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Abstract

Aim: How historical and contemporary eco-evolutionary processes shape the patterns
of genetic diversity and differentiation across species’ distribution range remains an
open question with strong conservation implications. Focusing on the orange stony
coral, Astroides calycularis, we (a) characterized the pattern of neutral genetic diversity
across the distribution range; (b) gave insights into the underlying processes; and (c)
discussed conservation implications with emphasis on a national park located on a
hotspot of genetic diversity.

Location: South Mediterranean Sea and Zembra National Park.

Methods: We combined new data from 12 microsatellites in 13 populations located
in the Centre and in the Western Periphery of the distribution range with a pub-
lished dataset including 16 populations from the Western and Eastern Peripheries.
We analysed the relationship among parameters of genetic diversity (H,, Ar(g)) and

structure (population-specific F4;) and two measures of geographic peripherality. We
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compared two estimators of pairwise genetic structure (Ggy, Dgo7) across the distribu-
tion range. The evolutionary and demographic history of the populations following
the Last Glacial Maximum was reconstructed using approximate Bayesian computa-
tions and maximume-likelihood analyses. We inferred the contemporary connectivity
among populations from Zembra National Park and with the neighbouring area of
Cap Bon.

Results: We demonstrate a decrease in genetic diversity and an increase in genetic
differentiation from the Centre to the Eastern and Western Peripheries of the distri-
bution range. Populations from Zembra show the highest genetic diversity reported
in the species. We identified a spillover effect towards Cap Bon.

Main conclusions: The patterns of genetic diversity and differentiation are most likely
explained by “the postglacial range expansion hypothesis” rather than the “central-
peripheral hypothesis.” Enforcement of conservation measures should be considered
to protect this genetic diversity pattern, in particular when considering the low effec-

tive population size inferred at many sites.

KEYWORDS

central-peripheral hypothesis, coral, genetic gradient, marine protected area, Mediterranean

1 | INTRODUCTION

Genetic diversity is at the heart of populations’ resilience and evo-
lutionary potential (Fisher, 1930). Genetic diversity is in direct, re-
ciprocal and complex interactions with higher levels of biological
diversity from species (e.g. Reusch et al., 2005) to ecosystem (e.g.
Post & Palkovacs, 2009) (see Randall Hughes et al., 2008; Kokko
et al., 2017; Pelletier et al., 2009; Schoener, 2011).

Across species’ distribution ranges, contemporary patterns of
genetic diversity are modelled by the interplay among different
eco-evolutionary processes such as genetic drift, gene flow, natural
selection, survival and reproduction (e.g. Aurelle et al., 2011, Cahill
et al., 2017; Ledoux et al., 2010, 2020). These processes are deeply
influenced by the spatial distribution and size of populations, which
fluctuate over time in response to historical and contemporary biotic
and abiotic factors. While negative gradients of neutral genetic di-
versity from central to peripheral populations were reported in var-
ious species (see Eckert et al., 2008; Hampe & Petit, 2005; Pironon
et al., 2017), the underlying processes are still a matter of debate
(Guo, 2012; Hardie & Hutchings, 2010). Two non-mutually exclusive
hypotheses involving contemporary versus historical processes are
usually considered to explain these negative gradients. Following
the “central-peripheral hypothesis” (Sagarin & Gaines, 2002), the ge-
netic diversity should decline from the centre towards the periph-
eries of a species’ range in response to demo-genetic stochasticity
(e.g. low effective size and low connectivity) linked to the environ-
mental characteristics (e.g. spatial isolation and extreme environ-
ment) of peripheral habitats (e.g. Johansson et al., 2006). On the

other hand, the “postglacial range expansion hypothesis” suggests that

Sea, postglacial range expansion hypothesis

historical processes such as serial founder event recolonization (see
Austerlitz et al., 1997, 2000; Slatkin & Excoffier, 2012) following
the Last Glacial Maximum (LGM 24-18,000 years ago; Lambeck &
Purcell, 2005) shape negative genetic gradients from the source to
the edge of the expansion range. This pattern is mainly driven by an
increase in genetic drift along the axis of expansion due to contrasted
demographic histories when comparing peripheral versus central
populations. Deciphering the relative impact of these processes on
the current patterns of diversity is challenging, relying mainly on the
evaluation of historical influences (Eckert et al., 2008; Guo, 2012).
However, this is a critical step to build on relevant conservation plan
(Frankham, 1995; Hampe & Petit, 2005; Riginos et al., 2019).
Marine protected areas (MPAs) are an efficient tool to pre-
serve genetic diversity and to mitigate the impacts of global change
(Roberts et al., 2017). In many cases MPAs are designed follow-
ing opportunistic rather than scientific criteria, leading to import-
ant mismatches between the protected area and the components
of biological diversity (e.g. genetic diversity) to protect (Mouillot
et al,, 2011). With few exceptions (e.g. Arizmendi-Mejia, Linares,
et al., 2015; Dalongeville et al., 2018; Gazulla et al., 2021), genetic
diversity and related processes are barely considered even though
they are crucial for an effective functioning of the protected area
(Palumbi, 2004). Among the key eco-evolutionary processes impact-
ing the success of conservation strategies, connectivity within MPAs
and among MPAs and neighbouring unprotected areas received par-
ticular attention (Magris et al., 2018; Manel et al., 2019). Indeed,
the homogenizing effect of connectivity should counterbalance the
disruptive effect of genetic drift induced by population depletion,

allowing the maintenance and replenishment of genetic diversity.
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The identification of populations in terms of their contribution to
the connectivity of a network of populations is thus an important
step to improve the management of MPAs (e.g. Gazulla et al., 2021;
Lukoschek et al., 2016).

The Mediterranean orange stony coral, Astroides calycularis
(Pallas, 1776), is an azooxanthellate scleractinian mainly found
in rocky shallow habitats from the surface to about 40 to 60 m
depth (Ocafa, 2012; Terrén-Sigler et al., 2016). While Quaternary
fossils were recorded in the Northern Mediterranean (Zibrowius,
1980), the current established distribution range of A. calycularis
is nearly linear, restricted in width to areas with minimum win-
ter temperatures between 14 and 15°C (mean February tempera-
ture), extending from the neighbouring Atlantic Ocean to South
Italy along the South-Western Mediterranean (Ocanfa et al., 2015;
Zibrowius, 1995; Figure 1). This coral is considered as warm-water
species (Grubeli¢ et al., 2004; Bianchi, 2007; Prada et al., 2019 but
see Movilla et al., 2016), but some populations were recently re-
ported in the eastern Adriatic and in Northern Italy (Bianchi, 2007;
Kruzi¢ et al., 2002; Teixidd et al., 2020; Figure 1). Whether these
atypical populations (i.e. outside of the currently accepted distribu-
tion range; Bianchi, 2007) result from species distribution expansion
(Bianchi, 2007; Zibrowius, 1995) is still a matter of debate (Casado-
Amezia et al., 2012). Although it has been included in the annex Il of
the CITES and considered as vulnerable under Bern and Barcelona
conventions (Templado et al., 2004), A. calycularis appears as least
concern species in the [IUCN red list due to the demographic stability

FIGURE 1 The established distribution
range of Astroides calycularis (orange) is
highly restricted in width to areas with
minimum winter temperatures between
14 and 15°C (mean February temperature)
(Ocaiia et al. 2015; Zibrowius, 1995).
Orange triangles correspond to atypical
populations recently discovered

(Bianchi, 2007; Kruzi¢ et al., 2002). The
yellow star shows the hypothetical

range distribution centre (DC). The four
yellow lines correspond to the four range
limits considered in this study: i) the
Atlantic North-Western limit (ANW),

the Atlantic South-Western limit (ASW),
the Mediterranean North-Western limit
(MNW) and the Mediterranean North-
Eastern limit (MNE). Studied populations
are shown in blue, green and pink and
purple according to the results of the
clustering analyses (see Results and
Figure 4). Populations from Casado-
Amezla et al. (2012) are shown in italics,
while populations sampled in this study
are shown in bold. Abbreviations of all the
populations studied are shown in Table 1
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of the populations and a relatively high abundance in the South-
Western Mediterranean basin (Ocafia, 2012; Ocafa et al., 2009,
2015; Otero et al., 2017).

