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Abstract :

1-Climate influences population genetic variation in marine species. Capturing these impacts remains
challenging for marine fishes which disperse over large geographic scales spanning steep environmental
gradients. It requires the extensive spatial sampling of individuals or populations, representative of
seascape heterogeneity, combined with a set of highly informative molecular markers capable of revealing
climatic-associated genetic variations.

2- We explored how space, dispersal and environment shape the genomic patterns of two sympatric fish
species in the Mediterranean Sea, which ranks among the oceanic basins most affected by climate
change and human pressure. We hypothesized that the population structure and climate-associated
genomic signatures of selection would be stronger in the less mobile species, as restricted gene flow
tends to facilitate the fixation of locally adapted alleles.

3- In order to test our hypothesis, we genotyped two species with contrasting dispersal abilities: the white
seabream (Diplodus sargus) and the striped red mullet (Mullus surmuletus). We collected 823 individuals
and used genotyping by sequencing (GBS) to detect 8,206 Single Nucleotides Polymorphisms (SNPs) for
the seabream and 2,794 for the mullet. For each species, we identified highly differentiated genomic
regions (i.e. outliers) and disentangled the relative contribution of space, dispersal and environmental
variables (climate, marine primary productivity) on the outliers’ genetic structure to test the prevalence of
gene flow and local adaptation.

4- We observed contrasting patterns of gene flow and adaptive genetic variation between the two species.
The seabream showed a distinct Alboran sea population and panmixia across the Mediterranean Sea.
The mullet revealed additional differentiation within the Mediterranean Sea that was significantly
correlated to summer and winter temperatures, as well as marine primary productivity. Functional
annotation of the climate-associated outlier SNPs then identified candidate genes involved in heat
tolerance that could be examined to further predict species’ responses to climate change.

5- Our results illustrate the key steps of a comparative seascape genomics study aiming to unravel the
evolutionary processes at play in marine species, in order to better anticipate their response to climate
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change. Defining population adaptation capacities and environmental niches can then serve to
incorporate evolutionary processes into species conservation planning.
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INTRODUCTION

The spatio-temporal variation of environmental variables (e.g. temperature) influences
microevolutionary processes such as gene flow, drift and selection, thus contributing to shaping
species’ genomic patterns. Steep climatic gradients can act as environmental barriers reducing
gene flow between nearby localities (e.g. Stanley et al. 2018), while local environmental
conditions can act as strong selective pressures inducing local adaptation (Manel and Holderegger
2013; Dayan 2018). Climate can also influence genetic diversity by promoting or impeding gene
flow and the demographic events necessary to the colonization of new environmental niches and
habitats (Mittelbach et al. 2007; Manel et al. 2020). Climate change is fundamentally pushing
species to avoid extinction by either adapting to new conditions within their current range (i.e.
local adaptation), or by moving (i.e. dispersal, gene flow) to suitable habitats (Moritz and Agudo
2013; Gienapp 2020). Understanding how space, dispersal and environmental variables shape
genetic variation is therefore crucial to identify the climate-adaptive potential of populations,
assess their vulnerability to climate change, and delineate relevant ecological and evolutionary
conservation units (Pauls et al. 2013; Gagnaire et al. 2015; Benestan 2019; Capblancq et al. 2020).

Landscape and seascape genomic methods offer a relevant framework for decoding gene
flow and local adaptation patterns along with their drivers (Balkenhol et al. 2017; Liggins et al.
2019). These genome-wide marker approaches make it possible to identify highly differentiated
regions of the genome, i.e. outlier loci, which improve the detection of genetic structure in species
with high gene flow (D’Aloia et al. 2020), and help identify signatures of selection (Lewontin and
Krakauer 1973). Associating outliers and potentially adaptive loci to environmental heterogeneity
can then provide information on the population’s local adaptation (Schoville et al. 2012; Rellstab
et al. 2015; Capblancq et al. 2020).

Because the environment is inherently spatially structured, the patterns of isolation-by-
distance and isolation-by-colonization, resulting from genetic (e.g. gene flow vs. drift) and
demographic processes respectively, can coincide with environmental gradients (Bierne et al.
2011; Orsini et al. 2013), and confound patterns of isolation-by-environment driven by differential
selection (Wang and Bradburd 2014). Partitioning the variance explained by spatial and
environmental predictors across a wide geographical and environmental range makes it possible to
disentangle their relative contributions to genetic variation (Peres-Neto et al. 2006; Vandamme et

al. 2014; Dayan 2018). The detected outlier loci associated to environmental conditions can then
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be mapped onto the species’ annotated genomes when available, and used to detect candidate
genes and interpret their function (Manel et al. 2016). Finally, when possible, introducing these
candidate genes into species distribution models that predict the influence of climate change
makes it possible to take species- and population-specific eco-evolutionary responses into account
(Fitzpatrick and Keller 2015; Razgour et al. 2019; Waldvogel et al. 2020; Aguirre-Liguori et al.
2021; Nielsen et al. 2021).

