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Abstract

Current efforts to halt the decline of biodiversity are based primarily on protecting species richness. This narrow focus over-
looks key components of biological diversity, particularly the infra-species genetic diversity, which is critical to consider with
respect to genetic adaptation in changing environments. While comparative population genetics is recognized as a relevant
approach to improve biodiversity management, it is still barely considered in practice. Here, a comparative population genetics
study was conducted on two key habitat-forming octocoral species, Corallium rubrum and Paramuricea clavata, to contribute
to management of two Marine Protected Areas (MPAs) in the northwestern Mediterranean. Contrasting patterns of genetic
diversity and structure were observed in the two species, although they share many common biological features and live in
similar habitats. Differential genetic drift effects induced by species-specific reproductive strategies and demographic histories
most likely explain these differences. The translation of our results into management strategies supports the definition of
four management units. We identified a coldspot of genetic diversity, with genetically isolated populations, and a hotspot of
genetic diversity that has a central role in the system’s connectivity. Interestingly, they corresponded to the most recent and
the oldest protected areas, respectively. This case study shows how moving from a “species pattern” perspective to an “eco-
evolutionary processes” perspective can help assess and contribute to the effectiveness of biodiversity management plans.

Keywords Mediterranean sea - Marine protected area - Habitat forming corals - Comparative population genetics -
Conservation prioritization

Introduction unprecedented and calls for ambitious conservation efforts.

The Convention on Biological Diversity (CBD) Aichi Tar-

Global change is driving substantial marine biodiversity
changes worldwide, altering the relationship between nature
and people (Diaz et al. 2015), and resulting in detrimental
social, cultural and economic consequences (IPBES, 2019;
IPCC, 2021). The documented decline in biodiversity is
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get 11 (https://www.cbd.int/decision/cop/default.shtml?id=
13365) was adopted to protect at least 10% of coastal and
marine areas by 2020. This objective has not been reached
(Claudet et al. 2020). However, the existing marine protected
areas (MPAs) have already proved to benefit marine conser-
vation (Magris et al. 2018), fisheries management (Gaines
et al. 2010) and in some cases, to mitigate the impact of
climate change (Alvarez-Romero et al. 2018). In addition,
research dedicated to MPAs leaped forward, improving our
abilities to design, manage and improve their functioning
(Baskett and Barnett 2015).

Besides an effective enforcement, the benefits of MPAs
rely on an accurate understanding of the processes shaping
and maintaining biodiversity patterns (Sale et al. 2005).
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Infra-specific genetic diversity is a pillar of biodiversity
that enables natural populations’ responses to environmental
changes (Hoban et al. 2020; Figuerola et al. 2023). The spa-
tial patterns of genetic diversity result from complex interac-
tions between ecological and evolutionary processes (e.g.,
genetic drift, natural selection, reproduction; see Schoener
2011). These processes and their interactions are dynamic
over space and time in response to historical and contempo-
rary biotic (e.g., life history attributes) and abiotic factors
(e.g., physical barriers). While crucial for effective manage-
ment of biodiversity, their inferences remain quite challeng-
ing. In this regard, comparative population genetics among
species with contrasting life histories across similar areas
offers a robust framework, which can be used to improve
MPAs management (e.g., Lukoschek et al. 2016). This is
particularly true when it comes to the need to understand the
spatial scale and drivers of connectivity within and among
MPAs as well as between MPAs and neighboring unpro-
tected areas (Magris et al. 2018). Yet, patterns of genetic
diversity and underlying processes remain overlooked by
biodiversity managers, potentially restricting the benefits of
existing protected areas (Hoban et al. 2020).

The Mediterranean Sea is a striking example of the chal-
lenges faced when aiming to protect marine biodiversity.
The Mediterranean is indeed both a hotspot of biological
diversity (Coll et al. 2010) and a hotspot of anthropogenic
pressures (Cramer et al. 2018). More than 1,100 MPAs, rep-
resenting 6.5% of the sea surface, are reported in the Medi-
terranean but most of them are weakly enforced with only
76 (0.04% of the sea surface) fully protected areas (Claudet
et al. 2020). Different studies addressed the potential benefits
of these MPAs, yet mainly focused on a large geographic
scale (i.e., whole Mediterranean basin) and particular taxa,
notably commercial fishes (e.g., Blowes et al. 2019). In con-
trast, little is known about the functioning of those protected
areas at a regional scale and for ecologically important spe-
cies, such as habitat-forming species (but see Gazulla et al.
2021; Ledoux et al. 2021). Because they increase habitat
complexity with positive effects on the associated commu-
nity (Gémez-Gras et al. 2021), habitat-forming species are
highly relevant targets in conservation biology (Palumbi
2009).

Here, we aim to demonstrate how comparative popula-
tion genetics focused on ecologically key species can pro-
vide inputs for the management of protected area. As a case
study, we focused on two habitat-forming octocorals, the
red coral, Corallium rubrum, and the red gorgonian, Para-
muricea clavata in two MPAs, the “Parc natural del Cap
de Creus” and the “Parc natural Montgri, les Illes Medes i
Baix Ter,” located 20 km apart on the Catalan coast, of the
northwestern Mediterranean Sea. Both species are particu-
larly relevant for biodiversity management, considering their
role in providing structure for rich species diversity found in
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coralligenous communities (> 1,600 sp.; Ballesteros 2006).
Based on an overlapping sampling (i.e. same localities), we:
1) characterized the patterns of spatial genetic diversity and
structure in the two species, 2) inferred the levels of genetic
isolation and 3) reconstructed the demographic history of
each sampling site.

Material and methods

Case studies: marine protected areas and model
species

The Parc natural del Montgri, les Illes Medes i Baix Ter
was established in 2010 with a marine part covering more
than 2,000 ha. It includes a few kilometers of coastal area,
the Montgri coastal area (MCA) and the archipelago of the
Medes Islands (MI). The archipelago was established as a
marine reserve in 1983, with a 94-ha no-take reserve. The
Parc Natural del Cap de Creus was established more recently,
in 1998, covering almost 3,000 ha. We distinguished two
different areas, the northern part of Cap de Creus (NPCC)
and the southern part of Cap de Creus (SPCC) given their
contrasting environmental conditions (Fig. 1). Contrasting
management policies characterize the two MPAs. Around
the Medes Islands, fishing is totally banned, while artisanal
and recreational fishing are allowed in the Montgri coastal
area and in the Parc Natural del Cap de Creus. In addition,
while diving is permitted in the two MPAs, the impact of
recreational diving on biodiversity in the Medes Islands is a
matter of concern (Linares et al. 2010).

