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Abstract
Closely related species with divergent life history traits are excellent models to infer the
role of such traits in genetic diversity and connectivity. Ophioderma longicauda is a brittle
star species complex composed of different genetic clusters, including brooders and broadcasters. These species diverged very recently and some of them are sympatric and ecologically syntopic, making them particularly suitable to study the consequences of their trait
differences. At the scale of the geographic distribution of the broadcasters (Mediterranean
Sea and northeastern Atlantic), we sequenced the mitochondrial marker COI and genotyped an intron (i51) for 788 individuals. In addition, we sequenced 10 nuclear loci newly
developed from transcriptome sequences, for six sympatric populations of brooders and
broadcasters from Greece. At the large scale, we found a high genetic structure within the
brooders (COI: 0.07 < FST < 0.65) and no polymorphism at the nuclear locus i51. In contrast, the broadcasters displayed lower genetic structure (0 < FST < 0.14) and were polymorphic at locus i51. At the regional scale, the multilocus analysis confirmed the
contrasting genetic structure between species, with no structure in the broadcasters (global
FST < 0.001) and strong structure in the brooders (global FST = 0.49), and revealed a higher
genetic diversity in broadcasters. Our study showed that the lecithotrophic larval stage
allows on average a 50-fold increase in migration rates, a 280-fold increase in effective size
and a threefold to fourfold increase in genetic diversity. Our work, investigating complementary genetic markers on sympatric and syntopic taxa, highlights the strong impact of
the larval phase on connectivity and genetic diversity.
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Introduction
Studying connectivity is essential for implementing conservation and management strategies in both terrestrial
and marine ecosystems (Webster et al. 2002; Palumbi
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2003; Shanks et al. 2003; Crooks & Sanjayan 2006; Rabinowitz & Zeller 2010) but also to answer evolutionary
questions such as the potential for local adaptation (e.g.
Laine 2005; Sanford & Kelly 2011). Dispersal ability is
known to be a key factor in explaining genetic structure
(Bohonak 1999). In most marine invertebrates, the adult
phase is benthic and has no (or very limited) ability to
disperse (Knowlton & Jackson 1993). Therefore,
© 2015 John Wiley & Sons Ltd
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planktonic larvae represent the only significant dispersal phase linking populations of different locations
together. Since direct measures of dispersal are challenging for marine invertebrates, the pelagic larval
duration (PLD) has commonly been used as a proxy for
dispersal distance. As a matter of fact, a correlation
between PLD and dispersal distance has been shown in
early studies (Shanks et al. 2003; Siegel et al. 2003).
Population genetic theory predicts that species with
planktonic larvae display high dispersal, and consequently low genetic structure (Hellberg et al. 2002; Hellberg 2009; Selkoe & Toonen 2011). In contrast, species
lacking a dispersive phase (laying egg masses or brooding) are expected to display the opposite pattern (e.g.
Duffy 1993; Hunt 1993; Poulin & Feral 1996). Indeed,
several studies found a correlation between PLD and
genetic structure (Berger 1973; Duffy 1993; Hunt 1993;
Hellberg 1996; Hoskin 1997; Arndt & Smith 1998; Collin
2001; Dawson et al. 2002; Teske et al. 2007; Sherman
et al. 2008; Lee & Boulding 2009; Steele et al. 2009; Hoffman et al. 2011; Tarnowska et al. 2012; Barbosa et al.
2013; Hoareau et al. 2013; Riginos et al. 2014), suggesting that PLD could accurately predict gene flow. Congruent with this, when using a large and recent set of
studies including a robust sampling design where each
study used the same metrics, a significant variation of
genetic distance (measured by the isolation–by-distance
(IBD) slope) explained by PLD was found (R2 = 0.34)
(Selkoe & Toonen 2011).
However, for species with a long PLD (e.g. more
than a day to a month), both physical models of passive dispersal and genetic data overestimated dispersal
distances, highlighting the putative effects of larval
behaviour (Shanks 2009). Furthermore, the PLD
appeared poorly correlated with genetic structure when
species lacking a dispersive stage were removed from
analyses (Weersing & Toonen 2009). Similarly, (Riginos
et al. 2011) found no significant effect of PLD, but a significant effect of egg type, on genetic structure. In addition, properly estimating PLD can be challenging since
PLD can depend on the environment (e.g. delayed
metamorphosis; Pechenik 1999). Finally, other factors
such as past biogeographic events (Edmands 2001;
Marko 2004), differences in habitat (Ayre et al. 2009),
larval retention (Kyle & Boulding 2000; Warner &
Palumbi 2003) can have stronger effects than PLD on
the genetic structure of populations (Riginos et al.
2011).
To accurately infer the influence of life history traits
on genetic structure and connectivity, biological models
displaying the least confounding factors possible should
be used. For instance, sympatric closely related species
(e.g. displaying identical or strongly overlapping geographic range) but displaying different modes of dis© 2015 John Wiley & Sons Ltd

