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Abstract

Investigating stock identity of marine species in a multidisciplinary holistic approach can reveal patterns

of complex spatial population structure and signatures of potential local adaptation. The combination of

complex life-history traits of marine species with environmental and spatial features generates population

structure. Indeed, the integration of molecular and environmental data is crucial to understand selection and

demographic processes shaping population structure of marine organisms for management and conservation

purposes.

In the first case study, the population structure of common sole (Solea solea) in the Mediterranean Sea was

delineated using genomic and otolith data, including hundreds of single nucleotide polymorphisms (SNPs)

markers, otolith shape and otolith trace element composition data. SNPs were correlated with environmen-

tal and spatial variables to evaluate the impact of the selected features on the actual genetic population

structure. Specifically, a seascape genetics approach with redundancy (RDA) and genetic-environmental

association (GEA) analysis was used to find loci potentially involved in local adaptation. Furthermore,

putative functional annotation was investigated to detect genes associated with the described patterns of

neutral and adaptive genetic variation. Finally, an integrated holistic approach was applied to combine the

tracers with different spatio-temporal scales.

In the second case study, SNPs data was also used to illustrate the population structure of another

marine fish targeted by commercial fisheries in Mediterranean Sea, namely European hake (Merluccius

merluccius). The aim was to identify patterns of neutral and potential adaptive genetic variation by applying

seascape genomic framework considering spatial and environmental features. RDA was combined with genetic

differentiation to characterize spatial structure and identify factors potentially involved in local adaptation.

The area target considered for European hake included distinct sites within the Alboran Sea, extending into

the neighboring Mediterranean Sea and Atlantic Ocean.

Results from both genetic and otolith data suggested significant divergence among putative populations

of common sole, confirming a clear separation between Western and Eastern Mediterranean Sea, as well as

a distinct genetic cluster corresponding to the Adriatic Sea. Evidence of fine scale population structure in

the Western Mediterranean Sea was observed at outlier loci level, as well as further differentiation within

the Adriatic.
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Longitude and salinity variation accounted for the majority of both wide and fine spatial structure.

The GEA detected significant associated outlier loci potentially involved in local adaptation, but spatial

distribution explained more variance than environmental features in the RDA. Our study not only indicates

that separation among Mediterranean sole population is led primarily by neutral processes because of low

connectivity due to spatial segregation and limited dispersal, but it also suggests the presence of local

adaptation.

The holistic approach by considering the spatio-temporal scales of variation confirmed that the same

pattern of separation between these geographical sites is currently occurring and has occurred for many

generations. These results should be taken into account to support the application of spatial stock assessment

models, including a review and possible redefinition of fishery management units inside dynamic spatial

management strategies.

From all analysis performed, a significant genetic differentiation across locations was also found for Eu-

ropean hake. Results consistently showed the occurrence of population structure in Merluccius merluccius

by detecting westward–eastward differentiation among populations, higher levels of structure and potential

distinct subgroups at a fine geographical scale using putatively adaptive SNPs. Seascape analysis on Eu-

ropean hake revealed that environmental factors better explained the genetic variation at both neutral and

putatively adaptive SNPs loci, suggesting their key contribution in shaping the observed genetic structure.

These results enhance the knowledge of the population structure of commercially relevant species, which

has a fundamental role in the management of stocks, together with the understanding of which processes

and factors are playing a role in the definition of their population structure. The ultimate scope would be

to apply this approach in the regular assessments of commercially relevant marine resources to inform the

management advice.



Research objectives

In the context of increasing degradation of marine resources, the improvement of understanding of ecological

and biological processes of marine resources is crucial to achieve sustainability under fisheries management.

Advancing stock identification methods have exposed differences between the spatial structure of biological

populations and currently defined stock units. This spatial mismatch between biological population and

management unit can affect both the conservation of resources and the subsistence of fisheries communities.

Stock identification methods can be valuable in understanding population dynamics. This improvement

can make the stock assessment process more robust and thereby enable developing fisheries management

strategies to obtain sustainability.

In this perspective, my PhD research project aims to identify stock units based on biological units iden-

tification to better understand population structure and stock status of marine fish resources by applying

multidisciplinary approaches within a holistic framework. The use of proper management units based on

biological evidence under a fisheries sustainable management approach could increase the environmental,

economic, and social sustainability of fishing activity. In order to achieve the purpose of my project en-

hancing the availability of information for each fish stock, I carried out the analysis based on advancing

stock identification methods for a better comprehension of population structure of two marine resources in

the Mediterranean Sea in a multidisciplinary framework. I focused on common sole (Solea solea) and Euro-

pean hake (Merluccius merluccius), demersal species of commercial interest in the State of Mediterranean

Fisheries. Data used in this project were produced in the framework of the FishPopTrace EU Project and

TRANSBORAN Project for Solea solea and Merluccius merluccius case studies, respectively. For common

sole we analysed putative populations inside the Mediterranean Sea while for European hake we targeted

distinct sites within the Alboran Sea, extending into the neighboring Mediterranean Sea and Atlantic Ocean.

With the aim of understanding the challenges in the assessment and management of marine fisheries

in delineating spatial structure of stock units, available information, advancing methods, and gaps about

populations structure and stock units delimitation was summarized in Chapter 1. In this chapter, current

issues of mismatches between biological population and the management units were discussed, pointing out

current strategies that positively affect the development of effective assessment and management strategies.

Holistic approaches to assess population structure and connectivity were discussed.
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Investigating marine species population structure in a multidisciplinary framework can reveal signatures

of potential local adaptation and their consequences for management and conservation. In Chapter 2, the

population structure of common sole (Solea solea) in the Mediterranean Sea was delineated using genomic

and otolith data of distinct geographical sites. The impact of the selected features on the actual popu-

lation structure was evaluated through the correlation of SNPs with environmental and spatial variables.

Specifically, a seascape genetics approach was used to identify loci potentially involved in local adaptation.

The power of combining several methods inside a multidisciplinary approach to provide stock delineation

can be valuable to define spatial population structure of marine species from an integrated biological perspec-

tive. Considering the difficulty of combining methods with different spatial and temporal scales, in Chapter

3 two integrative analysis (Stock Differentiation Index and integrative multivariate analysis) were performed

to combine the results of Chapter 2. The assessment and interpretation of the results was discussed for all

analysis.

In Chapter 4, the population structure of European hake (Merluccius merluccius) was investigated us-

ing genomic data. The identification of patterns of neutral and potential adaptive genetic variation was

achieved by applying seascape genomic framework considering spatial and environmental features. Distinct

geographical sites within the Alboran Sea, extending into the neighboring Mediterranean Sea and Atlantic

Ocean were targeted to analyse putative populations for European hake. The work was carried out in the

TRANSBORAN Project framework.

Finally, the results of the multiple research achieved during my PhD project were discussed in Chapter

5. Considering the difficulties and limitations of each case study, the importance of each analysis was

discussed reporting the proposed stock units delimitation as conclusions. The discussion comprehended

future directions strategies.



Chapter 1

General introduction

1.1 Convergence between biological populations and stock

units using stock delineation methods

About most of Mediterranean stocks assessed are currently fished at biologically unsustainable levels (FAO,

2020b). The Common Fisheries Policy (CFP) aims to obtain fishing activity to become environmentally,

economically, and socially sustainable in the long-term by providing fisheries resources for the future gener-

ations (Reg. (EU) n.1380/2013). Stock units, defined as a group of fishes exploited in a specific area or by

a specific method, are used to assess exploited fish species (Smith et al., 1990). Commonly individual stock

units are assessed based on single species assumption (Begg et al., 1999). A single species advice for each

individual stock unit is provided for fisheries management. For this reason, the availability of information

for each fish stock, as those related to stock status and the associated exploitation rates, is crucial to ensure

a sustainable exploitation of fisheries resources. Geographical Sub-Areas (GSAs) were established by the

General Fisheries Commission for the Mediterranean (GFCM) of the Food and Agriculture Organization of

the United Nations (FAO) to assess and manage fish stocks according to geographical boundaries and polit-

ical features. The reinforcement of information on stock boundaries according to stock identification results

have exposed discrepancies between the spatial structure of biological populations and stock units currently

defined in stock assessment (Kerr et al., 2017). This spatial mismatch between biological population and

management unit can negatively influence stock assessment and therefore the development of sustainable

fisheries management, affecting both the conservation of resources and the subsistence of fisheries commu-

nities (Kerr et al., 2017; Cope and Punt, 2009). Hence, stock delineation with an evaluation of the spatial

structure should be a relevant aspect to include in stock assessment models (Cadrin, 2020). The identifi-

cation of stock units improves the understanding of population dynamic which is a necessary condition for

the application of effective management measures (Berger et al., 2021). The advantage in understanding

1



Chapter 1 - General introduction

population structure and dynamics of marine resources is clear in a conservation prospective also because

many factors among which habitat degradation, fishing exploitation and climate change contributed to the

variation of spatial distribution of these species (Ciannelli et al., 2013; Cheung et al., 2009).

Over recent years, a large number of methods have been proposed to handle the identification of pop-

ulation structure and settle the issue of the misalignment between stock units and biological populations.

Natural tracers such as genetic markers, otolith shape and chemistry, stable isotopes, parasites and mor-

phometrics/meristics data, but also artificial ones (tagging) have been used to reveal insights of population

structure and connectivity between marine populations. Much information is located in these tracers (Cadrin

et al., 2013). The tracers used to address the structure and connectivity of targeted fish species are briefly

described in this chapter.

In recent years, advanced stock identification methods have been widely applied with their results included

in scientific advice for management actions. Especially, genomic studies have consistently increased given

the power of advanced techniques in discriminating stock units. By changing the way in which sequence

data are produced, Next Generation Sequencing (NGS) technologies enabled the transition to population

genomic research increasing the number of sequences produced and promoting genetic marker discovery and

high-throughput genotyping (Davey et al., 2011; Hemmer-Hansen et al., 2014). The generation of this huge

amount of data with a higher genome representation using ‘Genotyping By Sequencing’ (GBS) approach

and an increased statistical power represented an advantage for population genetic studies (Narum et al.,

2013). For instance, using Single Nucleotide Polymorphism (SNP) markers, it was possible to describe

genetic population structure of marine species. Fine-scale population structure has been detected even by

a small amount of SNPs containing highly informative insights (Milano et al., 2014; Randon et al., 2020).

As evidenced, genetics tracers provide useful tools for informing fisheries manager in terms of population

structure of marine species (Ovenden et al., 2015).

Stock identification methods include, among the others, otolith tracers. The otolith, as the main calcified

structure for marine organisms, especially for fish species, is nowadays widely used to identify the stock

structure of marine population. Otolith are aragonite structures located in the inner ear with a composition

influenced by physical and chemical characteristics of water masses. The otolith grows continuously over

time through the life of the fish by daily and seasonal deposition of material without chronological alteration

due to environmental variations or changes in fish condition. The information retrieved was experienced by

fish during all life (Campana, 1999). As a consequence, the shape of the otolith continues to be used in recent

studies as an effective tool in discriminating fish stocks from different geographic areas (Ferhani et al., 2021;

Wujdi et al., 2022; Saltalamacchia et al., 2022). Also trace elements are present within an organic matrix in

otolith (Campana, 1999) and their composition has been successfully used to tackle issues related to stock

identification and fish movements in recent studies (Hüssy et al., 2022; Moreira et al., 2022).
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Chapter 1 - General introduction

1.2 A holistic approach to assess population structure

The discrimination of stock units is based upon a wide variety of multidisciplinary methods (Cadrin et al.,

2013). In the stock identity field, the application of multiple techniques is a widely used strategy. For

instance, most recent studies routinely implemented different sources of information originating from the

otolith such as stable isotopes, otolith elemental trace, otolith shape or microstructure (Morales-Nin et al.,

2022; Singh et al., 2022). As well as other later studies increasingly employed genetics and other natural

markers displaying information at a various temporal and spatial scale (Marval-Rodŕıguez et al., 2022;

Randon et al., 2020). For instance, the combination of otolith chemistry with distinct markers allowed the

validation of the stock structure signals by providing complementary information towards a more robust stock

discrimination (Hüssy et al., 2022; Avigliano, 2022). In a perspective of seascape genomics approach, also

environmental features can be combined with population genomics to understand factors shaping population

structures (Benestan et al., 2019).

The application of stock identification methods is periodically assessed by Stock Identification Methods

Working Group (ICES, 2022). The reviewing and evaluation performed by this ICES expert groups ex-

posed the limitation and consistency of each method in informing on the stock structure and connectivity.

The delineation of spatial structure should be disclosed by a holistic approach integrating different stock

delimitation methodologies. Hence, the limitations deriving from single technique approaches could be over-

come resulting in a consequent corroboration of findings derived from stock structure research (Welch et al.,

2015). This strategy is used to inform the proper alignment between population and stock unit mitigating

the possible misinterpretations (Cadrin et al., 2014b; Kerr et al., 2017). Furthermore, the consequences of

integrating this information into the assessment and management strategies should be evaluated by testing

different scenarios (Cadrin et al., 2014b).

In a context of multidisciplinary approach, highly relevant projects have been funded by the European

Commission for stock units delineation of the commercially valuable fisheries resources in the Mediterranean

Sea. As first project, STOCKMED contributed to stocks identification of demersal and small pelagic species

using already available information without adding new data (Fiorentino et al., 2014). To overcome this

limitation, MED UNITs project was launched to identify stock units of relevant demersal species covering

all Mediterranean Sea basin to fill information gaps (Spedicato et al., 2022). The challenges in stocks identifi-

cation are even more prominent in transboundary area, as in the case of Alboran Sea where TRANSBORAN

project was launched to identify population structure of fish stocks from Atlantic waters to Mediterranean

waters subject to specific oceanographic, ecological, fisheries and management characteristics.

Taking into account the demand of knowledge and in the context of these projects, the ultimate objective

of my research is the identification of stock units of two marine species, which are considered important fishery

resources in the Mediterranean Sea, following a holistic approach performing multi-tracers stock identification

3



Chapter 1 - General introduction

methods. The project could help gain a better understanding of the actual fish populations of these species

in the Mediterranean Sea filling the knowledge gaps on stock structure and promoting the identification of

“real” stock units. This approach is expected to reduce the bias associated with the assumption of a given

stock units and thus improve sustainable exploitation.
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Chapter 2

A multidisciplinary approach to describe

population structure of Solea solea in the

Mediterranean Sea.

2.1 Introduction

The marine realm is often characterised by high dispersal of most species, regarded as the major force

maintaining connections between populations (Hauser and Carvalho, 2008). Research efforts have been

made to challenge the concept of homogeneous marine populations and to identify population structure

in marine fish (Reiss et al., 2009). Marine fish population structure can be defined along a continuum

ranging from panmictic (e.g., Japanese Spanish mackerel Scomberomorus niphonius (Kitada et al., 2017),

and Australian yellowfin bream Acanthopagrus australis, (Roberts and Ayre, 2010)) to distinct populations

(Haddock Melanogrammus aeglefinus (Berg et al., 2021)). Indeed, most of these studies revealed complex

spatial patterns (European hake Merluccius merluccius (Milano et al., 2014; Westgaard et al., 2017) and

horse mackerel Trachurus trachurus (Abaunza et al., 2008; Healey et al., 2020)) and eventually helped

to define fine-scale population structure. The role of complex sets of biophysical processes, along with

environmental features, which are the main factors in connectivity, needs to be understood. Such processes

influence population differentiation (Cowen and Sponaugle, 2009), at the same time as interaction among

connectivity, population size, and environmental conditions. In some cases, fishing pressure acts as a selective

force in local adaptation, which maintains or modifies population structure (Hauser and Carvalho, 2008).

Most of fishery resources in the Mediterranean Sea are over-fished and have been exploited at biologically

unsustainable levels (FAO, 2020c). Management regulations based on a proper understanding of the stocks

dynamic could help to improve the situation in some areas. Commonly, commercial marine species population

status is assessed based on single species and individual stock units assumptions (Begg et al., 1999; FAO,
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1999). Stock units in the Mediterranean Sea are generally enclosed within the Geographical Sub-Areas

(GSAs), which are statistical units established according to geopolitical features and management needs at

the General Fisheries Commission for the Mediterranean (GFCM) of the Food and Agriculture Organization

of the United Nations (FAO). Improvements in data availability and stock identification methods have

revealed incongruities between the spatial structure of biological populations and currently defined stock

units, also in a recent Mediterranean study (Kerr et al., 2017; Spedicato et al., 2022). This spatial mismatch

between biological populations and management units can violate stock assessment models assumption,

which requires data representative for the entire population. Therefore, defining the fine-scale population

structure of commercially exploited marine species is crucial to the development of sustainable management,

affecting both the conservation of resources and the subsistence of fisheries communities (Cope and Punt,

2009; Kerr et al., 2017). Assessing and understanding the genetic populations structure of commercially

exploited marine fish could provide an empirical solution to tackle these mismatches by providing evidence

on the stock boundaries, and their reconciliation with the stock units based on GSAs (Kvamme et al.,

2020). Improved and biologically-informed fishery management units are likely to enable more robust stock

assessments and enhance effective management and conservation actions (Paris et al., 2018), providing a

reliable basis for understanding population dynamics (Casey et al., 2016).

Advanced methods for delineating stocks and assessing population connectivity in marine species include

molecular techniques, nowadays enabled by the high throughput potential of Next Generation Sequencing

(NGS) technologies (Ovenden et al., 2015). Genomic tools can substantially increase the resolution in

defining management units and help to overcome existing limitations on the use of genetic information in

fisheries management schemes (Bernatchez et al., 2017; Waples et al., 2008). By changing the way in which

sequence data are produced, NGS enabled the transition from population genetics to population genomics

research in marine fishes (Willette et al., 2014), offering new possibilities for management of marine resources

(Hemmer-Hansen et al., 2014; Valenzuela-Quiñonez, 2016). For instance, the application of Single Nucleotide

Polymorphism (SNP) markers revealed a strong differentiation among geographical samples in the European

hake (Merluccius merluccius) and the further detection of a fine-scale genetic population structure in the

Mediterranean Sea (Milano et al., 2014). For both European anchovy (Engraulis encrasicolus) (Catanese

et al., 2016) and Atlantic mackerel Scomber scombrus L. (Rodŕıguez-Ezpeleta et al., 2016) the complex

structure revealed by SNPs suggests that management as independent units would be more a successful

strategy.

