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INTRODUCTION

There are strong links between biodiversity and
ecosystem functioning (Hooper et al. 2005, 2012). In
the current context of global change, it is of primary
importance to better understand the processes under-
lying biodiversity. Intra-specific genetic diversity rep-
resents the fundamental level of biodiversity, and yet
has been less studied than species and ecosystem
 levels (Pauls et al. 2013). Among the driving factors of
genetic diversity, life history traits (e.g. reproduction
and developmental modes) and the associated poten-
tial of dispersal are known to greatly influence popu-
lation genetic structure (Palumbi 1994, Tarnowska et

al. 2012, Dawson 2014, Haye et al. 2014, Romiguier et
al. 2014). In marine organisms, depending on the
presence, absence or duration of a pelagic larval
phase, species show contrasting genetic patterns
(Kelly & Palumbi 2010, Boissin et al. 2011, Higgins et
al. 2013, Haye et al. 2014). The low dispersal capaci-
ties of brooding species (lacking a free larval stage)
may lead to strong population genetic differentiation
and/or numerous local speciation events (Kelly &
Palumbi 2010, Boissin et al. 2011). Self-reproduction
(selfing) also strongly af fects population genetic
structure, allowing the establishment of a new popu-
lation from a single successful migrant (Baker 1955,
1967, Pannell & Dorken 2006).
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Owing to the absence of obvious barriers to gene
flow in the marine environment, populations of
 marine organisms were long thought to be mostly
panmictic. Yet, the existence of globally distributed
 species with low dispersal abilities is particularly
intriguing (Perez-Portela et al. 2013). However, many
species once thought to be widespread were re -
vealed to be composed of several cryptic species with
more restricted geographic ranges (Knowlton 1993,
Pfenninger & Schwenk 2007, Hoareau et al. 2013).
Such species complexes are powerful models to
inform about the processes governing speciation and
species distribution (Boissin et al. 2008a, Boissin et al.
2011). Additionally, when they are sympatric, com-
plexes of cryptic species allow comparative popula-
tion genetics analyses between samples from the
same set of localities. They also allow the illustration
of the putative roles of contingency and/or historical
demography among closely related species.

The brittlestar Amphipholis squamata (Delle Chi-
aje, 1928) is a simultaneous hermaphrodite capable
of selfing and brooding (Fell 1946), features that
 confer a weak potential for dispersal (Poulin et al.
1999, Boissin et al. 2008b). Paradoxically, A. squa-
mata exhibits a wide geographic range, being found
in all oceans except the polar ones (Gage et al. 1983).
However, it was revealed to be a complex of numer-
ous cryptic species, some of which have a wide dis -
tribution range (Sponer & Roy 2002, Boissin 2008,
Boissin et al. 2008a). The 4 species present in the
Mediterranean Sea reproduce mainly by selfing
(Boissin et al. 2008b). French populations from the
Atlantic Ocean and the Mediterranean Sea form
 separate monophyletic groups (within a previously
recognized lineage), suggesting a relatively ancient
separation (Le Gac et al. 2004). However, some mito-
chondrial haplotypes are shared over long distances
(2000 km, Boissin 2008; 1000 km, Sponer & Roy
2002). For low dispersers, alternative ways of disper-
sal exist, such as rafting on floating substrates (High-
smith 1985, Thiel & Haye 2006) or even on jellyfish
(Marsh 1998). A. squamata has been found on mats
of floating algae (Highsmith 1985), a dispersal means
proposed to explain the wide distribution range of
the species (Sponer & Roy 2002).

After assigning specimens to species, the first goal
of the present study was to test whether dispersal
of this brooding organism allows recurrent connec-
tivity among populations on the regional scale of the
French Mediterranean coast, or whether it simply
results in a wide distribution range consisting of
loosely connected populations. In the former case, a
geographical pattern, such as a correlation of pair-

wise population genetic distances and spatial dis-
tances, would be expected; in the latter case, strong
population genetic differentiations and stochasticity
in the spatial organization of this species complex
should be observed at the intra- and inter-specific
levels. Additionally, the presence of 4 sympatric spe-
cies in the study region offered a unique opportunity
to compare population genetic structure in biological
replicates. Therefore, our second goal was to esti-
mate the variability in population structure among
species sharing very constraining life history traits,
i.e. very low dispersal ability and extreme selfing
rates (Boissin et al. 2008b).

MATERIALS AND METHODS

Sampling

A total of 1004 specimens of the Amphipholis squa-
mata species complex (hereafter A. squamata com-
plex) from 14 localities of the French Mediterranean
coast sampled over 8 yr were analyzed in this study
(Table 1). Among them, 8 localities were sampled
over 1 mo in September/ October 2005: Banyuls-sur-
Mer, Cap d’Agde, Carro, Les Goudes, Port d’Alon,
Giens, Saint-Raphaël and Cap Ferrat (N = 606; see
Fig. 1, Table 1 for details). Data from 4 additional
samples analyzed in Boissin et al. (2008a) were also
added (Banyuls-sur-Mer, Les Goudes, Le Brusc and
Scandola; N = 192). Another 2 samples from Frioul
(N = 28) and Porquerolles (N = 27) in close proximity
to Les Goudes and Giens, respectively, as well as
another sample from Scandola (Corsica, N = 24) were
collected in 2010. These 877 specimens were col-
lected at less than 1 m depth. Additionally, to investi-
gate the bathymetric organization of the A. squamata
complex, one location (Riou) was sampled at 4 dis-
tinct depths (surface, 10 m, 20 m, 42 m) and a second
nearby location (Castelviel) at 16 m (N = 127). In the
field, sampling was done by scraping off 15 × 15 cm2

square patches of seaweeds, which were placed indi-
vidually in bags of seawater. Back at the laboratory,
the brittlestars were carefully extracted from the sea-
weeds and individually preserved in 95% ethanol.

Molecular analyses

DNA was extracted from pieces of arms following
a Chelex procedure (Walsh et al. 1991). Specimens
 collected in September/October 2005 (N = 606) and
bathymetric samples (N = 127) were assigned to a
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species of the A. squamata complex (A1, A2, A3 or B)
using 2 nuclear markers (Aj9, a microsatellite and
Actin2, an intron) following Boissin et al. (2008b)
and run on 8% denaturing polyacrylamide gels. PCR
cycling and mixture composition were as in Boissin

et al. (2008b). Additionally, a portion of the 16S
 mitochondrial gene was sequenced for subsets of
160/606 and 48/127 specimens, respectively. Speci-
mens from Frioul, Porquerolles and Scandola were
all se quenced (N = 79). Amplification was done fol-
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Locality Code Coordinates Date N A1 A2 A3 B

