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Abstract
The integration of ecological and evolutionary data is highly valuable for conservation planning. However, it has been rarely used in the marine realm, where the adequate design of
marine protected areas (MPAs) is urgently needed. Here, we examined the interacting processes underlying the patterns of genetic structure and demographic strucuture of a highly
vulnerable Mediterranean habitat-forming species (i.e. Paramuricea clavata (Risso, 1826)),
with particular emphasis on the processes of contemporary dispersal, genetic drift, and colonization of a new population. Isolation by distance and genetic discontinuities were found,
and three genetic clusters were detected; each submitted to variations in the relative impact
of drift and gene flow. No founder effect was found in the new population. The interplay of
ecology and evolution revealed that drift is strongly impacting the smallest, most isolated
populations, where partial mortality of individuals was highest. Moreover, the eco-evolutionary analyses entailed important conservation implications for P. clavata. Our study supports
the inclusion of habitat-forming organisms in the design of MPAs and highlights the need to
account for genetic drift in the development of MPAs. Moreover, it reinforces the importance
of integrating genetic and demographic data in marine conservation.

Introduction
Marine protected areas (MPAs) are fundamental tools for the conservation of marine biodiversity [1]. However, their design has mainly focused on the conservation of economically important fish stocks (e.g. [2, 3]), while the maximization of biodiversity has been somewhat
disregarded [4]. Habitat-forming (structural) organisms play a fundamental ecological role, as
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they act as ecosystem engineers and significantly increase the levels of biodiversity of the associated communities [5, 6]. In order to improve MPAs design and effectiveness in protecting
biodiversity, the importance of including habitat-forming species in marine conservation planning has been recently underlined [7, 8].
Homogenizing genetic connectivity and disruptive genetic drift are two of the main evolutionary processes contributing to the patterns of neutral spatial genetic structure of populations
[9]. Connectivity refers to the movement of individuals between populations [10] and their settlement and contribution to the gene pool of the receiving population (i.e. “migration” in population genetics) [11]. Genetic drift is the stochastic fluctuation of allelic frequencies caused by
random variations in the reproductive contribution of individuals [12]. Accurate inferences of
both processes at contemporary timescales (i.e. year to decades; [13]) are necessary to adequately define marine conservation strategies [14, 15]. However, contemporary migration has
received more attention than contemporary genetic drift (e.g. [12, 16]; see [15]). Indeed, contemporary effective population size (Ne) (the estimator of the contemporary influence of drift)
has been neglected in marine conservation planning [15, 16], even though it predicts the populations´ viability and adaptive potential under environmental change [15].
The importance of these evolutionary processes at contemporary timescales calls for a
better understanding of their interactions with ecological characteristics of the populations
(e.g. demographic traits). The value of the combination of ecological and evolutionary data
for the conservation of biodiversity has been acknowledged in recent times [17, 18]. Indeed,
several studies done in the terrestrial and freshwater environments have proven the reciprocal influence between evolutionary and population dynamics processes (e.g. between migration and population growth; [19–21]), and the influence of demography on genetic structure
has been widely explored (e.g. [22], in plants; [23], in snails; and [24], in fish). However, this
approach is seldom applied in the marine realm (but see [25, 26, 27]) and it is still scarcely
used in marine conservation planning (e.g. MPAs) (but see [27]). Moreover, none of these
studies has focused on habitat-forming organisms, despite their importance for marine
conservation.
Previous demographic (e.g. [28–30]) and population genetics (e.g. [31–33]) studies of marine habitat-forming species have greatly contributed to their conservation and should be accounted for in marine conservation planning. However, most of them have been conducted
following the classical dichotomy of evolutionary and ecological timescales [34], omitting the
eco-evolutionary dynamics [35, 36]. Furthermore, they were mainly centered on the description of patterns, leaving the underlying demographic and genetic processes little explored.
The present study is a first step towards the characterization over a contemporary timescale
of the interplay between the demographic traits and the evolutionary processes that underlie
the demographic and genetic patterns of the Mediterranean red gorgonian, Paramuricea clavata, a sessile and long-lived marine habitat-forming organism of the Mediterranean coralligenous assemblages [37]. Particular emphasis was made on the interaction between
contemporary connectivity and genetic drift with the following demographic traits: size distribution, density and mean partial mortality (i.e. partial necrosis of living tissue (tissue injury).
The combination of static size distributions with population density is a useful approach to explore population demographic dynamics of sessile, structural organisms, in response to past
disturbances [28, 38], while partial mortality is a good demographic indicator of the population's health in clonal organisms such as gorgonians and corals [28, 39, 40].
The main aim of this study was to combine evolutionary and demographic data of a habitat-forming species, for the first time in the marine realm, in order to enhance the decisionmaking capacities regarding the design of MPAs. This aim was achieved by delving into the
populations' evolutionary processes and demographic traits and by exploring the interactions
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between them. In particular, we (1) examined the patterns of demography and spatial genetic
structure (SGS), (2) assessed the underlying processes, with emphasis on contemporary dispersal and genetic drift, (3) characterized the founding of a new population, and (4) explored
the interaction of the ecological and genetic processes, shaping these populations. In this study,
we highlighted the necessity of accounting for genetic drift in the development of marine conservation measures. We also suggested new perspectives on the functioning and management
of low-dispersal marine habitat-forming species.

Materials and Methods
Study species
The Mediterranean red gorgonian is a highly vulnerable species from the coralligenous assemblages, one of the richest and most threatened Mediterranean communities [37, 41]. This species is recurrently impacted by large-scale mass mortality events, putatively linked to climate
change [41, 42]. It is a gonochoric surface brooder [43], with slow growth (1.8 cm/year) [44,
45] and late sexual maturity, which is attained at an average size of 20 cm (i.e. an approximate
age of 13 years) [46]. In general, its populations display low recruitment rates and the prevalence of intermediate size classes (10–30 cm) [28, 47]. This, in addition to its slow population
dynamics and low dispersal capacity [33], suggest low resilience to disturbances and low recolonization capacities. In isolated populations (as the ones of this study; see below) this vulnerability is reinforced, as population persistence strongly depends on self-replenishment [48, 49].
Prior population genetics studies on P. clavata found a significant spatial genetic structure at
large scales (*5 to 3000 Km), produced by a combination between genetic clusters and isolation by distance (IBD) [33]. At local scales (<10 m), no significant spatial genetic structure was
observed [50].

Study area and sampling procedures
Our study took place within the nature reserves of Es Vedrà, Es Vedranell and Els Illots de
Ponent, on the west coast of Ibiza (Balearic Islands, Spain), where the possibility of creating a
MPA has been discussed. There, populations of P. clavata only occur in six small islets, above
60 m depth. Samples were taken at two depths, at five of the islets (Fig. 1), except at Escull de
Tramuntana, where P. clavata only occurs at 40–50 m depth (nine populations in total; see
Table 1). The population from Escull de Tramuntana, the northernmost islet, is mainly composed by colonies <20 cm, which, considering the slow growth and late sexual maturity of P.
clavata (see above), indicates that it has beenrecently founded. A small apical fragment of 30–
50 colonies per site and depth (n = 329; Table 1), was collected by scuba divers and preserved
in 95% ethanol at −80°C until DNA extraction. Permits for sampling in Illots de Ponent, Es
Vedrà and Es Vedranell Natural Reserves were obtained from “Espais de Natura Balear”, the
competent authority. All sampling was performed in accordance with Spanish laws and this
study did not involve endangered or protected species.