The red coral, C. rubrum, and the red gorgonian, P.
clavata, show a patchy distribution in the Western Mediter-
ranean and neighboring Atlantic. They are gonochoric and
longlived (tens of years) species displaying annual reproduc-
tive cycles, slow population dynamics (Linares et al. 2008;
Torrents et al. 2005), and contrasting modes of reproduction.
While P. clavata is a surface-brooder (Linares et al. 2008;
Torrents and Garrabou 2011) and C. rubrum is an inter-
nal brooder, the two species produce lecithotrophic ciliated
planulae. In aquaria, these larvae display similar median lon-
gevity, around 30 days, but contrasting swimming vs. non-
swimming behaviors for C. rubrum and P. clavata, respec-
tively (Guizien et al. 2020). They are impacted by various
drivers of global change (Linares and Doak 2010), nota-
bly by warming-induced large-scale mass mortality events
(MME; Garrabou et al. 2019). The population genetic struc-
ture of shallow populations has been characterized in the two
species from local (Mokhtar-Jamai et al. 2013; Ledoux et al.
2020) to regional (Ledoux et al. 2018; Gazulla et al. 2021)
and global scales (Aurelle et al. 2011; Mokhtar-Jamai et al.
2011). These studies demonstrated the occurrence of sig-
nificant genetic differentiation among populations separated
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Fig.1 The two Marine Protected Areas, “Park Natural de Cap de
Creus” and “Park Natural del Montgri, Medes Islands and Baix Ter”
on the Catalan coast in the northwestern Mediterranean Sea. The
white arrows specify the four areas (NPCC- northern part of Cap de
Creus, SPCC- southern part of Cap de Creus, MCA- Montgri coastal
area, MI- Medes islands). The yellow arrow delineates the Northern

by tens of meters and complex spatial patterns combining
genetic clusters and isolation by distance at both global and
regional scales. Besides suggesting restricted gene flow
among populations, these studies also supported the occur-
rence of shared genetic discontinuities in the two species at
regional scale.

Sampling, DNA extraction, microsatellite
genotyping, and genetic diversity analyses

The final dataset included 407 individuals from 13 sampling
sites for P. clavata and 450 individuals from 12 sampling
sites for C. rubrum, genotyped with seven and nine micro-
satellites, respectively (Table 1; Fig. 1). These two sets of
markers were developed and used in previous genetic studies
of the two species (e.g., Ledoux et al. 2010, Mokthar-Jamat
etal. 2011). To allow for the most rigorous comparison pos-
sible, both species were sampled at eleven shared or nearby
(tens of meters) sites and, at each site, sampling was per-
formed to cover the entire site. We provide specifics on sam-
pling methods, DNA extraction, microsatellite genotyping,
quality check, tests for linkage disequilibrium and departure
from panmixia in Appendix A.

Computed estimates of genetic diversity include observed
heterozygosity (H,), gene diversity (H,; Nei 1973), rare-
fied (Arg) and private allelic richness (Apg), and inbreeding
coefficient (f estimator of F;g; Weir and Cockerham 1984).
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and Southern parts of Cap de Creus (panel A). The location of the 13
sampling sites of Paramuricea clavata (panel B) and of the 12 sam-
pling sites of Corallium rubrum (panel C) is shown (see Table 1 for
details). For each sampling site in each species, we show the rarefied
allelic richness (Ar(39)) and the gene diversity (H,)

We compared H, and Ar, for each species between the two
MPAs using Wilcoxon signed rank tests.

We determined the statistical power of the two sets
of microsatellites to detect genetic differentiation using
POWSIM4.1 (Ryman & Palm 2006). We conducted simu-
lations considering ten populations with effective size of
5,000 evolving during different numbers of generations (10,
20, 30, 40, 50, 100, 250, 500). These simulations resulted
in eight levels of genetic differentiation among population-
pairs estimated with Nei’s (1987) estimator of pairwise
F¢r(0.001, 0.002, 0.003, 0.004, 0.005, 0.01, 0.025, 0.047).
Those simulated Fgyare within the range of the pairwise Fg,
computed in each species (see Results). The power of each
dataset to detect genetic structure for a given Fg; value was
calculated by the proportion of significant Fisher’s test per
1,000 replicates (see Appendix B).

Pattern of genetic structure

To explore the population genetic structure, we conducted a
clustering analysis with STRUCTURE 2.2 (Pritchard et al.
2000) and a discriminant analysis of principal components
(DAPC, Jombart et al. 2010) using ADEGENET (Jombart
2008), which are described in Appendix C.

In addition, we characterized the congruence of the spa-
tial genetic patterns of P. clavata and C. rubrum using mul-
tiple factor analysis (MFA) focusing on the 11 sampling sites
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Table 1 Characteristics of the samples

Species MPA Area

Location name Name Depth (m) Latitude Longitude N

Corallium rubrum
Creus (NPCC)

Southern Part of Cap de

Creus (SPCC)

Montgri, Medes Islands
and Baix Ter Natural
Parc

Montgri Coastal Area

(MCA)

Paramuricea clavata Cap de Creus Natural Park Northern Part of Cap de

Creus (NPCC)

Southern Part of Cap de

Creus (SPCC)

Montgri, medes islands
and Baix Ter Natural
Parc

Montgri Coastal Area

(MCA)

Cap de Creus Natural Park Northern Part of Cap de

Medes Islands (MI)

Medes Islands (MI)

Portal6 POR 35-40 42.3331 3.2857 34
Fullola FUL 24 42.3302 3.2966 23
Punta Culip CUL 18 42.3252 33111 40
El Gat Nord GAT 30-35 42.2387 3.2655 45
Punta Falconera ~ FAL  30-35 422325 3.2189 47
Pedra de Déu DEU 45 42.0501 3.2248 30
Potal del Llop LOP 35 42.0497 3.2254 48
Dofi DFI 33 42.0439 3.2264 45
Tascé Petit TAP 40 42.0410 3.2270 41
Cap Castell CAS 22 42.0815 3.2024 40
Paieta PAI  17-20 42.0641 3.2121 30
Punta Salinas SAL 20 42.0614 3.2142 35
Portal6 POR 20-23 42.3331 3.2857 25
Fullola FUL 20 42.3302 3.2966 34
L'Encalladora ENC 18 423214 3.3212 30
El Gat GAT 20 42.2387 3.2655 32