Among stock identification methods, markers based on the chemical composition and shape (morphomet-

rics) of otoliths have been successfully used to unravel stock identification and fish movements (Campana

and Thorrold, 2001; Geffen et al., 2016; Higgins et al., 2010). Recent studies support the efficiency of otolith

shape analysis for studying fish population structure (e.g., European sardine Sardina pilchardus (Jemaa

et al., 2015), European anchovy Engraulis encrasicolus (Bacha et al., 2014), blue jack mackerel, Trachurus
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picturatus (Moreira et al., 2019) and European hake Merluccius merluccius (Morales-Nin et al., 2022)). The

power of a multidisciplinary approach which combines several data sources and methods to achieve stock

delineation has often been demonstrated (Higgins et al., 2010; Spedicato et al., 2022; Pita et al., 2016). As

a matter of fact, the integration of outcomes from different methods enhances the robustness of the study

(Welch et al., 2015; Izzo et al., 2017) and overcomes drawbacks of single methods by providing a more ro-

bust stock discrimination (Hussy et al., 2016; Paris et al., 2018), confirming the value of a multidisciplinary

framework in defining spatial structures of marine species (Cadrin, 2020; Cadrin et al., 2014a). By assessing

multiple data types, such as genomic and otolith data, a multidisciplinary approach can integrate information

on different temporal scales (evolutionary and ecological) to accurately detect the spatial structure of marine

populations (Tanner et al., 2016; Abaunza et al., 2008; Welch et al., 2015). This feature is extremely useful

to comprehend the temporal disparity between microevolutionary processes, which occur at generational

timescales, and ecological-demographic connectivity processes, which become apparent at shorter timescales

(Hawkins et al., 2016).

The advances in genomic tools have also enabled the investigation of the influence of environmental factors

on genetic variation (Liggins et al., 2019). Over the past few years, seascape genomics studies have explored

both adaptive and neutral genetic patterns in marine species, making use of spatial and oceanographic

information (Benestan et al., 2016; Segovia et al., 2020). This approach has become increasingly important

in detecting patterns of local adaptation in marine fish populations by assessing functional variation of loci

associated with environmental features (Liggins et al., 2019).

The present study focuses on common sole (Solea solea) (Linnaeus 1758) in the Mediterranean Sea, a

demersal species of high commercial interest targeted by large scale (bottom trawlers) and small-scale (mainly

gill nets) fisheries over the study area (FAO, 2020b). Common sole habitat spreads over the continental shelf

of the entire Mediterranean Sea, especially in areas characterized by soft bottoms and shallow waters (i.e.

< 100 m). Given its ecological niche, the common sole is unevenly distributed in the Mediterranean Sea,

with more than half of the overall fishery production attributable to Adriatic Sea catches (52%), followed

by contributions to the harvest from the Aegean Sea (14%) and the Levant Sea (11.5%), according to FAO

production data 2007-2017 (FAO, 2020a), aggregated by FAO Major Fishing Areas (FAO, 2022). All other

areas account for less than 10% of the Mediterranean harvest of common sole. A formal evaluation of the stock

status, at the time of writing, is only available for the Adriatic Sea, and this stock is experiencing a decreasing

trend in fishing mortality reflected in remarkable improvements in terms of biomass in recent years (FAO-

GFCM, 2021). Because the stock status in all the other FAO-GFCM areas remain unassessed, improved

details of population structure could contribute significantly to the design of sustainable management for

common sole in the whole Mediterranean Sea (Reiss et al., 2009). The Mediterranean populations of common

sole do exhibit some discernible genetic structure, described as a west-to-east genetic differentiation pattern

(Rolland et al., 2007) (Guarnieo et al., 2002; Kotoulas et al., 1995). The Adriatic Sea population is also
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genetically differentiated from all the other Mediterranean ones. Morphology and composition of otoliths

have been used to studied common sole population structure both in the North-Western Mediterranean Sea

and the Atlantic (Mérigot et al., 2007; Cuveliers et al., 2010; Morat et al., 2014; AsyMMETR, 2013), in the

latter area often in combination with genetic markers (Cuveliers et al., 2010; Delerue-Ricard et al., 2019).

Several factors could lead to selection processes in Mediterranean common sole populations. Local selection

pressure is likely the result of abiotic factors such as water temperature and river inflow, and the resulting

physical gradients across latitudes affecting early life history stages (Vaz et al., 2019), as well as biotic factors

such as fish density and the availability of prey (Grati et al., 2013). Many other factors have been studied,

for example recruitment success that is independent of nursery ground size which suggests that it is not a

density dependent process (Rogers, 1992).

This study assessed the population structure of common sole in the Mediterranean Sea through the

simultaneous use of different markers in order to gain a better understanding of the differentiation patterns,

and ultimately to fill the knowledge gaps on the species stock structure. The analyses aim at delineating the

population units from an integrated perspective, by investigating simultaneously individual genomic profile,

otolith shape and trace element composition. We also applied a seascape genomics approach to assess the

capacity of spatial distribution and environmental drivers to define neutral and adaptive genetic structure

in common sole. Finally, we associated each marker to the predicted functional annotation of the genomic

region, and we performed a gene enrichment analysis to identify genes potentially involved in processes of

local adaptation leading to fine scale differences within the study area.

2.2 Methods

2.2.1 Molecular and otolith data

Samples and data analysed in this study originated from previous effort carried out in the framework of

the FishPopTrace EU Project (https://fishpoptrace.jrc.ec.europa.eu/). Population samples were

collected over the period from 1999 to 2009 from 13 geographical sites in the Mediterranean Sea (Figure

2.1 and Table 2.1) (Nielsen et al., 2012). Genotype data at 426 SNP markers were obtained as described

in previous works (Diopere et al., 2018; Nielsen et al., 2012). Individuals and loci with more than 20%

and 10% of missing data, respectively, were removed from the SNP dataset. Monomorphic markers were

also discarded prior to the analysis. Details of the evaluation of missing data and filtering procedure are

presented in the Supplementary materials 2.5.1.1. The final data set contained 352 individual genotypes at

380 SNPs. Otolith data were produced for population samples from five geographical locations representing

the entire Mediterranean basin (Figure 2.1 and Table 2.1), full details of otolith processing and analysis are

described in the Supplementary materials 2.5.1.2. In these five sites, the same individuals were processed for
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both molecular and otolith data.

Based on geographical position of the 13 sampling sites, we identified nine centroid locations corresponding

to a coastal slice defined as the portion of each GSA delimited by the continental shelf boundaries within

the depth of 200 metres (m) (Figure 2.1). The sampling sites were associated to the nearest centroids for

the seascape analyses. We used the geographical coordinates (latitude and longitude) of the centroid for all

analyses (Figure 2.1). R version 3.6.3 was used for all analyses performed within the R environment in this

study (R Core Team, 2022).

Sampling-sites
Macro-area centroids
Macro-areas

Bathymetry
>800
800-401
400-201
200-101
100-0

Sampling-sites
Macro-area centroids
Macro-areas

Bathymetry
>800
800-401
400-201
200-101
100-0

N

Figure 2.1: Map showing the 13 sampling sites located in the Mediterranean Sea, centroids of nine macro-

areas and bathymetry.
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Sampling site Macro-area GSA Sampling year Site ID N

Molecular Otolith

Shape Trace element composition

core edge

Castellon 1 Northern Spain 2000 GSA6 2000 27

Barcellona 1 Northern Spain 1999 GSA6 1999 13

Gulf of Lion 2 Gulf of Lion 2009 GSA7 2009 33 30 27 25

Gulf of Lion 2 Gulf of Lion 2003 GSA7 2003 40

Viareggio 3 Ligurian Sea and Northern Tyrrhenian Sea 2009 GSA9 2009 36 39 26 30

Gulf of Salerno 4 Southern and Central Tyrrhenian Sea 2000 GSA10 2000 14

Gulf of Sant’Eufemia 4 Southern and Central Tyrrhenian Sea 2003 GSA10 2003 16

Chioggia Lagoon 5 Northern Adriatic Sea 2009 GSA17 2009 40 44 26 29

Lesina 6 Southern Adriatic Sea 2000 GSA18w 2000 16

Albanian coasts 7 Southern Adriatic Sea 2000 GSA18e 2000 11

Gulf of Kavala 8 Aegean Sea 2009 GSA22 2009 40 47 46 47

Gulf of Antalya 9 Northern Levant Sea 2009 GSA24 2009 27 30 29 26

Antakya coasts 9 Northern Levant Sea 2002 GSA24 2002 39

Table 2.1: Summary information of sampling site locations and Solea solea population samples for genetic

and otolith data. Table reports information on geographical areas defined for the analysis and the number

of individuals (N) analysed for each technique.
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2.2.2 Genetic analysis

To assess genetic variation between samples, observed (Ho) and expected (He) heterozygosity, polymorphic

rate, and FIS estimate (Weir and Cockerham, 1984) were calculated using Genepop v.4.7.5 R packages

(Rousset, 2008), respectively (Supplementary materials 2.5.1.1). Global and by locus Hardy-Weinberg (HW)

tests were performed using R version of Genepop v.4.7.5 (Rousset, 2008) (Supplementary materials 2.5.1.1).

We estimated global and pairwise values of FST index (Weir and Cockerham, 1984) and relative significance

through 10,000 permutations to assess genetic differentiation among populations using strataG R package

(Archer et al., 2017) (Supplementary materials 2.5.1.1). We then created a heatmap based on FST pairwise

comparison to inspect population structure. We performed a Discriminant Analysis of Principal Components

(DAPC) with adegenet R package (Jombart, 2008) to identify the individual-based population structure. We

ran the method both including as input the optimal number of clusters determined based on the Bayesian

Information Criterion (BIC), as well as providing the sampling sites as prior. To describe the genetic

structure, the first option allowed us to identify the optimal number of clusters, while the second one is used

to assess the quality of the discrimination (Supplementary materials 2.5.1.1). Outlier loci were identified using

four independent approaches namely pcadapt R package (Luu et al., 2017), fsthet R package (Flanagan and

Jones, 2017), Bayescan version 2.1 (Foll and Gaggiotti, 2008) and FDIST approach implemented in Arlequin

v.3.5.2.2 (Excoffier and Lischer, 2010). Throughout, SNPs with MAF lower than 0.05 were removed from the

data set before applying the methods (Bekkevold et al., 2020), FDR was set at 5% and 95% CI was utilised to

identify loci with fsthet (Flanagan and Jones, 2017). The method implemented in pcadapt R package relies on

PCA to detect population structure, and it allows the identification of genetic markers potentially involved

in biological adaptation considering their relationship with the population structure. First, a PCA is used to

ascertain population structure and identify the number of principal components K to consider. Then, each

SNP is regressed by the K principal components. The results are reported as a vector of z -scores between

each SNP, and the first K components obtained with the linear regression. Based on this vector, the outliers

are then identified using a multi-dimensional approach. The Mahalanobis distance is used as a statistic to

measure the distance between each point and its mean. It calculates the distance between the covariance

matrix of the z -scores and the vector of the z -score means. Finally, Mahalanobis distances are transformed

in p-values based on the correlations between SNPs and the K principal components to performed multiple

hypothesis testing. The q-value procedure is recommended to choose a threshold for p-values FDR approach

(Benjamini and Hochberg, 1995). We selected α = 0.1 for the threshold of outlier SNPs. We used fsthet R

package (Flanagan and Jones, 2017) to identify loci with extreme FST values relative to their heterozygosity

Ht. Smoothed quantiles from empirical FST -Ht distribution were calculated without the need for specifying

a population genetics model. Loci lying outside of the quantiles for the 95% confidence level were regarded

as outliers. Bayescan relies on differences in allele frequencies between subpopulations to identify candidate
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loci under selection. Subpopulation specific FST coefficients are divided into two components by logistic

regression. The population-specific component β is shared by all loci, and the locus-specific component α is

shared by all populations. When the locus-specific component α is significantly different from zero means

that the component is necessary to explain the diversity pattern and points out a departure from neutrality

at the given locus. Specifically, positive values of alpha indicate diversifying selection whereas negative values

suggest balancing/purifying selection. For each locus, a posterior probability is computed and SNPs with

prior odds (PO) greater than a threshold are considered outliers since PO express how likely the model is with

selection compared to neutral model. Here, we ran the program with 50,000 burn-in period, 100,000 number

of iterations, 20 pilot runs and thinning interval size set to 50. We set prior odds (PO) to 10 since the data

set comprised less than 1,000 SNPs and we set the FDR to 5%. We applied FDIST approach implemented

in Arlequin v.3.5.2.2 (Excoffier and Lischer, 2010) which uses simulations under an infinite island-model to

generate the distribution of FST as a function of heterozygosity. SNPs found in the tails of the distribution

are then identified as outliers. We set 50,000 simulation, 100 demes with all geographical samples assigned

to only one group, and expected heterozygosity ranging from 0 to 0.5. P-values were corrected through

FDR approach (Benjamini and Hochberg, 1995), and SNPs with an associated p-value lower than 0.05 were

considered as putative outliers. We then evaluated the overlap in loci to create datasets of neutral and outlier

SNPs that could suggest different patterns of genetic divergence. We used Venn diagram to visualize SNPs

that were common to each method. To create the outliers dataset we considered the union of all loci identified

as outliers by each method, while the remaining markers constituted the neutral dataset. We repeated genetic

differentiation and multivariate analysis (PCA, DAPC) using the two resulting datasets to compare potential

alternative patterns of divergence. To further investigate population structure, we ran STRUCTURE v.2.3.4

(Pritchard et al., 2000) using the datasets of neutral and outlier SNPs as separate inputs. The software

was run assuming admixture, correlated allele frequency and testing the scenarios with locality information

(LOCPRIOR). We ran the analysis for K from 1 to 10 with 20 iterations, burn-in period at 20,000 and

run length at 100,000. Alpha value was kept as default (α = 1). Mean L(K) method was employed to

visualise the mean likelihood values of different K partitions and identify the optimal K. R package pophelper

(Francis, 2017) was utilised to align and merge the multiple runs for each K, as well as to visualise the

posterior membership probability of each individual to clusters from 1 to 10. To validate the results, we also

performed a spatial principal components analysis (sPCA). sPCA is a multivariate method, implemented by

the function spca of the adegenet R package (Jombart, 2008, 2017). The method is functional to investigate

and identify spatial genetic patterns, uncover global and local structure, and evaluate genomic clines due to

geographic variation. We performed sPCA to analyse the genetic variation due to spatial variation utilising

both neutral and outlier SNP as input data. To incorporate the spatial information, we transformed latitude

and longitude of centroids into Cartesian coordinates (xy) (Stanley et al., 2018) using the custom R function

coord cartesian found in https://github.com/rystanley/CartDist/blob/master/CartDistFunction.R
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(Stanley and Jeffery, 2017). The function computes the least-coast distances between each sampling site

to account for land barriers. The resulting distance matrix was used to re-project the coordinates into

two-dimensional Cartesian space using a non-metric multidimensional scaling (Jeffery et al., 2017; Stanley

et al., 2018). We applied the function jitter to spread the xy coordinates in 1 km in order to obtain different

coordinates for each individual and ran the analysis with the Delaunay triangulation as connection network

among geographical sites (Jombart et al., 2008; Lehnert et al., 2019). We ran both the global and local test

with 9,999 permutations (Lehnert et al., 2019; Jombart, 2017).

2.2.3 Otolith analysis

We investigated both the variation in otolith shape and the trace element composition. We calculated

five shape indices: circularity, roundness, ellipticity, form factor and rectangularity (Tuset et al., 2003).

In addition, the otolith shape was described through elliptic Fourier descriptors. We identified outliers

with Interquartile Range (IQR) method to remove them before statistical analysis. Otolith contours were

extracted from images and Fourier coefficients were calculated using Momocs R package (Bonhomme et al.,

2014). The detailed procedures may be found in Supplementary material 2.5.1.2.

Shape indices were tested for normality and homogeneity of residuals using Shapiro-Wilk Normality test

and Levene’s test respectively. Only normally distributed shape indices were retained for further analysis.

To avoid redundancy of the data, we calculated Pearson correlations (Mérigot et al., 2007) using rcorr

function in Hmisc R package (Harrell Jr and Harrell Jr, 2019). We investigated whether the relationship

between shape indices and total fish length differed significantly for sampling sites with analysis of covariance

(ANCOVA) (Keating et al., 2014; Longmore et al., 2010; Rashidabadi et al., 2020) using lm R function. If

a significant interaction between sampling sites and length was detected, we removed the shape index.

Otherwise, if the interaction was not significant and the slopes were equal across sampling sites, the shape

index was corrected for size effect based on the linear relationship (Midway et al., 2014; Longmore et al.,

2010), using the equation Yc = Y − b ∗L, where Y is the shape index, b is the common within group slope

of the shape-size relationship and L is the measurement of total fish length (mm) (Keating et al., 2014).