Marine organisms occupy an open ocean with few physical boundaries (Pascual et al.
2017; Benestan et al. 2021). The strong dispersal potential of mobile species, either in their larval
or adult stages (or both) (Almany et al. 2017; Manel et al. 2019) often translates into high gene
flow and low genetic structure (Selkoe et al. 2016; Hoey and Pinsky 2018; Vandamme et al.
2021). Despite this weak genetic structure, temperature and salinity emerge as important drivers of
marine population structure (Benestan et al. 2016; Selkoe et al. 2016; Stanley et al. 2018; Cayuela
et al. 2020). Comparative genomic approaches can then be used to decipher the influence of
species’ traits on their adaptive responses (Nielsen et al. 2020; Torrado et al. 2020; Nielsen et al.
2021) but such datasets are rarely available for entire biogeographic regions or oceanic basins
(Gagnaire 2020; Leigh et al. 2021).

Here, we explored how environmental gradients across the Mediterranean Sea can
influence the genomic patterns of two fish species while accounting for spatial and larval dispersal
patterns. The Mediterranean Sea is a unique hotspot of biodiversity (Coll et al. 2010) but is
projected to experience higher than average impacts of climate change under increasing
temperatures, salinity, and heat waves (Marba et al. 2015; Darmaraki et al. 2019). Linear trends
showing increases in temperature and salinity have been recorded in the Mediterranean Sea since
1900 (Vargas-Yanez et al. 2010; Borghini et al. 2014) with consequences for fish communities
(Givan et al. 2018). Local adaptation of fish populations in the Mediterranean Sea seems to be
closely linked to the thermal (from north to south) and saline (from west to east) gradients, as
previously reported for the striped red mullet (Dalongeville, Benestan, et al. 2018) and two
wrasses (Torrado et al. 2020). Deciphering the effect of thermal and saline gradients on
Mediterranean fish populations is the first step towards understanding the eco-evolutionary
processes at play, and anticipating the effects of climate change. More broadly, monitoring how
species cope with climate change in this semi-enclosed sea could serve as an example of what

might happen globally (Lejeusne et al. 2010).
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We focus on two socio-economically important species, the striped red mullet Mullus
surmuletus, and the white seabream Diplodus sargus. Both species share similar distribution
ranges across the Mediterranean Sea and Eastern Atlantic and are heavily targeted by small-scale
fisheries (Claudet et al. 2010). Although they share similar larval duration periods (PLD,
Macpherson & Raventos, 2006), these species have contrasting movement patterns at the adult
stage. The seabream engages in seasonal adult migration, reported up to 90 km (Abecasis et al.
2009), while the mullet’s movement as an adult is assumed to be more restricted (Macpherson and
Raventos 2006). Here we used individual-based sampling on an exceptionally large spatial scale
and a genotyping by sequencing (GBS) approach providing a high number of genome-wide
markers. By applying an original comparative seascape genomics approach, our objectives were to
(i) describe the spatial distribution of genetic diversity, (i) define outlier SNPs to improve the
detection of population structure, (iii) disentangle the drivers influencing population genetic
structure and (iv) identify candidate genes potentially involved in local adaptation to
environmental conditions affected by climate change. We hypothesize that population structure
and environmental adaptive signatures would be lower in the more mobile species, i.e. the

seabream, as gene flow tends to counteract natural selection.

MATERIAL & METHODS

Study species and sampling effort

The white seabream and striped red mullet are coastal fishes that spawn from March till
June/July (Refiones et al. 1995; Morato et al. 2003). Both produce pelagic larvae that remain in the
water column for approximately 20 to 35 days (Macpherson and Raventos 2006). The seabream
inhabits rocky reefs and seagrass beds, whereas the mullet mostly occupies sandy and rocky
habitats (Froese and Pauly 2019).

