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Abstract Marinas and harbours provide ideal sites for
the study of population genetics of marine invertebrates
with restricted dispersal capabilities. They combine a
confinement effect, particular ecological conditions
(pollution, turbidity), and the possibility of high gene
flow through ship-borne propagules, which greatly in-
creases the natural dispersal capability of sexual and
asexual propagules in many species with short-lived
larvae. We studied the genetic structure of populations
of the ascidian Clavelina lepadiformis living inside and
outside harbours in the north-western Mediterranean. A
500-bp segment of the cytochrome ¢ oxidase subunit I
(COI) mitochondrial gene was sequenced in three pop-
ulations from inside harbours (interior form) and in
three populations from the rocky littoral (exterior form).
Two congeneric Mediterranean species, Clavelina sp.
and C. dellavallei, were used for comparison. We found
that the interior and exterior forms of C. lepadiformis
belong to two distinct clades, with a genetic divergence
of 5%. Gene-flow values among these forms were in-
significant. The lack of gene flow and the genetic di-
vergence suggest that the interior and exterior forms of
C. lepadiformis are in fact cryptic species rather than
differentiated populations of the same species. Levels of
gene flow were higher among interior habitats than
among exterior habitats, a pattern likely maintained by
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genetic exchange through ships. We discuss the possible
origins of the present-day distribution of these cryptic
species. We contend that the study of species living both
inside and outside these particular habitats will reveal
more instances of genetic discontinuities allowing local
adaptations.

Introduction

Ascidians are solitary and colonial filter-feeding organ-
isms that can be found in all benthic marine environ-
ments and constitute one of the major components of
the benthic macrofauna. High growth rates and an array
of toxic metabolites enable ascidians to successfully
compete for available substrates and play an important
role as fouling organisms and epibionts on submerged
structures (Monniot et al. 1991). They are also good
indicators of water quality, due to their capability of
concentrating a certain amount of toxic elements in their
tissues, such as heavy metals and hydrocarbons
(Monniot et al. 1990, 1993, 1994). Clavelina is a genus of
colonial ascidians belonging to the family Polycitoridae,
which in the Mediterranean comprises five different
species (Brunetti 1987): C. lepadiformis (Miiller 1776);
C. dellavallei (Zirpolo 1925); C. nana Lahille, 1890;
C. phlegrea Salfi, 1929; and C. sabbadini Brunetti, 1987.
Clavelina is often used as a model for the morphology
and physiology of the whole group of ascidians (Brien
1948). The zooids are hermaphroditic, and larvae are
brooded in the branchial sac of each zooid until hatch-
ing. Larvae of colonial ascidians have short planktonic
life-spans that can vary from minutes to hours (Berrill
1935; Millar 1971; Svane and Young 1989). After at-
tachment and metamorphosis, the larva gives rise to an
oozooid which, by means of asexual reproduction,
originates a colony of zooids, basally interconnected by
stolons. Colonies of Clavelina are formed by a few to
several hundred zooids linked by stolons, each encased
in a thin, transparent tunic but retaining functional
independence.
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Our study is focused on Clavelina lepadiformis, a
species that was first described in the eighteenth century
in Atlantic waters. C. lepadiformis is an Atlanto-Medi-
terranean species whose known distribution ranges from
Scandinavia (Millar 1966) to the Aegean Sea in the
eastern Mediterranean (Koukouras et al. 1995). This
species is found in two different habitats in the study
area (NE Spain, Western Mediterranean; Fig. 1); it
colonizes rocky littoral surfaces (hereafter, exterior
habitat), and marinas and harbours (hereafter, interior
habitat).

