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Abstract

Seagrasses structure some of the world’s key coastal ecosystems presently in decline due

to human activities and global change. The ability to cope with environmental changes

and the possibilities for shifts in distribution range depend largely on their evolvability

and dispersal potential. As large-scale data usually show strong genetic structure for

seagrasses, finer-grained work is needed to understand the local processes of dispersal,

recruitment and colonization that could explain the apparent lack of exchange across

large distances. We aimed to assess the fine-grained genetic structure of one of the most

important and widely distributed seagrasses, Zostera marina, from seven meadows in

Brittany, France. Both classic population genetics and network analysis confirmed a

pattern of spatial segregation of polymorphism at both regional and local scales. One

location exhibiting exclusively the variety ‘angustifolia’ did not appear more differen-

tiated than the others, but instead showed a central position in the network analysis,

confirming the status of this variety as an ecotype. This phenotypic diversity and the

high allelic richness at nine microsatellites (2.33–9.67 alleles ⁄ locus) compared to levels

previously reported across the distribution range, points to Brittany as a centre of

diversity for Z. marina at both genetic and phenotypic levels. Despite dispersal potential

of several 100 m, a significant pattern of genetic differentiation, even at fine-grained

scale, revealed ‘genetic patchiness’. Meadows seem to be composed of a mosaic of clones

with distinct origins in space and time, a result that calls into question the accuracy of the

concept of populations for such partially clonal species.
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Introduction

Seagrasses are the structural basis of key coastal marine

ecosystems (Orth et al. 2006) supporting high biodiver-

sity and biomass (Orth et al. 1984). These ecosystems

provide a great number of goods and services, includ-

ing primary production, the supply of food for mega-

herbivores, habitats for resident faunas and stabilization

of sediments (Hemminga & Duarte 2000). Many of

these are experiencing a decline on a worldwide scale,
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probably due to anthropogenic disturbances and cli-

mate change (Waycott et al. 2009). The ability of these

species, and of the ecosystems they supply, to survive

future environmental changes may largely depend on

their genetic adaptability (Booy et al. 2000; Frankham

2005). The attempt to predict, and possibly prevent,

changes in the geographical pattern of persistence, local

extinction or range shifts should be based on a good

understanding of the implications of genetic diversity

for the resistance and resilience of local populations, as

well as on reliable estimates of dispersal among

geographic areas. Dispersal is likely to determine the

balance between migration-drift and local adaptation,
� 2010 Blackwell Publishing Ltd
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and in turn the likelihood of meadows to survive or to

be naturally recolonized if locally extinct.

In temperate latitudes, meadows are generally mono-

specific, and the dominant family is Zosteraceae, which

contains five monophyletic species, including the eelgrass

Z. marina. This species is widely distributed in the north-

ern hemisphere, and present in the Pacific and Atlantic

Oceans, as well as in the Mediterranean and Black Seas. It

is the dominant seagrass on the coasts of Brittany (France)

where it shares (Den Hartog & Hily 1997) a dominant role

with algae in structuring one of the most important

coastal ecosystems and providing habitat for a large num-

ber of species (Hily & Bouteille 1999).

Eelgrass reproduces sexually through the production

of propagules, and clonally through the vegetative

production of ramets via rhizome elongation. This

partial clonality has multiple biological and methodo-

logical implications. In particular, estimations of diver-

sity in these populations require distinction between

genet (genetic individuals, where all tissue has origi-

nated from one zygote; Eriksson 1993) and ramet (a

potentially independent part of the genet that often

represents the sampling unit; Eriksson 1993; Arnaud-

Haond et al. 2007a). Clonal diversity has been shown

experimentally to enhance resistance and resilience of

experimental quadrats of Z. marina to perturbations

(Hughes & Stachowicz 2004; Reusch et al. 2005; Ehlers

et al. 2008). If these experimental results are extrapo-

lated to natural populations (Hughes & Stachowicz

2009), the level of clonal diversity is found to be

associated with an enhanced resistance to environ-

mental perturbations. A large biogeographic survey

(Olsen et al. 2004) reported moderate to high values

of clonal richness for two locations in Brittany (Caran-

tec: 0.54; Morgat: 0.90).

Genetic diversity, i.e. the allelic richness and ⁄ or het-

erozygosity observed in meadows, is influenced by

numerous factors, such as effective population size, spa-

tial pattern of dispersal and recruitment success of

immigrant propagules (dependent on competition and

local adaptation) and the biogeographical history of

populations (Olsen et al. 2004). At the scale of its entire

distribution, these authors reported an allelic diversity

hotspot for Z. marina in the North Sea–Wadden Sea

region, where populations are characterized by high

allelic richness. This region is also a diversity hotspot

for Z. noltii (Coyer et al. 2004). In contrast, East Atlantic

meadows of Z. marina, including the two locations in

Brittany studied here, exhibited much lower levels of

allelic richness, suggesting a narrower adaptive poten-

tial. Yet those two particular samples from Brittany

showed distinct levels of clonal and allelic richness,

calling for further analysis of the spatial variability and

fine-grained pattern of clonal and genetic composition
� 2010 Blackwell Publishing Ltd
that had thus far only been performed on samples from

the Baltic Sea.

Moreover, the possibility of heterogeneity in intra-

meadow clonal and genetic composition had never been

explored, to the best of our knowledge, in such phylo-

geographic analyses on seagrasses (Coyer et al. 2004;

Olsen et al. 2004; Arnaud-Haond et al. 2007b; Alberto

et al. 2008). Some benthic marine invertebrates show

contrasted patterns of genetic diversity and structure at

a very fine-grained scale (Johnson & Black 1984;

Arnaud-Haond et al. 2008), likely due to the chaotic

nature of dispersal in the marine environment (Rough-

garden et al. 1988). Given the large-scale dispersal

potential of most marine angiosperms through seed or

shoot dispersal, combined with their benthic nature and

extensive clonal propagation once settled, a similar

phenomenon might occur in seagrass meadows.

Finally, the occurrence of the variety ‘Z. angustifolia’,

already described in the UK, has also been seen in

Brittany, particularly in the Morbihan Gulf (France,

REBENT). Whether this particular morph corresponds to

a distinct species, as suggested by some authors (Percival

et al. 1996; Provan et al. 2008), or to an ecotype (Den

Hartog 1970; De Heij & Nienhuis 1992), is still unknown

as no genetic studies have been reported so far that

address this issue. This topic is of central importance for

understanding gene flow and local adaptation processes

in Z. marina meadows across its distribution range.

In the present work, we used nine microsatellites to

(i) identify the particular morph ‘Z. marina v. angustifolia’,

in order to test its status as a genetically distinct taxon

or ecotype; (ii) investigate the genetic diversity and

genotypic structure along the coasts of Brittany; (iii) test

for the importance of fine-grained variation (intra mea-

dow vs. regional scale) of these characteristics; and (iv)

assess the dispersal potential at local (i.e. fine-grained)

and regional scales.
Materials and methods

Sample collection

Eelgrass samples were collected in February to April

2009 from 7 intertidal meadows along the coast of Brit-

tany (Fig. 1), stretching from Saint-Malo to Arradon.

Distances between meadows ranged from 33 km (Mol-

ène—Roscanvel) to 442 km (Arradon—Saint-Malo). For

each location, two 20 · 30 m quadrats separated by sev-

eral tens of meters were chosen, located in continuous

parts of the meadow monitored as part of the REBENT

survey (REseau BENThique, a French network special-

ized in the survey of major coastal ecosystems including

eelgrass meadows; http://www.rebent.org). Approxi-

mately 35 sampling units (SU) were collected according



Fig. 1 Locations of the seven intertidal meadows of Z. marina. For each location, two quadrats were determined for sample collec-

tion (approximately 35 sampling units collected from each quadrat).

