Journal of Biogeography (J. Biogeogr.) (2008) 35, 1279-1294

ORIGINAL

ARTICLE

Genetic differentiation and secondary
contact zone in the seagrass

Cymodocea nodosa across the
Mediterranean—Atlantic transition region

Filipe Alberto', Sénia Massa', Pablo Manent', Elena Diaz-Almela’,
Sophie Arnaud-Haond', Carlos M. Duarte” and Ester A. Serrdo'*

ICCMAR, CIMAR-Laboratério Associado,
University of Algarve, Campus de Gambelas,
Faro, Portugal and ’IMEDEA (CSIC-UIB)
Instituto Mediterraneo de Estudios Avanzados,
Esporles, Mallorca, Spain

*Correspondence: Ester Serrdao, CCMAR,
CIMAR-Laboratério Associado, University of
Algarve, Campus de Gambelas, 8005-139 Faro,
Portugal.

E-mail: eserrao@ualg.pt

ABSTRACT

Aim A central question in evolutionary ecology is the nature of environmental
barriers that can limit gene flow and induce population genetic divergence, a first
step towards speciation. Here we study the geographical barrier constituted by the
transition zone between the Atlantic Ocean and the Mediterranean Sea, using as
our model Cymodocea nodosa, a seagrass distributed throughout the
Mediterranean and in the Atlantic, from central Portugal to Mauritania. We
also test predictions about the genetic footprints of Pleistocene glaciations.

Location The Atlantic-Mediterranean transition region and adjacent areas in
the Atlantic (Mauritania to south-west Portugal) and the Mediterranean.

Methods We used eight microsatellite markers to compare 20 seagrass
meadows in the Atlantic and 27 meadows in the Mediterranean, focusing on
the transition between these basins.

Results Populations from these two regions form coherent groups containing
several unique, high-frequency alleles for the Atlantic and for the
Mediterranean, with some admixture west of the Almeria—Oran Front
(Portugal, south-west Spain and Morocco). These are populations where only
one or a few genotypes were found, for all but Cadiz, but remarkably still show
the footprint of a contact zone. This extremely low genotypic richness at the
Atlantic northern edge contrasts with the high values (low clonality) at the
Atlantic southern edge and in most of the Mediterranean. The most divergent
populations are those at the higher temperature range limits: the southernmost
Atlantic populations and the easternmost Mediterranean, both potential
footprints of vicariance.

Main conclusions A biogeographical transition region occurs close to the
Almeria—Oran front. A secondary contact zone in Atlantic Iberia and Morocco
results from two distinct dispersal sources: the Mediterranean and southernmost
Atlantic populations, possibly during warmer interglacial or post-glacial periods.
The presence of high-frequency diagnostic alleles in present-day disjunct
populations from the southernmost Atlantic region indicates that their
separation from all remaining populations is ancient, and suggests an old,
stable rear edge.
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INTRODUCTION

The evolutionary processes that lead to population isolation,
the first step towards allopatric speciation, are determined by a
variety of factors including species reproductive systems,
population history, geographical distance, dispersal means
and past geological events. In marine environments, biogeo-
graphical barriers, although less apparent (Vermeij, 1987;
Avise, 1994; Palumbi, 1994), have been highlighted by the use
of molecular markers for marine populations (Karl & Avise,
1992; Grosberg & Cunningham, 2001). One approach to
identifying marine biogeographical discontinuities, and eval-
uating their importance as barriers to gene flow, is to
determine population divergence for species with ranges
expanding across candidate regions.

The transition zone between the Atlantic Ocean and the
Mediterranean Sea, at the Strait of Gibraltar, constitutes one of
the best documented biogeographical transitions in the marine
environment, due to both the present and past physical
properties of this marine area. During the last 6 Myr, this
region has been affected by dramatic geological events and
climatic fluctuations, the most important being the closure of
the Rifean and Baetic gateways between the Atlantic Ocean and
the Mediterranean Sea some 5.9 Ma, transforming the Med-
iterranean Sea into a series of hypersaline lakes, a period called
the Messinian salinity crisis (Maldonado, 1985; Krijgsman
et al., 1999, 2004; Duggen et al., 2003, 2004). More recently,
during the last glacial maximum (LGM 18-10 kyr =p),
oscillations of sea level led to periods of reduced connectivity
between the Eastern and Western basins, which stabilized at
about 11 kyr Bp (Collina-Girard, 2001). Nowadays, two factors
have been proposed to account for the maintenance of a
biogeographical barrier in the area: the one-way surface
current of Atlantic water flowing through the Strait of
Gibraltar into the Mediterranean (Parilla & Kinder, 1992;
Bryden et al., 1994); and the presence of gyres forming a well-
defined hydrogeographical boundary of surface waters between
Almeria in south-east Spain and Oran in Algeria, the so-called
Almeria—Oran oceanographic front (AOF) (Tintore et al,
1988).

Recent molecular studies suggested that the AOF front acts
as a barrier for dispersal of oysters (Saavedra et al., 1993),
mussels (Quesada et al., 1995), fish (Borsa et al., 1997; Naciri
et al., 1999; Lemaire et al., 2000; Lo Brutto et al., 2004;
Cimmaruta et al., 2005), barnacles (Pannacciulli et al., 1997),
northern krill (Zane et al., 2000), scallops (Rios et al., 2002)
and cuttlefish (Perez-Losada et al., 2002). Many other studies
detected a strong differentiation between Atlantic and Med-
iterranean populations, although sampling was not designed to
test for a specific effect of the AOF (Kotoulas et al., 1995;
Chikhi et al., 1997; Roldan et al., 1998; Garcia-Martinez et al.,
1999; McFadden, 1999; Aurelle et al., 2003; Bargelloni et al.,
2003; Duran et al, 2004a,b; Vinas etal, 2004; Baus
et al., 2005). However, this genetic discontinuity was absent
in other studies (Launey et al, 2002; Bargelloni et al., 2003;
Stamatis et al., 2004; Zardoya et al., 2004), which focused

1280

mostly on fish and marine invertebrate taxa. For marine
flowering plants (seagrasses), the two published studies
including samples from the Atlantic and Mediterranean basins
(Coyer et al., 2004; Olsen et al., 2004) did not specifically
detail the patterns of gene flow across this contact zone, which
also represents the distributional boundary of the Mediterra-
nean endemic seagrass Posidonia oceanica (Duarte, 2001).
Species with low dispersal potential are expected to reflect
more strongly the effects of biogeographical barriers and to
show clear patterns of genetic structure.

Populations at the margins of geographical range distri-
butions are particularly affected by climate variations, affect-
ing their genetic diversity and structure (Petit et al., 2003,
2004; Vucetich & Waite, 2003). Many studies tend to focus
on high-latitude range edges, yet populations at the ‘rear
edge’ of post-glaciation colonization, those that may have
survived recent glaciations, may be of extreme importance for
the long-term conservation of genetic diversity (Hampe &
Petit, 2005). The classic centre—periphery hypothesis assumes
that edge populations should be smaller and have lower
genetic variability and higher extinction probability, and
although supported by some empirical studies (e.g. Arnaud-
Haond et al., 2006), this view has been challenged by other
empirical work (Channell & Lomolino, 2000; Sagarin &
Gaines, 2002; Vucetich & Waite, 2003). For organisms with
mixed sexual and clonal reproductive modes, a leading
biogeographical hypothesis is that clonal reproduction
becomes predominant at distributional edges (e.g. Eckert,
2001), although this pattern is often associated with physi-
cally stressed edge populations, such as in high-latitude
habitats affected by Pleistocene climate changes (Kearney,
2005). Genotypic richness, an indicator of the relative
importance of sexual vs. clonal growth for population
dynamics, is thus expected to correlate, across geographical
distributional ranges, with climate oscillations and centre—
periphery distribution patterns. Yet we still understand only
poorly the distribution patterns of genotypic richness for
marine clonal organisms with mixed sexual and asexual
reproduction modes (but cf. Billingham et al., 2003; Coyer
et al., 2004; Olsen et al., 2004; Tatarenkov et al., 2005;
Alberto et al., 2006).

In this study, we explored the importance of the Atlantic—
Mediterranean transition zone as an oceanographic barrier to
past and current gene flow, using as our model species the
seagrass Cymodocea nodosa (Ucria) Ascherson. The combina-
tion, in the same species, of an Atlantic-Mediterranean
distribution range with extremely reduced dispersal potential
(Buia & Mazzella, 1991; Alberto et al., 2005; Ruggiero et al.,
2005) renders C. nodosa a suitable model for studying the
biogeographical influence of the transition zone between these
two distinct water masses. Eight microsatellite loci were used
to estimate genetic diversity within and among populations
from the Atlantic and the Mediterranean. The two hypotheses
we aimed to test were that, over a long time scale: (1) the
transition zone acted as a major barrier to gene flow between
the Atlantic and Mediterranean, and (2) over the north—south
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axis of distribution in the Atlantic there is a gradual decline of
genotypic richness with increasing latitude, because rear-edge
populations are less affected by climate oscillations.