We analysed 526 mullet and 297 seabream individuals collected in 2014 from 64 and 59
sites, respectively (Dalongeville, Andrello, et al. 2018) (Figure 1). The samples covered a large
area, roughly 15 degrees latitude, 40 degrees longitude and over 3,800 km across the entire
Mediterranean Sea covering all seven marine ecoregions (Figure 1). Fin clips were taken from
small-scale fishery catches which required no permit or ethical approval, and conserved in 96%

ethanol prior to being stored at 4°C.
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Genetic data and SNP calling

The SNP datasets were produced using a Genotyping by Sequencing (GBS) approach, in
order to genotype a large number of individuals for a large number of SNPs covering the whole
genome. Genomic DNA was extracted using the DNeasy Blood & Tissue Kit (Qiagen). The
equipment was cleaned with 100% alcohol between each sample to avoid contamination. After
quality and concentration assessment, GBS libraries for the mullet and seabream were constructed
using restriction enzyme ApeKI (Elshire et al. 2011), and Pst1/Bfal, respectively. Libraries of 95
individuals per lane were prepared and sequenced at the Institute of Genomic Diversity at Cornell
University using the Illumina HiSeq 2500 (100 bp, single-end reads). More details can be found in
Dalongeville et al. (2018).

Raw GBS sequences were filtered and trimmed based on quality (Supplementary
Methods). Demultiplexing was performed using the process rad-tags program in STACKS v.1.48
(Catchen et al. 2011). Sequences were mapped on the published reference genomes (Fietz et al.
2020: genome size = 785 and 613 Mbp, contig N50 = 1101 and 384 kbp for seabream and mullet
respectively) with BWA2 (Vasimuddin et al. 2019). Variant calling was performed using the
FreeBayes software (Garrison and Marth 2012) as implemented in the dDocent pipeline (Puritz et
al. 2014). Additional filters were further applied with VCFtools (Danecek et al. 2011) and vcflib
(https://github.com/vcflib/veflib#vctlib) following the method set out in O’Leary et al. (2018). In
short, individuals with more than 50% missing data were removed, as well as Single Nucleotide
Polymorphisms (SNPs) with a genotype call rate below 95%. The SNPs were further filtered
based on allele balance, mapping quality ratio and quality/depth ratio (Table S1).

Detecting outlier SNPs

We applied PCAdapt to detect outlier loci that were more differentiated than under a
neutral model (Luu et al. 2017). PCAdapt is currently the only individual-based method available
with no prior hypotheses on which environmental factors drive differentiation (Liggins et al.
2019). PCAdapt conducts a Principal Component Analysis (PCA) on the individual genotypes and
retains only the principal components that best explain genetic structure across individuals. All
SNPs are then regressed against the retained ordination axes and outlier SNPs are selected based

on their significant correlation with these axes. P-values for each SNP were obtained using the R
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function pcadapt(), and false discovery rates (FDR) were estimated using the function gvalue()

(Storey et al. 2019). A conservative FDR cut-off (o = 0.005) was applied for outlier detection.
Genetic diversity was assessed based on the full dataset. Genetic structure was investigated

separately for the outlier and non-outlier SNPs. For the non-outlier dataset, only SNPs in Hardy-

Weinberg Equilibrium (HWE) were kept (Beaumont and Nichols 1996).

Genetic diversity

We estimated global genetic diversity as the expected heterozygosity (H.) for all
individuals with the function Hs() (R package adegenet, Jombart 2008). Because our sampling
design is not stratified in populations, we further investigated the spatial variation of H, using a
grid-based approach modified from Larranaga et al. (2017) and Thomas et al. (2012). Individuals
were replicated to nearby cells at a resolution of approximately 80 km, and He was calculated for
each cell (Supplementary Methods). The resulting grid contained on average 56 + 33 individuals
per cell for the mullet, and 37 + 25 individuals for the seabream. H. was calculated on
bootstrapped subsamples of 20 individuals per cell to avoid sampling bias. We further calculated
the observed individual heterozygosity (H,) as the proportion of heterozygous loci per individual

using VCFtools, and compared values between ecoregions and species.
Genetic structure

We inferred population structure using the Discriminant Analysis of Principal Components
(DAPC) with adegenet. DAPC maximizes genetic differences between groups while minimizing
variation within groups (Jombart et al. 2010). We did not use the sampling sites as prior
information, but selected the optimal number of clusters using the Bayesian Information Criterion
(BIC) with the function find.clusters(). We calculated the pairwise Fsr between all DAPC clusters
following Weir and Cockerham (1984) using the function stamppFst from the StAMPP package
(Pembleton et al. 2013). We also calculated the effective population size (N.) for each of the
DAPC clusters inferred with non-outlier SNPs using N.Estimator v2.1 under a random mating
model (Do et al. 2014). Ne was calculated on non-outlier SNPs to avoid potential biases from loci
under selection (Waples 2006; Candy et al. 2015) and a minimum allele frequency of 0.02
(Waples and Do 2010).
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Characterizing the seascape features influencing population structure

