is no genetic
differentiation among populations.

The morphological varietiesX. elongata and “X. brevirostris” revealed no genetic
differentiation @st — value of 0.00239; p=0.33). The high haplotypeedsity and low
nucleotide diversity of both genes suggest rapigupdion growth from an ancestral

population with small size, provided the time was#fisient for detection of haplotype
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variation via mutation, yet too short for an acclation of large sequence differences (Avise
2000).

Figure 3. Minimum parsimonious spanning networkXfelongatafrom Puerto Rico (N=22) constructed with
TCS corresponding to a 620-basepair fragment flerOl gene. Each line represents one substitutiories
indicate additional substitutions separating tw@lbiypes. The rectangular box stands for the sugdes
ancestral haplotype, circle size corresponds tdohgpe frequency (small: N=1; large: N=2). Shadismgd
numbers correspond to the different river systdmsRio Guayanés, Il = Rio Guamani, Il = Rio JamdV =
Rio Nueve Pasos, V = Rio Fajardo).
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Figure 4. Minimum parsimonious spanning network of elongata (N=48) constructed with TCS
corresponding to a 620-basepair fragment from td @ene. Each line represents one substitutiomjesr
indicate additional substitutions separating twplbiypes. The circle size corresponds to haplofypguency

(small: N=1; medium: N=2; large: N=3). The arrowdicates the morph with the long rostrum and thelisita

corresponds to geographic origin (black = DominiBapublic, white = Puerto Rico, gray = Jamaica).

Table 4. Summary of statistics of the COI gene separateislands; N, number of sequences; M, number of
haplotypesh, haplotypic diversityn, nucleotide diversity; S, number of segregatioolymorphic) sites; Kk,
mean number of pairwise differences between indisfisl

Sample N | M h n S K
Puerto Rico 22| 19| 0.94 0.0082 31 5.08
Jamaica 12| 10 0.9 0.0064 18 3.98
Dominican Republic| 12| 12 1 0.0094 26 5.83
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The pairwise mismatch distributions within the wdgopulation was analysed and the
observed distribution of these data correspondsebtjoto the expected (Figure 5), which
means that a sudden expansion occurred. The misrdaributions were not significantly

different from the sudden expansion model of RogekHarpending (1992). The statistics of
the other neutrality tests, Tajimalsand Fu'sFs were significant (Table 3). These results

and the smalt 0f5.393 suggest a relatively recent and sudden eigaatthe population.

Table 3. Summary of overall statitstics for the COI gefieXoelongataN, number of sequenceel, number of
haplotypes;h, haplotypic diversity;r nucleotide diversity,S number of segregating (polymorphic) sit&s;
mean pairwise differences between individuals; S@andard deviation; values of Tajimds Fu’'s Fs and
Harpending’s Raggedness index with probability esl@).

X. elongata N M h (SD) n (SD) S k (SD)

48 40 0.99 (0.006) 0.00832 (0.00058) 51 5.16 (4.79
X. elongata 0o, 7, 01 D (P), Fs(P), Harp.(P)

0.003, 5.393, 235.034 - 1.9146 (<0.05), -25.488405), 0.0121 (0.51)

0.15

0.1

0.05

20 ' 30
Pairwize Differences

Figure 5. Mismatch distributions and values obtained from COI gene sequence data. Dhtedd line
represents the observed pairwise differences. Bhid surve is the expected distribution under thelden
expanison model.
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Morphometrics

The 1-Factor-ANOVA and post-hoc Schefé test revkaggnificant morphometric
differences between X. brevirostris”, "X. gladiator” and typical X. elongata (df 2;
F=141.95; p<0.0001). The post-hoc Schefé test @fg@gpgraphical comparison betweén
brevirostris of Puerto Rico and Jamaica and betw&erelongataof Puerto Rico, Jamaica
and Dominican Republic revealed no significant edéhces. X. gladiatof was here
excluded due to the small sample size in Puert@.Ritie scatterplot has shown a weak
correlation of the carapace lengths and the rosttemngths (R=0.38) (Figure 6). The
corresponding ANOVA revealed a significant cornelatbetween the ratio of rostrum length
to carapace length and overall carapace length;(810.7; p<0.002). Some specimens of
the Dominican Republic have an extremely long tostiso that it seems that there is also

variability in the length within the morpX. elongata

L7 R =0,38 A X. elongata
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Figure 6. Scatter plot showing the relationship of rostriendth to carapace length of the three proposed
species. A 1-Factor ANOVA revealed significant eiffnces (p<0.0001) between the three moxpteongata,