Harbour environments differ from open-sea envi-
ronments in several respects. The former contain nutri-
tionally rich waters that sustain an intense proliferation
of bacteria, constituting an important source of food for
filter-feeding invertebrates like ascidians. In addition,
the movement of ships mixes the water both horizontally
and vertically, which keeps the food particles in sus-
pension (Monniot et al. 1985; Papadopoulou et al. 1998;
Dhainaut et al. 2000). Moreover, harbours are sheltered
places, where the survival and attachment of ascidian
larvae is more successful (Monniot et al. 1985, 1991). On
the other hand, negative effects on the epifauna can re-
sult from higher pollution levels in these habitats.
Contents of heavy metals and total hydrocarbons in the
sediments and water column can be significantly higher
in harbours than in the open sea (Fichet et al. 1998;
Commendatore et al. 2000). In one of the marinas
studied, Blanes harbour, concentrations of copper,
cadmium and hydrocarbons in the sediments are sig-
nificantly higher than in the exterior habitat, as well as
the levels of copper in the water and of particulate or-
ganic nitrogen (Pinedo 1998; Cebrian 2001). C. lepadi-
formis inside the harbour accumulate about six times
more copper and eight times more lead than the form
living outside the harbour (De Caralt 2001). These en-
vironmental factors might influence the growth and
survival of filter-feeders and pose different selective
pressures on their populations in the two environments.
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Fig. 1 Map of Spain showing the location of the different sampling
sites

No morphological differences were observed in
C. lepadiformis related to the different habitats, although
the average size and zooid density of the interior form are
higher than in the exterior habitat (De Caralt 2001).
Likewise, some different biological features have been
observed in the two forms: the reproductive period in the
interior form starts some weeks earlier than in the exterior
form and the former lacks the aestivation period of sev-
eral months found in exterior populations (Turon 1988;
De Caralt 2001). Short planktonic dispersal and water
confinement within harbours may substantially hinder
genetic exchange between interior and exterior habitats.

The objectives of this study were (1) to test the hy-
pothesis that Clavelina populations in the marinas and in
the exterior habitat show a high degree of genetic iso-
lation and that this fact, combined with contrasting
environmental conditions between the two habitats, may
have resulted in the establishment and maintenance of
two different genetic clades; and (2) to compare the
genetic variation of Clavelina in each of the two habitats
and to relate them to the dispersal mechanisms acting in
each habitat.

Materials and methods

Ascidian samples

Ascidian colonies were collected from six different localities along
the Catalonian coast of the Mediterranean (NE Spain) by SCUBA
diving in 1998 and 1999 (Fig. 1). Colonies morphologically at-
tributable to Clavelina lepadiformis were found in two different
habitats: in the marinas (interior form); and the open rocky sea-
shore (exterior form). Several zooids of each colony were collected,
preserved in EtOH, and stored at —20°C until processed. After re-
moving the tunic, gut contents and branchial parasites (if any), two
or three zooids of each colony were used for the mtDNA extrac-
tion. For the rocky littoral habitat, 3 specimens were collected from
Cadaqués (C; 42°16. 54N, 3°17.48’E), 15 from Tossa de Mar (T;
41°43.12'N, 2°56.24’E), and 10 from Blanes (Be; 41°40.24'N,
2°48.12’E).For the interior habitat, 11 specimens were collected in
the marina of Estartit (E; 42°3.6'N, 3°12.36’E), 15 in the marina of
Blanes (Bi; separated only by tens of metres from the exterior
population), and 9 in Port Ginesta (G; 41°15.30’N, 1°55.18’E). It
should be noted that the harbours studied were built in this cen-
tury, Port Ginesta being only 10 years old. Six colonies of Clavelina
dellavallei from Almeria (Playazo de Rodalquilar; 36°51.36'N,
02°00.12'W) and one of Clavelina sp. from Tossa de Mar were
collected from the rocky seashore and used as an outgroup. This
Clavelina sp. is a new species that will be formally described else-
where (X. Turon, current research).

Mitochondrial DNA was extracted using the protocol for
Drosophila spp. described in Latorre et al. (1986). Sequences were
obtained for a segment of 500 bp of the cytochrome ¢ oxidase
subunit I (COI) mitochondrial gene. COI is a protein-coding gene
with highly variable sections, ideal for comparisons between closely
related groups of organisms (Van Syoc 1995). We designed specific
primers for this gene, based on a sequence obtained for one of the
populations with the universal primers UniA and UniB described
in Folmer et al. (1994). The sequences of the primers that we spe-
cifically designed for this group of ascidians are 5GTACT-
GAGCTTTCACAAACTGGGCAAT?’ (forward) and STGAAA-
AAGAATAGGATCTCTCCTTCC3’ (reverse).