We used as slope the coefficient b resulting from the linear regression between total fish length and shape

index. We repeated ANCOVA analysis to check that the co-variations were effectively treated (p> 0.01). We

then performed a PERMANOVA analysis to uncover differences between geographical samples using adonis

function in vegan R package (Oksanen et al., 2022). For the analysis, we computed a dissimilarity matrix

using vegdist function with Mahalanobis method (Rashidabadi et al., 2020) and 1,000 permutations. We

investigated the homogeneity of group dispersion with betadisper function. Then, we applied pairwise.adonis

function in pairwiseAdonis R package to identify significantly different pairs of geographical sites, applying

the Benjamini-Hochberg correction for multiple testing.
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The first 40 elliptical Fourier harmonics were obtained from each otolith. Each harmonic n is described

by 4 coefficients an , bn , cn and dn, a total of 160 elliptical Fourier descriptors (EFDs) were available. We

calculated the Fourier power (FP) for each otolith utilising the calibrate harmonicpower efourier to estimate

the number of harmonics required for the elliptical Fourier descriptors analysis. Using the efourier function,

we computed EFDs and we obtained a collection of coordinates (Coe object). Through a PERMANOVA

analysis on the EFDs, we assessed differences between geographical sites using adonis function in vegan R

package (Oksanen et al., 2022). For PERMANOVA analysis we followed the same procedure applied to shape

indeces. Canonical analysis of principal coordinates (CAP) was performed on both types of morphometric

data to visualize the spatial differences in classification accuracy obtained by leave-one-out cross-validation.

We used CAPdiscrim function in BiodiversityR R package to perform the analysis based on Euclidean

distances. To determinate the number of PCoA axes (m) to retain in the analysis we follow the general

procedure used by (Kindt and Kindt, 2015). We set the argument m from 1 to 100 in the CAP analysis to

explore the difference in the proportion of correct assignment of individuals to groups. Thus, we selected the

m with the highest percentage and we used it for the CAP analysis. After the PCoA, we checked for the

percentage of total variance in the dissimilarity explained by the m PCoA axes. We checked that the axes

chosen did not exceed 100% of the variance.

Furthermore, the SIs and the EFDs were combined to evaluate their discriminatory power. We performed

canonical analysis of principal coordinates (CAP) following the same procedure described above.

Trace elements composition data were obtained from core region and edge of sole otoliths using laser

ablation inductively coupled mass spectrometry (LA-ICPMS) (Chang et al., 2012; Morales-Nin et al., 2014).

After assessment of missing values, we replaced concentration of elements for which more than 25% of values

were below the LOD with respective LOD value (Mercier et al., 2011). The final data set for both edge

and core comprised 23Na, 24Mg, 63Cu, 64Zn, 85Rb, 88Sr, 138Ba, 208Pb. Trace element concentrations were

log-transformed for further analysis.

The same statistical analysis was performed for both core and edge elemental data. Before data analysis,

we checked for normality and homogeneity of the residuals with Shapiro-Wilk Normality test (Shapiro and

Wilk, 1965) and Levene’s test (Levene et al., 1960), respectively. We investigated the effect of otolith weight

on each element by performing a non-parametric analysis of covariance (ANCOVA) (Moreira et al., 2018;

Ferreira et al., 2019). To investigate the effect of otolith weight, we calculated Spearman correlations for

each element (Longmore et al., 2010) using rcorr function in Hmisc R package (Harrell Jr and Harrell Jr,

2019). We performed a non-parametric Kruskal-Wallis statistics to investigate differences in elemental con-

centrations between geographical sites. We inspected pairwise comparisons between sites for each element

through Dunn’s test using dunn.test function with Bonferroni correction for multiple testing. We performed

a Discriminant Analysis of Principal Components (DAPC) with adegenet R package (Jombart, 2008) to pre-

dict the sampling area membership of each individual using the multivariate element composition assessing
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the quality of discrimination. As the optimal number of clusters identified using k-means algorithm did not

provide evidence of correspondence with individual groups, we used the sampling sites as a prior.

2.2.4 Environmental analysis

Genetic-environmental association analysis

We represented the spatial structure between geographical sites with distance-based Moran’s eigenvector

map (dbMEMs) variables obtained through a distance matrix. In order to determine the dbMEMs, we first

calculated the spatial distance matrix from geographical coordinates (longitude and latitude of centroids)

containing the distances between the locations using the gcd.hf function. Then, we computed the distance-

based Moran Eigenvector’s Maps (dbMEMs) using the pcnm function in vegan R package (Supplementary

materials 2.5.1.3) (Oksanen et al., 2022). In this way, we were able to use spatial variables (dbMEMs) as

independent vectors, representing the spatial structure associated with the neighbourhood network across dif-

ferent scales, as explanatory variables in the following analysis (Borcard and Legendre, 2002). Environmental

variables were downloaded from E.U. Copernicus Marine Service Information according to their availability

over the analysis period from 2000 to 2010 (CMEMS, http://marine.copernicus.eu/) (Simoncelli et al.,

2019; Teruzzi et al., 2019) and from historical monthly weather data from WorldClim 2.1 (Fick and Hijmans,

2017). From the available products, we selected 17 environmental variables, as reported in Supplementary

materials 2.5.1.3, based on their influence on spatial distribution of common sole and their variation between

sampling locations (Diopere et al., 2018; Do Prado et al., 2018). To detect multicollinearity, we applied the

function vifcor in usdm R package (Naimi, 2017; Naimi et al., 2014) by which highly correlated variables

with correlation values (th) greater than 0.65 and with Variance Inflation Factor (VIF) values greater than 2

were excluded. In our seascape genomic analysis we considered as environmental factors the resulting set of

four variables: the mean meridional component of the currents (northward) (curM, m/s) using the weighted

average value in the water column (Wclm) (curM Wclm mean), the range of potential temperature (temp,

◦C) at the bottom (temp bottom range), the mean salinity (sal, psu) at the bottom (sal bottom mean) and

the mean CO2 (ocean pCO2 expresses as carbon dioxide partial pressure) (pco, Pa) (pco Wclm mean).

GEA methods

We applied three different genetic–environment association (GEA) methods (Bayenv2, LFMM and Samβada)

to identify loci potentially involved in local adaptation. First, we used Bayenv2, a Bayesian method that

identified the SNPs revealing a significant correlation, expressed by a Bayes factor (BF), between their allele

frequencies and at least one of the environmental variables. Starting from neutral SNP loci, the method

estimates a covariance matrix. The covariance in allele frequencies is used as null model to test the presence
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of correlation between SNPs and each environmental variable (Günther and Coop, 2013; Coop et al., 2010).

Then, we used the cov2cor function to convert that matrix into a correlation matrix and we checked its

correlation with the pairwise Fst matrix. SNPs with a BF greater than 10 according to Jeffrey’s criterion

(Jeffreys, 1961) can be considered potentially under local adaptation due to a specific environmental factor.

Secondly, we used a latent factor mixed model (LFMM) that identifies associations among environmental

variables and genotypes, while considering the influence of latent factors such as, in our case, the neutral

structure of common sole population as produced by DAPC analysis (Caye et al., 2019; Frichot et al., 2013).

The correlation between the genotype matrix and the environmental variables is found using hierarchical

Bayesian mixed linear models. This method was implemented in LEA R package (Frichot and François,

2015). We assessed the significance with a p-value of 0.05 after applying the adjustment method FDR.

Then, we used Samβada, to detect associations between the genetics data and environmental variables

using univariate models that analyse each locus independently. This software uses individual geographical

coordinates as a link between environmental and genomics information (Duruz et al., 2019; Stucki et al.,

2017). We used the system function of Samβada software available at http://lasig.epfl.ch/sambada to

run Samβada from within the R environment. The program returns log-likelihood ratio and Wald test that

after Bonferroni correction can be used to assess the significance of correlations between genetics and the

environmental variables (α = 0.05).

We determined the dataset of SNPs that resulted as the best candidate loci for local adaptation, by

retaining those SNPs that were associated with at least one of the environmental variables in at least one of

the methods (Bayenv2, LFMM and Samβada). We then conducted a spatial principal components analysis

(sPCA) on the resulting set of markers to investigate and identify spatial genetics structure. The analysis

helped to discriminate whether the genetic variation related to candidate SNP loci due to the association

with the environmental variables was more relevant than expected considering only the spatial distribution

(Benestan et al., 2016; Segovia et al., 2020). We ran linear regressions of the locality scores extracted

from the sPCA on each environmental and spatial variable with the purpose of determining which variables

significantly explained the genetic variation in the candidate SNPs. Lastly, we computed the R2
adj value to

assess the proportion of variance explained.

Redundancy analysis

We evaluated the effect of spatial distribution and/or environmental factors on both neutral and outlier

genetic structure at nine macro-areas using a redundancy analysis (RDA), a constrained ordination method

used in multivariate analysis (Legendre and Legendre, 2012). We first performed two distinct RDAs using

both neutral and outlier SNP datasets as response variable and we combined the spatial factors (dbMEMs)

and the environmental factors as explanatory variables. Then, we performed a partial RDA both on neutral

and outlier datasets to assess only the influence of environmental factors excluding the effect of the spatial
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factors on genetic differentiation and vice versa. All RDAs were performed using rda function in vegan R

package (Oksanen et al., 2022). Following Selmoni et al. (2020) we extracted the first principal component

that reaches the 80% of cumulative variance to use them as response variables to compute RDA. The principal

components were produced performing a PCA on the standardized matrix using the prcomp function, after

transforming the matrix of allele frequencies with the Hellinger approach using the decostand function.

We applied the ANOVA and marginal ANOVAs with 1,000 permutations to assess the significance of the

global model and of each variable. We calculated the adjusted coefficient of determination (R2
adj) using the

RSquareAdj function in vegan R package to determine the variation explained by the model (Oksanen et al.,

2022). Then, we used the ordistep function with 1,000 permutations to perform both forward and backward

selection of explanatory variables that best explained the variability of the response variable (optimal model).

As previously explained, we evaluated the significance of the model and each variable.

2.2.5 Gene Ontology

We annotated assemblies of representative and unigenes transcript of Solea solea downloaded from SoleaDB

database (Benzekri et al., 2014) by using EnTAP (Eukaryotic Non-Model Transcriptome Annotation Pipeline)

(Hart et al., 2020) in runP mode employing three different databases. Then, a similarity search and best hit

selection was performed using DIAMOND (Buchfink et al., 2015). Sequences were mapped against NCBI non

redundant protein, Swiss-Prot and TrEMBL databases with expected E-value set at a maximum of 0.000001

and a minimum coverage set at 70%, followed by Gene Ontology (GO) term assignment with eggNOG map-

per and InterProScan (Zdobnov and Apweiler, 2001). The flanking regions (120bp) of the 380 SNPs were

BLASTed against the Solea solea assembly found in SoleaDB (Benzekri et al., 2014). We conducted a selec-

tion of results of the annotation based on the matches between reference transcript and the corresponding

flanking regions containing the SNPs. At this stage we integrated the results of the representative transcript

of Solea solea with the unigene ones. For the initial dataset of 380 SNP loci, we kept only sequences with the

highest score and the lowest E-value. The same procedure was applied using the Solea senegalensis assembly

from SoleaDB database (Benzekri et al., 2014) in order to integrate missing results. After the reconstruction

of GO term graph obtained by retrieving and merging in single sub-graph all the paths from each term to the

respective ontology root (Ashburner et al., 2000), we performed a gene enrichment analysis to understand the

over representation of GO terms categories in two subsets: SNP loci associated to potential local adaptation

(43 loci) and SNP loci associated with environmental variables (148 loci) compared to the complete dataset

of 380 markers. The enrichment analysis based on GO terms was performed with a Fisher’s exact test. For

the Fisher test, we computed a contingency table for each GO term, counting the number of genes in the

SNP loci considered associated or not with the GO term, and the number of genes in the whole dataset

associated or not to the GO term to understand the over representation of GO terms categories in the two
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subsets. The results were expressed by the odds ratio (OR), defined as the ratio of the proportion of a GO

term associated with SNP in the subset to the proportion of this GO term outside this set. The larger the

odds ratio, the higher the relative abundance of this GO term compared with the entire data set. GO terms

for each subset with OR> 2 and α= 0.05 were identified as enriched in the three different categories.

2.3 Results

2.3.1 Genetic analysis

We found a decrease in the polymorphic rate of the population samples along the west-to-east geographical

axis, ranging from 98.68% to 72.11%. Consistently, there was a significant decrease in average observed (Ho)

and expected (He) heterozygosity, while no significant differences were found between Ho and He (α= 0.05).

After FDR correction only few SNPs per population sample were found significantly out of HW equilibrium.

At the population samples level, no significant deviation from the HW equilibrium was found. Accordingly,

the estimates of FIS were low and consistent with levels of heterozygosity (Table 2.2).

Sample Rate polim (%) He Ho FIS

GSA6 2000 98.68 0.3513 0.3433 0.0247

GSA6 1999 96.58 0.3619 0.3546 0.0206

GSA7 2009 98.68 0.3466 0.3685 -0.0629

GSA7 2003 99.21 0.3463 0.3394 0.0199

GSA9 2009 97.89 0.3390 0.3445 -0.0161

GSA10 2000 94.74 0.3541 0.3764 -0.0609

GSA10 2003 95.00 0.3559 0.3954 -0.1100

GSA17 2009 91.84 0.3087 0.3047 0.0131

GSA18w 2000 83.95 0.3384 0.3639 -0.0756

GSA18e 2000 82.11 0.3368 0.3507 -0.0435

GSA22 2009 77.11 0.3038 0.3018 0.0066

GSA24 2009 72.11 0.2999 0.3011 -0.004

GSA24 2002 77.63 0.2775 0.2813 -0.0132

Table 2.2: Genetic diversity statistics for each population samples of the Mediterranean Solea solea including

percentage of polymorphic SNPs rate (Rate polim), mean observed (Ho) and expected (He) heterozygosity,

and FIS estimation. Code of population samples are given in Table 2.1

Pairwise FST values ranged from -0.003 to 0.172, with an overall significant FST of 0.069 (p= 0.001). After
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Benjamini–Yekutieli correction, all pairwise FST remained significant (α= 0.05) except for the comparisons

involving samples from GSA6, GSA7, GSA10, GSA17 and GSA18 (Suppl. Figure 2.7). A heatmap of pairwise

FST pointed to three main areas with significant levels (α= 0.05) of genetic divergence corresponding to the

Western Mediterranean, Adriatic Sea, and Levantine Sea (Figure 2.2).

The clustering pattern of population samples resulting from DAPC analysis was concordant with the

structure suggested by the genetic pairwise FST . Based on k-means algorithm and the lowest BIC score,

three clusters were identified as corresponding to three main areas: Western Mediterranean, Adriatic Sea and

Eastern Mediterranean (Figure 2.3). Western and eastern samples were separated along the first discriminant

axis. The second discriminant axis showed a separation between samples from the Aegean and Levantine areas

when using prior information about the sampling sites. Moreover, the GSA18e 2000 sample separated from

the rest of Adriatic samples and resulted in an intermediate position between samples from other Adriatic

sites and Eastern Mediterranean area. In the DAPC analysis performed with prior knowledge of subgroups

we retained 125 PCs and five discriminant functions. The proportion of conserved variance for the first two

discriminant functions of whole dataset was 83.52% and the proportion of overall correct assignment was

84.38% (Figure 2.3A). Samples GSA10 2000, GSA10 2003, GSA18w 2000, GSA18e 2000 and GSA22 2009

showed a higher correct assignment rate with respect to the other population samples (Suppl. Figure 2.9A).

Methods for outlier detection identified different numbers of SNPs as outliers (Suppl. Figure 2.8): pcadapt

identified eight outlier SNPs, fsthet identified 25, Bayescan identified 40 and Arlequin v.3.5.2.2 identified

33. The number of SNPs identified by pcadpat was not sufficient to reveal the population structure, thus

its results were removed from further analysis. However, six of the eight loci resulting from pcadpat were

also found by other methods. The union of markers identified by all methods resulted in a outlier dataset of

43 SNP loci. Accordingly, the neutral dataset included the 337 markers which were not detected as outlier

by any of the methods (Suppl. Table 2.5). DAPC analysis performed on the neutral dataset corroborated

the result obtained with the whole SNPs dataset, indicating a broad structure characterised by a separation

of samples along the longitudinal axes of the Mediterranean. Two clusters were identified by the k-means

algorithm and the lowest BIC score. In the DAPC analysis performed with prior knowledge of subgroups we

retained 100 PCs and three discriminant functions. The proportion of conserved variance for the first two

discriminant functions of neutral dataset was 77.51% and the proportion of overall correct assignment was

59.70% (Figure 2.3B, Suppl. Figure 2.9B). DAPC analysis performed on the outlier dataset revealed higher

levels of structure detecting potential distinct subgroups within Western Mediterranean area in respect to

whole and neutral datasets. The second discriminant axis showed a deeper separation between samples from

Tyrrhenian and western basin areas. Four clusters were identified by the k-means algorithm and the lowest

BIC score. In the DAPC analysis performed with prior knowledge of subgroups we retained 25 PCs and

three discriminant functions. The proportion of conserved variance for the first two discriminant functions of

outlier dataset was 87.37% and the proportion of overall correct assignment was 47.44% (Figure 2.3C, Suppl.
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Figure 2.9C). In addition, we obtained concordant results from STRUCTURE, provided in Supplementary

materials (Suppl. Figure 2.11,2.10), they were highly consistent with the pattern revealed by DAPC analysis.
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Figure 2.2: Heatmap of pairwise-FST values among population samples of Solea solea computed on 380 SNP

loci. Code of population samples are given in Table 2.1

The west-to-east differentiation pattern detected by previous analyses was also confirmed by sPCA results

which highlighted a spatial cline in the allele frequencies across longitude for neutral and outlier SNP loci

(Suppl. Figure 2.12, 2.13). In the sPCA analysis, the global test was significant (p = 0.0001) for both

datasets, reinforcing the evidence of large scale population structure at neutral level. However, the local test

was not significant (p > 0.05), indicating a lack of fine-scale structure. We inspected the allele loadings of
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Figure 2.3: Discriminant Analysis of Principal Components (DAPC) plots of the 13 population samples of

Solea solea for whole (A, 380 SNP loci), neutral (B, 337 SNP loci) and outlier (C, 43 SNP loci) dataset.