persal allow such standardized comparisons (Dawson
2014a; Dawson et al. 2014). In addition, the standardization is further reinforced when species are not only
sympatric, but also syntopic (e.g. displaying identical or
strongly overlapping ecological niches). Indeed, when
closely related species are syntopic, comparative connectivity studies can be carried out in the same set of
locations, so that environmental conditions are identical
among compared species. Finally, using closely related
species reduces potential bias due to nonshared history
of lineages (Dawson 2012).
While several studies comparing the influence of dispersal ability on genetic structure exist (Hellberg 1996;
Hoskin 1997; Teske et al. 2007; Sherman et al. 2008;
Hoffman et al. 2011; Puritz et al. 2012; Barbosa et al.
2013), all conditions to get the most standardized comparisons (e.g. use both closely related species and syntopic populations) are often difficult to reach. Therefore,
relatively few examples of syntopic and closely related
species with contrasting life history strategies are provided in the literature (Berger 1973; Duffy 1993; Hunt
1993; Arndt & Smith 1998; Collin 2001; Dawson et al.
2002, 2014; Lee & Boulding 2009; Steele et al. 2009; Tarnowska et al. 2012).
The brittle star Ophioderma longicauda (Bruzelius, 1805)
was known as a common Atlanto-Mediterranean gonochoric species (Tortonese 1983) reproducing via lecithotrophic vitellaria larvae, displaying a PLD of about
6 days (Fenaux 1969, 1972). This subtidal species can be
found in several habitats such as Posidonia and algal
beds, rock and stony bottoms or in coralligenous habitat
(Tortonese 1983). Its dietary regime can be classified as
opportunist, since detritivorous behaviour was described
(Deschuyteneer & Jangoux 1978), but necrophagous
behaviour and cannibalism were also observed (A. A.-T.
Weber, personal observations). The recent discovery of
brooding individuals (St€
ohr et al. 2009), also gonochoric,
suggested that it is actually a species complex composed
of six mitochondrial lineages (L1–L6) (Boissin et al. 2011).
Furthermore, a recent study (Weber et al. 2014) showed
that although collected at the exact same locations (therefore syntopic), the lineages L1 and L3 are different biological species since they display temporal prezygotic
isolation, as well as morphological and genetic differences at two loci (mitochondrial and nuclear). In addition, preliminary analyses showed potential differences
in thermotolerance and regeneration between L1 and L3
(Weber et al. 2013). Finally, an extensive study based on
31 nuclear markers used in individuals belonging to the
six mitochondrial lineages showed that the species complex O. longicauda included six different genetic clusters
(C1–C6), slightly different from the six mitochondrial
lineages (Weber 2015; A. A.-T. Weber , S. St€
ohr & A. Chenuil , in preparation).
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The widespread cluster C3 encompasses all individuals from the lineage L1 and all individuals from the lineage L5 except those sampled in Senegal (Table S1,
Supporting information); C3 is therefore present in the
Atlantic and in the entire Mediterranean, from the Canary Islands to Lebanon (Fig. 1). In contrast, the cluster
C5 includes all individuals from lineages L2 and L3
sampled in Greece, whereas the cluster C6 includes all
individuals from lineages L2 and L4 sampled in Cyprus
and Lebanon (Table S1, Supporting information). The
clusters C3 and C5 are sympatric in Greece (Fig. 1B);
C3 and C6 are sympatric in the most eastern part of the
Mediterranean (Fig. 1C), whereas C5 and C6 are, to our
knowledge, not sympatric. Therefore, the O. longicauda
species complex represent an excellent model to test
hypotheses on life history traits and connectivity as it
displays two contrasting reproductive strategies: the
cluster C3 reproduces once a year (Fenaux 1972) via

lecithotrophic vitellaria larvae (Fenaux 1969), whereas
the monophyletic clusters C5 and C6, which most likely
display direct development (observed in C5), brood
their offspring for a few weeks (St€
ohr et al. 2009; Weber
et al. 2014).
In this study, we investigate how the larval phase
contributes to connectivity using partially sympatric,
ecologically similar species that display contrasting dispersal abilities. We first compare the genetic structure
and the distribution of molecular variance of COI in
three genetic clusters of the Ophioderma longicauda species complex, at the scale of their whole geographic distribution. Second, we focus on six syntopic populations
of C3 and C5 to compare their genetic structure and
connectivity levels, by investigating complementary
genetic markers (mitochondrial marker COI and nuclear
loci newly developed from transcriptome sequence) at a
smaller geographic scale. Finally, we discuss the con-

(C)

(A)

(B)

Fig. 1 Map of sampling locations of the different genetic clusters of Ophioderma longicauda (broadcasters C3 – brooders C5 and C6)
used in this study. (A) northwestern Mediterranean Sea: detailed sampling locations of broadcaster C3. (B) Greek islands : sympatric
locations of C3 and C5. (C) Levant basin: sympatric locations of C3 and C6. Details of sampling (dates and number of individuals)
are displayed in Table 1. Can = Canaria; Mad = Madeira; Alg = Algarve; Ceu = Ceuta; Mal = Malta; Cre = Cres; Mlj = Mljet island;
Alb = Albania; Sar = Saronic Gulf. CaB = Cap de Bol; Cou = Cap Oulestrell; Ves = La Vesse; Cca = Cap Caveau; Mar = Marseilles;
Por = Porquerolles; Sra = Saint Rapha€el; VsM = Villefrance sur Mer; Sca = Scandola; Ton = Tonnara. AgP = Agios Pavlos; Ier = Ierapetra; LyP = Lygaria Port; Lyg = Lygaria; Gou = Gouves; Elu = Elounda; AgN = Agios Nikolaos; Sym = Symi Islands;
Rho = Rhodes. BoA = Baths of Aphrodite; Per = Pernera; Ram = Ramkin Islands; Han = Hannouch; Bei = Beirut; Nak = Naqoura.
© 2015 John Wiley & Sons Ltd
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trasting levels of genetic diversity observed between the
brooding and broadcasting species.