Astroides calycularis is a gonochoric and brooding species char-
acterized by internal fertilization occurring between April and
May with larval release in June (Goffredo et al. 2010; Pellon &
Badalamenti, 2016). A first assessment of the spatial pattern of
genetic structure was conducted based on mitochondrial (COI)
and nuclear (ITS) polymorphisms among 12 populations sam-
pled in Western (i.e. Alboran Sea) and Eastern (i.e. Tyrrhenian Sea)
Peripheries of the distribution range of the species (Figure 1). A
slight genetic differentiation was observed between the two re-
gions most likely explained by the low polymorphisms of the genetic
markers (Merino-Serrais et al., 2012). Using 13 microsatellites and
16 populations, including most of the populations from Merino-
Serrais et al. (2012) demonstrated a significant genetic differentia-
tion when considering populations separated by more than 1 km and
with Fe; > 0.01. The genetic differentiation was correlated with geo-
graphic distance among populations following a pattern of isolation
by distance (IBD). In addition, populations were grouped in different
hierarchical genetic clusters in accordance with the regions and the
two seas (i.e. Alboran and Tyrrhenian) under survey. These results
combined with first-generation migrant analyses confirmed the re-
stricted dispersal capacity of the species as expected from the short
demersal larval phase (Casado-Amezua et al., 2012). The occurrence
of local differentiation among populations was recently confirmed

gﬂREFc%N ALGERIA

0 longitude




LEDOUX ET AL.

L wiLey-

TABLE 1 Characteristics of the samples. For each sample, the location within the distribution range, the locality of origin, the sample
name, the coordinates and the depth and number of sampled individuals are given

Sample Number of
Distribution range Region name latitude (°N) longitude (°E) Depth (m) individuals
Western margin Algeciras ALG 36.11148 -5.414777 not mentioned 25
Ceuta PC 35.895813 -5.279909 not mentioned 25
Ceuta ALF 35.900772 -5.278116 25 36
Ceuta ALM 35.900773 -5.278115 1-2 40
Granada GRA 36.728306 -3.693984 not mentioned 20
Alboran Island ALB2 35.948148 -3.04062 not mentioned 18
Alboran Island ALB1 35.94952 -3.038359 not mentioned 24
Cap Tres Forcas CATFR 35.432017 -2.992924 not mentioned 29
Congreso Island CL 35.177622 -2.444003 not mentioned 22
Congreso Island ECON 35.177776 -2.439487 not mentioned 22
Isabel Il Island NI 35.183446 -2.429337 not mentioned 20
Isabel Il Island DR 35.181334 -2.426457 not mentioned 24
Rey Francisco Island TH 35.18151 -2.423263 not mentioned 22
Rey Francisco Island NREY 35.184825 -2.423081 not mentioned 22
Cabo de Gata GAT 36.708456 -2.1988 not mentioned 23
Portman Bay PM 37.577925 -0.842663 not mentioned 31
Centre Zembra National Park CAD 37.119105 10.787799 8 10
Zembra National Park CAS 37119106 10.7878 1 12
Zembra National Park TUN 37.11757 10.789065 1 13
Zembra National Park LAM 37141345 10.795576 15-17 11
Zembra National Park ZEM 37.135534 10.800877 2-5 36
Zembra National Park AAA 37.136412 10.80194 2-5 16
Zembra National Park CGD 37.142209 10.806703 10 24
Zembra National Park AIK 37.130744 10.81443 5-7 24
Eastern Cap Bon NHS 37.072771 11.060529 6 16
Eastern Cap Bon MTS 37.064735 11.061806 3 18
Eastern Cap Bon BBE 37.05896 11.067047 6-8 18
Eastern margin Panarea Island PAN 38.633105 15.069237 not mentioned 24
Palinuro PAL 40.02844 15.267492 not mentioned 30

Note: CAS and CAD corresponded to the same location but were sampled at different depths. Light grey samples are those from Casado-Amezua

et al. (2012).

using transcriptomic data (Teixidé et al., 2020). While these stud-
ies greatly improved our knowledge regarding the ecology of A.
calycularis, they were mainly focused on populations located at the
Eastern and Western Peripheries. Whether those genetic patterns
can be generalized to the Centre of the species range remains an
open question with critical implication for the species’ conservation.

The main objective of the study was to characterize the spa-
tial pattern of genetic diversity in A. calycularis at two contrasted
spatial scales. First, we considered most of the species distribution
range and provided insights into the relative impact of contemporary
(“central-peripheral hypothesis”) versus historical (“postglacial range
expansion hypothesis”) processes on the pattern of genetic diversity.

Then, we deciphered the functioning of the Zembra National Park

off the Tunisian coast, which harbour dense populations of A. caly-
cularis (Boudouresque et al., 1986; Ghanem et al., 2019, 2021). More
particularly, we sampled and genotyped 13 populations from two
parts (Centre vs. Western Periphery) of A. calycularis’ distribution
range. Combining these data with the dataset of Casado-Amezua
et al. (2012), which covered Western and Eastern range peripheries,
we: i) characterized the spatial pattern of genetic diversity across
the species’ distribution range; ii) reconstructed the species evolu-
tionary and demographic history to test for the impact of historical
processes on the observed pattern. Then, focusing on the Zembra
National Park, we: iii) identified important populations for the net-
work of connectivity; and iv) characterized the interactions with

populations located outside of the National Park. We discussed the
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implications of these results for the conservation of the species and
for the management of the Zembra National Park.

2 | METHODS
2.1 | Sampling and datasets

Five to ten polyps of ten to 40 A. calycularis colonies from 13 popu-
lations from the northern coast of Africa were collected by SCUBA
diving. Two populations were sampled in Ceuta (Spain) at the current
Western Periphery of the species range. The remaining 11 popula-
tions were sampled in Tunisia and were considered as Centre popu-
lations (see measure of peripherality below). From these Tunisian
populations, eight belong to the National Park of Zembra and three
were collected outside the National Park on the coast of Cap Bon
(Figure 1; Table 1). Sampling was conducted at depths from 1 to 17
metres in 2017. The resulting 336 fragments were conserved in 95%
ethanol and stored at —20°C prior to DNA extraction.

DNA extraction, microsatellite genotyping and quality check are
described in Appendix S1. Following the quality check, 274 of the
336 fragments were retained.

In order to combine these 274 genotypes with the dataset from
Casado-Amezua et al. (2012), including 16 populations sampled on
the Western and Eastern Peripheries and genotyped with the same
set of 12 microsatellites, we standardized the allele scoring based
on the comparison of allele frequencies in three populations (ALF,
ALM and PC; Table 1, Figure 1). These three populations were sam-
pled in the same location among the two studies (Appendix S2).
The final dataset included 655 individuals from 29 populations
genotyped with 12 microsatellites (Figure 1; Table 1). Considering
the bathymetric range of the species and given that the sea level of
the Mediterranean was 120m lower than it is today during the Last
Glacial Maximum (24-18,000 years ago; Lambeck & Purcell, 2005),
we considered that all these populations were recolonized since the
LGM. Frequencies of null alleles were estimated for each locus and
sample using in FREENA (Chapuis & Estoup, 2007). GENETIX 4.05
(Belkhir et al., 2004) was used to compute f, the Weir and Cockerham
(1984) estimator of F,s» and to test for linkage equilibrium for each
pair of loci overall populations and in each population, using 1,000

permutations.

2.2 | Spatial genetic structure

We performed a clustering analysis with STRUCTURE 2.2 (Pritchard
et al., 2000) and a discriminant analysis of principal components
(DAPC, Jombart et al., 2010) in ADEGENET (Jombart, 2008). The
two analyses are described in Appendix S3.