X. gladiatorand X. brevirostris shading corresponds to morphological variatidadk = X. elongata white =

X. brevirostris gray =X. gladiatoy.
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DiscussiON

Some freshwater decapods evolved an abbreviatededwced larval development to
complete their life cycle on land or in fresh-watdrereby leading to restricted gene-flow
and differentiation processes like in potamid crixkbsn Taiwan (Shih et al. 2006) or in the
freshwater genuslacrobrachium(see Murphy & Austin 2004). The diversificationtptial

of a freshwater species with a marine planktonicettgoment is profoundly influenced by
the effectiveness of the larval dispersal. Witlvddretention in estuaries, the gene flow is
most likely restricted to adjacent or nearby popaote, like in Rhithropanopeus harrisii
(personal communication). In contrast, a marinenkilanic development would result in a
widespread distribution via ocean currents withighHevel of gene flow for example in
freshwater fish on islands throughout the Indo-Wrsstific (McDowall 2003). There is little
published evidence for genetic differentiation ieashwater shrimps with an amphidromous
life cycle, but recently, Cook et al. (2006) foufat the Australian atyid shrim@Paratya
australiensis nine highly divergent mtDNA lineages. In contrastir study revealed no
geographic differentiation withiX. elongatabased on population genetics of the COI gene.
This suggests that there is no retention of theakrin estuaries, that part of the larval
development takes place in the open ocean, ordikatbution through the ocean currents
seems to occur regularly. Especially in the Camob&ea, hurricanes may enhance the
dispersal of freshwater fauna (Calsebeek & Smi®320Iin conclusion, the amphidromy life
history strategy may facilitate a continuing oceamiispersal (McDowall 2007). But
considering this postulated dispersal potentialreinains unclear, why there are no
established populations of this species along thetifSand Central American mainland.
Similarly, for the amphidromous sndlithon spinosugrom French Polynesia, Myers et al.
(2000) could not detect genetic population striechegtween streams or islands with mtDNA
data.

The steep display of the mismatch curve, the ségalhdr, the highh and lown revealed in
this study forX. elongataare consistent with a model for recent sudden resipafrom a
small initial population (Rogers & Harpending 199%ise 2000). The smaller the initial
population, the steeper will be the leading facdahaf curve of the mismatch distribution
(Rogers & Harpending 1992). In addition, a starll@plotype network (Figure 4) is an
expected signature for an abundant species thaxpasded its range rather recently from a
small or modest number of founders (Avise 2000k Tfiegtent expansion of the species could
be an alternative explanation for the low genetjgasation within the island and between the

islands. McGlashan & Hughes (2001) revealed simiksults in the freshwater fish
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Hypseleotris compress@ssuming that we are dealing with a young spedhes separation
processes may be still ongoing, and it is diffi¢alipredict whether this would lead to future
geographic and genetic differentiation.

We here demonstrate lack of genetic differentiattanong the different morphological
varieties of X. elongata Morphometric results give evidence for at ledste¢ distinct
morphological forms inX. elongatadescribed as species by Pocock (188&jth the
exception of the rostra, Hart (1961) was unablérd any significant differences between
these varieties. Our results support that the uosttends to show high relative length in
younger juveniles, and gradually decreases in ptigpoto the carapace length (Figure 6),
but not as rapidly and consistently as propose@ligce & Hobbs (1969X. elongateoccurs

in many diverse types of habitat, but it is not radant everywhere. The factors determining
its absence or presence are not understood (Chateb&s 1969). Usually, we found them
in swift currents as well as in pools of streamalatudes of 85 to 515m on Puerto Rico. On
Jamaica, we observed juveniles at lower altitudeghvmay have been migrating upstream
to their adult habitats. Females carrying eggs wastly found in streams at higher
altitudes. In the Dominican Republic, large adpkamens, including one female with eggs,
were also found in a river mouth at about sea lebelring our collecting, the different
morphological varieties were only found once in ga&ne locality: two specimens &f
gladiator and four ofX. elongatain Rio Fajardo in Puerto Rico. Otherwise, rostrumpme
was consistent within localities. In some of theolgofishes occur. March et al. (2002)
recognised a different behaviour (not specified)Xofelongatain presence of fishes. It
appears possible, that the length of the rostrumflisenced by the presence of fish (similar
to cyclomorphis in water fleas) or by other biaticabiotic characteristics of the habitat, and
thus reflect adaptive plasticity. The modern viefaptasticity can be generalised with the
statement that phenotypic plasticity evolves to imi@se fitness in variable environments
(the adaptive plasticity hypothesis) (Agrawal 2001)is, however, remains to be tested by
trying to induce change of rostral length as a eqoence of modified habitat or
presence/absence of predators.

Rosen (1976) has championed the view that the presstribution of Caribbean biota is
most simply explained by the movement of the istahdtween North and South America,
rather than by dispersal from the continents to ifi@nds in their present geographical
arrangement (vicariance model hypothesis). It afgppassible that the gend$phocarisis
the remnant of an old stock belonging to the prfaillean archipelago and thus to the

former Pacific seafloor. This theory has also bpewvided for land snails (Bishop 1979;
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Goodfriend 1989). But dispersal from the Americaimtand could be an alternative
explanation for the history of the genXigphocaris This study does not provide conclusive
evidence for any of the two models due to the latknowledge concerning the founder
population. But our results of a recent expansiavofir the hypothesis thatiphocaris
reached the West Indies via dispersihe dispersal model is also suggested for other
freshwater shrimps likétya (see Page et al. in press) ahgphlatya(see Hunter et al. in
press) based on molecular ddtafuture studies, variable nuclear markers shaadpplied

to complement our results and to confirm or retbtelack of structured genetic variation.
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GENERAL DISCUSSION