Methods
Sampling, DNA extraction, COI sequencing, i51
genotyping and large-scale analyses
Specimens from previous studies (St€
ohr et al. 2009; Boissin et al. 2011) and additional specimens, collected
between 2002 and 2013 by scuba diving (Tables 1 and
S2, Supporting information, Fig. 1) were used. All individuals (from clusters C3, C5 and C6; Table 1) were
sequenced for COI to determine their lineage. DNA
extractions and PCRs targeting a portion of the COI
gene were performed as previously described (St€
ohr
et al. 2009; Boissin et al. 2011). PCR products were sent

to a private company for sequencing (LGC genomics,
Berlin, Germany). Sequences were manually edited with
the software BIOEDIT, aligned in the program SEAVIEW
(Gouy et al. 2010) with MUSCLE v3.8.31 algorithm (Edgar
2004) and manually improved. All COI sequences produced in this study were submitted to GenBank and
are available with the Accession nos KF217260 to
KF218086. Average per population haplotype and
nucleotide diversities were investigated with DNASP v5
software (Librado & Rozas 2009) as well as the following neutrality tests (performed on the pooled samples
per cluster): Fu and Li’s D and F (Fu & Li 1993); Fu’s
Fs (Fu 1997) and Tajima’s D (Tajima 1989). FST and ΦST
were performed using ARLEQUIN v 3.5 (Excoffier & Lischer 2010). AMOVAs (Excoffier et al. 1992) were performed for the clusters C3 and C5, with South Crete,
North Crete and Symi/Rhodes as the groups of popula-

Table 1 Sampling dates, locations and number of individuals for each cluster used in this study. See legend of Fig. 1 for geographic
codes
Basin

Code

Locality

Sampling date

Atlantic

Can
Mad
Alg
Ceu
CaB
Cou
Ves
Mar
Cca
Por
Sra
VsM
Sca
Ton
Mal
Cre
Mlj
Alb
Sar
Sym
Rho
LyP
Lyg
Gou
Elu
AgN
AgP
Ier
BoA
Per
Ram
Han
Bei
Nak

Teneriffe/Gran Canaria/La Palma, Canaria
Paul do Mar/Reis Magos/Canico, Madeira
Algarve, Portugal
Ceuta
Cap de Bol, Spain
Cap Oulestrell, France
La Vesse, France
Imperiaux du Large/Ma€ıre island, France
Cap Caveau, France
Porquerolles, France
Saint-Rapha€el, France
Villefranche sur mer, France
Scandola, Corsica, France
Tonnara, Corsica, France
Maghtab Bay, Malta
Cres, Croatia
Mljet island, Grabova, Croatia
Saranda, Albania
Gulf of Saronikos, Greece
Symi island, Greece
Rhodes island, Greece
Lygaria Port, Crete, Greece
Lygaria, Crete, Greece
Gouves, Crete, Greece
Elounda, Crete, Greece
Agios Nikolaos, Crete, Greece
Agios Pavlos, Crete, Greece
Ierapetra, Crete, Greece
Baths of Aphrodite, Cyprus
Pernera, Cyprus
Ramkin island, Lebanon
Hannouch/Batroun, Lebanon
Beirut/Raouche/Selaata, Lebanon
Naqoura, Lebanon

January 1998/October 2012
February 1998/October 2002/February 2012
March 2001/March 2008/July 2012
March 2007
August 2012
December 2007
December 2008
September 2004
December 2009
March 2009
March 2010
January 2009
March 2010
January 2010
September 2005
November 2001
June 2002
April 2001
May 2001
August 2005
September 2005
7th May 2012
7th May 2012
3rd May 2012
July 2008
23th May 2012
14th May 2012
29th May 2012
May 2005
May 2005
July 2003
July 2005
July 2005
September 2002

West Med

East Med

Total

© 2015 John Wiley & Sons Ltd

C3
21
31
91
1
7
18
29
21
30
31
31
32
29
9
17
8
17
4
4
4
6
8
10
4
36
20
5
13
1
1
1
3
543

C5

C6

7
21
20
9
80
18
1
21
35

212

39
23
31
32
1
1
127
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tions. In addition, AMOVA was also performed including all populations of C3, to cover its entire geographical distribution. For this analysis, the groups of
populations were Atlantic, West Mediterranean, Central
Mediterranean and East Mediterranean. Haplotype networks were generated using the median-joining algorithm of NETWORK, v.4.6.1.1 (Bandelt et al. 1999). Isolation
by distance was investigated for clusters C3 and C5 by
performing Mantel tests using the software GENETIX,
v.4.05 (Belkhir et al. 2004) using both genetic distances
(FST/1–FST), and (Log(1–FST)), and using conventional
FST (based on frequency) as well as ΦST (for sequence
data). The geographic distances (Table S3, Supporting
information) were determined using Google Maps. The
codominant nuclear marker i51, displaying size polymorphism, was genotyped for each individual (from
clusters C3, C5 and C6) on high resolution agarose electrophoresis as previously described (Weber et al. 2014).
FST and FIS analyses were performed using GENETIX.