Banyuls-sur-Mer BAN 42° 27’ 34’’ N, 3° 09’ 28’’ E 21/10/2005 71 27 1 37 6
Banyuls-sur-Mer BAN 42° 27’ 34’’ N, 3° 09’ 28‘’ E 23/04/2002 46 (46) 11 (11) – 18 (18) 17 (17)
Cap d’Agde AGD 43° 16’ 37’’ N, 3° 30’ 59‘’ E 07/10/2005 145 (10) – – 144 (9) 1 (1)
Carro CAR 43° 19’ 46’’ N, 5° 02’ 11‘’ E 14/09/2005 34 (31) 4 (4) 2 (2) 22 (19) 6 (6)
Frioul FRI 43° 16’ 48’’ N, 5° 18’ 23‘’ E 17/03/2010 (28) (2) – (17) (9)
Les Goudes GOU 43° 12’ 50’’ N, 5° 20’ 15‘’ E 27/09/2005 131 (8) 59 (3) 33 (5) 19 19
Les Goudes GOU 43° 12’ 50’’ N, 5° 20’ 15‘’ E 23/11/2004 93 (93) 20 (20) 30 (30) 23 (23) 20 (20)
Riou RIO 43° 10’ 33’’ N, 5° 22’ 59‘’ E 20/04/2006 16 (2) 6 – 10 (2) –
Port d’Alon ALO 43° 08’ 39’’ N, 5° 42’ 09‘’ E 21/09/2005 20 (13) 13 (10) 1 (1) 6 (2) –
Le Brusc BRU 43° 04’ 20’’ N, 5° 47’ 14‘’ E 13/12/2004 32 (32) 14 (14) – 12 (12) 6 (6)
Giens GIE 43° 02’ 01’’ N, 6° 06’ 47‘’ E 28/09/2005 78 (16) 47 (8) 5 25 (7) 1 (1)
Porquerolles POR 43° 00’ 12’’ N, 6° 12’ 34‘’ E 18/03/2009 27 (27) 9 (9) 3 (3) 15 (15) –
Cap Ferrat FER 43° 40’ 30’’ N, 7° 19’ 47‘’ E 15/09/2005 61 (34) 13 (1) – 45 (30) 3 (3)
Saint-Raphaël RAP 43° 24’ 45’’ N, 6° 47’ 56‘’ E 12/10/2005 66 (48) 20 (16) 8 (5) 38 (27) –
Scandola SCA 42° 25’ 20’’ N, 8° 38’ 26‘’ E 29/05/2006 21 (21) 11 (11) 3 (3) 5 (5) 2 (2)
Scandola SCA 42° 25’ 20’’ N, 8° 38’ 26‘’ E 05/03/2010 (24) (7) (2) (14) (1)

Riou 10 m RIO 43° 10’ 33’’ N, 5° 22’ 59‘’ E 21/06/2006 67 (32) 6 (6) – 42 (13) 19 (13)
Riou 20 m RIO 43° 10’ 33’’ N, 5° 22’ 59‘’ E 09/10/2006 14 (4) – – 9 (2) 5 (2)
Riou 42 m RIO 43° 10’ 33’’ N, 5° 22’ 59‘’ E 29/09/2006 10 (5) – 2 (2) – 8 (3)
Castelviel 16 m CAS 43° 11’ 62’’ N, 5° 30’ 20‘’ E 10/10/2006 20 (5) – – 1 (1) 19 (4)

Table 1. Sampling sites and number of specimens analyzed for nuclear loci for each species (A1, A2, A3, and B) of the
Amphipholis squamata species complex. Numbers in parentheses correspond to the subset for which 16S DNA sequences
were obtained. When no depth is indicated after the locality name, sampling was performed near the surface (less than 1 m).
Samples from the bathymetric sampling are listed at the bottom and separated with a line. N: number of specimens; date: 

sampling date (given as dd/mm/yyyy); bold: samples from Boissin et al. (2008a)
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Fig. 1. Map of the sampling localities of the Amphipholis squamata species complex along the French Mediterranean coast.
Pie charts show the proportion of each species (A1, A2, A3, and B) of the complex at each locality (only the proportion of Riou
at the surface is shown, not the proportion of species at other depths). Numbers in pie charts represent the total number of 

specimens sampled for that locality
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lowing Boissin et al. (2008a). PCR products were
sent to an academic service center for sequencing
(Genomer, Ros coff). Sequences from Boissin et al.
(2008a) were also included in the analyses (N = 192;
GenBank accession numbers EU251962 to EU251996).
Sequences of Amphipholis pugetana were used as
outgroup (GenBank accession numbers EU251997
to EU251999).

Data analyses

The mitochondrial 16S sequences were aligned
using MAFFT online (Katoh et al. 2002). Haplotype
and nucleotide diversities were computed per spe-
cies using DnaSP v.5.10.01 (Librado & Rozas 2009).
Neutrality tests were also performed in DnaSP using
Fu and Li’s F (Fu & Li 1993) and Ramos-Onsins and
Rozas’ R2 (Ramos-Onsins & Rozas 2002). Kimura two-
parameter (K2P) mean genetic distances within line-
ages were computed in Mega v.5.05 (Tamura et al.
2011). Phylogenetic reconstructions were performed
using (1) neighbor joining (NJ) and maximum likeli-
hood (ML) algorithms in PhyML online (Guindon et
al. 2005) and (2) Bayesian inference (BI) in BEAST
(Drummond & Rambaut 2007). Support for the nodes
in the NJ and ML reconstructions was obtained using
a bootstrapping procedure (Felsenstein 1985). MrAIC
v.1.4.6 (Nylander 2004) was used to estimate the best
fit model of nucleotide evolution. The BI reconstruc-
tion was performed running 10 000 000 generations
and recording parameters every hundredth genera-
tion. Bayes factors were used to decide among the
best clock and tree priors (relaxed uncorrelated
exponential clock and birth death tree prior). Estima-
tion of the time to the most recent common ancestors
(TMRCA) was done for each lineage and group of
lineages of interest. As no 16S mutation rate estimate
exists for brittlestars and the fossil record is scarce, a
broad prior centred at 1.25% per million years (Myr)
was used for the molecular clock (normal distribu-
tion, 95% highest posterior density [HPD] = 0.5 to
2%), encompassing typically reported rates for 16S
ribosomal DNA in several phyla (0.58% per Myr
for fishes, 1% per Myr for molluscs, 1.46% per Myr
for echinoids and 1.70% per Myr for crustaceans;
Lessios 2008). The software TRACER (Rambaut et al.
2014) was used to ensure the reach of 200 for the
effective sampling sizes (ESS) and retrieve the esti-
mation of TMRCAs and their 95% HPD.

Haplotype networks were constructed for each lin-
eage using NETWORK (www.fluxus-engineering.
com) and the median joining algorithm (Bandelt et al.

1999). Assuming that none of the 16S haplotypes
were positively selected for in the past, we investi-
gated past demographic changes in population size
for the species showing significant neutrality tests
using the Bayesian skyline plot (BSP) framework in
BEAST. The main settings were the same as for the
TMRCA estimates with a run of 10 000 000 genera-
tions and recording parameters every hundredth
generation. Similarly, mismatch distributions for
each species were computed in DnaSP.

The scale of the spatial connectivity was investi-
gated within each species as follows:

(1) Global and pairwise differentiation estimates
were computed in SPADE (Chao & Shen 2010) and
ARLEQUIN v.3.5 (Excoffier et al. 2005), respectively.
In ARLEQUIN, pairwise FST estimates between pairs
of populations were computed using the matrix of
Slatkin’s distance and p-values were obtained with
10 000 permutations. The Benjamini & Hochberg
(1995) correction for multiple tests was applied. In
SPADE, Jost’s D-estimators of global differentiation
and their confidence intervals (CI) were computed
for species A1, A3 and B, for which we compared dif-
ferent shared sets of populations with sample sizes
above 9. Pairwise D-values were also estimated for
comparison between populations. This parameter,
contrary to FST, is not affected by the level of polymor-
phism and always reaches a value of 1 when popula-
tions do not share any allele. Furthermore, the analy-
sis provides confidence intervals, allowing robust
comparisons among species displaying different
diversity levels (Chao et al. 2008, Jost 2008). SPADE
also yields an adjusted estimator of D, which resulted
in exactly the same value as the original estimator in
all our analyses (data not shown). Two confidence
intervals were computed, the first one based on
±1.96 bootstrap SE and the second one based on an
improved bootstrap percentile method, which is rec-
ommended when similarity is close to 0 or 1 (Chao et
al. 2008).