Phylogeography of marine “high-dispersal species”

Population structure, as estimated by neutral nutdecmarkers, is determined by the
interactions between gene flow and genetic drifright 1943; Kimura & Weiss 1964;
Slatkin 1985). In recent years, more and more studevealed that habitat, dispersal
capabilities, ocean conditions and biogeographstohy are limitations to the dispersal of
marine species (Peijnenburg et al. 2004; Trianidfglet al. 2005; Casu & Curini-Galletti
2004; Zardoya et al. 2004; Pérez-Losada et al. 20ltese limits could create absolute
barriers or restriction to gene flow and could supspeciation events in the marine fauna
(Palumbi 1994). This thesis was designed to clanigchanisms of generation and
maintenance of genetic diversity in order to detgebgraphic patterns and to identify
endemic or cryptic species in marine and freshwdgeapods.

Dispersal capabilities

It was shown that the genetic structure of marinienal species with planktonic larvae is
often correlated with different levels of dispergaltheir larval stages (Kyle & Boulding
2000). Species that live as larvae in the plankbora short period show a more pronounced
population structuring (Kirkendale & Meyer 2004 féatelloida profundaTodd et al. 1998
for Adalaria proxima than species with larvae that are in the planktsra longer period
(Uthicke & Benzie 2003 foHolothuria nobilis Todd et al. 1998 fofsoniodoris nodosa
We revealed a less pronounced genetic differeatidior the crab genuXanthowith four
zoeal stages than for the prawn eleganswith nine zoeal stages. The lack of structured
genetic variation irX. poressasuggests a marine coastal megapopulation, whialodapes
panmictically. The analyses of frequencies of higgple distributions withinX. hydrophilus
suggest low but significant differentiation withreéle distinct geographic forms iX.
hydrophilus which can be interpreted as one Atlantic formg eentral Mediterranean form
and a transitional western Mediterranean form. Tihd®. elegandas potentially the higher
dispersal capability, we revealed a more pronoungedetic differentiation within this
species (publication three and four). Three maougs of haplotypes can be separated, one
from the Atlantic Ocean and two from the Meditegan Sea. This becomes even more
surprising when we compare the results with theradipmous shrimgX. elongata For the
latter, we expected a higher genetic differentratizan for the marine species. Although we
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revealed high genetic variability withiX. elongata,we could not detect a population
subdivision across the islands or between theréifferiver systems, presumably because the
marine larvae mediate high inter-island gene fltivihas been found in shrimp studies from
the Pacific that the amphidromous life cycle faatis dispersal between isolated freshwater
systems through oceanic currents counteractingwibe restricted gene flow between the
systems (Page et al. 2005; Fiévet 1998). Therefamghidromous taxa tend to display
patterns more similar to those of marine forms tttaaxclusively freshwater species. Some
points should thus be emphasized about the phyfgpbic structure of the examined
species. First, a short larval development doesnectssarily imply a more pronounced
population structure than a longer developmentoe@chistorical and/or biological factors
may influence interpretations of phylogeographipudation structure more distinctly than

dispersal capability.