Table 1 Locations, correspondence with the points surveyed by REBENT network and number of sampling units (SU). For Molène,

we also give the number of haphazardly-sampled SU. The inter-quadrat distances were calculated with GPS coordinates

Site Quadrate Number of SU Latitude Longitude Distance (meters)

Saint-Malo Q1 35 48�38¢923 N 02�01¢992 W 85

Q2 35 48�38¢958 N 02�02¢038 W

L’Arcouest Q1 34 48�49¢428 N 03�01¢162 W 70

Q2 34 48�49¢425 N 03�01¢218 W

Callot Q1 35 48�41¢064 N 03�54¢968 W 30

Q2 35 48�41¢052 N 03�54¢982 W

Sainte- Marguerite Q1 35 48�35¢811 N 04�37¢389 W 75

Q2 35 48�35¢830 N 04�37¢443 W

Molène Q1 32 (12) 48�23¢760 N 04�56¢934 W –

Roscanvel Q1 35 48�19¢934 N 04�32¢209 W 100

Q2 35 48�19¢984 N 04�32¢182 W

Arradon Q1 34 47�36¢911 N 02�49¢636 W 80

Q2 35 47�36¢914 N 02�49¢574 W
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to randomly drawn coordinates (Table 1). In Molène,

due to high patchiness of the meadow, only one quadrat

was sampled, with 20 SU according to random coordi-

nates and the 12 more collected at haphazardly in the

patchy end of the meadow. Annual observations from

REBENT indicated Saint-Malo as one of the sites where

the variety ‘angustifolia’ is observed across years. The

field observations indeed showed the typical Z. marina

v. angustifolia variety in both quadrats of this meadow,

with dwarf shoots exhibiting narrow leafs almost com-

parable in size and shape to the dwarf Z. noltii.

The base of each leaf bundle, including the shoot api-

cal meristem, was preserved in silica crystals until

DNA extraction.
DNA extraction, isolation, microsatellite and ITS
amplification and loci scoring

The Fast DNA�SPIN kit for soil was used for DNA

extraction according to the protocol provided by the
manufacturer (MP Biomedicals, France). Nine microsat-

ellite loci (Genbank accession numbers: AJ009899,

AJ009901, AJ009902, AJ009905 and AJ249303 to

AJ249307; Reusch et al. 1999, 2000) were PCR-amplified

using fluorescently labeled primers (GA12, GA19,

GA20, GA17D, GA16, GA2, GA23, GA35 and GA17H).

PCR products were visualized using an ABI-3100 FNVR

automated sequencer (Applied Biosystems) and scored

using STRand software (http://www.vgl.ucdavis.edu/

informatics/strand.php). A double blind reading was

made by two different users and gels were re-scored

when discrepancies were recorded.

To standardize the samples at 30 individuals before

estimations of clonal and genetic composition, excess

individuals were removed at random.

To test whether the variety ‘angustifolia’ corresponded

to a species or to an ecotype, we also compared sequences

of ITS markers (1100 bp) of two samples exhibiting

the typical morphology of the variety ‘angustifolia’

(Saint-Malo) with two samples from Arradon and from
� 2010 Blackwell Publishing Ltd
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Arcouest locations exhibiting the typical morphotype of

Z. marina. ITS-PCRs were performed using the universal

primers Jo6 and TW5 (White et al. 1990 in Diekmann

et al. 2001).
Genetic and clonal data analysis

In order to identify genetic individuals (i.e. to discrimi-

nate genets from ramets on the basis of their Multi

Locus Genotype, MLG), we used a ‘barcoding’ type

approach based on nine microsatellite loci.

For clonal organisms, two questions must be

answered: (i) do all the replicates of the same MLG really

belong to the same genet (i.e. are they all issued from

the same sexual reproduction event)? and (ii) does each

distinct MLG really belong to a distinct genet?

To answer the first question, when the same MLG is

encountered n times in a sample of N sampling units,

the probability that the identical MLGs originate from

different sexual reproductive events (psex) should be

assessed (Arnaud-Haond et al. 2007a). Below a thresh-

old value fixed at 0.01, identical MLGs may be consid-

ered as belonging to the same genet. Estimates of psex

are derived on the basis of allelic frequencies esti-

mated using the round robin method (Parks & Werth

1993), with a sub-sampling approach to limit the over-

estimation of the rare alleles. Allelic frequencies for

each locus are estimated on the basis of a sample

pool composed of all the MLGs discriminated, while

excluding the loci for which allelic frequency is esti-

mated. This procedure is repeated for each locus,

taking into account Wright’s inbreeding coefficient

estimated after the exclusion of identical MLG (Young

et al. 2002).

Once the clonal membership of identical MLG is ascer-

tained using psex, slightly distinct MLGs belonging to the

same genet may, nevertheless, still occur in the dataset,

either due to the existence of somatic mutation or scor-

ing errors (Douhovnikoff & Dodd 2003; Arnaud-Haond

et al. 2007a). If ignored, this would lead to an overesti-

mation of the number of clones in the sample analyzed.

The two-step approach proposed by Arnaud-Haond

et al. (2007a) was applied to test whether these slightly

distinct (at one or two loci) MLGs belong to the same

genet by: (i) screening each MLG pair presenting an

extremely low distance; (ii) using psex on the set of iden-

tical loci in order to estimate the probability that the

slightly distinct MLG could actually be derived from dis-

tinct reproductive events. When psex is lower than 0.01,

the two identical MLG can be considered to belong to the

same genet or Multi Locus Lineage (MLL; Arnaud-Haond

et al. 2007a).

Estimates were calculated using the software GEN-

CLONE 2.1 (Arnaud-Haond & Belkhir 2007).
� 2010 Blackwell Publishing Ltd
For each quadrat, clonal diversity was estimated by:

R ¼ G� 1

N � 1
;

where G is the number of MLLs in the sample and N is

the number of SUs analyzed, as recommended by Dor-

ken & Eckert (2001) and Arnaud-Haond et al. (2005).

The minimum value for clonal diversity in a monoclo-

nal stand is always 0, independent of sample size, and

the maximum value is still 1 when each analyzed sam-

ple corresponds to a distinct MLL. The complement of

the Simpson index (Pielou 1969) for genotypic diversity

in each quadrat, representing the probability of encoun-

tering distinct MLLs when randomly taking two sam-

pling units, was estimated as:

D ¼ 1�
XG

i¼1

p2
i ;

where pi
2 is the frequency of the ith MLL (its estimation

is given by: pi
2 = [ni(ni – 1)] ⁄ [N(N – 1)] where N is the

number of ramets sampled and ni is the number of

sample units sharing the ith MLL). Moreover, we esti-

mated the Simpson’s evenness index to describe clonal

equitability:

ED� ¼ ðD�DminÞ
ðDmax �DminÞ

with Dmin and Dmax being the approximate minimum

and maximum values of Simpson’s complement index

given the sample size N and the sample clonal richness

G, estimated as:

Dmin ¼ ½
ð2N � GÞ � ðG� 1Þ

N2
� � N

N � 1
and Dmax

¼ ðG� 1Þ
G

� N

ðN � 1Þ :

The b of the Pareto distribution, representing the neg-

ative slope of the power law usually describing the dis-

tribution of ramets into groups of clonal size (Arnaud-

Haond et al. 2007a), was also estimated as this metric

seems less sensitive than other estimators to the relative

density of sampling units vs. shoots in the sampled

meadow. All clonal diversity and structure parameters

were calculated with GENCLONE 2.1 (Arnaud-Haond &

Belkhir 2007).