MATERIALS AND METHODS

Model species

Seagrasses are marine flowering plants capable of occupying
space through clonal reiteration of shoots, as a result of
rhizome extension (Marba & Duarte, 1998; Hemminga &
Duarte, 2000). The dioecious seagrass C. nodosa is found
throughout the Mediterranean basin and in the North
Atlantic from central Portugal to its southern limit in Banc
d’Arguin in Mauritania, as well as in the Canary Islands
archipelago and at Madeira (Fig. 1). The occurrence of
congeneric species in the Red Sea and in the Indian Ocean
suggests that C. nodosa may have a vicariant origin associated
with the closure of their connection to the Mediterranean.
Cymodocea nodosa can occur from the extreme low intertidal
down to depths of 30 m, depending on light penetration.
Fruits are developed at the base of shoots, thus suggesting
limited seed dispersal (Marba & Duarte, 1995), which was
confirmed by spatial autocorrelation analyses (Alberto et al.,
2005; Ruggiero ef al., 2005). Yet C. nodosa is present in areas
separated from its closest sources by hundreds of kilometres,
such as some Atlantic islands and the range-edge populations
of Mauritania. Long-distance dispersal may be the result of
rare jump-dispersal events, perhaps through transport of
fruits on rafts made of tangled sections of broken rhizome
during winter storms.

Genetic differentiation of Cymodocea nodosa

Sampling

Sampling aimed to cover the Western Mediterranean and
Atlantic distribution of C. nodosa (Fig. 1; Table 1). The
Atlantic group consisted of 20 sites distributed from Mauri-
tania (3), the Canary Islands (10), Madeira (1), Morocco (1),
Portugal (3) and Spain (2), including all sites where C. nodosa
is known to occur along the Atlantic coasts of Iberia, up to its
northern limit at Trdia. In the Western Mediterranean area, 21
sites were sampled, in Iberia (8) and the Balearic Islands (13).
East of the region that is the focus of this study, we also
sampled six sites: Sicily (2), Croatia (1), Greece (2) and Cyprus
(1). These were included as a reference to understand the
pattern of colonization along the geographical distributional
range, as the occurrence of the genus Cymodocea in the Red Sea
suggests that the Eastern Mediterranean is the geographical
origin of this species.

At each site, 40 ramets, each consisting of three to five
shoots from the same horizontal rhizome, were randomly
collected inside a 60 X 14-m area by scuba divers. At the sites
where this sampling design was not feasible due to meadow
fragmentation and/or size, the sample size was smaller than 40
sample units and was taken haphazardly (Table 1). For one
site, the Ria Formosa coastal lagoon, a larger sample size was
available.

Genet assignment

After DNA extraction (Doyle & Doyle, 1988), samples were
genotyped for eight microsatellite loci (Alberto et al., 2003).
Each reaction contained one of the following multiplexes of

N

CH, TL, SV EC, ES, EP, ST

Gibraltar Strait

T

1000 km
M

Figure 1 Locations of Cymodocea nodosa sites sampled. Site codes are given in Table 1. The text refers to geographical groups of sites: close
to low-latitude Atlantic range edge (AL); close to high-latitude Atlantic range edge (AH); Western Mediterranean (WM); Eastern Medi-
terranean (EM). The Almeria—Oran front is indicated by the dashed line east of the Strait of Gibraltar.
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Table 1 Cymodocea nodosa genetic variability statistics for all sites studied in the Atlantic Ocean and the Mediterranean Sea.

Site Code Group n G R A = 10 He Ho f

Atlantic Ocean

Mauritania
1. Banc d’Arguin I M1 AL 43 18 0.40 2.44 +0.17 0.372 0.333 0.108
2. Banc d’Arguin II M2 AL 44 30 0.67 2.45 £ 0.21 0.383 0.430 -0.099
3. Banc d’Arguin IIT M3 AL 40 10 0.25 2.5 0.375 0.431 —-0.081
Canary Islands
4. Playa Blanca PB AL 38 30 0.78 2.40 £ 0.12 0.391 0.371 0.051
5. Punta Jandia PJ AL 35 19 0.53 2.92 £ 0.19 0.467 0.434 0.072
6. Gran Tarajal G AL 39 33 0.84 2.45 + 0.20 0.411 0.345 0.162**
7. Playa San Juan SJ AL 39 27 0.68 2.32 £ 0.17 0.286 0.296 -0.016
8. El Medano EM AL 36 34 0.94 2.90 =+ 0.16 0.438 0.360 0.178**
9. Teresitas T AL 35 21 0.59 2.20 £ 0.10 0.381 0.388 -0.019
10. Canteras C AL 39 13 0.32 2.16 £ 0.09 0.285 0.317 -0.119
11. Taliarte Ta AL 38 15 0.38 2.87 £ 0.15 0.469 0.458 0.023
12. Arinaga A AL 35 30 0.85 2.51 £ 0.12 0.480 0.558 —0.166
13. Bahia Feliz BF AL 39 32 0.82 2.61 £ 0.15 0.449 0.398 0.114
Madeira Island
14. Lido Md AL 38 1 0.00 1.62§ 0.625 0.625 -
Morocco
15. Qualidia MO AH 35 1 0.00 1.38§ 0.375 0.375 —
Portugal (Iberia)
16. Troéia Tr AH 40 1 0.00 1.38§ 0.375 0.375 -
17. Ria Formosa RF AH 220 5 0.03F 2.508 0.425 0.475 —0.134
18. St= Eulalia SE AH 30 3 0.07 2.38§ 0.550 0.542 0.019
Spain (Iberia)
19. Cadiz Ca AH 40 24 0.59 3.44 + 0.16 0.579 0.672 —0.164%*%*
20. Bolonia Bo AH 28 3 0.07 2.50§ 0.567 0.750 —0.440

Mediterranean Sea
Spain (Iberia)

21. Cala Honda TC WM 35 2 0.03 2.00§ 0.583 0.625 —-0.111
22. Maro Mr WM 30 1 0.00 1.62§ 0.625 0.625 -
23. Roquetas R WM 39 9 0.21 3.12§ 0.450 0.472 —0.052
24. Almerimar Am WM 30 26 0.86 3.78 £ 0.15 0.561 0.520 0.075
25. Urrutias U WM 30 24 0.79 322 +0.14 0.578 0.573 0.003**
26. Denia D WM 32 17 0.52 3.46 £ 0.15 0.576 0.493 0.148
27. Alfacs Al WM 40 19 0.46 2.85 £ 0.12 0.531 0.566 —0.068
28. Fangar Fa WM 34 28 0.82 3.26 £ 0.20 0.571 0.670 —0.176***
Balearic Islands]
29. Calla d’Hort, IB CH WM 38 29 0.76 2.94 +£0.17 0.496 0.517 —0.044
30. Talamanca, IB Tl WM 39 25 0.63 3.60 £ 0.17 0.530 0.508 0.042
31. Calla St Vicent, IB SV WM 40 13 0.31 3.42 £ 0.16 0.509 0.519 —0.022%*
32. Es Cabalet, IB EC WM 28 26 0.93 3.00 £ 0.19 0.464 0.481 —0.036%*
33. Es Banc, FO ES WM 31 15 0.47 2.90 £ 0.15 0.516 0.500 0.032
34. Es Pujols, FO EP WM 40 8 0.18 2.88§ 0.543 0.563 —0.039
35. Sa Torreta, FO ST WM 32 14 0.42 2.49 +0.03 0.366 0.429 —0.180
36. Calla Formentor, MA F WM 36 23 0.63 3.24 £ 0.21 0.556 0.620 -0.117
37. Lago Esperanza, MA LE WM 35 7 0.18 2.38§ 0.338 0.321 0.053*
38. Pt Vells, MA PV WM 28 13 0.44 3.17 £ 0.16 0.432 0.452 —0.048
39. Ses Illetes, MA ! WM 13 3 0.17 2.00§ 0.383 0.458 -0.257
40. Fornels, ME Fo WM 38 27 0.70 3.30 £ 0.14 0.538 0.588 —0.095
41. Sanitja, ME Sa WM 32 14 0.42 2.50 = 0.10 0.401 0.491 —0.234*
Sicily
42. Marzamemi SM EM 40 15 0.36 3.44 £ 0.19 0.578 0.574 0.007
43. Porto Palo SP EM 36 29 0.80 4.46 + 0.30 0.647 0.612 0.054***
Croatia
44. Rovnij CR EM 37 20 0.53 2.69 £ 0.17 0.396 0.356 0.103*
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Table 1 Continued

Genetic differentiation of Cymodocea nodosa

Site Code Group n G R A(G - 10 He Ho f
Greece

45. Thessaloniki S1 EM 13 8 0.58 2.88§ 0.487 0.511 —-0.053

46. Agios Nicolaos AN EM 27 13 0.46 3.30 = 0.09 0.521 0.462 0.119%**
Cyprus

47. Amathous CY EM 11 11 1.00 4.56 = 0.10 0.690 0.735 -0.071*

Group, sample geographical group (see text); n, number of ramets analysed; G, number of different genotypes; R, genotypic richness; A, allelic

richness (£SE) estimated after standardizing G to 10 except where G < 10; He, Ho, expected and observed heterozygosities, respectively; f, inbreeding
coefficient. Significant f values are given (*P < 0.05, **P < 0.01, ***P < 0.001).