Dispersal and vicariance

Dispersal and vicariant events are often discussedpposing models for spatial isolation
and consequently as a barrier to gene flow. That@reAntilles have been prime example
for this debate. For the majority of the Antillemashwater fauna, neither the time of arrival
of their ancestors to the islands nor the routkentaby them can be postulated with any
degree of certainty (Chace & Hobbs 1969; Avise 200Me colonisation of the Greater
Antilles could have taken place either through nvastong or short term overwater dispersal
(Hedges et al. 1992). According to the vicariancensario many extant species are
descendants of early colonizers who remained d#fierisland separated from continental
landmasses in the late Cretaceous, about 80 Myae(R©976). Publication five does not
provide conclusive evidence for any of the two nigdelue to the lack of knowledge
concerning the founder population. However the adck recent expansion favours the
hypothesis thatXiphocaris reached the West Indies via dispersal. Dispersahts are
suggested to be younger, and only older divergecoedd be consistent with vicariant
theories for the Caribbean fauna (Humphries & Eb2@®4). Colonisation via dispersal is
also suggested to be the dominant process for tthe fauna of the Caribbean Islands,
because there are only very shallow genetic difiege within each atyid species, implying
that these divergences occurred relatively recentfjeological terms (Page et al. submitted).
Other important geographical/ecological factordstends age, like ocean currents, number
of freshwater habitats, freshwater flow rate, ai a®many others can influence present day
distribution and degree of isolation (Bass 2003liBgton 1938; Fryer 1977, Covich 2006).
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Historical geographical factors seem to play a magbe within the Mediterranean Sea.
Around one third of the Mediterranean Brachyuranseeto have speciated in the
Mediterranean Sea, as their present geographiesaaug exclusively or almost exclusively
restricted to the Mediterranean (Almaca 1985). Mafsthe autochthonous Mediterranean
species seem to be derived from East-Atlantic ggeici post-Messinian times. The littoral
and sublittoral biotopes have provided the modiable ecological niches for the speciation
of the Mediterranean autochthonous crab fauna (8émBk985).X. poressaseems to be
originally Mediterranean but extends to the Atlaricean (Forest 1972 in Almaca 1985).
New results (not shown) have revealed restricte dew between West Mediterranean and
central and East Mediterranean populationX.oporessa@st —value: 0.2; p < 0.0001). If
the species is originally Mediterranean and hasreddd its distribution later, then it is more
likely to result in genetic differentiation withithe Mediterranean Sea than between the
Mediterranean and the Atlantic Ocean. For differardrine species, genetically discrete
populations have been revealed in the eastern hasihe Mediterranean Sea: for the
Mediterranean poor cotrisopterus minutus capelangsee Mattiangeli et al. 2003); for the
lagoon cockleCerastoderma glaucunfsee Nikula & Vainola 2003); for the bluefin tuna
Thunnus thynnus thynngsee Carlsson et al. 2004). BGrhydrophiluswe suggest a recent
genetic differentiation, with a low but significagenetic differentiation between the Atlantic
and Mediterranean population®dr _value: 0.07; p < 0.0001). The geographic separation
may have been caused or maintained by the Str@ilohltar during sea-level regressions in
the Plio-Pleistocene. For the western Mediterran®aa, we revealed a transitional form,
which is also reported in morphological comparisgAtnaca 1985; d’'Udekem d'Acoz
1999). These results suggest ongoing gene flowdmivthe western Mediterranean and the
Atlantic population which resulted in an isolatibp-distance (IBD) pattern. A comparable
historical demography and biogeographic scenarsuggested for the boni®arda sarda
allopatric isolation during the Pleistocene, se@gdcontact with the Atlantic population,
which resulted in an IBD pattern (Vifias et al. 20@lince we could not discover constant
genetic or morphometric differences that would wall@ subspecies status of. h.
granulicarpus it should be treated as a variety and not asmitdsubspecies. For the two
speciesX. hydrophilusandX. poressat is possible that a habitat and geographic escfu
has been established. WhKe hydrophilusis the more dominant species in the Atlantic, in
the Mediterranean Sea it ¥6 poressaln the Mediterranean Séa hydrophilusis found in

deeper regions arXl poressan the littoral.
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In publication three, we reveal a surprisingly hjgdpulation structure fde. elegansThree
types of haplotype groups can be defined, the Addrype (Type 1), the New Mediterranean
Type (Type IlI) and the Old Mediterranean Type (Type The Old Mediterranean Type
might have its origin during the Messinan Crisisiew the nearly desiccated Mediterranean
Sea was completely isolated from the Atlantic. Asslyy that crabs survived in the
Mediterranean during that time, despite possiblgehsaline conditions, allopatric speciation
from the Atlantic forms would have been the logicahsequence (Schubart et al. 2001).
Based on the marked genetic differences which neayrdnslated into separation times of
6.85 + 0.85 million years according to the molecwd®ck by Knowlton and Weigt (1998)
(1.4 % sequence divergence between pairs of lirscagreMyr), we suggest that Type Il was
isolated from Atlantic populations during the Mesan Crisis (5.5-6 mya, see Hsu 1983).
With the flooding of the Mediterranean Basin witlahtic waters after the Messinian Crisis,
Atlantic forms were re-introduced into the Meditarean Sea without reproducing with the
local Type Il ancestors and progressively sepdratéo Atlantic (Type I) and New
Mediterranean (Type Il) populations due to gen&flarriers like Pliocene/Pleistocene sea
level regressions or oceanic currents. These eeputivide evidence that the Mediterranean
fauna is strongly influenced by its geological exmin and that the recent populations may
be affected by oceanographic patterns.