Spatial variables

Marine geographic distances were calculated as the minimum distances constrained by
water (Supplementary Methods). Pairwise geographic distances were then converted to distance-
based Moran’s eigenvector maps (AbMEM), which are uncorrelated (orthogonal) vectors that can
be used as site-based variables in regression analyses (Dray et al. 2006; Legendre and Legendre
2012). The dbMEM were computed from a principal coordinate analysis (PCoA) on the truncated
distance matrix. The new eigenvectors with the highest eigenvalues describe broad-scale spatial
structures and were retained for subsequent analyses (Supplementary Methods, Figure Sla-b). The
dbMEMs were calculated using the function dbmem() from the adespatial package with the
default truncation threshold (Dray et al. 2020).
Larval dispersal ability

Larval dispersal was quantified using a biophysical model which estimates the probability
of larval connection between each pair of sites (Andrello et al. 2015). We used a pelagic larval
duration of 30 days and released larvae every 3 days from 1 May until 28 May, which corresponds
to the spawning season of the study species. The same larval dispersal estimates were used for
both species considering their respective sampled sites (Refiones et al. 1995; Morato et al. 2003).
Pairwise dispersal probabilities were then converted to Asymmetric Eigenvector Maps (AEM).
The AEM are orthogonal vectors similar to dbMEM but account for the directionality of larval
dispersal (Blanchet et al. 2008). Probabilities were translated into a site-by-edge binary matrix
where two sites are connected if the dispersal probability is > 0 (Supplementary Methods).
Orthogonal AEMs were then computed from the binary matrix using the function aem() from the
adespatial package. Similarly to dbMEM, the new AEM with the highest eigenvalues describe
broad-scale dispersal structures and were retained for subsequent analyses (Figure S1c).
Environmental variables

Monthly mean sea surface salinity, temperature and chlorophyll a (included as a proxy of
marine primary productivity) values around each site were retrieved from the Bio-ORACLE
database for the period 1987-2015 (Tyberghein et al. 2012). Salinity and chlorophyll a values were
averaged over the months and years, whereas temperature values were averaged over the years by

season (i.e. spring, summer, autumn and winter) using the raster package (Hijmans 2020). To
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avoid problems with collinearity, we only kept the winter and summer mean temperature to
represent extreme values (i.e. the coldest and warmest).
Disentangling drivers of genetic variation

We used a distance-based redundancy analysis (dbRDA) on Euclidean genetic distances
estimated between individuals to characterize the relative contribution of spatial (d(bMEM),
dispersal (AEM vectors) and environmental (salinity, chlorophyll a, winter and summer
temperature) variables (Legendre and Legendre 2012) to genetic variation. Starting with all the
selected variables, we first undertook variable selection using the vegan’s ordiR2step() function
(Oksanen et al. 2016) to retain the most informative explanatory variables and minimize variance-
inflation. In the second step, variables with the largest variance inflation factor (VIF) were
sequentially removed until all VIF values were < 3 and all variables were sufficiently uncorrelated
(Figure S2). The selected set of explanatory variables was then tested in a final dbRDA model. We
also conducted multiple partial dbRDA to test the effect of each environmental variable after
accounting for the effect of spatial and dispersal variables. We then performed variance
partitioning to quantify the separate and shared proportion of the genetic variation explained by
the spatial (SPACE), dispersal (DISP), and environmental (ENV) variables using the vegan’s
varpart() function. Model significance, as well as the significance of each dbRDA axis were tested
using ANOVA-like permutation tests with 9999 permutations as implemented in the vegan’s

anova.cca() function (Legendre et al. 2011).
Functional annotation & climatic variance

We retrieved the genomic position of the outlier SNPs from the annotated seabream and
mullet genomes (Fietz et al. 2020). For SNPs positioned in annotated coding regions, we extracted
the flanking DNA sequences centered on the variant position (200 bp length) and aligned them
against the Swiss-Prot protein sequence database using BLAST+ (Camacho et al. 2009). We only
retained sequences ranking first or second, with a minimum identity of 70% and an E-value below
10°. We then assessed whether SNP variations were synonymous or not using ANVAGE
(https://github.com/Grelot/anvage). Non-synonymous variants were kept to increase the possibility
of selected SNPs having functional implications (Rellstab et al. 2015). Finally, we tested whether
the individual genotypes of these candidate SNPs correlated to the environmental variables

identified by the dbRDA.