Punta Falconera  FAL 25
Carall Bernat CAB 15
Parcela Carall PCG 15

42.2325 3.2189 41
42.0422 3.2282 30
42.0420 3.2279 30

Pota del Llop LOP 20 42.0497 3.2254 29
Tasc6 Gran TGA 15 42.0422 3.2269 30
Vaca VAC 23 42.0481 3.2263 38
Punta Salinas SAL 22 42.0614 3.2142 37
Cap d'Utrera CDU 20-25 42.0689 3.2120 28

Puig de la Sardina PGS~ 20-25 42.0738 3.2083 28

common to both species (i.e., excluding DEU for C. rubrum
and PCG and VAC for P. clavata). MFA is a canonical ordi-
nation method for summarizing and visualizing correlations
among several matrices based on their individual PCAs. The
contribution of all the matrices defines the distance between
populations (Borcard et al. 2018). For each species, allele
frequencies were scaled using scaleGen function in ADE-
GENET (Jombart 2008). A third matrix of latitude and
longitude was included to account for the spatial location
of each site. Correlations among the three matrices were
described using RV coefficients, a multivariate generaliza-
tion of the squared Pearson’s correlation coefficients. The
MFA among the three matrices and estimation of RV coef-
ficients were conducted in the R package FACTOMINER
(Le et al. 2008).

Secondly, for each sampling site, we calculated the popu-
lation-specific Fg; and 95% High Probability Density Inter-
vals in GESTE (Foll & Gaggiotti 2006) for each sampling
site. This method measures the genetic differentiation proper
to each sampling site and estimates the relative impact of
genetic drift on the differentiation of the considered sam-
pling site relative to the remaining ones.

@ Springer

Third, we looked for isolation by distance (IBD) patterns
and estimated related demographic parameters. We used
GENEPOP 4.1.4 (Rousset 2008) to compute the overall F g,
(Weir & Cockerham 1984) and the pairwise F¢rin each spe-
cies. Because our quality check reveals the occurrence of
null alleles in the two species (see Results), we compared
the values obtained with GENEPOP with those obtained
with the ENA method implemented in FreeNA (Chapuis &
Estoup 2007), using a Mantel test with 10,000 permutations.
Owing to the strong correlation among the two F¢; matri-
ces (see Results), we considered the impact of null alleles
to be limited and conducted the analyses using F¢; from
GENEPOP. Genotypic differentiation between sampling
sites was tested using an exact test (Raymond & Rousset
1995) with default parameters. In each species, the IBD was
tested with a Mantel test in GENEPOP with 10,000 permuta-
tions to test the significance of the correlation between pair-
wise genetic (Fg;/(1 — Fr) and geographic distances (In(d))
among pairs of sampling sites. The geographic distances
were estimated considering the shortest path between sam-
pling sites accounting for the topography (e.g. islands). We
estimated the ‘neighborhood size’, a parameter function of
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the effective dispersal and density, as the inverse of the slope
of the linear regression (Rousset 1997).

Finally, we compared two estimators of genetic differen-
tiation in each species: F¢; and D¢ (Jost 2008). These esti-
mators provide complementary information about genetic
patterns allowing to estimate the relative impact of fixation
(Fgp) vs. allelic differentiation (Dggp) on the differentiation
among sampling sites (Jost et al. 2018). We computed global
and pairwise Dy¢rs in GENODIVE (Meirmans and vanTien-
deren, 2004). First, we compare the impact of allelic differ-
entiation for each species by comparing their mean allelic
differentiations (mean Dgg; over all pairwise comparisons
within a species) using a Welch Two Sample t-test. Then,
we tested whether the strength of fixation differed among
the two species. We thus tested for homogeneity of the
regression slopes among pairwise Fg¢;s and Dpg;s estimates
looking at the interaction term in an ANCOVA framework
(Andrade & Estévez-Pérez 2014). F¢r was modelled as the
dependent variable with species as the factor and Dggs as
the covariate.

Individual-based assignment to sampling sites

Simulation study (Carlson 2008) demonstrated that assign-
ment accuracy can reach 90% with F¢, as low as 0.05, which
is close to the mean Fg; computed in our study for both
species (see Results). Thus, for each species, we conducted
a filtered assignment analysis following Lukoschek et al.
(2016) to compare their relative patterns of demographic
connectivity. This three-step analysis was conducted using
GENECLASS?2 (Piry et al. 2004). First, we identified first-
generation migrants (FGMs) in each species using the
Bayesian criteria of Rannala and Mountain (1997) with
10,000 simulated genotypes and an alpha of 0.01. Then, for
each species considered separately, FGMs were removed
from the dataset and re-assigned to the reference dataset
(i.e. dataset without FGMs). As a third step, migrants were
assigned to a sampling site if their assignment probability
was > 0.1. We allowed for multiple assignments (i.e. one
individual assigned to different sampling sites). A migrant
was considered as coming from an unsampled sampling site
when the assignment probability was lower than 0.1 for all
sampling sites.

Effective population sizes and demographic
histories

We inferred potential past changes in population size for
each sampling site in each species using the model of a sin-
gle population with a single discrete past variation in popu-
lation size implemented in MIGRAINE (Leblois et al. 2014).
The model considers a single panmictic population with an
ancestral population size (N,,.) which suddenly decreased

to its current population size () Tg generations ago, and
infers three scaled parameters: the scaled ancestral popula-
tion size (0,,.=2*N_,.*1), the scaled current population size
(0,,,=2%*N*n) and the scaled time at which the population
size change occurred (T'=T,*u), with p corresponding to
the mutation rate. All population sizes are expressed as the
number of genes. Those parameters are inferred from the
data using the class of coalescent-based importance sam-
pling algorithms (Iorio and Griffiths 2004a, b; Leblois et al.
2014) and accounting for a generalized stepwise-mutation
model (GSM). MIGRAINE also infers pGSM the shape of
the geometric distribution determining the size of stepwise
microsatellite mutations in the GSM. The detection of past
changes in population size is based on the ratio of population
size (N0 =NIN,,.). A N,,,> 1 corresponds to a population
expansion and a N,,;, <1 to a bottleneck / population con-
traction. In C. rubrum, the analyses were conducted exclud-
ing Mic27 due to the intricated mutation model (i.e. eight
loci in total). For the sampling sites with stable population
size (i.e. Ny, =0; see Results), we run the one-population
model in MIGRAINE to estimate the current scaled popu-
lation size (8, =2*N*u). The numbers of trees, points and
iterations are shown in Appendix D. Noteworthy, isolation
by distance (IBD) can affect demographic inferences. Yet,
the relatively weak IBD signal reported for the two species
(neighborhood size > 100 individuals; see Results) combined
to the large sampling scale for each sampling site (i.e., sam-
pling over the whole area) limit the potential impact of IBD
on demographic inferences (see Leblois et al. 2014).