DNA extraction and microsatellite genotyping
Total genomic DNA was extracted using a salting out procedure, following [33]. Individuals
were genotyped at seven microsatellite loci: Parcla 09, Parcla 10, Parcla 12, Parcla 14, Parcla 17,
PC 3–81 [51], and Par_a [52]. The loci were amplified using the Multiplex PCR Kit (Qiagen)
(see S1 Materials and Methods). Genotyping was carried out at the Genotyping and Sequencing
facility of Bordeaux (INRA and University of Bordeaux 2) on an ABI 3730 Genetic Analyzer
(Applied Biosystems), using GeneScan LIZ 600 (Applied Biosystems) as the internal size
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Fig 1. Sampling locations of the populations of Paramuricea clavata (grey dots) in Ibiza island. Populations sampled at the same location, but at
different depths, are separated by an hyphen. Each population´s name is colored according to their assignment to the Structure clusters (K = 3). The islands
inside the red lines in quadrants A and B conform the Nature reserves of Els Illots de Ponent (A), and Es Vedrà and Es Vedranell (B).
doi:10.1371/journal.pone.0119585.g001

standard. Allele scoring was done with the STRand software [53]. The genotyping protocol was
validated by extraction, amplification and genotyping of replicates (*10% of samples). (See S1
Materials and Methods for microsatellites characteristics).
Table 1. Information of the nine sampling populations of Paramuricea clavata, listed from North to South.
Location

Population label

Depth (m)

Latitude
0

Longitude
0

Sample size

Escull de Tramuntana

ETR

40–55

38°59 6.29@N

1°10 7.12@E

38

Cap Vermell

CVD

45–50

38°580 58.01@N

1°90 41.21@E

36

Cap Vermell

CVS

34

38°580 58.01@N

1°90 41.21@E

44

Na Bosc

NBD

52

38°580 16.96@N

1°90 54.71@E

24

Na Bosc

NBS

36

38°580 16.96@N

1°90 54.71@E

28

Es Vaixell

EVD

45–50

38°580 11.58@N

1°90 56.32@E

27

0

0

Es Vaixell

EVS

32–35

38°58 11.58@N

1°9 56.32@E

34

Es Vedrà

EDD

45–50

38°510 45.24@N

1°110 17.14@E

36

Es Vedrà

EDS

30

38°510 45.24@N

1°110 17.14@E

34

doi:10.1371/journal.pone.0119585.t001
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Demographic and genetic patterns
Demographic structure. Demographic patterns were assessed for each population by estimating the population density (n° of colonies/m2), the mean partial mortality (i.e. mean extent
of injury), the size frequency distribution and the skewness coefficient. Skewness is a statistical
measure of a distribution's symmetry; if it is significant, the distribution is asymmetric. Positive
skewness indicates the prevalence of small size classes, while negative skewness points to the
dominance of large size classes. All parameters were estimated following [28, 54].
Genetic diversity. Genetic diversity was explored by calculating (1) the observed heterozygosity (Ho) and the unbiased expected heterozygosity of Nei (He) [55] with Genetix v.4.05.2
[56], (2) the number of alleles per population (Na) with Fstat v.2.9.3.2 [57] and, (3) the allelic
richness (Ar) and private allelic richness (Ap), using the rarefaction method implemented in
HP-Rare [58] with a minimum number of genes equal to 23.
Genetic structure. Global and pairwise population genetic differentiation was measured
with the θ estimator of FST [59], computed in Genepop [60]. Significance was tested with the
exact test for genic differentiation of Genepop using the default parameters. Additional genetic
differentiation was tested by estimating local FST´s (population-specific FST) [61, 62] with
Geste v.2.0 [62], using the parameter set described in [63]. Since the computation of local FST is
based on the F-model [64, 65], which accounts for differences in effective sizes and migration
rates among populations [61], this parameter can help better describe the genetic structuring of
populations. Moreover, it provides useful information about the strength of genetic drift, as it
measures “the degree of genetic differentiation between each descendant population and the
ancestral population” [62].
The spatial genetic structure was analyzed by testing for isolation by distance (IBD) and genetic clustering. IBD was tested with Genepop, performing a linear regression between pairwise
FST/(1-FST) and the logarithm of pairwise geographical distances, as recommended in a 2D
model [66]. Pairwise geographical distances were calculated with Google Earth v.7.1.1 (http://
earth.google.com) and the significance of the regression was tested with a Mantel test (n =
2000). A Bayesian clustering analysis was made with Structure v.2.3.4 [64, 67] to infer the number of genetic clusters (K). We used the admixture model with correlated allele frequencies
[64], and the locprior [68] and recessive allele [69] options. The program was run ten times for
each K value ranging from one to nine, with 5x105 iterations and a burn-in period of 5x104. To
determine the K that best captured the structure of the sample, we plotted the log probability of
the data (LnP(D)) [70] as a function of K across the ten runs. For the chosen K, the results of
all the runs were averaged with Clumpp v.1.1.2 [71], and visualized with Distruct v.1.1 [72]. To
explore the partitioning of the genetic diversity across the identified clusters (see results), a hierarchical analysis of the molecular variance (AMOVA) was performed in Arlequin v.3.5.1
[73] with 1000 permutations.

Evolutionary processes
Contemporary connectivity and origin of Escull de Tramuntana. Contemporary connectivity is one of the main evolutionary processes shaping the spatial genetic structure of populations [9]. In this study, it was assessed at two complementary timescales: (1) by estimating
the average migration rates during the last several generations of individuals (i.e. recent migration rates), and, (2) by detecting first generation migrants, which are the individuals born in a
population different from that where they reside [74]. Bayesass 3.0 [75] was used to estimate
the interpopulation recent migration rates. It was run five times with different seed values,
25x106 iterations, a burn-in period of 25x105 and a sampling frequency of 2000. Convergence
was achieved in all runs and the results were averaged across the five runs. The mixing
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parameters were adjusted to achieve acceptance rates of 20–40%, following [76]. Geneclass 2.0
[77] was used to detect inter-population first generation migrants. It was run with the L_home
likelihood estimation [74], the Bayesian computation of Rannala and Mountain [78] and the
Monte Carlo resampling of Cornuet et al. [79] (n = 10000; α = 0.05). To determine the migration processes occurring in the region (i.e. across each genetic cluster), both recent migration
rates and first generation migrants were averaged over the populations composing each group.
In order to explore the founding of Escull de Tramuntana (a recently established population;
see above), the previous analyses were used to determine the origin of the colonies of this islet.
Accounting for the isolated nature of our study system, we considered all the other populations
to be putative suppliers of immigrants in Escull de Tramuntana.
To gain more insight into the opened/closed nature of clusters and populations, the kinship
coefficient of Loiselle [80], which provides an index of relative relatedness between each pair of
individuals [81], was computed with Spagedi v.1.3 [82]. Kinship analyses are a valuable complement to infer contemporary connectivity, as they help to elucidate which populations exhibit less genetic exchange, when FST values are low [83].
Genetic drift and migration-drift equilibrium. The strength of genetic drift in each population was determined by estimating the contemporary effective population size (Ne) of each
population. Ne was estimated with the single-sample Bayesian computation method implemented in ONeSAMP 1.2 [84] using a minimum prior of 3 and a maximum prior of 300.
To assess if the genetic clusters were at migration-drift equilibrium, the likelihoods of two
contrasted models of allele frequencies evolution (i.e. migration-drift equilibrium versus drift)
were computed with 2MOD [85]. The program was run with 105 iterations, 10% of which was
discarded, as recommended by the author.

Contemporary interplay of ecology and evolution
To explore the interaction between the evolutionary processes and the demographic traits,
three groups of factors were conceived: allelic richness (Ar), private allelic richness (Ap) and
number of alleles (Na) were grouped as genetic factors; recent migration rates, first generation
migrants and kinship constituted the group of connectivity factors; and the skewness coefficient, density and partial mortality were grouped as demographic factors. Using these groups
of factors, we assessed the interplay of demography and genetics at three different levels. First,
the generalized linear model of Geste v.2.0 was used to determine the effect of each group of
factors on the genetic structuring (local FST) of populations (see [26]). Then, complementary
relations were examined, by correlating each group of factors with local FST´s and Ne. Finally,
associations among groups of factors were explored (e.g. between genetic and connectivity factors). Spearman correlation coefficients for non-parametric variables, with a two-tailed significance test, were used and computed with SPSS 15.0 for Windows1.
The significance of all the multiple tests performed in this study was adjusted with the false
discovery rate (FDR) method [86].