Genotypic differentiation among populations was quanti-
fied using the Weir and Cockerham (1984) estimator of F¢, 6, and
tested using an exact test (Raymond & Rousset, 1995) with default

parameters in GENEPOP 4.7 (Rousset, 2008). Isolation-by-distance
(IBD) pattern was analysed through the correlation of genetic and
geographic distances among populations (Rousset, 1997) but con-
sidering only the 11 populations from Tunisia due to the sampling
gap between the Western Periphery and Centre populations. The
significance of the correlation between the genetic distances (F¢/
(1-Fs)) and the logarithms of geographic distances (Ln(d)) was
tested by the Mantel test with 10,000 permutations in GENEPOP.
Geographic distances were estimated following the most direct
path among populations along the coastline in Google Earth (http://
earth.google.com). We estimated the “neighbourhood size” as the
inverse of the slope of the linear regression between F¢./(1-F;) and
Ln(d) (Rousset, 1997).

2.3 | Patterns of genetic diversity and structure
over the distribution range accounting for geographic
peripherality

We estimated the gene diversity, H, (Nei, 1973),in GENETIX 4.05 and
computed the allelic richness (Ar(1o)) in ADZE (Szpiech et al., 2008)
using the rarefaction method (Petit et al., 1998) with the minimum of
10 genes at a locus in a population. GESTE (Foll & Gaggiotti, 2006)
was used to compute the population-specific F¢, as an estimate of
the relative impact of genetic drift on the differentiation of the con-
sidered population (Gaggiotti & Foll, 2010). To characterize the pat-
tern of genetic diversity and structure over the distribution range,
we plotted H, Ar o) and the population-specific F¢;s function of the
longitude of the samples. Following a visual inspection of the data,
we conducted a cubic regression to fit the curvilinear relationship
among the variables (see Guo, 2012).

Bearing in mind the shape of the distribution range with mul-
tiple range limits (Figure 1), we complemented this approach
following Yakimowski and Eckert (2007). We measured the rel-
ative geographic periphery of these populations based on two
measures of the peripherality. First, we defined a hypothetical
geographic centre of the current distribution range (DC) by es-
timating the coordinates of the geographic centre between the
Eastern (40.803785°N; 13.431352°E) and Atlantic South-Western
Peripheries (35.779586°N; 5.932594°E). Considering the coastal
habitat of the species, we kept the longitude coordinate and trans-
lated this midpoint to the nearest coast (36.887534°N; 4.821389°E;
Figure 1). This centre was defined based only on geographic (and not
ecological) considerations, and accordingly, it is hypothetical. For
each sample, we estimated the geographic distance to DC following
the coastline in accordance with the isolation-by-distance pattern
(see Casado-Amezua et al., 2012 and Results). For island popula-
tions (e.g. LAM, ZEM), we took the shortest distance to the main
coast.

The second measure of geographic peripherality reflects the dis-
tance to the nearest current range limit (DNRL) following the coast-
line. Following Bianchi (2007), Ocafa et al. (2015) and Zibrowius
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(1995), we considered four range limits: the Atlantic North-Western
limit (ANW; 36.515868°N; 6.292235°E), the Atlantic South-
Western limit (ASW; 35.779586°N; 5.932594°E), the Mediterranean
North-Western limit (MNW,; 37.636409°N; 0.687187°E) and
the Mediterranean North-Eastern limit (MNE; 40.803785°N;
13.431352°E) (Figure 1). Eastern and Southern range limits imposed
by the Western coast of Italy and the Northern coast of Africa were
not considered.

These two measures are complementary, capturing different as-
pects of peripherality. For instance, the Tunisian populations, consid-
ered here as Centre populations, are shifted from the hypothetical
Centre (DC), showing a distance to the Centre only slightly lower
than some populations from the Western Periphery (e.g. NREY, TH
and DR). However, their distances to the nearest range limit (DNRL)
are at least two times higher than the distances estimated for the
populations from the Eastern and Western Peripheries.

To characterize the spatial pattern of genetic diversity, we tested
the significances of the slopes of the linear regressions among the
two estimators of genetic diversity (H, and Ar(lo)), the estimate of
genetic structure (population-specific F¢;) and the two measures of
the geographic peripherality (DC and DNRL) using a permutation
procedure (n = 10,000) in R (R Core Team, 2021).

2.4 | Comparison of the pairwise differentiation
among populations from the Centre and the
Peripheries of the distribution range

We used GENODIVE (Meirmans & vanTienderen, 2004) to compute
and compare two measures of genetic differentiation quantifying
complementary aspects of population structure (Jost et al., 2018):
the nearness to fixation, G4 (Nei, 1987), and the relative degree of
allelic differentiation, Dpo; (Jost, 2008). We first compare the global
measures (global G4 vs. global D.¢;) to gain insights into the spatial
distribution of alleles following Jost et al. (2018). Then, we regressed
pairwise G¢s on pairwise Di¢;s. This allowed to compare the near-
ness to fixation for population pairs showing the same level of allelic
differentiation and, accordingly, to test for a potential increase in
genetic fixation from the Centre to the Peripheries of the distribu-
tion range. Two sets of regression analyses were conducted. In the
first set, we compared the relationship among Gg;s and D¢s con-
sidering a “dataset” variable (i.e. dummy variable), which included
two categories of population pairs: two populations from the same
periphery or two populations from the centre. In order to account
only for these two categories of population pairs, this first set of
analyses was focused on -0.1< D¢s <0.4. In the second set, we
compared the G¢s D¢;s relationship considering a “dataset” vari-
able (i.e. dummy variable) including three categories of population
pairs: the two populations from different peripheries, one popula-
tion from the Centre versus one from the Eastern Periphery or one
population from the Centre versus one from the Western Periphery.
Here, the analysis was restricted to 0.55< Dgss <0.85. In each

set, we fitted a multiple regression model including the “dataset”

variable. We tested for the differences among the regression slopes
of each category by looking at the significance of the D ¢ x “data-
set” interaction.

2.5 | Influence of historical processes:
evolutionary and demographic history

Following the postglacial range expansion hypothesis, centre to
periphery negative gradients in genetic diversity (see Results)
should result from an imprint of serial founder events. In this
framework, the current peripheral populations are assumed to be
farther from the ancestral population than the central populations.
We thus expect an increase in genetic drift along the recoloniza-
tion axis resulting in contrasted demographic histories among the
current central versus peripheral populations. Current peripheral
populations should be impacted by stronger founder effects with
more recent foundation time compared with current central popu-
lations. Note that owing to the variations of the sea level in the
Mediterranean during the Last Glacial Maximum (LGM), the an-
cestral population was most likely not located at the hypotheti-
cal geographic centre of the current distribution range (DC). To
test the postglacial range expansion hypothesis, we inferred the
evolutionary scenario leading to the observed pattern of genetic
diversity using an approximate Bayesian computation (ABC) anal-
ysis implemented in DIY-ABC 2.0.4 (Cornuet et al., 2014, 2010).
In the present case and considering computation limitations due
to the number of populations (29), we aimed to characterize and
compare the dynamics of the recolonization among the four main
genetic sub-clusters identified with STRUCTURE (see Results): the
South-East Italian sub-cluster from the Eastern Periphery, and the
Spanish sub-cluster and the South Alboran sub-cluster, both from
the current Western Periphery and the Tunisian sub-cluster, which
is assumed to be central based on the measures of peripherality.
We compared five different evolutionary scenarios (Figure 2).
Briefly, in Scenario 1 we considered a simultaneous divergence
of the four sub-clusters from the ancestral population. Scenario
2 simulated a secondary contact between the sub-clusters from
the Eastern and Western Peripheries resulting in the Tunisian
sub-cluster. For Scenarios 3, 4 and 5, we stimulated different se-
qguential recolonization scenarios with the oldest divergent event
involving the Tunisian sub-cluster (Scenario 3), the sub-clusters
from the Western Periphery (Scenario 4) or the South-East Italian
sub-cluster (Scenario 5). Those scenarios along with the retained
summary statistics and the different steps of the analyses are de-
scribed in Table 2 and Appendix S4.