Oceanography

For a long time, the relatively shallow Strait ofb€ltar, representing the geographic
boundary between the western Mediterranean andtthetic Ocean, was assumed to act as
a potential barrier of gene flow. However, moreerdty it has been suggested that the
Almeria-Oran front between Cabo de Gata (AlmeriaviAce in south-eastern Spain) and
Oran in Algeriarepresents an alternative hydrographic boundarydesi Atlantic and
Mediterranean surface waters. Circular jetties dae between this front and the Strait of
Gibraltar(Tintoré et al. 1988). This barrier to gene flowvibee¢n Atlantic and Mediterranean
populations has been suggested for different mapeeies, for example the cuttlefiSkpia
officinalis (see Pérez-Losada et al. 2002, 2007), the pelagighausiid crustacean
Meganyctiphanes norvegidaee Zane et al. 2000), the AtlanBecten maximusersus the
MediterranearPecten jacobaeuscallops (see Saavedra & Viflas 2005), and thegearo
hakeMerluccius merlucciugCimmaruta et al. 2005). In publication three &mar we have
shown that the Almeria-Oran-front is acting ashherier to geneflow and disperal between
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the exclusively Atlantic Type | and the Mediterranel'ype haplotype groups Bf elegans
Fine scale geographic analyses revealed no cleak liretween the types at the front. In the
area of Cabo de Gata there is a zone of overlazisens of the populations from Almeria
to Toros belong to the Atlantic Type | as well asvtediterranean Type Il and specimens of
the populations from Las Salinicas to Macenas ltahate types. Current flows could vary
spatially and temporally throughout the year. Alke Almeria-Oran front is variable in its
shape and position which could influence the distion of zooplankton at the front
(Fielding et al. 2001). Due to this inconsisteritgpould be impossible to determine the exact
break between the Atlantic Type | and the Mediteeem haplotype groups in a range below
50 kilometres. We detected a gradual decline ofAtlantic Type along the Spanish coast
while the Mediterranean Type Il increased in ameison-by-distance pattern along the coast:
from Granada to Girona. Although restricted gep/fis possible the AOF is confirmed as a
strong barrier to gene flow and therefore playsmaportant role in maintaining allopatric
separation between the Mediterranean Sea and taeti&tOcean. We also revealed a clear
isolation-by-distance pattern within the Atlantigpe | of P. elegansthe ®@sr-values are
increasing in a northern direction from PortugaNrway. Further the results are allowing
to separate the Canary Island population. The fatgnit differentiation of the Northern
Atlantic and the North-East Atlantic populationsultb be assigned to the effect of the
English Channel. The English Channel apparentlyrictsd gene flow between Western
Europe and northern Europe as in the Atlantic patpards ofCarcinus maenagsee Roman

& Palumbi 2004) and for the common goBgmatoschistus microggound the British Isles
(Gysels et al. 2004).

In addition, very recent results revealed (not shotiat there could be a barrier to gene flow
between the central-western and eastern Meditearapepulations oX. poressaTherefore,
oceanographic patterns are a generator in maintpigenetic differentiation. These are
consequences over large geographical scales. Buogecal traits could influence the

population structure on a smaller scale.

Ecological traits

During our field observations, we could find sizé#fedences in two populations of.
poressain a distance of approximately 56 kilometres doast In an anthropogenically
disturbed habitat (jetty and anoxic sediments) €iatall sizes were found and in a relatively
undisturbed natural cove only small crabs occurhegublication two we could not relate

the differences in size of. poressato a genetic pattern. We therefore propose timg si
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variation ofX. poressanay reflect phenotypic plasticity, which may b&ated to a different
spectrum of predators, temperature, salinity regimad unusual tidal influence at the
collecting points. The high variability of colouragerns ofX. poressawas also to be
concluded phenotypic. We observed tkaporessdives among small colourful pebbles and
larger rocks. They reduce the probability of a pted spotting them by matching their
underground with variability in colour, also usimgnite transverse stripes on the legs and
frontal carapace to disrupt their outline. We tfane propose that the variable coloration is
the outcome of passive defence (camouflage).

We tested if morphometric differences in size cduddattributed to a geographic pattern. In
publication one, we revealed geographic differenfmesX. hydrophilusand less forX.
poressaln publication two we could show thét poressas affected by allometric growth in
the carapace shape. Therefore, the dataset wdsirspliree size categories and the size
classes were analysed separately. The same wasfatode hydrophilus(data not shown).
The analyses revealed no remaining geographic amarand for both species size should
be the dominant explanation for morphometric vargaand not geographic separation.

Also for X. elongataa pattern of allometric growth is suggested: tbstrum gradually
decreases in proportion as the body lengthens apadéns (Chace & Hobbs 1969). In
publication five, the morphological varietiesX.” brevirostris”, “X. gladiator” and X.
elongatawere compared with genetic and morphometric methadorder to investigate
whether the species could be split in separablendismorphs or whether there is a gradient
of rostral lengths. The morphometric analyses sllowely a weak correlation of the
carapace lengths and the rostrum lengths, andfthenestrum length is partly depending on
carapace size. While the morphometric analysisiguogtl significant differences between
three distinct morphological forms, molecular résgave no evidence for a mitochondrial
differentiation of these phenotypekhus, adaptive plasticity could be an explanat@rthe
variability in the rostrum length of. elongata Consequently, March et al. (2002) recognised
a different behaviour oX. elongatan presence of fishes.