FOnly five genets discovered in 220 ramets distributed from different sites over c. 50 km of coastal lagoon.

iBalearic Islands: Ibiza (IB), Formentera (FO), Mallorca (MA), Menorca (ME).

§Observed allelic richness is shown as it cannot be standardized because G < 10 (see text).

fluorescently labelled C. nodosa microsatellite primers: MA,
Cn2-38/HEX and Cn2-14/6FAM; MB, Cn2-16/HEX, Cn2-18/
6FAM, Cn4-29/NED and Cn2-45/6FAM; MC, Cn4-19/NED
and Cn2-24/NED. PCR and automated sequencer methods are
reported by Alberto et al. (2003).

When working with clonal organisms it is important to
discriminate ramets (number of ramets = N, modular units of
the same genetic individual) from genets (number of gen-
ets = G, the genetic individuals originating from distinct
sexual recombination events, which can be composed of
several ramets). This can be done by discriminating the genets
on the basis of their multi-locus genotypes (MLG). Yet a
problem that must be addressed is that identical MLGs
observed in two sampled ramets can correspond either to two
ramets belonging to the same genet, or to two different genets
if, by chance, the sampled alleles are all identical between the
two genets. The probability of encountering the latter depends
on the population frequencies of the alleles observed in that
genet and on the number of loci used to fingerprint samples.
To address this issue, we calculated the probability of a given
MLG occurring n times, repeated as a consequence of different
recombination events (Pg.,) (Parks & Werth, 1993) using the
GENCLONE software (Arnaud-Haond & Belkhir, 2007).
Arnaud-Haond et al. (2005) provide a detailed description of
Py, estimation and genet assignment for C. nodosa. Genotypic
richness, the proportion of different genets in each sample, was
estimated as by Dorken & Eckert (2001): R = (G — 1)/(N - 1).

Data analyses

After removal of clonal replicates from the data set, the
population level observed heterozygosity (Ho) and unbiased
(He) gene diversity (Nei, 1978) were estimated using GENETIX
4.05.2 software (Belkhir et al, 2001). The number of genets
found at each site was standardized to 10 by multiple random
reduction (Leberg, 2002), for interpopulation comparisons of
estimates of allelic richness (A), the average number of alleles
per locus in each population. This approach prevents com-
parisons of allelic richness from being influenced by the
variable number of genets detected in each population sample
(Alberto et al., 2006). A second standardization to G = 3 was
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applied for comparisons with samples that had a very low
genet number.

The Fig estimator of departure from Hardy—Weinberg
expectation, f (Weir & Cockerham, 1984), was calculated
with the Genepop software (Raymond & Rousset, 1995a). The
null hypothesis of random union of gametes was also tested
with the exact Hardy—Weinberg test using the probability test
(Raymond & Rousset, 1995a) available in GENEPOP.

Levels of differentiation between sites were described by the
Fgr estimator 6 (Weir & Cockerham, 1984), and the null
hypothesis of no differentiation was tested using Fisher’s exact
test (Raymond & Rousset, 1995b). Biogeographical relatedness
among sites was analysed with a neighbour-joining (NJ) tree
based on Cavalli-Sforza distances estimated from microsatel-
lite allelic frequencies, with 1000 bootstrap replicates (PHYLIP
software, Felsenstein, 1994).

In order to quantify the effect on genetic differentiation
caused by the Atlantic-Mediterranean transition zone, we
employed a hierarchical F-statistics analysis (HIERFSTAT soft-
ware, Goudet, 2005; Trouve et al.,, 2005). This was used to
detect structure at two different levels: region and population.
We grouped populations into two regions, Atlantic vs.
Mediterranean locations. These were later subdivided in order
to quantify the genetic differentiation between the main groups
of populations: (1) between an ‘Atlantic lower latitude’ group
of samples from Madeira, the Canary Islands and Mauritania
(hereafter referred to as the AL group) and an ‘Atlantic higher
latitude’ group consisting of the remaining Atlantic sites (AH
group); (2) between the AH and the Western Mediterranean
(WM) groups; and finally (3) between the western (WM) and
Eastern Mediterranean (EM) groups. The variance compo-
nents were estimated with the algorithm described by Yang
(1998). The deviations from zero of all F values were tested
with permutation procedures described by Trouve et al.
(2005).

In order to detect the location of a putative genetic
discontinuity region between Atlantic and Mediterranean
populations, we used a Bayesian method implemented in the
GENELAND software (Guillot et al., 2005). This approach uses
the genetic and geographical information from each sample
unit, with no prior assumptions about population groups or
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boundaries, to infer the number k of populations in the data.
We used a strategy proposed by Coulon et al. (2006): first we
ran the MCMC (Markov chain Monte Carlo) computations 10
times allowing k to vary followed by 100 additional runs, to
check for consistency, with k fixed to the modal k found on the
initial 10 runs. The mcmcFmodel function was set with the
following parameters: 100,000 iterations, maximum rate of
Poisson process to 650, uncertainty attached to spatial
coordinates to 0.4°, minimum k fixed to 1, maximum k fixed
to 25, maximum number of nuclei in the Poisson—Voronoi
tessellation fixed to 300, and the Dirichlet model for allelic
frequencies. From these 100 runs, we kept the 20 with the
highest mean logarithm of posterior probability. Posterior
probabilities of population membership for each pixel of the
spatial domain were then computed using a burn-in of 50,000
iterations. We used the modal population assigned to
individuals and group populations to detect putative genetic
discontinuities.

Because GENELAND does not incorporate an admixture
model, we used a maximum likelihood algorithm to analyse
the admixture at the transition region. For this, we chose to use
the r package psmix (Wu et al., 2006), which has been shown
to produce similar estimates to the more computationally
demanding Bayesian MCMC methods of sTRUCTURE (Prit-
chard et al., 2000). The methods implemented by psmix are
described by Tang et al. (2005). The k parameter on PSMIX was
set by the previously described GENELAND estimate.

RESULTS

A total of 1784 ramets of C. nodosa, distributed among 45 sites
along the Atlantic and Mediterranean coasts, were genotyped
with eight microsatellite loci, revealing 117 distinct alleles and
789 distinct MLGs. Excluding monoclonal samples, all the
estimated probabilities of identical MLG having been derived
from independent reproductive events were < 0.05, leading to
the recognition of 789 individual genets.

All Atlantic sites north of the Canary Islands, with the
exception of Cadiz Bay, and also the two westernmost sites in

Number of alleles *locus™

the Mediterranean, were characterized by a much reduced
genotypic richness (mean R + SD: 0.11 + 0.03 with Cadiz
and 0.03 + 0.023 without Cadiz), where a single genet (or
two to five genets in some) was detected from all shoots
sampled (Table 1). In contrast, all other Atlantic and all
Mediterranean meadows (with the exception of Maro, close
to the AOF front) were composed of multiple genets (mean
R = SD: 0.5 + 0.27), with a minimum R 0.17-0.18 from two
meadows in Mallorca, and a maximum 1.0 in Amathous,
Cyprus (Table 1).

Comparisons of allelic richness (A) among sites (Fig. 2)
were standardized to a minimum common genet number by
resampling to a sample size of 10 genets, except for sites where
< 10 genets were found, that is, all populations from the
Atlantic North of the Canary Islands and some Mediterranean
ones (A values for these are given in Table 1 and indicated in
Fig. 2 by open symbols). The maximum allelic richness
(A = 4.56) was found in the Amathous sample from Cyprus,
the easternmost site analysed; this extreme value was three SEs
higher than the Mediterranean mean. Mediterranean popula-
tions show higher (t-test, P < 0.001) allelic richness (mean
A +SD: 3.24+053) than Atlantic populations (mean
A +SD:2.59 + 0.36), even when the Cyprus site was excluded
from the analysis.

Allelic richness in Fig. 2 is not comparable between high
(AH) and low (AL) latitude sites in the Atlantic because all AH
sites, with the exception of Cadiz, had fewer than 10 genets. As
estimates of A vary with sample size (genet number in the
sample), they should thus be compared for standardized genet
numbers. Standardized to G = 10, AL sites and non-standard-
ized AH sites (excluding Cadiz) had comparable mean A
values: 2.52 and 2.46, respectively (t-test, P = 0.663). When we
applied a standardization to G = 3, allowing the inclusion of
Santa Eulalia, Ria Formosa and Bolonia AH sites in the
comparison, we obtained a significantly higher value of
240 £ 0.19 for AH and 2.00 + 0.15 for AL (t-test,
P < 0.001). Thus, when comparisons were based on an equal
number of genotypes, there was a higher allelic richness in
Atlantic Iberian—-Moroccan (AH) populations than at lower

Figure 2 Allelic richness, shown as points
(A is the mean number of alleles per locus
standardized for number of genets G = 10)
and genotypic richness (R), shown as grey
bars, found for all sampled populations of
Cymodocea nodosa arranged from the lower-
to higher-latitude edge in the Atlantic
followed by the West to East Mediterranean
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0.75
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0.25

Genotypic richness (R)

o

M2 PB G EM C A Md Tr SE Bo Mr Am D Fa Tl EC EP F PV Fo SM CR AN
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T 1
(squares, Atlantic; circles, Mediterranean).