Transcriptome-based nuclear markers
Transcriptome-based markers, either as SNPs (e.g.
DeWit et al. 2012, 2015) or as diploid sequence genotypes (Chenuil 2012) represent a new promising and
expanding source of information for population genetics
of nonmodel species (Romiguier et al. 2014). Eight primer pairs (Table S4, Supporting information) for PCR
amplification of nuclear markers were newly developed
on the basis of transcriptome sequences from C3 and
C5 (Weber et al., in preperation). They were developed
with the following criteria: they had to be polymorphic
in C3 and C5, with shared polymorphism and no diagnostic SNPs between clusters. Their length was between
200 and 400 bp. 192 individuals of C3 (n = 83) and C5
(n = 109) from Crete and Rhodes were amplified. The
populations used were Lygaria, Lygaria Port, Elounda,
Agios Nikolaos, Ierapetra, Agios Pavlos and Rhodes
(Fig. 1B). Amplicons were paired-end sequenced
(2 9 250 bp) with a Miseq sequencer (Illumina technology) by the genomic platform Genotoul (INRA, Toulouse, France). Reads were cleaned, assembled and
demultiplexed with the program MOTHUR (Schloss et al.
2009). Sequences with the highest number of reads were
kept, including more than two sequences per individual
when this occurred (i.e. allowing paralogs). On the
eight amplified primer pairs, two were not suitable (one
monomorphic locus and one locus with very low quality reads), two displayed one or two sequences per
individual (1972; 79905), and four displayed paralogs,
three of which could unambiguously be separated
(11915; 50183; 68241). In total, 10 markers were available
for further analysis (1972; 79905; 11915-I; 11915-II;
50183-I; 50183-II; 50183-III; 50183-IV; 68241-I; 68241-II).

All transcriptome-based sequences produced in this
study were submitted to GenBank and are available
with the Accession nos KP740036 to KP742340.
Sequences were converted to genotypes with the program PGDSPIDER (Lischer & Excoffier 2012) and analysed
in GENETIX (Belkhir et al. 2004) to first assess if the markers displayed linkage disequilibrium, since some paralogs were used. Then, multilocus global and pairwise
FST, and FIS were calculated in Genetix. Calculations on
isolation by distance were performed as previously
described.

Small-scale analyses – comparative connectivity
between C3 and C5 in Crete and Rhodes
On the 10 nuclear markers available for analysis, two
markers (11915-I and 11915-II) were monomorphic in
C5 but not in C3, and were thus excluded from the
genetic structure analysis. In addition, of the four paralogs found for the marker 50183, three (I-III) displayed
linkage disequilibrium, therefore loci 50183-I and 50183III were excluded from the genetic structure analysis.
Finally, seven loci (six nuclear loci and the mitochondrial COI) were kept for multilocus analyses.
Connectivity of C3 and C5 was assessed using the
program MIGRATE-N v. 3.2.1 (Beerli & Felsenstein 2001),
which uses Bayesian methods to estimate the posterior
probability of the parameters ϴ (effective size of each
population) and M (=m/l, the ratio between the migration rate and mutation rate, for each pair of population,
allowing asymmetric migration). A random genealogy
and parameter settings inferred by an FST-based method
were used for the starting condition. For C3 and C5, the
prior distribution for the parameters was uniform. The
priors for ϴ were bounded between 0 and 5.0 for C3,
and between 0 and 0.001 for C5. The priors for M were
bounded between 0 and 30 000 for C3, and between 0
and 10 000 for C5. For C3, the first 100 000 steps were
discarded, then 2.5 million steps were completed using
parallel runs of five replicates. To improve searching, a
heating scheme was applied using four different temperatures (1, 1.5, 3 and 1 000 000). For C5, the first
50 000 steps were discarded, then 10 million steps were
completed using parallel runs of ten replicates. A heating scheme was used as described above. To ensure the
stability of results, three replicate analyses were performed using different initial random seeds.
Furthermore, IMA2 v. 8.27.12 (Hey 2010) was used to
investigate if the presence of shared alleles between
populations represents most likely ancestral polymorphism or recent gene flow. Using Bayesian methods,
this program not only estimates the posterior probability of ϴ and M, but also t (divergence time of populations). For these analyses, we used the three
© 2015 John Wiley & Sons Ltd
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populations displaying the highest number of individuals (Agios Pavlos, Agios Nikolaos/Elounda, Lygaria/
Lygaria Port; Table 1, Figure 1) and for which a population tree could be reasonably drawn (the two populations of the North of Crete diverged more recently than
the population of the South). For C3, the maximum
value for the priors were: t0 = 0.0001; t1 = 0.15;
ϴ0 = 100; ϴ1 = 30; ϴ2 = 400; ϴ3 300; ϴ4 = 10; M = 250.
For C5, the maximum value for the priors were:
t0 = 0.02; t1 = 0.3; ϴ0 = 0.03; ϴ1 = 0.05; ϴ2 = 0.4; ϴ3 = 5;
ϴ4 = 15; M = 250. For C3 and C5, the first 3 million
steps were discarded, then 2 million steps were completed using 20 parallel heated chains (heating parameters ha = 0.975, hb = 0.75). To ensure stability of results,
three replicate analyses were performed.