A single copy of each discriminated MLL was retained

in the dataset used to assess genetic diversity and struc-

ture. Genetic diversity within quadrats was estimated

as the mean number of alleles per locus (Â), with obser-

ved (HO) and unbiased (HE) multilocus heterozygosity

(Nei 1978). Linkage disequilibrium (LD) was tested

according to Black & Krafsur (1985). A permutation
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procedure (1000 permutations) was used to test whether

a particular estimate of the overall inbreeding coeffi-

cient (FIS) or LD was significantly different from 0

(P < 0.01).

Genetic structure among populations was estimated

with h (Weir & Cockerham 1984). A Mantel test includ-

ing geographical distances among populations was car-

ried out to test for the two dimensional ‘Isolation By

Distance’ (IBD) model (Rousset 1997). These parameters

were estimated using GENETIX (Belkhir et al. 2004).

At the within-quadrat level, autocorrelation analyses

were performed to test for the existence of restriction to

dispersion at the intra-meadow scale, and to estimate the

extent of clonality. We used the kinship estimator coeffi-

cient of Ritland (Fij) as a genetic relatedness statistic (Rit-

land 1996). We performed regression analyses of mean

Fij against the Loge of mean geographic distance, within

each distance class. This allowed us to test the adequacy

of IBD models in each quadrat. The autocorrelation analy-

ses were performed using Ritland’s coefficient of kin-

ship: (i) first including all SUs, where it is mostly

influenced by the spatial extent of clones ⁄ clonal lineages

(i.e. the genetic neighborhood of SUs belonging to the

same MLL) and (ii) using permutations (1000) in order to

include only one ramet (and one of the possible corre-

sponding coordinates, randomly chosen for each permu-

tation step) from each genet at each permutation, in

order to examine the dispersion through sexual propa-

gules. The slopes of regressions (b) allowed us to calcu-

late the Sp statistic (Vekemans & Hardy 2004). This

statistic corresponds to the spatial autocorrelation pro-

file, varying from 0 (no limitation to gene dispersal at

the scale of the sampling) to +¥ (theoretical case, where

the structure is maximal). Its equation is the following:

Sp ¼ �b

1� F̂ð1Þ

with F̂ð1Þ the kinship value for the first distance class.

Autocorrelation parameter estimations were performed

with GENCLONE 2.1 (Arnaud-Haond & Belkhir 2007).

The clonal subrange CR was estimated for each quadrat

to describe the spatial components of the clonal popula-

tion. It corresponds to the minimal estimates of the maxi-

mum distance between two identical genotypes

belonging to the same clone, in meters, and is determined

as the distance for which the probability of clonal identity

becomes null (Harada et al. 1997; Alberto et al. 2005).
Network analysis

Network analysis is a graphic, holistic and non-paramet-

ric method that has proven useful in the illustration and

analysis of population structure (Rozenfeld et al. 2007,
2008; Fortuna et al. 2009). In this study, networks based

on genetic distances were used (i) to ascertain the relative

position of the variety ‘angustifolia’ (sampled in Saint-

Malo) against other sampling locations, in a global net-

work including all genets from all locations, and (ii) to

illustrate the distribution of genetic distances at a finer

scale (i.e. among genets from distinct quadrats within

sampling locations). Individual-based networks of

genetic distances were built at the global scale (all quad-

rats) and at local scales (for each sampling locality), illus-

trating the connection of some genets (agents) depending

on their genetic distance (link). The distances used have

proven successful in assigning unknown individuals to

their correct subpopulations (Estoup et al. 1995) and is

classically known as the ‘Shared Allele Distance’ (Chakr-

aborty & Jin 1993), although it actually reflects the pro-

portion of non shared alleles:

DSAI ¼ 1�
P

uS

2u

with S the number of shared alleles and u the number

of loci. DSAI
spans from 0 to 1.

Networks are built including links for all distances,

which are subsequently removed in decreasing order,

until reaching the effective percolation point, Dpe (Stauf-

fer & Aharony 1994; Rozenfeld et al. 2007), below which

the network fragments into small clusters. This phenome-

non can be interpreted as the first level of limitation to

gene flow. The precise calculation of the Dpe is made with

the standard methodology for a finite system, proposed

by Stauffer & Aharony (1994) and consisting of calculat-

ing the average cluster size excluding the largest one:

hSi ¼ 1

N

X

s<S max

S2ns

as a function of the last distance value removed. N is

the total number of nodes not included in the largest

cluster and ns is the number of clusters containing s

nodes. Once this effective percolation threshold is

reached, we analyzed the network topology and its

characteristics (Table 4; Fig. 4).
Global and local property estimates of the network

The clustering coefficient Ci of the node i is the ratio

between the number of existing links with the maximal

number of potential links within the cluster. It is

defined as:

Ci ¼ Ei

EiðmaxÞ ¼
2Ei

kiðki� 1Þ

with Ei the number of links existing among the neigh-

bors of the node i, and the degree ki of a given node i
� 2010 Blackwell Publishing Ltd
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the number of other nodes linked to it. The clustering

coefficient of the whole network <CC> is defined as the

average of all individual clustering coefficients in the

system. The clustering of nodes is interpreted as the

existence of hierarchical substructure, with clusters of

genets within which members are more closely related

to one another than they are to other genets outside the

particular cluster.

The betweenness centrality (Freeman 1977) of node i, bc(i),

is the fraction of shortest paths between pairs of nodes

that pass through node i. Let rst denote the number of

shortest paths connecting nodes s and t and rst(i) denote

the number of those passing through the node i; then:

bcðiÞ ¼
X

s 6¼t 6¼i

rstðiÞ
rst

:

Higher values of betweenness centrality in genetic net-

works have been interpreted as the importance of a

given agent (a population or cluster of individuals) in

relaying gene flow across the system, i.e. to and from

other agents (Rozenfeld et al. 2008).
Results

ITS polymorphism in Z. marina and Z. marina v.
angustifolia

Of six genets from the first quadrats in Saint-Malo,

Arradon and Arcouest, only two haplotypes were

observed, and these differed at only one nucleotide sub-
Table 2 Parameters of clonal structure: for each quadrat; samples w

R: clonal richness. D* and ED*: Simpson index and its equitability i

calculated following a procedure of minimal estimation. CR: clonal su

we assessed were heterozygosity and allelic richness. He: expected he

ity. FIS and LD values were estimated after 1000 permutations of allel

was also estimated. Grey values: ns; *P < 0.05; **P < 0.01; ***P < 0.001

Meadow quadrate

clonal structure

N G R D* ED*

Arradon Q1 30 26 0.86 0.99 0.65

Q2 30 21 0.69 0.97 0.86

Roscanvel Q1 30 30 1.00 1.00 –

Q2 30 21 0.69 0.97 0.88

Molene Q1 30 15 0.48 0.85 0.51

Sainte-Margue rite Q1 30 28 0.93 1.00 0.52

Q2 30 28 0.93 0.99 0.00

Callot Q1 30 26 0.86 0.99 0.65

Q2 30 23 0.76 0.98 0.85

l¢Arcouest Q1 30 19 0.62 0.91 0.45

Q2 30 30 1.00 1.00 –

Saint-Malo Q1 30 19 0.62 0.95 0.80

Q2 30 15 0.48 0.89 0.70
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stitution out of 1100 base pairs of ITS 1 & 2. This differ-

ence distinguished one genet from Arradon from the

five others, which shared the most common haplotype.
Clonal structure and diversity

The clonal diversity of the 13 quadrats showed high

variability both within and among locations (Table 2).