Samples with < 10 genets are shown with
open symbols to indicate that A are the
observed values in the sample, as these could

EM not be standardized to G = 10 (see text).
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latitudes in the Atlantic, despite the extremely low number of
genets found in each of these AH populations (Fig. 2).

It is remarkable that, although only one or a few genotypes
were detected at AH sites (except Cadiz), these still contained a
mixture of alleles typical of the Atlantic southern edge and
alleles typical of the Mediterranean (Fig. 3). Several unique
alleles were present for the Atlantic and Mediterranean regions
(Fig. 3). Some were present in almost every population from
one region, often with high frequency, and completely absent
in the other (e.g. allele 120 at locus Cn2-18, 114 at Cn2-16, 175
and 177 at Cn2-24 and 224 at Cn2-14, all specific for the
Atlantic, although some occur in low frequency in the Eastern
Mediterranean; Fig. 3). Conversely, several alleles were present
throughout the distribution but absent at the Atlantic southern
edge of the species (Fig. 3). With the exception of locus Cn2-
45, all loci revealed diagnostic alleles for Atlantic vs. Mediter-
ranean populations (Fig. 3). In the Atlantic higher latitude
sites (Iberian-Moroccan), alleles typical of these two regions
occurred together.

When the hypothesis of random union of gametes was
tested, seven locations exhibited significant positive f values
(heterozygote deficit) while six showed significant negative
values (heterozygote excess) (Table 1). There was no geo-
graphical pattern of heterozygote deficiency and excess. All
pairwise differentiation values (Table S1 in Supplementary
Material) were significantly different from zero, revealing that
allelic distributions differ across all populations with the
exception of Ria Formosa and the neighbouring Sta Eulalia.

The NJ tree and MDS analysis (Figs 4 & 5) reveal concor-
dant representations of genetic structure according to site
geographical location. Along the whole distributional range,
the most genetically divergent cluster (90% bootstrap support;
Fig. 4) groups the Atlantic southern edge sites (the AL group:
Canary Islands, Madeira and Mauritania). Inside this cluster
there is still a significant substructure, with the southernmost
samples from Mauritania branching with 97% bootstrap
support (Fig. 4). The Eastern Mediterranean is another well
supported (63% bootstrap) differentiated cluster of C. nodosa
populations, distinct from the Western Mediterranean, as
expected from the allelic distributions (Fig. 3).

Genetic differentiation among sites closer to the transition
region was more complex. The NJ analysis did not contradict
the hypothesis that the AOF is important as a biogeographical
boundary between the Atlantic and the Mediterranean, but the
genetic structure is weaker and a pattern typical of a contact
zone is present west of the AOF, rather than a sharp transition.
The NJ bootstrap configurations place Cadiz (the only site in
the region with high genotypic richness) about half of the time
on the Atlantic side and equally frequently on the Mediterra-
nean side, a pattern suggested by the shared presence of
typically Mediterranean and Atlantic alleles (see above, Fig. 3).
GENELAND probabilities of assignment of individuals to
populations (see details below) confirmed an effect of the
transition zone with all AH sites grouped together, including
Cala Honda, the first Mediterranean site after Gibraltar, still
west of the AOF.
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GENELAND gave a modal number of clusters (k) of 13 and 14
on eight and two of the 10 runs, respectively, thus we fixed k
for the minimum modal k at 13 for the 100 subsequent runs.
The 20 selected runs of the 100 processed, assigned individuals
on average to nine clusters (min: 7, max: 11). Three groups: (1)
Mauritania, (2) the Canary Islands and Madeira, and (3) the
AH group of Atlantic Iberia and Morocco, including Cala
Honda, were consistent in 17, 19 and 16, respectively, of the 20
selected runs. The patterns for the WM sites were less
consistent, confirming the NJ tree topology for this region.
The psmix individual admixture analysis confirmed AL as the
most divergent group and Mauritania as a separate cluster
within it. In Fig. 6, we can see that the genetic ancestry for
individuals within these clusters is dominated by a single
cluster (yellow for Mauritania and dark blue for Macaronesia).
The more complex genetic ancestry pattern in the AH region
again reveals admixture from both Mediterranean and Atlantic
sources. The separation of genetic admixture sources for WM
vs. EM also confirms the previous analyses.

Hierarchical F-statistic analysis (Table 2) shows that the
multilocus estimate of spatial differentiation among popula-
tions relative to the whole sampled distribution was large
(FpopTotal = 0.426). Genetic variation in C. nodosa does not
have a clear hierarchical structure, given that at a smaller
spatial scale, of populations inside regions (Fpopreg = 0.255),
differentiation is comparable with that at a regional scale
(Fregrotal = 0.230). The separate analyses of subsets of the data
confirm that most of the variation among regions results from
the genetic differentiation between the Atlantic lower latitude
sites vs. all others.

DISCUSSION

We investigated the hypothesis of a genetic discontinuity in the
distributional range of C. nodosa induced by the transition
between the Atlantic Ocean and Mediterranean Sea, on the
Almeria—Oran water front (AOF). Our results show that the
populations from these two regions form coherent (topolog-
ically separated) groups, as supported by the occurrence of
diagnostic alleles for each group but also revealing admixture
from both regions along a contact zone at the higher latitude
range in the Atlantic (Atlantic Iberia and Morocco). The most
significantly differentiated groups are, however, located at the
range limits: the lower latitude range in the Atlantic (Maca-
ronesian/Mauritania group) and the easternmost Mediterra-
nean. Along the disjunct Atlantic distribution, we found strong
genetic structure and a contrasting genotypic diversity between
the more clonal higher-latitude edge and the genotypically
richer lower-latitude populations.

The Almeria-Oran front, a barrier to entering but
not exiting the Mediterranean

The allelic patterns found for the northern edge in the Atlantic
show evidence of a secondary contact zone west of the AOF,
containing a mixture of alleles that are otherwise exclusive to
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Figure 4 Neighbour-joining tree based on Cavali-Sforza
distance derived from Cymodocea nodosa microsatellite allele
frequencies at Atlantic and Mediterranean sites.

the Mediterranean or the Atlantic. It is remarkable that even
populations where only one or a few genotypes were found still
exhibited these shared allele patterns. Cadiz showed higher
allelic richness than elsewhere in the Atlantic (as did other sites
in this AH region if comparisons were standardized for the
fewer genets in the samples). Higher allelic richness outside
putative refugia can be the result of admixture of divergent
lineages colonizing from separate southern refugia during
range extension (see below; Petit et al., 2003).

The occurrence of this contact zone west of the Almeria—
Oran front indicates that gene flow has occurred from the

Genetic differentiation of Cymodocea nodosa

Mediterranean to the Atlantic but not the opposite, for
Mediterranean alleles were found in these northern range
Atlantic populations, but Atlantic private alleles were not
found in the Mediterranean. This contradicts expectations
based on the predominant surface currents (dispersal from the
Atlantic to the Mediterranean; Cramp & O’Sullivan, 1999). In
addition, most of the Mediterranean animal populations are
believed to be of Atlantic origin, entering this basin after the
opening of the Gibraltar Strait (Borsa et al., 1997). However
the gene-flow patterns reported here, in the opposite direction,
could be accounted for by near-shore counter-currents (Relvas
& Barton, 2002) and surface wind patterns, particularly during
storms. It is rarely acknowledged that dispersal direction might
be more likely to be determined by rare storm occasions rather
than yearly averages of oceanographic conditions. Cymodocea
nodosa meadows are severely affected by winter storms,
releasing large quantities of biomass in the form of complete
sections of living rhizome network, therefore it is during such
stormy periods that the dispersal potential is maximized,
particularly as seeds have very low dispersal potential (Alberto
et al., 2005; Ruggiero et al., 2005).

Colonization-recolonization pathways in the Atlantic
and Western Mediterranean

In general, the Atlantic sites revealed reduced allelic richness
when compared with populations from the Mediterranean.
This could be attributed to present-day low effective popula-
tion size or to founder events during the past colonization of
the Atlantic from the Mediterranean. The first hypothesis is
unlikely because: (1) sexual reproduction seems to be an
important component of population growth in the Canary
Islands and Mauritania, as seen by the levels of genotypic
richness reported here; and (2) the occurrence in this region of
the largest continuous meadows of C. nodosa that we are aware
of (particularly in Mauritania) indicate that effective popula-
tion size is unlikely to be smaller than elsewhere in the species
range. The second hypothesis suggests that only a small
proportion of the alleles from the source habitat were retained,
due to the reduction in effective population size of migrant
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Table 2 Hierarchical F statistics for Cymodocea nodosa.

