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Abstract
Aim: The Atlanto-Mediterranean edible purple sea urchin, Paracentrotus lividus, is a 
commercially exploited keystone species in benthic communities. Its browsing activity 
can deeply modify the littoral landscape, and changes in its abundance are of major 
conservation concern. This species is facing nowadays contrasting anthropogenic 
pressures linked to predator release, exploitation and sea warming. Management of 
this key species requires knowledge of its genetic structure, connectivity and local 
adaptation. Our goal was to assess the current global status of the species under a 
genomic perspective.
Location: Atlanto-Mediterranean shores from Morocco and France to Turkey.
Methods: We used genotyping by sequencing (GBS) of 241 individuals belonging to 
11 populations spanning the known range of distribution of the species. We obtained 
3,348 loci for population genomics and outlier analyses.
Results: We identified significant genetic structure and a gradient matching the lon-
gitudinal position of the localities. A hierarchical analysis revealed two main clusters 
(Atlantic and Mediterranean) and subtler patterns of differentiation within them. 
Candidate markers for selection identified between and within these two main clus-
ters were mostly different, likely indicating different selective pressures. Adaptation 
to maximum salinity and maximum temperature appeared as an important driver of 
the transition between Atlantic and Mediterranean basins. Other stressors, such as 
minimum temperature or range of temperature, seem to define the structuring within 
the Mediterranean.
Main conclusions: Our study shows the potential of hierarchical analyses on popu-
lation genomics to detect fine-scale genetic structure and adaptation signatures in 
marine species with long dispersal capabilities. Although genetic interchange occurs 
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1  | INTRODUC TION

The population structuring of living organisms is shaped by the com-
bination of different evolutionary forces such as migration, genetic 
drift or selection. Historically, the selection component has been 
underestimated in relation to other processes in population genetic 
analyses. However, the rise of genomic studies during the last de-
cade has opened new windows for research including the analysis of 
outlier loci to look for genomic signals of local adaptation or associ-
ated to environmental cues (Benestan, Ferchaud, et al., 2016). The 
genotyping of thousands of markers spanning the whole genome has 
increased the power to detect even subtle genetic patterns previ-
ously unnoticed using markers such as microsatellites or mitochon-
drial DNA sequences (Bradbury et al., 2015, 2010). Furthermore, the 
analysis of outlier loci has revealed additional levels of structuring 
in many cases (Milano et al., 2014; Vandamme et al., 2014) showing 
trade-offs between selection and dispersal (Carreras et al., 2017). 
This additional improvement of population genomics, when com-
pared to conventional population genetics, is especially relevant in 
marine organisms, as they include widely dispersing species and fea-
ture large population sizes rendering genetic differentiation across 
populations difficult to detect (Lamichhaney et al., 2012; Xuereb et 
al., 2018). For this reason, the inclusion of adaptive genetic variation 
is necessary to identify population structuring mediated by local ad-
aptation to environmental conditions (Sandoval-Castillo, Robinson, 
Hart, Strain, & Beheregaray, 2018). The use of genome-wide markers 
increases the chance of identifying regions under selection and has 
been recommended for delineating conservation and management 
units of natural populations (Funk, McKay, Hohenlohe, & Allendorf, 
2012).

The assessment of genomic signals of selection on non-model 
organisms is usually performed in two different ways (Ahrens et al., 
2018). On one hand, outlier analyses (OAs) are based on the search 
of genome-wide markers showing outlier values of genetic differ-
entiation (FST) among the studied populations as they are consid-
ered to be candidate loci for local adaptation (Carreras et al., 2017). 
However, the power to find such outlier loci depends, by definition, 
on the mean values of genetic differentiation found among popula-
tions. Thus, if different levels of genetic differentiation exist (e.g. a 
deep genetic break separating two groups of genetically differenti-
ated populations) the power to detect outliers and signals of local ad-
aptation at the lower levels (i.e. within groups) may be compromised 
and obscured by patterns occurring between genetic groups. On the 

other hand, environmental association analyses (EAAs) use envi-
ronmental variables to find genomic signatures associated to them, 
and thus potentially under selection (Benestan, Quinn, et al., 2016). 
Again, these environmental variables can show different patterns in 
the different genetic groups (that likely occur in different geographic 
zones), and thus, only the associations related to the major breaks 
may be revealed. If the overall genetic structure is not accounted 
for in the assessment of genomic signals of selection, the results are 
likely to be partial. Under these circumstances, a hierarchical ap-
proach combining the analyses at different levels is fundamental to 
get out the most of genetic data (Carreras-Carbonell, Macpherson, 
& Pascual, 2006). Although several constraints have been described 
for the analysis of candidate loci under selection using either OAs or 
EAAs (Ahrens et al., 2018), the impact of hierarchical genetic struc-
turing on the search of selection signatures at different scales has 
not been addressed, and this may be a critical issue, especially on 
species with wide distribution ranges.

In this study, we applied a genomics approach to assess the pop-
ulation structure of the edible purple sea urchin Paracentrotus lividus 
(Lamarck, 1816). This species has a wide distribution range across 
the Mediterranean Sea and north-east Atlantic. This sea urchin is 
a key component in benthic communities due to its grazing activity 
that regulates the density of macrophyte populations (Agnetta et 
al., 2015; Benedetti-Cecchi, Bulleri, & Cinelli, 1998; Palacín, Giribet, 
Garner, Dantart, & Turon, 1998; Sala, Boudouresque, & Harmelin-
Vivien, 1998; Wangensteen et al., 2011). Changes in its abundance 
are therefore of major concern for the conservation of littoral com-
munities. This species is nowadays facing contrasting anthropogenic 
pressures. While overfishing of predators can promote high densities 
of sea urchins (Hereu, Zabala, Linares, & Sala, 2005; Sala et al., 1998), 
this species is also exploited for their roe (Barnes & Crook, 2001), 
and it has shown early signs of collapse in some areas. This decline 
is probably the result of the combined impact of over-exploitation, 
climate change due to its temperature tolerances (Privitera, Noli, 
Falugi, & Chiantore, 2011; Yeruham, Rilov, Shpigel, & Abelson, 2015) 
and possible competition with other species (Rilov, 2016; Yeruham 
et al., 2015). A sound knowledge of the genetic structure, connectiv-
ity and local adaptation of this key species is necessary for a proper 
management.