This article is protected by copyright. All rights reserved


https://github.com/Grelot/anvage

RESULTS

Successful SNP calling

We genotyped a total of 8,206 filtered and informative SNPs from 297 white seabreams
(2.74 % missing data) and 2,794 SNPs from 467 striped red mullets (2.83 % missing data) (Table
S1). In these datasets, we detected 413 (5.0%) and 291 (10.5%) outlier SNPs for the seabream and
the mullet, respectively. The remaining non-outlier SNPs, after filtering for HWE, contained 7,655
SNPs for the seabream and 2,462 SNPs for the mullet.

Genetic diversity patterns

The expected heterozygosity (H) calculated on all individuals was 0.26 and 0.24 for the
seabream and the mullet, respectively. Spatial interpolation of H. revealed that the genetic
diversity of seabream was mostly stable across the Mediterranean Sea with peaks in the Western
Mediterranean and Aegean Sea (Figure 2a). The genetic diversity of mullet was highest in the
Alboran Sea and gradually decreased eastward (Figure 2b). Individual observed heterozygosity
(Ho) confirmed these patterns (Figure 2c) and was significantly different between species,

ecoregions, and their interaction (two-factor ANOVA, all p-values < 0.001, Table S2).

Higher resolution for population structure with outlier SNPs

The DAPC on non-outlier SNPs highlighted almost complete panmixia for both species.
Nevertheless, we found a slight difference between them as the lowest BIC value was K = 2 for
the white seabream and K = 1 for the striped mullet. For the white seabream, K = 2 indicated that
most individuals belonged to one cluster (Ne = 4556, Table S3) (Figure S3a) while 27 individuals
mostly from the south of the Alboran Sea formed the second genetic cluster (Ne = 255, Table S3)
(pairwise Fgr = 0.02). For the mullet, we found one single cluster, except for a few scattered
individuals when forcing K = 2 (pairwise Fsr = 0.006) (Ne = 9,489 and 607 respectively, Table
S3) (Figure S3b).

The genetic structure observed from seabream outliers revealed three clusters, two of
which were similar to those obtained with non-outlier SNPs (Figure 3a) but with stronger
differentiation (pairwise Fst = 0.14 — 0.58, Table S4). For the mullet, the use of outlier SNPs

increased our resolution and we uncovered a stronger genetic structure (Figure 3b). The BIC
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suggested the optimal numbers of genetic clusters as between K =3 (BIC = 1,260) and K =7 (BIC
=1,250) (Figure S5). All pairwise Fsr values were higher than with non-outlier SNPs (0.05 — 0.53,
Table S4). DAPC for K=3 showed that the first and second clusters represented a more gradual
genetic differentiation (in orange and yellow respectively; Figure 3b). These were comprised of
individuals from the Western and Eastern Mediterranean underlining a progressive genetic shift
between the two basins. The third cluster (in blue; Figure 3b) was more strongly differentiated and
comprised individuals from the Alboran Sea, and also from the Gulf of Lion and the Northern
Adriatic Sea. Increasing the number of clusters mostly subdivided the Western Mediterranean
basin. When selecting K=7, individuals from the initial third cluster (when K=3) were separated
into two clusters: one comprising of individuals from the Alboran Sea (in dark blue; Figure 3b),
and the second one of individuals from the Gulf of Lion and the Northern Adriatic Sea (in light
blue; Figure 3b).

Climate-associated genetic variation

Based on their eigenvalues, the first seven and five dbMEM were selected for the seabream
and mullet, respectively, while the first six AEM were selected for both species. The distance-
based redundancy analysis on non-outlier SNPs produced significant (p-value = 0.0001) but low
fits for both species (R%,qj = 0.006 for the seabream and 0.004 for the mullet) and is therefore not
discussed in any further detail. The dbRDAs conducted on outlier SNPs were globally significant
(p-value = 0.001) and explain 14.5% and 8% of genetic variation in the seabream and mullet
respectively (Figure 4). Only the first dbRDA axis was significant in both cases, accounting for
15% and 7.9% of the overall (unadjusted) outlier based genetic variation.

For the seabream, salinity, summer and winter temperature, along with three geographic-
distance vectors (IbMEM2, dbMEM3 and dbMEMS6) and three larval-dispersal vectors (AEM1,
AEM3 and AEMS5) were retained (Figure S5). The environmental partition alone explained 19%
of the dbRDA variance (Figure 5a), while salinity and summer temperature were significant
predictors after accounting for the variance explained by spatial and dispersal variables in
additional partial dbRDAs (p-value < 0.05; Table 1).

For the mullet, chlorophyll a, summer — and winter temperature along with one
geographic-distance vector ({bMEMS) and five larval-dispersal vectors (AEM1, AEM3, AEM4,
AEMS5 and AEM6) were retained (Figure S6). The environment explained 18% of the dbRDA
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variance (Figure 5b), while summer and winter temperatures and chlorophyll a were significant
predictors after accounting for the variance explained by spatial and dispersal variables in partial

dbRDAs (p-value < 0.05; Table 1).