Examinations of my own methodology and of otherd&s (Garrido-Ramos et al. 1997;
Rincoén 2000) lead me to the conclusion that thdlera of allometric growth received less
careful attention than it deserved. Morphometri¢cadhave first to be tested for this
phenomenon before carrying out with intra- or ispecific analyses. Pairwise comparisons
of the genetic data revealed no correlation betwkerdegree of morphological and genetic
similarity of crabs and shrimps. Therefore, thetgras of morphological and colour

variability are largely determined by environmentainditions and in part by allometric
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growth and heterogeneous distribution of size elsss

The importance of phylogeographic studies

The discovery of endemic and cryptic species igirgetmore and more important for
evolutionary theory, biogeography and conservaptanning (Bickford et al. 2007). For
detecting and differentiating such morphologicaiynilar species, DNA sequencing and
population genetics have given biologists usefulhogs (Pfenninger & Schwenk 2007). In
crustaceans a lot of cryptic species could be thdee.g. in the snapping shrimp genera
Alpheususing the 16S and COI mitochondrial gefMathews 2006), in the seabob shrimp
speciesXiphopenaeus kroyeandXiphopenaeus rivethased on COI (Gusmao 2006), among
the mysid cratMesopodopsis slabbedarried out with 16S and COI mitochondrial genes
(Remerie et al. 2006). With the same markers wecatied a high genetic differentiation
within P. elegansvhich suggest at least a cryptic species for #@dtype group Il with no
morphological differences between the differenteg/pAt the same time, we could confirm
that P. elegansis an invasive species in the Baltic Sea, wherie dlready replacing the
native Palaemon adspersusee Grabowski 2006). With both results we havedestrated
the utility of phylogeographic studies: on one sidaliscover the biodiversity of the marine
fauna, which is important to protect areas whegpter or endemic species occur. On the
other hand it is useful to uncover invasive spegibikh could become a problem when they

endanger the native fauna.

Phylogeographic studies using mtDNA

Approximately 70 percent of phylogeographic studige based on analyses of mtDNA
either primarily or exclusively (Avise 2000). Théyogenetically favourable properties of
maternal transmission, extensive intraspecific atamn, and absence of intermolecular
genetic recombination make the marker very usefuphylogeographic investigations.

One particular problem is the possibility of intregsion of mtDNA from one species into
another. Introgression can result in significamtifferent gene genealogies for mtDNA than
for most other genes in the species (Ballard & Wbk 2004). Furthermore, introgressive
hybridization can be so extensive that populatiorerge into one panmictic gene pool
(Avise 2004). In publication one, the molecular lplggny and population genetics indicate
thatX. sexdentatuss very closely related t&. hydrophilusThis could be the result either of
introgression or of a recent separation event Wl by incomplete lineage sorting, with or

without subsequent hybridization. Introgressiompasticularly important for closely related
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sympatric taxa — successful hybridization is mdtely with closely related taxa and is only
possible with some sympatry (Ballard & Whitlock 200X. sexdentatuandX. hydrophilus
occur only partly in sympatry which favours hybgdiion. The suggested typeshofelegans

- Atlantic, New and Old Mediterranean Type - ocouisympatry, for which the following
phylogenetic pattern could be expected: allopadifterentiation followed by secondary
contact and hybridization. Natural hybridization ynaccur sporadically between broadly
sympatric species (Avise 2004). Until now we hawveresults whether hybridization occurs
within Palaemon Therefore, hybridization has to be testedRataemonand Xanthowith a
nuclear marker and breeding experiments.

There was no evidence for pseudogenes in my data:genes are always consistent in their
results and revealed equal geographical pattepesifec primer combinations were used and
the sequences are without double peaks, indelssarts. Thus, mtDNA is still a useful
approach in phylogeographic studies as a quick edfettive step to detect geographical
patterns, cryptic species, oceanographic patterims/asive species.

Conclusion

The relationship between dispersal capability amplupation structure plays a minor role for
the studied species than biogeographic historyoaednography. A more distinct geographic
structure forPalaemon eleganwith a longer larval development thxanthowas detected.
The amphidromous shrimgiphocarishas no geographic pattern which means that #s lif
history is similar to marine species and incrediseslispersal capabilityl his study confirms
that the history of the Mediterranean Sea has gdlayele in speciation processes. A cryptic
species was detected withitalaemon eleganand it is possible that during the Messinian
crisis allopatric speciation has taken place. TheitiSof Gibraltar in the past and the
Almeria-Oran-Front at the present time is an imgratrpphylogeographic break between the
Mediterranean basin and the Atlantic Ocean (e. ithinvXanthoandP. elegank It was
confirmed that the AOF is a barrier to gene floumen populations of the Atlantic/Alboran
Gyre and the western Mediterranean Sea, whereactestigene flow is possible nevertheless
(within P. elegany For the studied species ecological traits supporspeciation processes,
instead, they could be interpreted as phenotyaistiuity.
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SUMMARY

In the last decades a number of phylogeographidietuarose to determine the genetic
differentiation between Atlantic and Mediterrangepulations of a species or sister-species.
The Strait of Gibraltar is an important phylogequia barrier. Sea-level regressions
prevented gene flow several times between the &asmb during the Messinian crisis and the
Plio-/Pleistocene. These events could have infle@ratlopatric separation and speciation. In
addition ocean currents and the phenomenon isolatyedistance are important factors in
maintaining gene flow barriers. Especially the AffaeOran-Front restricted the gene flow
between Atlantic and western Mediterranean popaiati