(2) Principal coordinate analyses (PCoA) were
computed in GenAlEx v.6.501 (Peakall & Smouse
2012) for each species to investigate the relationships
between populations and search for any groupings.

(3) Isolation by distance (IBD) was tested in
GENETIX (Belkhir et al. 2004) using the genetic
 distances (FST/(1 − FST)) (Rousset 1997) and the log
geographical distances (in km) between each pair of
localities. The significance was obtained by Mantel
test using 5000 permutations in GENETIX.

(4) Analyses of molecular variance (AMOVA) were
computed using ARLEQUIN. The groups tested were
those revealed by the PCoA analyses (see ‘Results’).
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We also assessed population subdivisions by spatial
analysis of molecular variance using SAMOVA v.2.0
(Dupanloup et al. 2002). The software searches spa-
tially homogeneous and maximally differentiated
groups (k) of populations without prior grouping
assumptions (contrary to the regular AMOVA
above). We tested k from 2 to 5 for each species
(except for A2, which we tested from 2 to 4 because
the number of k tested cannot be equal to the num-
ber of populations) and ran the analyses for 10 000
simulated annealing processes. The most likely num-
ber of groups (k) is the one resulting in the highest
significant ΦCT-value (fixation index among groups)
(Dupanloup et al. 2002).

Finally, exact tests were performed on contingency
tables built from Table 1, for comparison of species
composition on bathymetric and spatial samples,
using xlstat (Addinsoft). The null hypothesis tested
was that species frequencies are independent of
location.

RESULTS

Phylogenetic diversity

The 4 species of the Amphipholis squamata com-
plex known from the Atlanto-Mediterranean basin
were present along the French Mediterranean coast
(Fig. 2). A total of 479 sequences (420 bp) correspon-
ding to 64 distinct haplotypes were used in the analy-
ses (plus 3 sequences of A. pugetana; see Table S1 in
the Supplement at www.int-res.comarticles/suppl/
m539 p165_ supp.pdf for details; GenBank accession
numbers KT780312 to KT780340). All dating esti-
mates had very large confidence intervals, due to
the broad prior used for substitution rates. The mean
TMRCA of species A and B is approximately 9.93
(95% HPD: 2.69 to 20.68) Myr (Fig. 2), the common
ancestor of species A1, A2 and A3 is 4.83 (1.47 to
9.83) Myr and the common ancestors of each species
A1, A2, A3 and B are 1.26 (0.33 to 2.57), 1.70 (0.41 to
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Fig. 2. Bayesian reconstruction of phylogenetic relationships among species (A1, A2, A3, and B) of the Amphipholis squamata
complex found in the northwestern Mediterranean Sea. The reconstruction is based on the 16S mitochondrial sequences using
a relaxed uncorrelated exponential clock and a birth death tree prior. Numbers above the branches show support values (boot-
straps from the neighbor joining reconstruction, maximum likelihood reconstruction and Bayesian posterior probability).
Numbers below the branches show time to the most recent common ancestors (Myr) with their confidence intervals. 
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3.52), 2.69 (0.61 to 5.69) and 1.61 (0.40 to 3.35) Myr,
respectively. Species B showed the highest genetic
diversity (haplotype diversity [Hd] = 0.890) and A1
the lowest (Hd = 0.465) due to the presence of a
 common haplotype (H1 for 89 specimens of the 122
belonging to species A1; Table S1). Similarly, species
A1 showed the lowest nucleotide diversity and spe-
cies A3 and B the highest, species A2 presenting in -
termediate values. Similarly, the mean within-lineage
K2P genetic distance ranged from 0.002 (for species
A1) to 0.012 (for species B; Table 2).

Spatial and bathymetric distribution of the species

The species were present in various proportions
and no cline or obvious trend was revealed among lo -
cations along the coast (Fig. 1). However, A3 was the
dominant lineage at 8 localities: Banyuls-sur-Mer, Cap
d’Agde, Carro, Frioul, Porquerolles, Saint-Raphaël,
Cap Ferrat and Scandola. A1 was dominant in the
other 4 localities. A2 was often rare, except at Les
Goudes. B was less common than A1 and A3 but could
make up as much as 32% of the community at Frioul
and 20% at Banyuls-sur-Mer and Le Brusc. Fisher’s
exact test did not support any relationships between
localities and species composition (p > 0.05) (Fig. 1).

For the comparison among depths, all 4 species
were present in the bathymetric samples (Table 1).
A3 was the dominant species at the surface for Riou.
At 10 m and for deeper sites, A3 and B became the
dominant species, while A1 and A2 were virtually
absent at 16 m and below. The species present at
Riou displayed significantly different distributions
among the 4 depths (exact tests, p = 0.0026).

Spatial scale of connectivity

Some haplotypes were widespread in A1 (H1
shared among 89 specimens from 11 localities) and

A3 (H19 and H23 shared among 76 and 99 specimens
from 12 and 9 localities, respectively), but most of the
haplotypes were represented by only 1 or 2 speci-
mens (48 of the total 64 haplotypes recovered in this
study; Fig. 3). There was no geographical clustering
of closely related haplotypes (haplogroups). Regard-
ing genetic differentiation, only 4 pairwise compar-
isons (of 66) and 3 pairwise comparisons (of 21)
showed a significant FST-value in species A1 and spe-
cies A2, respectively (Table 3). However, in species
A3, more than half of the comparisons were signifi-
cant (50 of 91). Species B showed 23 significant pair-
wise comparisons (of 76). Pairwise D-values gave
similar results to FST-values (Table 3). In particular,
species A1 showed very low values of differentiation
(0.000 < D < 0.209). Accordingly, with global D esti-
mates, species A1 displayed significantly less global
differentiation than species A3 and/or B (no overlap
of CI) in comparisons including 2 or 5 populations
(Table 4). While species A3 and B displayed similar
genetic differentiation in comparisons including 2
populations, species A3 displayed less global differ-
entiation than species B in the comparison involving
4 localities. Therefore, spatial differentiation ap -
peared the lowest in species A1 and the highest in
species B, A3 being intermediate.