Geographical population samples are colour coded according to sampling site, with Site ID reported as in

Table 2.1. The subdivision of individuals according to identified clusters is shown by assigning to data points

different geometric shapes.
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the sPCA to assess the contribution of alleles to both neutral and outlier structure. We found in total that

alleles of 19 SNPs contribute most to the first axis of the sPCA (Suppl. Table 2.6).
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2.3.2 Otolith analysis

A total of eight individuals were detected as outlier data points and thus removed from shape index dataset.

Roundness, ellipticity and rectangularity were normally distributed (p < 0.01), thus retained for further

analysis. Levene’s test for homogeneity of variance was significant (p<2.2×10−16, α = 0.01). We found

a significant negative correlation between roundness and ellipticity (r = −0.802,p < 0.001). Nonetheless,

roundness, ellipticity and rectangularity were included in subsequent analysis because they were not cor-

related with more than one other index (p < 0.001). None of the shape indices was correlated with total

length of fish, and only ellipticity showed a significant association (p= 0.008). There was no significant in-

teraction between total fish length and sampling sites for α = 0.01, and thus the slope across sampling sites

was equal. To remove the effect of total length on ellipticity, we corrected the values by division with the

ellipticity/fish length slope. The adonis test in the PERMANOVA analysis found that site was a significant

explanatory variable at α = 0.01. All pairwise site comparisons were significantly different (p < 0.05), as

reported in Supplementary Table 2.7, except for GSA9 2009-vs-GSA17 2009, GSA17 2009-vs-GSA22 2009

and GSA17 2009-vs-GSA24 2009. The result of dispersion test was not significant (p = 0.159,α = 0.01)

validating the adonis test results. CAP analysis highlighted a separation of samples from the Gulf of Lion

with 75% correct reclassification compared to lower values for the other locations (Figure 2.4A and Suppl.

Table 2.8).

The otolith shape was summarized by 13 harmonics (thus 52 coefficients) as they reached 99% of the

cumulative Fourier power (Suppl. Figure 2.14). All pairwise comparisons among sampling sites resulted in

significant differences in the PERMANOVA analysis (p< 0.05) (Suppl. Table 2.7). In contrast, the dispersion

test resulted significant with a p-value of 0.001 (α = 0.01) making the adonis test results less reliable. The

CAP on Fourier descriptors using 13 harmonics identified Aegean and Turkish samples as separate groups

(Figure 2.4B). In both cases Aegean samples (95.74%) showed a higher reclassification success compared to

Turkish samples (68.97%) (Suppl. Table 2.8). The CAP on integrated morphometric data identified the

samples from Aegean Sea and Gulf of Lion as separate groups (Figure 2.4C). Integrating the two data sets

provided higher overall reclassification success, with the Aegean samples showing the highest value of correct

reclassification (Suppl. Table 2.8).

From the analysis of elemental data, only Zn (p= 0.02) fulfilled the assumption of normality and homo-

geneity (p < 0.01) for both core and edge data. ANCOVA analysis suggested the influence of otolith weight

only on elemental concentration of Rb for α= 0.01 for core data, while for edge data the influence of otolith

weight on elemental concentrations of Ba, Rb and Mg was significant (α = 0.01). None of the elements at

either otolith core and edge were correlated with otolith weight (α= 0.01), based on Spearmans correlation.

Significant differences (α= 0.05) in the elemental concentration were found between sites for all the elements

of both core and edge data (Figure 2.5). The sampling sites were weakly identified by DAPC methods for
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Figure 2.4: CAP (Canonical analysis of principal coordinates) plots for otolith shape indices (SIs) (A),

elliptic Fourier descriptors (EFDs) (B), and integrated morphometric data (SIs and EFDs) (C) from five

Mediterranean population samples of Solea solea (GSA7 2009, GSA 2009, GSA17 2009, GSA22 2009 and

GSA24 2009.

core data, except for GSA22 2009, while the correct assignment of individual in sampling sites was higher for

edge data (Suppl. Figure 2.15). The elements that most contributed to the discrimination of geographical

sites are showed in Supplementary Figure 2.16.
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Figure 2.5: Mean±SD elemental concentration of each element in otolith core and edge per sampling sites

(GSA7 2009, GSA9 2009, GSA17 2009, GSA22 2009 and GSA24 2009). Significant differences among sam-

pling sites obtained from Dunn’s test are shown in the plot. The bars with different lowercase letters

corresponding to significant differences (α= 0.05) between sample sites.
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2.3.3 Genetic-environmental association analysis

We identified 13, 55 and 106 SNPs from Bayenv2, LFMM and Samβada respectively, which showed at

least one significant association with an environmental variable. The intersection of the SNPs identified

among the three GEA analysis (Bayenv2, LFMM and Samβada) resulted in six loci (Suppl. Figure 2.18,

Suppl. Table 2.5) and the union of all SNPs identified by GEA methods resulted in 148 SNPs (Suppl. Table

2.5). The regression analysis of locality scores from the sPCA performed on the GEA union dataset of 148

SNPs returned only dbMEM1, dbMEM3 and dbMEM5 as significant spatial variables, while dbMEM2 and

dbMEM4 were not (p > 0.05) (Table 2.3). All the environmental variables were significantly associated with

the SNPs, sal bottom mean was the best predictor among environmental variables, while curM Wclm mean,

temp bottom range and pco Wclm mean were less strong, but still significant, predictors. Longitude was

the best predictor of locality scores and latitude was also a good predictor (Table 2.3).

Variables R2
adj p-values Significance

dbMEM1 0.768 < 2×10−16 *

dbMEM2 −3.71×10−5 0.321

dbMEM3 0.119 1.58×10−11 *

dbMEM4 0.001 0.253

dbMEM5 0.047 2.45×10−5 *

sal bottom mean 0.628 < 2×10−16 *

curM Wclm mean 0.088 8.87×10−9 *

temp bottom range 0.172 2.89×10−16 *

pco Wclm mean 0.046 2.75×10−5 *

longitude 0.897 < 2×10−16 *

latitude 0.354 < 2×10−16 *

Significant variables are indicated with the following symbol:

* p < 0.05

Table 2.3: Regression analysis of locality scores from the sPCA on the 148 SNPs detected by GAE methods

across the Mediterranean population samples of Solea solea.

2.3.4 Redundancy analysis

The global RDA model performed on both outlier and neutral SNPs identified significant patterns of variation

(p< 0.05). The percentage of genetic variation explained was 38.13% for the outlier dataset of loci and 9.97%

for the neutral ones, with the first two axes accounting respectively for 35.61% and 7.82% of the explained
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variation. The forward and backward procedure using ordistep function selected different spatial variables for

the two datasets of SNPs, while temp bottom range, sal Wclm mean and pco Wclm mean were identified

for both RDA on neutral and outlier SNPs (Figure 2.6, Suppl. Table 2.9). From marginal ANOVAs,

spatial and environmental variables selected were all significant predictors of neutral and outlier genetic

variation (p < 0.05). The results of variation partitioning based on neutral SNPs indicated that spatial

variables (1.9%) explained approximately the same individual fraction of variance as the environmental

variables (1.5%). Shared variance (6.3%) resulted in the highest amount of explained variance (Suppl.

Figure 2.20). In contrast, the spatial variables explained more of the individual fraction of variance in the

outlier SNPs (7.0%), whereas environmental variables explained 5.5%. As for neutral SNPs, the highest

amount of explained variance was represented by shared variance (25.6%) (Suppl. Figure 2.21). Partial

RDA performed with environmental variables as condition, confirmed that most of the genetic variation

both for neutral and outlier structure was explained by spatial variables (Suppl. Figure 2.22, 2.23, Suppl.

Table 2.9).
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Figure 2.6: Redundancy analysis (RDA) performed on neutral (A) and outlier (B) SNPs datasets from

population samples of Solea solea following the forward and backward selection of variables using ordistep
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28



Chapter 2 - Solea solea multidisciplinary approach

2.3.5 Gene Ontology

Based on the outcomes of transcript annotation and BLAST search, association with known genes was

retrieved for 360 out of 380 loci. In details, 36 out of 43 outlier loci and 132 out of 148 loci associated with

environmental variables were related with functional annotation. A total of 20 annotated markers were in

common between the two datasets. Enrichment analysis revealed that the vast majority of significant results

was due to GO terms connected to the outlier dataset, while only a negligible number of significantly enriched

terms was ascribed to the environmental dataset. GO terms were significantly over represented in all three

aspects of gene ontology (Suppl. Figure 2.24, 2.25 and 2.26). Enrichment analysis highlighted 93 biological

processes, and the top three predominantly enriched GO terms were regulation of nucleobase-containing

compound metabolic process, cell migration involved in gastrulation and embryo development. For the 19

molecular functions, the top three predominantly enriched GO terms were nucleic acid binding, RNA and

DNA binding. Finally, 12 enriched GO terms were found for the cellular components. When retrieving SNPs

associated to the enriched GO terms, a total of 23 loci were associated with GO terms significantly over

represented, and belong to 20 successfully annotated genes (listed in Suppl. Table 2.10).

2.4 Discussion

Evidence for significant population structure

Understanding patterns of population structure may contribute to marine fisheries conservation because it

can identify existing misalignment of current management units with the biological units (Kerr et al., 2017).

Through this study we examined population structure of common sole in the Mediterranean Sea while also

investigating the efficacy of different tracers providing complementary information and identifying factors

contributing to genetic differentiation. A multidisciplinary approach provides the opportunity to reveal

fine population structure often missed with single markers. In particular, molecular approaches were used

to identify structure at the microevolutionary time scale, while otolith shape and elemental composition

analyses for a subset of sampling sites described the structure at a life span scale (Tanner et al., 2016). The

current work confirmed the presence of a high level of differentiation in common sole populations across the

Mediterranean area.

A strong signal of a well-defined spatial structure was found inside the Mediterranean basin at different

time scales. Genetic analysis revealed substantial differences and clustered Northern Mediterranean popu-

lation samples of Solea solea into three main groups occupying three main areas (Western Mediterranean,

Adriatic, Eastern Mediterranean), with higher levels of heterogeneity in the western area compared to the

eastern one. In addition, genetic results confirmed a further differentiation pattern within the Adriatic Sea,
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with Northern Adriatic and South-Western Adriatic population samples (GSA17 2009 and GSA18w 2000)

separating from South-Eastern Adriatic (GSA18e 2000). This pattern has been already suggested in previous

studies based only on mitochondrial markers (Sabatini et al., 2018; Guarnieo et al., 2002). However, stock

assessment has historically been carried out using only the GSA17 (Northern Adriatic Sea) as management

unit since the landings of common sole in the western part of the GSA18 are negligible (Sabatini et al.,

2018). From the analysis on genetic diversity, common sole samples from Eastern Mediterranean showed

the lowest values of observed heterozygosity compared to those from other locations. A decreasing poly-

morphic rate could be indicative of demographic processes as bottleneck events, potentially linked to high

mortality, which causes may deserve further studies (Pinsky and Palumbi, 2014). As suggested with other

species such as European hake (Merluccius merluccius) (Morales-Nin et al., 2014), the genetic differences

observed between population samples of Solea solea into the three main areas in the Mediterranean basin are

probably led by neutral drift, because of limited connectivity likely due to restricted larval dispersal across

such a wide spatial scale, surface water-masses circulation in the Mediterranean with several cyclonic gyres

(El-Geziry and Bryden, 2010) as well as by the life-cycle traits of common sole, with early developmental

stages spending several months in lagunar and estuarine habitat (Primo et al., 2013) and biogeographical

barriers. For instance, the Strait of Sicily has been considered a geographical boundary separating the pop-

ulation structure across Eastern and Western Mediterranean at phylogenetic levels (Patarnello et al., 2007).

The pattern of population structure was confirmed by all methods applied. In particular, DAPC analy-

sis separated western from eastern population samples along the first discriminant axis and samples from

Aegean and Levantine areas along the second discriminant function axis. The use of different approaches for

population differentiation helps to address both demographic and adaptive processes, indicated by variation

at the neutral and outlier SNP loci, respectively. The presence of three main clusters was in fact revealed by

using a complete genetic dataset as well as a selected dataset of only neutral markers. Genetic differentia-

tion at a finer spatial scale was highlighted by the analysis conducted on a separate dataset of outlier SNPs.

Consistency between neutral and outlier SNP loci signal was well supported, with a greater resolution of

outlier SNP loci in revealing fine scale segregation patterns compared to neutral markers. In details, results

based on 43 outlier loci discriminated the common sole samples from the Tyrrhenian Sea (GSA9 and 10)

from the other Western Mediterranean samples. These insights of subtle genetic clustering based on outlier

markers, putatively under selection, in the Tyrrhenian area suggest that local selection could play detectable

role in shaping the genetic structure of common sole. The results obtained from a recent study conducted by

(Diopere et al., 2018) on this demersal flatfish in the North-Eastern Atlantic Ocean, using the same panel of

genomic markers, is in line with our results, indicating that the genetic structure of common sole is shaped

by a combination of neutral and adaptive processes. It appears that neutral genetic structure is due to dis-

persal limitation of this species throughout its distribution, while adaptive processes such as environmental

and ecological features play as key factors in local adaptation. Furthermore, outlier detection demonstrated
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to be a useful tool in revealing fine population structure in areas in which connectivity and gene flow are

limited by geographical boundaries among others factors as in our study, as well as in Atlantic area where

connectivity is more favored (Diopere et al., 2018).

Environmental effects on genetic variation

Another goal of the study was to investigate the influence of environmental variables on the population

structure within a seascape analysis framework. Studies have shown that the use of constrained ordination

methods such as RDA are effective tools in detecting the genetic basis of local adaptation (Forester et al.,

2018). Seascape analysis confirmed the distinction between common sole population samples from the

Western and Eastern Mediterranean areas, with the longitude as the best predictor. Both neutral and

outlier SNPs datasets identified clusters, however a larger proportion of the genetic variation was explained

by clusters in the outlier loci dataset, confirming the higher power of resolution of outlier markers than

neutral ones to detect fine scale population structure. In this respect, RDA models, which included spatial

distribution and environmental factors, explained 38.13% of the outlier genetic structure while only 9.97%

of the neutral one. The majority of variation remains unexplained in RDA models probably because it can

be explained by additional factors. In fact, neutral genetic variation could be due to random processes such

as genetic drift or mutation, but also other factors can contribute to demographic isolation (Gagnaire et al.,

2015).

The analysis of environmental data and their association with genetic variation suggested that the popu-

lation structure of Mediterranean common sole is likely to be partially due to environmental factors such as

temperature or salinity and to spatial distribution. As a result of high level of unexplained variance and up

to 25.6% of shared variance explained by the two types of variables, the environmental ones exhibit a spatial

structure, that it is also captured by the spatial variables. This means that both spatial and environmental

factors might significantly impact genetic structure. Especially for the outlier dataset, the residual influence

of spatial variables was predominant compared to environmental ones explaining 7% of variance meaning

that other spatial structure related to other environmental variables, geomorphological or connectivity fea-

tures act in shaping genetic differentiation among population samples at multiple scales. This result seems

to be consistent with the life-cycle traits of this demersal flatfish species. On the other side, environmental

variables also explained 5.5% of variance in the outlier dataset not explained by any spatial structure, even

though there are significant salinity and temperature gradients across the Mediterranean Sea (Skliris, 2014;

Spedicato et al., 2022). Particularly, several outlier SNPs were also associated with environmental variables

in the GEA analysis, suggesting the potential involvement of these loci in local adaptation.
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Concordance between otolith and genetic variation

Regarding shape analysis of the otolith outlines, the results showed statistically significant differences among

the five population samples, hence otolith shape analysis is confirmed a valuable discriminating method

in marine fishes. The analysis performed on shape indices showed significantly different dimensions for

GSA7 2009 compared to the other samples, with a higher correct assignment to the original locations. This

separation could suggest low levels of variability within samples from Gulf of Lion (GSA7 2009) and higher

differentiation between GSA7 2009 samples and samples from the other locations. Individual variability

might reduce the power of the classification method, and may reflect local environmental conditions (Morales-

Nin et al., 2022). In addition, even with correction for fish length effects, some otolith dimensions vary with

age and growth conditions which could contribute to variability within areas (Burke et al., 2008). On the

contrary, elliptical Fourier descriptors (EFDs) demonstrated to be more successful than shape indices in

discriminating among individuals from different sampling locations. The results obtained from analysis of

EFDs clearly separated Eastern Mediterranean population samples from the other sampling locations with a

h percentage of allocation to the original locations. Finally, overall reclassification success was higher when

morphometric data were integrated, meaning that the combination of shape indices and EFDs improved the

power of discrimination between different groups.

Although at a lower resolution because of the reduced sampling extent compared to genetic data, inte-

grated morphometric data were effective in confirming significant divergence between Western and Eastern

Mediterranean population samples separated from the rest of the common sole population samples, a pattern

already suggested from genetics analysis.

Many factors can influence the trace element concentrations in otoliths, including environmental factors such

as temperature, salinity and chemical composition of water masses, fish physiology and ontogenetic change

in habitat occupation (Morales-Nin et al., 2022). In relation to the otolith trace element composition, the

correct population assignments depends on the otolith material deposited in a localised geographical area.