For multiple tests, significance levels were corrected
using a false discovery rate (FDR) correction (Benjamini
and Hochberg 1995).

Results

Linkage disequilibrium. panmixia and genetic
diversity

In P. clavata, significant linkage disequilibrium after false
discovery rate correction was reported between Pcla-14
and Pcla-09 in CDU and between Pcla-a and Pcla-10 in
CSA. The mean frequencies of null alleles per sampling
site were low, between 0.005 for TAG and 0.023 for ENC.
Observed heterozygosity (H,) values were between 0.71
for SAL and ENC and 0.83 for TGA (mean over sampling
sites = SE=0.76 +0.04). The gene diversity (H,) ranged
between 0.73 (PGS and CDU) and 0.83 (LOP and PGC)
(mean over sampling sites + SE=0.78 +0.04). The f esti-
mator of Fjg varied between —0.02 (TGA) and 0.07 (ENC)
(mean over sampling sites + SE=0.03 +0.03). No significant
departure from panmixia was observed based on exact tests
in any sampling site. The lowest and highest values of Ar 3,

@ Springer



Conservation Genetics

were observed for GAT (6.39) and PCG (9.40) (mean Ar,;,
over sampling sites + SE=8.23 +1.06). The lowest and high-
est values of Ap, ), were observed for TGA (0.09) and FUL
(0.51) (mean Ap;,, over sampling sites £ SE=0.2+0.12)
(see Table A2; Fig. 1).

In C. rubrum, no significant linkage disequilibrium was
observed. The mean frequencies of null alleles per sampling
site were between 0.15 for CAS and 0.22 for FUL with a
mean value over sampling sites =0.18. Yet, estimates of
genetic diversity are robust to such high frequencies of null
alleles (see Chapuis et al. 2008). Observed heterozygosity
values (H,) were between 0.45 for GAT and 0.55 for TAP
and DEU (mean over sampling sites + SE=0.52+0.03). The
gene diversity (H,) ranged between 0.71 (FUL and LOP) and
0.78 (POR) (mean over sampling sites + SE=0.74 +0.02).
The f estimator of F;¢ varied between 0.27 (DEU,
LOP, CAS) and 0.40 (GAT) (mean over sampling
sites = SE=0.3 +0.04). The exact tests revealed significant
departure from panmixia in all the sampling sites (after FDR
correction). The lowest and highest values of Ar;,, were

observed for FUL (6.88) and TAP (9.3) (mean Ar;,, over
sampling sites + SE=8.36 +0.72). The lowest and high-
est values of Ap ;) were observed for LOP (0.17) and POR
(0.86) (mean Ap s, over sampling sites + SE=0.43+0.22)
(see Table A2; Fig. 1).

Regarding the comparisons between MPAs for a given
species and among species, the Wilcoxon signed rank tests
did not show any significant differences in the level of
genetic diversity (H, and A, ).

Pattern of genetic structure

The simulations conducted in POWSIM supported the sta-
tistical power of our dataset to detect genetic structure cor-
responding to Fg; equals to 0.005 (see Appendix B). This
value is one order of magnitude lower than the global F;
computed for P. clavata (0.049) and C. rubrum (0.041).

In P. clavata, the Evanno’s method (see Appendix C
Figure C1) identified four different genetic clusters (K=4;
Fig. 2A). These four genetic clusters were concordant with

Table 2 MIGRAINE analyses conducted in the two species, Corallium rubrum and Paramuricea clavata

Species Sample  Time of population change Current population size Ancestral population size Nratio [95% CI]
Tg*u [95% CI] 2N*u[95% CI] 2N, *1[95% CI]
Corallium rubrum POR 3.9[0.7-14.9] 5.9 [4.4-17.3] 1,164 [9.5-3902] 0[0-0.2]
FUL 3.1[2.7-4.3] 0[0-6.9]
CUL 1.4 [0.5-5.2] 4.7 [3.3-6.5] 104.4 [15.7-14878] 0[0-0.3]
GAT 2.4 [0.1-656.2] 4.5[3.4-5.8] 41,509 [4.9-128395] 0[0-1]
FAL 2.6 [0.7-5.6] 4.6 [3.4-6.2] 12,879 [11.9-NA] 0[0-0.4]
DEU 4.9 [3.6-6.7] 0[0-177.5]
LOP 310.02-8.6] 4.7 [3.6-6.1] 17,438 [7.4-NA] 0[0-0.1]
DFI 3.1[0.4-8.9] 4.9 [3.6-6.4] 2,404 [6.8-4560] 0[0-0.1]
TAP 1.6 [0.5-6.9] 6[4.3-8.1] 61.7 [12.6-51496] 0.1 [0-0.1]
CAS 2.210.5-5.6] 3.7[1.8-5] 1,506 [5.9-NA] 01[0-0.3]
PAI 2.4[0.6-6.2] 3.5[2.5-4.8] 18,465 [6.9-NA] 0[0-0.5]
SAL 1.1 [0.5-2.9] 4.5[3.1-6.4] 83.4 [20-666.6] 0.1 [0-0.2]
Paramuricea clavata ~ POR 5.9 [4.2-8.58] 10.2 [0-12,581]
FUL 6.8 [4.9-9.3] 0.7 [0-4,266]
ENC 5.7 [4.1-7.8] 3.8 [0-5,060]
GAT 29[24.2] 0[0-4,839]
FAL 4.7 [3.4-6.5] 60.5 [0-350.3]
CAB 6.4 [4.5-9] 1,142 [0-NA]
PCG 8.8 [6.1-12.5] 691.2 [NA-1,382]
LOP 6.8 [4.8-9.5] 16,151 [0-35,574]
TGA 6.4 [4.5-9] 0[0-24,901]
VAC 6.1 [4.4-8.4] 0.1 [0-13,442]
SAL 0.1 [0.1-4] 0.1 [0.1-2.8] 4.2 [2.8-23.4] 0[0-0.8]
CDhU 3.5[2.4-4.9] 0[0-232.5]
PGS 3.6 [2.5-5.1] 0 [NA-258.8]

Nratio values in bold are significantly lower than 1 corresponding to a population bottleneck (i.e. 95% CI excluding 1), while Nratio values not
bold correspond to a stable population signal with 95% ClIs including 1 (see main text for details)
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ern part of Cap de Creus, SPCC: southern part of Cap de Creus, MI:

the areas corresponding to the northern part of Cap de Creus
(NPCC, mean membership coefficient=0.69) and the south-
ern part of Cap de Creus (SPCC, mean membership coef-
ficient=0.73), the Medes Islands (MI, mean membership
coefficient=0.63) and Montgri (MCA, mean membership
coefficient=0.78).