The PCoA revealed some clustering of populations
with no clear geographic grouping, except for some
of the remote localities: Banyuls-sur-Mer stood out
for species A3 and B; Scandola stood out for species
A2 and also for species A3 on axes 2 and 4 (data not
shown); and Saint-Raphaël stood out for species A1
(Fig. 4). The groups resulting from the PCoA and
further tested in the AMOVA analyses were as fol-
lows: for species A1: (1) Giens + Porquerolles +
Scandola vs. (2) Saint-Raphaël vs. (3) Carro + Riou +
Banyuls-sur-Mer + Les Goudes + Le Brusc + Port
d’Alon; for species A2: (1) Les Goudes vs. (2) Scan-
dola vs. (3) Saint-Raphaël vs. (4) Carro + Por-
querolles; for species A3: (1) Banyuls-sur-Mer vs. (2)
Scandola vs. (3) Cap d’Agde + Cap Ferrat + Carro
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Species           N                 H                        Hd                               Pi                             F                      R2                       K2P

A1                 122               20               0.465 (0.057)           0.002 (0.0004)             −3.703**            0.024**          0.002 (0.001)
A2                 53               11               0.812 (0.059)             0.006 (0.001)               −0.103 ns           0.058 ns         0.006 (0.002)
A3                 216               16               0.665 (0.022)         0.0104 (0.0005)           −1.367 ns           0.089 ns         0.011 (0.003)
B                   88               17               0.890 (0.014)         0.0115 (0.0004)           −0.504 ns           0.130 ns         0.012 (0.004)

Table 2. Summary statistics of 16S sequences of the 479 samples used, pooled by species (A1, A2, A3, and B) of the Amphipho-
lis squamata complex. N: number of sequences; H: number of haplotypes; Hd: haplotype diversity with standard deviations in
parentheses; Pi: nucleotide diversity with standard deviations in parentheses; neutrality test statistics: F (Fu & Li 1993) and R2

(Ramos-Onsins & Rozas 2002); K2P: Kimura-two-parameter intra-specific mean genetic distances; ns: not significant; **p < 0.02
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vs. (4) Riou + Saint-Raphaël + Les Goudes + Frioul +
Giens + Le Brusc + Porquerolles; and for species B:
(1) Castelviel + Riou + Frioul vs. (2) Banyuls-sur-Mer
vs. (3) Carro + Le Brusc + Cap Ferrat + Les Goudes.
These groupings revealed a significant proportion
of the genetic variation at the ‘among groups’ levels
in the AMOVA analyses for species A1, A3 and B
(Table 5). Further significant partitions of the
genetic variation were found at the ‘within popula-
tions’ and ‘among populations within groups’ levels
in species A3 and B, and only at the ‘within popula-
tions’ level for species A1 and A2 (Table 5). The
SAMOVA analyses revealed k = 3 groups with the
highest and significant ΦCT-values in all 4 species;
however, nearly identical ΦCT-values were obtained

for alternative values of k for species A3 and B
(Table 6a). The groupings roughly corresponded to
the PCoA ones, except that Carro clustered with
Banyuls-sur-Mer for species B, Scandola clustered
with Cap d’Agde + Cap Ferrat + Carro for species
A3, and Scandola clustered with Saint-Raphaël for
species A2. For species A1, the differentiation of
Saint-Raphaël was revealed, but the 2 other groups
were not recovered. Therefore, again, no clear geo-
graphic grouping was noticeable except for the
most remote localities of Saint-Raphaël, Cap Ferrat
or Banyuls-sur-Mer, which stood out of the main
groups (Table 6b).

Finally, the IBD tests were not significant in any of
the 4 species (data not shown).
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Species A1

Species A2

Species A3

Species B

H44

H46

H47

H6

H42H43

H40 H8

H5

H2

H3

H4 H7
H36

H45 H38

H39

H37

H41
H1

H9

H48

H15

H49

H14
H50

H51

H13

H10

H12

H11

H27

Scandola

Riou
Castelviel

Banyuls-sur-Mer

Les Goudes

Le Brusc

Carro

Giens
Porquerolles

Cap Ferrat

Cap D'Agde

Port d'Alon

Frioul

Saint-Raphael

H25

H26
H32

H64 H28

H29H31

H34

H33
H63

H62
H35

H30

H61
H60

H59

H57H24

H23
H52

H18

H58

H17

H16

H56

H21

H53

H22

H20

H54

H55

H19

Fig. 3. Haplotype networks for each of the 4 species of the Amphipholis squamata complex found in the northwestern Medi-
terranean Sea. The reconstruction is based on the 16S mitochondrial sequences and the median-joining algorithm. Circle sizes
are proportional to the number of specimens showing the given haplotype (the smallest size represents one specimen). Links 

are proportional to the number of mutations between 2 haplotypes (the shortest link represents one mutation)
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Demographic changes

A1 was the single species showing significant
departure from neutrality (both Fu and Li’s F and
Ramos-Onsins and Rozas’ R2 were significant, Table 2)
and the star-like shape of its haplotype network
(Fig. 3). The mismatch distribution and BSP plot also
suggested an expansion of populations for this spe-
cies (Fig. S1 in the Supplement).

DISCUSSION

Species composition along the French
 Mediterranean coast

Although the sample sizes for the bathymetric com-
parison were low, the proportion of species B seemed
to increase with depth. Species B showed the lowest
densities near the surface (also noted by Boissin et al.
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A1 (119)   BAN (11)  CAR (4) GOU (23)   RIO (6)   ALO (10) BRU (14)   GIE (8)    POR (9)   RAP (16) SCA (18)

BAN (11)               0.000       0.001        0.000       0.000       0.024       0.007        0.000       0.138       0.000
CAR (4)     0.033              0.000        0.000       0.000       0.000       0.000        0.000       0.082       0.000
GOU (23)  0.059        0.037               0.000       0.005       0.011       0.009        0.000       0.158       0.000
RIO (6)      0.053      −0.030       0.079              0.000       0.015       0.000        0.000       0.070       0.000
ALO (10)   0.071        0.032       0.069        0.051               0.034       0.010        0.000       0.131       0.001
BRU (14)   0.050        0.059       0.016        0.069     −0.006             0.025        0.028       0.209       0.010
GIE (8)      0.099        0.083       0.094        0.068       0.101       0.106               0.000       0.120       0.000
POR (9)     0.029      −0.067       0.062      −0.042       0.027       0.023     −0.028            0.072       0.000
RAP (16)   0.146*      0.046       0.177**     0.086       0.068       0.136*     0.115        0.086               0.138
SCA (18)   0.043        0.004       0.012        0.049       0.050       0.010     −0.035        0.013       0.153**       

A2 (48)     GOU (35) POR (3)   RAP (5)   SCA (5)

GOU (35)              0.541       0.338        0.646
POR (3)   −0.034              0.636        1.000
RAP (5)   −0.045        0.032               0.680
SCA (5)     0.686**     0.364       0.416          

A3 (213)   BAN (18) AGD (9) CAR (19)  FRI (17) GOU (23) RIO (17)  BRU (12)   GIE (7)   POR (15) RAP (27) FER (30) SCA (19)

BAN (18)               0.358       0.428        0.964       0.945       0.792       0.641        0.552       0.697       1.000       0.449         0.910
AGD (9)    0.145*              0.371        0.961       0.968       0.858       0.653        0.564       0.694       1.000       0.385         0.925
CAR (19)   0.233***    0.586**                 0.937       0.950       0.813       0.516        0.386       0.555       1.000       0.000         0.907
FRI (17)     0.615***    0.880***   0.933***                0.000       0.141       0.119        0.141       0.080       0.000       0.938         0.528
GOU (23)  0.611***    0.832***   0.881***    0.004             0.109       0.101        0.126       0.068       0.007       0.950         0.504
RIO (17)    0.417***    0.607***   0.686***    0.042       0.032             0.010        0.023       0.041       0.182       0.818         0.349
BRU (12)   0.300***    0.494**     0.589***    0.262*     0.221       0.042               0.000       0.000       0.172       0.527         0.421
GIE (7)      0.264**     0.526**     0.669***    0.318*     0.252       0.018     −0.123            0.000       0.200       0.400         0.433
POR (15)   0.377***    0.581***   0.666***    0.168       0.129       0.004     −0.061      −0.095               0.125       0.563         0.453
RAP (27)   0.727***    0.967***   0.994***    0.028       0.050       0.166       0.490        0.619**   0.381**                    1.000         0.554
FER (30)   0.302***    0.714***   0.025        0.955***   0.910***   0.750***   0.677***    0.764***   0.738***   1.000***               0.911
SCA (19)   0.131**     0.243**     0.237***    0.486***   0.471***   0.260       0.097        0.057       0.176       0.628***   0.306***       