Regions FIndPop FPopReg FRegTotal FPopTotal

Atlantic and Mediterranean 0.002  0.255 0.230 0.426

AL and AH 0.021  0.211 0.252 0.410
AH and WM —0.041  0.220 0.089 0.289
WM and EM -0.010  0.237 0.098 0.312

Four different analyses were carried out: Atlantic and Mediterranean,
and three subsets with regions defined by the groups indicated in
Fig. 1. All F estimates are significant (P < 0.001).

populations; thus recently colonized populations should
exhibit a subset of the allele composition of source populations
(Hewitt, 1996) with drastically rearranged frequencies. Studies
on other taxa have inferred colonization from the Mediterra-
nean to the Atlantic based on lower allelic richness in the
Atlantic (Saavedra et al., 1993; Pannacciulli et al., 1997; Duran
et al., 2004b). In the case of C. nodosa in the Atlantic, the
pattern is not that simple. Rather, several alleles were present at
a high frequency in the Atlantic, and were absent in the
Western Mediterranean (potential source or at least stepping-
stone populations), but some of these were detected at a low
frequency in the Eastern Mediterranean (Fig. 3), and close to
the transition region there is evidence of admixture on the
Atlantic side. These results suggest that the separation between
the low-latitude Atlantic and Mediterranean groups is thought
to be ancient, based on the evolutionary time required to
accumulate so many private alleles. The number of such alleles
could actually be higher if the alleles shared between AL and
EM, the most distant regions, are in fact homoplasious due to
the constraints on microsatellite allele sizes (Garza et al., 1995;
Nauta & Weissing, 1996) and the long coalescent time
separating these groups.

1288

Figure 6 psmix assignment of Cymodocea
nodosa individuals to k = 9 inferred clusters
(k estimated under GeNeLAND). Each indi-
vidual is represented by a column; different
colours within columns indicate the maxi-
mum likelihood probability of belonging to
different clusters, a measure of gene ancestry
and admixture (AL, lower latitude Atlantic;
AH, higher latitude Atlantic edge;

WM, Western Mediterranean; EM, Eastern
Mediterranean). Higher panel, total area
studied; lower panel, enlargement of
transition area between AH and WM,
indicated by a dark arrow.

The high genetic differentiation levels reported here suggest
that colonization of the present-day Atlantic range is not
recent, and might have taken place before the Pleistocene
glaciations. During the glaciation cycles over the past 1.8 Myr
(Croll-Milankovitch cycles; Hays et al,, 1976), C. nodosa
should have been locally excluded from Western Mediterra-
nean and Atlantic high-latitude edge sites, considering the
present-day sea-surface temperature throughout the species
range. During the LGM (18-10 kyr Bp), the Western Medi-
terranean had colder water temperature and higher thermal
amplitude when compared with the more stable Levantine Sea
(Thunell, 1979; Hayes et al,, 2005) and the Atlantic in the
Canaries—Mauritania region (Dynesius & Jansson, 2000). This
contraction of the species range during the glacial to areas
today representing range edges (the Eastern Mediterranean
and the lower-latitude Atlantic) may explain the high genetic
differentiation by a vicariance process set by the glacial cycles.
The post-glacial range extension from Mediterranean and
Atlantic refugia would have given rise at the AH secondary
contact zone to the admixture of allelic forms typical of each
side. This scenario is supported by the extremely high allelic
richness found here for the Amathous sample from Cyprus,
and the higher allelic richness found for AH as compared with
AL (after standardizing the number of genets), which may be
explained by the admixture at AH sites from both AL and WM
extending range edges following glacial maxima.

Strong genetic divergence between eastern and western
basins was revealed here, and has also been detected recently
for the endemic Mediterranean seagrass P. oceanica, with
admixture allele patterns at an intermediate region corre-
sponding to the Sicily—Tunisia Strait (Arnaud-Haond et al.,
2007). Sampling throughout the Eastern Mediterranean
should be extended to characterize fully what seems to be
an important hotspot of genetic diversity for C. nodosa.
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Likewise, sampling along the Western Mediterranean North
African coast and in the Sicily—Tunisia Strait is important to
understand if the species might have had glacial refugia in
the south-western Mediterranean. The lack of geographical
genetic structure for the Western Mediterranean and the
relatively shallower tree configuration may be signals of
range expansion from Mediterranean refugia following the
LGM.

Stability and age of Atlantic rear edge populations

Patterns of allelic diversity have been studied across gradients
of latitude of cold-adapted seagrass and algal species (Coyer
et al., 2003; Olsen et al., 2004), and inferences have been made
about the effects of Pleistocene glaciations, whereby species
tend to be consistent with a ‘leading edge-trailing edge’
paradigm with both rear and leading range edges having
impoverished diversity (Hewitt, 1996, 2000; Hampe & Petit,
2005) with low abundance, high extinction risk, low effective
size and strong genetic structure among remaining pockets of
habitat. What we found for C. nodosa, with populations from
putative warmer refugia (Atlantic southern edge and Eastern
Mediterranean) being genetically more diverse, is more
consistent with the case where the species has stayed in situ,
either surviving at suitable sites or adapting, that is, a ‘stable’
rear edge (Channell & Lomolino, 2000). Such populations are
expected to be two to three orders of magnitude older than
those on the expanding range, and are considered of great
importance for the conservation of intraspecific biodiversity
(Hampe & Petit, 2005). It is remarkable that Atlantic rear-edge
populations in Mauritania form the largest continuous mead-
ows throughout the species range.

The different temperature tolerances of the above-men-
tioned species may explain the different outcomes of past
climate-driven changes in range dynamics. Temperate species
(Coyer et al., 2003; Olsen et al., 2004) were likely to have
southern refugia further north than C. nodosa and Zostera
noltii (Coyer et al., 2004), the southern edge of which occurs in
sub-tropical zones. Higher latitudes were more likely to
experience larger temperature variation during glacial-inter-
glacial oscillations, which means a lower chance of species
finding favourable sites or adapting to changing conditions,
resulting in latitudinal range displacement and trailing edge
patterns. In contrast, the lower temperature variance experi-
enced further south might have allowed C. nodosa and Z. nolti
(Coyer et al., 2004) to persist, adapt and form large popula-
tions. Therefore both these seagrass species constitute excellent
models to study the roles of adaptation vs. plasticity and
speciation at lower-latitude range margins.

Patterns of genotypic richness

Genotypic richness (R) is an important component of genetic
variation for organisms with mixed modes of reproduction,
sexual and clonal, because it estimates the balance between
effective sexual and asexual reproduction over several gener-
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ations (Dorken & Eckert, 2001; Reusch, 2001). Several
hypotheses have been advanced to try to explain the patterns
of genotypic richness found in natural populations. One is the
intermediate disturbance theory (Connell, 1978; Weider,
1992), which states that the highest level of diversity will be
maintained at intermediate scales of disturbance, sufficient to
clear space and enhance sexual recolonization (Edwards et al.,
2005). Previous studies have used this idea to explain patterns
of genotypic richness found in some seagrass meadows
(Hammerli & Reusch, 2003; Coyer et al., 2004). Under this
hypothesis, in lower disturbance regimes competitive exclusion
between clones is not precluded and population structure
would become more clonal. This pattern was not observed in
the Cadiz sample, collected inside a bay with a relatively stable
environment where both allele and genotypic richness were
relatively high, in contrast with all other sites in the contact
region, including other large coastal lagoons, such as Ria
Formosa, with extremely low genotypic richness.

The low genotypic richness in the northern-edge Atlantic
populations is therefore more probably explained by historical
contingency such as geographical isolation and climate oscil-
lations, rather than by present-day disturbance regimes. South
of the Strait of Gibraltar, Oualidia (Morocco) and Madeira
(Fig. 1) are the first sites where the species was found,
spanning around 500 km of separation; extensive populations
are known to occur further south only in the Canary Islands
and Mauritania. North-west of Cadiz, the Ria Formosa in
southern Portugal is the first place where the species is present
(at 160 km distance). Trdia, the northern Atlantic range limit
of the species, is located more than 270 km from the nearest
meadow and beyond the important geographical barrier of
Cape Sao Vicente. The colonization of these sites might have
been characterized by strong founder effects (Alberto et al.,
2001), whereby only a small number of individuals reached the
outer sites. Throughout the Mediterranean, genotypic richness
was highly variable but ranged from very low to a maximum of
one at the easternmost sample, where every ramet sampled was
from a unique genet. These differences could not be accounted
for by any evident relationship with disturbance/stability or
any other environmental factor.

An alternative hypothesis that may explain some of the low
clonal richness values reported here is the global trend of
seagrass decline associated with human development (Duarte,
2002; Orth et al., 2006), which may cause population bottle-
necks followed by recolonization by clonal growth of the few
remaining genotypes. This could be the case in southern
Portugal, where there is historical evidence (20th century) of
large seagrass meadows having occurred on the open coast
(Luis C. da Fonseca, pers. comm.) at sites where they have
since disappeared. If the current populations are the result of
recolonization from a few surviving genets, clonal propagation
may be predominant given that the species is dioecious,
thus requiring co-occurrence of different male and female
genets for successful sexual propagation. Monoclonal meadows
are thus unable to produce seeds even if flowering investment
is high.
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CONCLUSIONS

We have shown a strong genetic structure among populations
of C. nodosa along their geographical distribution. Populations
at the southernmost limit (Atlantic) are extremely well
differentiated from all remaining populations, and those in
the Eastern Mediterranean are also significantly distinct from
all others. There appears to be a trend for decreasing allelic
richness from the Eastern Mediterranean towards the Atlantic,
but diagnostic (private) alleles were found for the Mediterra-
nean and for the Atlantic.