The otolith core forms during embryo development and early life history and can represent the pelagic life

stage, including the spawning area and possibly movement to nursery areas. The otolith edge represents

the most recent resident area of that individual. In our case the discrimination methods detected stronger

signals in the core elemental composition data, with population samples from the Aegean (GSA22 2009)

more clearly differentiated. Whether this is limited by the number of samples in each population, or a

reflection of the chemistry of the water masses, is difficult to say (Vasconcelos et al., 2007). In fact, there

is an improvement in the discrimination power of core data compared to edge data, but not with perfect

correspondence because of fish movement after their early life stages. Multiple factors might be limiting the

power of discrimination methods, such as the low number of elements used in the analysis, low residence

time in the location due to habitat shift in such a complex life cycle as the one of common sole. The core and
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edge mean concentrations measured in the single-element analysis (Figure 2.5) were in line with the values

assessed by other studies (Chang and Geffen, 2013; Cuveliers et al., 2010). The presence of Ba as one of the

microelements that most contributes to the discrimination between groups in the core data is consistent with

the fact that Ba is known as a proxy of freshwater influence occurring in nursery area (Suppl. Figure 2.16)

(Morat et al., 2014), as well as areas of high productivity (Chang and Geffen, 2013). Among other elements,

Cu, Zn and Pb seem to be the microelements that most contribute to the discrimination between groups

both in core and edge data (Suppl. Figure 2.16). Although waters masses near coast and shelf are naturally

enriched with heavy metals, high concentrations of Cu, Zn and Pb can indicate industrial pollution in that

area, originating from agriculture activities (Cu, Zn) and from extensive mining for the latter (Pb) (Chang

and Geffen, 2013; Constenla et al., 2021; Geffen et al., 2003). As reported in (Constenla et al., 2021), com-

mon sole could be used also as a sentinel species for possible changes in marine water due to environmental

pollution directly affecting marine resources. Otolith concentration of Sr is sensitive to both salinity and

water mass composition. This may explain why GSA22 2009 was so clearly differentiated from the other

sampling sites based on the otolith core data. The salinity regime of the Eastern Mediterranean basin is

substantially higher compared to those existing in the other parts of the Mediterranean (Suppl. Figure 2.17)

(Gačić et al., 2011). Moreover, this pattern is confirmed by RDA analysis in which, among environmental

variables, salinity significantly contributed to the genetic differentiation of Eastern Mediterranean common

sole population samples, although at a lower degree with respect to spatial variables. Also, among SNPs loci

associated with environmental factors, salinity resulted as the best predictor among environmental variables

with respect to the regression analysis on the loading score in sPCA analysis.

Looking for candidate adaptive genes

In order to validate putative SNPs under selection, research studies aim to link outlier markers to functional

genes that can be involved in adaptive processes, by associating the function of known genes near to the

identified locus to the variation of key environmental parameters. Several studies have successfully identified

as outlier SNPs and SNPs associated with environmental variables found in genes involved in adaptation

processes, using various methods of genome scan analysis (Benestan et al., 2016; Bernatchez et al., 2019;

Selmoni et al., 2020). Different methods to detect outlier markers and loci associated to environmental

factors, such as outlier detection methods and genetic-environment association (GEA), could be combined

to obtain more information and enhance the possibility to identify loci potentially under selection (de Ville-

mereuil et al., 2014; Rellstab et al., 2015). The use of additional information such as environmental variables

improves the power of GEA analysis in identifying loci, compared to outlier detection analysis, and reveals

signals of selection. As suggested by Forester et al. (2018), the overlapping approach which combines results

from different methods can be effective in detecting adaptation while maintaining a low false-positive rate.
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As a result, both list of putative loci under selection (43 SNPs) and/or influenced by environmental factors

(148 SNPs) were used to perform Gene Ontology (GO) enrichment analysis. Our aim in performing the

GO enrichment tests was to explore whether the functions of known genes were under or over-represented in

sets of genes associated with both environmental variables or outlier SNPs. Most of the loci highlighted in

the enrichment analysis, which are mainly loci also included in the environmental dataset, were associated

with different gene product functions and all of them were significantly over represented in different aspects

of gene ontology. However, the successfully annotated genes connected with these loci in most cases did

not directly correspond to gene expression regulation processes generally connected with our environmen-

tal variables. Nevertheless, these loci could have an impact on overall gene expression because they are

connected with genes involved in RNA and DNA binding, molecular interaction and metabolic processes

among others. The exception were a few genes that are involved in muscle contraction and encoded proteins

that support mitochondrial metabolic demand that were expressed in response to high pCO2 (Cline et al.,

2020). Outlier SNPs 1023 and 464 that are located into these annotated genes are associated with pCO2

environmental variables (pco Wclm mean) in at least one GEA method and they are also included in the

loci that most contribute to the pattern identified by sPCA. Overall, based on our results, further work

including more complete genomic information is necessary to expose the influence of environmental features

on the microevolutionary process shaping the population structure of this species, with special emphasis on

the assessment of putative functional local adaptation processes, which ultimately could lead to differences

in life history traits.

Conclusion and future impacts

This study has produced a major advance in the knowledge-based management of common sole in the

Mediterranean Sea, defining and assessing the population structure of this relevant demersal resource with

multidisciplinary analyses. In our study, the identified west-to-east differentiation pattern observed is fully

coherent with the population structure described by Rolland et al. (2007). Using whole and neutral datasets,

we identified three areas (Western Mediterranean, Adriatic, Eastern Mediterranean) that largely approximate

to the FAO division of the Mediterranean Sea in the Major Fishing Areas (MFAs) 37.1, 37.2 and 37.3. In

addition, the outlier dataset revealed a more subtle division within the western area (37.1). A very large

portion of MFA 37.2 is the Ionian sea (including the Libic coast), and our sampling did not cover the whole

Mediterranean area. Even if more samples from the Southern and insular Mediterranean Sea are needed to

achieve a complete pattern of common sole population units in the Basin, our findings could provide a new

perspective for management decisions, taking into account the current stock assessment scenario. Following a

multidisciplinary approach, we also tried to elucidate the selection forces that influence the observed pattern

of population structure. The identified genetic clusters agreed with the subdivision in MFA areas, with
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population samples reassigned with high success rate by DAPC analysis on genomics data as well as CAP

analysis on otolith data. Moreover, the power of outlier loci in detecting finer population structure helps to

reveal metapopulations, and it should be considered in the assessment and management of fisheries plans.

Both genomics and otolith data provided adequate discrimination power to delineate population structure

in the present study, but the temporal and spatial scales of our sampling design could be a limitation for the

identification of proper stock units for management purposes. The multidisciplinary approach in our work is

perfectly in line with the GFCM 2030 Strategy to focus on subregional level processes (FAO, 2021). However,

our study relied only on samples from the European areas, that are not fully representative of the species

distribution in the basin. The collection of samples from geographical sites in the southern part (i.e., the

African coast and Sicily channel) would enhance the usefulness of the findings and the power to discriminate

substructure at a finer geographical scale within the three main areas. In addition, comparison with recent

samples would allow an evaluation of the genetic diversity of the species following two decades of management

measures that greatly reduced the fishing pressure on this stock (FAO-GFCM, 2021). In conclusion, our

multidisciplinary approach was reliable in revealing the population structure of common sole, and providing

new insights into the importance of local adaptations that produce finer scale structure in this highly valuable

marine resource. These findings represent a valuable asset to implement an effective integrated approach

combining comprehensive quantitative results in order to delineate proper stock management units for this

species.

2.5 Supplementary materials

2.5.1 Methods

2.5.1.1 Genetic analysis

Assessment of missing data and data filtering

Preparation and processing of SNP data can produce misleading artefacts which can generate erroneous

patterns or considered hint of population structure and adaptive processes (O’Leary et al., 2018). In this

scenario, O’Leary et al. (2018) stresses the importance of creating a rigorous and documented filtering process

to minimize or remove errors. In particular, filtering SNP data is crucial to remove genotyping errors and

prevent wrong interpretations of standing-out signals (Hendricks et al., 2018; Meirmans, 2015). However,

the filtering procedure is contingent on the analysis and type of data, and the development of a standardized

method is not always feasible.

In our study, we applied several filtering methods to understand how to handle missing data. Specially,

we tried to respond to the following questions. How different amounts of missing data affect the data?
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Which filtering approach is more suitable to obtain reliable data avoiding loss of information? Removing all

variables or samples with missing data, imputing missing data, filtering for different thresholds of missing

data or combining the last two methods are some ways to account for missing data. Among those, filtering

for different values of acceptable missing data seems the more flexible method, despite the arbitrary choice

of filtering thresholds.

In our study, the percentage of missing data in the original data set was 7.56%. Among the geographical

samples, GSA10 2000, GSA10 2003 and GSA18e 2000 were particularly affected by missing data. We

assessed the amount of missing data at two different levels: individuals and SNPs. We applied two main

filtering methods defined as fixed and sequential filtering approaches. Through the fixed filtering approach,

we applied different coupled thresholds of allowed missing data per loci and individuals on the original data

set. Whereas, the sequential methods used the same thresholds having as input of each step the data set

obtained from the previous filtering stage. We tried also this second method due to the high level of missing

data in the data set to minimize the effect of tight thresholds, and retain as many loci and individuals as

possible. For this same reason we started filtering from loci since samples sizes were uneven and the three

above-mentioned populations were particularly affected by missing genotypes. The thresholds were chosen

based on previous studies (Diopere et al., 2018; Nielsen et al., 2012) and trials. The thresholds employed

were the following:

• for loci: 20, 18, 16, 14, 12 and 10%

• for individuals: 40, 36, 32, 28, 24 and 20%

The final data set should represent the real population genetic differentiation, preserving a reasonable

number of individuals for each of the 13 geographical sampling sites without being affected by the filtering

approach. Since most of the metrics used in populations genetics (i.e., FST ) are contingent on the allele

frequency, we decided to use MAF (minor allele frequency) as a metric to choose the final data set (Berner,

2019). For this purpose, we investigated MAF distribution of different filtering steps for the entire data

set (populations pooled) and for each separate geographical sample. We used Kolmogorov-Smirnov test to

determine statistically significant differences in MAF distributions at each filtering step with respect to the

original distribution (α = 0.05). Moreover, we inspected the data set without the three populations more

affected by missing data. We assessed the results of the filtering steps for this data set through Principal

Component Analysis (PCA). We then excluded monomorphic SNPs from the final data set prior to the

analysis.

Heterozygosity, FIS and Hardy-Weinberg equilibrium

We used Genepop program (R version 4.7.5) to compute the observed and expected heterozygosity, estimate

FIS and test for Hardy-Weinberg equilibrium. We used genedivFis function to calculate the observed and
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expected heterozygosity and FIS values per sample. Then, we obtained a global estimate of FIS (argument

pairs=FALSE) with Fst function. We used test HW function to test three alternative hypotheses: probability

test (exact test), heterozygote deficiency and excess (score test). We used the complete enumeration method

since the individuals were less than 1000 and the distinct alleles less than 5 in the data set. Then, we used

the same function to test each sample (multi-locus versions). Finally, the function also returned a global

result for all SNPs and all samples.

F-statistics (FST )

As input file we used the genind object, which we transformed a gtype object by using genind2gtypes func-

tion. We used the overallTest function to calculate global FST and the pairwiseTest function to calculate

the pairwise FST . For both functions we set stats = "fst" and nrep = 10,000, and we then applied Ben-

jamini and Yekutieli p-values correction (Benjamini and Yekutieli, 2001). We considered significant pairwise

comparisons with p-value lower than α = 0.05.

Discriminant Analysis of Principal Components (DAPC)

Discriminant Analysis of Principal Components (DAPC) is a method to identify genetic clusters and de-

scribe the relationships between them. This method relies on the computation of new variables as linear

combinations of the alleles. These new variables, referred to as discriminant functions, reflect the genetic

variation among individuals and groups of individuals minimising the variation within clusters. However,

DAPC needs the definition of prior groups, and this requirement is often difficult to meet. Alternatively, the

method allows to infer the groups by clustering algorithm such as k-means. This multivariate approach com-

bines PCA, k-means clustering and Discriminant Analysis (DA) to group individuals into a pre-determined

number of clusters that better describes the data. First, data are transformed by PCA to reduce the num-

ber of variables, then k-means clustering with increasing number of K is performed. Finally, relationships

between the different clusters are described by DA. This latter method leads to the identification of discrimi-

nant functions, which are variables that optimize the variance between groups while minimizing the variance

within them. Moreover, it allows to identify probability memberships of individuals to each group, that can

be interpreted as proximity to the clusters.

The first step relies on the find.clusters function. This function performs k-means clustering algorithm

over a range of k to identify clusters while maximising the variation between them. We ran find.clusters

function on the genind object for k from 1 to 20, setting 25 starting points for each run (n.start) and 10

iterations for each k (n.iter). First, the function transforms the data using PCA, at this step we retained

400 PCs in the iteractive mode looking at the cumulative distribution of variance. Indeed, k-means algorithm

benefits from retaining all the variance, thus reducing the number of PCs at this step is only useful in terms
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of computation. Then, we used the Bayesian Information Criterion (BIC) to compare clustering solutions

obtained. Secondly, dapc function was run to provide transformation of the data by PCA prior to the

discriminant analysis (DA). Given the optimal number of clusters identified by k-means, we ran the dapc

function for the range of k from 2 to 6. We retained 170 PCs and two discriminant functions since the k

values were lower than 10.

In the second step we performed the DAPC analysis with prior knowledge of the subgroups. Using prior

populations, it is possible to assess the quality of the discrimination by looking at the re-assignment of

each individual to its group of origin Figure (2.9). We used the 13 geographical sampling locations as grp

argument in the dapc function. Moreover, when prior groups are defined you can use the α-score criterion or

the cross-validation procedure to find the best number of PCs to retain. We ran the cross-validation method

starting with a low number of replicates (n.rep=30). From those results, we chose a smaller range of PCs

and we repeated the cross-validation with higher repetitions (n.rep=1,000). The number of PCs with the

lowest error was 125. So, we ran the DAPC with this optimal number of PCs and, having a number of

k greater than 10, we retained 5 discriminant functions. Here we performed a DAPC analysis with prior

knowledge of the population samples on all datasets integrating the clusters information of the probability

memberships of individuals from find.cluster to the results obtained with prior knowledge in one graph.

2.5.1.2 Otolith analysis

For otolith analysis we used the data produced by FishPopTrace project (https://fishpoptrace.jrc.ec.

europa.eu/) as described below. Both the right and left otolith of the same individuals were extracted,

cleaned, and photographed in the project. In our study only images of left otoliths were used for morpho-

metrics analysis. For otolith shape analysis we used ImageJ-Fiji (https://imagej.net/software/fiji/) to

automatically detect the otolith outline and calculate the shape indices (SIs) based on otolith morphometric

parameters (area, perimeter, length, and width). The images were convert to silhouettes and EFDs extracted

using the program SHAPE (Iwata and Ukai, 2002) and the Momocs R package (Bonhomme et al., 2014). All

the analysis on Elliptical Fourier descriptors were performed using Momocs R package (Bonhomme et al.,

2014). We used import jpg function to import otolith outlines from otolith images. Starting from closed

outlines, we then created the Out object with Out function. This object is a list of closed outlines, for each

outline there are a list matrices of coordinates and a factor specifying the sampling sites. After outlines

inspection, we decided to normalize the outlines aligning the shapes using as control points two landmarks

chosen on each shapes (def ldk function). The shapes were then centered on the origin with coo center

function, scaled by the centroid size with coo scale function and aligned with a full generalized Procruster

alignment using fgProcruster function.
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2.5.1.3 Environmental analysis

Monthly mean value of physical and biochemistry environmental variables were downloaded at a resolu-

tion of 12 km2 from E.U. Copernicus Marine Service Information (https://marine.copernicus.eu/). We

selected the following variables considering their availability over the analysis period from 2000 to 2010.

Meridional component of the currents (northward) (curM, m/s), zonal component of the currents (eastward)

(curZ, m/s), salinity (sal, psu) and potential temperature (temp, °C) data were extracted from Mediter-

ranean Sea Physical Reanalysis (https://doi.org/10.25423/MEDSEA_REANALYSIS_PHYS_006_004) on a

grid with 1/16° x 1/16° horizontal resolution (approximatively 6 km) and 72 vertical levels of thickness.

Chlorophyll (chl, milligramm−3), dissolved oxygen (dox, millimolm−3), nitrate (NO3) (nit, millimolm−3),

CO2 (ocean pCO2 expresses as carbon dioxide partial pressure) (pco, Pa), pH (ph, PH), phosphate (PO4)

(pho, millimolm−3), phytoplankton carbon biomass (phyto, molm−3), net primary production (tendency

of mole concentration of particulate organic matter expressed as carbon in sea water due to net pri-

mary production) (ppn, molm−3 s−1) were extracted from Mediterranean Sea Biogeochemical Reanalysis

(https://doi.org/10.25423/MEDSEA_REANALYSIS_BIO_006_008) on a grid with 1/16° x 1/16° horizon-

tal resolution (approximatively 6 km) and 72 vertical levels of thickness. For those variables in each

macro-area, we calculated average, range, minimum and maximum values according to the variables fea-

tures. In order to account for differences between bottom and surface, we selected both bottom and

the weighted average value in the water column (Wclm). Also, daily mean values of turbidity (Diffuse

Attenuation Coefficient at 490nm (Kd 490)) (turb, m−1) were downloaded from E.U. Copernicus Marine

Service Information (https://doi.org/10.48670/moi-00299) at a resolution of 1 km2. In addition, monthly

mean values of total precipitation (mm) as proxy of freshwater input were downloaded from WorldClim 2.1

(https://worldclim.org/data/monthlywth.html) at a resolution of 441 km2. We selected 17 environ-

mental variables reported in Table 2.4 based on their influence in common sole distribution.

From the pcnm function in vegan R package we obtained 5 dbMEMs eigenvectors (Oksanen et al., 2022).

According to the scales of the pattern showed by dbMEMs represented in Figure 2.19, dbMEM1 and dbMEM2

were arbitrarily defined as broad scale variables, and dbMEM3, dbMEM4 and dbMEM5 as fine-scale variable.

Visual inspection of dbMEM1 suggested a broad scale west-to-east gradient. These eigenvectors were used

as spatial variables in the RDA analysis.