Results
Large-scale analyses – COI and i51 markers
By combining previously published data and 702 newly
analysed individuals, we obtained a total of 788 COI
sequences of 491 bp corresponding to 191 different haplotypes (Table 2, Fig. 2). The haplotype diversity within
population was higher in the broadcasters C3 (0.93)
than in the brooders C5 and C6 (0.57 and 0.74, respectively). The nucleotide diversity ranged from
3.22 9 10 3 in C5 to 6.32 9 10 3 in C6. The different
neutrality tests were all significant for clusters C3 and
C5, suggesting a recent population expansion event (in

Table 2 Number of individuals of each cluster (C3, C5, C6)
used for genetics in this study. Number of COI haplotypes per
cluster, average per population haplotype (Hd) and nucleotide
(p) diversities are also indicated. Neutrality tests D* Fu & Li’s,
F* Fu & Li’s, Tajima’s D and F’s Fu were performed on the
pooled population samples
C3
(broadcasters)
N populations
N COI
sequences
N COI
haplotypes
Av.pop Hd
Av.pop.p [910 3]
D* Fu & Li’s
F* Fu & Li’s
Tajima’s D
F’s Fu

C5
(brooders)

C6
(brooders)

Total

23
503

8
158

7
127

788

123

28

37

191

0.93
5.17
3.097*
3.363**
2.522***
260.01

0.57
3.22
3.090*
3.058**
1.787*
13.519

0.76
6.32
1.367
1.135
0.36
7.222

Significant values are in bold.
Significance levels: *0.01 < P-value < 0.05; **0.001 < Pvalue < 0.01; ***P-value < 0.001.
© 2015 John Wiley & Sons Ltd

C3, illustrated by the star-like pattern of the haplotype
network, Fig. 2A), or a selective sweep on mitochondrial DNA. In contrast, the different neutrality tests
were nonsignificant for C6. Finally, isolation-by-distance
tests were not significant in the cluster C3 across the
entire geographic range. All individuals were genotyped for the marker i51, which displayed 14 alleles in
the cluster C3 but was monomorphic in the brooding
clusters C5 and C6.

COI and i51 analyses show little phylogeographic
structure in the broadcast spawning cluster C3 across
its geographic range
We analysed COI sequences for a total of 23 populations of C3 sampled across the entire geographic range
(Fig. 1) and performed pairwise FST and ΦST among
populations. Most pairwise population comparisons
were significant for FST analyses (0 < FST < 0.14)
(Table S5, Supporting information), whereas the majority was nonsignificant for ΦST analyses (0 < ΦST < 0.15)
(Table S5, Supporting information). Despite differentiation in frequencies, the haplotype network showed no
conspicuous phylogeographic structure in broadcasters
(Fig. 2A), as each dominant haplotype was found in the
three Mediterranean basins and in the Atlantic. In addition, the nuclear marker i51 displayed very low genetic
structure, as most FST analyses were nonsignificant
(0 < FST < 0.21) (Table S6, Supporting information).
At the scale of Crete, the AMOVA analyses based on
haplotype frequency (FST) of COI revealed no significant differences in global FST among populations, in FST
among populations within group nor among groups
(Table S7, Supporting information). In addition, most of
the molecular variance (99%) was found within populations (Table S7, Supporting information). The AMOVA
analyses taking into account differences among haplotypes (ΦST), rather than only haplotype frequencies,
yielded the same results (Table S7, Supporting information). Finally, there was no correlation between FST and
geographic distance or between ΦST and geographic distance, either in the whole geographic range of C3 or
when restricting the analysis to the western or the eastern Mediterranean basin (data not shown).

COI analyses show strong genetic structure in the
brooding clusters C5 and C6
We compared eight populations of cluster C5, all found
in Greece (Symi Island, Rhodes and Crete) (Fig. 1B).
They
displayed
very
high
genetic
structure
(0.02 < FST < 0.57). All pairwise FST comparisons were
significant, except the one involving populations separated by only 1 km (Lygaria and Lygaria Port)
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Fig. 2 Mitochondrial COI haplotype network. (A) 123 Ophioderma longicauda haplotypes from the broadcasting cluster C3.
(B) 28 and 37 haplotypes of O. longicauda
brooding clusters C5 and C6, respectively. Reconstructions were performed
using the Median-joining calculation of
the NETWORK software, version 4.6.1.1.
Distances are proportional to mutation
events and circle size is proportional to
number of sampled individuals.

(A) C3
broadcasting
cluster

(B) C5-C6
brooding clusters
C5

C6

(Table S8A, Supporting information). The majority of
ΦST comparisons (0.03 < ΦST < 0.85) were also significant (Table S8A, Supporting information). In the same
way, the haplotype network displayed strong phylogeographic structure with three main haplogroups in C5
(Fig. 2B). There was no correlation between FST and
geographic distance, or between ΦST and geographic
distance in the whole geographic range of cluster C5.
The AMOVA analyses were highly significant for the
FST and ΦST (among populations) comparisons and the
FSC and ΦSC (among populations within groups) comparisons, but not for the FCT and ΦCT (among groups)
comparisons (Table S7, Supporting information). In the
FST and the ΦST analyses, 67% and 47% of the molecular
variance were explained within populations, respectively (Table S7, Supporting information). Finally, we
compared seven populations of cluster C6, a cluster

exclusively found in Cyprus and Lebanon (Fig. 1C). As
seen for the other brooding cluster C5, the majority of
pairwise FST comparisons were significant and FST values were high, ranging from 0.01 to 0.34 (Table S8B,
Supporting information). ΦST analyses displayed the
same pattern, the majority of comparisons being significant (values ranging from 0.05 to 0.91) (Table S8B, Supporting information).