The minimum values were observed in the Molène

meadow and quadrat 2 at Saint-Malo (R = 0.48; b = 1.36

and R = 0.48; b = 1.54, respectively), whereas quadrat 1

at Roscanvel and quadrat 2 at Arcouest showed highest

clonal richness (R = 1.00; b ‡ 4.95 for both). Mean clonal

richness was 0.72. The largest discrepancies within loca-

tion were observed in Arcouest (R = 0.62–1), Roscanvel

(R = 0.69–1) and Saint-Malo (R = 0.48–0.62).

The clonal subrange was also highly variable (largest

clones in quadrat 1 of the Saint-Malo meadow:

CR = 18.61 m; shortest clones in quadrats 1 of Ros-

canvel and 2 of Arcouest: CR = 0.00 m). A high

within-location variability was observed here also: those

quadrats with the highest clonal diversity, and therefore

a minimum clonal subrange, were found sharing a site

with a second quadrat ranking among the highest in

terms of clonal subrange (CR = 12.04 in quadrat 2 at

Roscanvel and CR = 17.01 in quadrat 1 at Arcouest).
Genetic diversity and Hardy–Weinberg equilibrium

Genetic composition analyzed with a single representa-

tive of each MLL was highly variable among locations
ere standardized with 30 ramets. G: number of identified MLLs.

ndex. b: slope of Pareto distribution. Grey cells indicate values

brange. Parameters of genetic composition: the two parameters

terozygosity without bias (Nei 1978); Ho: observed heterozygos-

es within the quadrat. The mean number of alleles per locus Â

genetic composition

b CR He Ho Fis Â LD

3.10 5.59 0.52 0.51 0.03 5.89 0.06

2.09 14.56 0.54 0.52 0.03 6.00 0.00

4.95 0.00 0.52 0.51 0.01 4.78 0.06

2.40 12.04 0.50 0.52 )0.05 4.11 0.03

1.36 ) 0.40 0.40 0.01 3.44 0.05

3.97 2.50 0.54 0.50 0.08* 6.67 0.50

4.01 3.04 0.69 0.60 0.14*** 9.67 0.58

2.89 5.32 0.46 0.42 0.08* 5.78 0.06

3.00 7.76 0.45 0.44 0.03 4.89 0.08

1.46 17.01 0.41 0.46 )0.13* 4.11 0.04

4.95 0.00 0.40 0.45 0.12** 3.89 0.07

2.05 18.61 0.29 0.35 0.21** 2.33 0.07

1.54 10.20 0.40 0.39 0.04 3.56 0.00
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(Table 2), mostly due to the extreme composition of

Saint-Malo (heterozygosity of 0.35 and allelic richness

of 2.33 in quadrat 1) and Sainte-Marguerite (heterozy-

gosity of 0.6 and allelic richness of 9.67 in quadrat 2).

The estimates appeared more stable among quadrats

within these locations, as well as among the other loca-

tions, despite high variance in clonal diversity esti-

mates, which tends to support the idea of sexual and

panmictic entities in the remaining quadrats, once repli-

cates are removed.

Similarly, departures from HWE and the occurrence

of LD were generally weak once replicates were

removed, except for quadrat 2 in Sainte-Marguerite,

showing heterozygote deficiency (FIS = 0.14, P < 0.001)

and quadrats 2 of Arcouest and 1 of Saint-Malo, with

an excess of heterozygosity (respectively FIS = )0.12;

P < 0.01 and FIS = )0.21; P < 0.01). Here most values

were similar among quadrats within location except for

Saint-Malo with the important heterozygote excess men-

tioned here in one quadrat and no significant departure

observed in the other.

Slightly significant preferential matching between

alleles was detected for the majority of quadrats, with

6.7–19% of LD values significantly different from 0.

Here again, quadrat 1 of Saint-Malo and quadrat 2 of

Sainte-Marguerite departed from the average with 50%

and 58% of significant values, respectively. To assess

whether significant values resulted from a ‘locus’ or

‘population effect’, we therefore removed these two

quadrats. For each pair of loci (total of 36 pairs), no sig-

nificant LD value was found for 11 pairs, 1 significant

value was found for 15 pairs, 2 for 5 pairs, 3 for 4 pairs,

and only the pair GA2 ⁄ GA17H showed 6 significant

LD values, indicating a significant and possibly physical
Table 3 Matrix of genetic distance (FST) and geographic distance (k

and ranged from 0.03 km for the two quadrats at Callot to 442 km be

ing Weir & Cockerham (1984), for each pair of samples. Grey valu

P < 0.01

Arr 1 Arr 2 Ros 1 Ros 2 Mol SM

Arradon Ql – 0.08 0.15 0.13 0.22

Q2 0.08 – 0.14 0.13 0.25

Roscanvel Ql 195 195 – 0.02 0.23

Q2 195 195 0.1 – 0.24

Molene Ql 198 198 33 33 –

Sainte-Marguerite Ql 239 239 35 35 41

Q2 239 239 35 35 41

C allot Ql 299 299 134 134 101 6

Q2 299 299 134 134 101 6

l¢Arcouest Ql 367 367 202 202 169 12

Q2 367 367 202 202 169 12

Saint-Malo Ql 442 442 277 277 244 20

Q2 442 442 277 277 244 20
LD between these two loci. Finally, a positive and sig-

nificant relation between FIS and LD values was found

(R2 = 0.31; slope = 0.25; P = 0.049) indicating that most

LD values may be statistical and due to departure from

random mating rather than to physical proximity of

loci, in agreement with the lack of significant results

observed in a previous study with large-scale sampling

across the distribution range of the species (Olsen et al.

2004).
Genetic structure among locations and differentiation

When the dataset was analyzed at the genet level (i.e.

including only one copy of each recognized MLL), this

revealed wide genetic differentiation among the 13 loca-

tions. All FST values per pair of sampling quadrats were

significantly different from 0 (P < 0.05; Table 3). The

minimum value was observed between quadrats Callot

1 and Saint-Malo 2 (FST = 0.039; P < 0.05) and FST

reached 0.33 (P < 0.01) between Molène and quadrat 2

at Arcouest. Within locations, all quadrat pairs were

also significantly different and sometimes exceeded

some of the inter-location estimates. The minimum was

observed among the quadrats at Roscanvel (FST = 0.019;

P < 0.05) and the maximum among the quadrats at Cal-

lot (FST = 0.12; P < 0.01).

A Mantel test carried out among all pairs of popula-

tions was significant (slope : 0.04; R2 = 0.11; P < 0.01;

Fig. 2), but such significance cannot be interpreted as

an indication of a strict IBD pattern, as it is mostly dri-

ven by the sampling scheme, which results in two

clouds of dots representing the intra vs. inter location

distances among quadrats. No relation was observed at

either of these two scales (among pairs within location:
ilometers). The geographic distance is expressed in kilometers

tween Saint-Malo and Arradon. FST values are calculated follow-

es: P < 0.05. All other values are significant with a probability

ar I SMar 2 Cal 1 Cal 2 Arc 1 Arc 2 SMal 1 SMal 2

0.30 0.24 0.08 0.12 0.17 0.19 0.19 0.14

0.28 0.21 0.12 0.06 0.13 0.13 0.21 0.14

0.21 0.17 0.10 0.15 0.12 0.13 0.19 0.09

0.23 0.20 0.09 0.14 0.13 0.14 0.23 0.11

0.14 0.14 0.14 0.28 0.28 0.33 0.28 0.22

– 0.02 0.22 0.29 0.25 0.28 0.32 0.22

0.08 – 0.20 0.24 0.20 0.23 0.25 0.17

0 60 – 0.12 0.10 0.16 0.10 0.04

0 60 0.03 – 0.11 0.07 0.19 0.12

8 128 68 68 – 0.06 0.14 0.06

8 128 68 68 0.07 – 0.17 0.10

3 203 143 143 75 75 – 0.07

3 203 143 143 75 75 0.085 –

� 2010 Blackwell Publishing Ltd
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- All data:
y = 0.04 x + 0.14/R2 = 0.11/P = 0.003
- Regional scale:

- Locale  scale:
y = –0.02 x + 0.27/R2 = 0.004; n.s.

y = –0.19 x – 0.82/R2 = 0.63; n.s.
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Fig. 2 Isolation-by-distance for Z. marina. The dashed line cor-

responds to the significant regression combining the two dis-

tance scales, indicating that pairs within a location are less

distinct than pairs among locations. The left-hand full line cor-

responds to the regression with pairs within a location (local

scale), and the right-hand full line to the regression with pairs

among locations (regional scale).
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slope = )0.19, R2 = 0.63, n.s.; pairs among locations:

slope = )0.002, R2 = 0.004, n.s.), suggesting that distance

may not be the predominant factor acting at the regio-

nal spatial scale.