2.5.2 Results

2.5.2.1 Genetic analysis
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Environmental variables

curM Wclm mean

curZ Wclm mean

sal bottom mean

sal bottom range

temp bottom mean

temp bottom range

mean turb

mean prec

min prec

chl Wclm mean

dox Wclm mean

nit Wclm mean

pco Wclm mean

ph Wclm mean

pho Wclm mean

phyto Wclm mean

ppn Wclm mean

Table 2.4: Summary of 17 environmental variables.
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Figure 2.7: Matrix of pairwise FST after Benjamini–Yekutieli correction for strataG indicating non significant

comparison (A) and significant comparison (B) for (α= 0.05).

16

5

2

4

9

1

6

BayeScan fsthet

Arlequin

Bayescan

Figure 2.8: Venn diagram of SNPs identified by fsthet, Bayescan and Arlequin in outlier detection analysis.
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Figure 2.9: Comparison of individual assignment between inferred groups and actual samples corresponding

to sampling sites resulted by DAPC analysis for whole (A), neutral (B) and outlier (C) dataset.
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP1001 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1002 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1004 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1008 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1010 TRUE FALSE TRUE TRUE TRUE FALSE

SNP1012 FALSE TRUE TRUE TRUE FALSE FALSE

SNP1014 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1017 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1018 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1022 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1023 FALSE TRUE TRUE FALSE TRUE TRUE

SNP1025 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1029 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1030 FALSE TRUE TRUE TRUE TRUE TRUE

SNP1031 FALSE TRUE FALSE FALSE FALSE FALSE

SNP1033 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1035 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1038 TRUE FALSE FALSE FALSE FALSE FALSE

SNP104 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1040 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1046 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1047 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1049 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1052 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1054 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1058 FALSE TRUE TRUE TRUE FALSE FALSE

SNP106 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1060 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1062 TRUE FALSE TRUE TRUE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP1063 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1067 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1068 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1070 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1074 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1077 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1079 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1084 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1089 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1091 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1094 FALSE TRUE TRUE FALSE TRUE FALSE

SNP1105 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1110 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1111 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1113 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1114 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1118 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1120 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1125 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1127 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1128 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1129 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1133 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1137 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1139 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1146 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1147 TRUE FALSE TRUE TRUE TRUE FALSE

SNP1154 FALSE TRUE TRUE TRUE TRUE TRUE

SNP1156 TRUE FALSE FALSE FALSE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP1159 TRUE FALSE FALSE FALSE FALSE FALSE

SNP116 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1160 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1163 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1166 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1169 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1182 TRUE FALSE TRUE FALSE FALSE TRUE

SNP1183 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1184 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1190 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1191 FALSE TRUE FALSE FALSE FALSE FALSE

SNP1193 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1199 TRUE FALSE FALSE FALSE FALSE FALSE

SNP120 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1200 FALSE TRUE FALSE FALSE FALSE FALSE

SNP1202 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1203 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1205 FALSE TRUE TRUE FALSE TRUE FALSE

SNP1206 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1208 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1213 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1214 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1220 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1231 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1232 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1234 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1235 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1236 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1238 TRUE FALSE FALSE FALSE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP1240 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1246 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1250 FALSE TRUE FALSE FALSE FALSE FALSE

SNP1251 FALSE TRUE FALSE FALSE FALSE FALSE

SNP1259 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1260 FALSE TRUE TRUE TRUE TRUE FALSE

SNP1261 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1262 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1264 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1268 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1269 TRUE FALSE FALSE FALSE FALSE FALSE

SNP127 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1282 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1283 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1284 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1286 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1293 FALSE TRUE FALSE FALSE FALSE FALSE

SNP1294 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1301 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1302 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1305 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1307 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1308 TRUE FALSE FALSE FALSE FALSE FALSE

SNP131 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1310 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1314 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1317 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1319 FALSE TRUE FALSE FALSE FALSE FALSE

SNP1320 TRUE FALSE TRUE FALSE TRUE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP1328 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1333 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1335 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1337 TRUE FALSE TRUE TRUE FALSE FALSE

SNP134 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1340 FALSE TRUE TRUE TRUE TRUE FALSE

SNP1343 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1346 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1347 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1349 TRUE FALSE FALSE FALSE FALSE FALSE

SNP135 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1353 FALSE TRUE TRUE TRUE FALSE FALSE

SNP1354 FALSE TRUE TRUE TRUE TRUE TRUE

SNP1355 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1359 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1370 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1373 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1376 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1379 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1380 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1388 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1400 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1402 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1407 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1408 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1411 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1416 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1417 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1427 TRUE FALSE FALSE FALSE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP1432 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1436 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1439 FALSE TRUE TRUE FALSE TRUE FALSE

SNP1445 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1451 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1455 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1456 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1466 TRUE FALSE FALSE FALSE FALSE FALSE

SNP147 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1479 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1484 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1489 FALSE TRUE TRUE TRUE FALSE FALSE

SNP1491 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1492 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1493 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1496 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1501 TRUE FALSE TRUE FALSE TRUE FALSE

SNP1502 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1512 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1515 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1516 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1519 TRUE FALSE TRUE TRUE TRUE FALSE

SNP1531 FALSE TRUE FALSE FALSE FALSE FALSE

SNP1536 TRUE FALSE TRUE TRUE FALSE FALSE

SNP1546 TRUE FALSE FALSE FALSE FALSE FALSE

SNP1554 TRUE FALSE FALSE FALSE FALSE FALSE

SNP158 TRUE FALSE FALSE FALSE FALSE FALSE

SNP164 TRUE FALSE FALSE FALSE FALSE FALSE

SNP167 TRUE FALSE TRUE TRUE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP170 TRUE FALSE TRUE FALSE TRUE FALSE

SNP182 TRUE FALSE TRUE TRUE FALSE FALSE

SNP184 TRUE FALSE FALSE FALSE FALSE FALSE

SNP188 TRUE FALSE FALSE FALSE FALSE FALSE

SNP191 TRUE FALSE TRUE FALSE TRUE FALSE

SNP192 TRUE FALSE TRUE TRUE FALSE FALSE

SNP199 TRUE FALSE TRUE FALSE TRUE TRUE

SNP2 TRUE FALSE FALSE FALSE FALSE FALSE

SNP200 TRUE FALSE FALSE FALSE FALSE FALSE

SNP201 TRUE FALSE TRUE TRUE FALSE FALSE

SNP206 FALSE TRUE FALSE FALSE FALSE FALSE

SNP220 TRUE FALSE FALSE FALSE FALSE FALSE

SNP225 TRUE FALSE TRUE TRUE FALSE FALSE

SNP228 FALSE TRUE FALSE FALSE FALSE FALSE

SNP232 TRUE FALSE FALSE FALSE FALSE FALSE

SNP235 TRUE FALSE TRUE TRUE FALSE FALSE

SNP246 FALSE TRUE TRUE FALSE TRUE FALSE

SNP25 TRUE FALSE TRUE TRUE FALSE FALSE

SNP250 FALSE TRUE TRUE FALSE TRUE FALSE

SNP256 TRUE FALSE FALSE FALSE FALSE FALSE

SNP267 TRUE FALSE FALSE FALSE FALSE FALSE

SNP275 TRUE FALSE FALSE FALSE FALSE FALSE

SNP276 TRUE FALSE FALSE FALSE FALSE FALSE

SNP278 TRUE FALSE FALSE FALSE FALSE FALSE

SNP284 TRUE FALSE TRUE TRUE FALSE FALSE

SNP35 TRUE FALSE FALSE FALSE FALSE FALSE

SNP350 TRUE FALSE FALSE FALSE FALSE FALSE

SNP355 TRUE FALSE FALSE FALSE FALSE FALSE

SNP357 TRUE FALSE TRUE TRUE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP36 TRUE FALSE FALSE FALSE FALSE FALSE

SNP360 TRUE FALSE FALSE FALSE FALSE FALSE

SNP37 TRUE FALSE FALSE FALSE FALSE FALSE

SNP376 TRUE FALSE TRUE FALSE TRUE FALSE

SNP383 TRUE FALSE FALSE FALSE FALSE FALSE

SNP386 TRUE FALSE FALSE FALSE FALSE FALSE

SNP388 TRUE FALSE FALSE FALSE FALSE FALSE

SNP391 TRUE FALSE TRUE TRUE FALSE FALSE

SNP392 TRUE FALSE TRUE TRUE FALSE FALSE

SNP393 TRUE FALSE FALSE FALSE FALSE FALSE

SNP394 TRUE FALSE FALSE FALSE FALSE FALSE

SNP395 TRUE FALSE TRUE FALSE TRUE FALSE

SNP396 TRUE FALSE TRUE TRUE FALSE FALSE

SNP398 FALSE TRUE TRUE TRUE TRUE FALSE

SNP399 TRUE FALSE FALSE FALSE FALSE FALSE

SNP410 TRUE FALSE FALSE FALSE FALSE FALSE

SNP411 TRUE FALSE FALSE FALSE FALSE FALSE

SNP418 TRUE FALSE FALSE FALSE FALSE FALSE

SNP42 TRUE FALSE FALSE FALSE FALSE FALSE

SNP422 TRUE FALSE TRUE TRUE FALSE FALSE

SNP424 TRUE FALSE FALSE FALSE FALSE FALSE

SNP431 TRUE FALSE TRUE FALSE TRUE TRUE

SNP432 TRUE FALSE TRUE FALSE TRUE FALSE

SNP435 TRUE FALSE FALSE FALSE FALSE FALSE

SNP44 TRUE FALSE FALSE FALSE FALSE FALSE

SNP450 TRUE FALSE FALSE FALSE FALSE FALSE

SNP451 TRUE FALSE FALSE FALSE FALSE FALSE

SNP452 TRUE FALSE FALSE FALSE FALSE FALSE

SNP455 TRUE FALSE TRUE TRUE FALSE FALSE

50



Chapter 2 - Solea solea multidisciplinary approach

Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP461 TRUE FALSE FALSE FALSE FALSE FALSE

SNP463 TRUE FALSE TRUE TRUE FALSE FALSE

SNP464 FALSE TRUE TRUE FALSE TRUE TRUE

SNP465 TRUE FALSE FALSE FALSE FALSE FALSE

SNP466 TRUE FALSE FALSE FALSE FALSE FALSE

SNP469 TRUE FALSE FALSE FALSE FALSE FALSE

SNP476 FALSE TRUE FALSE FALSE FALSE FALSE

SNP488 TRUE FALSE TRUE TRUE FALSE FALSE

SNP490 TRUE FALSE FALSE FALSE FALSE FALSE

SNP497 FALSE TRUE TRUE FALSE TRUE FALSE

SNP503 TRUE FALSE FALSE FALSE FALSE FALSE

SNP504 TRUE FALSE TRUE TRUE FALSE FALSE

SNP516 TRUE FALSE FALSE FALSE FALSE FALSE

SNP520 TRUE FALSE FALSE FALSE FALSE FALSE

SNP528 FALSE TRUE FALSE FALSE FALSE FALSE

SNP530 FALSE TRUE FALSE FALSE FALSE FALSE

SNP533 TRUE FALSE FALSE FALSE FALSE FALSE

SNP543 TRUE FALSE FALSE FALSE FALSE FALSE

SNP550 TRUE FALSE FALSE FALSE FALSE FALSE

SNP563 TRUE FALSE FALSE FALSE FALSE FALSE

SNP567 TRUE FALSE FALSE FALSE FALSE FALSE

SNP569 FALSE TRUE FALSE FALSE FALSE FALSE

SNP573 TRUE FALSE FALSE FALSE FALSE FALSE

SNP577 TRUE FALSE FALSE FALSE FALSE FALSE

SNP58 TRUE FALSE TRUE TRUE FALSE FALSE

SNP590 FALSE TRUE TRUE TRUE FALSE FALSE

SNP597 TRUE FALSE TRUE FALSE TRUE TRUE

SNP599 TRUE FALSE FALSE FALSE FALSE FALSE

SNP60 TRUE FALSE FALSE FALSE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP600 TRUE FALSE FALSE FALSE FALSE FALSE

SNP601 TRUE FALSE FALSE FALSE FALSE FALSE

SNP605 TRUE FALSE TRUE TRUE FALSE FALSE

SNP609 TRUE FALSE TRUE FALSE TRUE FALSE

SNP614 TRUE FALSE FALSE FALSE FALSE FALSE

SNP626 TRUE FALSE FALSE FALSE FALSE FALSE

SNP633 FALSE TRUE FALSE FALSE FALSE FALSE

SNP637 TRUE FALSE TRUE TRUE TRUE FALSE

SNP638 TRUE FALSE TRUE TRUE FALSE FALSE

SNP640 TRUE FALSE FALSE FALSE FALSE FALSE

SNP642 TRUE FALSE TRUE TRUE FALSE FALSE

SNP645 TRUE FALSE FALSE FALSE FALSE FALSE

SNP647 TRUE FALSE FALSE FALSE FALSE FALSE

SNP652 TRUE FALSE TRUE TRUE FALSE FALSE

SNP664 TRUE FALSE TRUE TRUE FALSE FALSE

SNP666 TRUE FALSE TRUE FALSE TRUE FALSE

SNP674 TRUE FALSE TRUE TRUE FALSE FALSE

SNP708 FALSE TRUE FALSE FALSE FALSE FALSE

SNP709 TRUE FALSE FALSE FALSE FALSE FALSE

SNP726 TRUE FALSE TRUE TRUE FALSE FALSE

SNP73 FALSE TRUE TRUE FALSE TRUE FALSE

SNP737 TRUE FALSE FALSE FALSE FALSE FALSE

SNP739 TRUE FALSE FALSE FALSE FALSE FALSE

SNP747 TRUE FALSE FALSE FALSE FALSE FALSE

SNP749 TRUE FALSE TRUE FALSE TRUE FALSE

SNP750 TRUE FALSE FALSE FALSE FALSE FALSE

SNP752 TRUE FALSE FALSE FALSE FALSE FALSE

SNP757 TRUE FALSE TRUE FALSE TRUE FALSE

SNP766 TRUE FALSE FALSE FALSE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP767 TRUE FALSE FALSE FALSE FALSE FALSE

SNP768 TRUE FALSE FALSE FALSE FALSE FALSE

SNP769 TRUE FALSE TRUE FALSE TRUE FALSE

SNP771 TRUE FALSE FALSE FALSE FALSE FALSE

SNP773 TRUE FALSE TRUE TRUE FALSE FALSE

SNP776 TRUE FALSE TRUE FALSE TRUE FALSE

SNP779 TRUE FALSE TRUE FALSE TRUE FALSE

SNP780 TRUE FALSE FALSE FALSE FALSE FALSE

SNP781 TRUE FALSE TRUE TRUE FALSE FALSE

SNP782 TRUE FALSE FALSE FALSE FALSE FALSE

SNP788 TRUE FALSE TRUE TRUE FALSE FALSE

SNP789 TRUE FALSE TRUE TRUE TRUE FALSE

SNP790 TRUE FALSE FALSE FALSE FALSE FALSE

SNP80 TRUE FALSE TRUE TRUE FALSE FALSE

SNP800 TRUE FALSE FALSE FALSE FALSE FALSE

SNP803 TRUE FALSE TRUE TRUE FALSE FALSE

SNP809 TRUE FALSE TRUE TRUE FALSE FALSE

SNP810 TRUE FALSE FALSE FALSE FALSE FALSE

SNP811 TRUE FALSE TRUE TRUE FALSE FALSE

SNP812 TRUE FALSE TRUE TRUE FALSE FALSE

SNP813 TRUE FALSE FALSE FALSE FALSE FALSE

SNP814 TRUE FALSE FALSE FALSE FALSE FALSE

SNP815 TRUE FALSE FALSE FALSE FALSE FALSE

SNP817 TRUE FALSE TRUE FALSE FALSE TRUE

SNP821 TRUE FALSE FALSE FALSE FALSE FALSE

SNP826 TRUE FALSE FALSE FALSE FALSE FALSE

SNP831 TRUE FALSE FALSE FALSE FALSE FALSE

SNP834 TRUE FALSE FALSE FALSE FALSE FALSE

SNP835 TRUE FALSE FALSE FALSE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP840 TRUE FALSE FALSE FALSE FALSE FALSE