Results
Demographic and genetic patterns
Demographic structure. The size frequency distribution varied in all populations (S1
Fig.). Larger classes (40 to 80 cm) prevailed in two populations (Na Bosc Deep and Es Vaixell
Deep). The smallest and non-reproductive colonies (0–10 cm) were predominant in approximately half of the populations. They prevailed in three of the four shallow populations and in
Escull de Tramuntana, which was mainly composed of non-reproductive colonies (92% of colonies <20cm). The population density was also highly variable ranging between 6.8 col/m2 in
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Escull de Tramuntana and 57.6 col/m2 in Cap Vermell Deep (mean ± SD = 19.2 ± 16.3). Partial
mortality varied between 2.2% and 25.2% (13.5% ± 6.8%), being Es Vedrà Deep the population
exhibiting more injuries. See Table 2 and S1 Fig. for details.
Genetic diversity. Observed heterozygosity (Ho) varied from 0.694 to 0.818 with a mean
value of 0.754, while expected heterozygosity (He) ranged between 0.713 and 0.773 and presented
a mean value of 0.746. Escull de Tramuntana displayed the highest number of alleles (10.14),
while Es Vedrà Deep presented the lowest (7.71). The mean values of allelic richness (Ar), private
allelic richness (Ap) and number of alleles (Na) per population were 7.97, 0.38 and 9, respectively.
Es Vedrà Deep showed the lowest Ar and Ap (6.93 and 0.13, respectively), while Na Bosc Deep
presented the highest Ar (8.80) and Es Vaixell Shallow the highest Ap (0.80). See Table 2.
Genetic structure. Global population differentiation was low, but significant (FST = 0.035;
P < 0.001). Pairwise FST´s ranged from −0.002 to 0.077 and all but four pairwise comparisons
(36 comparisons in total) were significant after FDR correction (Na Bosc Deep (NBD) vs.
Escull de Tramuntana, NBD vs. Na Bosc Shallow, NBD vs. Es Vaixell Deep, and Cap Vermell
Deep vs. Cap Vermell Shallow; see S1 Table). The analysis of local FSTs showed that the populations from Es Vedrà were the most differentiated from the others, as they displayed the highest
local FST values (Es Vedrà Deep: 0.093, 95%HPDI: 0.0599–0.129; Es Vedrà Shallow: 0.081, 95%
HPDI: 0.0504–0.113) (Fig. 2A, Table 2). On the contrary, Na Bosc Deep was the least differentiated population (local FST of 0.011 and 95%HPDI = 0.002–0.024).

Table 2. Summary statistics of genetic differentiation, drift, genetic diversity, connectivity and demography of the nine populations of
Paramuricea clavata.
Genetic factors

Connectivity factors

Demographic factors

Population

Local
FST

95%
HPDI

Ne

95%
CL

Ar
(23)

Ap
(23)

Na

Ho

He

Kinship

MR

FGM

D

M

Skewness

(Sig.
>2)

ETR

0.015

0.005–
0.026

135

88–
304

8.710

0.440

10.143

0.755

0.746

0.012

0.325

0.263

6.80

2.24

2.01

7.72

CVD

0.043

0.023–
0.067

64

45–
113

7.230

0.150

8.000

0.694

0.713

0.024

0.254

0.139

57.60

13.78

1.00

4.97

CVS

0.030

0.015–
0.047

106

70–
231

7.740

0.270

8.857

0.743

0.746

0.015

0.167

0.136

11.81

17.26

1.24

4.08

NBD

0.012

0.001–
0.024

60

42–
114

8.800

0.470

8.857

0.788

0.773

0.012

0.323

0.333

11.00

16.64

0.08

0.26

NBS

0.019

0.006–
0.034

72

48–
153

8.460

0.740

9.000

0.733

0.735

0.024

0.257

0.250

8.38

7.27

1.14

3.18

EVD

0.020

0.006–
0.037

62

43–
121

7.850

0.160

8.286

0.703

0.738

0.007

0.242

0.444

11.75

13.51

0.49

1.96

EVS

0.020

0.008–
0.032

113

74–
258

8.770

0.800

9.714

0.779

0.761

0.024

0.325

0.206

22.86

8.08

0.86

3.89

EDD

0.093

0.060–
0.129

50

36–
92

6.930

0.130

7.714

0.818

0.769

0.075

0.238

0.139

11.79

25.22

0.59

2.61

EDS

0.081

0.050–
0.113

54

41–
106

7.280

0.230

7.857

0.769

0.738

0.079

0.158

0.118

31.09

17.81

1.12

6.06

Mean

0.037

7.974

0.377

8.714

0.754

0.746

0.030

0.254

0225

19.23

13.53

0.95

79

Local FST: population-speciﬁc FSTs (Foll and Gaggiotti, 2006); 95%HPDI: highest probability density interval of local FST; Ne: effective population size;
95%CL: 95% conﬁdence limit of Ne; Ar(23) and Ap(23): allelic and private allelic richness (rarefaction size = 23 genes); Na: mean number of alleles per
population; Ho: observed heterozygosity; He: expected heterozygosity (Nei, 1973); Kinship: kinship coefﬁcient (Loiselle et al., 1995); MR: proportion of
recent migration rates; FGM: proportion of ﬁrst generation migrants; D: population density; M: mean % of injured surface; Skewness: skewness coefﬁcient
(signiﬁcant coefﬁcients are in bold).
doi:10.1371/journal.pone.0119585.t002
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Fig 2. Population structure of Paramuricea clavata in Ibiza. (A) Local FSTs per population as computed by Geste v.2.0. Filled squares represent the
mean value and bars represent the upper and lower limit of the 95% high probability density interval (95% HPDI). The colored bars below the populations´
labels indicate the cluster to which they were assigned in Structure (see Fig. 2B). (B) Clustered structure as revealed by Structure. Each individual is
represented by a vertical line, where the different color segments indicate the individual proportion of membership to each cluster (K = 3). Each population is
delineated by black vertical lines and labeled as in Table 1. The mean assignment % of each population to the correspondent cluster is given in brackets
below the population´s label. The mean assignment % per cluster is given in brackets after the cluster´s name.
doi:10.1371/journal.pone.0119585.g002

A significant pattern of isolation by distance (IBD) was detected (R2 = 0.72; P = 0.001) (S2
Fig.). The Bayesian clustering analysis identified three genetic clusters (K = 3) (Fig. 2B): Cap
Vermell Deep and Cap Vermell Shallow composed the Cap Vermell cluster; Na Bosc Shallow,
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Na Bosc Deep, Es Vaixell Deep and Es Vaixell Shallow were grouped into the Ses Bledes cluster,
although Es Vaixell Deep was similarly assigned to the Ses Bledes and Cap Vermell clusters
(53.3% vs. 45.7%; Fig. 2B); and Es Vedrà Deep and Es Vedrà Shallow formed the Es Vedrà cluster. The individuals from Escull de Tramuntana were assigned to the Cap Vermell cluster
(Fig. 2B). The AMOVA supported the clustering structure (differences among groups: 3.56%,
p<0.005) (S2 Table).