In C. rubrum, the Evanno’s method (see Appendix C
Figure C1) identified two different genetic clusters (K=2)
that encompassed the individuals from the northern part
of Cap de Creus (NPCC) and GAT (mean membership
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Medes Islands, MCA: Montgri coastal area) are shown below and
above the assignment plots. Thick yellow doted lines delineate main
genetic discontinuities. B Scatter plots of the discriminant analy-
sis of principal components (DAPC). Each dot corresponds to one
individual from each sampling site, which are represented by differ-
ent colors. Inertia ellipses centre on the mean for each location and
include 67% of the sampling points. The area of origin of each sam-
ple sites is shown in the two plot legends (see Table 1 for details)

coefficient=0.81) vs. the remaining individuals (mean
membership coefficient=0.69), except individuals from PAI,
which were almost equally shared between the two clusters.

The DAPC analyses corroborated these results. The
first two axes represented similar levels of the total vari-
ation in the two datasets (47.8% and 49.3% in P. clavata
and C. rubrum, respectively). The scatter plot is more
concordant with a geographic imprint in P. clavata com-
pared to C. rubrum (Fig. 2B). The first axis segregated P.
clavata individuals from Cap de Creus (NPCC + SPCC)
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and Montgri (MCA) with an intermediate position for
Medes Islands (MI). The second axis divided Cap de Creus
(NPCC + SPCC) and Montgri (MCA) from Medes (MI)
sampling sites. In C. rubrum, individuals from CUL/FUL
(Cap de Creus) were separated from the remaining ones
along the first axis with an intermediate position for POR
(Cap de Creus) and PAI (Montgri). Individuals from PAI
(Montgri) and POR/GAT (Cap de Creus) were scattered at
the two extremes of the second axis with all the Medes indi-
viduals in an intermediate position.

Overall, the two analyses supported a stronger geographic
imprint in P. clavata compared to C. rubrum. The STRU
CTURE analyses also revealed a different genetic discon-
tinuity in the two species: Montgri (MCA) vs. remaining
individuals in P. clavata and northern part of Cap de Creus
(NPCC) vs. remaining individuals in C. rubrum (Fig. 2).

The MFA showed a global congruence in the spatial pat-
terns of genetic variation between P. clavata and C. rubrum.
Allele frequencies across sites were significantly correlated
between the two studied species (RV coefficient=0.74,
p-value =0.013). This positive correlation and the similar
strength and direction of the groups of variables “allele fre-
quencies” for C. rubrum and P. clavata confirmed a posi-
tive correlation between those two groups (Fig. 3 inset (ii)).
This positive correlation was also true (but lower) between

Fig.3 Multiple Factorial Analy-
sis (MFA) accounting for the
matrices of allele frequencies in
P. clavata (blue) and C. rubrum
(red) and spatial coordinates
(latitude and longitude; green).
The grey dots correspond to the
MFA centroids. Sampling site
names are shown as in Table 1,
with the sampling sites from

P. clavata dataset between

e C. rubrum
* P. clavata

* Coordinates

SAL

CAS
L (PGS)

%)

the groups of variables “alleles frequencies” and “latitudes/
longitudes” (Fig. 3 inset (ii)). The two species showed a sig-
nificant but moderate correlation between allele frequencies
and spatial location (C. rubrum: RV =0.51, p-value=0.012;
P. clavata: RV =0.56, p-value =0.004). The first dimension
of the MFA differentiated northern from southern sites (i.e.
the two MPAs) explaining 34.7% of the total variance. The
second dimension (16.7% of the total variance) showed a rel-
atively strong genetic differentiation between Medes Islands
and Montgri for P. clavata (blue dots in Fig. 3) despite short
geographic distances (green dots in Fig. 3).

In P. clavata, the lowest population-specific Fgp
was observed for PCG (Medes Island; 0.020 95% CI:
0.001-0.032) whereas GAT (southern Part of Cap
de Creus) showed the highest value (0.105 95% CI:
0.069-0.146). Based on 95% CI, Medes Islands sampling
sites showed significantly lower values than Montgri sam-
pling sites. In C. rubrum, the population-specific Fs
ranged between 0.044 (95% CI: 0.031-0.057) for TAP
(Medes Islands) and 0.122 (95% CI: 0.086-0.156) for
FUL (northern Part of Cap de Creus). The lowest pop-
ulation-specific Fg;s were observed for Medes Islands
sampling sites. Except for FUL from the Northern Part of
Cap de Creus, the population-specific Fg;s in C. rubrum
were more homogeneous compared to P. clavata with

parentheses. Inset (i) shows the
percentage of explained varia-
tion function of the number of
axes. The first 2 axes explained
51.4% of the total variance.
Inset (ii) shows the correlation
among the three matrices (allele
frequencies in the two species
and spatial coordinates) along
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an overlap for most of the 95% CI including those from
Montgri sampling sites (Appendix A, Fig. 4A).

In P. clavata, the exact tests for genotypic differentiation
were significant at the global level and 72 pairwise com-
parisons (92%; see Appendix E). The six non-significant
tests involved pairs of close-by sampling sites from Medes
Islands separated by 36 to 870 m. The pairwise Fg; values
ranged from 2%107* for LOP vs. PCG and 0.141 for GAT vs.
PGS. The correlation among the genetic (Fg;/(1-Fgp)) and
the geographic distance (In(d)) was significant suggesting a
pattern of IBD among the 13 sampling sites (p-value =0.02;
Fig. 4B). The slope of the regression was 0.0078 [95% CI:
0.0054; 0.0101] resulting in a neighborhood size Nb equals
to 128 [95% CI: 99; 185] individuals.