Candidate genes

For the white seabream, nine of the 413 outlier SNPs (2%) were located on annotated
coding regions and returned known protein-encoding genes. Six were non-synonymous variants,
five of which were significantly related to summer temperature (Table S6, Figure S7). Among
these, we found genes encoding for the Zinc finger MYND domain-containing protein 10
(summer temperature ~ genotype p-value < 0.01, Figure 6a), and the Pumilio homolog 2 (p-value
<0.001). For the mullet, 19 out of the 291 outlier SNPs (7%) were positioned on annotated coding
regions and returned known protein-encoding genes. Eight were non-synonymous variants, seven
of which were significantly related to summer temperature and four to winter temperature (Table
S6, Figure S8). Among these, we found genes encoding for tubulin-specific chaperone D (p-value

<0.001, Figure 6b) and protein arginine methyltransferase (p-value < 0.001).

DISCUSSION

Decrypting climate-associated genetic variation is essential to accurately predict the impact
of climate change on living organisms (Bay et al. 2017; Bay et al. 2018; Razgour et al. 2019).
Here, we assessed the extent of gene flow and adaptive genetic variation in two fish species with
different movement strategies, the white seabream Diplodus sargus and the striped red mullet
Mullus surmuletus, in order to unpack the role of gene flow and climate on local adaptation. We
found that both species are influenced by the same biogeographic barrier to gene flow and that
their respective structures were driven by a combination of spatial, dispersal and environmental
variables. Functional annotation of outlier SNPs identified candidate genes associated with
temperature suggesting local adaption to temperature for both species. The structure based on
outlier SNPs is stronger for mullet in the Western Mediterranean basin suggesting greater local
adaptation for the less mobile species. Overall, our results illustrate important advances in
seascape genomics and spatial ecology which may well facilitate climate change vulnerability

assessment.
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Neutral processes structuring genetic variation and diversity

The spatial dbMEM and larval dispersal AEM together explained 35% and 60% of the
modeled genetic variation in seabream and mullet, respectively. This indicates that a combination
of gene flow between connected populations and drift within disconnected populations, e.g. in the
Alboran Sea, partly drives the genetic structure. As population sizes are mostly large, both in the
fishes studied (Table S3) and in marine species in general, we expected genetic drift to have a
small effect and gene flow a much stronger effect (Allendorf et al. 2010).

In our study, the Almeria-Oran Front (AOF) divides the Mediterranean Sea into two
seabream populations: the south of the Alboran Sea and the rest of the Mediterranean Sea (Figure
3). The AOF is formed by the influx of colder and fresher Atlantic water into the Mediterranean
Sea through the Strait of Gibraltar, which influences the oceanographic dynamics and creates a
near-permanent oceanic front (Patarnello et al. 2007). The influx of fresher water simultaneously
creates an abrupt change in temperature and salinity, which gradually increases eastward (Figure
Ic). The AOF acts as a barrier to gene flow and biogeographic break for numerous species
(Patarnello et al. 2007; Pascual et al. 2017) including the mullet (Galarza et al. 2009). However, it
was not thought to differentiate seabream populations until now (Bargelloni et al. 2005; Gonzélez-
Wangitiemert et al. 2010). This break was only detected for the mullet by using outlier SNPs. In
contrast with the seabream there is a lack of samples from the south of the Alboran Sea (Figure 1),
which probably weakens the inference of a well-defined Alboran mullet population.

The AOF forms a semi-permeable barrier which allows two genetic pools to mix in the
contact zone: the Mediterranean pool and the Atlantic pool (Carreras et al. 2020). This is reflected
in the spatial distribution of genetic diversity which peaks in the Western Mediterranean for the
seabream (Figure 2a). In the absence of strong biogeographic barriers in the main Mediterranean
basin, the seabream shows high levels of gene flow impeding further differentiation and
homogenizing genetic diversity. This lack of spatial variation in genetic diversity across the
Mediterranean Sea is supported by a published study of 31 Mediterranean fishes, including our
two species, using microsatellite and mitochondrial markers (Dalongeville et al. 2016). For the
mullet, on the other hand, genetic diversity peaks in the Alboran Sea and gradually decreases
eastward (Figure 2). These patterns coincide with the genetic structure which is divided into
several clusters in the Western Mediterranean, but consists of one main cluster in the Eastern

Mediterranean (Figure 3). This dichotomy could be explained by the introgression of Atlantic
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haplotypes gradually decreasing as the distance from the Atlantic-Mediterranean contact zone

increases (Duranton et al. 2019).