The adults of P. lividus are known to have limited mobility 
(Palacín, Giribet, & Turon, 1997) but their long pelagic larval dura-
tion (PLD) of 20–40 days (Pedrotti, 1993), heterogeneity in settle-
ment (Hereu, Zabala, Linares, & Sala, 2004; Tomas, Romero, & Turon, 

widely in Paracentrotus lividus, the species is sensitive to dispersal barriers, displays 
isolation by distance and faces local selective pressures associated to environmental 
conditions, all of which can render it more vulnerable than previously thought.
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2004) and broadcast spawning behaviour (Minchin, 1992) suggest 
that this species may have low genetic differentiation among local-
ities. Previous studies assessing the population structure of P. livi-
dus using different sets of mitochondrial and nuclear DNA markers 
found significant genetic differentiation only across two known 
oceanic discontinuities, the Almería-Oran front separating the 
Atlantic and the Mediterranean populations (Calderón, Giribet, & 
Turon, 2008; Duran, Palacín, Becerro, Turon, & Giribet, 2004), and 
the Adriatic-Ionian front (Maltagliati, Giuseppe, Barbieri, Castelli, 
& Dini, 2010). Temporal variability among different cohorts of the 
same localities was also assessed suggesting little temporal varia-
tion, with some exceptions associated with abnormalities of circu-
lation patterns (Calderón, Palacín, Palacín, & Turon, 2009; Calderón, 
Pita, Brusciotti, Palacín, & Turon, 2012) or chaotic genetic patchiness 
(Couvray & Coupé, 2018). However, it has been suggested that P. livi-
dus might present higher levels of structuring across the Atlantic and 
Mediterranean than previously suggested (Penant, Aurelle, Feral, & 
Chenuil, 2013). This potential structuring at finer scale was evalu-
ated within the Adriatic Sea with a population genomics approach 
using 2b-RAD coupled with Lagrangian simulations (Paterno et al., 
2017). This first genomic study showed differentiation between the 
Adriatic-Ionian populations and two external populations (France 
and Tunisia), although no fine-scale structuring was found within the 
Adriatic. Furthermore, this study did not provide a general picture 
for P. lividus, given that its spatial scope did not cover the wide range 
of the species' distribution.

In this context, we used genotyping by sequencing (GBS) on 
241 individuals of P. lividus sampled from 11 localities spanning its 
Atlanto-Mediterranean distribution range. The specific aims of this 
study are (a) to determine the global population structure of this key-
stone species using a panel of genome-wide markers, (b) to test the 
existence of selective pressures by identifying candidate loci under 
selection between and within genetic groups, (c) to relate the signal 
of these candidate loci to environmental variables and (d) to ascer-
tain adaptation drivers by relating candidate loci under selection to 
known functions through gene annotation. Finally, we discuss the 
implications of our results in the context of management and conser-
vation considering the species' current exploitation and foreseeable 
population regression due to environmental alteration and the com-
plexity of its distribution range.

2  | MATERIAL S AND METHODS

2.1 | Sampling

A total of 241 P. lividus individuals were sampled by SCUBA diving, 
snorkelling or by hand during low tide within a period of 17 months 
(from June 2014 to October 2015) from 11 localities (between 20 
and 23 individuals per locality, Table 1; Figure 1). The sampling lo-
calities are distributed in three major regions: (a) two sites in the 
eastern Atlantic, Crozon (CZ, France) and Sidi Ifni (SI, Morocco); (b) 
six sites in the western Mediterranean, Tarifa (TA), La Herradura TA
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(LH), Carboneras (CA), Palos (PA), Xàbia (XA) and Colera (CO); and 
(c) three sites in the eastern Mediterranean, Trieste (TR, Italy), Fier 
(FI, Albania) and Dalyan (DL, Turkey). The sampled localities span c. 
5,000 km (shortest distance by sea) from CZ to DL. Samples were 
stored in absolute ethanol, and between 10 and 15 mg of muscular 
tissue from the Aristotle's lantern from each individual was used for 
DNA extraction with the QIAMP® DNA Mini Kit (QIAGEN) following 
the manufacturer's instructions.

2.2 | Genotyping by sequencing and loci selection

A GBS protocol (Elshire et al., 2011) was carried out at the “Centre 
Nacional d'Anàlisi Genòmica” (CNAG). The genome was digested 
using the restriction enzyme ApekI (selected based on fragment size 
distribution in a preliminary assay), and the resulting fragments were 
ligated to individual barcodes and to common adapters. DNA frag-
ments were paired-end sequenced (2 × 100 bp) in an Illumina HiSeq 
2000 platform using 96 multiplexed individuals in each lane of a flow 
cell. Each individual was sequenced two or three times in order to 
increase sequence depth, totalling 10 lanes for this study.

The raw Illumina sequences were analysed using the GIbPSs 
toolkit, designed to analyse data from massive sequencing of non-
model organisms (Hapke & Thiele, 2016). GIbPSs can handle paired-
end sequences; it does not require the same sequence length at 
different loci and implements an indel detection method to flag po-
tentially problematic loci that would include alleles of different sizes. 
All sequences were trimmed to 80 bp to discard the lower quality 
bases at the ends, and the 5' restriction sites were removed. The 
default values for filtering were modified to increase stringency, and 
thus, sequences shorter than 32 bp, with N's, or with a phred score 
quality lower than 22 in a sliding window of 5 bp, were discarded. 
A minimum overlap of 5 bp was required to assemble forward and 
reverse sequences of a paired-end read, and thus, the maximum 
length of a locus after assembling both paired-end sequences was 
152 bp. Staggered read pair problems arose with loci shorter than 
the read length because the two restriction sites were very close. 

In these cases, forward and reverse reads corresponded to exactly 
the same fragment including the restriction sequence at both ends. 
Depending on the length of the fragment, the initial 80 bp trimming 
may not completely cut off the restriction enzyme sequence at the 
3' end of each read, while the restriction sites at the 5' ends were re-
moved. In these cases, the program could not overlap the sequences 
and appended them. Those duplicate sequences were identified, and 
only the forward read was kept for further analyses.

Locus search with GIbPSs was first carried out separately for each 
individual. Identical sequences in a given individual were grouped in 
the same cluster (svar in the terminology of the program). Different 
svars were grouped for each individual into loci using the default dis-
tance settings. A minimum depth of at least 5 sequences was nec-
essary for a locus to be deemed as valid. We defined as alleles of 
individual genotypes those svars representing more than 30% of the 
total number of reads in a locus. Thus, heterozygote individuals were 
those having two alleles above this threshold as genotypes based on 
an uneven distribution of alleles were removed. Loci were identified 
as haplotype loci, based on the procedure used by GIbPSs and other 
software for “de novo” loci identification. Thus, all the polymorphic 
sites of the different sequences (svars) of each locus were included 
for identifying alleles. We used haplotype loci as previous studies 
have shown that working with sequence variants (multiallelic) in-
stead of using only one SNP per locus (biallelic) is more informative 
(Casso, Turon, & Pascual, 2019; Ryman et al., 2006). A global loci 
catalogue was assembled with all the alleles found in all the individ-
uals using the default distance settings. Loci flagged by the program 
as potentially including an indel or with more than two alleles per 
individual were discarded, as they can be the result of combining pa-
ralogous loci, as well as PCR or sequencing errors. We also removed 
deeply sequenced loci, as they are likely paralogous DNA regions 
with multiple copies along the genome. Following the algorithm de-
veloped in GIbPSs, a median depth percentile below 0.2, as scaled 
across individuals, was used to identify and remove these deeply 
sequenced loci. A final locus selection was performed to retain only 
loci present in 70% of the total number of individuals and to obtain 
the haplotype loci dataset. Nonetheless, for comparison with our 

F I G U R E  1   Map of the sampling 
localities with their code names. CZ: 
Crozon; SI: Sidi Ifni; TA: Tarifa; LH: La 
Herradura; CA: Carboneras; PA: Palos; 
XA: Xàbia; CO: Colera; TR: Trieste, FI: Fier 
and DL: Dalyan. Map created using the 
free software MAPTOOL (SEATURTLE.
ORG Maptool. 2002. SEATURTLE.ORG, 
Inc. http://www.seatu rtle.org/mapto ol/, 
February 26, 2018)

http://www.seaturtle.org/maptool/
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haplotype loci dataset and for the requirements to use SNPs in some 
programs (see below) we also selected from each retained haplotype 
locus only the first SNP, using the option –uS 2 of GIbPSs, to obtain 
a new dataset, henceforth called the SNP loci dataset.