In C. rubrum, the exact tests for genotypic differentiation
were significant at the global level and for all the pairwise
comparisons, even when considering DEU vs. LOP sepa-
rated by only 79 m (see Appendix E). The pairwise Fgs
ranged from 0.01 for FUL vs. CUL and 0.10 for CAS vs.
FUL. The genetic distance (F¢;/(1-Fgp)) and the geographic
distance (In(d)) were significantly correlated suggesting a
pattern of IBD among the 12 sampling sites (p-value=0.03;
Fig. 4B). The slope of the regression was 0.005 [95% CI:
0.0032-0.0081] resulting in a Nb equals to 200 [95% CI:
124-313] individuals.

The Welch t-test supported a significant differ-
ence between the mean pairwise Dggp for C. rubum
(0.13) and the mean pairwise Dy, for P. clavata (0.18)
(p-value =6.8*1075). The study of the homogeneity of the
regression slopes revealed that the interaction (Dggy * spe-
cies) was significant (p-value =0.002). Accordingly, the
slopes of the two regression lines (0.328 for C. rubrum vs.
0.298 for P. clavata) are significantly different, suggesting
differences in the rate of change of pairwise F¢;s function of
Dygrs. For the same Dy, C. rubrum has a higher F¢; than
P. clavata (Fig. 4C).

The pattern of connectivity among sampling sites

In P. clavata, 12 of the 407 individuals (3%) were considered
first-generation migrants (FGMs). PCG and LOP (Medes
Islands, MI) were identified as the main sources of FGMs. One
FGM was identified in ENC, FAL, TGA, VAC, SAL, CDU
and PGS, and two and three were identified CAB and GAT,
respectively. Four sampling sites (POR, FUL, PCG, LOP) did
not show any FGM. Considering assignment probability > 0.1
and allowing for multiple assignments, we successfully assigned
eight FGMs (67%) to seven sampling sites suggesting that one-
third of the FGMs came from unsampled sampling sites. No
migrants were produced by six sampling sites, including the two
sampling sites from the southern part of Cap de Creus (SPCC)
and the three sampling sites from Montgri (MCA).

In C. rubrum, 18 of the 450 individuals (4%) were con-
sidered FGMs. CUL, TAP and SAL did not show any FGM
while one (e.g. FUL) to three (e.g. POR) FGMs were identified
in the remaining sampling sites. Only six (34%) FGMs were
successfully assigned indicating that most of the FGMs came
from unsampled sampling sites. TAP (Medes Islands, MI)
was identified as the primary source of FGMs, while none of
the migrant were produced by seven sampling sites (two from
the southern Cap de Creus [SPCC] and two from Montgri
[MCA)).

Demographic histories and effective population size

In P.clavata, only SAL showed demographic contraction
(Nratio <1) characterized by a T,u (the product of the time of
occurrence in generation with the mutation rate), a 6, (the
current scaled population size) and a 0 ,,,. (the ancestral scaled
population size) equal to 2%107° (95% CI: 6%107—4,037), 0.1
(95% CI: 0.1-4) and 4.2 (95% CI: 2.8-23.4), respectively. The
lack of mutation rate (u) for microsatellites in octocorals pre-
cludes accurate estimations of the unscaled parameters. Yet,
a first approximation can be obtained considering y=5%10"*
estimated in humans (Sun et al. 2012). In this case, the con-
traction occurred 0.004 (95% CI: 0.0012-8,940) generations
ago (7;,), with N equal to 1 individual (95% CI: 1-1,414) and
N,,. equal to 2,103 individuals (95% CI: 1,383-11,720). All
the remaining sampling sites showed demographic stability
with Nratio values encompassing both> 1 and < 1. The effec-
tive population sizes (0) for these demographically stable sites
estimated with the one-population model in MIGRAINE range
from 2.9 (95% CI: 2-4.2) for GAT to 8.8 (6.1-12.8) for PCG.
This corresponds to N ranging from 1,458 individuals (95%
CI: 1,000-2,084) for GAT to 4,415 individuals (3,061-6,290)
for PCG (Appendix D; Table 2).

In contrast, in C. rubrum, all but two sampling sites (FUL
and DEU) showed significant past demographic contraction
(Nratio < 1) with 7;,/4 ranging between 1.1 (95% CI: 0.5-2.9)
for SAL and 3.9 (95% CI: 0.7-14.9) for POR. These demo-
graphic contractions occurred between 2,222 (95% CI:
1,000-5,800) and 7,800 (95% CI: 1,400-29,800) generations
ago for SAL and POR, respectively. The 6, are also relatively
homogeneous ranging from 3.1 (95% CI: 2.1-14.5) for FUL
to 6 (4.3-8.1) for TAP, which corresponds to 6,200 (95% CI:
4,200-29,000) and 12,000 (8,600-16,200) individuals, respec-
tively. Except for SAL (8,,,,.=83.4 [95% CI: 20-666.6]), 6,,,.
showed a plateau with a high likelihood ratio for 6,,. higher
than 20 to 30. While these plateaus limit the estimations of
related point estimates and 95% CI estimations, they point
toward high ancestral effective population sizes with values
higher than N,,,. 10,000 to 15,000 individuals (Appendix D;
Table 2).
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«Fig.4 A Population-specific Fg for P. clavata (left panel) and C.
rubrum (right panel). Each bar corresponds to the 95% highest pos-
terior density interval while the mean value is show with a black
line. The light and dark yellow bars correspond to the sampling sites
from the Northern and Southern Part of Cap de Creus, respectively.
The light and dark blue bars correspond to the sampling sites from
Medes and Mongri, respectively. All values are shown in Appen-
dix A. B Isolation by distance among populations in P. clavata (left
panel) and C. rubrum (right panel). In the two species, the genetic
distance (Fg/(1-Fgr)) among populations is significantly correlated
with the geographic distance (In(d) in m). C Linear regression among
pairwise F¢;s (nearness to fixation) and Dyes (Jost 2008; allelic dif-
ferentiation) considering population pairs in P. clavata (blue) and
C. rubrum (red). The regression slopes are significantly different
between the two species, suggesting that for the same pairwise Dy,
the corresponding Fg; is higher in C. rubrum compared to P. clav-
ata. Inset boxplot shows the mean Dgg; values for each species (p
value <0.001)

Discussion

At a regional scale, previous studies suggested that the
genetic patterns in P. clavata and C. rubrum are under simi-
lar influences of three main components: the origin of the
samples, the occurrence of physical barriers to gene flow
and the geographic distances among sampling site (e.g.,
Aurelle et al. 2011; Cahill et al. 2017). While we formally
confirmed that the spatial genetic patterns are correlated in
the two species (MFA, RV coefficient=0.74), we built upon
the comparative approach to reveal the contrasting impact of
these three components. Linking these contrasts to a differ-
ential effect of genetic drift, we discuss the implications of
our results for managing of the two species in the two MPAs.