Evolutionary processes
Contemporary connectivity and origin of Escull de Tramuntana. The analysis of migration rates and first generation migrants among clusters revealed a higher intra-cluster migration than inter-cluster migration in the three genetic groups (Fig. 3; S3 Table). The more closed
clusters detected by Structure (Cap Vermell and Es Vedrà clusters, Fig. 2B) were indeed, the
more closed in terms of connectivity (i.e. receiving less immigration). For both groups, most of
the immigration originated from Ses Bledes, while the main immigration source for this latter
group was the Cap Vermell cluster (Fig. 3A; S3 Table). The analysis of first generation migrants
showed highly similar results (Fig. 3B; S3 Table). The analysis of kinship coefficients confirmed
the closed nature of the Es Vedrà cluster, as its populations displayed the highest values (0.092
for Es Vedrà Shallow and 0.088 for Es Vedrà Deep; Table 2). On the contrary, Escull de Tramuntana exhibited the lowest value (0.024), indicating it is a population with more genetic exchange than the others. According to the recent migration rates analysis, Cap Vermell cluster
was responsible for 63.7% of the immigration in Escull de Tramuntana, whereas Ses Bledes and
Es Vedrà clusters contributed 27.8% and 8.5%, respectively (Fig. 3A; S3 Table). The first generation migrants analysis revealed that the Cap Vermell cluster contributed 40% of the immigrants, while Ses Bledes cluster was the origin of 50% of the migrants. The remaining 10% (i.e.
one individual) originated in Es Vedrà (Fig. 3B; S3 Table).
Genetic drift and migration-drift equilibrium. Genetic drift was acting upon the most
isolated populations (i.e. Es Vedrà Shallow and Deep) confirming the results of the connectivity
analyses. In the Es Vedrà cluster, the support for the drift model in the tests for migration-drift
equilibrium was 93.6%, while the Cap Vermell and the Ses Bledes clusters were in gene flowdrift equilibrium, with a support of 79.9% and 95%, respectively. Moreover, the populations
from the Es Vedrà cluster showed the lowest Ne (50 and 54 for Es Vedrà Deep and Es Vedrà
Shallow, respectively), in accordance with their high local FST values (see above). On the contrary, Escull de Tramuntana exhibited the highest Ne (135), in accordance with the higher gene
flow occurring at this islet (see Table 2).

Contemporary interplay of ecology and evolution
The generalized linear models revealed that the genetic structure was most related to allelic
richness (Ar), kinship and partial mortality, from the genetic, connectivity and demographic
factors, respectively (Table 3). The Spearman correlations showed that local FST was strongly
and negatively associated to allelic richness (Ar), private allelic richness (Ap) and number of alleles (Na), from the genetic factors and with first generation migrants and recent migration
rates, from the connectivity factors. Local FST was also strongly and positively associated to kinship. Effective population size (Ne) was strongly and positively correlated with number of alleles (Na) from the genetic factors, and negatively associated with partial mortality from the
demographic factors. The correlations between groups of factors revealed an interaction between the genetic and the demographic groups, through the negative association of number of
alleles (Na) with partial mortality and between the connectivity and the genetic groups of factors through the positive association of migration rates with allelic richness (Ar) and number of
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Fig 3. Migration patterns of Paramuricea clavata in Ibiza. In both plots each bar represent the proportion of immigration in ETR and each cluster. Since
one of our objectives was to determine the origin of ETR, this population was left apart from Cap Vermell cluster. Green, fucsia and purple indicate the
proportion of immigration originated in Cap Vermell, Ses Bledes or Es Vedrà clusters, respectively (inter-cluster immigration). Gray indicates the proportion of
immigration coming from populations belonging to the same cluster (intra-cluster immigration). (A) Proportion of recent migration rates as computed by
Bayesass 3.0, and (B) proportion of first generation migrants (FGM) detected by Geneclass 2.0.
doi:10.1371/journal.pone.0119585.g003
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Table 3. Contemporary interplay of ecology and evolution.
Factor
Genetic factors

Connectivity factors

Demographic factors

Sum of posterior probabilities

Ar

0.874

Ap

0.196

Na

0.190

Kinship

0.677

MR

0.352

FGM

0.132

D

0.174

M

0.803

Skewness

0.227

The inﬂuence of genetic, connectivity and demographic factors on genetic structuring (local FST) is
presented as the sum of posterior probabilities computed by Geste v.2.0.
The value of the factor with the highest score within each group is in bold.
doi:10.1371/journal.pone.0119585.t003

alleles (Na). Interactions were also observed between the demographic and the connectivity
groups through the negative relation of partial mortality and migration rates (Table 4).

Discussion
Spatial heterogeneity in demography and genetics: from patterns to
processes
The populations of Paramuricea clavata from Ibiza exhibited a heterogeneous demographic
structure at two different spatial scales (<30 m and <14 Km). At the smallest scale, juveniles
and small colonies prevailed in the shallower populations, whereas large colonies dominated in
the deeper populations indicating a more mature stage of development [82]. The coexistence of
both juvenile and large colonies, a pattern that was previously reported for healthy populations
of this species [28] and other gorgonians (see [87] for examples) suggest that, in Ibiza, the populations of P. clavata are “demographically healthy”. At larger scales, the demographic
Table 4. Contemporary interplay of ecology and evolution. Spearman´s correlation coefﬁcients (ρ).
Genetic factors

Genetic factors

Connectivity factors

Demographic factors

Ap

Na

Connectivity factors
Kinship

MR

FGM

Demographic factors

Local FST

Ne

Ar

Ar

−0.967

0.500

-

D

M

Ap

−0.783

0.600

0.867

Na

−0.845

0.887

0.812

0.837

Kinship

0.733

−0.383

−0.670

−0.317

−0.536

-

MR

−0.870

0.617

0.733

0.454

0.795

−0.467

-

FGM

−0.720

0.184

0.644

0.293

0.454

−0.812

0.653

-

D

0.667

−0.350

−0.583

−0.433

−0.619

0.633

−0.500

−0.678

-

M

0.700

−0.783

−0.617

−0.600

−0.845

0.467

−0.800

−0.603

0.550

-

Skewness

−0.201

0.617

0.050

0.252

0.410

−0.217

0.017

−0.402

−0.200

−0.333

Skewness

-

-

Signiﬁcant correlations after FDR are in bold and signiﬁcant correlations before FDR are in italic (P<0.05). Factors´ labels as in Table 2.
doi:10.1371/journal.pone.0119585.t004
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heterogeneity was supported by the high variation of partial mortality and density across
all populations.
A highly heterogeneous genetic structure was also observed at the small and large spatial
scales. In general, pairwise FST values were low, but significant. At the more local scale (*30 m),
some pairwise comparisons were significant (i.e. Es Vaixell Deep-Es Vaixell Shallow, Es
Vedrà Deep-Es Vedrà Shallow), while others were not (i.e. Cap Vermell Deep-Cap Vermell
Shallow, Na Bosc Deep-Na Bosc Shallow). Furthermore, the variable local FSTs, highlight
important variations in the genetic structuring as they indicate how similar each population
is compared to the whole set of populations [61]. At the regional level, a combination of a
pattern of isolation by distance and regional clusters was revealed. This is in accordance with
previous findings for the red gorgonian [33] and other Mediterranean species, such as Corallium rubrum [31, 88], and confirms that geographic distance is an important factor molding
genetic differentiation. Barriers to gene flow also explain the genetic structure of the studied
area, as suggested by the clustering analyses and the AMOVA [89]. Regarding the genetic diversity, the global values of observed heterozygosity (Ho), expected heterozygosty (He), number
of alleles (Na) and allelic richness (Ar) were similar to those reported for this species at a much
larger spatial scale [33]. These high levels of genetic diversity suggest that the populations of
P. clavata from Ibiza constitute a valuable repository of genetic variation that should be conserved [49].
In accordance with demographic and genetic structure patterns, the underlying processes
were also spatially heterogeneous. To our knowledge, the spatial variability of the neutral evolutionary processes (drift and migration) on the patterns of genetic structure has been scarcely
documented in marine species (but see [26, 83, 90]), despite its implications in MPAs design
(see below). To date, the studies of the processes driving the genetic structure of P. clavata were
mainly focused on gene flow. Low levels of gene flow between populations [33] and a short effective larval dispersal [50] were demonstrated. Our study refines these results by expanding
the characterization of migration over a contemporary timescale and by focusing on the counter-balancing impact of genetic drift. The migration analyses demonstrated that connectivity
among clusters was weak and mainly occurred between neighboring clusters. In all groups, the
intra-cluster migration was two to three times higher than the inter-cluster migration. Despite
this apparent homogeneity, a spatial heterogeneity in the levels of gene flow was detected. For
instance, the Es Vedrà cluster received two times less migration than Ses Bledes cluster. Moreover, the negative association of local FSTs with recent migration rates and first generation migrants confirms that contemporary connectivity is a relevant process in the genetic structuring
of P. clavata.
Genetic drift also had a pronounced impact on the genetic structure, as confirmed by the
limited Ne of populations when compared to the census population size (hundreds to thousands of colonies; Linares C, pers. obs.). These results contrast with the rather large Ne reported
in P. clavata using paternity analyses at a small spatial scale (2 m2) [50]. Nevertheless, they are
concordant with the low values documented for various marine species (see [15, 91] for reviews). Whether effective sizes are small or large in the sea, it is still a matter of debate [16] and
complementary studies based on more populations, comparing different methods of estimation (see [92]) should be undertaken to confirm our results. A spatial heterogeneity in the impact of drift was also evidenced at the geographic scale of our study (<14 Km). As an example,
local FSTs were significantly and negatively related with genetic diversity (e.g allelic richness)
and significantly and positively associated with kinship, indicating that the more distinct populations are more prone to the effect of drift and inbreeding [12]. Accordingly, the Es Vedrà
cluster, which displayed the highest values of kinship and local FST, is evolving purely through
drift, contrary to the two other clusters that are at migration-drift equilibrium.
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Founding of a new population: colonization of Escull de Tramuntana
Colonization processes in P. clavata remain poorly studied despite their importance in the current environmental context. Our demographic data suggest that Escull de Tramuntana was recently founded, allowing us a first insight into this process. The founding of a new population
may be accompanied by a founder effect, which occurs when populations are established from
few individuals [93]. It is characterized by genetic drift, changes on allelic frequencies and decreases of genetic diversity [9]. Surprisingly, Escull de Tramuntana was not submitted to more
genetic drift than the other populations under study, as revealed by the high Ne and low local
FST. Moreover, it shows a small kinship coefficient, a high genetic diversity, and a larger
amount of immigration when compared to other populations, suggesting that it has been
founded from immigrants coming from various genetically differentiated populations. This hypothesis is supported by the origin of the immigrants, which are native to the Cap Vermell, Ses
Bledes and Es Vedrà clusters, indicating that a founder effect is not occurring in this population. Complementary studies involving other recently founded populations are needed to generalize this lack of founder effect during the colonization process of P. clavata. It would be
interesting to conduct a temporal survey on the genetic diversity of Escull de Tramuntana, to
test for a putative bottleneck during the future reproduction of the currently non-reproductive
colonies.