The limitation to dispersal, as estimated through

autocorrelation analysis, was indeed highly variable

among meadows (for, an example, see Fig. 3). The

value of Sp was significantly different from 0 for four

out of 13 quadrats (quadrat 1 at Arradon, Sp = 0.04,

P < 0.001; Arcouest, Sp = 0.03, P < 0.001; and Saint-

Malo, Sp = 0.02, P < 0.05; and quadrat 1 at Roscanvel,

Sp = 0.02, P < 0.05).
(a) (b

Fig. 3 Spatial autocorrelation analysis of Z. marina in quadrat 1 of

from all ramet pairs (ramet level) or only for pairs between ramets sh

bility of clonal identity (proportion of pairs between ramets with id

based on 1000 permutations of spatial coordinates. (b) A single rame

genet data file to generate the confidence limits for the correlogram.

� 2010 Blackwell Publishing Ltd
Network topology of Z. marina individuals

The effective percolation threshold (Dpe) was seen to

be about 0.45 (data not shown), below which the net-

work lost its integrity and the clusters broke down into

two distinct clusters. On the global network just above

this percolation threshold (Fig. 4) there is a first cluster

composed of genets sampled in Molène and Sainte-Mar-

guerite (on the top left part) and a second cluster of

genets sampled the other localities. Within the giant

cluster above the percolation point, as well as inside

this secondary cluster emerging below it, the genets

from Saint-Malo have a central position, along with the

highest average value of betweenness centrality

(<BC> = 0.0099) (global average value of BC is 0.0048,

see Table 4 for network characteristics).

Network topologies at the fine-grained spatial scale

(Fig. S1, Supporting Information) revealed two clusters

for each location, related to the sampling quadrats,

except for Roscanvel and Sainte-Marguerite, which

showed clustering values that were half those of the

four other locations (0.17 and 0.16 respectively vs. an

average value of 0.32). It should be noted that no con-

clusion can be drawn about Molène as there was only

one quadrat.
Discussion

Z. marina v. angustifolia: an ecotype rather than a
protospecies?

Considered alternatively as an ecotype or as a distinct

species, Z. angustifolia was first reported in the UK, the

Morbihan Gulf and Arcachon Bay (France). The annual

observations by the REBENT network also detected this
)

Arradon. (a) Clonal structure and subrange. Kinship estimates

owing a different multilocus genotype (genet level), and proba-

entical MLGs), with confidence limits (for P = 0.975 and 0.025)

t per multiramet genet was randomly selected to create a 100-



Fig. 4 Network topology of the seven

meadows of Z. marina studied, based on

the Shared Alleles Distance between

genets. Only links with distances smal-

ler than or equal to the percolation

threshold (Dpe = 0.45) are presented.

For greater readability, nodes represent-

ing genets are not arranged according

to their geographic coordinates. For

each location, genets of quadrat 1 are

represented by ellipses and genets of

quadrat 2 by boxes. Colours correspond

to sampling locations.
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morph at Saint-Malo over a number of years. Its pre-

dominant occurrence in spring led us to consider it as

an annual variety of Z. marina (Hily, personnal observa-

tion). No differences in ITS-sequence were observed

between the variety ‘angustifolia’ (sampling units from

Saint-Malo) and the typical variety of Z. marina (SUs

from other locations). The occurrence of private alleles

was no higher in Saint-Malo than in the other locations

(only two private alleles in the first quadrat). Also, pair-

wise FST values involving quadrats from Saint-Malo

ranked among the average pairwise comparisons. Net-

work analysis agreed with this result, showing a com-

plete mixture of Saint-Malo MLLs with all other MLLs,

and even highlighting a central position of genets from

Saint-Malo (Table 4; Fig. 4). The values of betweenness

centrality also suggest a higher genetic relatedness of

genets from the meadow of Saint-Malo to those of most

other locations. Our data therefore support Z. marina v.

angustifolia in Saint-Malo as an ecotype, rather than a

distinct species.
Table 4 Network values of Betweenness Centrality (BC) and

Clustering coefficient (CC). Each value corresponds to one pair

of quadrats from the same location. The BC column corre-

sponds to the average value of location inside the global net-

work; while the CC column corresponds to the average value

of CC inside local networks

BC(*100) CC

Arradon 0.73 0.42

Roscanvel 5.93 0.17

Molene 5.03 0.33

Saint e-Marguerite 6.02 0.16

Callot 2.68 0.33

Arcouest 5.15 0.31

Saint-Malo 9.95 0.52

Average 4.9 0.32
It was not clear at this point in the analysis whether

this morph with a cyclical ‘bloom’ arose due to the

annual growing of shoots from persistent rhizomes or

to annual episodes of germination of dormant seeds.

The former seems to be a more likely explanation, con-

sidering the limited clonal diversity, high clonal sub-

range and heterozygote excess observed in Saint-Malo.

These indices indeed tend to support the occurrence of

large and persistent clones. In the neighborhood near

the city (several tens of meters from the walls of Saint-

Malo), the extreme exposure, together with a high level

of local clam digging during equinox tides, suggests an

increased anthropogenic influence on this meadow. The

level of disturbance may therefore be high, allowing

only the recruitment and persistence of specific geno-

types able to cope with extreme conditions. Similarly,

Diaz-Almela et al. (2007) highlighted an increase of CR

in impacted populations of Posidonia oceanica, compared

with reference non-impacted populations, and a higher

resistance to disturbances resulting from fish-farming in

meadows showing a high CR value. This suggests that

large clones have a higher fitness, potentially conferring

a competitive advantage for spatial colonization, and

enhanced phenotypic plasticity (Diaz-Almela et al.

2007). This hypothesis is consistent with the excess of

heterozygosity (in a scenario of heterosis), as well as

with low clonal and allelic richness. Interestingly,

Z. marina v. angustifolia is also generally observed in

harsh conditions in the residual ponds within meadows

of Z. noltii in Arcachon bay, France (Auby, personnal

communication), where it is subjected to strong varia-

tions in temperature, salinity, pH and oxygen concen-

tration during low tide. All these elements suggest that

Z. marina v. angustifolia is an ecotype that is revealed

above a perturbation threshold, leading to an extreme

in the expression of the phenotypic plasticity of Z. mar-

ina that allows survival in such stressful and fluctuating

environmental conditions. A further point of inquiry
� 2010 Blackwell Publishing Ltd
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would be to compare these two types in terms of resis-

tance to ‘wasting disease’, a development of the slime-

mold-like protist Labyrinthula macrocystis in Zostera

leaves at various sites (Hily et al. 2002).
Clonal architecture and genetic variability

The clonal richness observed in Brittany is quite vari-

able among sites but remains high (R ranges from 0.48

to 1) in comparison to previous studies (Reusch et al.