SNP844 TRUE FALSE FALSE FALSE FALSE FALSE

SNP845 TRUE FALSE TRUE TRUE FALSE FALSE

SNP848 TRUE FALSE FALSE FALSE FALSE FALSE

SNP851 TRUE FALSE TRUE TRUE FALSE FALSE

SNP853 TRUE FALSE TRUE TRUE FALSE FALSE

SNP854 FALSE TRUE FALSE FALSE FALSE FALSE

SNP855 TRUE FALSE FALSE FALSE FALSE FALSE

SNP861 TRUE FALSE FALSE FALSE FALSE FALSE

SNP864 TRUE FALSE FALSE FALSE FALSE FALSE

SNP871 TRUE FALSE TRUE TRUE FALSE FALSE

SNP875 TRUE FALSE TRUE TRUE TRUE FALSE

SNP877 FALSE TRUE TRUE TRUE TRUE TRUE

SNP879 TRUE FALSE FALSE FALSE FALSE FALSE

SNP88 TRUE FALSE FALSE FALSE FALSE FALSE

SNP883 TRUE FALSE TRUE TRUE FALSE FALSE

SNP884 TRUE FALSE TRUE FALSE TRUE FALSE

SNP885 TRUE FALSE FALSE FALSE FALSE FALSE

SNP890 FALSE TRUE FALSE FALSE FALSE FALSE

SNP891 TRUE FALSE TRUE TRUE FALSE FALSE

SNP898 TRUE FALSE TRUE TRUE FALSE FALSE

SNP899 FALSE TRUE FALSE FALSE FALSE FALSE

SNP90 FALSE TRUE TRUE TRUE FALSE FALSE

SNP914 TRUE FALSE TRUE TRUE TRUE TRUE

SNP915 TRUE FALSE FALSE FALSE FALSE FALSE

SNP919 TRUE FALSE TRUE TRUE FALSE FALSE

SNP920 TRUE FALSE FALSE FALSE FALSE FALSE

SNP923 TRUE FALSE FALSE FALSE FALSE FALSE

SNP928 TRUE FALSE TRUE TRUE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP930 TRUE FALSE FALSE FALSE FALSE FALSE

SNP933 TRUE FALSE FALSE FALSE FALSE FALSE

SNP935 TRUE FALSE FALSE FALSE FALSE FALSE

SNP943 FALSE TRUE FALSE FALSE FALSE FALSE

SNP944 TRUE FALSE FALSE FALSE FALSE FALSE

SNP945 TRUE FALSE FALSE FALSE FALSE FALSE

SNP946 TRUE FALSE FALSE FALSE FALSE FALSE

SNP948 TRUE FALSE FALSE FALSE FALSE FALSE

SNP949 TRUE FALSE FALSE FALSE FALSE FALSE

SNP951 TRUE FALSE FALSE FALSE FALSE FALSE

SNP953 TRUE FALSE FALSE FALSE FALSE FALSE

SNP955 FALSE TRUE FALSE FALSE FALSE FALSE

SNP956 TRUE FALSE FALSE FALSE FALSE FALSE

SNP961 TRUE FALSE FALSE FALSE FALSE FALSE

SNP962 TRUE FALSE FALSE FALSE FALSE FALSE

SNP963 TRUE FALSE TRUE TRUE FALSE FALSE

SNP965 TRUE FALSE FALSE FALSE FALSE FALSE

SNP968 TRUE FALSE FALSE FALSE FALSE FALSE

SNP970 TRUE FALSE TRUE TRUE FALSE FALSE

SNP971 TRUE FALSE TRUE FALSE TRUE FALSE

SNP972 TRUE FALSE TRUE TRUE FALSE FALSE

SNP973 TRUE FALSE TRUE FALSE TRUE FALSE

SNP975 TRUE FALSE FALSE FALSE FALSE FALSE

SNP977 TRUE FALSE FALSE FALSE FALSE FALSE

SNP986 TRUE FALSE FALSE FALSE FALSE FALSE

SNP987 TRUE FALSE FALSE FALSE FALSE FALSE

SNP988 TRUE FALSE FALSE FALSE FALSE FALSE

SNP989 TRUE FALSE TRUE TRUE FALSE FALSE

SNP990 TRUE FALSE FALSE FALSE FALSE FALSE
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Table 2.5: Details of loci identified as neutral (337 SNP loci) or outlier (43 SNP loci), SNPs identi-

fied by Samβada, LFMM and Bayenv associated with the environmental variables (curM Wclm mean,

temp bottom range, sal bottom mean and pco Wclm mean), and SNPs identified by at least one GAE

methods (148 SNP loci).

SNPs name Neutral Outlier GAE methods Samβada LFMM Bayenv

SNP992 TRUE FALSE FALSE FALSE FALSE FALSE

SNP995 TRUE FALSE TRUE FALSE TRUE FALSE

SNP996 TRUE FALSE FALSE FALSE FALSE FALSE

A

●

●

●
●

●

● ●

●

●
●

−
10

80
00

−
10

70
00

−
10

60
00

−
10

50
00

−
10

40
00

−
10

30
00

Mean LnP(K) ± Stdev

K

M
ea

n 
Ln

P
(K

)

1 2 3 4 5 6 7 8 9 10

B

●

●

●

●
●

●

●

● ● ●

−
14

50
0

−
14

00
0

−
13

50
0

−
13

00
0

−
12

50
0

−
12

00
0

Mean LnP(K) ± Stdev

K

M
ea

n 
Ln

P
(K

)

1 2 3 4 5 6 7 8 9 10

Figure 2.10: The mean L(K) over 20 iterations for each K. The highest mean L(K) value corresponds to the

optimal K and it is showed in red dashed lines
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Figure 2.11: Graphical representation of the Bayesian clustering analysis of STRUCTURE for neutral (A)

and outlier (B) SNPs datasets.
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Figure 2.12: The graph shows the longitude genetic cline for neutral SNPs loci plotting sPCA axis 1 scores

against longitude of sampling sites.
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MARKERS Neutral Outlier

SNP1030 NO YES

SNP464 NO YES

SNP184 YES NO

SNP930 YES NO

SNP853 YES NO

SNP1337 YES NO

SNP990 YES NO

SNP664 YES NO

SNP638 YES NO

SNP1018 YES NO

SNP1436 YES NO

SNP809 YES NO

SNP1074 YES NO

SNP898 YES NO

SNP1184 YES NO

SNP1546 YES NO

SNP199 YES NO

SNP971 YES NO

SNP1063 YES NO

Table 2.6: SNPs identified by loadingplot function imposing a threshold value above which alleles are an-

notated in both neutral and outlier datasets. We selected the 5% of alleles that contribute the most to the

first sPCA axis.
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Figure 2.13: The graph shows the longitude genetic cline for outlier SNPs loci plotting sPCA axis 1 scores

against longitude of sampling sites.

2.5.2.2 Otolith analysis
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Figure 2.14: Cumulative Fourier power in relation to the number of harmonics describing the otolith shape.

Each harmonic rank is composed by 3 harmonics.
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Pairwaise comparison F model p-adjusted Significance

SIs GSA7 2009 vs GSA9 2009 23.6415 0.0025 *

GSA7 2009 vs GSA17 2009 15.0566 0.0025 *

GSA7 2009 vs GSA22 2009 13.7214 0.0025 *

GSA7 2009 vs GSA24 2009 31.4544 0.0025 *

GSA9 2009 vs GSA17 2009 2.0840 0.1277

GSA9 2009 vs GSA22 2009 3.9083 0.0100 *

GSA9 2009 vs GSA24 2009 5.9418 0.0040 *

GSA17 2009 vs GSA22 2009 0.4822 0.6593

GSA17 2009 vs GSA24 2009 4.0592 0.0125 .

GSA22 2009 vs GSA24 2009 5.0402 0.0050 *

EFDs GSA7 2009 vs GSA9 2009 1.5526 0.0012 *

GSA7 2009 vs GSA17 2009 1.9799 0.0012 *

GSA7 2009 vs GSA22 2009 2.6622 0.0012 *

GSA7 2009 vs GSA24 2009 1.7576 0.0012 *

GSA9 2009 vs GSA17 2009 1.5848 0.0033 *

GSA9 2009 vs GSA22 2009 2.3969 0.0012 *

GSA9 2009 vs GSA24 2009 1.3777 0.0070 *

GSA17 2009 vs GSA22 2009 3.4781 0.0012 *

GSA17 2009 vs GSA24 2009 2.0571 0.0012 *

GSA22 2009 vs GSA24 2009 2.3830 0.0012 *

Significant pairs are indicated with the following symbols:

. p < 0.1

* p < 0.05

Table 2.7: Results of PERMANOVA analysis using otolith shape: shape indices (SIs), elliptical Fourier

descriptors (EFDs).
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Predicted sites

Original GSA7 2009 GSA9 2009 GSA17 2009 GSA22 2009 GSA24 2009 Total %correct

sites

SIs GSA7 2009 21 0 0 7 0 28 75.00

GSA9 2009 2 13 11 11 1 38 34.21

GSA17 2009 1 12 4 19 6 42 9.52

GSA22 2009 6 10 4 18 7 45 40.00

GSA24 2009 0 6 4 6 13 28 44.83

Total 37.91

EFDs GSA7 2009 20 4 5 0 1 28 66.67

GSA9 2009 3 17 8 7 4 38 43.59

GSA17 2009 3 12 29 0 0 42 65.91

GSA22 2009 2 0 1 44 0 45 93.62

GSA24 2009 2 4 3 0 20 28 68.97

Total 68.78

SIs + EFDs GSA7 2009 22 0 2 3 0 28 82.14

GSA9 2009 2 18 11 4 3 38 47.37

GSA17 2009 2 9 31 0 0 42 73.81

GSA22 2009 0 2 0 42 1 45 93.33

GSA24 2009 0 3 5 2 18 28 64.29

Total 72.93

Table 2.8: Cross-validation classification matrix from CAP analysis using otolith shape: shape indices (SIs),

elliptical Fourier descriptors (EFDs) and both (SIs + EFDs).
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Figure 2.15: Membership counts plot showing the number of corrected assignments to the group of origin

for core (A) and edge (B) data respectively. Rows correspond to actual groups, while columns correspond

to inferred groups.
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Figure 2.16: Loadings of elements for the first and second DAPC components for core and edge data. The

plot shows the weight of each variable (loadings) in a given analysis.
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2.5.2.3 Environmental analysis
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Figure 2.17: Plot represents the environmental values with their corresponding measures used in this study for

macro-area reported as the corresponding GSA: the mean meridional component of the currents (northward)

(curM, m/s) using the weighted average value in the water column (Wclm) (curM Wclm mean), the range

of potential temperature (temp, ◦C) at the bottom (temp bottom range), the mean salinity (sal, psu) at the

bottom (sal bottom mean) and the mean CO2 (ocean pCO2 expresses as carbon dioxide partial pressure)

(pco, Pa) (pco Wclm mean).
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Figure 2.18: Venn diagram of candidate SNPs identified by Sambada, LFMM and Bayenv associated with

curM Wclm mean, temp bottom range, sal bottom mean and pco Wclm mean.
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Figure 2.19: Maps showing 5 dbMEMs eigenvectors used as spatial variables with positive and negative

eigenvalues represented by black and white squares, respectively.
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Environmental dbMEM

0.015 0.063 0.019

Residuals = 0.903

Figure 2.20: Results from variation partitioning analysis on neutral SNPs expressed by the adjusted coef-

ficient of determination (R2
adj). Venn’s diagram shows the independent and shared variance explained by

environmental and spatial variables.
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Figure 2.21: Results from variation partitioning analysis on outlier SNPs expressed by the adjusted coef-

ficient of determination (R2
adj). Venn’s diagram shows the independent and shared variance explained by

environmental and spatial variables.
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Figure 2.22: Partial redundancy analysis (RDA) conditioned on spatial (A) and environmental (B) variables

performed on neutral SNPs. Environmental and spatial variables are shown with arrows.
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Figure 2.23: Partial redundancy analysis (RDA) conditioned on spatial (A) and environmental (B) variables

performed on outlier SNPs. Environmental and spatial variables are shown with arrows.
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Selected variables (ordistep function)

SNPs Analysis Environmental Spatial p R2
adj

Neutral RDA 0.0010 0.0152

sal Wclm mean*

temp bottom range***

pco Wclm mean*

dbMEM1*

dbMEM2***

dbMEM3**
partial RDA 0.0010 0.0098

pho Wclm mean***

temp bottom range***

dox Wclm mean***
partial RDA 0.0010 0.0120

dbMEM1***

dbMEM2***

dbMEM3***

dbMEM4***
Outlier RDA 0.0010 0.0850

sal Wclm mean**

temp bottom range***

pco Wclm mean***

dbMEM1*

dbMEM2**

dbMEM3***

dbMEM4***
partial RDA 0.0010 0.0590

sal Wclm mean***

temp bottom range***

pco Wclm mean***

curM Wclm mean***
partial RDA 0.0010 0.0740

dbMEM1***

dbMEM2***

dbMEM3***

dbMEM4***

dbMEM5***

Significant explanatory variables are indicated with the following symbols:

* p < 0.05

** p < 0.01

*** p= 0.001

Table 2.9: Results from RDA and partial RDA for each response variables divided in neutral and outlier

SNPs
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2.5.2.4 Gene Ontology
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Figure 2.24: GO terms enriched in the biological process aspect. Names of GO terms founded significantly

enriched (p < 0.05) are reported along the vertical axes.
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Figure 2.25: GO terms enriched in the molecular function aspect. Names of GO terms founded significantly

enriched (p < 0.05) are reported along the vertical axes.
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Figure 2.26: GO terms enriched in the cellular component aspect. Names of GO terms founded significantly

enriched (p < 0.05) are reported along the vertical axes.
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SNPs Gene symbol Gene description Aspects

SNP1012* sgcb
sarcoglycan, beta

(dystrophin-associated glycoprotein)
CC

SNP1023* LOC104962262 titin-like CC, MF, BP

SNP206 LOC119503422 cytochrome b-c1 complex subunit 7 CC, BP

SNP398* c7a complement component 7a CC, BP

SNP1293 fn1a fibroectin 1a MF, BP

SNP1531 Er-beta MF, BP

SNP943 mthfd2

methylenetetrahydrofolate dehydrogenase

(NADP+ dependent) 2,

methenyltetrahydrofolate cyclohydrolase

MF, BP

SNP250* ybx1 Y box binding protein 1 MF, BP

SNP1058* ampd1
adenosine monophosphate

deaminase 1 (isoform M)
MF, BP

SNP528 znf106a-202 zinc finger protein 106 MF

SNP530 znf106a-202 zinc finger protein 106 MF

SNP569 cirbpa cold inducible RNA binding protein a MF, BP

SNP90* fxr1
fragile X mental retardation,

autosomal homolog 1
MF, BP

SNP1353* LOC111650759 keratin, type I cytoskeletal 13-like MF, BP

SNP1354* LOC111650759 keratin, type I cytoskeletal 13-like MF, BP

SNP73* LOC103378706 60S acidic ribosomal protein P2-like MF, BP

SNP854 cd74

CD74 molecule,

major histocompatibility complex,

class II invariant chain a

BP

SNP1439* ldha lactate dehydrogenase A4 BP

SNP398* selenop complement component 7a BP

SNP464* LOC118300284
heat shock protein,

alpha-crystallin-related, b11
BP

SNP877* selenop selenoprotein P BP

SNP228 LOC103362009 troponin C, skeletal musclelike BP

SNP476 tcap titin-cap (telethonin) BP

Table 2.10: SNPs associated with GO terms significantly enriched (p < 0.05) in at least one of the three

aspects of Gene Ontology, biological processes (BP), molecular functions (MF), cellular components (CC).

These 23 markers are all included in the outlier dataset, with 13 (*) of them also included in the environmental

dataset. 70
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A holistic study of population structure with

multi-tracers for the common sole (Solea solea) of

the Mediterranean Sea.

3.1 Introduction

The delineation of marine populations is made more challenging due to the structural complexity of the

populations in terms of marine fish connectivity through the exchange of individuals, but also the complexity

of marine realm in terms of abiotic and biotic factors that interact with marine species distribution (Ciannelli

et al., 2013).

In fact, the populations of almost all marine species resulted spatially structured to various degrees of

connectivity over different temporal and spatial scales, resulting in different levels of aggregation from distinct

population structures, through metapopulation to panmictic populations (Berryman, 2002; Ciannelli et al.,

2013). Furthermore, other factors such as habitat fragmentation, fishing exploitation, invasive species and

environmental alterations due to climate change have been acting as individual or cumulative forces that

contribute to the variation and reduction of spatial distribution patterns making the definition of populations

structure more complicated (Carroll et al., 2007). For example, fishing exploitation, by targeting older age

classes, and by reducing mean size of individuals and the spatial heterogeneity of the populations, can lead to

potentially decreased recruitment or increased population variability affecting the resilience of the population

in facing environmental fluctuations (Hsieh et al., 2010; Perry et al., 2010).

The interaction between fishing and climate is substantial in the modification of the exploited marine sys-

tem. In particular, fishing, by acting on individuals, also affects population, community and ecosystem levels

making the status of the whole marine system more sensitive to climate forcing (Perry et al., 2010). Another

anthropogenic factor that should be consider is the impact of oil and gas infrastructure in maintaining or
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disrupting the resilience of marine species, although the effects of these structures on seascape connectivity

have been suggested but not completely demonstrated (McLean et al., 2022). As a consequence of all these

drivers, the variation of marine species in their abundance and distribution disrupts the interaction among

and between species inside the marine ecosystem leading to the collapse of the fisheries stocks (Ciannelli

et al., 2013). Therefore, the precise picture of spatial extent, demographic parameters and structure of ma-

rine populations is essential for a correct evaluation of stock in a fisheries management prospective in order to

achieve sustainability and conservation of the resources. Commonly stock units are assessed based on single

species assumption according to geographical and political features (Begg et al., 1999; Smith et al., 1990;

FAO, 2020b). The mismatch between the biological population and the delimitation of management stocks

leads to a biased assessment and potential mismanagement of the stocks (Kerr et al., 2017). An accurate

stock units definition that leads to a robust assessment performance can be obtained properly by describing

the spatial structure of population and the connectivity among populations (Berger et al., 2021). Hence

fishery exploitation adapted to the underlined population structure becomes necessary in a conservative and

sustainable framework (Kerr et al., 2017).

In fact, a variety of methods have been developed to investigate and define stock structure. In this

direction, the International Council for the Exploration of the Sea Stock Identification Methods Working

Group (ICES-SIMWG) periodically reported on updated applications of stock identification methods that

accurately detect significant patterns of population structure (ICES, 2021). To overcome the challenges

described above, integrated approaches are proposed to reveal the current stock structure with the aim of

recognizing exact management units (Welch et al., 2015). In this respect, all available information on the

characteristics of the population obtained from multiple methods and tracers should be gathered into a

comprehensive approach (Kerr et al., 2017). The chance to detect actual spatial structure and an increased

confidence of stock evaluation can be accomplished with a methodology that can combine different sources

of information. One of the practices considered as the best in order to achieve powerful stock structure

outcome is a holistic approach to comprehend spatial structure (Waldman, 1999; Abaunza et al., 2008;

Cadrin et al., 2014b). In fact, the actual configuration of population is produced by ecological, demographic

and evolutionary processes that act on spatial variations with different time scales (Carroll et al., 2007;

Cadrin et al., 2014b). In fact, the advantage of these approaches is the combination of tracers with different

spatio-temporal scales meaning that the method strengthens the power of one tracer to reveal an indication

of separation where another one can fail avoiding their limitations (Abaunza et al., 2008; Pita et al., 2016;

Welch et al., 2015).