Small-scale analyses – multilocus comparison between
the broadcasters C3 and the brooders C5 from common
locations show highly contrasting patterns of genetic
structure and connectivity
Similarly to the large-scale analysis, genetic structure
was contrasted between brooders and broadcasters,
since no genetic structure was detected for C3 (overall
© 2015 John Wiley & Sons Ltd
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FST: 0.00054) whereas it was strong in C5 (overall FST:
0.49). The pairwise FST analysis yielded the same pattern of contrasting genetic structure, with FST values
ranging from 0.063 to 0.049 for C3, and from 0.007
to 0.646 for C5 (Table 3). The single nonsignificant comparison in C5 was between the populations separated
by 1 km (Lyg and LyP, Fig. 1B). In addition, the haplotype networks of the nuclear markers further highlight
the strong genetic structure observed in brooders compared to broadcasters (Fig. S1, Supporting information).
Most of the studied loci displayed a high heterozygote
deficiency in C3 (Table S9A, Supporting information) as
well as in C5 (Table S9B, Supporting information)
reaching values of 0.47, in most populations for the two
species. No pattern of isolation by distance (IBD) was
detected in C3 at a small scale, whereas IBD was
detected for the C5 populations (R2 = 0.63, P = 0.002).
Using both programs MIGRATE-N and IMA2, effective
size and migration rate estimations differed between
brooders and broadcasters. According to MIGRATE-N estimations, the effective size of broadcasters was about
280 times higher on average than the effective size of
brooders and the migration rate was on average about
50 times higher in broadcasters than in brooders,
assuming identical mutation rates in brooders and
broadcasters (Table 4, Figs S2–S3, Supporting information). Yet, these numbers should be taken with caution
since standard deviations were very high, especially in
migration rate (SD = 65 and 43 for ϴ and M, respectively; Table 4). In the same way, results obtained with
IMA2 indicated an average increase of 1579 in effective
size and an average increase of 8439 in migration rates
for broadcasters (Table S10, Fig. S4, Supporting infor-

mation). In these estimations, the standard deviations
were also very high, in particular for migration rates.
Finally, IMa2 results showed striking differences in
divergence times between brooders and broadcasters
populations (Table S10, Supporting information), pointing out the fact that some shared alleles might be due
to ancestral polymorphism in C3.

Genetic diversity is higher in broadcasters compared to
brooders
The genetic diversity comparison was performed on the
10 nuclear loci, as well as using COI and i51 data. The
total allele number, the average per population allele
number, haplotype and nucleotide diversities were
investigated (Fig. 3). Out of the 12 loci analysed, three
were monomorphic in C5, whereas all were polymorphic in C3. Each summary statistic was higher in C3
compared to C5, and the average ratio between C3 and
C5 ranged between 3.2 and 4 for each summary statistic. Therefore, the level of genetic diversity is about 3–4
times higher in broadcasters than in brooders. In addition, the higher genetic diversity of broadcasters is further highlighted in the haplotype networks of the seven
loci used in connectivity analyses (Fig. S1, Supporting
information).

Discussion
In this study, we investigated the influence of life history traits on genetic structure, connectivity and genetic
diversity using sympatric and syntopic closely related
species, displaying contrasting reproductive strategies

Table 3 (A) Multilocus (using six nuclear loci) pairwise FST values (W&C) of O. longicauda C3 populations. (B) Multilocus (using 6
nuclear loci) pairwise FST values (W&C) of O. longicauda C5 populations
(A) C3 (broadcasters)
AgP
Elu
Ier
Lyg
LyP
Rho

AgN
0.003
0.063
0.019
0.012
0.011
0.033

AgP

0.086
0.020
0.029
0.001
0.006

Elu

Ier

0.007
0.036
0.110
0.085

(B) C5 (brooders)

AgP

Elu

Ier

Elu
Ier
Lyg
LyP
Rho

0.598***
0.363***
0.646***
0.610***
0.617***

0.543***
0.361**
0.399***
0.244***

0.581***
0.580***
0.472***

Significant values are in bold.
Significance levels: **0.001 < P-value < 0.01; ***P-value < 0.001.
© 2015 John Wiley & Sons Ltd

Lyg

0.104
0.035
0.017

0.049
0.022
Lyg

0.007
0.422***

LyP

0.031
LyP

0.482***
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Table 4 Multilocus estimation (using six nuclear loci and COI) of ϴ (effective size) and M=m/l (migration) performed with Migraten. Very close populations (distance between pop <5 km) were pooled to increase sample size. Average ratios of ϴ C3/C5 and M C3/
C5 are displayed. CI = confidence interval. See Fig. 1 for population codes
C3 (broadcasters)
Mode

C5 (brooders)

CI 2.5%

CI 97.5%

Mode

CI 2.5%

CI 97.5%

Ratio C3/C5

0.00002
0.00003
0.00009
0.00003
0.00008

0.00021
0.00018
0.00025
0.00022
0.00026

229.1
395.9
250.0
261.9
280.3
283  65

ϴ
AgN+Elu
AgP
Ier
Lyg+LyP
Rho
Mean ratio and SD
M=m/l
AgN+Elu to
AgP
Ier
Lyg+LyP
Rho
AgP to
AgN+Elu
Ier
Lyg+LyP
Rho
Ier to
AgN+Elu
AgP
Lyg+LyP
Rho
Lyg+LyP to
AgN+Elu
AgP
Ier
Rho
Rho to
AgN+Elu
AgP
Ier
Lyg+LyP
Mean ratio and SD