Setting the scene: roughly similar but thoroughly
different imprints of geography in the two species

We demonstrated a stronger influence of the origin of the
samples on the genetic pattern in P. clavata compared to C.
rubrum. Indeed, in P. clavata, the four clusters (mean mem-
bership coefficient 0.71) fit the four areas (Medes Islands,
Montgri Coastal Area, northern and southern parts of Cap de
Creus). By contrast, only two diffuse clusters were observed
in C. rubrum separating the northern part of Cap de Creus
from the remaining sampling sites (mean membership coef-
ficient 0.54). This first contrast between the two species is
supported by the slightly higher correlation between allele
frequencies and coordinates in P. clavata compared to C.
rubrum (RV coefficients =0.56 vs. 0.51).

The second contrast relies on the impact of potential phys-
ical barriers to gene flow. Indeed, the four clusters delineated
in P. clavata suggested at least three main genetic discon-
tinuities: northern vs. southern parts of Cap de Creus, Cap
de Creus vs. Medes Islands/Montgri coastal area and Medes
Islands vs. Montgri coastal area. In C. rubrum, the clustering
analyses supported only one primary discontinuity between

the northern part of Cap de Creus and the remaining sam-
pling sites. A formal characterization of these barriers would
require dispersal modelling through Lagrangian simulations
(e.g. Reynes et al. 2021). It is however noteworthy that the
only barrier shared between the two species is separating the
northern and southern parts of Cap de Creus, which is in line
with the highly contrasting oceanological conditions in these
areas. The northern part of Cap de Creus is indeed submitted
to more substantial and recurrent northern winds and near
bottom current than the southern part (Gori et al. 2011).

The third difference observed between the two spe-
cies was in the isolation by distance (IBD) pattern, with a
stronger imprint of the geographic distance between sam-
pling sites for P. clavata than for C. rubrum (R*: 0.24 vs.
0.11). The lower fit of the correlation in C. rubrum is mainly
driven by the high genetic distance existing among close
populations from the same area (e.g. PAI vs. SAL in Mont-
gri). While the 95% CI interval overlapped, the trend toward
a higher regression slope observed in P. clavata compared
to C. rubrum induced the former to be characterized by a
smaller neighborhood size. This result suggests a differential
impact of the two components of the neighborhood size,
the effective dispersal and the effective population density
(Rousset 1997). However, this differential impact came
opposite to the expectations based on characterizations of
spatial genetic structure among individuals in P. clavata and
C. rubrum. Previous studies indeed revealed a higher effec-
tive dispersal in the former [at a scale of a few meters in P.
clavata; Mokthar Jamai et al. (2013) vs. at a scale of a few
centimeters in C. rubrum; Ledoux et al. (2021)]. To solve
this apparent paradox, one should account for the pairwise
genetic differentiations involving sampling sites from Mont-
griin P. clavata, which are inflated compared to the expecta-
tions from the IBD model.

Previous population genetics studies conducted in C.
rubrum and P. clavata identified restricted gene flow among
sampling sites rather than genetic drift as the leading force
underlying the spatial genetic patterns. Restricted gene flow
and connectivity among populations are likely the sources of
the gross similar geographic imprint in the two species. Yet,
the slight differences in gene flow and connectivity among
the two species (e.g. almost similar estimates of neighbor-
hood sizes) fall short of explaining the contrasting impacts
of the sample origins, the barriers to gene flow and the
geographic distances among samples previously discussed.
We discuss below how genetic drift is thus likely to be the
prominent driver of these differences.

The impact of genetic drift on population genetic
structure in Mediterranean octocorals

The trend toward a higher mean population-specific Fg;in C.
rubrum compared to P. clavata (0.064 vs. 0.056) supports a
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stronger effect of genetic drift in C. rubrum. The steeper linear
regression observed among the pairwise D (allelic differen-
tiation; Jost et al. 2018) and Fg, (nearness to fixation; Jost et al.
2018) in C. rubrum compared to P. clavata refines this result.
The corresponding nearness to fixation estimate is higher in
C. rubrum despite similar allelic differentiation. Noteworthy,
the demographic histories of the two species are highly con-
trasted. While we cannot rule out a potential bias due to the
lower number of microsatellites in P.clavata compared to C.
rubrum, all P. clavata sampling sites, except SAL in Montgri,
displayed demographic stability. Yet, 80% of the red coral sam-
pling sites (all but FUL and DEU) were impacted by demo-
graphic contractions occurring in a relatively recent past, as
supported by the lower limit of the 95% CI of the scaled time
of population change (7,*) ranging between 0.02 for LOP
and 0.7 for POR. These values correspond to unscaled times of
population change ranging between 40 and 1,400 generations
for LOP and POR, respectively. Demographic stability in P.
clavata was already observed in populations from the Adriatic
Sea (Ledoux et al. 2018). In spite of their contrasting demo-
graphic histories, the two species showed relatively similar
current scaled population size (6,,,), which can be approximate
to a few thousand individuals (unscaled effective population
sizes from 1 to 4,415 in P. clavata and from 1,535 to 2,988 in
C. rubrum). Interestingly, almost all the lowest values in the
two species are observed in the sampling sites from Montgri,
supporting the particular features of this area. In the remain-
ing sites, while the 95% CI are overlapping, our data suggests
a trend toward slightly lower current scaled population sizes
and, accordingly, higher genetic drift in C. rubrum compared
to P. clavata. The unscaled effective population sizes and times
of population change discussed here were computed consid-
ering the microsatellite mutation rate in humans (u=5*%107%;
Sun et al. 2012). To refine these estimations, the microsatellite
mutation rate in octocorals is needed.

Genetic drift is usually underrated in marine species
owing to their assumed large effective population size
(Riquet et al. 2016). However, many studies focused on
effective population size had been done on long-dispersers,
such as bentho-pelagic invertebrates displaying long lar-
val phases, which is not a property of our study species.
Our results, combined with previous studies (e.g., Crisci
et al. 2017; Masmoudi et al. 2016), strengthened the need
to reconsider the role of this evolutionary process in low-
dispersive habitat-forming species, such as in the Mediter-
ranean octocorals.

How to explain the differential impact of genetic
drift in the two species?