2.3 | Population structure

Hardy–Weinberg equilibrium (HWE) was assessed for each locus in 
each sampled locality with the “pegas” R package (Paradis, 2010). 
Significant departures from HWE were detected after a Benjamini–
Yekutieli (B-Y) FDR correction for multiple comparisons (White, van 
der Ende, & Nichols, 2019). Markers with significant departures from 
HWE in 60% or more localities were removed from the final dataset, 
to avoid using the combination of paralogous loci in the same locus 
as they are expected to be consistently out of HWE across popula-
tions (Benestan et al., 2015).

Pairwise differences between localities were calculated with 
Nei's estimator of FST (Nei, 1987) in the “hierfstat” R package, using 
999 permutations to calculate the respective p-values (Goudet, 
2005) with the B-Y FDR correction. The results were represented 
with heatmaps and dendrograms with the “gplots” R package 
(Warnes et al., 2016). Observed and expected heterozygosities, al-
lelic richness and FIS values per sampling location were calculated 
using the R packages “genetics” and “hierfstat” (Goudet, 2005; 
Warnes, Gorjanc, Leisch, & Man, 2019). In order to identify isolation 
by distance (IBD), a Mantel test was performed with the “vegan” R 
package (Dixon, 2003; Oksanen et al., 2019) using the shortest dis-
tance by sea between localities measured with Google Earth.

A discriminant analysis of principal components (DAPC) was 
performed with the “adegenet” R package (Jombart, 2008). We re-
tained a total of N/3 PCs, being N the number of individuals, and 
3 discriminant functions using localities as prior grouping informa-
tion. Additionally, we used the Bayesian information criterion (BIC) 
to detect the optimal number of genetic clusters. We performed a 
k-means clustering from k = 1 to k = 10, using 105 iterations, and, 
in this case, we retained 250 PCs as the cumulative variance ex-
plained by the eigenvalues of the PCA was saturated at this value. 
The results obtained were used to separate our samples per cluster 
that were represented in new DAPCs to better identify the genetic 
structure within each genetic cluster. Again, we retained a total 
of N/3 PCs and 3 discriminant functions using localities as prior 
grouping information. Additionally, population structuring was also 
evaluated using STRUCTURE, which implements a Bayesian cluster-
ing method to identify the most likely number of populations (K). 
We used the strategy and parameters described in the literature 
(Evanno, Regnaut, & Goudet, 2005), and thus, we carried out 10 runs 
per each value of K ranging from 1 to 10. We used the model of 
correlated allele frequencies and a burn-in of 50,000 followed by 
500,000 Markov Chain Monte Carlo steps. We estimated the ad hoc 
statistic ΔK in order to infer the most likely number of populations 
using STRUCTURE HARVESTER (Earl & vonHoldt, 2012). The 10 
runs of STRUCTURE for the most probable K were averaged using 

CLUMPP version 1.1.2 (Jakobsson & Rosenberg, 2007). To test the 
resolution of detecting the population genetic structure of the SNP 
loci dataset compared to the haplotype loci dataset, we also carried 
with the SNP loci dataset a DAPC analysis, computed pairwise FST 
values among localities and performed a STRUCTURE analysis to 
identify the number of genetic groups as described above.

2.4 | Identification of loci candidate for 
local adaptation

Four different sample groupings were used to detect candidate 
loci among the haplotype loci dataset based on outlier FST (OAs): 
“All populations,” “Atlantic versus Mediterranean,” “Atlantic” and 
“Mediterranean.” In the “All populations” grouping, all samples were 
included and grouped by sampling locality to obtain a general over-
view of the outlier loci across the whole geographica range sampled. 
In the “Atlantic versus Mediterranean” grouping, all the samples were 
also included but they were combined in the two groups as identified 
by the k-means method in DAPC belonging to the Mediterranean and 
the Atlantic clusters (see Section 3). This analysis was set in order to 
detect outlier loci differentiating the Atlanto-Mediterranean tran-
sition. Finally, each cluster was analysed independently with their 
samples grouped by locality in order to explore the outliers of the in-
ternal structuring within each group (“Atlantic” or “Mediterranean”).

In the four groupings, outliers were identified with Arlequin 
(Excoffier & Lischer, 2010), Lositan (Antao, Lopes, Lopes, Beja-
Pereira, & Luikart, 2008) and BayeScan (Foll & Gaggiotti, 2008). The 
analyses with Arlequin were performed using 100,000 coalescent 
simulations and 100 demes in a finite Island model. Lositan analy-
ses were performed with 1,000,000 simulations and a subsample 
of 50, in an infinite allele model, using a “neutral” mean FST (which 
means that the software performs a preliminary simulation to re-
move potentially selected loci before computing the mean neutral 
FST). Benjamini–Yekutieli FDR corrections (White et al., 2019) were 
applied to the p-values of Arlequin and Lositan with an overall alpha 
level of 0.01. BayeScan search was implemented with a total of 
150,000 iterations, with a burn-in period of 100,000 and 40 pilot 
runs of 10,000 iterations each. Outlier loci in BayeScan were re-
vealed using a q-value of 0.01. Only loci detected simultaneously 
with the two more conservative programs (see Section 3) were con-
sidered as outliers in order to minimize the risk of obtaining false 
positives.

The same analyses of population structure performed with all 
loci were repeated using only the outlier loci. Thus, DAPC repre-
sentations and FST comparisons were performed separately for 
the three sets of outlier loci as indicated above by using “All pop-
ulations,” “Atlantic versus Mediterranean” or only “Mediterranean” 
samples. No analyses were performed within the Atlantic cluster as 
only two outlier loci were detected (see Section 3).

The FST matrices of all subsets of outliers were compared to envi-
ronmental variables that could explain the genetic structuring found. 
Both monthly mean sea surface temperature and salinity data were 
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obtained from Copernicus Marine Environment Monitoring Service 
database (CMEMS, http://marine.coper nicus.eu, product identifier: 
MULTIOBS_GLO_PHY_REP_015_002) using the R package “ncdf4” 
version 1.16 (Pierce, 2017) from January 1993 to December 2016 
(288 months) and averaged. For each abiotic variable, we computed 
distance matrices using the pairwise differences in the mean, max-
imum, minimum and range of the variable. These distance matrices 
were compared individually with the FST matrices using partial Mantel 
tests as implemented in the R package “vegan” (Dixon, 2003; Oksanen 
et al., 2019) and using the geographic distance among populations as a 
controling variable.