Contemporary interplay of ecology and evolution
The characterization of the interaction between ecological and evolutionary processes has been
widely studied in land and freshwater environments (e.g. [23]), due to its relevance for conservation biology [18, 36]. In the marine realm it has been scarcely examined and only few studies
have been conducted. For instance, [26] disentangled the relative impact of environmental and
demographic factors on the genetic structure of the Atlantic herring. Moreover, population genetics and demography were also combined to enhance the conservation of two fish species
[27]. However, the present study is one of the first to formally examine this interplay in a habitat-forming species.
Here, the most striking relation between demography and genetics arose from the significant interaction of partial mortality with effective population size (Ne), number of alleles (Na)
and migration rates. These results indicate that the less diverse populations undergoing a larger
effect of drift and receiving less migration (i.e. the Es Vedrà populations) are the most affected
in terms of injured surface. In P. clavata, partial mortality is caused by multiple stressors,
among which environmental disturbances, such as thermal anomalies, play a fundamental role
[41]. Fitness and the ability to adapt to environmental change are diminished in populations
undergoing a strong drift effect [94] due to the increase of their genetic distinctiveness and the
reduction of their genetic diversity [9]. Moreover, they are at greater extinction risk due to inbreeding, stochastic demographic events and loss of adaptive potential [49]. Taking this into
account, our results suggest that the populations from Es Vedrà are at risk, as they may be less
able to respond to environmental stress than the more connected and diverse populations [95].
Indeed, other studies have proven that the capacity to respond to environmental stressors declines in genetically eroded populations (i.e. under the effects of drift or inbreeding). For instance, [96] showed that the smallest and most isolated populations of Fucus serratus were less
resilient to high temperatures likely due to the loss of genetic diversity caused by genetic drift.
No significant interactions of skewness or density with other factors were observed. The
lack of relation between density and effective population size (Ne) is remarkable, as it is the opposite of what has been observed in other organisms, such as salmonids and plants, in which
high population densities caused reductions in Ne [97, 98]. Furthermore, density was positively
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associated to local FST and negatively related to first generation migrants before FDR correction. As these relations (or the lack of them) may help to better understand the interactions of
demography and genetics, we believe that additional analyses using more samples should
be undertaken.

Implications for conservation and management
We combined demographic and genetic data to designate conservation units within the context
of MPAs design using a habitat-forming organism as a model species. In the marine environment, a similar approach was recently used by [27] to establish management units of anadromous alewife and blueback herring. The examination of the processes underlying the
demographic and genetic structure of P. clavata in Ibiza and the assessment of their interaction
allowed us to prioritize conservation efforts for populations within the hypothetical future
MPA (S3 Fig.). Taking into account the restricted dispersal of the red gorgonian, the MPA
should include all the sampled populations, in order to maximize connectivity [14] and minimize the impact of genetic drift in the whole population system. By protecting the whole system, the persistence, genetic diversity, and adaptive potential of populations may be ensured
[49, 99]. Three main management units, corresponding to the genetic clusters, should conform
the MPA. Within the Cap Vermell cluster, ETR is of high conservation priority, as it is composed of an expanding population with recruits coming from different locations and may entail
a future role as a genetic diversity repository [49]. The remaining populations of the cluster
(CVD and CVS) are also important since they provide larvae to ETR and, under a context of
disturbances, they may act as suppliers of larvae for depleted populations, thereby contributing
to region-wide resilience [49, 100]. The populations comprising the Ses Bledes cluster may play
the same role as CVD and CVS regarding the regional response to disturbances. Finally, the
two populations of the Es Vedrà cluster require urgent measures of conservation given the
elevated impact of genetic drift, their high degree of isolation and their high sensitivity to
disturbances.
Our study provides new insights for the conservation of P. clavata by expanding the existing
knowledge of the species´ dispersal patterns at small spatial scales, and by delving into its ecoevolutionary dynamics. Although further validation of our results is needed through the inclusion of additional data, our findings have deep implications for the management of P. clavata
and other habitat-forming species with restricted dispersal abilities. Our results may also be directly applied to the design of future isolated MPAs. More broadly, our study (i) reinforces the
value of integrating genetic and demographic data in the design of conservation measures, (ii)
provides a useful approach for the management and conservation of marine habitat-forming
species with low dispersal capacities, and, most importantly, (iii) evidences the relevance of accounting for genetic drift in marine conservation planning, given its impact on populations responses to disturbances.

Supporting Information
S1 Dataset. Individual genotypes of Paramuricea clavata in Ibiza for seven microsatellite
loci (n = 301).
(XLSX)
S1 Fig. Size frequency distributions of nine populations of Paramuricea clavata in Ibiza.
(DOCX)
S2 Fig. Isolation by distance (IBD).
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0119585 March 16, 2015

14 / 19

Genetics, Demography and Marine Habitat-Forming Species

S3 Fig. Conservation units for a future MPA.
(DOCX)
S1 Materials and Methods. PCR and microsatellite characteristics.
(DOCX)
S1 Table. Pairwise FST values.
(DOCX)
S2 Table. Analysis of molecular variance (AMOVA).
(DOCX)
S3 Table. Regional migration patterns (among ETR, “Cap Vermell”, “Ses Bledes” and “Es
Vedrà” clusters).
(DOCX)
S4 Table. Null allele frequencies (Null) and f estimator of FIS
(DOCX)

Acknowledgments
We gratefully acknowledge V. Picorelli, M. Viñas and J. Torres, from the Illots de Ponent and
Es Vedrà i Es Vedranell Nature Reserves, for their support. We are also greatly thankful to Dr.
Daniel Rittschof (Academic Editor) and two anonymous reviewers for their constructive suggestions, which greatly improved the quality of the manuscript. Most of the authors are part of
the Marine Conservation research group (2009 SGR 1174) from the Generalitat de Catalunya.