We characterized the demographic history of each of the 29
populations using the model of a panmictic population with single
past variation in population size (Model OnePopVarSize, Leblois
etal., 2014), implemented in MIGRAINE (http://kimura.univ-montp2.
fr/~rousset/Migraine.html; Rousset et al., 2018). We choose to con-
sider a discrete, and not the default exponential, change in popu-

lation size. The model has three canonical parameters: the current
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FIGURE 2 Five different scenarios

were considered in the ABC analyses to N1
reconstruct the evolutionary history of o
A. calycularis. N and t values correspond = N4

to population size and to timing in Na

divergence events, respectively (time
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surrounded in green. Posterior probability
and corresponding 95% confidence
interval of each scenario are shown
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scaled population size (0., = 2*N*u) the scaled time T (T = Tg/2N)
at which the size change occurred, and the ancestral scaled popula-

tion size (4. = 2*Nanc*/4), with u corresponding to the mutation rate

anc

to the current and ancestral

per locus per generation, N and N,

population sizes expressed in numbers of genes (i.e. "haploid" pop-
ulation sizes), and Tg to the time in generations. As we considered a
generalized stepwise mutation model (GSM), there is an additional
fourth canonical parameter: pGSM, the parameter of the geometric
distribution of mutation steps. Those parameters are inferred from
the data using the class of coalescent-based importance sampling
algorithms (lorio & Griffiths, 2004a, 2004b; Leblois et al., 2014;
Rousset et al., 2018). The detection of past change in population size
is based on the analysis of the N, composite parameter, the ratio
=N /N,.J)-AN
>1 corresponds to a population expansion and a N <1 to a con-

ratio

of current over ancestral population sizes (N

ratio anc ratio

ratio
traction. Details of each MIGRAINE run (number of trees, points and

iterations) are shown in Appendix S5.

2.6 | Connectivity in Zembra National Park and
neighbourhood populations

We inferred the connectivity among populations within the Zembra
National Park and between the Park and the populations situated
along the coast of Cap Bon. We conducted a filtered assignment
analysis following Lukoschek et al. (2016) using Geneclass 2.0 (Piry
etal., 2004). We conducted a first-generation migrant (FGM) analysis
using the Bayesian criteria of Rannala and Mountain (1997) simulat-
ing 100,000 individuals and a type 1 error (alpha) of 0.005. Identified
FGMs were removed from the dataset. In a second step, those FGMs
were assigned to the reference dataset (i.e. without FGMs). In the
last step, we considered a FGM to be assigned to a particular popula-
tion when the assignment probability was higher than 0.01. Multiple
assignments were allowed. When the assignment probability was
lower than 0.01 for all populations, the migrant was considered as

coming from an unsampled population.
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TABLE 2 Prior (uniform; UN) and posterior distributions of demographic (N), historical (t) and admixture rate (ra) parameters used in the
ABC analysis. The posterior distributions of the different parameters were estimated considering Scenario V. The mode, 95% confidence
intervals and relative median of the absolute error (RMAE) of each parameter are shown. N1: Spanish sub-cluster; N2: South Alboran sub-
cluster; N3: Tunisian sub-cluster; N4: South-East Italian sub-cluster; Na: Ancestral population

Posterior distribution summary

Prior distribution [Lower bound;

Parameter Upper bound] Mode
N1 UN [10; 20,000] 15,500
N2 UN [10; 20,000] 2,860
N3 UN [10; 40,000] 13,300
N4 UN [10; 40,000] 10,200
Na UN [10; 5,000] 402
t3 UN [10; 8,000] 1,300
t2 UN [10; 8,000] 4,580
t1 UN [10; 40,000] 22,100
t UN [10; 50,000] 40,400
ra UN [0.001; 0.999]

UN [1*107% 1*107%] 1*107*
Pgom UN [1*107%; 9*107Y] 0.115
Poni UN [1*1078; 1*107%] 1.09*107°®

For multiple tests, all significance levels were corrected using a

false discovery rate (FDR) correction (Benjamini & Hochberg, 1995).

3 | RESULTS

3.1 | Hardy-Weinberg equilibrium, genetic diversity
and differentiation over the distribution range

Significant linkage disequilibrium was detected for two pairs of loci
when considering all the populations: Ac-10 and Ac-37 and Ac-18 and
Ac-34. Linkage disequilibrium was detected in ALM (Ac-34 Ac-37),
CAD (Ac-25 Ac-37), ALG (Ac-10 Ac-37), ALB2 (Ac-10 Ac-37 and Ac-22
Ac-7E) and PAL (Ac-10 Ac-37 and Ac-11 Ac-7). Most of these popula-
tions were also characterized by very low effective population size
or significant departure from panmixia (see below). When these five
populations were discarded from the dataset, non-significant link-
age disequilibrium was detected when considering all the popula-
tions (not shown). Accordingly, we kept all the microsatellites for
downstream analyses. The frequency of null alleles was between O
for NI and ALM and 0.13 for MTS, BBE and AIK (mean over popu-
lations +SE = 0.05 + 0.04). Observed heterozygosity values were
between 0.23 for PM and 0.69 for AAA (mean over populations +SE
=0.54 + 0.09). The gene diversity H, ranged between 0.29 (PM) and
0.74 (AAA) (mean over populations +SE = 0.57 + 0.11). The f estima-
tor of F¢ varied between -0.013 (ALM) and 0.172 (PM) (mean over
populations +SE = 0.069 + 0.065), and significant departure from
panmixia was observed in nine of the 29 the populations (signifi-
cant Hardy-Weinberg disequilibrium p-value after FDR correction).
The lowest and highest values of Ar(1o) were observed for PM (1.92)
and AAA (4.60) (mean Ar(m) over populations +SE = 3.52 + 0.72).

q025 q975 RMAE
3,700 19,600 0.235
763 17,400 0.252
5,470 35,100 0.208
4,100 30,900 0.196
90,7 4,740 0.404
242 5,270 0.350
1,220 7,770 0.212
8,560 38,200 0.280
16,300 49,300 0.190
1.01*107* 3.44*107* 0.241
0.112 0.858 0.336
1.14*1078 7.1*107¢ 3.493

Population-specific Fg;s varied between 0.12 (95% Cl: 0.08-0.16)
for CAS and 0.52 (95% ClI: 0.42-0.62) for PM. Non-overlapping 95%
Cls were observed among different populations, particularly when
considering populations from the Centre versus Western Periphery
(Table 3).

We demonstrated significant curve-linear relationships among
He, Aryg and population-specific F¢1s and longitude (p <.01). This
pattern was complemented by the significant decreases in H,, Ar(1o)
and increase in population-specific F;s with the distance to cen-
tre (DC) and the significant increases in H,, Ar o) and decrease in
population-specific Fys with the distance to the nearest range limit
(DNRL) (Figure 3).