Amplification was performed in a 20-pl total-reaction volume
with 0.4 pl of each primer (25 uM), 3 pl ANTPs (1 mM), 2 pl 10x
buffer containing 15 mM MgCl, (Promega), 1 U Tag polymerase



(Promega) and 1 ul DNA. A single soak at 96°C for 3 min was
followed by 35 cycles (denaturation at 95°C for 55 s, annealing at
47°C for 55 s, and extension at 72°C for 1.5 min), and a final ex-
tension at 72°C for 5 min, on a Perkin-Elmer 9600 DNA amplifier.
The same primers were used for the sequencing reaction, and the
sequences were obtained using the ABI Big-Dye Ready-Reaction
kit of Perkin Elmer on an ABI Prism 377XL automated sequencer.

Phylogenetic analyses

Sequences were aligned using ClustalX (Thompson et al. 1997)
and confirmed by eye. The final alignment length was 369 bp. No
gaps were needed in the alignment. To select the best-fit model of
nucleotide substitution for the COI data set, the hierarchical
likelihood-ratio test was carried out using Modeltest 3.0 (Posada
and Crandall 1998). A haplotype tree was estimated under the
maximum-likelihood criterion (ML; Felsenstein 1981) with the
parameter estimates obtained under the best-fit model. A heuristic
search was made with 1,000 replicates of random stepwise addi-
tion and tree bisection—reconnection (TBR) branch-swapping.
Confidence in the resulting nodes was assessed by 1,000 bootstrap
replicates (Felsenstein 1985). Phylogenetic analyses were imple-
mented in PAUP* (Swofford 1998). Following Goldman et al.
(2000), we tested the monophyly of clades of interest with the
non-parametric test described by Shimodaira and Hasegawa
(1999).

Cladogram estimation and nested analysis

A haplotype cladogram was also estimated with the programme
TCS (Clement et al. 2000) using the statistical parsimony procedure
(Templeton et al. 1992; Crandall et al. 1994). First, a distance
matrix of absolute differences among the haplotypes was obtained
using Matrix v1.4 (D. Posada). Then the maximum number of steps
that constitute a parsimonious connection between two haplotypes
— that is, that the number of mutational differences we see today
corresponds to the number of mutations that actually happened
since the divergence of the two haplotypes, rather than being the
result of multiple substitutions at a single site — was estimated for
the 95% confidence level with Egs. (6), (7) and (8) in Templeton
et al. (1992) implemented in Parsprob v1.1 (D. Posada). The null
hypothesis of no genetic differentiation between localities (Blanes
exterior, Blanes interior, Tossa de Mar, Cadaqués, Port Ginesta,
and Estartit), or habitats (inside marinas and rocky seashore), was
tested by a permutational procedure (10,000 replicates) of a »°
contingency table (Hudson et al. 1992) using Chiperm (D. Posada).
The nesting procedure described in Crandall (1996) was then ap-
plied to the cladogram. To differentiate between population history
and population structure, a nested analysis of the spatial distribu-
tion of genetic variation was carried out (Templeton et al. 1995;
Templeton 1998) using the programme GeoDis 2.0 (Posada et al.
2000) and the inference key presented in Templeton (1998).
Programmes by D. Posada are available at http://bioag.byu.edu/
zoology/crandall_lab/programs.htm.