1999; Olsen et al. 2004). These values are comparable to

those observed in the populations representing Brittany

in the large biogeographic survey performed by Olsen

et al. (2004) where the neighboring populations of

Carantec and Morgat had R values of 0.54 and 0.90,

respectively. The heterogeneity of clonal richness values

for locations in Brittany indicates a notable variation in

the pattern of investment in sexual vs. clonal reproduc-

tion at the regional scale.

Contrastingly, estimates of allelic diversity in the

present study are strikingly different from those found

by Olsen et al. (2004). A much higher allelic richness

was consistently observed, ranging from 2.33 (quadrat 1

in Saint-Malo) to 9.67 (quadrat 2 in Sainte-Marguerite)

alleles ⁄ locus (Table 2). Allelic richness evidenced here

is comparable to, or even double, the highest values

reported in the Wadden Sea (4.10 alleles per locus) that

led these previous authors (Olsen et al. 2004) to con-

sider this region as a hotspot of diversity for the spe-

cies. The values are also at least comparable to, and

sometimes strikingly higher than, those observed in the

supposed center of origin located in the Northern Paci-

fic (the mean of Â for this region reaches 5.89; from

Olsen et al. 2004). The Wadden Sea–North Sea region

exhibits a linear coastal distance equivalent to Brittany.

Such a difference could be due to sampling strategy

and scale, as the authors Olsen et al. (2004) took sam-

ples according to linear transects, a strategy that has

been shown to be more prone to overestimate than

underestimate diversity (Arnaud-Haond et al. 2007a).

The higher values, which were observed consistently

here, may therefore be attributable to the larger number

of sampling locations analyzed. The sampling effort

made by Olsen et al. (2004) was indeed greater in the

region of the Wadden Sea (nine sampling areas) than in

Brittany (two sampling areas), for which only one mea-

dow was studied for allelic richness, potentially mean-

ing that the sample in this previous study was not

representative of the meadows at the scale of the Brit-

tany coasts.

These new results reveal a hotspot of Z. marina

genetic diversity in Brittany compared with other popu-

lations over the distribution range as a whole. More-

over, the discrepancy with the first estimates obtained
� 2010 Blackwell Publishing Ltd
from the neighboring location of Morgat points toward

a possibly significantly heterogeneous distribution of

genetic polymorphism at the regional scale. This was

further confirmed by analysing the genetic structure at

both regional and fine-grained spatial scales.
Mosaic pattern of genetic differentiation at regional
and local scales

A rather highly structured pattern was revealed at both

regional and fine-grained spatial scales. This significant

and generalized differentiation was consistent even at

the fine-grained spatial scale, among quadrats separated

by less than 100 m, although these values tended to be

smaller than those observed among locations (Table 3;

Fig. 2). This was confirmed by network analysis, which

showed the occurrence of two clusters in each location,

corresponding to the two quadrats, except in Roscanvel

and Sainte-Marguerite. FST values among quadrats

agreed with this finding as they were also the smallest

in these two locations. These results suggest a strong

limitation to dispersal without a real pattern of gradual

IBD, as shown by the lack of significance of the Mantel

test at the regional scale.

Spatial autocorrelation analysis at the local scale

allows a quantitative estimation of the spatial scale over

which clonality affects the SGS (spatial genetic structure),

as autocorrelograms performed at the ramet-level and

at the MLL-level merge at the distance corresponding to

the clonal subrange (Alberto et al. 2005). In agreement

with the patterns of high SGS obtained when including

all sampling units, the clonal subranges observed in

Saint-Malo, Arradon, Roscanvel and Arcouest (Table 2)

provide a minimal estimate of ten or possibly several

tens of meters, as these estimates are confined to our

sampling areas. This suggests that clonal propagation

via rhizomatic elongation accounts for dispersal at the

scale of up to several tens of meters, as previously

reported for Cymodocea nodosa (Alberto et al. 2005)

Z. noltii (Ruggiero et al. 2005) and P. oceanica (Arnaud-

Haond et al. 2007b).

In the case of seagrasses, two modes of dispersal exist

besides strict clonal elongation: (i) long distance dispersal

via unrooted shoots, in species such as eelgrass that have

easily breaking rhizomes (Harwell & Orth 2002; Hall

et al. 2006; Orth et al. 2006) when exceptional climatic

events such hurricanes possibly favor long distance dis-

persal (Kendall et al. 2004); and (ii) medium distance dis-

persal via seeds (Orth et al. 2006), with the formation of

gas bubbles that adhere to the seed coat of Zostera sp, giv-

ing buoyancy (Churchill et al. 1985). These authors fol-

lowed drifting seeds and reported a dispersal that may

exceed 200 m, large enough to encompass distances simi-

lar to those among neighboring quadrats.
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Considering these rather large estimates of dispersal

potential and the lack of limitation to gene flow evi-

denced in nine quadrats, a relative genetic homogeneity

may be expected at the local scale. Yet, SGS is detected

in four quadrats and the genetic differentiation among

quadrats of the same location is significant (Table 3)

and appears clearly in network analysis (Fig. S1, Sup-

porting Information). Such a combination of relatively

high-dispersal potential and stronger or similar genetic

differentiation at the very fine spatial scale compared to

the regional one was previously described as the para-

dox of the chaotic genetic patchiness, and the pattern

has been extensively reported for marine benthic inver-

tebrates (Johnson & Black 1982; Watts et al. 1990; John-

son et al. 1993; Johannesson et al. 1995; Edmands et al.

1996; Arnaud-Haond et al. 2008), and fishes (Lacson &

Morizot 1991; Hedgecock et al. 1994; Doherty et al.

1995). This pattern of genetic mosaic at both temporal

and spatial scales may be explained by several hypothe-

ses. Distinct origin or differential survivorship of

recruits, as well as the ‘sweepstake’ hypothesis based

on a differential reproductive success leading to instan-

taneous genetic drift (Hedgecock 1994), have been pro-

posed. In the case of Z. marina, which is also a partially

clonal species, other factors linked to the specific pat-

tern of temporal recruitment and clonal growth are

likely to be involved.
Recruitment dynamics and the concept of population

According to our results, dispersal does not balance the

effect of genetic drift in eelgrass meadows. Three expla-

nations can be advanced for this, the first being that (i)

the hypotheses on which the estimates of autocorrelation

patterns are based are not met, potentially leading to an

overestimation of the dispersal potential. For example,

the dispersion is assumed to be isotropic (i.e. equivalent

in all directions of 2D space); this is a large assumption,

particularly in coastal environments where current

regimes are highly complex (Siegel et al. 2003). In cases

where the conditions required to interpret spatial auto-

correlation are met, this apparent discrepancy between

expected and realized dispersal may be explained by (ii)

low propagule production. This is not in agreement with

the extreme clonal richness observed, which reveals an

important implication of sexual reproduction in the

quadrats of Roscanvel, Arcouest and Sainte-Marguerite.

The third hypothesis (iii) is that of low recruitment suc-

cess of dispersed propagules, possibly due to spatial

competition exerted by already-established clones

against drifting immigrant propagules. This hypothesis

is consistent with previous studies, showing that recruit-

ment in the sea may follow a chaotic distribution (Rough-

garden et al. 1988) and that the more impacted areas in
seagrass meadows (i.e. a lower density of shoots) exhibit

greater recruitment success, probably due to a decrease

in intraspecific competition (Reusch 2006). The influence

of the outcompetition of migrants by some fitter clones is

also supported by the observation of the highest level of

clonal richness in the very recently (re)colonized mea-

dow of Sainte-Marguerite.