The aim of this study was to determine the infleent biogeography, oceanography and
ecology on the population structure of differenistacean species with emphasis on their
larval development. It is predicted that the dwmatof larval development influences the
dispersal capability and therefore the level ofejendifferentiation. In addition, the results
should provide answers if there are cryptic specidse two atlanto-mediterranean crab
speciesXantho hydrophilus(Herbst, 1790) and<antho poressaOlivi, 1792) and the
European prawalaemon elegan@Rathke, 1837) were included as marine speeiaatho
has a shorter larval development with four zoeafje$ tharPalaemonwith nine larval
stages. Therefore, a higher gene flow witHalaemonwas expected. We used also the
amphidromous specieXiphocaris elongata(Guérin-Méneville, 1856) which occurs in
freshwater systems of the Caribbean islands. Taeyicle of amphidromouX. elongatais
intermediate between freshwater and marine spemdsthus, high genetic differentiation
was predicted. A comparative population geneticalymes was conducted to reveal
differences in the population structure due to thstinct larval development and the
amphidromous life-cycle.

In the case oK. hydrophilusresults show a restricted gene flow between thpailadions of
the Atlantic and the Mediterranean Sea. However tdlkonomic status of the Mediterranean
subspecieX. h. granulicarpuss not valid as long as no single mutation step detected to
distinguish constantly between the two subspeXidsydrophilusandX. h. granulicarpusin
addition, morphological transitional forms ¥f hydrophilusare found within the Western
Mediterranean SeaX. poressais suggested to reproduce panmictically because no
differences are found between the populations ef Nfediterranean Sea and the Atlantic
Ocean and a mark recapture experiment showed hbasgecies reaches high population
densities. This species is well adapted to itsthabiue to its variability in colouration and

size which is the result of passive defence (cafagaj. A pattern of allometric growth in
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the carapace shape was observed. Phylogeneticsasalgvealed that. sexdentatus very
closely related tX. hydrophilus This could be either due to hybridization or agfression.
Despite the fact thaPalaemon elegankas nine larval stages, there is surprisingly high
genetic differentiationNormally such strong differences are only foundiuesin species and
thus a cryptic species within tiie eleganscomplex is suggested. Three types of haplotype
groups are found: Type | from the Atlantic and thboran Sea, Type Il only within the
Mediterranean Sea and Type lll within the Meditee@n, Black, Caspian, Baltic and East
Sea. Type lll could be a relict of the Messiniaisisrdue to its high genetic differentiation,
while Type Il has recolonized the Mediterranean &éer the crisis and ongoing separation
mechanisms have established restricted gene flomelea Type | and Il. The barrier to gene
flow between the Atlantic Type and the two Mediderean Types is the Almeria-Oran-Front.
The Almeria-Oran-Front is an important phylogeografpreak, where restricted gene flow
is possible. An isolation-by-distance pattern cobél detected within the Atlantic Ocean.
Furthermore, there is significant genetic differatdn between the Northern Atlantic and
the North-East Atlantic due to the English Chanfié¢lese results provide evidence that
dispersal play a minor role in determining the gengtructure of a species, compared to the
biogeographic history and physical factors.

This becomes even more obvious by comparison wighshrimpXiphocaris elongatafor
which a higher genetic differentiation due to trsmlated freshwater systems and the
amphidromous life cycle was expected. Althoughehsra high genetic differentiation, no
geographic pattern emerges. The amphidromous Y& cenhance the dispersal capability
and gene flow. It displays rather patterns of aimearspecies than of an exclusively
freshwater species. The species is characterizats wariability in the rostrum length, but
the results give no evidence for a genetic diffeation of the phenotypes. Thus, adaptive
plasticity due to predators and in part allomegrowth could be an explanation for the

variability.
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ZUSAMMENFASSUNG

Die genetische Differenzierung zwischen atlantischied mediterranen Vertretern einer Art
oder von Schwesterarten ist Schwerpunkt vieler qimdgraphischer Arbeiten. Die
Meerenge von Gibraltar stellt dabei eine wichtigarrigre dar, da sie den freien Genfluss
zwischen Atlantik und Mittelmeer wahrend der Memsihen Salinitatskrise und durch
Meeresspiegelschwankungen des Plio-/Pleistozansfacbhunterbunden hat. Weiterhin
zeigte sich, dass sowohl konstante Meeresstromualgeauch Phdnomene wie ,isolation-
by-distance” Genflussbarrieren darstellen kénnessoBders die so genannte Almeria-Oran-
Front unterbindet den freien Genaustausch zwisch#antischen und mediterranen
Populationen. Diese historischen und physikalischaktoren konnten zu allopatrischen
Separationen und Speziationen beigetragen haben.