Population genetic parameters

Measures of nucleotide diversity within and between populations
(m; Nei 1987, Eq. 10.5; Lynch and Crease 1990), divergence between
populations (Dxy; Nei 1987, Eq. 10.20), and haplotype diversity
(Nei 1987, Eq. 8.4) were estimated using Sites (Hey and Wakeley
1997) and DNAsp v.3.5 (Rozas and Rozas 1999). A molecular
analysis of variance (AMOVA; Excoffier et al. 1992) was performed
using Arlequin 1.1 (Schneider et al. 1997). This analysis permits a
hierarchic partitioning of the genetic variability from the individual
to the habitat level. Gene flow was estimated by measuring Gam-
mast (yst) (Nei 1982) and using the standard relationship
ysr = 1/(1 +2Nm) based on the island model of population
structure (Wright 1951) to obtain Ngm, the effective number of
migrants (not necessarily the actual number of migrants), where N;
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is the inbreeding effective population size and m is the migration
rate per generation, using the programmes DNAsp and Sites.

Divergence time

Estimation of divergence times using COI variation was based on
the calibration method of Lynch and Jarrell (1993) for the molec-
ular clock in animal mitochondrial DNA. The asymptotic identity
was estimated from the data using method 2 in Lynch and Jarrell
(1993).

Results
Sequence variation

A fragment of 369 bp from the COI mtDNA gene was
obtained for 69 individuals belonging to the genus
Clavelina. All sequences have been deposited in Gen-
Bank (Accession nos. AF368352, AF368353). Eleven
different haplotypes were identified for C. lepadiformis.
Twenty-eight variable sites were found (7.5%) in this
species, 18 of which were fixed in the interior or the
exterior populations of C. lepadiformis (Fig. 2). Of these
18 sites, only 2 yielded non-synonymous changes.

Transitions accounted for 85.7% of the substitutions;
the adenine:thymine ratio was high (>68%) (%AT,
Table 1). Values of within-population nucleotide diver-
sity (n) and number of polymorphic sites within each
population are also shown in Table 1.

The average nucleotide diversity (7) between exterior
and interior populations was 0.025, an order of magni-
tude greater than among exterior (0.0032) or interior
(0.0018) populations, and the average pairwise diver-
gence (Dxy) between interior and exterior habitats was
0.05. Haplotypic diversity within interior populations
was 0.513+0.0815, and within exterior populations,
0.682 +£0.0899.

* * *
1111111111222222222333333
22444666888991123478889000355699145566
17124125369353957302681135414403433789

* * %

Consensus TCGAGTTTTTATATATAAATTGCGAGTTCATATTTAAC
Hap I 0
Hap II (1) Gttt e e
Hap III (1) i G e
Hap IV (7)o C....Cou...
Hap V (2) . G
Hap VI (L) ... Coet i Avveiniian
Hap VII (3) i [ Al
Hap VIII (13) .TAGA.CG.C..G....GCC.AT.G...T..G..CGG.
Hap IX (20) .TAGA.CG.C..G....G.C.AT.G...T..G..CGG.
Hap X (1) .TAGA.CG.C..G....GCC.AT.G...T..G.GCGG
Hap XI (1) TAGACCG.C..GC...G.C.AT.G...T..G..CGG
Clavelina sp. (1) TAG..C.CCG...GC.GG.CATAG.C..GCG..... T

Fig. 2 Sequence variation among 12 mtDNA haplotypes for
369 bp of the COI gene in Clavelina lepadiformis and Clavelina
sp. Only those positions differing from the consensus are shown. A
number at the top (read vertically downwards) indicates site
position. An asterisk shows those sites yielding non-synonymous
changes. Number of individuals belonging to each of the haplotypes
is shown in parentheses next to the haplotype name. A dot indicates
a base pair identical to that of the consensus sequence, and a letter
represents a change in the nucleotide
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Table 1 Clavelina lepadiformis. Haplotype frequencies, nucleotide diversity within populations (7), %AT and number of polymorphic