3.2 | Spatial genetic structure

Evanno's method (Evanno et al., 2005) identified two main genetic
clusters, with a smaller secondary peak for K = 4 (Appendix S3).
The first cluster encompassed all the individuals from the Centre
(Tunisian region) and from the Eastern Periphery (Southern East
Italian region) with a very high mean membership coefficient (0.99)
(Figure 4a). The remaining individuals from the Western Periphery
(South Alboran, Ceutan and South-Western Spanish regions) were
grouped in a second cluster (0.99). When considering the likelihood
of observing the data, (InP(D)) increased until K = 4, showed a pla-
teau for K = 5 with high standard deviation, slightly increased for
K = 6 and, plateaued again for the remaining values (Appendix S3).
For K = 3, the first cluster was divided in two sub-clusters segregat-
ing the individuals from the Centre (Tunisian sub-cluster, mean mem-
bership coefficient = 0.99) from the individuals from the Eastern

Periphery (Southern East Italian sub-cluster, mean membership
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TABLE 3 Genetic diversity of each sample

Distance to the nearest range limit (DNRL

Distance to the

vy irbutions VYTV

Population-specific

in km) centre (DCinkm) r H, H, Ar(m) f Fs; [95% CI]

ALG 119 1,057.86 001 055 056 297 -0.02 0.361[0.28-0.45]
PC 105 1,032 0.04 0.60 0.56 348 0.06 0.269 [0.20-0.34]
ALF 104.5 1,031.5 0.03 0.58 060 337 -0.03 0.28[0.22-0.34]

ALM 104 1,031 0.03 0.59 060 3.33 -0.01 0.31[0.24-0.38]

GRA 312 1,340 002 052 051 283 003 0.36[0.27-0.44]

ALB2 307.26 899.93 0.13 054 046 306 0.15 0.329 [0.25-0.41]
ALB1 307 899.67 009 049 049 292 O 0.323[0.24-0.40]
CATRFO 394 845 0.13 0.59 0.56 3.56 0.06 0.214[0.16-0.27]
CL 472 775.83 0.04 046 043 284 0.06 0.305[0.23-0.38]
ECON 473.61 774.22 0.1 0.50 046 311 0.08 0.254 [0.19-0.32]
NI 4741 773.73 0.08 048 052 28 -0.09  0.32[0.24-0.40]

DR 474.51 773.32 0.12 049 050 303 -0.03 0.258[0.19-0.32]
TH 475.05 772.78 0.05 046 045 3.06 0.03 0.261[0.20-0.33]
NREY 474.57 773.26 0.05 049 043 288 012 0.297 [0.23-0.37]
GAT 203 1,497 0.04 046 044 246 0.03 0.449 [0.36-0.55]
PM 15.8 1681 0.13 029 023 192 017 0.526 [0.42-0.62]
CAD 1,033.705 728.55 0.02 071 067 436 0.07 0.147 [0.09-0.2]

CAS 1,033.705 728.55 0.03 072 061 459 017 0.123 [0.08-0.16]
TUN 1,033.475 728.32 005 070 061 432 013 0.144[0.10-0.19]
LAM 1,031.675 731.16 0.02 0.72 0.65 4.43 0.11 0.158 [0.11-0.21]
ZEM 1,031.899 730.55 0.04 072 067 444 0.07 0.135[0.10-0.17]
AAA 1,031.689 730.955 0.05 074 069 4.6 0.08 0.125 [0.08-0.16]
CGD 1,030.174 731.934 0.06 071 066 448 0.07 0.126 [0.09-0.16]
AIK 1,029 727.62 0.03 0.8 058 425 012 0.167 [0.12-0.21]
NHS 1,013 743 0.02 066 057 4 0.14 0.199 [0.14-0.25]
MTS 1,015 725 0 0.63 056 373 0.12 0.244[0.18-0.31]
BBE 1,016 746 0.03 067 056 393 0.16 0.224[0.17-0.28]
PAN 500 1,246.56 0.06 061 054 363 011 0.274[0.21-0.33]
PAL 210 1547 0.07 062 058 376 0.06 0.245[0.19-0.29]

Note: r: frequency of null alleles estimated in FREENA; Hg: observed heterozygosity; H,: gene diversity (Nei, 1973); f: Weir and Cockerham (1984)
estimator of Fg (bold values are significant at 0.01); Ar(io): rarefied allelic richness considering a minimum of 10 genes at a locus in a population;
population-specific For and 95% confidence intervals. Distances to the nearest range limit and the hypothetical distribution centre are shown. Light

grey samples are those from Casado-Amezua et al. (2012)

coefficient = 0.98). For K = 4, the second cluster was divided into
two sub-clusters segregating all the individuals from the Ceutan
and the South-Western Spanish regions with the exception of PM
(Spanish sub-cluster, mean membership coefficient = 0.91) from
individuals from the South Alboran region and PM (South Alboran
sub-cluster, mean membership coefficient = 0.90), with individu-
als from CATRFO showing an admixed pattern (mean membership
coefficient = 0.57).

The DAPC analyses supported a geographic imprint in the spa-
tial pattern of genetic structure when considering the first three
PCs (Figure 4b). Individuals from the Western Periphery (16 popu-
lations) were separated from the remaining individuals sampled in
the Centre (11 populations) and Eastern Periphery (2 populations)

of the species range along the first axis. The second axis divided the
individuals from the Centre and the Western Periphery from the in-
dividuals from Eastern Periphery. A continuum of the populations
from the Western Periphery, with CATRFO, ALB1 and ALB2 in in-
termediate positions, was observed along the third axis. Those three
axes represented 95.76% of the total variation in the data.

The exact tests for genotypic differentiation were signifi-
cant at the global level and for 372 pairwise comparisons (92%;
Appendix S6). The remaining 34 non-significant tests involved popu-
lation pairs from the same genetic sub-cluster with a maximum pair-
wise geographic distance equal to 4.75 km (AIK vs. TUN).

The global F¢; was 0.237. The pairwise F¢;s ranged from -9.4*1073
for CAS versus LAM to 0.52 for MTS versus PM (Appendix Sé). The
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genetic distance (Fy;/(1-F¢7)) and the geographic distance (Ln(d))
were significantly correlated supporting an IBD pattern among the
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0.011 resulting in a Nb equal to 91 individuals.

The global G4 was 0.235 (95% Cl: 0.185-0.288), while the global
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FIGURE 3 Spatial pattern of genetic
diversity: (a and b) Cubic regressions of
H,, Ar ) the population-specific Fg; and
the longitude of the sampled locations
following Guo (2012); (c and d) linear
regressions of H,, Argop the population-
specific Fg; function of the distance to
the nearest range limit (DNRL, km; see
Figure 1); (e and f) linear regressions of H,,
Argop the population-specific F¢ function
of the distance to the centre range (DC,
km; see Figure 1). H., A’(1o) and the
population-specific F¢; are shown with
circles, triangles and crosses, respectively.
In plots (a), (c) and (e), top and down R?
and p-value correspond to the regressions
involving H, and Argop respectively

significant differences between the slopes of the two linear regres-
sions. Regarding D¢;s from 0.55 to 0.85 (i.e. population pairs involv-
ing one central and one peripheral population or two populations

from the two peripheries), the interaction D x “dataset” was also

Dger was 0.436 (95% Cl: 0.339-0.542). The pairwise G¢s ranged
from -5*107° for CAS versus AAA to 0.511 for PM versus PAN. The

pairwise Dgq;s ranged between -1.5*1072 for AAA versus CAS and

0.834 for PM versus PAL and PM versus PAN (Appendix Sé). Focusing

on Dg;s from -0.1 to 0.4 (i.e. population pairs involving populations
from the Centre or from the same Periphery), the D ; x “dataset”

interaction was significant [F(1, 172) = 56.8; p = 2.6*107*?] implying

probability (95% Cl)

significant [F(2, 224) =

6.96; p = 1.1*107%] (Figure 5).

3.3 | Evolutionary history

The ABC analysis unambiguously supported Scenario V (posterior
=0.66 (0.65-0.67); see Figure 2) corresponding

to a sequential foundation of the four different sub-clusters with a
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FIGURE 4 Spatial genetic structure: (a) Clustering analysis conducted with STRUCTURE considering K= 2, K= 3 and K = 4. Each
individual is represented by a vertical line partitioned in K-coloured segments, which represent the individual membership fraction in K
clusters. Thin and thick black vertical lines delineate the different locations and regions, respectively. Samples names and geographic areas
are shown below and above the assignment plots (for abbreviations, see Table 1). The mean membership coefficient for each cluster is
shown. (b) Scatter plots of the discriminant analysis of principal components (DAPC) based on a a-score of 11. The left panel shows the plot
corresponding to axes 1 and 2, and the right panel shows the plot corresponding to axes 1 and 3. The three axes represented 95.76% of
the total variation in the data. Each dot corresponds to one individual (n = 655) from each of the 29 populations, which are represented by
different colours. Inertia ellipses centre on the mean for each location and include 67% of the sampling points