We used a redundancy analysis (RDA) (Forester, Lasky, Wagner, 
& Urban, 2018) as an EAA in order to identify candidate loci signifi-
cantly associated to environmental variables (association loci). Prior 
to perform the RDA, we imputed missing genotypes on the SNP loci 
dataset by replacing them with the most common genotype across all 
individuals. Finally, we identified significantly associated loci using as 
response variable the matrix of SNP genotypes of all loci and the en-
vironmental variables as predictors. The RDA was performed with all 
the localities and with only the Mediterranean localities but excluding 
the transition zone.

2.5 | Regionally missing loci

We looked for geographic patterns with regionally missing loci, de-
fined as the haplotype loci that did not pass the <30% missingness 
filter and were therefore discarded from the final dataset. For each 
one of the four identified areas (Atlantic, transition zone, western 
Mediterranean and eastern Mediterranean, see Section 3, Figure 2), 
we performed independent analysis using the non-filtered loci data-
set. For each one of these partial datasets, we applied the same 
filters used for the whole dataset, as some of the filters may be de-
pendent on the samples analysed. For all loci present in at least one 
of the partial datasets but discarded in the whole dataset, we esti-
mated their frequency (percentage of individuals with these loci per 
population). We plotted their frequency across all localities using a 
heatmap and dendrogram with the “gplots” R package (Warnes et 
al., 2016).

2.6 | BLAST of candidate loci for local adaptation

The sequences of the candidate loci for local adaptation, found 
with either OAs (outlier loci) or EAAs (association loci), were 
blasted against the genome of Strongylocentrotus purpuratus in 
the NCBI database (https ://blast.ncbi.nlm.nih.gov/Blast.cgi) using 
the blastn option. We also blasted the sequences of all the re-
gional missing loci that were completely absent in some of the 
partial datasets. The scaffold accession number, nucleotide po-
sition, name of the gene where the sequence is located (if ap-
plicable) and position (exon, intron or intergenic) were recorded 
for matches with E-values below 1 × 10−4. Sequences with a 

positive blastn hit (i.e. below the E-value threshold) were ana-
lysed using Blast2GO 4.1.5 software (Gotz et al., 2008). First, a 
blastx algorithm was applied using the NCBI Blast service with 
a taxonomy filter for “sea urchin” (taxid 7625) and the same E-
value of 1 × 10−4 used for the blastn analysis. Positive matches 
were mapped and annotated using the default parameters of the 
program. Sequences with a blastn hit for which an ontology term 
could not be found were manually checked using UniProt to iden-
tify potential functions as described for other echinoderms. We 
used the GO terms of the annotated genes to produce treemaps 
of the biological samples using REVIGO (Supek, Bošnjak, Škunca, 
& Šmuc, 2011).

3  | RESULTS

3.1 | Locus identification

For the 241 assayed specimens, 4,613,169 reads were obtained 
on average per individual (minimum 800,000 reads, Table 1), and a 
mean of 79% were retained after applying the quality filter of the 
GibPSs—fdm software. These reads resulted in a total of 8,345,562 
non-filtered loci across all samples. We then selected the loci with a 
maximum of 2 alleles per individual and removed potential indel vari-
ants. When we selected loci shared by at least 170 individuals (70% 
of all individuals), a total of 3,862 loci were retained. We applied 
additional filtering by removing deeply sequenced loci and loci in 
Hardy–Weinberg disequilibrium in at least 7 (c. 60%) of the localities 
to obtain a final dataset of 3,348 haplotype loci for further analyses.

3.2 | Population genetic diversity

The selected loci had different lengths, from 32 to 152 bp 
(123.6 ± 34.3, mean ± SD), and the number of polymorphic posi-
tions in each locus was variable (25.9 ± 13.7). Therefore, the total 
number of alleles per locus had a wide range, with 64 loci having 
more than 100 alleles and 9 loci having only 2 alleles (Figure S1). 
The mean number of alleles per locus was 31.9 ± 21.8. However, 
the mean number of alleles found within a given locality was 
more homogeneous, with an average of 7.3 ± 0.2 alleles per locus 
(Table 1). Heterozygosity values in all localities were remarkably 
similar (Ho = 0.370 ± 0.005 and He = 0.494 ± 0.010). Even after 
removal of loci out of HWE equilibrium in the filtering step, FIS 
values were positive and significant (0.252 ± 0.011) in all localities 
(Table 1) because an average of 530.8 ± 39.4 retained loci was 
out of HWE per locality. Most of the loci were polymorphic within 
each locality; only 3.7 ± 0.4% of loci were monomorphic at a given 
sampling locality (Table 1). Interestingly, a total of 5 loci were miss-
ing in all individuals of the two Atlantic localities, and an additional 
6 loci were missing in all individuals from Crozon (French Atlantic). 
All other markers were found in at least some individuals from all 
localities.

http://marine.copernicus.eu
https://blast.ncbi.nlm.nih.gov/Blast.cgi
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3.3 | Population structure and connectivity

FST pairwise distances were low but significant after FDR correction 
in 37 out of 56 comparisons (Figure 2a; Table S1). The two Atlantic 
localities (CZ and SI) presented the highest FST values with all other 
localities (significant in all cases), but the FST value between them 
was much lower although significant. Furthermore, we also detected 
differences among the Mediterranean localities. TA and LH, two sites 
located in the Alboran Sea (Figure 1), were not significantly differen-
tiated from each other, but differed from all other Mediterranean 
localities (with the exception of the comparison LH-CA). The three 
easternmost Mediterranean localities (TR, FI and DL) were signifi-
cantly differentiated from the three westernmost ones (TA, LH and 
CA). The two Adriatic populations, TR and FI, were also significantly 
differentiated from each other. The clustering dendrogram using the 
FST pairwise matrix showed an Atlantic cluster, a transition cluster 

(comprising the Alboran Sea localities) and a Mediterranean clus-
ter further subdivided in eastern and western Mediterranean sites 
(Figure 2a). Similarly, the DAPC analysis showed a clear arch effect 
following a longitudinal geographic gradient of genetic differentia-
tion, with Atlantic localities (CZ and SI) plotted at one extreme, the 
three localities from the eastern Mediterranean (TR, FI and DL) at 
the other extreme and all the other localities in-between sorted ac-
cording to their longitudinal geographic order (Figure 2b).