The southern edge Atlantic populations appear to form a
stable rear edge, contrasting with less diverse and smaller
Atlantic northern edge populations. These populations and a
population immediately east of Gibraltar revealed a secondary
contact zone, where a mixture of alleles otherwise exclusive to
the Mediterranean or to the Atlantic can be found. The latter
is remarkable given that all these populations, with the
exception of Cadiz, are composed of one or very few
genotypes (clones).

ACKNOWLEDGEMENTS

We thank J. Hindink, W. Wolff and A. Cunha for collecting
samples in Mauritania; J. Ferreira, T. Simdes, G. Pearson,
C. Perrin, J. Terrados, N. Marba, R. Martinez, A. Barrajon and
J. Fourqurean for help with sampling in several Mediterranean
sites; L. Ivesa for collecting samples in Croatia; R. Araujo,
L. Costa and F. Fernandes for help in collecting the Madeira
samples; E. Alvarez for collecting the Sicily, Greece and Cyprus
samples; and D. Moreno for logistical help during the Cabo de
Gata sampling. We thank R. Santos for informing us of the
presence of C. nodosa in Tréia. For help with sampling in
Troia, we thank E. Gongalves, O. Diekmann and the Arrabida
Natural Park. We also acknowledge P. Neves, M.C.G. Rodri-
guez, C. Alonso, C. Barberd, F. Tuya and R. Haroun for
logistical help in the Canary Islands. We thank L. Correia and
J. Ferreira for technical help.

This study was funded by the EU project M&MS (ref. EVK3-
CT-2000-00044) and the Portuguese Science Foundation
(FCT) and FEDER through programmes POCTI and POCI
2010. F.A. and S.A.H. were supported by FCT and European
Social Fund, doctoral and postdoctoral fellowships, respec-
tively. We thank the MARBEF and CORONA (NSF, USA)
networks for interesting discussions on Atlantic biogeography.

REFERENCES

Alberto, F., Mata, L. & Santos, R. (2001) Genetic homogeneity
in the seagrass Cymodocea nodosa at its northern Atlantic
limit revealed through RAPD. Marine Ecology Progress Series,
221, 299-301.

Alberto, F., Correia, L., Billot, C., Duarte, CM. & Serrao, E.
(2003) Isolation and characterization of microsatellite
markers for the seagrass Cymodocea nodosa. Molecular
Ecology Notes, 3, 397-399.

1290

Alberto, F., Gouveia, L., Arnaud-Haond, S., Pérez-Lloréns, J.L.,
Duarte, C.M. & Serrao, E.A. (2005) Within-population
spatial genetic structure, neighbourhood size and clonal
subrange in the seagrass Cymodocea nodosa. Molecular
Ecology, 14, 2669-2681.

Alberto, F., Arnaud-Haond, S., Duarte, C.M. & Serrao, E.A.
(2006) Genetic diversity of a clonal angiosperm near its
range limit: the case of Cymodocea nodosa at the Canary
Islands. Marine Ecology Progress Series, 309, 117—129.

Arnaud-Haond, S. & Belkhir, K. (2007) GENCLONE 1.0: a new
program to analyse genetics data on clonal organisms.
Molecular Ecology Notes, 7, 15-17.

Arnaud-Haond, S., Alberto, F., Procaccini, G., Serrao, E.A. &
Duarte, C.M. (2005) Assessing genetic diversity in clonal
organisms: low diversity or low resolution? Combining
power and cost-efficiency in selecting markers. Journal of
Heredity, 4, 434—440.

Arnaud-Haond, S., Teixeira, S., Massa, S., Billot, C., Saenger,
P., Coupland, G., Duarte, C.M. & Serrao, E.A. (2006)
Genetic structure at range-edge: low diversity and high
inbreeding in SE Asia mangrove (Avicennia marina) popu-
lations. Molecular Ecology, 15, 3515—3525.

Arnaud-Haond, S., Migliaccio, M., Diaz-Almela, E., Teixeira,
S., van de Vliet, M.S., Alberto, F., Procaccini, G., Duarte,
C.M. & Serrao, E.A. (2007) Vicariance patterns in the
Mediterranean Sea: east-west cleavage and low dispersal
in the endemic seagrass. Posidonia oceanica, 34, 963—
976.

Aurelle, D., Guillemaud, T., Afonso, P., Morato, T., Wirtz, P.,
Santos, R.S. & Cancela, M.L. (2003) Genetic study of Coris
julis (Osteichtyes, Perciformes, Labridae) evolutionary his-
tory and dispersal abilities. Comptes Rendus Biologies, 326,
771-785.

Avise, ]J.C. (1994) Phylogeography: the history and formation
of species. Harvard University Press, Cambridge, MA,
USA.

Bargelloni, L., Alarcon, J.A., Alvarez, M.C., Penzo, E., Mago-
ulas, A., Reis, C. & Patarnello, T. (2003) Discord in the
family Sparidae (Teleostei): divergent phylogeographical
patterns across the Atlantic-Mediterranean divide. Journal
of Evolutionary Biology, 16, 1149—1158.

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

Belkhir, K., Borsa, P., Chikhi, L., Raufaste, N. & Bonhomme, F.
(2001) GeneTIX 4.02, logiciel sous windows TM pour la géné-
tique des populations. Laboratoire Génome, Populations,
Interactions, CNRS UMR 5000, Université de Montpellier
I1, Montpellier, France.

Billingham, M.R., Reusch, T.B.H., Alberto, F. & Serrao, E.A.
(2003) Is asexual reproduction more important at geo-
graphical limits? A genetic study of the seagrass Zostera
marina in the Ria Formosa, Portugal. Marine Ecology
Progress Series, 265, 77-83.

Journal of Biogeography 35, 1279-1294

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd



Borsa, P., Blanquer, A. & Berrebi, P. (1997) Genetic structure
of the flounders Platichthys flesus and P. stellatus at different
geographic scales. Marine Biology, 129, 233-246.

Bryden, H.L., Candela, J. & Kinder, T.H. (1994) Exchange
through the Strait of Gibraltar. Progress in Oceanography, 33,
201-248.

Buia, M.C. & Mazzella, L. (1991) Reproductive phenology of
the Mediterranean seagrasses Posidonia oceanica (L.) Delile,
Cymodocea nodosa (Ucria) Aschers, and Zostera-noltii Hor-
nem. Aquatic Botany, 40, 343-362.

Channell, R. & Lomolino, M.V. (2000) Dynamic biogeogra-
phy and conservation of endangered species. Nature, 403,
84-86.

Chikhi, L., Agnese, J.F. & Bonhomme, F. (1997) Marked
mitochondrial DNA differences between Mediterranean and
Eastern Atlantic populations of the round sardinella,
Sardinella aurita. Comptes Rendus de I’Academie des Sciences
Serie III — Sciences de la Vie, 320, 289-297.

Cimmaruta, R., Bondanelli, P. & Nascetti, G. (2005) Genetic
structure and environmental heterogeneity in the European
hake (Merluccius merluccius). Molecular Ecology, 14, 2577—
2591.

Collina-Girard, J. (2001) L’Atlantide devant le détroit de
Gibraltar? Mithe et géology. Comptes Rendus de 'Academie
des Sciences Serie, Sciences de la Terre et des Planetes, 333,
233-240.

Connell, J.H. (1978) Diversity in tropical rain forest and coral
reefs. Science, 199, 1302—-1310.

Coulon, A., Guillot, G., Cosson, J.F., Angibault, J.M.A.,
Aulagnier, S., Cargnelutti, B., Galan, M. & Hewison, A.J.M.
(2006) Genetic structure is influenced by landscape features:
empirical evidence from a roe deer population. Molecular
Ecology, 15, 1669-1679.

Coyer, J.A., Peters, A.F., Stam, W.T. & Olsen, J.L. (2003) Post-
ice age recolonization and differentiation of Fucus serratus L.
(Phaeophyceae; Fucaceae) populations in Northern Europe.
Molecular Ecology, 12, 1817-1829.

Coyer, J.A., Diekmann, O.E., Serrao, E.A., Procaccini, G.,
Milchakova, N., Pearson, G., Stam, W.T. & Olsen, L. (2004)
Genetic differentiation of the seagrass, Zostera noltii, pop-
ulations throughout its European, Asian and African range.
Marine Ecology Progress Series, 281, 51-62.

Cramp, A. & O’Sullivan, G.O. (1999) Neogene sapropels in
the Mediterranean: a review. Marine Geology, 153, 11-28.
Dorken, M.E. & Eckert, C.G. (2001) Severely reduced sexual
reproduction in northern populations of a clonal plant,
Decodon verticillatus (Lythraceae). Journal of Ecology, 89,

339-350.