Author Contributions
Conceived and designed the experiments: RAM CL JG JBL. Performed the experiments: RAM
JBL. Analyzed the data: RAM CL JBL. Contributed reagents/materials/analysis tools: CL JG EB
EC DD. Wrote the paper: RAM CL JG AA EB EC DD JBL.

References
1.

Kelleher G. Guidelines for marine protected areas. Gland, Switzerland and Cambridge, UK. 1999

2.

Harrison HB, Williamson DH, Evans RD, Almany GR, Thorrold SR, Russ GR, et al. Larval export from
marine reserves and the recruitment benefit for fish and fisheries. Curr Biol. 2012; 22: 1023–1028.
doi: 10.1016/j.cub.2012.04.008 PMID: 22633811

3.

Roberts C. Marine ecology: Reserves do have a key role in fisheries. Curr Biol. 2012; 22: 444–446.

4.

Beger M, Jones GP, Munday PL. Conservation of coral reef biodiversity: A comparison of reserve selection procedures for corals and fishes. Biol Conserv. 2003; 111: 53–62.

5.

Jones CG, Lawton JH, Shachak M. Organisms as ecosystem engineers. Oikos. 1994; 69: 373–386.

6.

Cerrano C, Danovaro R, Gambi C, Pusceddu A, Riva A, Schiaparelli S. Gold coral (Savalia savaglia)
and gorgonian forests enhance benthic biodiversity and ecosystem functioning in the mesophotic
zone. Biodivers Conserv. 2009; 19: 153–167.

7.

Palumbi SR, Sandifer PA, Allan JD, Beck MW, Fautin DG, Fogarty MJ, et al. Managing for ocean biodiversity to sustain marine ecosystem services. Front Ecol Environ. 2009; 7: 204–211.

8.

Underwood JN, Wilson SK, Ludgerus L, Evans RD. Integrating connectivity science and spatial conservation management of coral reefs in North-West Australia. J Nat Conserv. 2013; 21: 163–172.

9.

Allendorf F, Luikart G. Conservation and the genetics of populations. Okford: Blackwell Publishing.
2007.

10.

Palumbi SR. Population genetics, demographic connectivity, and the design of marine reserves. Ecol
Appl. 2003; 13: S146–S158.

11.

Lowe WH, Allendorf FW. What can genetics tell us about population connectivity? Mol Ecol. 2010; 19:
3038–3051. doi: 10.1111/j.1365-294X.2010.04688.x PMID: 20618697

PLOS ONE | DOI:10.1371/journal.pone.0119585 March 16, 2015

15 / 19

Genetics, Demography and Marine Habitat-Forming Species

12.

Charlesworth B, Charlesworth D, Barton NH. The effects of genetic and geographic structure on neutral variation. Annu Rev Ecol Evol Syst. 2003; 34: 99–125.

13.

Stockwell CA, Hendry AP, Kinnison MT. Contemporary evolution meets conservation biology. Trends
Ecol Evol. 2003; 18: 94–101.

14.

Palumbi SR. Marine reserves and ocean neighborhoods: The spatial scale of marine populations and
their management. Annu Rev Environ Resour. 2004; 29: 31–68.

15.

Hare MP, Nunney L, Schwartz MK, Ruzzante DE, Burford M, Waples RD, et al. Understanding and
estimating effective population size for practical application in marine species management. Conserv
Biol. 2011; 25: 438–449. doi: 10.1111/j.1523-1739.2010.01637.x PMID: 21284731

16.

Hellberg ME. Gene flow and isolation among populations of marine animals. Annu Rev Ecol Evol
Syst. 2009; 40: 291–310.

17.

Lande R. Genetics and demography in biological conservation. Science. 1988; 241: 1455–1460.
PMID: 3420403

18.

Ferrière R, Dieckmann U, Couvet D. Evolutionary conservation biology. Cambridge: Cambridge University Press. 2004

19.

Hairston NG, Ellner SP, Geber MA, Yoshida T, Fox JA. Rapid evolution and the convergence of ecological and evolutionary time. Ecol Lett. 2005; 8: 1114–1127.

20.

Pelletier F, Clutton-Brock T, Pemberton J, Tuljapurkar S, Coulson T. The evolutionary demography of
ecological change: Linking trait variation and population growth. Science. 2007; 315: 1571–1574.
PMID: 17363672

21.

Farkas TE, Mononen T, Comeault AA, Hanski I, Nosil P. Evolution of camouflage drives rapid ecological change in an insect community. Curr Biol. 2013; 23: 1835–1843. doi: 10.1016/j.cub.2013.07.067
PMID: 24055155

22.

Oostermeijer JGB, Luijten SH, den Nijs JCM. Integrating demographic and genetic approaches in
plant conservation. Biol Conserv. 2003; 113: 389–398.

23.

Lamy T, Pointier JP, Jarne P, David P. Testing metapopulation dynamics using genetic, demographic
and ecological data. Mol Ecol. 2012; 21: 1394–1410. doi: 10.1111/j.1365-294X.2012.05478.x PMID:
22332609

24.

Knaepkens G, Bervoets L, Verheyen E, Eens M. Relationship between population size and genetic diversity in endangered populations of the european bullhead (Cottus gobio): Implications for conservation. Biol Conserv. 2004; 115: 403–410.

25.

Bodkin JL, Ballachey BE, Cronin MA, Scribner KT. Population demographics and genetic diversity in
remnant and translocated populations of sea otters. Conserv Biol. 1999; 13: 1378–1385.

26.

Gaggiotti OE, Bekkevold D, Jørgensen HBH, Foll M, Carvalho GR, Andre C, et al. Disentangling the
effects of evolutionary, demographic, and environmental factors influencing genetic structure of natural populations: Atlantic herring as a case study. Evolution. 2009; 63: 2939–2951. doi: 10.1111/j.
1558-5646.2009.00779.x PMID: 19624724

27.

Palkovacs EP, Hasselman DJ, Argo EE, Gephard SR, Limburg KE, Post DM, et al. Combining genetic
and demographic information to prioritize conservation efforts for anadromous alewife and blueback
herring. Evol Appl. 2014; 7: 212–226. doi: 10.1111/eva.12111 PMID: 24567743

28.

Linares C, Coma R, Garrabou J, Díaz D, Zabala M. Size distribution, density and disturbance in two
mediterranean gorgonians: Paramuricea clavata and Eunicella singularis. J Appl Ecol. 2008; 45: 688–
699.

29.

Teixidó N, Garrabou J, Harmelin JG. Low dynamics, high longevity and persistence of sessile structural species dwelling on Mediterranean coralligenous outcrops. PLoS One. 2011; 6: e23744. doi: 10.
1371/journal.pone.0023744 PMID: 21887308

30.

Foster KA, Foster G. Demography and population dynamics of massive coral communities in adjacent
high latitude regions (United Arab Emirates). PLoS One. 2013; 8: e71049. doi: 10.1371/journal.pone.
0071049 PMID: 23990923

31.

Ledoux JB, Mokhtar-Jamaï K, Roby C, Féral JP, Garrabou J, Aurelle D. Genetic survey of shallow
populations of the Mediterranean red coral [Corallium rubrum (Linnaeus, 1758)]: New insights into
evolutionary processes shaping nuclear diversity and implications for conservation. Mol Ecol. 2010;
19: 675–690. doi: 10.1111/j.1365-294X.2009.04516.x PMID: 20074314

32.

Dailianis T, Tsigenopoulos CS, Dounas C, Voultsiadou E. Genetic diversity of the imperilled bath
sponge Spongia officinalis (Linnaeus, 1759) across the Mediterranean Sea: Patterns of population differentiation and implications for taxonomy and conservation. Mol Ecol. 2011; 20: 3757–3772. doi: 10.
1111/j.1365-294X.2011.05222.x PMID: 21880083

33.