Two clusters were identified following the Bayesian information 
criterion (BIC) that could be associated to Atlantic and Mediterranean 
affinities (Figure S2a; Table S2). All the individuals from the Atlantic 
localities were assigned to one cluster. The localities from the 
Alboran Sea (TA and LH) had a mixed composition, with a decreasing 
abundance of Atlantic-type individuals as we move eastwards fol-
lowing the coastline, which is consistent with the idea that this is 
a transitional area. All other localities were made up exclusively of 

F I G U R E  2   Population structuring analyses of Paracentrotus lividus from Mediterranean and Atlantic sites with the 3,348 haplotype loci of 
the global dataset. (a) Heatmap and dendrogram based on FST pairwise distances. (b) Discriminant Analysis of Principal Components (DAPC) 
with localities as prior grouping information. (c) Posterior probabilities of individual assignments to the most probable number of clusters 
using STRUCTURE (K = 3). Sampling sites are as follows: CZ: Crozon; SI: Sidi Ifni; TA: Tarifa; LH: La Herradura; CA: Carboneras; PA: Palos; 
XA: Xàbia; CO: Colera; TR: Trieste, FI: Fier and DL: Dalyan
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individuals of the second cluster. Therefore, we will refer to all the 
individuals of cluster 1 as the Atlantic cluster and all the individuals 
of cluster 2 as the Mediterranean cluster (Table S2). When analysing 
only the individuals of the Atlantic cluster with a DAPC representa-
tion, both Atlantic sites (CZ, SI) were separated while Tarifa and La 
Herradura clearly overlapped (Figure S3a). On the other hand, when 
representing the individuals of the Mediterranean cluster, the three 
localities from eastern Mediterranean (TR, FI and DL) were clearly 
separated from the others along the first axis (Figure S3b), while 
the Alboran Sea populations (TA and LH) lay at the other extreme of 
this axis. The Bayesian approach of STRUCTURE suggested the ex-
istence of three genetic groups (K = 3, Figure S2b). The distribution 
of the posterior probabilities showed again the existence of differ-
ences between the Atlantic and Mediterranean individuals with a 
transition zone (Figure 2c). The set of SNP loci used for comparison 
yielded overall similar population structuring than the haplotype loci 
dataset with an arch effect of genetic differentiation following the 
longitudinal geographic gradient (Figure 2 compared to Figure S4). 
However, no definition of the transition zone was observed in the 
heatmap based on FST values, and the differentiation between east-
ern and western Mediterranean localities was not as clear-cut based 
on the DAPC analysis, as it presented a higher overlap (Figure S4). 
Moreover, the number of clusters inferred by STRUCTURE (K = 4) 
was not clearly observed in the assigned individual probabilities 
(Figure S4).

Considering all localities and the haplotype loci dataset, genetic 
differentiation significantly increased with geographic distance 
(Mantel test, R2 = .618, p = .002). Furthermore, this relationship 
was significant, albeit with a lower correlation coefficient (R2 = .514, 
p = .003) when only Mediterranean localities were considered, in-
dicating that the significant isolation by distance detected is not 
only due to the genetic distances separating the Atlantic and the 
Mediterranean populations. Furthermore, the Mantel tests plots in-
dicated that these results are unlikely to be caused by the presence 
of two differentiated groups but to a progressive isolation by dis-
tance (Figure S5).

3.4 | Signals of selection

The number of outlier loci detected by OAs was larger when com-
paring all samples grouped by locality (Table 2). Arlequin software 
and Lositan software were more conservative and generally de-
tected fewer outlier markers than BayeScan, and thus, they were 
used for outlier selection in most searches (Table 2). After retaining 
the loci of the two more conservative programs, we did not detect 
any outlier locus presenting lower FST than expected under neutral-
ity, and thus possibly under balancing selection. Furthermore, the 
different groupings not only revealed different number of outliers 
but also the outliers found were different in many cases (Figure 3). 
Most outlier loci found using all the samples grouped by locality 
(“All populations” outlier dataset) were also detected when compar-
ing the Mediterranean and Atlantic clusters. Nevertheless, only c. 

50% of outlier loci found within the Mediterranean and within the 
Atlantic clusters were also found in the “All populations” outlier data-
set. The outlier loci identified when comparing the two clusters were 
mostly different to those identified within clusters (Supplementary 
Dataset). Mean global FST value per locus was always larger when 
using outlier than no outlier loci for any the three different programs 
used (Arlequin, Bayescan and Lositan) and by the four different out-
lier analysis performed (Figure S6).

As expected, the range and the mean values of pairwise genetic 
distances were larger using any set of outlier markers than using all 
loci (Table 2). Pairwise genetic differences using all loci (Figure 4a) 
and the three sets of outlier loci (Figure 4b-d) showed clear and sig-
nificant genetic differentiation between Atlantic and Mediterranean 
localities with the exception of SI and TA for two sets of outlier 
loci (Tables S3–S5). The two sampling sites located in the Alboran 
Sea (TA and LH), the transition area between the Atlantic and 
Mediterranean, had significant differences with most other sites 
when “All populations” or “Atlantic versus Mediterranean” outli-
ers were used (Figure 4b,c; Tables S3–S4). However, when the 31 
Mediterranean outliers were used, genetic differentiation was not 
found among the transition area and most western Mediterranean 
sites (Table S5). Nonetheless, this set of outliers showed a marked 
differentiation between western and eastern Mediterranean local-
ities, as well as within the latter (Figure 4d; Table S5). DAPC repre-
sentations obtained with the different sets of loci (Figure S7) were 
basically similar to those obtained with all loci (Figure 2 and Figure 
S3), albeit the locality closer to the Gibraltar Strait (TA) appears 
separated in the representation of the Mediterranean cluster with 
the outliers found in the groupings of “All localities” and “Atlantic 
versus Mediterranean.” The 31 outliers found in the Mediterranean 
grouping showed overall less resolution, but allowed a clearer and 
significant differentiation among the Turkish and Adriatic localities 
as well as between the eastern and western Mediterranean locali-
ties (Figure S7; Table S5).

Several pairwise population distances for several environmen-
tal variables were significantly correlated to FST matrices based on 
outlier loci after controlling for the effect of geographic distance 
with partial Mantel tests (Table S6). The genetic distances calculated 
using the outliers from all localities significantly correlated to max-
imum temperatures and maximum salinity. Furthermore, the same 
variables correlated to the FST matrix when comparing the Atlantic 
and Mediterranean clusters in addition to the range of temperature 
and mean salinity. The genetic distances obtained using the outliers 
with the Mediterranean localities correlated to minimum and range 
temperature.

The RDA including all the samples explained an accumulated 
75.61% of the genetic variability found along its two first axes 
(Figure 5a). The first axis explained most of this variability and 
sorted the samples across a longitudinal gradient related mainly to 
maximum salinity, maximum temperature and mean salinity, with 
some incidence of the range of both environmental variables and 
the mean temperature. The second axis separated on one hand 
the two Atlantic populations and on the other hand the Adriatic 
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population of Trieste from the remaining Mediterranean popu-
lations. A total of 98 association loci were found, most of them 
related to maximum salinity, maximum temperature and mean 
temperature (Figure S8, Supplementary Dataset). The RDA in-
cluding only the Mediterranean samples explained 43.96% of the 
variability found (Figure 5b), and the individuals were distributed 
longitudinally according to maximum temperature and mean and 
maximum salinity. The second axis separated the Adriatic popu-
lation of Trieste and was explained by mean, minimum and range 
of temperature. A total of 127 association loci were found with 
the RDA using the Mediterranean samples, most of them re-
lated to maximum salinity and range of temperature (Figure S8, 
Supplementary Dataset). Some of the association loci found using 
RDA were also found as outlier loci using OAs, but most of them 
were different (Figure 3, Supplementary Dataset).