sites in six populations

C. lepadiformis Haplotypes Total = %AT No. of poly-
Population morphic sites
1 Im uar v v VI vl vl IX X XI

Cadaques (C) 2 1 - - - - - = = = = 3 0.0022  70.65 1

Tossa (T) 7 - 1 7 - - - - = = = 15 0.0024  70.46 3

Blanes exterior (Be) 4 - - - 2 1 3 - - — — 10 0.0027  70.70 3

Estartit (E) - - - - - = = 3 7 1 11 0.0017  68.98 2

Blanes interior (Bi) - - - - - - - 4 11 - - 15 0.0012  69.03 1

Ginesta (G) - - - - - = = 6 2 - 1 9 0.0022  68.86 3

Totals 13 1 1 7 2 1 3 13 20 1 1 63

Phylogenetic analyses

The comparisons between the different likelihood scores
for each model of evolution showed that the HKY model
(Hasegawa et al. 1985) was the best-fit model among
those evaluated for our data. This model incorporates
unequal base frequencies [ms)=0.2741, m)=0.4080,
ncy=0.1314, 7)=0.1864], and a transition/transver-
sion ratio (ti/tv=9.8309). An ML haplotype tree revealed
four different clades (Fig. 3), with interior and exterior
forms of C. lepadiformis recovered as well supported
monophyletic groups (with bootstrap support of 74%
and 80%, respectively). The sister group of the exterior
form was found to be Clavelina sp. However, we also
tested the hypothesis of a monophyletic C. lepadiformis
(interior + exterior) by estimating an ML tree with the
constraint that all C. lepadiformis haplotypes were in-
cluded in the same clade. This constrained tree was not
significantly different from our best tree (Shimodaira—

Hap. 1
Hap. Il
Hap. IV
e Network 2
Hap. ¥ - . :
C. lepadiformis
80 Hap. VI (exterior)
Hap. V11
52
B Hap. 111 i
e Gwwenesw || Network 3
Hap. W11
[ e x Network 1
Hap. TX C. lepadiformis
{interior)
Hap. X1 L
C u;-f.'.n-m.u-fl Network 4

b R 11

Fig. 3 Maximum-likelihood tree for the haplotypes, estimated
using the model of evolution HKY. Bootstrap values with
maximum-likelihood criterion are shown for the branches with
more than 50% support. Each taxon corresponds to a haplotype
(Hap.), designated by a roman number. Coloured bars group all the
haplotypes nested in the same network in Fig. 4

Hasegawa test, P=0.47), so the monophyly of C. lep-
adiformis could not be rejected with certainty.

Cladogram estimation and nested analysis

The number of steps for parsimonious connections
among haplotypes with a 95% confidence was esti-
mated to be eight. The cladogram estimation proce-
dure resulted in four distinct networks (Fig. 4), all of
which were separated by more than eight mutational
steps. The interior and exterior forms of C. lepadifor-
mis fell into two independent networks separated by 17
steps. Clavelina sp. was differentiated from the interior
and exterior networks of C. lepadiformis by 21 and 22
steps, respectively, while C. dellavallei was separated
from the two C. lepadiformis networks by 54 (interior
form) and 55 (exterior form) steps. In turn, Clavelina
sp. and C. dellavallei networks were separated by 58
steps. The geographical association test showed a sig-
nificant association between haplotypes and localities
(Blanes exterior, Blanes interior, Tossa de Mar, Ca-
daqués, Port Ginesta, and Estartit) (Monte Carlo
significance value <0.0001), and between haplotypes
and habitats (interior and exterior; Monte Carlo sig-
nificance value <0.0001). Evidence of a contiguous
range-expansion event was found with the nested
geographical analysis of genetic variation for both the
interior and the exterior forms of C. lepadiformis. The
results of the nested geographical analysis are shown in
Fig. 5.

Population genetic parameters

Mean genetic divergence between pairs of interior and
exterior populations was 0.052. Nucleotide diversity was
lower for the interior form (0.0018) than for the exterior
form (0.0032). The mean value of gene flow between
interior and exterior habitats was insignificant
(Nm=0.044), whereas the mean yg; value between these
two habitats was high (yst=0.91). Measures of gene
flow among the interior populations (Blanes, Estartit
and Port Ginesta) were higher than those obtained
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Fig. 4 TCS networks. Lines represent one mutational step between
haplotypes, and the 0 indicates a missing intermediate. Boxes show
the haplotypes nested together into one-step clades. Each network
was subjected to an independent analysis and the codes (I-1, I-2, E-
1 and E-2) correspond to the notation used in the nested analyses.
Clavelina lepadiformis haplotypes (Hap.) are indicated by roman
numbers, and haplotype frequencies (number of individuals within
each haplotype) are represented by the area of the circles