Doyle, J.J. & Doyle, J.L. (1988) Natural interspecific hybrid-
ization in eastern North American Claytonia. American
Journal of Botany, 75, 1238—1246.

Duarte, C.M. (2001) Seagrass ecosystems. Encyclopedia of bio-
diversity, Vol. 5. (ed. by S.L. Levin), pp. 254-268. Academic
Press, San Diego, CA, USA.

Duarte, C.M. (2002) The future of seagrass meadows. Envi-
ronmental Conservation, 29, 192-206.

Journal of Biogeography 35, 1279-1294

Genetic differentiation of Cymodocea nodosa

Duggen, S., Hoernle, K., van den Bogaard, P., Rupke, L. &
Morgan, J.P. (2003) Deep roots of the Messinian salinity
crisis. Nature, 422, 602—606.

Duggen, S., Hoernle, K., van den Bogaard, P. & Harris, C.
(2004) Magmatic evolution of the Alboran region: the role
of subduction in forming the western Mediterranean and
causing the Messinian Salinity Crisis. Earth and Planetary
Science Letters, 218, 91-108.

Duran, S., Palacin, C., Becerro, M.A., Turon, X. & Giribet, G.
(2004a) Genetic diversity and population structure of the
commercially harvested sea urchin Paracentrotus lividus
(Echinodermata, Echinoidea). Molecular Ecology, 13, 3317—
3328.

Duran, S., Pascual, M. & Turon, X. (2004b) Low levels of
genetic variation in mtDNA sequences over the western
Mediterranean and Atlantic range of the sponge Crambe
crambe (Poecilosclerida). Marine Biology, 144, 31-35.

Dynesius, M. & Jansson, R. (2000) Evolutionary consequences
of changes in species geographical distributions driven by
Milankovitch climate oscillations. Proceedings of the
National Academy of Sciences USA, 97, 9115-9120.

Eckert, C.G. (2001) The loss of sex in clonal plants. Evolu-
tionary Ecology, 15, 501-520.

Edwards, K.R., Travis, S.E. & Proffitt, C.E. (2005) Genetic
effects of a large-scale Spartina alterniflora (smooth cord-
grass) dieback and recovery in the northern Gulf of Mexico.
Estuaries, 28, 204-214.

Felsenstein, J. (1994) puyLip (Phylogeny inference package).
Department of Genetics, University of Washington, Seattle,
WA, USA.

Garcia-Martinez, J., Moya, A., Raga, J.A. & Latorre, A. (1999)
Genetic differentiation in the striped dolphin Stenella
coeruleoalba from European waters according to mito-
chondrial DNA (mtDNA) restriction analysis. Molecular
Ecology, 8, 1069-1073.

Garza, J.C., Slatkin, M. & Freimer, N.B. (1995) Microsatellite
allele frequencies in humans and chimpanzees, with impli-
cations for constraints on allele size. Molecular Biology and
Evolution, 12, 594-603.

Goudet, J. (2005) HIERFSTAT, a package for r to compute and
test hierarchical F-statistics. Molecular Ecology Notes, 5, 184—
186.

Grosberg, RK. & Cunningham, C.W. (2001) Genetic structure
in the sea: from populations to communities. Marine com-
munity ecology (ed. by M.D. Bertness, S. Gaines and M.E.
Hay), pp. 61-84. Sinauer Associates, Sunderland, MA, USA.

Guillot, G., Mortier, F. & Estoup, A. (2005) GENELAND: a
computer package for landscape genetics. Molecular Ecology
Notes, 5, 712-715.

Hammerli, A. & Reusch, T.B.H. (2003) Genetic neighbour-
hood of clone structures in eelgrass meadows quantified by
spatial autocorrelation of microsatellite markers. Heredity,
91, 448-455.

Hampe, A. & Petit, R.J. (2005) Conserving biodiversity under
climate change: the rear edge matters. Ecology Letters, 8,
461-467.

1291

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd



F. Alberto et al.

Hayes, A., Kucera, M., Kallel, N., Sbaffi, L. & Rohling, E.]J.
(2005) Glacial Mediterranean sea surface temperatures
based on planktonic foraminiferal assemblages. Quaternary
Science Reviews, 24, 999—-1016.

Hays, J.D., Imbrie, J. & Shackleton, N.J. (1976) Variations in
the Earth’s orbit: pacemaker of the ice ages. Science, 194,
1121-1132.

Hemminga, M.A. & Duarte, C.M. (2000) Seagrass ecology.
Cambridge University Press, Cambridge, UK.

Hewitt, G.M. (1996) Some genetic consequences of ice ages,
and their role in divergence and speciation. Biological Jour-
nal of the Linnean Society, 58, 247-276.

Hewitt, G. (2000) The genetic legacy of the Quaternary ice
ages. Nature, 405, 907-913.

Karl, S.A. & Avise, C.J. (1992) Balancing selection at allozyme
loci in oysters: implications from nuclear RFLPs. Science,
256, 100-102.

Kearney, M. (2005) Hybridization, glaciation and geographical
parthenogenesis. Trends in Ecology & Evolution, 20, 495—
502.

Kotoulas, G., Magoulas, A., Tsimenides, N. & Zouros, E.
(1995) Marked mitochondrial-DNA differences between
Mediterranean and Atlantic populations of the swordfish,
Xiphias gladius. Molecular Ecology, 4, 473-481.

Krijgsman, W., Langereis, C.G., Zachariasse, W.J., Boccaletti,
M., Moratti, G., Gelati, R., Iaccarino, S., Papani, G. & Villa,
G. (1999) Late Neogene evolution of the Taza-Guercif Basin
(Rifian Corridor, Morocco) and implications for the
Messinian salinity crisis. Marine Geology, 153, 147—
160.

Krijgsman, W., Hilgen, F.J., Raffi, L., Sierro, F.J. & Wilson, D.S.
(2004) Chronology, causes and progression of the Messinian
salinity crisis. Nature, 400, 652—655.

Launey, S., Ledu, C., Boudry, P., Bonhomme, F. & Naciri-
Graven, Y. (2002) Geographic structure in the European flat
oyster (Ostrea edulis L.) as revealed by microsatellite poly-
morphism. Journal of Heredity, 93, 331-338.

Leberg, P.L. (2002) Estimating allelic richness: effects of
sample size and bottlenecks. Molecular Ecology, 11, 2445—
2449.

Lemaire, C., Allegrucci, G., Naciri, M., Bahri-Sfar, L., Kara, H.
& Bonhomme, F. (2000) Do discrepancies between micro-
satellites and allozyme variation reveal differential selection
between sea and lagoon in the sea bass (Dicentrarchus lab-
rax)? Molecular Ecology, 9, 457—468.

Lo Brutto, S., Arculeo, M. & Parrinello, N. (2004) Congruence
in genetic markers used to describe Mediterranean and
Atlantic populations of European hake (Merluccius merluc-
cius L. 1758). Journal of Applied Ichthyology, 20, 81-86.

Maldonado, A. (1985) Evolution of the Mediterranean Basins
and a detailed reconstruction of the Cenozoic paleocea-
nography. Western Mediterranean (ed. by R. Margalef),
pp. 17-60. Pergamon Press, Oxford, UK.

Marba, N. & Duarte, CM. (1995) Coupling of seagrass
(Cymodocea nodosa) patch dynamics to subaqueous dune
migration. Journal of Ecology, 83, 381-389.

1292

Marba, N. & Duarte, CM. (1998) Rhizome elongation and
seagrass clonal growth. Marine Ecology Progress Series, 174,
269-280.

McFadden, C.S. (1999) Genetic and taxonomic relationships
among Northeastern Atlantic and Mediterranean popula-
tions of the soft coral Alcyonium coralloides. Marine Biology,
133, 171-184.

Naciri, M., Lemaire, C., Borsa, P. & Bonhomme, F. (1999)
Genetic study of the Atlantic/Mediterranean transition in
sea bass (Dicentrarchus labrax). Journal of Heredity, 90, 591—
596.

Nauta, M.J. & Weissing, F.J. (1996) Constraints on allele size at
microsatellite loci: implications for genetic differentiation.
Genetics, 143, 1021-1032.

Nei, M. (1978) Estimation of average heterozygosity and
genetic distance from a small number of individuals.
Genetics, 89, 583—590.

Olsen, J.L., Stam, W.T., Coyer, J.A., Reusch, T.B.H., Billing-
ham, M., Bostrom, C., Calvert, E., Christie, H., Granger, S.,
La Lumiere, R., Milchakova, N., Oudot-Le Secq, M.-P.,
Procaccini, G., Sanjabi, B., Serrdo, E., Veldsink, J., Widde-
combe, S. & Wyllie-Echeverria, S. (2004) North Atlantic
phylogeography and large-scale population differentiation
of the seagrass Zostera marina L. Molecular Ecology, 13,
1923-1941.

Orth, R.J., Caruthers, T.J.B., Dennison, W.C., Duarte, C.M.,
Fourqurean, J.W., Heck, K.L., Hughes, A.R., Kendrick, G.A.,
Kenworthy, W.J., Olyarnik, S., Short, E.T., Waycott, M. &
Williams, S.L. (2006) A global crisis for seagrass ecosystems.
BioScience, 56, 987-996.