The analysis of regionally missing loci revealed that a total of 
901 haplotype loci initially discarded during the filtering step (be-
cause they were not present in at least 70% of individuals) would 
have been retained if only samples from a particular area had 
been considered. Thus, missing loci were not randomly distrib-
uted across populations and regions. The frequency distribution 
of these regionally missing loci grouped the localities following 
the same structure found for the overall dataset (Figure 6). A total 
of 121 loci had a clear pattern of missingness: 45 loci were com-
pletely absent in the Atlantic while found in a high percentage of 
individuals of the other areas, and 76 loci were completely absent 
in the eastern Mediterranean while found at high percentages 
in individuals of the Atlantic and transition localities (Figure 6, 
Supplementary Dataset). None of these 121 loci was completely 
absent neither in the transition nor in the western Mediterranean 
areas.

Between 50% and 71% of the candidate loci identified with 
the different analysis (OAs and EAAs) and groupings had positive 
blastn hits (E-value below 1 × 10−4) to Strongylocentrotus pur-
puratus NCBI sequences, while 27% of the regional missing loci 
(Table 2). Overall, 305 loci had a blastn hit located on 233 differ-
ent scaffolds, ranging from 1 to 8 loci per scaffold (Supplementary 
Dataset). A total of 184 scaffolds had only one single locus, while 
the remaining 49 scaffolds concentrated the other 121 loci. The 8 
loci found in scaffold NW_011967361.1 are separated by approxi-
mately 216Kb in S. purpuratus, correspond to exons and introns of 
six different genes and are found on different subsets of candidate 
loci. The 7 loci identified in scaffold NW_011978358.1 are sepa-
rated by c. 90Kb, correspond to exons from three genes and are 
found in the OAs overall and the Atlantic versus Mediterranean 
subsets and in the EAAs Atlantic and Mediterranean subsets. 
A total of 195 out of the 285 candidate loci found to be associ-
ated with a gene were located completely or partially in exonic 
regions. Around one third of the loci with a blastn hit had asso-
ciated GO functions in all cases (Table 2). When considering all 
samples, GO functions were related mainly to apoptotic process, 
lysosomal transport and organization, response to oestrogen, 
protein ubiquitination and nucleobase-containing compound 
catabolism anatomical structure development among others 
(Figure S9a, Supplementary Dataset). When considering only 
the Mediterranean samples, similar functions appeared, such as 
apoptotic process, protein ubiquitination, anatomical structure 
development, while new functions appeared, such as vesicle-me-
diated transport or response to mechanical stimulus (Figure 
S9b). Regarding genes potentially preventing random mating, we 
found 1 gene coding for a receptor for egg jelly that was an out-
lier when considering either all populations or the Atlantic and 

TA B L E  2   Comparative results of the analysis of candidate loci for selection

Analysis Groupings No. loci Programs Max FST Mean FST ± SD Loci with blastn hits

Original dataset Original dataset 3,348 NA 0.0863 0.026 ± 0.027 NA

OAs a) All localities 236 Arlequin + Lositan 0.3892 0.088 ± 0.093 157 (59)

b) Atlantic versus 
Mediterranean

85 Arlequin + Lositan 0.4911 0.164 ± 0.171 54 (15)

c) Mediterranean cluster 31 Arlequin + Lositan 0.2545 0.085 ± 0.074 22 (9)

d) Atlantic cluster 2 Lositan + Bayescan 0.2767 0.068 ± 0.073 1 (0)

EAAs a) All localities 109 Redundancy analysis NA NA 76 (26)

b) Mediterranean 127 Redundancy analysis NA NA 88 (33)

Regional missing loci NA 122 NA NA NA 33 (12)

Note: The first row shows the results of the original dataset with all loci for comparison. The other rows show the results of the analyses of candidate 
loci for selection using three different methodologies as stated in the first column: outlier analysis based on FST (OAs), environmental association 
analysis (EAAs) using RDA and regional missing loci. Different groupings were also used. For OAs: “All localities” includes all samples grouped by 
locality, “Atlantic versus Mediterranean” includes all samples grouped by their membership to the Atlantic or Mediterranean clusters, “Mediterranean 
cluster” includes all samples of the Mediterranean cluster grouped by locality, and “Atlantic cluster” includes all samples of the Atlantic cluster 
grouped by locality. The individuals in the Atlantic and Mediterranean clusters are those defined by the k-means clustering analysis with k = 2. For 
EAAs: “All localities” includes all localities and “Mediterranean” includes the Mediterranean localities excluding the transition zone. For each analysis, 
we provide the number of outlier loci identified, the programs used (the two most conservative in each case). For the OAs, we also provide the 
maximum and mean pairwise FST. The number of outlier loci with BLAST hits is given in the last column, and those to which a candidate function 
could be assigned are indicated in parentheses.
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Mediterranean clusters and a sperm-associated antigen, found by 
RDA when considering all samples (Supplementary Dataset).

4  | DISCUSSION

Using thousands of genome-wide markers, we detected so far un-
noticed patterns of genetic structure among populations of P. livi-
dus spanning most of its distribution range. We detected a gradient 
of differentiation following a longitudinal dimension, overlain by 
a major differentiation at the Atlantic–Mediterranean transition. 
Furthermore, specific analyses using candidate markers for ad-
aptation enabled us to document population structure potentially 
driven by selection also at fine-scale level, using either OAs or EAAs. 
Different candidate markers for selection were detected when 
searched between and within subsets of genetically grouped indi-
viduals (Atlantic and Mediterranean clusters), likely indicating dif-
ferent selective pressures that would remain otherwise undetected 
without the hierarchical analysis approach followed in the present 
study, considering first all localities and subsequently analysing each 
identified genetic group. According to the genomic signals of asso-
ciation to environmental variables, adaptation to maximum salinity 
and temperature appeared as an important driver of the transition 
between Atlantic and Mediterranean basins, while temperature 
range associated signals were detected within the Mediterranean. 

We also highlight how the use of the complete sequence information 
in the selected loci give a more detailed picture of genetic structure 
than using a single variable position (SNP) per locus.

4.1 | The Atlanto-Mediterranean transition

The major signal of genetic structuring detected in our data is the shift 
generated by the separation between Atlantic and Mediterranean 
populations. The existence of a genetic break associated with the 
oceanographic barrier to dispersion represented by the Almería-
Oran front had been previously detected in P. lividus (Calderón et 
al., 2008; Duran et al., 2004) and is a common feature of many spe-
cies spanning the Atlanto-Mediterranean transition (Pascual, Rives, 
Schunter, & Macpherson, 2017; Patarnello, Volckaert, & Castilho, 
2007). However, our study unveils subtler patterns than previously 
found. The break between the Atlantic and the Mediterranean is 
not a clear-cut one. Rather, there is a transitional zone across the 
Gibraltar Strait through the Alboran Sea, as observed in other spe-
cies (Pascual et al., 2016; Schunter et al., 2011). The Alboran Sea has 
a complex hydrology, with a system of gyres (Millot, 2005; Sánchez-
Garrido, Lafuente, Fanjul, Sotillo, & De Los Santos, 2013) whose 
intensity and relative position can vary with time (Oguz, Macias, 
Garcia-Lafuente, Pascual, & Tintore, 2014). Considering the two 
identified genetic clusters (Atlantic and Mediterranean clusters), the 
transitional populations had a proportion of individuals of each clus-
ter closely matching their geographic distance to the oceanographic 
break. Accordingly, the genetic diversity is higher in this transition 
zone because those localities are a mixture of the genetic pools 
found at both sides of the barrier. Furthermore, the Almería-Oran 
front is not a permanent barrier; rather, it is sensitive to fluctuations 
in circulation patterns that influence connectivity across oceans as 
found for the crab Liocarcinus depurator (Pascual et al., 2016). There 
is also evidence that temporal fluctuations in oceanographic cur-
rents may affect the genetic structure of the Mediterranean popula-
tions of P. lividus in the southern Iberian Peninsula (Calderón et al., 
2012). The emerging scenario is thus that of a semi-permeable bar-
rier to dispersion resulting in differentiation between oceans while 
at the same time allowing for a gradual mixture of the two genetic 
pools over a transitional area.