B (83)        BAN (17)  CAR (6)    FRI (9)   GOU (20) RIO (18)   CAS (4)   BRU (6)   FER (3)

BAN (17)               0.884       1.000        0.925       1.000       1.000       1.000        1.000
CAR (6)     0.091              0.512        0.528       0.589       1.000       0.000        0.211
FRI (9)       0.481***    0.428               0.915       0.254       0.867       0.820        0.843
GOU (20)  0.514***    0.329**     0.775***              0.860       1.000       0.443        0.562
RIO (18)    0.282***    0.278**     0.032        0.634***                   0.150       0.741        0.819
CAS (4)     0.542***    0.444*    −0.071        0.831***   0.092             1.000        1.000
BRU (6)     0.288**   −0.010       0.593        0.151*     0.440       0.627               0.167
FER (3)     0.463**     0.108       0.759*      0.094       0.576**     0.840*   −0.091          

Table 3. Between-population differentiation for the 4 species (A1, A2, A3, and B) of the Amphipholis squamata complex along the
French Mediterranean coast. Values below the diagonal line are pairwise FST estimates (left semi-matrix). Values above the diagonal
line are pairwise Jost’s D (right semi-matrix). Locality codes are as given in Table 1. Numbers in parentheses are sample sizes. Bold: 

significant p-values after Benjamini & Hochberg (1995) correction at *p < 0.05, **p < 0.01, ***p < 0.001
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2008a) and may have been at its range limits. As
noticed by Sponer & Roy (2002), this lineage may
have a lower temperature preference than the other
lineages; however, this needs further investigation.

At superficial localities along the French Mediter-
ranean coast, no geographical trend in the species
composition was obvious, probably reflecting the sto-
chastic nature of dispersal in the Amphipholis squa-

mata complex. The coexistence of the 4 species in
syntopy (i.e. within the same patches) might indeed
reflect a stochastic dispersal process. The neutral the-
ory of biodiversity has highlighted the importance of
immigration (arrival of new individuals) for the com-
position of communities compared to post-settlement
processes (niche and competition; Hubbell 2001,
Rosindell et al. 2011). In particular, the coexistence of
species on rocky shores has been used as evidence to
support the neutral theory of biodiversity (Shinen &
Navarrete 2014). Under the neutral hypothesis, spe-
cies are equivalent in terms of their abilities to com-
pete, their demographic rates and dispersal potential
(Hubbell 2001). A monthly temporal survey at Les
Goudes over 2 yr did not reveal distinct recruit -
ment periods or demographic dynamics for the 4 A.
squamata species (Boissin 2008). Another biological
 feature estimated for the 4 species, the selfing rate,
appeared very similar among species (not distin-
guishable from 1; Boissin et al. 2008b), supporting the
hypothesis of ecological equivalence of species of the
A. squamata complex (at least for A1, A2 and A3; a
potential temperature preference of B was referred to
earlier in this section).

Spatial scale of connectivity

Species of the A. squamata complex displayed
genetic differentiation along the French Mediterran-
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D (SE) 95% CI 
(1) min, max (2) min, max

2 populations: Banyuls-sur-Mer, Les Goudes 
(species A1, A3 and B)
A1 0.001 (0.090) 0.000, 0.177 0.000, 0.278
A3 0.945 (0.047) 0.853, 1.000 0.817, 1.000
B 0.925 (0.071) 0.785, 1.000 0.749, 1.000

5 populations: Banyuls-sur-Mer, Les Goudes, 
Saint-Raphaël, Porquerolles, Le Brusc (A1 & A3)
A1 0.056 (0.060) 0.000, 0.173 0.000, 0.192
A3 0.294 (0.037) 0.221, 0.368 0.226, 0.368

4 populations: Banyuls-sur-Mer, Les Goudes, 
Frioul, Riou (A3 & B)
A3 0.410 (0.043) 0.326, 0.494 0.341, 0.498
B 0.839 (0.041) 0.759, 0.918 0.751, 0.915

Table 4. Global differentiation based on the D-estimator
(Jost 2008) for 3 different sets of populations of species A1,
A3 and B for which sample sizes were sufficient (≥9) to allow
comparison at the same localities. D: estimator of differenti-
ation (Jost 2008); SE: standard error; 95% CI: 95% confi-
dence intervals (2 estimation methods; see ‘Materials and 

methods: Data analyses’)

Fig. 4. Principal coordinate analyses representing relationships of populations of the 4 species of the complex Amphipholis 
squamata, based on 16S mitochondrial haplotypes
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ean coast (Tables 3 & 4). However, no clear geo-
graphic structure was revealed in the PCoA or the
SAMOVA analyses. The AMOVA analyses further
revealed significant genetic variation within popula-
tions and among populations within groups. Some
haplotypes were shared between distant localities
separated by more than 450 km, as has already been
noticed in a previous work in the study area (Boissin
et al. 2008a) or elsewhere on a similar geographic
scale (over 1000 km in Sponer & Roy 2002). From
these results, the dispersal ability of species of this
complex seemed to be regionally restricted but with
episodic long-distance dispersal. A. squamata has
been shown to occur on floating kelps (Highsmith
1985), which may allow for sporadic long-distance
dispersal events (Thiel & Haye 2006). As such long-
distance migration is probably not recurrent, a suc-
cessful dispersal event will often lead to a founder
effect (i.e. colonization associated with strong demo-
graphic bottlenecks). Similarly, founder events
linked to brooding have been suggested to trigger
strong local genetic structure in another Atlanto-
Mediterranean brittlestar species complex, Ophio-
derma longicauda (Boissin et al. 2011). More gen -
erally, the effects of limited dispersal linked to
brooding ability have been shown in a number of
marine invertebrates (Kelly & Palumbi 2010, Haye et
al. 2014). In echinoderms, a strong fine-scale genetic
structure was indeed recovered in the asterinid sea-

star Parvulastra exigua (Barbosa et al. 2013) and the
sea-urchin Abatus cordatus (Ledoux et al. 2012), for
instance. In A. squamata, long-distance dispersal and
subsequent founder events likely explain the wide
geographic range of the A. squamata complex and
the numerous cryptic lineages found throughout the
range (Sponer & Roy 2002, Le Gac et al. 2004, Boissin
et al. 2008a). This is strengthened by the ability of the
organism to self-reproduce (the possibility of estab-
lishment of a new population from a single migrant)
and the old age of the A. squamata complex esti-
mated in this study (approximately 10 [95% HPD:
2.69 to 20.68] Myr for TMRCA of species A and B].