first divergence from the ancestral pool of the Southern East Italian
sub-cluster (t,), followed by a divergence of the Tunisian sub-cluster
(t,), and the Spanish (t,) and the South Alboran (t,) sub-clusters. The
remaining four scenarios showed much lower posterior probabilities:
from O for Scenario | to 0.16 (95% CI: 0.15-0.17) for Scenario IV.
Following a logistic approach and accounting for the five scenarios,
the posterior predictive error of scenario choice based on 1,000
simulated datasets was 0.32. Model checking analyses indicated

that data simulated under the Scenario V and parameter posterior

distributions fitted well the observed data. None of the 16 summary
statistics simulated under Scenario V were significantly different
from the observed values. Overall, posterior distributions of demo-
graphic parameters for Scenario V were well estimated with peaked
posteriors clearly different from prior distributions (not shown).
The modes of the posterior distribution of effective population
size (in number of diploid individuals) ranged from 2,860 (95% ClI:
763-17,400) for the South Alboran sub-cluster to 15,500 (95% Cl:
3,700-19,600) for the Spanish sub-cluster. Regarding the ancestral
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population, the inferred effective population size (N,) was very low
402 (95% Cl: 91-4,740). The relative median of the absolute errors
(RMAE) were generally low ranging from 0.19 for the effective popu-
lation size of the Southern East Italian sub-cluster to 0.25 for the
effective population size of South Alboran sub-cluster. Higher value
was observed for the ancestral population with RMAE equal to 0.40
for N,. Regarding historical parameters, the first divergence time be-
tween the ancestral pool and the Southern East Italian sub-cluster
(ty; see Figure 2) was 40,400 generations (95% Cl: 16,300-49,300)
overlapping with the second event (t, = 22,100 generations [95%
Cl: 8,560-38,200]). The remaining divergent events took place be-
tween 4,580 (95% Cl: 1,220-7,770) and 1,300 (95% Cl: 242-5,270)
generations ago for t, and t,, respectively. Associated RMAE values
ranged from 0.190 for t, to 0.350 for t,. All the results are shown in
Table 2.

MIGRAINE analyses confirmed the relatively low effective
population sizes suggested by the ABC analyses, with 6, rang-
ing from 0.47 (95% Cl: 0.26-0.75) for PM to 4.8 (1.3-35) for DR
(Table 4). Considering u = 5*107* (Sun et al., 2012), N ranged from
233 individuals (95% Cl: 132-376) for PM to 2,400 individuals (672-
17,400) for DR. While the two populations with highest 6_,. are DR
and ECON from the South Alboran sub-cluster, a geographic trend
was observed with higher 6_ . estimates in Central compared with
Western populations. Twenty-six populations (89%) showed signif-

icant past demographic contraction (N < 1; see Appendix S5).

ratio
The interpretation of the Nratio was not as straightforward in the
three remaining populations, all from the South Alboran sub-cluster.
NREY showed Nratio values that encompass both >1 and <1 (Nratio
[95%Cl] = 5.6*1074[1.7*107° - 7.792]) corresponding to a stable pop-
ulation. DR and ECON showed Nratio >1 (i.e. expanding population).
However, in the three populations, the corresponding 2Nu 2N, u
likelihood surfaces pointed out potential intricate demographic his-
tories (Appendix S5). Focusing on the 26 contracting populations,
the point estimates of Tgy (the product of the time of occurrence in
generation with the mutation rate) ranged between 0.402 (PM) and
2.22 (LAM). These population contractions occurred between 804

(95% Cl: 338-1542) and 4,444 (95% Cl: 2,494-9,430) generations
ago for PM and LAM, respectively. While most of the corresponding
95% Cl overlapped, a decreasing trend in Tgﬂ point estimates was ob-
served from populations from the Tunisian, the South Eastern Italian
and the Spanish and South Alboran sub-clusters (Table 4).

3.4 | Connectivity in Zembra National Park and
neighbouring of Cap Bon

The assignment tests indicated that 50 of the 198 individuals (25%)
from Zembra and the neighbouring area of Cap Bon were considered
as first-generation migrants (FGMs). FGMs were detected in all the
11 sites ranging from three (AIK, ZEM, NHS, MTS) to seven (CAS,
LAM). Thirty-two FGMs (64%) could not be assigned to any sites (as-
signment probability <0.01) and were thus considered as migrants
from unsampled sites. The remaining 18 FGMs (36%) were assigned
with a probability higher than 0.01 to up to four sites. These putative
sources only included five (AAA, AIK, CGD, ZEM and NHS) of the 11
sites. As we allowed for multiple assignments, these sites were iden-
tified as putative sources between one (NHS) and 13 (ZEM) times.
No FGM was assigned to the six other sites, which included four
and two sites from Zembra and Cap Bon, respectively. None of the
potential FGMs identified in Zembra were assigned to Cap Bon, but,
on the opposite, four of the 11 FGMs identified in Cap Bon were
assigned to Zembra.

4 | DISCUSSION

4.1 | Whole distribution range pattern of genetic
diversity and structure in A. calycularis

Knowledge regarding the spatial pattern of genetic diversity is
critical to estimate populations’ evolutionary potential and to sup-

port conservation planning (Hoban et al., 2020; Laikre et al., 2020).
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TABLE 4 MIGRAINE analyses conducted for the 29 populations. Point estimates and 95% Cl are shown for the scaled time (Tgu),

the ancestral scaled population size (9
u corresponding to the mutation rate, N

anc

anc

=2*N,,"u), the current scaled population size (6,

ratio

Tg*u [95% Cl] N*u [95% CI]

AAA 2.05[0.65-3.72] 3.9 [2.76-5.56]
AIK 1.91 [1.22-3.45] 3.37 [2.48-4.56]
CAD 1.84[1.08-3.15] 3[2.05-4.47]
CAS 2.11[1.25-3.99] 3.88[2.77-5.37]
CGD 2.08[1.23-4.09] 3.96 [2.91-5.36]
TUN 1.83[0.86-3.6] 3.34 [2.34-4.74]
LAM 2.22[1.25-4.72] 3.7 [2.55-5.36]
ZEM 2.09 [0.88-3.21] 3.71[2.84-4.82]
BBE 1.44[0.5-2.76] 2.43[1.69-3.44]
MTS 1.33[0.77-2.31] 2.42[1.63-3.58]
NHS 1.53[0.68-3.15] 2.56 [1.8-3.65]
ALB1 1.09 [0.63-2.01] 1.3[0.89-1.87]
ALB2 1.38[0.75-2.59] 1.23[0.84-1.79]
CATRFO 1.63[0.9-3.85] 2.22[1.61-3.05]
CL 1.38[0.76-2.39] 1.46 [1.02-2.04]
DR 0.07 [0.01-2.03] 4.8 [1.34-34.86]
ECON 0.06 [0-4.17] 4.62[1.32-55.85]
NI 0.88 [0.52-1.79] 1.26[0.87-1.81]
NREY 1.25[0.01-2.98] 1.34[0.92-39.97]
TH 1.64[0.92-3.31] 1.62[1.16-2.26]
ALF 1.42[0.73-2.91] 1.52[1.08-2.07]
ALG 1.31[0.01-3.08] 1.02 [0.69-1.49]
ALM 1.33[0-3.24] 1.32[0.01-1.87]
GAT 0.58 [0.28-1.26] 0.66 [0.39-1.04]
GRA 7[0.82-3.4] 1.16 [0.77-1.76]
PC 1.87[0.93-4.33] 1.7 [1.19-2.39]
PM 4[0.19-0.77] 0.47 [0.26-0.75]
PAL 1.79 [0.93-4] 2.53[1.89-3.37]
PAN 1.95[1.08-4.43] 2.38[1.73-3.29]

cur

=1 as expected in a stable population

2N, "1 [95% Cl]

7,089 [26.07-NA]
19,097 [37.3-NA]

105,537 [33.32-NA]
122,879 [32.81-NA]

16,982 [44.3-NA]
5,365 [22.24-NA]
2,833 [33.92-NA]

15,233 [31.27-NA]
2031 [19.26-NA]

27,447 [48.99-NA]

60,910 [23.73-NA]