However, this population structure is likely to be maintained by 
contrasting selection pressures, as shown by our results. Thus, local 
adaptation can maintain genetic differentiation mediated by envi-
ronmental heterogeneity despite the levels of gene flow occurring 
through the transition zone. Outlier loci obtained when considering 
the Atlantic versus Mediterranean clusters are almost all included in 
the subset obtained when considering all samples (Figure 3) which 
suggests that the Atlanto-Mediterranean break is also a major 
driver for the overall genetic structuring caused by selection. This 
is reflected by the fact that these two outlier subsets correlate with 
the same environmental variables, such as maximum temperature 
and salinity. The impact of these variables in the structuring of the 
whole dataset is also found in the analysis of association loci with 

F I G U R E  3   Venn diagrams showing the number of candidate 
loci for adaptation identified using the different groupings and 
methodologies. The methods include “Out,” as the detection of 
outlier loci based on FST and “RDA” as the detection of association 
loci based on redundancy analysis. The groups include “All,” by 
using all samples grouped by locality; “AvM,” by using all samples 
grouped as belonging to either the Atlantic or Mediterranean 
clusters; “M” by all samples of the Mediterranean grouped by 
locality; and “A” by using all samples of the Atlantic grouped by 
locality
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the RDA. Lysosomal transport and organization appeared as one 
of the major blocks of biological functions on the candidate loci in 
the comparison between Atlantic and Mediterranean with some 
functions linked to homeostasis such as in ion binding or transport. 
Ion transport has been frequently related to osmoregulation (Guh, 
Lin, & Hwang, 2015; Marshall & Grosell, 2005). Environmental val-
ues obtained from our sampling sites showed drastic changes from 
west to east, correlating with well-known longitudinal gradients of 
oceanographic parameters (UNEP/MAP, 2012). Even at small geo-
graphic scales, salinity values can change from c. 36.2‰ at the 
Atlantic side of the Gibraltar Strait to over 37.5‰ at the east of 
the Almería-Oran front (Brankart & Brasseur, 1998; Hidalgo et al., 
2015; Pascual et al., 2016). These gradients effectively pose selec-
tive pressures on a group known to have limited abilities to regulate 

their osmosis and ion concentrations (Binyon, 1972). Behavioural 
changes related to different salinities have been described in echi-
noderm species (Agüera, Schellekens, Jansen, & Smaal, 2015; Talbot 
& Lawrence, 2002) indicating that salinity may be a strong selective 
pressure for echinoderms. Interestingly, we found a locus under se-
lection (in both the “all localities” outliers and the “Atlantic versus 
Mediterranean” outliers) that matched a receptor protein for egg 
jelly (REJ7, locus 1,361,733 in Supplementary Dataset). The REJ 
proteins are involved in sperm–egg binding (Gunaratne et al., 2007) 
and are thus potential sources of assortative mating dependent on 
compatible protein types and potential drivers for structuring or 
even speciation (Vilela-Silva, Hirohashi, & Mouro, 2008). For this 
reason, sequencing of some REJ proteins has been used to test for 
population structuring associated with egg–sperm recognition in sea 

F I G U R E  4   Heatmaps and dendrograms based on FST pairwise distances among Paracentrotus lividus localities using four different sets of 
outlier loci obtained with OAs. (a) using all 3,348 loci, (b) using the 236 outlier loci obtained when grouping all samples by locality, (c) using 
the 85 outlier loci obtained when grouping all samples by its membership to either the Atlantic or Mediterranean clusters and (d) using 
the 31 outlier loci obtained when grouping only the samples of the Mediterranean cluster by locality. The colour bars on the right of the 
heatmaps show whether the localities belong to the Atlantic (red), the transition zone (orange), the western Mediterranean (green) or the 
eastern Mediterranean (blue) groups identified in the dendrograms. Note that the order of the populations may change according to the 
dendrogram construction. Sampling sites are as follows: CZ: Crozon; SI: Sidi Ifni; TA: Tarifa; LH: La Herradura; CA: Carboneras; PA: Palos; 
XA: Xàbia; CO: Colera; TR: Trieste, FI: Fier and DL: Dalyan

0 0.04 0.08
Fst  values
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urchins (Muller, Heyden, Bowie, & Matthee, 2012), in a manner simi-
lar to that described for the bindin proteins (Calderón, Turon, Turon, 
& Lessios, 2009). We found a sperm-associated antigen when using 
all samples for the RDA associated to mean temperature, although 
no information has been found in the literature about the potential 
function of this gene. Further studies are necessary to understand 
the role of gamete recognition mechanisms in maintaining genetic 

differentiation in P. lividus across its wide distribution. Our finding 
that 40% of the candidate loci with blastn hit were on scaffolds with 
multiple hits suggests that some genome regions are hotspots for 
selective pressures, something that could be better addressed when 
additional genomic tools, such as chromosome mapped reference 
genomes, become available.

The analysis of loci discarded because they exceeded the maxi-
mum missingness allowed in the pipeline also highlights the strength 
of the Atlanto-Mediterranean axis of genetic differentiation. The 
analysis of loci absent from a particular group of populations (likely 
as a result of mutations in the restriction targets) may carry infor-
mation about particular characteristics of this group, including the 
drivers of their differentiation from the populations with these loci. 
In our case, the frequencies of presence of discarded loci showed 
a clear longitudinal pattern, with an accumulation of missing loci at 
both ends of the distribution of P. lividus (Figure 5). A generalized 
effect of genetic drift fixating null alleles at the edge of the distribu-
tion area, with unfavourable conditions resulting in small population 
sizes, seems unlikely as both the Atlantic and eastern Mediterranean 
populations have high densities of individuals (Boudouresque & 
Verlaque, 2001). Moreover, we have found similar genetic diversity 

F I G U R E  5   Redundancy analysis plots. Redundancy analysis 
(RDA) performed with environmental data and SNP loci. RDA 
performed (a) with all the individuals and (b) with the individuals 
of the Mediterranean localities excluding the transition zone. 
Sampling sites are as follows: CZ: Crozon; SI: Sidi Ifni; TA: Tarifa; LH: 
La Herradura; CA: Carboneras; PA: Palos; XA: Xàbia; CO: Colera; 
TR: Trieste, FI: Fier and DL: Dalyan. Coloured points represent 
individual sea urchins coded by locality. Vectors indicate the 
environmental predictors of the two first RDA components