Comparative population genetics

The 4 species showed contrasting patterns of
genetic structure and diversity. Genetic differentia-
tion among localities was observed for species A3
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Species Source of variation df Variance % of 
components variation

A1 Among groups 2 0.06 Va 18.31**
Among populations 7 −0.01 Vb −1.91 ns
within groups

Within populations 107 0.29 Vc 83.59***

A2 Among groups 3 1.51 Va 76.22 ns
Among populations 1 −0.94 Vb −47.56 ns
within groups

Within populations 46 1.42 Vc 71.34* 

A3 Among groups 3 1.78 Va 59.50***
Among populations 8 0.13 Vb 4.35***
within groups

Within populations 201 1.08 Vc 36.14***

B Among groups 2 1.33 Va 47.29***
Among populations 5 0.15 Vb 5.35*
within groups

Within populations 75 1.33 Vc 47.36***

Table 5. Analyses of molecular variance (AMOVA) for the 4
species of the Amphipholis squamata complex along the
French Mediterranean coast. Va, Vb, Vc: variance compo-
nents for groups, populations, and haplotypes within a pop-
ulation within a group, respectively. ns: not significant; df: 

degrees of freedom; *p < 0.05, **p < 0.01, ***p < 0.001

(a)
φCT k = 2 k = 3 k = 4 k = 5

A1 0.28 ns 0.23*** 0.19*** 0.16**  
A2 0.34 ns 0.29** 0.44 ns –
A3 0.69*** 0.70*** 0.69*** 0.68***
B 0.44* 0.50*** 0.49*** 0.49***

(b)
Species Group 1 Group 2 Group 3

A1 Banyuls-sur-Mer Carro Saint-Raphaël
Frioul

Les Goudes
Riou

Port d’Alon
Le Brusc

Giens
Porquerolles

Scandola

A2 Les Goudes Carro Saint-Raphaël
Porquerolles Scandola

A3 Frioul Cap d’Agde Banyuls-sur-Mer
Les Goudes Carro

Riou Cap Ferrat
Le Brusc Scandola

Giens
Porquerolles

Saint-Raphaël

B Banyuls-sur-Mer Les Goudes Frioul
Carro Le Brusc Riou

Cap Ferrat Castelviel

Table 6. (a) Spatial analyses of molecular variance (SAMOVA)
for the 4 species of the Amphipholis squamata complex
along the French Mediterranean coast. φCT: fixation index
among groups; ns: not significant; *p < 0.05, **p < 0.01, 

***p < 0.001. (b) Resulting groupings of SAMOVA
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and B but appeared much less pronounced for 
species A1 and A2 (lower number of significant FST-
values, lower values of D, with non-overlapping CI).
There are drawbacks for each method, but the result
that species displayed distinct levels of differentia-
tion was not ambiguous. For Jost’s D and its CI, the
drawback lies in the fact that we compared only a
few population pairs, and as dispersal events seem
stochastic in the A. squamata complex, a few pairs of
populations may not be representative of all the pop-
ulations. The problem in comparing FST-values across
species is that FST-values are lower when the diver-
sity within population is higher. In our data set, this
bias would have produced results opposite to obser-
vations, as species B displayed the highest genetic
diversity and A1 nearly the lowest, although B was
much more differentiated than A1 (Tables 2, 3 & 4).
Similarly, haplotype diversity appeared to vary by a
factor of 2 between these species, from Hd = 0.45 in
species A1 to Hd = 0.9 in species B. Surprisingly, hap-
lotype diversity was the highest in species B, which
was not the most abundant in our sample sizes. This
suggests that the number of individuals belonging to
each of the identified species does not reflect their
effective population sizes, because gene diversity is,
in theory, positively correlated with effective sizes.
This could be owing to the bathymetric preferential
distribution of this species (see ‘Species composition
along the French Mediterranean coast’). The vari-
ability in genetic diversity and differentiation among
species is striking, given the similar ecology of these
cryptic species discussed above (Boissin 2008,
Boissin et al. 2008b), and may illustrate the impor-
tance of contingency (i.e. distinct events may have
impacted species of the A. squamata complex differ-
entially) in shaping genetic variation of populations
(Palumbi 1994). Such a finding is in contrast with the
conclusions of Romiguier et al. (2014) who, comparing
polymorphism and substitution rates across a wide
range of animal phyla, found that life history traits
are good predictors of molecular diversity, whereas
species geographic range and contingent aspects of
population history play only a secondary role. Spe-
cies A1 was the only one displaying clear signs of
population expansion (Table 2, Fig. 3, Fig. S1 in the
Supplement at www.int-res. com/ articles/ suppl/ m539
p165_ supp.pdf). A different demographic history of
species A1 might therefore explain some of the dis-
crepancies ob served. Similarly, the effects of histori-
cal population genetic processes leading to contrast-
ing phylogeographic patterns among  co-distributed
species have been evidenced in other marine inverte -
brates (McGovern et al. 2010). It is also possible that

an ecological difference, not yet detected, among
these cryptic species, actually confers on them dis-
tinct dispersal abilities. A precise knowledge of eco -
logy and life history is very difficult to obtain for mar-
ine species, and this study, carried out on a relatively
well-studied marine invertebrate, illustrates the range
of variability that may be ob served within a set of 4
replicate species supposedly sharing the same life
history traits. Differentiation (Jost’s D) varied by a
factor of 2, 6 and up to 900 for a set of 3 populations
(Table 4) and haplotype diversity varied by a 2-fold
factor (pooled French samples for each species).

To conclude, the selfing and brooding abilities give
complex metapopulation dynamics to species of the
A. squamata complex. However, species do not seem
to display the same levels of diversity or spatial
genetic structure, probably highlighting the effects
of historical demographic processes. Species com-
plexes are interesting models to investigate the link
between macro- and micro-evolutionary processes as
they facilitate working concomitantly at the inter-
and intra-specific levels, giving some insights on
both the genetic structure of populations and pro-
cesses driving community assemblages.

Finally, new techniques such as Approximate
Bayesian Computation-based coalescent approaches
(Beaumont et al. 2002) can help unravel the micro-
evolutionary parameters characterizing the genetic
processes in founder events (e.g. number of founding
individuals; Boissin et al. 2012). These recent devel-
opments open the way to further study the processes
involved in the colonization dynamics of widespread
species with low dispersal abilities (such as A. squa-
mata) and will enhance our understanding of the
effects of deviant reproductive traits on population
genetic structure.

Acknowledgements. We are indebted to J.-B. Ledoux, who
provided samples from Scandola, Riou and Castelviel. We
thank the anonymous referees for their valuable comments,
which greatly improved the manuscript. The project was
partly funded by 2 European networks of excellence, Mar-
ine Genomics Europe and MarBEF (Marine biodiversity and
ecosystem functioning). E.B. is supported by a European
Marie Curie fellowship MC-CIG-618480.