0.01833
0.03167
0.035
0.01833
0.06167

0
0
0
0
0

0.1
0.11333
0.12
0.1
1.15333

0.00008
0.00008
0.00014
0.00007
0.00022

10250
1270
4590
5350

2960
0
2800
320

21300
13180
16440
7220

176.7
196.7
196.7
183.3

0
0
0
0

2500
2740
3940
6180

58.0
6.5
23.3
29.2

9490
3830
10590
10370

3700
1240
5400
4020

14300
7620
28640
19100

170
190
190
176.7

0
0
0
0

1933.3
3793.3
2206.7
1773.3

55.8
20.2
55.7
58.7

16070
5930
1770
12010

8600
2500
320
860

30000
23300
17140
20720

183.3
1296.7
196.7
196.7

0
0
0
0

6540
8466.7
2273.3
4706.7

87.7
4.6
9.0
61.1

9450
1030
530
2090

1700
260
0
700

14560
2860
5980
17060

183.3
183.3
190
190

0
0
0
0

2826.7
1753.3
2886.7
2733.3

51.6
5.6
2.8
11.0

28110
15850
17570
28350

14180
960
7340
16240

30000
26480
29840
30000

210
163.3
210
190

0
0
0
0

4186.7
1333.3
3326.7
1780

(internal brooders and broadcast spawners). To ensure
the most standardized comparisons between brooders
and broadcasters, individuals of species C3 and C5
were sampled in the exact same locations, in addition
to a more global sampling of the broadcasters C3 and
the brooders C6. We expected higher levels of connectivity and genetic diversity in the broadcast spawners
compared to the brooders.
Our results show that the broadcast spawners C3 display little genetic structure at the scale of their entire geographic range (from Canary Islands to Lebanon),
contrasting with high levels of genetic structure observed
in both brooding clusters C5 and C6. In addition to their
higher genetic structure, the brooders C5 displayed lower

133.9
97.1
83.7
149.2
50  43

levels of connectivity and genetic diversity compared to
broadcasters C3, confirming our initial hypotheses.

Impact of cocorrelates on connectivity and genetic
diversity estimations
Despite the advantages of our model system which
minimizes confounding factors, the impact of cocorrelates should not be omitted in the estimation of gene
flow (Luiz et al. 2013; Dawson 2014b). Indeed, as previously mentioned, the presence of the larval phase correlates with higher effective sizes. Thus, the effective size
(Ne) itself might have a higher impact on connectivity
estimates (Ne m) than the migration rate (m) alone
© 2015 John Wiley & Sons Ltd
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(A)

(B)

(C)
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Fig. 3 Comparison of genetic diversity in the broadcasting species C3 and the brooding species C5 using 11 nuclear markers and one
mitochondrial (COI) marker. On average, the genetic diversity is 3.2–4.0 times higher in broadcasters compared to brooders. Means
and standard deviations are shown. The numbers above the last ‘average’ column correspond to the ratio of average genetic diversity
of broadcasters (C3) on the average of genetic diversity of brooders (C5). (A) Comparison of total number of alleles. (B) Comparison
of average number of alleles per population. (C) Comparison of average haplotype diversity per population. (D) Comparison of average nucleotide diversity per population.

(Marko & Hart 2011; Dawson 2014a). Actually, in addition to a wider geographic distribution observed in
broadcasters and therefore a higher census size in
broadcasters, the effective size estimates between brooders and broadcasters were also striking (280-fold
increase for Migrate estimations and 157-fold increase
for IMA2 estimations). This highlights a higher genetic
drift in brooding populations that contributes to
increase the realized connectivity differences (in
migrant numbers) as well as the genetic diversity differences between brooders and broadcasters.
Similarly, IMA2 analyses estimated that the divergence
times between populations of brooders and broadcast© 2015 John Wiley & Sons Ltd

ers are contrasting, possibly inflating the connectivity
estimates obtained with Migrate in this broadcasting
species. In fact, previous studies also showed the
impact of complex demographic histories (e.g. bottlenecks; recent population separation; etc.) on geneflow
inference (Ayre & Hughes 2000; Crandall et al. 2008;
Keever et al. 2009; Hart & Marko 2010). Nevertheless,
the migration rates estimated with IMA2 (taking into
account the divergence times) were also highly contrasting between brooders and broadcasters, confirming that
the connectivity differences are indeed due to migration
differences and not to demographic history or effective
size only.
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Life history traits influence genetic diversity
Genetic diversity, investigated using four diversity
statistics in 12 loci in C3 and C5, was about 3–4 times
higher in the broadcasting species than in the brooding
one. In fact, this difference in genetic diversity is most
likely underestimated since we targeted loci that were
polymorphic in both species. At the marker development step, numerous monomorphic loci were actually
observed in the brooding species. Genetic diversity is
expected to be higher in broadcasters than in brooders,
as it is an increasing function of population effective size
(Kimura 1969). Indeed, effective sizes theoretically
increase with census sizes, everything else being equal,
and are thus expected to be higher (i) in most fecund
species, which is mainly the case in species producing
small eggs or species that do not brood (Strathmann
1985), and (ii) in species with wide geographic distributions, which is most often the case in highly dispersing
species (Palmer & Strathmann 1981; Emlet 1995). Our
finding of higher genetic diversity within broadcaster
populations (which in our case display wider geographic distribution) thus follows theoretical expectations and is congruent with previous surveys comparing
species with distinct dispersal abilities due to different
developmental modes (Hunt 1993; Hoskin 1997; Foltz
2003; Foltz et al. 2004; Lee & Boulding 2009; Haye et al.
2014).
Interestingly, it does not support the prediction that
a higher parental investment per propagule leads to
higher ratio of effective size to census size. This high
ratio, due to a lower variance in reproductive success,
would result in a higher expected genetic diversity in
brooders (Hedrick 2005; Hedgecock & Pudovkin 2011).
The fact that this prediction is not supported may
partly be due to the much larger distribution of broadcasters in Ophioderma longicauda, leading to a larger
census size. Other comparisons among related species
with contrasting planktonic phase durations seem to
support a higher diversity in species that disperse
more and provide lower parental investment. Such
patterns were observed for instance in Spatangoid sea
urchins (Chenuil et al. 2008; Romiguier et al. 2014), in
bivalves (Tarnowska et al. 2012) and snails (Lee &
Boulding 2009). Finally, an extensive study investigated
the levels of genetic diversity in the transcriptomes of
76 metazoan species (Romiguier et al. 2014), including
transcriptomic data of O. longicauda C3 and C5. Interestingly, the authors showed that levels of genetic
diversity were highly correlated with parental investment. Thus, species with high parental investment and
low fecundity displayed lower levels of genetic diversity than species with low parental investment and
high fecundity. In addition, this study highlighted the