(a)

(b)

F I G U R E  6   Regionally missing loci. Heatmap and dendrogram of 
the percentage of individuals presenting the regionally missing loci 
that were discarded from the whole dataset but that were present 
on a specific area including the Atlantic (CZ, SI), the transition 
zone (TA, LH), the western Mediterranean (PA, CA, XA, CO) and 
the eastern Mediterranean (DL, TR, FI). Each colour represents 
the percentage of individuals within the locality that present valid 
genotypes for each locus, in rows. The dendrogram groups the 
localities by similarity of presence values of regionally missing loci

CZ SI TA LH PA CA XA CO DL TR FI

0 0.2 0.6 1
Presence
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in all localities regardless of their situation in the distribution area 
indicating that Atlantic and eastern Mediterranean populations 
are not marginal and thus not more prone to genetic drift. The fre-
quency patterns of these regional missing loci can be the result of 
historical processes, mutations appearing at a given locality and mi-
grating towards neighbouring localities and further maintained by 
adaptive processes. The blast results pointed to several genes asso-
ciated to ciliary movement, and once again to ion transport. As the 
same biological processes found in the candidate loci explaining the 
Atlanto-Mediterranean transition seem to also impact these regional 
missing loci, selection determining their frequency seems a plausible 
explanation.

4.2 | The Mediterranean internal structuring

Perhaps the most interesting results from the present study are the 
ones that become evident once the dominant axis of genetic struc-
turing across the Atlanto-Mediterranean gradient is removed from 
the equation following a hierarchical approach. The ordination anal-
ysis of our data (Figure 2b) showed a clear arch or horseshoe effect 
(Diaconis, Goel, & Holmes, 2008), indicative of a latent west to east 
gradient in the data. This gradient goes from the Atlantic into the 
western Mediterranean and to the eastern Mediterranean, matching 
the longitudinal position of the populations. This result agrees with 
Maltagliati et al. (2010) who also found a progressive change in the 
frequencies of the three haplogroups defined in this species for the 
mitochondrial cytochrome b gene following a longitudinal dimen-
sion. This gradient is not an artefact of the Atlantic–Mediterranean 
transition, since when the Mediterranean cluster was analysed 
separately, the same longitudinal pattern appeared (Figure S3b). 
Mantel tests were also significant when including all localities or 
only the Mediterranean ones, indicating isolation by distance as a 
driver for differentiation in this species with high dispersal capa-
bilities. However, even if the DAPC showed a continuum of popu-
lations, cluster analysis based on FST pairwise distances allowed us 
to define four groups (Atlantic, transition zone, W Mediterranean, E 
Mediterranean). Likewise, FST estimates showed that, in many cases, 
there is a significant differentiation among localities within each 
group, even the close ones (e.g. Trieste and Fier within the Adriatic 
Sea).

This within Mediterranean structuring also shows some within 
sea signals of the role of selection. The candidate loci found with 
either OAs and RDA when considering only the Mediterranean pop-
ulations resulted on new sets of loci that are not driving the Atlanto-
Mediterranean transition (Figure 3) and that showed a clearly 
different pattern of genetic variation (Figures 4d and 5b). The power 
of detecting outlier loci by OAs relies on the baseline FST defined by 
neutral markers (Ahrens et al., 2018). Thus, the presence of a strong 
barrier to dispersion, such as the Almería-Oran front, increases the 
maximum values of FST defined by the neutral differentiation and 
thus the threshold to define outliers (Figure S5). A similar effect 
could be found while looking for association loci with RDA, as local 

environmental patterns may be obscured by general gradients when 
performing EAAs, and thus, the results are influenced by the scale 
and design of sampling (Ahrens et al., 2018). Consequently, the asso-
ciated loci within the Mediterranean remained undetected until we 
analysed this region independently. Our results indicate that, in order 
to extract all information from the data, it is not enough to perform a 
candidate loci analysis considering all populations studied. Instead, a 
careful hierarchical analysis from the global, considering all localities, 
to the partitioned datasets, following genetic groups, allows a more 
in-depth study of the selective pressures acting between and within 
groups. In our case, the loci detected within the Mediterranean had 
BLAST hits that corresponded to functions of the cell cycle and DNA 
repair. These functions can be related to response to DNA damage 
(Bartek & Lukas, 2007; Ermolaeva & Schumacher, 2014). Which kind 
of stress induces these selective responses cannot be ascertained at 
present. In any case, it is remarkable that no lysosomal ion transport 
or organization functions were found, thus suggesting that within 
the Mediterranean, the role of salinity on the overall structuring 
might be much less important than when considering the whole dis-
tribution of the species, with temperature range emerging as more 
highly impacting population differentiation.

4.3 | Conservation and management implications

Population genomic results are key for conservation and man-
agement of ecologically relevant species. In the case of P. lividus, 
changes in the population dynamics can have a double-sided effect 
on benthic ecosystems. On one hand, it controls the abundance 
of macrophytes, so any increase in its densities can result in loss 
of habitat-forming algal species and generation of barren grounds 
(Agnetta et al., 2015; Sala et al., 1998). On the other hand, P. lividus 
at low densities can control opportunistic algal proliferation (Palacín 
et al., 1997; Bulleri, Benedetti-Cecchi, & Cinelli, 1999), generat-
ing patches for settlement of organisms and keeping the overall 
diversity. Thus, the density of this species should be finely tuned 
to keep an ecological balance, and human impacts are altering this 
balance in both senses. While overfishing of predators result in in-
creased sea urchin densities in some areas, P. lividus populations 
face several threats in others. For instance, P. lividus is intensely 
harvested in many countries. Episodes of mortality have been at-
tributed to global warming (Girard, Clemente, Toledo-Guedes, Brito, 
& Hernández, 2012; Yeruham et al., 2015), and the tropicalization of 
the Mediterranean may also be favouring the competing sea urchin 
Arbacia lixula to the detriment of P. lividus populations (Gianguzza et 
al., 2011; Pérez-Portela et al., 2019; Templado, 2014; Wangensteen, 
Dupont, Dupont, Casties, Turon, & Palacín, 2013; Wangensteen, 
Turon, Turon, Casso, & Palacín, 2013). Management of this key spe-
cies requires knowledge of its genetic structure, connectivity and 
local adaptation. Population genomics has shown that genetic inter-
change occurs widely but has some limitations: the species is sensi-
tive to dispersal barriers and displays isolation by distance. It has 
also been shown that a variety of selective pressures can be acting 
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on the genetic differentiation of the populations, salinity changes 
likely prominent among them but also temperature at regional level. 
In addition, although having a long PLD, there is not a panmictic 
population, and thus not a single genetic pool in the area studied. 
Consequently, then, P. lividus could be more vulnerable than previ-
ously thought, and current population declines in large areas (Rilov, 
2016; Yeruham et al., 2015) should raise concern and promote man-
agement measures.
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