The influence of climate on genetic variation and potential local adaptation

The influx of fresher Atlantic water which generates the AOF, simultaneously creates an
abrupt change in both temperature and salinity. In addition to neutral processes, local adaptation of
the two seabream populations on both sides of the front could maintain or even promote their
differentiation, as the environmental variables explain up to 19% of the modeled genetic variance
in the seabream (Figure 5a). These results contribute to the mounting evidence from studies of
numerous different species, that the Atlantic-Mediterranean break is enabled by differential
selection and local adaptation to contrasting temperature and salinity conditions (Milano et al.
2014; Pascual et al. 2016; Carreras et al. 2020). The lack of further differentiation and local
adaptation in seabream in the main Mediterranean basin concurs with our initial hypothesis, as the
seabream is capable of exceptional long-distance dispersal (Abecasis et al. 2009; Aspillaga et al.
2016).

The mullet, on the other hand, is less mobile and shows finer genetic differentiation within
the main Mediterranean basin. The spatial dbMEM, larval AEM, temperature, salinity and
productivity patterns were insufficiently correlated to quantify their relative and shared importance
(Figure S1). Taken together, the environmental variables explained 18% of the modeled genetic
variation in the mullet not explained by spatial and dispersal structures (Figure 5). The
combination of elevated productivity and cold winter temperatures correlated with the
differentiation and clustering of geographically distant individuals in the Alboran Sea (DAPC
cluster 3), in the Gulf of Lion (cluster 7) and the Northern Adriatic Sea (cluster 7) (Figure 4b).
This differentiation breaks the gradual pattern expected under isolation-by-distance and their
genetic similarity is most probably due to a shared local adaptation. A very similar pattern of local
adaptation was previously identified for the ocellated wrasse, a reef-associated fish dispersing with
a larval stage of 7 to 13 days (Torrado et al. 2020). Individuals sampled from the Alboran Sea and
the Gulf of Lion were grouped together by redundancy analysis and identified as locally adapted
to temperature and productivity (Torrado et al. 2020). Productivity, through food availability, and

temperature affect the development, survival and settlement of larvae (Robitzch et al. 2016;
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Raventos et al. 2021), acting as environmental selective pressures and prompting local adaptation
in fishes (Cayuela et al. 2020; Torrado et al. 2020).

Identifying the genomic signatures of selection associated with temperature from outliers
can lead to the discovery of candidate genes that may be involved in species’ adaptive response to
climate change. Furthermore, these genes confirm the adaptive nature of the associated outlier
SNPs (Manel et al. 2010). The tubulin specific chaperone D gene, detected in mullet as having
potentially locally-adapted alleles, is associated with the stress-response to varying temperatures
and salinities in fishes (Whitehead et al. 2011; Avarre et al. 2014) and mussels (Tomanek et al.
2012). Homozygote genotypes A/A at the SNP located in the chaperone D gene are found in
individuals living in environments with the lowest winter temperatures, whereas homozygote G/G
genotypes are more prevalent at higher temperatures (Figure 6b). Zinc finger proteins, for which
we found two associated SNPs in seabream, are involved in heat and salinity stress response
mechanisms in plants (e.g. Sakamoto et al. 2004; Droll et al. 2013) and the thermal tolerance of
fish (Yu et al. 2018). Homozygote G/G genotypes are most prevalent at higher summer
temperatures, whereas T/T homozygotes mostly occur at lower temperatures (Figure 6a). Finally,
combining genomic information with phenotypic and fitness data would allow for the functional
interpretation of potential genotype-environment associations and further unravel adaptive

responses to a changing seascape (Gagnaire and Gaggiotti 2016; Waldvogel et al. 2020).

From theory to practice: conservation, climate and genomics

Marine Protected Areas (MPAs) are considered to be a major conservation tool for
maintaining and restoring biodiversity and ecosystem functions (Halpern et al. 2010; Edgar et al.
2014). Networks of MPAs are established to promote connectivity between MPAs and ensure the
persistence of populations within the network (Gaines et al. 2010). Networks of MPAs then help
maintain gene flow and allow the spread of advantageous alleles (Xuereb et al. 2019). Genomic
studies provide crucial insights for designing efficient MPA networks, as they provide information
on gene flow and the (mal)adaptation of populations to their changing environment. Spatial
conservation planning can make use of genomic metrics (e.g. adaptive genetic diversity) to
incorporate species’ evolutionary potential into the design of MPA networks, by prioritizing the
protection of populations adapted to specific environmental conditions (Nielsen et al. 2017;