among exterior populations: Nm of 12.5+£8.02 and
3.23+0.77, respectively (mean=+SE; see Table 2). A
significant genetic differentiation between localities
(based on a y° test; Hudson et al. 1992) was found
among exterior populations (y*>=26.42, P=0.009),
whereas no significant genetic differentiation was de-
tected among interior populations  (3*=10.60,
P=0.101). Pooling gene-flow values within interior and
exterior habitats, we obtained a significantly larger mean
value (Mann—Whitney U test, P<0.01) than that ob-
served between pairs of interior and exterior popula-
tions: Nm of 7.8783+4.159 and 0.044+0.002,
respectively (mean=+SE, see Table 2). The AMOVA
showed significant genetic differences between the two
habitats (interior and exterior), among populations
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within these habitats, and within populations (P <0.05).
Most of the genetic variation was found within popu-
lations (57.9%), followed by the variation among habi-
tats (33.4%), and that among populations within
habitats (8.72%).

Divergence times

The asymptotic identity was estimated from the data to
be 0.302. With this value, and assuming a molecular
clock, the calibration of Lynch and Jarrell (1993) indi-
cated that the interior and exterior forms of C. lepadi-
formis diverged 8.9 MY ago (95% confidence interval
5-36 MY ago).

Discussion

The interior and exterior forms of Clavelina lepadiformis
are identified as two very divergent and distinct genetic
clades. There seems to be no evidence for gene flow
between these two forms, and the apparent Nm (mean of
0.044) is, most probably, a consequence of their shared
ancestral population. The lack of gene flow among the
two forms, and their genetic divergence estimated by the
phylogenetic and statistical parsimony analyses, suggest
that C. lepadiformis interior and exterior are cryptic
species rather than two forms of the same species. The
relationships among the four main genetic clades found
on the phylogenetic tree, C. lepadiformis interior,
C. lepadiformis exterior, Clavelina sp., and C. dellavallei,
could not be fully resolved, owing to the absence of
substitutions occurring in the interior branch that sep-
arates them. Most of the differences are autopomorphies
in the branches that lead to the four clades. This gen-
erated a lack of phylogenetic signal at this level, and the
C. lepadiformis monophyly could not be rejected, al-
though in our best tree (the tree with the highest log-
likelihood score) Clavelina sp. appears as the sister taxon
to the exterior form.

The origin of the present-day parapatric distribution
of the two clades of what has been so far called Clavelina
lepadiformis remains speculative at present. The species
was originally described in Scandinavian waters and has
an Atlanto-Mediterranean distribution (Pérés 1958). In
the Mediterranean the species has been cited in harbours
and in shallow rocky littoral habitats (Harant 1927; Tu-
ron 1987), corresponding to our interior and exterior
clades. In Atlantic waters it is known from rocky bottoms
down to 50 m, but is also present in sheltered environ-
ments like wharfs, harbours, fjords and shallow estuarine
bays (Berrill 1950; Millar 1966; Vazquez 1993). One
possible hypothesis for the origin of the two clades is that
a parapatric speciation occurred in the Atlantic between
populations on open shores and those in sheltered,
marginal-marine environments, where gene flow is re-
stricted and where they faced different conditions (Bois-
selier-Dubayle and Gofas 1999). The form evolving in
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Ginesta (interior) 0.05 0.05 0.05 3.23 - 0.078
Estartit (interior) 0.05 0.05 0.04 28.49 5.85 -

these marginal habitats would have been preadapted to
colonize the present-day man-made harbours and con-
structions. This split could be more than 8 MY old, ac-
cording to the molecular clock. After the Messinian
salinity crisis of the Mediterranean (in the late Miocene,
between 5 and 6 MY ago), when the Gibraltar Strait
opened (Maldonado 1985), the two clades could colonize
the corresponding Mediterranean habitats, where they
can be found at present. This would agree with the pro-
cess of contiguous range expansion found in our analysis.