33,674 [56.73-NA]
4,932 [18.09-NA]

47,776 [21.53-NA]

31,917 [24.04-NA]

0.98 [0.46-1.66]
1.12[0.51-1.87]

28,405 [41.07-NA]
2,397 [0.72-81274]

10,188 [14.87-NA]

63,914 [11.24-NA]
3,267 [8.19-NA]

35,890 [15.46-NA]

11,230 [33.79-NA]
3,534 [13.36-NA]

13,377 [12.35-NA]

11,195 [61.51-NA]

23,613 [40.48-NA]

34,525 [13.79-NA]

= 2*N*u) and the corresponding N
and N to the ancient and current population size, respectively. All the N
lower than O corresponding to a population bottleneck with the exception of DR and ECON (bold), which showed N
expanding populations and NREY (italics), which showed N

ratio with
are significantly
> 1 as expected in

ratio

ratio

Nratio [95% Cl]
5.5*107*[1.3*107°-0.15]
1.8*107%[1.2*107°-0.09]

3*107°[1.9*107°-0.09]
3*107°[2.2*107°-0.13]
2.3*107[2.6*107°-0.067]
6.2*107*[1.63*107%-0.15]
1.31*107%[2.2*107°-0.11]
2.4*107*[1.87*107%-0.12]
1.19*107%[5.5*107°-0.12]
9*107°[2.7*107°-0.05]
4*107°[3*107°-0.11]
4*107° [2*107°-0.02]
2.5*107*[8*107°-0.07]
5*107 [8*107¢-0.01]
5*107 [3.2*107°-0.06]
4.87[1.89-10.2]
4.13[1.41-36.44]
4*107°[1.5*107°-0.04]
5.6*1074[1.7*107°-7.79]
1.6*107*[2.7*107°-0.08]
2*107°[1.7*107°-0.06]
3.1*107* [1*107°-0.44]
4*107° [6*107-0.34]
6*107° [1.2*107°-0.02]
3.3*107*[6.6*107°-0.09]
1.3*107*[2.3*107°-0.10]
4*107° [1*107°-0.01]
1.1*107*[3.2*107°-0.06]
7*107°[1.8*107°-0.17]

Here, considering two different measures of geographic peripheral-
ity, we demonstrated significant decreases in genetic diversity (H,
and Ar(lo)) combined with a significant increase in genetic isolation
(population-specific F;s) and nearness to fixation (Ggs vs. DESTs)
from the Centre to the Eastern periphery and from the Centre to
the Western periphery in A. calycularis. The genetic diversity is thus
highly heterogeneously distributed across the distribution range of
A. calycularis with a strong pattern of structure.

The clustering analyses revealed low level of admixture among
highly differentiated genetic clusters. In line with this result and
supporting the heterogeneous distribution of genetic diversity, the
lower value of the global G¢; (nearness to fixation; Jost et al., 2018)
compared with the Dgq; (allelic differentiation; Jost et al., 2018) sug-

gests that some alleles are unshared across the range distribution

(Jost et al., 2018). The linear regressions between pairwise Dgcs
and Gg;s complement this result. In the first set of analyses (i.e.
-0.1 < Dggrs < 0.4), a steeper linear regression was observed among
population pairs from the same Periphery (i.e. within the Western or
Eastern Periphery) compared with population pairs from the Centre
of the distribution range. For the same D¢, the corresponding G¢;
is higher in peripheral populations, which are thus closer to fixation,
compared with central populations. In the second set of analyses (i.e.
0.55 < Dg¢s < 0.85), the linear regression between Dg; and G is
steeper for Centre versus Western Periphery populations compared
with Centre versus Eastern periphery populations, suggesting a higher
genetic differentiation of the Western periphery. The population-
specific F41s corroborated the relative genetic isolation of the periph-

eral populations with the highest values observed across the Western
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Periphery. Interestingly, nine of the ten highest pairwise D ¢;s (>0.79)
involved one population from the Western Periphery and one pop-
ulation from the Eastern Periphery highlighting the totally different
genetic pools of the populations located at the two peripheries.
Centre to peripheries negative genetic gradients were reported
in different species (Eckert et al., 2008; Pironon et al., 2017) in-
cluding corals (e.g. Andras et al., 2013; Miller & Ayre, 2004; Nunes
et al.,, 2009). Focusing on the Mediterranean Sea, recent studies also
reported regional negative genetic gradients (Boscari et al., 2019;
Ledoux et al., 2018). Our work goes one step further as most of
these studies focused on one particular area of the distribution
range (Eckert et al., 2008; Guo, 2012). Indeed, considering most of
the species distribution range, we demonstrate the occurrence of
multidirectional (eastward and westward) longitudinal genetic gra-
dients, involving different alleles, and going along with a stronger
genetic differentiation and isolation of the peripheral populations.
Whether or not this pattern will be retained after adding Algerian
populations, which are situated in close proximity to the hypothetical
geographic Centre of the current distribution range, is an open ques-
tion. Unfortunately, these populations remain challenging to sample.
However, it is noteworthy the genetic gradients are supported con-
sidering two different measures (DC and DNRL) capturing different
aspects of peripherality (see Methods). The coefficients of determi-
nation of the linear models based on DNRL were similar (population-
specific Fgp) or higher (H, and Ar; ) than those based on DC. We thus
assume these genetic patterns should not be disrupted by adding
Algerian populations. However, their genotyping and the genotyping
of atypical populations (e.g. Adriatic Sea; Central Italy) are needed to

further characterize the genetic variation in A. calycularis.

4.2 | “Postglacial range expansion hypothesis”
versus “Central-peripheral hypothesis”: insights
into the underlying processes

Disentangling the relative influence of historical (i.e. postglacial
sequential recolonization) versus contemporary (i.e. low effective
population size, demographic isolation) processes on neutral genetic
diversity gradient is a challenging task (Eckert et al., 2008; but see
Johansson et al., 2006). Under the postglacial range expansion hy-
pothesis, negative gradients result from a sequential recolonization
involving serial founder events. We thus expect the Centre popula-
tions to be founded earlier than the Periphery populations; hence,
those peripheral populations should show stronger genetic imprints
of founder events. On the other hand, the central-peripheral hy-
pothesis relies on a low effective population size and thus higher
demo-genetic stochasticity in peripheral compared with central
populations due for instance to less optimal environmental condi-
tions in peripheral habitats.

The approximate Bayesian computations combined with the
maximume-likelihood analyses in MIGRAINE give support to the post-
glacial range expansion hypothesis, suggesting an intricate evolu-