Palumbi, S.R. (1994) Genetic divergence, reproductive isola-
tion and marine speciation. Annual Review of Ecology and
Systematics, 25, 547-572.

Pannacciulli, F.G., Bishop, J.D.D. & Hawkins, S.J. (1997)
Genetic structure of populations of two species of
Chthamalus (Crustacea: Cirripedia) in the north-east
Atlantic and Mediterranean. Marine Biology, 128, 73-82.

Parilla, G. & Kinder, T.H. (1992) The physical oceanography of
the Alboran Sea. Reports in Meteorology and Oceanography,
40, 143-184.

Parks, J.C. & Werth, C.R. (1993) A study of spatial features of
clones in a population of bracken fern, Pteridium aquilinum
(Dennstaedtiaceae). American Journal of Botany, 80, 537-544.

Perez-Losada, M., Guerra, A., Carvalho, G.R., Sanjuan, A. &
Shaw, P.W. (2002) Extensive population subdivision of the
cuttlefish Sepia officinalis (Mollusca: Cephalopoda) around
the Iberian Peninsula indicated by microsatellite DNA var-
iation. Heredity, 89, 417-424.

Petit, R.J., Aguinagalde, I, de Beaulieu, J.L., Bittkau, C,
Brewer, S., Cheddadi, R., Ennos, R., Fineschi, S., Grivet, D.,
Lascoux, M., Mohanty, A., Muller-Starck, G.M., Demesure-
Musch, B., Palme, A., Martin, J.P., Rendell, S. & Vendramin,
G.G. (2003) Glacial refugia: hotspots but not melting pots of
genetic diversity. Science, 300, 1563—1565.

Petit, R.J., Bialozyt, R., Garnier-Gere, P. & Hampe, A. (2004)
Ecology and genetics of tree invasions: from recent intro-

Journal of Biogeography 35, 1279-1294

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd



ductions to Quaternary migrations. Forest Ecology and
Management, 197, 117-137.

Pritchard, J.K., Stephens, M. & Donnelly, P. (2000) Inference
of population structure using multilocus genotype data.
Genetics, 155, 945-959.

Quesada, H., Beynon, C.M. & Skibinski, D.O.F. (1995) A
mitochondrial DNA discontinuity in the mussel Mytilus
galloprovincialis Lmk — Pleistocene vicariance, biogeography
and secondary intergradation. Molecular Biology and Evo-
lution, 12, 521-524.

Raymond, M. & Rousset, F. (1995a) GeNEPOP (version 1.2):
population genetics software for exact tests and ecumeni-
cism. Journal of Heredity, 86, 248—249.

Raymond, M. & Rousset, F. (1995b) An exact test for popu-
lation differentiation. Evolution, 49, 1280—-1283.

Relvas, P. & Barton, E.D. (2002) Mesoscale patterns in the
Cape Sao Vicente (Iberian Peninsula) upwelling region.
Journal of Geophysical Research, 107 (C10), 1364,
doi:10.1029/20000-JC000456.

Reusch, T.B.H. (2001) New markers — old questions: popula-
tion genetics of seagrasses. Marine Ecology Progress Series,
211, 261-274.

Rios, C., Sanz, S., Saavedra, C. & Pena, J.B. (2002) Allozyme
variation in populations of scallops, Pecten jacobaeus (L.)
and P. maximus (L.) (Bivalvia : Pectinidae), across the
Almeria—Oran front. Journal of Experimental Marine Biology
and Ecology, 267, 223-244.

Roldan, M.I., Garcia-Marin, J.L., Utter, F.M. & Pla, C. (1998)
Population genetic structure of European hake, Merluccius
merluccius. Heredity, 81, 327-334.

Ruggiero, M.V., Reusch, T.B.H. & Procaccini, G. (2005) Local
genetic structure in a clonal dioecious angiosperm. Molec-
ular Ecology, 14, 957-967.

Saavedra, C., Zapata, C., Guerra, A. & Alvarez, G. (1993)
Allozyme variation in European populations of the oyster
Ostrea edulis. Marine Biology, 115, 85-95.

Sagarin, R.D. & Gaines, S.D. (2002) Geographical abundance
distributions of coastal invertebrates: using one-dimensional
ranges to test biogeographic hypotheses. Journal of Bioge-
ography, 29, 985-997.

Stamatis, C., Triantafyllidis, A., Moutou, K.A. & Mamuris, Z.
(2004) Mitochondrial DNA variation in northeast Atlantic
and Mediterranean populations of norway lobster, Nephrops
norvegicus. Molecular Ecology, 13, 1377-1390.

Tang, H., Peng, J., Wang, P. & Risch, N.J. (2005) Estimation of
individual admixture: analytical and study design consid-
erations. Genetic Epidemiology, 28, 4289-4301.

Tatarenkov, A., Bergstrom, L., Jonsson, R.B., Serrao, E.A,
Kautsky, L. & Johannesson, K. (2005) Intriguing asexual life
in marginal populations of the brown seaweed Fucus vesi-
culosus. Molecular Ecology, 14, 647-651.

Thunell, R.C. (1979) Climatic evolution of the Mediterranean
Sea during the last 5.0 million years. Sedimentary Geology,
23, 67-79.

Tintore, J., Laviolette, P.E., Blade, I. & Cruzado, A. (1988) A
study of an intense density front in the Eastern Alboran Sea

Journal of Biogeography 35, 1279-1294

Genetic differentiation of Cymodocea nodosa

— the Almeria—Oran Front. Journal of Physical Oceanography,
18, 1384-1397.

Trouve, S., Degen, L. & Goudet, J. (2005) Ecological compo-
nents and evolution of selfing in the freshwater snail Galba
truncatula. Journal of Evolutionary Biology, 18, 358—370.

Vermeij, G.J. (1987) The dispersal barrier in the tropical
Pacific — implications for molluscan speciation and extinc-
tion. Evolution, 41, 1046—1058.

Vifias, J., Bremer, J.A. & Pla, C. (2004) Phylogeography of the
Atlantic bonito (Sarda sarda) in the northern Mediterra-
nean: the combined effects of historical vicariance, popula-
tion expansion, secondary invasion, and isolation by
distance. Molecular Phylogenetics and Evolution, 33, 32—-42.

Vucetich, J.A. & Waite, T.A. (2003) Spatial patterns of
demography and genetic processes across the species’ range:
null hypotheses for landscape conservation genetics. Con-
servation Genetics, 4, 639—-645.

Weider, L.J. (1992) Disturbance, competition and the main-
tenance of clonal diversity in Daphnia pulex. Journal of
Evolutionary Biology, 5, 505-522.

Weir, B.S. & Cockerham, C.C. (1984) Estimating F-statistics
for the analysis of population structure. Evolution, 38, 1358—
1370.

Wu, B., Liu, N. & Zhao, H. (2006) psmix: an R package for
population structure inference via maximum likelihood
method. BMC Bioinformatics, 7, 317.

Yang, R.C. (1998) Estimating hierarchical F-statistics. Evolu-
tion, 52, 950-956.

Zane, L., Ostellari, L., Maccatrozzo, L., Bargelloni, L.,
Cuzin-Roudy, J., Buchholz, F. & Patarnello, T. (2000)
Genetic differentiation in a pelagic crustacean (Mega-
nyctiphanes norvegica: Euphausiacea) from the North East
Atlantic and the Mediterranean Sea. Marine Biology, 136,
191-199.

Zardoya, R, Castilho, R., Grande, C., Favre-Krey, L., Caetano,
S., Marcato, S., Krey, G. & Patarnello, T. (2004) Differential
population structuring of two closely related fish species, the
mackerel (Scomber scombrus) and the chub mackerel
(Scomber japonicus), in the Mediterranean Sea. Molecular
Ecology, 13, 1785-1798.

SUPPLEMENTARY MATERIAL

The following supplementary material is available for this
article online from http://www.blackwell-synergy.com:

Table S1 Fs; table: pairwise genetic distance values (Fsr
estimator, 0) between Cymodocea nodosa sites. Site codes are
given in Table 1.

This material is available as part of the online article from:
http://www.blackwell-synergy.com/doi/abs/10.1111/j.1365-2699.
2007.01876.x

Please note: Blackwell Publishing is not responsible for the
content or functionality of any supplementary materials sup-
plied by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.

1293

© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd



F. Alberto et al.

BIOSKETCHES

F. Alberto is a postdoctoral researcher working in the Centre of Marine Sciences (CCMAR). His main research interests are marine
molecular ecology and the evolution of algae and marine plants.

S. Massa participated in this study as part of her undergraduate studies in marine biology. She is now a research assistant at
CCMAR, studying the effects of genetic diversity on seagrass resistance to stress.

P. Manent works in the Instituto Canario de Ciencias Marinas, and is interested in conservation genetics and other studies on
mitigation of C. nodosa in the Canary Islands.

Editor: Christine Maggs

1294 Journal of Biogeography 35, 1279-1294
© 2008 The Authors. Journal compilation © 2008 Blackwell Publishing Ltd