In dieser Arbeit wurde die Populationsstruktur earedener Crustaceenarten untersucht, um
den Einfluss der Biogeographie, Ozeanographie unwldgie auf deren genetische
Differenzierung zu bestimmen und kryptische bzwdesnische Arten zu erfassen. Dabei
wurde auch die Larvalentwicklung der jeweiligen éxrt berticksichtigt, da diese die
Verbreitungsmaoglichkeit und somit den Grad an geokeér Differenzierung beeinflussen
kann. Die beiden atlanto-mediterranen Krabb&amtho hydrophilus(Herbst, 1790) und
Xantho poressa(Olivi, 1792) unterscheiden sich von der eurog@sc Felsengarnele
Palaemon eleganéRathke, 1837) in der Dauer ihrer LarvalentwiclguiWéahrendXantho
vier Zoeastadien durchlauft, weiBalaemon eleganseun Stadien auf, so dass bei letzterer
ein hoherer Genfluss zu erwarten ist alsXatho Ferner ist der amphidrome Lebenszyklus
der GarneleXiphocaris elongatgGuérin-Méneville, 1856), deren Verbreitungsgelsieh
auf die SulRwassersysteme der Karibik erstrecke 2imischenform zwischen im Meer und
im Sulwasser lebenden Tieren. Vergleichende Stustitien zeigen, ob die unterschiedlich
langen Larvalphasen und der amphidrome Lebenszyihen Einfluss auf die genetische
Differenzierung der verschiedenen Arten haben.

Im Fall von X. hydrophiluskonnte ein eingeschrankter Genfluss auf Grund ,Nswiation-
by-distance” zwischen Populationen des Atlantikd das Mittelmeeres festgestellt werden.
Die beschriebene Unterart des Mittelmeedesh. granulicarpuskonnte nicht bestatigt
werden, da es sowohl morphologische, wie auch gpehet Indizien fir Ubergangsformen
im westlichen Mittelmeer gibt und keine genetisomgtanten Unterschiede vorliegen. Bei
poressahandelt es sich wahrscheinlich um eine panmikéis@&inheit, da bisher keine
genetisch signifikanten Unterschiede zwischen Aitannd Mittelmeer festgestellt wurden.



ZUSAMMENFASSUNG 116

Ein Fang-Wiederfang-Experiment zeigte, dass diebBeaeine hohe Populationsdichte
aufweist. Die Art hat sich durch phanotypische ¥htitat in Farbe und Gré3e an ihr Habitat
angepasst und ist dadurch gut getarnt und vor Raugeschitzt (camouflage). AuRerdem
konnte allometrisches Wachstum festgestellt werBemch die phylogenetische Analyse der
16S rRNA und des COIl Gens stellte sich heraus, dassexdentatusnit der Art X.
hydrophilussehr nah verwandt ist. Dies lasst sich entwedeshdmdgliche Hybridisierung
oder Introgression erklaren.

Obwohl P. eleganseine langere Larvalentwicklung alksantho durchlauft, zeigten die
genetischen Studien, dass sich die Tiere aus dettelideer von den Tieren aus dem
Altantik in ihrer mtDNA auf einem so hohem Diffemarungsniveau unterscheiden, wie es
sonst nur zwischen Arten zu finden ist. Deshalldwnier eine kryptische Art angenommen.
Es konnten drei Typen von Haplotypgruppen gefungerden: Typ | beschrankt sich auf
den Atlantik und das Alboranmeer, Typ Il ist nunénhalb des Mittelmeeres zu finden und
Typ Il innerhalb des Mittelmeeres, aber auch in @stsee, im Schwarzen, Kaspischen und
Baltischen Meer. Typ Il unterscheidet sich von Tymd Il so weit, dass es sich hier um ein
Relikt der Messinischen Salinitatskrise handeln rkén wahrend Typ |1l eine
Wiederbesiedlung der Atlantikform nach der Kriseastiglt und sich auf Grund anderer
Separationsmechanismen von Typ | zu differenzieesgginnt. Die Almeria-Oran-Front zeigt
sich hier als Genflussbarriere zwischen dem Atkayywi und den beiden Mittelmeertypen und
ist eine wichtige phylogeographische Barriere fiarime Arten, die eine geringe Menge an
Genfluss zulasst. Innerhalb des Atlantiks konnwolgtion-by-distance“ gezeigt werden.
AulRerdem steht die genetische Differenzierung ZveiscNordatlantik und Nordostatlantik
mit dem Englischen Kanal in Verbindung. Mit diedergebnissen konnte gezeigt werden,
dass die Biogeographie und Ozeanographie eineneggiREinfluss auf die genetische
Differenzierung der untersuchten Arten haben, eldDédwer der Larvalentwicklung.

Dies wird besonders deutlich, wenn man zusétzliehEdgebnisse der Garnelphocaris
elongatagegeniberstellt. Auf Grund der voneinander abgetes Fluss-Systeme und des
amphidromen Lebenszyklus wurde ein stark einges&heé Genfluss erwartet. Es ergab sich
zwar eine hohe genetische Differenzierung, jedoslgen Genetik und Geographie keine
zusammenhangende Strukturierung. Der amphidromeerisglyklus scheint daher der
Verbreitung zu dienen und tragt zu freiem Genfloss was jedoch eher einer marinen Art
entspricht. Zusatzlich weist die Garnele eine Malitzt innerhalb ihrer Rostrumlange auf,
die zum Teil durch allometrisches Wachstum, abehalurch Rauberdruck (phenotypische

Plastizitat) beeinflusst werden kdnnte.
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