Two dynamic strategies have been proposed for the

settlement and growth of clonal plant meadows (Eriks-

son 1993): initial seedling recruitment (ISR) and repeated

seedling recruitment (RSR). The colonization of an area

results either mostly from the recruitment of an initial

cohort occupying space through clonal growth (ISR) or

from continuous colonization of patches (RSR). For a low

level of environmental and demographic fluctuations,

the predominant strategy may be ISR, due to the advan-

tage for a seedling to be the first arrived and to acquire

‘strength in number’ by growing ramets to colonize

space through clonal growth before another new recruit

arrives. In this case of stable environmental conditions,

and thereby demographic conditions, relatively low clo-

nal diversity may also result from competitive exclusion

of initially-settled clones, as suggested for species coex-

istence models (Huston 1979) and in the case of the

dynamics of P. oceanica meadows (Arnaud-Haond et al.

2010). For an intermediate level of environmental and

demographic fluctuations, which reduces the intensity

of competitive exclusion, the number of free microsites

favours the settlement of new recruits, thereby allowing

the turn-over of patches and enhancing genotypic diver-

sity, as described in the experimental approach by Reus-

ch (2006). In such cases, the pattern of highest clonal

diversity, and probably lowest genetic structure, would

reveal the tuning of dynamic strategy toward RSR.

As for Z. marina, the range of clonal and genetic

diversities at the regional scale therefore suggests that

both strategies may apply in variable proportions

depending on both the time elapsed since the last colo-

nization and the levels of periodic disturbance in the

meadows studied. As suggested for P. oceanica (Ar-

naud-Haond et al. 2007b), the heterogeneity of spatial

and temporal patterns demonstrated here highlight a

potentially serious limitation of the use of genetic differ-

entiation as a tool to predict recolonization potential.

Such results mean we should be cautious about draw-

ing conclusions from genetic data alone in the absence

of further ecological information about local adaptation

and ⁄ or intra specific competition for space for example.

Finally, according to the genetic definition, the geneti-

cally differentiated quadrats of Z. marina would not be

considered as belonging to the same population. Yet the

pattern reported here leads us to question whether two

quadrats belonging to the same continuous meadow at

a distance of a few meters should be considered as
� 2010 Blackwell Publishing Ltd
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belonging to distinct populations. This population

genetic concept was initially developed for species with

exclusively sexual reproduction and may not be rele-

vant for clonal organisms, as suggested by Bahri et al.

(2009). The ecological population as defined by Camus

& Lima (2002) (‘a group of individuals of the same spe-

cies that live together in a area of sufficient size to per-

mit normal dispersal and ⁄ or migration behaviour and

in which numerical changes are largely determined by

birth and death processes’), based on their discrete dis-

tribution, may be a more objective concept for applica-

tion to clonal organisms. It should however be noted

that, in order to be meaningful in an evolutionary

sense, such a concept would rely on the assumption

that distance and fragmentation are the main proxies for

assessing the efficiency of gene flow.
Conclusion

This is, to our knowledge, the first time that the

detailed screening of within-meadow variance in clonal

and genetic composition and differentiation has been

performed. This work reveals:

• High heterogeneity of clonal and genetic diversities

at the regional scale, and the possibility that Brittany

(France) could be considered as a hotspot for the

genetic diversity of Z. marina at the scale of the

entire species distribution range.

• Strong genetic structure at regional scales revealing

dispersal limitations that could potentially influence

the future of Z. marina populations.

• Mosaic structure (genetic patchiness) at the local

scale, supporting a RSR strategy that is likely driven

by perturbations opening windows for recruitment.

• Large phenotypic plasticity, allowing Zostera devel-

opment in a wide range of environmental condi-

tions. As our results confirm the hypothesis that Z.

marina v. angustifolia is an ecotype, this phenotypic

plasticity is probably characteristic of highly stressful

environments.
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françaises des côtes atlantiques, Manche et Mer du Nord.

Dauvin ed M.N.H.N., Paris.

Diaz-Almela E, Arnaud-Haond S, Vliet MS et al. (2007) Feed-

backs between genetic structure and perturbation-driven

decline in seagrass (Posidonia oceanica) meadows. Conservation

Genetics, 8, 1377–1391.

Diekmann OE, Bak RPM, Stam WT, Olsen JL (2001) Molecular

genetic evidence for probable reticulate speciation in the

coral genus Madracis from a Caribbean fringing reef slope.

Marine Biology, 139, 221–233.

Doherty PJ, Planes S, Mather P (1995) Gene flow and larval

duration in 7 species of fish from the Great-Barrier-Reef.

Ecology, 76, 2373–2391.

Dorken ME, Eckert CG (2001) Severely reduced sexual

reproduction in northern populations of a clonal plant,

Decodon verticillatus (Lythraceae). Journal of Ecology, 89, 339–

350.

Douhovnikoff V, Dodd RS (2003) Intra-clonal variation and a

similarity threshold for identification of clones: application

to Salix exigua using AFLP molecular markers. Theoretical

and Applied Genetics, 106, 1307–1315.

Edmands S, Moberg PE, Burton RS (1996) Allozyme and

mitochondrial DNA evidence of population subdivision in

the purple sea urchin Strongylocentrotus purpuratus. Marine

Biology, 126, 443–450.

Ehlers A, Worm B, Reusch TBH (2008) Importance of genetic

diversity in eelgrass Zostera marina for its resilience to global

warming. Marine Ecology-Progress Series, 355, 1–7.

Eriksson O (1993) Dynamics of genets in clonal plants. Trends

in Ecology & Evolution, 8, 313–316.

Estoup A, Tailliez C, Cornuet JM, Solignac M (1995) Size

homoplasy and mutational processes of interrupted

microsatellites in two bee species, Apis mellifera and Bombus

terrestris (Apidae). Molecular Biology and Evolution, 12, 1074–

1084.

Fortuna MA, Popa-Lisseanu AG, Ibanez C, Bascompte J (2009)

The roosting spatial network of a bird-predator bat. Ecology,

90, 934–944.

Frankham R (2005) Genetics and extinction. Biological

Conservation, 126, 131–140.

Freeman LC (1977) A set of measures of centrality based on

betweenness. Sociometry, 40, 35–41.

Hall LM, Hanisak MD, Virnstein RW (2006) Fragments of the

seagrasses Halodule wrightii and Halophila johnsonii as

potential recruits in Indian River Lagoon, Florida. Marine

Ecology-Progress Series, 310, 109–117.
Harada Y, Kawano S, Iwasa Y (1997) Probability of clonal

identity: inferring the relative success of sexual versus clonal

reproduction from spatial genetic patterns. Journal of Ecology,

85, 591–600.

Harwell MC, Orth RJ (2002) Long-distance dispersal potential

in a marine macrophyte. Ecology, 83, 3319–3330.

Hedgecock D (1994) Temporal and spatial genetic-structure of

marine animal populations in the California current.

California Cooperative Oceanic Fisheries Investigations Reports,

35, 73–81.

Hedgecock D, Hutchinson ES, Li G, Sly FL, Nelson K (1994)

The central stock of northern anchovy (Engraulis mordax) is

not a randomly mating population. California Cooperative

Oceanic Fisheries Investigations Reports, 35, 121–136.

Hemminga M, Duarte CM (2000) Seagrass Ecology. Cambridge

University Press, Cambridge, UK.

Hily C, Bouteille M (1999) Modifications of the specific

diversity and feeding guilds in an intertidal sediment

colonized by an eelgrass meadow (Zostera marina) (Brittany,

France). Comptes Rendus De L Academie Des Sciences Serie Iii-

Sciences De La Vie-Life Sciences, 322, 1121–1131.

Hily C, Raffin C, Brun A, den Hartog C (2002) Spatio-

temporal variability of wasting disease symptoms in

eelgrass meadows of Brittany (France). Aquatic Botany, 72,

37–53.

Hughes AR, Stachowicz JJ (2004) Genetic diversity enhances

the resistance of a seagrass ecosystem to disturbance.