A second possible explanation is that, if our molec-
ular clock overestimates the timing of divergence, both
clades could be the result of the original Atlantic species
colonizing the Mediterranean after the Miocene, and a
new species evolved allopatrically in the Mediterranean,
where conditions are different from those in the Atlantic.
This divergence could have been favoured by the exis-
tence of effective barriers against gene flow between
Atlantic and Mediterranean marine populations (Tin-
toré et al. 1988). In fact, instances of genetic disconti-
nuities between north-east Atlantic and Mediterranean
marine populations can be found in the literature, either
concerning conspecific populations or congeneric spe-
cies-pairs of several groups (e.g. soft corals, McFadden
1999; cirripedes, Pannacciulli et al. 1997; bivalves, Sa-

avedra et al. 1993, Quesada et al. 1995; limpets, Corte-
Real et al. 1996; pelagic crustacea, Zane et al 2000; fish,
Borsa et al. 1997). The interior form could be the result
of the Atlantic clade having invaded the Mediterranean
recently by way of ships, and thriving in an environ-
ment, the inside of harbours, that is more similar to the
turbid and richer Atlantic waters than the more clean
and oligotrophic waters of the exterior habitats. A
similar hypothesis of ancient and recent invasions of the
Mediterranean from Atlantic populations has been
suggested to explain the origin of two distinct genetic
lineages in Mediterranean populations of the genus
Ophiothrix (Baric and Sturmbauer 1999). Whether the
two Clavelina species originated parapatrically or al-
lopatrically, and which of them should retain the origi-
nal name C. lepadiformis, can only be ascertained by
future studies covering an arch from Scandinavian wa-
ters to the eastern Mediterranean, including exterior
rocky shores and natural and man-made marginal-
marine habitats.

Gene flow among the exterior populations is lower
than among interior populations. These low values of
gene flow agree with the short free-living larval period of
this species which hinders larval dispersal at long dis-
tances. However, the higher gene-flow levels found



among interior populations cannot be explained by
larval dispersal only. A likely explanation would be the
dispersal of adult colonies through the marinas by
means of maritime traffic. Larvae could settle on ships’
hulls, the new individuals could then be carried to other
marinas and mate with the colonies present there.
Observations of this phenomenon in ascidians have been
made in the past by other authors (Monniot et al. 1985).

The highest genetic variation found in the exterior
form (both at the nucleotide and the haplotype level) is
consistent with the fact that the exterior habitat is much
more heterogeneous and rich in microhabitats. However,
the lower genetic variability in harbours could also be
explained if these populations have gone through a
bottleneck at the time the Mediterranean was colonized.
This would imply that the hypothesis of the interior form
being introduced recently from the Atlantic is correct.
Intense ship traffic among harbours would have main-
tained the genetic homogeneity of those populations.

Marinas and similar environments provide ideal field
sites for the study of population genetics of inverte-
brates. They combine a confinement effect, particular
ecological conditions, and the possibility of high gene
flow facilitated by ships, which overcomes the (usually
restricted) dispersal capability of sexual and asexual
propagules. Compared to open-sea populations, those in
harbours are expected to feature a more homogeneous
genetic structure and higher gene flow among them, as
found in the present study. Likewise, selection for
characteristics that allow a better adaptation to this
particular kind of environment can result in a quick
genetic divergence between interior and exterior popu-
lations in species that can thrive in both habitats. Some
instances of genetic isolation of invertebrate populations
in closed habitats, such as lagoons and harbours, have
been reported (e.g. solitary ascidians, Dalby 1997; gas-
tropoda, Boisselier-Dubayle and Gofas 1999). We an-
ticipate that more instances will be documented as more
species are investigated from a genetic point of view, and
the occurrence of cryptic species in these marginal-ma-
rine environments may turn out to be more common
than is presently recognized. Studies on the population
dynamics and genetic structure of species adapted to
harbours or those able to live in both habitats can have
profound ecological, evolutionary and biotechnological
(e.g. adaptations to pollution) implications.
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