Linking the differential impact of evolutionary drivers (e.g.,

gene flow, genetic drift) to ecological features and biotic or
abiotic factors is challenging (Selkoe and Toonen 2011).
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Here, we assume a relatively low differential influence of
abiotic factors because the two species have been sampled
in proximate or common localities. Yet, because P. clavata
is usually found in more open habitats than C. rubrum, the
influence of local conditions cannot be ruled out to explain
the lowest genetic isolation globally observed in the former.
Regarding the biotic factors, these two long-lived species
display relatively similar life history traits (Gémez-Gras
et al. 2021). The larval longevity estimated in aquaria was
similar in the two species (Guizien et al. 2020), in line with
the comparable impact of gene flow previously discussed.
The two species mainly diverged based on their reproductive
strategy and contrasted fecundity (Linares et al. 2008; Tor-
rents and Garrabou 2011). C. rubrum is an internal brooder
with internal fertilization whereas P. clavata is a surface
brooder with external fertilization. Moreover, the reproduc-
tion period is highly restricted in P. clavata (two events at
the end of June; Linares et al. 2008) compared to C. rubrum,
which is more diffuse (weeks to months during summer;
Torrents and Garrabou 2011). These two traits can differ-
entially influence the two species’ reproductive success and
genetic drift. Paternity analyses based on standardized pro-
tocols in the two species are required to investigate further
this hypothesis. For instance, a hypothesis to be tested is
whether the same total number of larvae from the same num-
ber of mothers in populations with comparable demographic
characteristics is coming from the same number of fathers.

Human exploitation is another factor that could explain an
increased genetic drift in C. rubrum compared to P.clavata.
Indeed, the red coral is a precious octocoral harvested since
Antiquity for its use in jewelry (Bruckner 2010). This pres-
sure led to a shift in population demographic structure with
subsequent impacts on its reproduction (Linares et al. 2010).
Considering the establishment date of the MPAs (between
1983 and 2010) and the generation time of C. rubrum
(sexual maturity at 10 years of age (Torrents and Garra-
bou 2011)), some of the demographic contractions revealed
(e.g., in LOP) can be related to the harvesting records in
this region (Tsounis et al. 2010). Yet, a formal link between
the harvesting pressure and the demographic results is not
straightforward. Firstly, the confidence intervals of T,u are
relatively wide likely due to the limited number of genetic
markers used in the study. Secondly, the method imple-
mented in MIGRAINE has a limiting power to detect recent
demographic event (Leblois et al. 2014).

Conservation implications: four management units
with contrasting genetic characteristics

The contrasting patterns of genetic structure and the dif-
ferential impact of genetic drift provide complementary
insights that may support site prioritization in the two MPAs.
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The genetic patterns did not overlap with any of the cur-
rent MPAs’ boundaries, even when considering intermediate
clustering results for K=2 in STRUCTURE. Instead, the
pattern of genetic structure in P. clavata supports the defini-
tion of four distinct management units corresponding to four
areas fitting with the spatial distribution of the four genetic
clusters identified (northern and southern parts of Cap de
Creus, Montgri coastal area and Medes Islands). Notewor-
thy, these units are relatively poorly connected. For instance,
in P. clavata, the mean memberships were 0.63 and 0.78 in
Medes and Montgri, respectively. These values are high con-
sidering the low distance between the two areas (<2 km) and
support the occurrence of differentiated gene pools. While
the two MPAs can be considered as relatively independent
on a contemporary time scale, some interactions exist and
should be preserved, as supported by the intermediate STRU
CTURE results (not shown), in which populations from the
two MPAs are grouped in the same cluster (e.g., for K=2 in
P. clavata sampling sites from the southern part of the Cap
de Creus and sampling sites from Medes Islands).

The genetic diversity of the two species is high and simi-
lar between the two species and between the two MPAs.
It falls within the range of values previously reported in
this region (Mokthar Jamai et al. 2011; Perez-Portela et al.
2016). The lower values of global F¢;s compared to DS
suggested heterogeneous distributions of the genetic diversi-
ties (see Jost et al. 2018). These patterns lead to the defini-
tion of hot- and a coldspots of genetic diversity, which are
shared by the two species and correspond to the Medes and
Montgri management units, respectively. The Medes hotspot
encompasses the main sources of first-generation migrants
in the two species (PCG and LOP in P. clavata and TAP
in C. rubrum) and is characterized by the lowest levels of
genetic isolation, thus an important area for the connectiv-
ity network. The importance of this management unit for
the connectivity of the system should help to reconsider the
pressure resulting from the recreational diving in this part
of the MPA (Linares et al. 2010). Although for opposite
reasons, the conservation status of the coldspot of Mont-
gri, is also of concern. In this area, the populations of the
two species are genetically depleted and isolated with the
lowest current effective population sizes. Active restoration
actions (e.g. Gazulla et al. 2021) should be considered to
buffer the impact of genetic drift and putative related adverse
effects such as inbreeding depression (Garner et al. 2020).
Interestingly, these hot- and coldspots of genetic diversity
correspond to the area protected since the longest (1983;
almost 50 years) and the shortest (2010; 11 years) period.
While caution is needed here, this observation suggests that
conservation efforts are also effective in protecting biodiver-
sity at the infra-species level, i.e. genetic diversity, which is
required for the genetic adaptation of species to changing
environments. It is also noteworthy that the only division

shared between C. rubrum and P. clavata was reported
between the northern vs. southern parts of Cap de Creus.
The singularity of the genetic pools of the northern part of
Cap de Creus has been previously reported in the fucoid
algae Treptacantha elegans (Medrano et al. 2020), but not
in the white gorgonian Eunicella singularis (Costantini et al.
2016).

Conclusion

The comparative approach developed here revealed that
genetic drift is a critical although still underrated process
to examine in long-lived and low dispersive Mediterranean
octocorals. C. rubrum and P. clavata are habitat-forming
species with key ecological role of in coralligenous commu-
nity, one of the most diverse and most threatened Mediter-
ranean communities. Accordingly, the management inputs
previously discussed, including the necessity to reduce div-
ing pressure on the Medes area, should benefit the whole
coralligenous community. These recommendations based
on neutral genetic diversity should be complemented. The
pressure from the recurrent mass mortality events linked to
ongoing warming raises the question of the future of these
marine communities owing to the dramatic demographic
declines observed in many species (Garrabou et al. 2019,
2021). In this context, characterizing the adaptive genetic
diversity and more particularly potential genomic factors and
processes driving the response to thermal stress is urgently
needed to pave the way for effective management plans in
the context of climate change.
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