Hanson et al. 2020; Xuereb et al. 2020). These locally-adapted populations can act as sources of
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adaptive alleles for the meta-population (Selmoni et al. 2020), thus promoting species’ adaptation.
For example, genotypes adapted to high temperatures can spread from the Levantine Sea to the
western Mediterranean basin via the movement of individuals, allowing western populations to
adapt to the expected temperature increase. They can also be used for assisted migration, by
transplanting locally adapted individuals in order to increase the species’ adaptive potential under
climate change (Bay et al. 2017). As climate change causes rapid environmental shifts, adaptive
management, under which management strategies can be modified based on new knowledge
acquired and assessment of the effectiveness of previous actions (Katsanevakis et al. 2017), has
been proposed as the most efficient solution to preserve marine biodiversity in the long term
(Frazao Santos et al. 2020; Rilov et al. 2020). Genomic data will thus be required to monitor the
effectiveness of conservation strategies in maintaining species’ adaptability over time, and can
also be incorporated into predictive models to forecast species’ adaptive responses to predicted

environmental variations induced by climate change (Razgour et al. 2019).
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Figure 1. a) Sampling sites for white seabream (Diplodus sargus) and striped red mullet
(Mullus surmuletus). Black dots indicate sites where both species were sampled, whereas
silhouettes indicate sites where only the respective species was sampled. Mediterranean
ecoregions are shown in different shades. AOF denotes the Almeria-Oran Front. b-c) Variation in

winter temperature (b) and salinity (c) levels at sampled sites across ecoregions. The letters
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indicate grouping after a Kruskal-Wallis test, where different letters indicate significantly different

means.
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Figure 2. Spatial distribution of genetic diversity. The maps show the spatial interpolation
of expected heterozygosity (H.) of (a) seabream and (b) mullet, calculated per cell based on
imputed individuals. (c) Individual heterozygosity (H,) confirms the spatial variation of the
seabream (dots) and mullet (triangles) genetic diversity across ecoregions (mean =+ standard error).
The letters indicate grouping of ecoregions after a Kruskal-Wallis test, where different letters

indicate significantly different means.
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seabream and (b) striped red mullet. Individuals are ordered by their longitudinal position within
each ecoregion (ALB = Alboran Sea, WMED = Western Mediterranean, ADR = Adriatic Sea,
ION = Ionian Sea, TUN = Tunisian Plateau, AEG = Aegean Sea, LEV = Levantine Sea).
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Figure 4. Distance-based redundancy analysis for outlier loci of (a) white seabream and
(b) striped red mullet. Arrows represent environmental variables that drive the observed
population structure. MEM vectors are distance-based Moran Eigenvector Maps representing
geographical isolation at different spatial scales while Asymmetric Eigenvector Maps (AEM)
represent isolation by larval dispersal. Dots represent individuals while colours correspond to their

clustering obtained with the DAPC in Figure 3.

This article is protected by copyright. All rights reserved



Genotype proportion

1.0

0.8

0.6

0.4

0.2

0.0

Figure 5. Relative importance of the spatial (SPACE; dbMEMs), dispersal (DISP; AEMs)
and environmental (ENV; salinity, chlorophyll a, summer — and winter temperature) variables in
explaining outlier genetic variation (i.e. Euclidean genetic distances estimated between
individuals) of (a) white seabream and (b) striped red mullet. The surface of the different sections
of the Euler diagram is proportional to the R? of each partition.

Figure 6. Example of two SNPs located on candidate genes, (a) zmynd10 in the seabream

(a) Diplodus_SNP_2543 | Zinc finger protein (b) Mullus_SNP_1104 | chaperone D
0 GG EGT mTT E GG B GA m AA

Genotype proportion

205 225 235 24 245 25 255 27 10 14 15 16 17 18

Summer temperature Winter temperature

and (b) TBCD in the mullet, and the prevalence of alleles along temperature gradients.
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Table 1. Partial dbRDA results for white seabream and striped red mullet using outlier

SNPs. Variables are selected through an ordiR2step procedure, and their significance and model

fit are assessed in separate partial dbRDAs. * indicates significance levels from ANOVA with

9999 permutations (*P < 0.05, **P < 0.01, ***P < 0.001).

Species Variable P model R,q> model
White seabream Salinity 0.039 * 0.002
Diplodus sargus Summer temperature le-04 *** 0.014
Winter temperature 0.054 0.001
Striped red mullet ~ Chlorophyll a le-04 *** 0.01
Mullus surmuletus ~ Summer temperature le-04 *** 0.007
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