Mokhtar-Jamaï K, Pascual M, Ledoux JB, Coma R, Féral JP, Garrabou J, et al. From global to local
genetic structuring in the red gorgonian Paramuricea clavata: The interplay between oceanographic

PLOS ONE | DOI:10.1371/journal.pone.0119585 March 16, 2015

16 / 19

Genetics, Demography and Marine Habitat-Forming Species

conditions and limited larval dispersal. Mol Ecol. 2011; 20: 3291–3305. doi: 10.1111/j.1365-294X.
2011.05176.x PMID: 21762434
34.

Slobodkin L. Growth and regulation of animal populations. New York: Holt, Rinehart and Winston.
1961.

35.

Pelletier F, Garant D, Hendry AP. Eco-evolutionary dynamics. Philos Trans R Soc Lond B Biol Sci.
2009; 364: 1483–1489. doi: 10.1098/rstb.2009.0027 PMID: 19414463

36.

Hendry AP. Eco-evolutionary dynamics: Community consequences of (mal)adaptation. Curr Biol.
2013; 23: 869–871.

37.

Ballesteros E. Mediterranean coralligenous assemblages: A synthesis of present knowledge. Ocean
Mar Biol Annu Rev. 2006; 44: 123–195.

38.

Niklas KJ, Midgley JJ, Hand RH. Tree size frequency distributions, plant density, age and community
disturbance. Ecol Lett. 2003; 6: 405–411.

39.

Wesseling I, Uychiaoco AJ, Aliño PM, Vermaat JE. Partial Mortality in Porites Corals: Variation
among Philippine Reefs. Internat Rev Hydrobiol. 2001; 86: 77–85.

40.

Hughes TP, Jackson, JBC. Do corals lie about their age? Some demographic consequences of partial
mortality, fission and fusion. Science. 1980; 209: 713–715. PMID: 17821194

41.

Garrabou J, Coma R, Bensoussan N, Bally M, Chevaldonné P, Cigliano M, et al. Mass mortality in
Northwestern Mediterranean rocky benthic communities: Effects of the 2003 heat wave. Glob Chang
Biol. 2009; 15: 1090–1103.

42.

Coma R, Ribes M, Serrano E, Jiménez E, Salat J, Pascual J. Global warming-enhanced stratification
and mass mortality events in the mediterranean. Proc Natl Acad Sci. 2009; 106: 6176–6181. doi: 10.
1073/pnas.0805801106 PMID: 19332777

43.

Coma R, Ribes M, Zabala M, Gili J-M. Reproduction and cycle of gonadal development in the Mediterranean gorgonian Paramuricea clavata. Mar Ecol Prog Ser. 1995; 117: 173–183.

44.

Coma R, Ribes M, Zabala M, Gili J-M. Growth in a modular colonial marine invertebrate. Estuar Coast
Shelf Sci. 1998; 47: 459–470.

45.

Linares C, Doak DF, Coma R, Diaz D, Zabala M. Life history and viability of a long-lived marine invertebrate: The octocoral Paramuricea clavata. Ecology. 2007; 88: 918–928. PMID: 17536708

46.

Coma R, Zabala M, Gili JM. Sexual reproductive effort in the Mediterranean gorgonian Paramuricea
clavata. Mar Ecol Prog Ser. 1995; 117: 185–192.

47.

Cupido R, Cocito S, Barsanti M, Sgorbini S, Peirano A, Santangelo G. Unexpected long-term population dynamics in a canopy-forming gorgonian coral following mass mortality. Mar Ecol Prog Ser. 2009;
394: 195–200.

48.

Jones GP, Srinivasan M, Almany GR. Population connectivity and conservation of marine biodiversity. Oceanography. 2007; 20: 100–111.

49.

Almany GR, Connolly SR, Heath DD, Hogan JD, Jones GP, McCook LJ, et al. Connectivity, biodiversity conservation and the design of marine reserve networks for coral reefs. Coral Reefs. 2009; 28:
339–351.

50.

Mokhtar-Jamaï K, Coma R, Wang J, Zuberer F, Féral J-P, Aurelle D. Role of evolutionary and ecological factors in the reproductive success and the spatial genetic structure of the temperate gorgonian
Paramuricea clavata. Ecol Evol. 2013; 3: 1–15.

51.

Mol Ecol Resources Primer Development Consortium, Aurelle D, Baker AJ, Bottin L, Brouat C, Caccone A, et al. Permanent genetic resources added to the Molecular Ecology Resources database 1
february 2010–31 march 2010. Mol Ecol Resour. 2010; 10: 751–754. doi: 10.1111/j.1755-0998.2010.
02871.x PMID: 21565086

52.

Agell G, Rius M, Pascual M. Isolation and characterization of eight polymorphic microsatellite loci for
the Mediterranean gorgonian Paramuricea clavata. Conserv Genet. 2009; 10: 2025–2027.

53.

Toonen RJ, Hughes S. Increased throughput for fragment analysis on an abi prism 377 automated sequencer using membrane comb and strand software. Biotechniques. 2001; 31: 1320–1324. Available:
http://www.vgl.ucdavis.edu/STRand. Accessed 2014 Feb 17. PMID: 11768661

54.

Linares C, Coma R, Diaz D, Zabala M, Hereu B, Dantart L. Immediate and delayed effects of a mass
mortality event on gorgonian population dynamics and benthic community structure in the NW Mediterranean Sea. Mar Ecol Prog Ser. 2005; 305: 127–137.

55.

Nei M. Analysis of gene diversity in subdivided populations. Proc Natl Acad Sci. 1973; 70: 3321–
3323. PMID: 4519626

56.

Belkhir K, Borsa P, Chikhi L, Raufaste N, Bonhomme F. Genetix 4.05, logiciel sous windowstm pour
la génétique des populations. Montpellier: Laboratoire Génome, Populations, Interactions, CNRS

PLOS ONE | DOI:10.1371/journal.pone.0119585 March 16, 2015

17 / 19

Genetics, Demography and Marine Habitat-Forming Species

UMR 5000, Université de Montpellier II. 1996–2004. Available: http://kimura.univ-montp2.fr/genetix/.
Accessed 2014 Jun 17.
57.

Goudet J. Fstat, a program to estimate and test gene diversities and fixation indices (version 2.9.3).
2002. Available: http://www.unil.uh/izea/softwares/fstat.html. Accessed 2014 Oct 16. Updated from
Goudet J, 1995.

58.

Kalinowski ST. Hp-Rare 1.0: A computer program for performing rarefaction on measures of allelic
richness. Mol Ecol Notes. 2005; 5: 187–189.

59.

Weir BS, Cockerman CC. Estimating F-statistics for the analysis of population structure. Evolution.
1984; 38: 1358–1370.

60.

Rousset F. Genepop’007: A complete re-implementation of the Genepop software for Windows and
Linux. Mol Ecol Resour. 2008; 8: 103–106. doi: 10.1111/j.1471-8286.2007.01931.x PMID: 21585727

61.

Gaggiotti OE, Foll M. Quantifying population structure using the F-model. Mol Ecol Resour. 2010; 10:
821–830. doi: 10.1111/j.1755-0998.2010.02873.x PMID: 21565093

62.

Foll M, Gaggiotti O. Identifying the environmental factors that determine the genetic structure of populations. Genetics. 2006; 174: 875–891. PMID: 16951078

63.

Mora MS, Mapelli FJ, Gaggiotti OE, Kittlein MJ, Lessa EP. Dispersal and population structure at different spatial scales in the subterranean rodent Ctenomys australis. BMC Gene. 2010; 11: 9–9.

64.

Falush D, Stephens M, Pritchard JK. Inference of population structure using multilocus genotype
data: Linked loci and correlated allele frequencies. Genetics. 2003; 164: 1567–1587. PMID:
12930761

65.