Proceedings of the National Academy of Sciences of the United

States of America, 101, 8998–9002.

Hughes AR, Stachowicz JJ (2009) Ecological impacts of

genotypic diversity in the clonal seagrass Zostera marina.

Ecology, 90, 1412–1419.

Huston M (1979) General hypothesis of species-diversity.

American Naturalist, 113, 81–101.

Johannesson K, Johannesson B, Lundgren U (1995) Strong

natural selection causes microscale allozyme variation in a

marine snail. Proceedings of the National Academy of Sciences of

the United States of America, 92, 2602–2606.

Johnson MS, Black R (1982) Chaotic genetic patchiness in an

intertidal limpet, Siphonaria sp. Marine Biology, 70, 157–164.

Johnson MS, Black R (1984) Pattern beneath the chaos-the

effect of recruitment on genetic patchiness in an intertidal

limpets. Evolution, 38, 1371–1383.

Johnson MS, Holborn K, Black R (1993) Fine-scale patchiness

and genetic heterogeneity of recruits of the corallivorous

gasteropod Drupella cornus. Marine Biology, 117, 91–96.

Kendall MS, Battista T, Hillis-Starr Z (2004) Long term

expansion of a deep Syringodium filiforme meadow in St.

Croix, US Virgin Islands: the potential role of hurricanes in

the dispersal of seeds. Aquatic Botany, 78, 15–25.

Lacson JM, Morizot DC (1991) Temporal genetic variation in

subpopulations of bicolor damselfish (Stegastes partitus)

inhabiting coral reefs in the Florida keys. Marine Biology, 110,

353–357.

Nei M (1978) Estimation of average heterozygosity and genetic

distance from a small number of individuals. Genetics, 89,

583–590.

Olsen JL, Stam WT, Coyer JA et al. (2004) North Atlantic

phylogeography and large-scale population differentiation of

the seagrass Zostera marina L. Molecular Ecology, 13, 1923–

1941.
� 2010 Blackwell Publishing Ltd



GE NETIC PATCH INESS AND DIVERSITY IN EELGRASS 2407
Orth RJ, Heck KL, Vanmontfrans J (1984) Faunal communities

in seagrass beds. A review of the influence of plant structure

and prey characteristics on predator–prey relationships.

Estuaries, 7, 339–350.

Orth RJ, Carruthers TJB, Dennison WC et al. (2006) A global

crisis for seagrass ecosystems. BioScience, 56, 987–996.

Parks JC, Werth CR (1993) A study of spatial features of clones

in a population of bracken fern, Pteridium aquilinum

(Dennstaedtiaceae). American Journal of Botany, 80, 537–544.

Percival SM, Sutherland WJ, Evans PR (1996) A spatial depletion

model of the responses of grazing wildfowl to the availability

of intertidal vegetation. Journal of Applied Ecology, 33, 979–992.

Pielou EC (1969) An Introduction to Mathematical Ecology. Wiley-

Interscience, New York.

Provan J, Wilson S, Portig AA, Maggs CA (2008) The

importance of reproductive strategies in population genetic

approaches to conservation: an example from the marine

angiosperm genus Zostera. Conservation Genetics, 9, 271–280.

Reusch TBH (2006) Does disturbance enhance genotypic

diversity in clonal organisms? A field test in the marine

angiosperm Zostera marina Molecular Ecology, 15, 277–286.

Reusch TBH, Stam WT, Olsen JL (1999) Microsatellite loci in

eelgrass Zostera marina reveal marked polymorphism within

and among populations. Molecular Ecology, 8, 317–321.

Reusch TBH, Stam WT, Olsen JL (2000) A microsatellite-based

estimation of clonal diversity and population subdivision in

Zostera marina, a marine flowering plant. Molecular Ecology, 9,

127–140.

Reusch TBH, Ehlers A, Hammerli A, Worm B (2005) Ecosystem

recovery after climatic extremes enhanced by genotypic

diversity. Proceedings of the National Academy of Sciences, USA,

102, 2826–2831.

Ritland K (1996) Estimators for pairwise relatedness and

individual inbreeding coefficients. Genetical Research, 67, 175–

185.

Roughgarden J, Gaines S, Possingham H (1988) Recruitment

dynamics in complex life-cycles. Science, 241, 1460–1466.

Rousset F (1997) Genetic differentiation and estimation of gene

flow from F-statistics under isolation by distance. Genetics,

145, 1219–1228.

Rozenfeld AF, Arnaud-Haond S, Hernandez-Garcia E et al.

(2007) Spectrum of genetic diversity and networks of clonal

organisms. Journal of the Royal Society Interface, 4, 1093–1102.

Rozenfeld AF, Arnaud-Haond S, Hernandez-Garcia E et al.

(2008) Network analysis identifies weak and strong links in a

metapopulation system. Proceedings of the National Academy of

Sciences, USA, 105, 18824–18829.

Ruggiero MV, Capone S, Pirozzi P, Reusch TBH, Procaccini G

(2005) Mating system and clonal architecture: a comparative

study in two marine angiosperms. Evolutionary Ecology, 19,

487–499.

Siegel DA, Kinlan BP, Gaylord B, Gaines SD (2003) Lagrangian

descriptions of marine larval dispersion. Marine Ecology-

Progress Series, 260, 83–96.
� 2010 Blackwell Publishing Ltd
Stauffer D, Aharony A (1994) Introduction to Percolation Theory.

Taylor & Francis, London.

Vekemans X, Hardy OJ (2004) New insights from fine-scale

spatial genetic structure analyses in plant populations.

Molecular Ecology, 13, 921–935.

Watts RJ, Johnson MS, Black R (1990) Effects of recruitment on

genetic patchiness in the urchin Echinometra mathaei in

western Australia. Marine Biology, 105, 145–151.

Waycott M, Duarte CM, Carruthers TJB et al. (2009)

Accelerating loss of seagrasses across the globe threatens

coastal ecosystems. Proceedings of the National Academy of

Sciences, USA, 106, 12377–12381.

Weir BS, Cockerham CC (1984) Estimating F-statistics for

the analysis of the population structure. Evolution, 38, 1358–

1370.

Young AG, Hill JH, Murray BG, Peakall R (2002) Breeding

system, genetic diversity and clonal structure in the sub-

alpine forb Rutidosis leiolepis F. Muell. (Asteraceae). Biological

Conservation, 106, 71–78.

Ronan Becheler is an undergraduate student specializing in the

ecology and evolution of marine organisms. Onno Diekmann

is a post-doc working on the population genetics and phylo-

geography of seagrass. Yann Moalic is a molecular biologist

and bioinformatician interested in the application of network

theory in popultion genetics. Christian Hily is a researcher

working on the ecology of coastal ecosystems, particularly on

seagrass meadows. Sophie Arnaud-Haond is an evolutionary

ecologist interested in the factors driving the stability and evo-

lution of marine populations, with a special emphasize on the

mating system and connectivity patterns.
Supporting Information

Additional supporting information may be found in the online

version of this article.

Fig. S1 Network topologies of Z. marina genets at the local

scale, based on the Shared Alleles Distance between genets.

Only links with values smaller than or equal to the effective

percolation distance (Dpe) are presented. Nodes representing

genets of quadrat 1 are represented by ellipses and genets of

quadrat 2 by boxes. The colour legend is the same as that used

in Fig. 4. A, Arradon; B, Roscanvel; C, Molène; D, Sainte-Mar-

guerite; E, Callot; F, Arcouest; and G, Saint-Malo.

Please note: Wiley-Blackwell are not responsible for the content

or functionality of any supporting information supplied by the

authors. Any queries (other than missing material) should be

directed to the corresponding author for the article.