LITERATURE CITED

Baker HG (1955) Self-compatibility and establishment after
long distance dispersal. Evolution 9: 347−349

Baker HG (1967) Support for Baker’s law as a rule. Evolution
21: 853−856

Bandelt HJ, Forster P, Rohl A (1999) Median-joining net-
works for inferring intraspecific phylogenies. Mol Biol
Evol 16: 37−48

175

http://dx.doi.org/10.1093/oxfordjournals.molbev.a026036
http://dx.doi.org/10.2307/2406780
http://dx.doi.org/10.2307/2405656
http://www.int-res.com/articles/suppl/m539p165_supp.pdf
http://www.int-res.com/articles/suppl/m539p165_supp.pdf


Mar Ecol Prog Ser 539: 165–177, 2015

Barbosa SS, Klanten SO, Puritz JB, Toonen RJ, Byrne M
(2013) Very fine-scale population genetic structure of
sympatric asterinid sea stars with benthic and pelagic
larvae: influence of mating system and dispersal poten-
tial. Biol J Linnean Soc 108:821–833

Beaumont MA, Zhang WY, Balding DJ (2002) Approximate
Bayesian computation in population genetics. Genetics
162: 2025−2035

Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F
(2004) GENETIX 4.05, logiciel sous Windows TM pour la
génétique des populations. Laboratoire Génome, Popu-
lations, Interactions, CNRS UMR 5000, Université de
Montpellier II, Montpellier

Benjamini Y, Hochberg Y (1995) Controlling the false dis-
covery rate—a practical and powerful approach to mul-
tiple testing. J R Stat Soc B Methods 57: 289−300

Boissin E (2008) Phylogénie, phylogéographie, mode de
reproduction et structure démographique dans le com-
plexe d’espèces de l’ophiure hermaphrodite incubante
Amphipholis squamata. PhD thesis, Université Aix-Mar-
seille 2, Marseille

Boissin E, Feral JP, Chenuil A (2008a) Defining reproduc-
tively isolated units in a cryptic and syntopic species
complex using mitochondrial and nuclear markers:  the
brooding brittle star, Amphipholis squamata (Ophi-
uroidea). Mol Ecol 17: 1732−1744

Boissin E, Hoareau TB, Feral JP, Chenuil A (2008b) Extreme
selfing rates in the cosmopolitan brittle star species com-
plex Amphipholis squamata:  data from progeny-array
and heterozygote deficiency. Mar Ecol Prog Ser 361: 
151−159

Boissin E, Stohr S, Chenuil A (2011) Did vicariance and
adaptation drive cryptic speciation and evolution of
brooding in Ophioderma longicauda (Echinodermata: 
Ophiuroidea), a common Atlanto-Mediterranean ophi-
uroid? Mol Ecol 20: 4737−4755

Boissin E, Hurley B, Wingfield MJ, Vasaitis R and others
(2012) Retracing the routes of introduction of invasive
species:  the case of the Sirex noctilio woodwasp. Mol
Ecol 21: 5728−5744

Chao A, Shen TJ (2010) SPADE (species prediction and
diversity estimation). Available at http: //chao.stat. nthu.
edu.tw.

Chao A, Jost L, Chiang SC, Jiang YH, Chazdon RL (2008) A
two-stage probabilistic approach to multiple-community
similarity indices. Biometrics 64: 1178−1186

Dawson MN (2014) Natural experiments and meta-analyses
in comparative phylogeography. J Biogeogr 41: 52−65

Drummond AJ, Rambaut A (2007) BEAST:  Bayesian evolu-
tionary analysis by sampling trees. BMC Evol Biol 7: 214

Dupanloup I, Schneider S, Excoffier L (2002) A simulated
annealing approach to define the genetic structure of
populations. Mol Ecol 11: 2571−2581

Excoffier L, Laval G, Schneider S (2005) Arlequin (version
3.0):  an integrated software package for population
genetics data analysis. Evol Bioinform 1: 47−50

Fell HB (1946) The embryology of the viviparous ophiuroid
Amphipholis squamata Delle Chiaje. Trans R Soc NZ 75: 
419−464

Felsenstein J (1985) Confidence limits on phylogenies—an
approach using the bootstrap. Evolution 39: 783−791

Fu YX, Li WH (1993) Statistical tests of neutrality of muta-
tions. Genetics 133: 693−709

Gage JD, Pearson M, Clark AM, Paterson GLJ, Tyler PA
(1983) Echinoderms of the Rockall trough and adjacent

area. I. Crinoidea, Asteroidea and Ophiuroidea. Bull Brit
Mus Nat Hist Zool 43: 263−308

Guindon S, Lethiec F, Duroux P, Gascuel O (2005) PhyML
Online—a web server for fast maximum likelihood-
based phylogenetic inference. Nucleic Acids Res 33: 
W557−W559

Haye PA, Segovia NI, Munoz-Herrera NC, Galvez FE and
others (2014) Phylogeographic structure in benthic mar-
ine invertebrates of the southeast Pacific coast of Chile
with differing dispersal potential. PLoS ONE 9: e88613

Higgins KL, Semmens JM, Doubleday ZA, Burridge CP
(2013) Comparison of population structuring in sympatric
octopus species with and without a pelagic larval stage.
Mar Ecol Prog Ser 486: 203−212

Highsmith RC (1985) Floating and algal rafting as potential
dispersal mechanisms in brooding invertebrates. Mar
Ecol Prog Ser 25: 169−179

Hoareau TB, Boissin E, Paulay G, Bruggemann JH (2013)
The southwestern Indian Ocean as a potential marine
evolutionary hotspot:  perspectives from comparative phy-
logeography of reef brittle-stars. J Biogeogr 40: 2167−2179

Hooper DU, Chapin FS, Ewel JJ, Hector A and others (2005)
Effects of biodiversity on ecosystem functioning:  a con-
sensus of current knowledge. Ecol Monogr 75: 3−35

Hooper DU, Adair EC, Cardinale BJ, Byrnes JEK and others
(2012) A global synthesis reveals biodiversity loss as a
major driver of ecosystem change. Nature 486: 105−108

Hubbell SP (2001) The unified neutral theory of biodiversity
and biogeography. Princeton University Press, Princeton,
NJ

Jost L (2008) GST and its relatives do not measure differenti-
ation. Mol Ecol 17: 4015−4026

Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT:  a
novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic Acids Res 30: 
3059−3066

Kelly RP, Palumbi SR (2010) Genetic structure among 50
species of the northeastern Pacific rocky intertidal com-
munity. PLoS ONE 5: e8594

Knowlton N (1993) Sibling species in the sea. Annu Rev Ecol
Syst 24: 189−216

Le Gac M, Feral JP, Poulin E, Veyret M, Chenuil A (2004)
Identification of allopatric clades in the cosmopolitan
ophiuroid species complex Amphipholis squamata
(Echinodermata). The end of a paradox? Mar Ecol Prog
Ser 278: 171−178

Ledoux JB, Tarnowska K, Gerard K, Lhuillier E and others
(2012) Fine-scale spatial genetic structure in the brood-
ing sea urchin Abatus cordatus suggests vulnerability of
the Southern Ocean marine invertebrates facing global
change. Polar Biol 35: 611−623

Lessios HA (2008) The great American schism:  divergence
of marine organisms after the rise of the Central Ameri-
can isthmus. Annu Rev Ecol Evol Syst 39: 63−91

Librado P, Rozas J (2009) DnaSP v5:  a software for compre-
hensive analysis of DNA polymorphism data. Bioinfor-
matics 25: 1451−1452

Marsh LM (1998) Hitch-hiking ophiuroids. In:  Mooi R, Tell-
ford M (eds) Echinoderms San Francisco. Balkema, Rot-
terdam, p 393−396

McGovern TM, Keever CC, Saski CA, Hart MW, Marko
PB (2010) Divergence genetics analysis reveals histori-
cal population genetic processes leading to contrasting
phylo geographic patterns in co-distributed species. Mol
Ecol 19: 5043−5060