Nicholson G, Smith AV, Jonsson F, Gustafsson O, Stefansson K, Donnelly P. Assessing population
differentiation and isolation from single-nucleotide polymorphism data. J R Stat Soc Series B Stat
Methodol. 2002; 64: 695–715.

66.

Rousset F. Genetic differentiation and estimation of gene flow from F-statistics under isolation by distance. Genetics. 1997; 145: 1219–1228. PMID: 9093870

67.

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155: 945–959. PMID: 10835412

68.

Hubisz MJ, Falush D, Stephens M, Pritchard JK. Inferring weak population structure with the assistance of sample group information. Mol Ecol Resour. 2009; 9: 1322–1332. doi: 10.1111/j.1755-0998.
2009.02591.x PMID: 21564903

69.

Falush D, Stephens M, Pritchard JK. Inference of population structure using multilocus genotype
data: Dominant markers and null alleles. Mol Ecol Notes. 2007; 7: 574–578. PMID: 18784791

70.

Pritchard JK, Stephens M, Falush D. Documentation for the Structure software, version 2, Chicago.
2007. Available: http://pritch.bds.uchicago.edu. Accessed 2013 Sep 26.

71.

Jakobsson M, Rosenberg NA. Clumpp: A cluster matching and permutation program for dealing with
label switching and multimodality in analysis of population structure. Bioinformatics. 2007; 23: 1801–
1806. PMID: 17485429

72.

Rosenberg NA. Distruct: A program for the graphical display of population structure. Mol Ecol Notes.
2004; 4: 137–138.

73.

Excoffier L, Lischer HEL. Arlequin suite ver 3.5: A new series of programs to perform population genetics analyses under linux and windows. Mol Ecol Resour. 2010; 10: 564–567. doi: 10.1111/j.17550998.2010.02847.x PMID: 21565059

74.

Paetkau D, Slade R, Burden M, Estoup A. Genetic assignment methods for the direct, real-time estimation of migration rate: A simulation-based exploration of accuracy and power. Mol Ecol. 2004; 13:
55–65. PMID: 14653788

75.

Wilson GA, Rannala B. Bayesian inference of recent migration rates using multilocus genotypes. Genetics. 2003; 163: 1177–1191. PMID: 12663554

76.

Rannala B. Bayesass edition 3.0 user´s manual. 2007. Available: http://www.rannala.org. Accessed
2014 Nov 12.

77.

Piry S, Alapetite A, Cornuet JM, Paetkau D, Baudouin L, et al. Geneclass2: A software for genetic assignment and first-generation migrant detection. J Hered. 2004; 95: 536–539. PMID: 15475402

78.

Rannala B, Mountain JL. Detecting immigration by using multilocus genotypes. Proc Natl Acad Sci.
1997; 94: 9197–9201. PMID: 9256459

79.

Cornuet JM, Piry S, Luikart G, Estoup A, Solignac M. New methods employing multilocus genotypes
to select or exclude populations as origins of individuals. Genetics. 1999; 153: 1989–2000. PMID:
10581301

80.

Loiselle BA, Sork VL, Nason J, Graham C. Spatial genetic structure of a tropical understory shrub,
Psychotria officinalis (Rubiaceae). Am J Bot. 1995; 82: 1420–1425.

PLOS ONE | DOI:10.1371/journal.pone.0119585 March 16, 2015

18 / 19

Genetics, Demography and Marine Habitat-Forming Species

81.

Hardy O, Vekermans X. Spagedi 1.4 user´s manual. 2013. Available: http://ebe.ulb.ac.be/ebe/
spagedi.html. Accessed 2013 Dec 7.

82.

Hardy OJ, Vekemans X. Spagedi: A versatile computer program to analyse spatial genetic structure
at the individual or population levels. Mol Ecol Notes. 2002; 2: 618–620.

83.

Iacchei M, Ben-Horin TAL, Selkoe KA, Bird CE, García-Rodríguez FJ, Toonen RJ. Combined analyses of kinship and FST suggest potential drivers of chaotic genetic patchiness in high gene-flow populations. Mol Ecol. 2013; 22: 3476–3494. doi: 10.1111/mec.12341 PMID: 23802550

84.

Da Tallmon, Koyuk A, Luikart G, Beaumont MA. ONeSAMP: A program to estimate effective population size using approximate bayesian computation. Mol Ecol Resour. 2008; 8: 299–301. doi: 10.1111/
j.1471-8286.2007.01997.x PMID: 21585773

85.

Beaumont MA. 2MOD. Available: http://www.maths.bris.ac.uk/*mamab/software/. Accessed 2014
Mar 25.

86.

Benjamini Y, Hochberg Y. Controlling the false discovery rate: A practical and powerful approach to
multiple testing. J R Stat Soc Series B Stat Methodol. 1995; 57: 289–300.

87.

Gori A, Rossi S, Linares C, Berganzo E, Orejas C, Dale MRT, et al. Size and spatial structure in deep
versus shallow populations of the Mediterranean gorgonian Eunicella singularis (Cap de Creus, Northwestern Mediterranean Sea). Mar Biol. 2011; 158: 1721–1732.

88.

Aurelle D, Ledoux JB, Rocher C, Borsa P, Chenuil A, Féral J-P. Phylogeography of the red coral (Corallium rubrum): Inferences on the evolutionary history of a temperate gorgonian. Genetica. 2011; 139:
855–869. doi: 10.1007/s10709-011-9589-6 PMID: 21739159

89.

Aurelle D, Ledoux J-B. Interplay between isolation by distance and genetic clusters in the red coral
Corallium rubrum: Insights from simulated and empirical data. Conserv Genet. 2013; 14: 705–716.
doi: 10.1186/1471-2164-14-705 PMID: 24125525

90.

Castric V, Bernatchez L. Individual assignment test reveals differential restriction to dispersal between
two salmonids despite no increase of genetic differences with distance. Mol Ecol. 2004; 13: 1299–
1312. PMID: 15078465

91.

Hauser L, Carvalho GR. Paradigm shifts in marine fisheries genetics: Ugly hypotheses slain by beautiful facts. Fish Fish. 2008; 9: 333–362.

92.

Serbezov D, Jorde PE, Bernatchez L, Olsen EM, Vøllestad LA. Short-term genetic changes: Evaluating effective population size estimates in a comprehensively described brown trout (Salmo trutta) population. Genetics. 2012; 191: 579–592. doi: 10.1534/genetics.111.136580 PMID: 22466040

93.

Mayr E. Systematics and the origin of species. New York: Columbia University Press. 1942 p.

94.

Frankham R. Genetics and extinction. Biol Conserv. 2005; 126: 131–140.

95.

Pearson GA, Lago-Leston A, Mota C. Frayed at the edges: Selective pressure and adaptive response
to abiotic stressors are mismatched in low diversity edge populations. J Ecol. 2009; 97: 450–462.

96.

Lynch M, Lande R. Evolution and extinction in response to environmental change. In: Kareiva JKP,
Huey R, editors. Biotic interactions and global change. Sunderland: Sinauer Assocs., Inc. 1993. pp.
234–250.

97.

Husband BC, Barrett SC. Effective population size and genetic drift in Tristylous eichhornia paniculata
(Pontederiaceae). Evolution. 1992; 46: 1875–1890.

98.

Ardren WR, Kapuscinski AR. Demographic and genetic estimates of effective population size (Ne) reveals genetic compensation in Steelhead trout. Mol Ecol. 2003; 12: 35–49. PMID: 12492876

99.

Crandall KA, Bininda-Emonds ORP, Mace GM, Wayne RK. Considering evolutionary processes in
conservation biology. Trends Ecol Evol. 2000; 15: 290–295. PMID: 10856956

100.

Roberts JM, Wheeler AJ, Freiwald A. Reefs of the deep: The biology and geology of cold-water coral
ecosystems. Science. 2006; 312: 543–547. PMID: 16645087

PLOS ONE | DOI:10.1371/journal.pone.0119585 March 16, 2015

19 / 19