tionary history in A. calycularis. The most likely evolutionary scenario

(Scenario 5) involved a sequential foundation for the four different
sub-clusters. In this scenario, a first divergence event from the an-
cestral pool led to the Southern East Italian sub-cluster, potentially
concomitant with the divergence of the Tunisian sub-cluster, and fol-
lowed by the divergences of the Spanish and the South Alboran sub-
clusters. While the RMAE associated with the estimated parameters
call for cautious interpretation, it is noteworthy the divergence events
are widely distributed in time, ranging from 40,400 (95% ClI: 16,300-
49,300) to 1,300 (95%Cl: 242-5,270) generations ago. The generation
time in A. calycularis is unknown. However, the three- to five-year-
olds for sexual maturity observed in the related species Leptopsammia
pruvoti (Goffredo et al., 2006) place the sub-cluster divergences on
the two sides of the Last Glacial Maximum (24-18,000 years ago),
with the divergence of the Southern East Italian sub-cluster 121,000
to 202,000 years ago and the divergence between the Spanish and
South Alboran sub-clusters only 3,900 to 6,500 years ago. Refining
these results, the maximume-likelihood approach also supports the
occurrence of a sequence of demographic events at the popula-
tion scale. All the populations but ECON, DR and NREY showed a
demographic contraction shared among the last 804 to 4,444 gen-
erations (setting u = 5*107%). The oldest contractions are observed
in the Central and the Southern East Italian sub-clusters, while the
most recent ones are observed in the Spanish and South Alboran
sub-clusters. Focusing on point estimates and considering three- and
five-year generation time, these events happened between 22,220
and 4,020 and 13,333 and 2,412 years ago, respectively. This tem-
poral framework is thus consistent with a potential impact of the
LGM. In the meantime, the maximum-likelihood approach revealed
the higher current scaled effective population sizes (4, ) in the Centre
populations (e.g. CGD = 3.96 [2.91-5.36]) compared with Western
populations (e.g. GAT = 0.66 [0.39-1.04]). This trend, which is only
challenged by the two expanding populations from the South Alboran
sub-clusters (ECON, DR), is expected in the central-peripheral hy-
pothesis. Accordingly, we suggest the postglacial range expansion to
be a major driver of the current negative genetic gradients yet the
central-peripheral hypothesis can not be totally ruled out. As men-
tioned previously, Algerian samples should be considered to refine
this result. Keeping in mind the sea-level variations during the Last
Glacial Maximum, it is unlikely that the location of the ancestral pop-
ulation overlapped the current centre of distribution range. However,
we expect the Algerian populations to be closer to the ancestral pop-
ulations than the populations from the Periphery and, accordingly, to
be founded before or simultaneously with the Tunisian populations.
Moreover, we call for complementary demographic studies (e.g.
Ocanaetal., 2009; Goffredo et al., 2006; Prada et al., 2019) to formally
characterize the impact of contemporary demo-genetic stochasticity
on the pattern of genetic diversity (see Johansson et al., 2006).

An imprint of postglacial sequential recolonization on the con-
temporary pattern of genetic diversity was previously reported
in the Mediterranean red gorgonian, Paramuricea clavata (Ledoux
et al., 2018), and suspected in another coral, Leptosammia pruvoti,
in the Adriatic Sea (Boscari et al., 2019). In spite of their relatively

contrasted ecology (e.g. habitat, distribution range), these three
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species seem to show comparable genetic imprints of past climatic
fluctuations. Similar legacy of postglacial recolonization processes
is widely acknowledged in terrestrial species (e.g. Hewitt, 2000)
and is expected in low dispersal marine species (Hellberg et al.,
2002). Whether this trend can be generalized to other low dispersal
Mediterranean habitat-forming species thus deserves further atten-

tion, owing to its conservation implications.

4.3 | General conservation implications and
functioning of the Zembra National Park, a hotspot of
genetic diversity

The need to account for genetic diversity is widely acknowledged
by conservation biologists, yet it remains barely considered by
policymakers (Hoban et al., 2020; Laikre et al., 2020). One of the
main outputs of our study, supported by the approximate Bayesian
computations and the maximume-likelihood approach, is the rela-
tively low effective population sizes in A. calycularis. Considering
u = 5*107% most of the population size estimates are lower than
3,000 individuals with various populations (e.g. PM, GAT and ALG)
showing values close to 500 individuals, the limit to consider a popu-
lation as “genetically safe” (Jamieson & Allendorf, 2012). Included
in Annex Il of the CITES, A. calycularis is considered as “vulnerable”
under Bern and Barcelona conventions and of “Least Concerned” in
Mediterranean regional IUCN red list due to its demographic stabil-
ity (Otero et al., 2017). Nevertheless, the low effective population
sizes revealed here deserve further attention from policymakers
and should be used to complement the conservation status of the
species. Indeed, these low effective population sizes question the
adaptive potential of the species in the current disturbance regime.
Besides, the occurrence of well-defined genetic clusters with con-
trasted evolutionary histories, including potentially deep diver-
gences and highly restricted gene flow, supports the definition of
different management units covering the species distribution range.
We suggest these units to overlap the four genetic sub-clusters, but
complementary sampling (e.g. Algerian and Adriatic regions) and
characterization of the pattern of adaptive diversity should refine
this strategy. Combining this pattern with the estimates of effective
population sizes should allow to further guide conservation actions
as exemplified here for two contrasted cases: the Spanish and the
Tunisian sub-clusters.

The Spanish sub-cluster is almost exclusively composed by pop-
ulations with effective population sizes below the “genetically safe”
limit of 500 individuals. This may be expected considering the rel-
atively recent foundation of this sub-cluster. Nevertheless, these
populations may harbour limited potential for adaptation in the cur-
rent environmental context. Teixido et al. (2020) recently suggested
potential for local adaptation in an atypical population at the Eastern
Periphery. Estimating the genetic parameters in this particular pop-
ulation may give first insights into the interaction between effective
population size and adaptive capacities in A. calycularis. Meanwhile,

the populations from the Spanish sub-cluster should be targeted by
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dedicated conservation plans to restrain, for instance, the impact of
local stressors.

The Tunisian sub-cluster, which includes the Zembra National
Park, encompasses most of the populations with high effective pop-
ulation sizes. Boudouresque et al. (1986) were the first to point out
that A. calycularis was particularly abundant in the Park. We com-
plement this seminal study characterizing the processes underlying
this hotspot of genetic diversity. The IBD revealed among the pop-
ulations from Tunisian sub-cluster is characterized by a neighbour-
hood size (Nb = 91 individuals) similar to published values for other
Mediterranean corals (e.g. Nb = 55 individuals for P. clavata; Ledoux
et al., 2018), supporting a spatially limited dispersal with low popula-
tion sizes. Considering the lack of genetic differentiation among pop-
ulations separated by up to 4.75 km, gene flow among populations is
likely to occur within the Zembra National Park (3.69 km?). The as-
signment analyses showed that these populations are characterized
by contrasted roles with regard to the connectivity of the system. The
connectivity between Zembra and Cap Bon areas seems highly asym-
metric. All the first-generation migrants (FGMs) shared between the
two areas were found in Cap Bon and sourced in Zembra, suggesting
spillover from the National Park towards the neighbouring area. This
unidirectional pattern was expected considering the regional oceano-
graphic features, and more particularly, the eastward Atlantic Tunisian
Current (Sorgente et al., 2011). FGMs were identified in all the 11
Tunisian populations, but they only come from five populations. Those
five source populations, and particularly ZEM and CDS, which were
identified as potential sources in more than 70% of the cases, require
specific conservation attention. A related point to consider here is the
lack of assignment for 64% of the FGMs. The Zembra National Park is
thus connected to some degree with unsampled area(s), likely on the
western Tunisian coast considering the local oceanographic features
(Sorgente et al., 2011). While it is important to concentrate manage-
ment efforts on Zembra, the status of this hotspot of diversity seems
unambiguously linked to neighbouring unprotected populations, re-

inforcing the relevance to enforce the protection at the species level.

5 | CONCLUSION

In the warming Mediterranean Sea (Bensoussan et al., 2019;
Cramer et al.,, 2018), the evolution of marine biodiversity is a
matter of concern (Garrabou et al.,, 2009, 2021). Shifts in spe-
cies distribution ranges are expected with “losers and winners”
and potential consequences at the community level (Gémez-Gras
etal., 2019, 2021). To date, most of the efforts in this topic focused
on species negatively impacted by climate change (e.g. Arizmendi-
Mejia, Ledoux, et al., 2015; Crisci et al., 2017; Ledoux et al., 2015;
Torrents et al., 2008). Astroides calycularis may offer a comple-
mentary perspective. First, it is considered as a warm-water spe-
cies, which may potentially benefit from the sea temperature
increase expanding its distribution range (Bianchi, 2007; Kruzi¢
et al., 2002; but see Movilla et al., 2016). Then, addressing the

impact of warming on biodiversity through the lens of peripheral



LEDOUX ET AL.

“ LwiLey-

populations is widely acknowledged (e.g. Hampe & Petit, 2005;
Sexton et al., 2009). Accordingly, we identified in this study natu-
ral experimental setups where to concentrate efforts to decipher
“peripheral population-by-warming environment” interactions.
Overall, these results combined with previous study (Casado-
Amezula et al., 2012; Teixido et al., 2020) stand A. calycularis as
a highly relevant model to study the evolution of Mediterranean
marine diversity facing warming.
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