absence of a significant influence of environmental and
historical factors on genetic diversity (Romiguier et al.
2014).

Life history traits strongly influence genetic structure
and connectivity
In this study, we observed strong differences in the
genetic structure of brooders and broadcaster of the
species complex O. longicauda. To compare our results
with studies including very taxonomically diverse marine taxa, we used the AMOVA framework. As shown
by the AMOVA analyses, the proportion of genetic variation partitioned at the ‘within-population’ level was
lower in the brooding species of Ophioderma longicauda
than in the broadcasting species. This is in agreement
with previous studies, although relative proportions
vary greatly among studies (Table 5).
In addition, population pairwise FST was very distinct
among development modes, with almost a 1000-fold
difference between brooders and broadcasters. Here, we
found much higher FST ratios (FST brooders/FST broadcasters) than Hoffman et al. (2011) (about seven-fold),
Barbosa et al. (2013) (about ten-fold), and Puritz et al.
(2012) (between two and five-fold) who compared species with contrasting developmental modes and/or mating systems, whereas ratios similar to the ones
observed in O. longicauda have been reported (Hellberg
1996; Teske et al. 2007). The brooding species C5 displayed an extremely high overall FST of 0.49, at relatively small scale (1–300 km). Other echinoderms which
brood or lay egg masses (with benthic larval development) like the sea stars Parvulastra exigua (Lamarck,
1816) and Asterina gibbosa displayed similarly high values (Hunt 1993; Baus et al. 2005; Sherman et al. 2008;
Barbosa et al. 2013) and differentiation was revealed
among samples separated by a few metres for P. exigua
(Barbosa et al. 2013) and for a brooding sea urchin
(Ledoux et al. 2012).
Here, we found strong differences in migration rates
between brooders and broadcasters, approximately estimated to a 50- to 843-fold increase in broadcasters (depending on the method). Our results, although
displaying a high variance between population pairs,
highlight the strong impact of the planktonic larvae on
connectivity estimates, even when PLD is short
(6 days). These strong differences in connectivity levels
generate very divergent geographical patterns of haplotype distribution: In the large-scale analysis, in both
brooders C5 and C6, few haplotypes are shared among
populations and haplogroups correspond to regions. In
contrast, in the widespread broadcaster C3, most haplotypes are found in each region, from the Atlantic to the
most extreme East of Mediterranean. At the regional
© 2015 John Wiley & Sons Ltd

FST
Partially overlapping
50–4300 km
US east coast

78–100%
12.8%
23.9–45.7%
Collin (2001)

HSC70; APN 54 (nuclear)
Cyt b (MtDNA)
FST
Yes
10–50 km
Vancouver island

72.1–95.7%
Lee & Boulding (2009)

Allozyme electrophoresis

99%
40%
Sherman et al. (2008)
97.5%
3.4%
Arndt & Smith (1998)
99%
67%
This study

ΦST
Yes
50–2000 km
US west coast,
overlapping
FST
Yes
1–200 km
Greece, eastern
Mediterranean
FST/ΦST
Same populations
Distance between pop
Geographic range

Planktotrophic larvae (P)
Lecithotrophic larvae (L)
Brooder or egg masses (B)
References

tRNA gene (MtDNA)
COI (MtDNA)
Genetic marker
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95–98.8%

Crepidula fornicata (P)/C.
convexa (B)&(L)/species
complex C. depressa (P)/C.
atrasolea (B)
COI (MtDNA)
Littorina scutulata
(P)/L. plena (P)/L.
subrotundata (B)/L. sitkana (B)
Meridiastra calcar
(L)/Parvulastra exigua (B)
Cucumaria miniata
(L)/C. pseudocurata (B)
Ophioderma longicauda
C3 (L)/O. longicauda
C5 (B)
Species

FST
Partially overlapping
500–2600 km
SO Australia, overlapping

Gastropods
Molluscs
Echinoderms
Echinoderms
Echinoderms
Organism

Table 5 Comparison of within-population percentage of molecular variance (AMOVA) in closely related species with different dispersal abilities. The letters in parentheses refer
to the development mode: (B) for brooders or egg masses, (L) for lecithotrophic larva, (P) for planktotrophic larva
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scale, the haplotype networks of the six nuclear markers
further emphasize the differences in genetic structure
between C3 and C5. A similar contrast in phylogeographic patterns was reported in a comparison between
sea urchins from two distinct genera (McMillan et al.
1992). To conclude, the use of study systems that minimize confounding factors should be emphasized to
ensure the most robust comparisons and accurate conclusions. Further studies using such systems should be
pursued and will allow future inferences on gene flow
and connectivity.
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