176

http://dx.doi.org/10.1111/j.1365-294X.2010.04854.x
http://dx.doi.org/10.1093/bioinformatics/btp187
http://dx.doi.org/10.1146/annurev.ecolsys.38.091206.095815
http://dx.doi.org/10.1007/s00300-011-1106-y
http://dx.doi.org/10.3354/meps278171
http://dx.doi.org/10.1146/annurev.es.24.110193.001201
http://dx.doi.org/10.1371/journal.pone.0008594
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1111/j.1365-294X.2008.03887.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22678289&dopt=Abstract
http://dx.doi.org/10.1890/04-0922
http://dx.doi.org/10.1111/jbi.12155
http://dx.doi.org/10.3354/meps025169
http://dx.doi.org/10.3354/meps10330
http://dx.doi.org/10.1371/journal.pone.0088613
http://dx.doi.org/10.1093/nar/gki352
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8454210&dopt=Abstract
http://dx.doi.org/10.2307/2408678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19325852&dopt=Abstract
http://dx.doi.org/10.1046/j.1365-294X.2002.01650.x
http://dx.doi.org/10.1186/1471-2148-7-214
http://dx.doi.org/10.1111/jbi.12190
http://dx.doi.org/10.1111/j.1541-0420.2008.01010.x
http://dx.doi.org/10.1111/mec.12065
http://dx.doi.org/10.1111/j.1365-294X.2011.05309.x
http://dx.doi.org/10.3354/meps07411
http://dx.doi.org/10.1111/j.1365-294X.2007.03652.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12524368&dopt=Abstract
http://dx.doi.org/10.1111/bij.12006


Boissin et al.: Spatial genetic structure of the Amphipholis squamata species complex 177

Nylander JAA (2004) MrAIC.pl. Program distributed by the
author. Evolutionary Biology Centre, Uppsala University,
Uppsala. https://www.abc.se/~nylander/

Palumbi SR (1994) Genetic divergence, reproductive isolation
and marine speciation. Annu Rev Ecol Syst 25: 547−572

Pannell JR, Dorken ME (2006) Colonisation as a common
denominator in plant metapopulations and range expan-
sions:  effects on genetic diversity and sexual systems.
Landsc Ecol 21: 837−848

Pauls SU, Nowak C, Balint M, Pfenninger M (2013) The
impact of global climate change on genetic diversity
within populations and species. Mol Ecol 22: 925−946

Peakall R, Smouse PE (2012) GenAlEx version 6.5:  genetic
analysis in Excel. Population genetic software for
 teaching and research—an update. Bioinformatics 28: 
2537−2539

Perez-Portela R, Arranz V, Rius M, Turon X (2013) Cryptic
speciation or global spread? The case of a cosmopolitan
marine invertebrate with limited dispersal capabilities.
Sci Rep 3: 3197

Pfenninger M, Schwenk K (2007) Cryptic animal species are
homogeneously distributed among taxa and biogeo-
graphical regions. BMC Evol Biol 7: 121 

Poulin E, Florensa M, Féral JP, Cornudella L, Alva V (1999)
Selfing and outcrossing in the brood protecting ophiuroid
Amphipholis squamata. In: Candia Carnevali MD, Bona-
soro F (eds) Proc 5th Eur Conf on Echinoderms, Milan,
Italy. A. A. Balkema, Rotterdam, p 147–150

Rambaut A, Suchard MA, Xie D, Drummond AJ (2014)
Tracer v.1.6. Available at http: //beast.bio.ed. ac. uk/ Tracer

Ramos-Onsins SE, Rozas J (2002) Statistical properties of
new neutrality tests against population growth. Mol Biol
Evol 19: 2092−2100

Romiguier J, Gayral P, Ballenghien M, Bernard A and others
(2014) Comparative population genomics in animals

uncovers the determinants of genetic diversity. Nature
515: 261−263

Rosindell J, Hubbell SP, Etienne RS (2011) The unified neu-
tral theory of biodiversity and biogeography at age ten.
Trends Ecol Evol 26: 340−348

Rousset F (1997) Genetic differentiation and estimation of
gene flow from F-statistics under isolation by distance.
Genetics 145: 1219−1228

Shinen JL, Navarrete SA (2014) Lottery coexistence on
rocky shores:  weak niche differentiation or equal com-
petitors engaged in neutral dynamics? Am Nat 183: 
342−362

Sponer R, Roy MS (2002) Phylogeographic analysis of the
brooding brittle star Amphipholis squamata (Echinoder-
mata) along the coast of New Zealand reveals high cryp-
tic genetic variation and cryptic dispersal potential. Evo-
lution 56: 1954−1967

Tamura K, Peterson D, Peterson N, Stecher G, Nei M, Kumar
S (2011) MEGA5:  molecular evolutionary genetics analy-
sis using maximum likelihood, evolutionary distance,
and maximum parsimony methods. Mol Biol Evol 28: 
2731−2739

Tarnowska K, Krakau M, Jacobsen S, Wolowicz M, Feral JP,
Chenuil A (2012) Comparative phylogeography of two
sister (congeneric) species of cardiid bivalve:  strong
influence of habitat, life history and post-glacial history.
Est Coast Shelf Sci 107: 150−158

Thiel M, Haye PA (2006) The ecology of rafting in the mar-
ine environment. III. Biogeographical and evolutionary
consequences. In:  Gordon JDM, Atkinson RJA, Gibson
RN (eds) Oceanography and marine biology—an annual
review, Vol 44. CRC Press, Boca Raton, FL, p 323−429

Walsh PS, Metzger DA, Higuchi R (1991) Chelex-100 as a
medium for simple extraction of DNA for PCR-based typ-
ing from forensic material. Biotechniques 10: 506−513

Editorial responsibility: Christine Paetzold,
Oldendorf/Luhe, Germany

Submitted: February 5, 2015; Accepted: September 11, 2015
Proofs received from author(s): October 23, 2015

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=1867860&dopt=Abstract
http://dx.doi.org/10.1016/j.ecss.2012.05.007
http://dx.doi.org/10.1093/molbev/msr121
http://dx.doi.org/10.1111/j.0014-3820.2002.tb00121.x
http://dx.doi.org/10.1086/674898
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9093870&dopt=Abstract
http://dx.doi.org/10.1016/j.tree.2011.03.024
http://dx.doi.org/10.1038/nature13685
http://dx.doi.org/10.1093/oxfordjournals.molbev.a004034
http://dx.doi.org/10.1186/1471-2148-7-121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24217373&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/bts460
http://dx.doi.org/10.1111/mec.12152
http://dx.doi.org/10.1007/s10980-005-5389-7
http://dx.doi.org/10.1146/annurev.es.25.110194.002555

	cite43: 
	cite71: 
	cite72: 
	cite42: 
	cite3: 
	cite27: 
	cite55: 
	cite68: 
	cite13: 
	cite41: 
	cite70: 
	cite54: 
	cite40: 
	cite25: 
	cite38: 
	cite66: 
	cite11: 
	cite24: 
	cite52: 
	cite10: 
	cite8: 
	cite23: 
	cite36: 
	cite64: 
	cite6: 
	cite49: 
	cite22: 
	cite50: 
	cite4: 
	cite48: 
	cite63: 
	cite34: 
	cite20: 
	cite33: 
	cite18: 
	cite46: 
	cite61: 
	cite59: 
	cite32: 
	cite17: 
	cite31: 
	cite44: 
	cite29: 
	cite57: 
	cite7: 
	cite30: 
	cite15: 