The stock structure of common sole (Solea solea) inside Mediterranean basin was investigated in a recent

study using mainly two tracers, molecular markers and otolith shape and elemental composition (Corti et

al., 2022 in prep.). Different methods were implemented to identify spatial differences without applying

an integrative methodology to fully elucidate the population structure of common sole. The molecular
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approach investigated potential segregation throughout the stock using Single Nucleotide Polymorphism

(SNPs) markers over an evolutionary time scale (Ovenden et al., 2015). Previous findings that described a

west-to-east genetic differentiation pattern (Rolland et al., 2007; Guarnieo et al., 2002; Kotoulas et al., 1995)

of common sole in Mediterranean Sea was reinforced by recent results of a strong genetic differentiation

between three main sub-regions in the Mediterranean Sea (Western Mediterranean Sea, Adriatic Sea and

Eastern Mediterranean Sea) detected by neutral genetic analysis and a less strong but significant genetic

differentiation within each sub-region detected by outlier analysis (Corti et al., 2022 in prep.). The otolith

approach also investigated the potential spatial variations across the stock using shape descriptors and

elemental concentrations combining ontogenetic, environmental and genetic influences over the fish life span

(Geffen et al., 2016). A signal of population structure was also detected using otolith tracers with significant

differences between geographical sites which provide more directly information connected to demographic

implications on potential segregation within the life cycle of the fish (Corti et al., 2022 in prep.). In fact, the

information provided by each tracer was not redundant considering that each analysis offered stock structure

delineation insight over different time and spatial scales. The integration of various sources of information

is essential in a sustainable management framework especially for marine species targeted by commercial

fisheries (Cadrin, 2020).

Considering the previous knowledge on recent past research, the current study aims to summarize the

available information to provide a delineated stock structure describing the main mechanisms shaping the

stock differentiation that could be suitable for stock assessment management strategies. To achieve this,

we applied an integrated holistic approach to combine the tracers with different spatio-temporal scales that

already presented insight of stock structure in common sole. We selected two complementary methods

previously used because of their capacity to synthesize the information provided for these methods but

also to clearly delineate similarities and differences between methods in terms of the most plausible stock

structure: a semi-quantitative stock differentiation index (SDI) and a quantitative integrative multivariate

analysis. With this approach, we expected to fill the gaps in knowledge concerning the spatial structure

of stocks for the management of fisheries resources by exposing different structuring processes operating at

contrasting scales.

3.2 Materials and Methods

In this study two easy user methodologies, SDI and multivariate analysis, were applied to integrate the results

of population structure of 13 common sole population samples in the Mediterranean Sea obtained in a recent

study from different tracers (Figure 3.27, Table 3.11). The multivariate procedure was also applied to the

five geographical sites having available data for each tracer (Supplementary materials). The results across

these two approaches were compared and combined to provide the most plausible stock structure of common
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sole inside Mediterranean Sea. The approach applied in the previous study involved different tracers with

different spatio-temporal scales (Tanner et al., 2016) and several methods including genetic analysis on both

neutral and outlier SNPs markers and otolith analysis. Specifically, the sources of data applied to the study

were: (1) neutral genetic; (2) outlier genetic; (3) otolith shape; (4) otolith elemental concentration core; and

(5) otolith elemental concentration edge. Because of data availability, not all methods were applied on the

same locations. Analyses were performed on genetics data for all 13 sampling sites, while otolith analyses

were carried out only for five sampling sites out of 13 (Table 3.12). Previous study contained the details of

the sampling locations, a description of the methods used in the analysis of genetic and otolith data and the

results for each method revealing differences between locations independently for each methodology.

Figure 3.27: Map showing the 13 geographical sites located in the Mediterranean Sea. Black lines show

the Geographical SubAreas (GSAs) and colors show the subregions as established by the General Fisheries

Commission for the Mediterranean (GFCM).

3.2.1 Stock Differentiation Index (SDI)

Stock Differentiation Index is a semi-quantitative approach that offers the opportunity to combine tracers

with different spatial and temporal resolutions succeeding into revealing stock structure (Welch et al., 2015;

Izzo et al., 2017). The method assigns difference values (DV) to each pairwise comparison for each method

based on the results obtained in the previous analysis. To assign the difference values for the genetic tracers

we used the results of the pairwise FST computed by StrataG that identified differences in pairwise significant

comparisons for α = 0.05 both for neutral and outlier datasets as they provide information of contrasting
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Sampling GSAs Sampling Sites ID Number of GFCM

sites year methods subregions

Castellon Northern Spain (GSA6) 2000 GSA6 2000 2 Western Mediterranean

Barcellona Northern Spain (GSA6) 1999 GSA6 1999 2 Western Mediterranean

Gulf of Lion Gulf of Lion (GSA7) 2009 GSA7 2009 5 Western Mediterranean

Gulf of Lion Gulf of Lion (GSA7) 2003 GSA7 2003 2 Western Mediterranean

Viareggio Ligurian Sea and 2009 GSA9 2009 5 Western Mediterranean

Northern Tyrrhenian Sea(GSA9)

Gulf of Salerno Southern and 2000 GSA10 2000 2 Western Mediterranean

Central Tyrrhenian Sea (GSA10)

Gulf of Sant’Eufemia Southern and 2003 GSA10 2003 2 Western Mediterranean

Central Tyrrhenian Sea (GSA10)

Chioggia Lagoon Northern Adriatic Sea (GSA17) 2009 GSA17 2009 5 Adriatic Sea

Lesina Southern Adriatic Sea (GSA18) 2000 GSA18w 2000 2 Adriatic Sea

Albanian coasts Southern Adriatic Sea (GSA18) 2000 GSA18e 2000 2 Adriatic Sea

Gulf of Kavala Aegean Sea (GSA22) 2009 GSA22 2009 5 Eastern Mediterranean

Gulf of Antalya Northern Levant Sea (GSA24) 2009 GSA24 2009 5 Eastern Mediterranean

Antakya coasts Northern Levant Sea (GSA24) 2002 GSA24 2002 2 Eastern Mediterranean

Table 3.11: Summary information of geographical sites and number of methods used in the integrative

analysis. The last column reports geographical subregions defined by GFCM.
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Type of tracers Number of Spatial scale Temporal scale

geographical sites (GFCM subregions)

Genetic neutral 13 Western Mediterranean Evolutionary

Adriatic Sea

Eastern Mediterranean

Genetic outlier 13 Western Mediterranean Some generations

Adriatic Sea

Eastern Mediterranean

Otolith shape 5 Western Mediterranean Life span

Adriatic Sea

Eastern Mediterranean

Otolith elemental concentration core 5 Western Mediterranean Life span

Adriatic Sea (Larval stage)

Eastern Mediterranean

Otolith elemental concentration edge 5 Western Mediterranean Life span

Adriatic Sea (Adult stage)

Eastern Mediterranean

Table 3.12: Tracers used to deal with the stock structure of the common sole. The resolution of each tracer

is displayed with the corresponding spatial and temporal scales and the number of geographical sites.
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stock structure mechanisms. For otolith shape tracers the results of PERMANOVA analysis computed using

adonis function in vegan R package were used to understand which pairs of sites were significantly different

using pairwise.adonis function in pairwiseAdonis R package. The resulting pairwise significance was used

to assign the difference values. For otolith elemental concentration tracers, the results of non-parametric

Kruskal-Wallis statistics that investigate the differences in elemental concentrations between geographical

sites were used to perform Dunn’s test using dunn.test function resulting in multiple pairwise comparison

between sites that were used to assign the difference values. As a general rule, a difference value of 1 (DV = 1)

is assigned to a pairwise comparison when the method detects a significant comparison for that tracer. When

the method detects a non significant comparison, a difference value of 0 (DV = 0) is assigned. Then, SDI

values for each pair are calculated as:

SDI =
∑

DV /CountDV

Where
∑

DV represents the sum of DV s between tracers for one pair of geographical sites and CountDV

is the total number of tracers used. SDI values spread between 0 and 1. High SDI values implies considerable

spatial structure while low SDI values suggest weak or no spatial differences between geographic sites. An

overall SDI value evaluates the spatial structure across the stock. The evaluation of the results is performed

following the thresholds defined by Izzo et al. (2017). A weak spatial structure is expected with SDI < 0.33,

moderate indication of spatial structure is imparted with SDI values between 0.33 and 0.66, and a strong

spatial structure is denoted by SDI > 0.66.

3.2.2 Integrative multivariate analysis

To apply this second approach a dataset was produced containing the two first principal components (PCs)

of the PCA performed for each tracer using dudi.pca function of ade4 R package (Thioulouse et al., 2018).

Thus, the dataset consists of two columns for each tracer with the first and the second PCs values for

each geographical site. Specifically, the dataset is composed by the PCs from the following source of data:

neutral genetic (Gen.neut1, Gen.neut2); outlier genetic (Gen.out1, Gen.out2); otolith shape (Oto.shape1,

Oto.shape2); otolith elemental concentration core (Oto.core1, Oto.core2); and otolith elemental concentration

edge (Oto.edge1, Oto.edge2). First, a PERMANOVA analysis was performed on the multivariate dataset

to test the significance of differences between geographical sites. As input for the analysis, we created a

dissimilarity matrix using vegdist function. Then, the PERMANOVA was performed using adonis function

in vegan R package with Euclidean method and 1,000 permutations (Oksanen et al., 2022). FactoMineR R

package (Husson et al., 2017) was used to perform multivariate analysis on these datasets in the contest of

principal components methods. And specifically, PCA function of FactoMineR R package was applied on

multivariate dataset to compute principal component analysis. This analysis allows to extract the information
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contained in these multiple quantitative variables by identifying the dimension across which the variation in

the data is maximal. Outputs provided by the analysis were extracted and visualized with factoextra package

(Kassambara and Mundt, 2017) that allows for an easy and effective interpretation of the results. Thus,

R functions provided in the factoextra R package enable to extract results for geographical sites but also

for variables accounting the contributions of each variable on the variability of a given principal component

(Kassambara, 2017).

3.3 Results

3.3.1 Stock Differentiation Index (SDI)

Pairwise SDI were calculated between each pair of geographical sites. For the five tracers to define stock

structure that we used, 78 pairwise comparisons were made using 13 geographical sites. Based on determined

thresholds (Suppl. Table 3.15), among pairs 58 show strong evidence of separation (74%), 14 show moderate

evidence of separation (18%) and only 6 show no difference in spatial segregation compared to total number

of pairwise comparison (Suppl. Table 3.16). As a general result, the stock of common sole indicates strong

evidence of spatial structure inside Mediterranean Sea with an overall SDI = 0.81 across the 13 geograph-

ical sites. Considering only the five geographical sites for which all available tracers data are available, the

overall SDI = 0.72 is decreased compared to the one with all geographical sites, but it still indicates strong

evidence of spatial separation between geographical sites unless with a lower power. Grouping the geograph-

ical sites by subregions, an overall SDI = 0.75 indicates strong evidence of spatial structure considering the

comparisons among and within Adriatic Sea and Eastern Mediterranean Sea subregions. Whereas, for the

geographical sites grouped in Western Mediterranean Sea subregion the overall comparison expressed a lower

degree of spatial structure, but moderate with SDI = 0.41, evidencing still a complex structure within this re-

gion. In general, geographical sites located at great distances expressed high SDI values, whereas contiguous

sites expressed SDI values lower than 0.66 with few exceptions (Table 3.13). Eastern Mediterranean sam-

ples resulted strongly separated from all other sites, except for GSA24 2009 from GSA7 2009, GSA9 2009,

GSA17 2009 (SDI = 0.60) and for geographical sites within GSA24 (SDI = 0.60), evidencing a moderate

separation (Table 3.13). Regarding the central area, all Adriatic geographical sites are differentiated from

the Western and the Eastern Mediterranean ones, except for the comparison GSA17 2009 vs GSA9 2009

(SDI = 0.60). Among Adriatic geographical sites there is a pattern of segregation, even within geographical

sites included in GSA18. Indeed, inside the Adriatic area there is evidence to suggest that south-east sites

are separated from north and south-west sites. The north and south-west coast of Adriatic Sea locations are

similar, and both clearly separate from the south-east site, suggesting an independent dynamic in the Adri-

atic Sea. SDI highlighted a clear separation of Western Mediterranean geographical sites from Central and
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Eastern Mediterranean areas. Regarding the Western Mediterranean area, geographical sites that are very

close appear to be connected, with continuous sites expressing moderate to minimal or even null evidence

of separation (Table 3.13). Moreover, geographical sites comprised within the same GSAs in the Western

Mediterranean area showed null values (SDI = 0) indicating no evidence of segregation probably due to the

fact that are temporal replicates within the same GSAs area.

GSA6 2000 GSA6 1999 GSA7 2009 GSA7 2003 GSA9 2009 GSA10 2000 GSA10 2003 GSA17 2009 GSA18w 2000 GSA18e 2000 GSA22 2009 GSA24 2009 GSA24 2002

GSA6 2000

GSA6 1999 0

GSA7 2009 0.5* 0

GSA7 2003 0.5* 0 0

GSA9 2009 1 0.5* 0.4* 0.5*

GSA10 2000 1 0.5* 1 1 0.5*

GSA10 2003 1 1 0.5* 1 0.5* 0

GSA17 2009 1 1 0.8 1 0.6* 1 1

GSA18w 2000 1 1 1 1 1 1 1 0

GSA18e 2000 1 1 1 1 1 1 1 1 1

GSA22 2009 1 1 0.8 1 0.8 1 1 1 1 1

GSA24 2009 1 1 0.6* 1 0.6* 1 1 0.6* 1 1 1

GSA24 2002 1 1 1 1 1 1 1 1 1 1 1 0.5*

Pairwise comparison with SDI values in bold indicates strong evidence of separation between geographical sites (SDI values > 0.66) and SDI values in
bold with ”*” indicates moderate evidence of separation between samples (0.33 < SDI values < 0.66). While other SDI values (SDI < 0.33) indicates
minimal evidence of separation.

Table 3.13: Matrix of pairwise comparisons among geographical sites reporting SDI values for each pair

calculated following the described approach. Underlined SDI values represents pairwise comparisons among

the five geographical sites having available data for all tracer.

The situation described above is confirmed by grouping the locations by GSAs. Furthermore, there was

strong evidence of separation of Tyrrhenian sites from Western Mediterranean geographical sites, except for

GSA7 vs GSA9 (0.45) and a moderate separation in between Tyrrhenian sites (Table 3.14). Considering

only the SDI values of the five geographical sites containing all tracers, the general pattern described is the

same accounting for moderate to strong evidence of separation of the three main geographical area: Eastern

Mediterranean, Adriatic Sea, and Western Mediterranean subregions. There is also a moderate separation

among Eastern Mediterranean and Western Mediterranean geographical sites (Table 3.13).

3.3.2 Integrative multivariate analysis

From PERMANOVA analysis, a p-value of 0.001 was obtained from the adonis test, thus the geographical

sites can be considered significantly different for α = 0.01 in the multivariate dataset, while multi-level

pairwise comparison among geographical sites was not performed due to the low number of geographical
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GSAs 6 7 9 10 17 18 22 24

6 0

7 0.25 0

9 0.75 0.45* -

10 0.88 0.88 0.5* 0

17 1 0.9 1 1 -

18 1 1 1 1 0.5* 1

22 1 0.9 0.8 1 1 1 -

24 1 0.9 0.8 1 0.8 1 1 0.5*

Pairwise comparison with SDI values in bold indicates strong evidence

of separation between GSAs (SDI values > 0.66) and SDI values in bold

with ”*” indicates moderate evidence of separation between samples

(0.33 < SDI values < 0.66). While other SDI values (SDI < 0.33)

indicates minimal evidence of separation.

Table 3.14: Matrix of pairwise comparisons among GSAs reporting SDI values for each GSA calculated

following the described approach. GSAs containing only one geographical sites per GSAs do not express any

SDI values in the diagonal.

sites per GSAa. From PCA, most of the information contained in the data is retained by the first three

principal components that explained 81.42% of the variation (Suppl. Figure 3.35). In general, all variables

expressed a good quality of representation on the first three principal component as reported by cos2 (square

cosine, squared coordinates) value that represents the quality of representation of variables (Figure 3.28). In

particular, variables (Oto.edge1, Oto.core1, Oto.core2, Oto.edge2 and Gen.neut1) have a strong effect on first

and second principal components compared to other variables (Figure 3.28A). The quality of representation

is considerably lower for those variables on second and third principal component, but variables still maintain

a good representation, especially Gen.out1, Oto.core2, Oto.edge1 and Oto.shape2 meaning that also third

principal component contains a source of information for these variables (Figure 3.28B). Thus, all three

principal components of the multivariate analysis contain different information, each principal component

represents specific variables.

Regarding the contributions of each variable to principal components, a variable with a contribution

larger than 10% could be considered more substantial in contributing to the results. Mainly otolith elemental

concentration data but also genetics data both neutral and outlier contributed most to the first two principal

components, that correspond to different scale of segregating mechanisms. Whereas otolith shape data could

be meaningful in contributing to the third principal components (Figure 3.29 and Suppl. Figure 3.36).

Regarding PCA results for geographical sites, the first principal component which is the one with the

highest variance (33.3%) display a western-eastern general patterns, whereas the second principal component
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Figure 3.28: Variable correlation plot of PCA analysis showing the relationship between variables with

the corresponding cos2 values that express the quality of representation of each variable on the principal

component. The plots present axes 1 and 2 (A), and axes 2 and 3 (B) representing different combination of

the first three principal components.
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Figure 3.29: Barplots of variable contributions showing the total contribution of each variable to PC1 (A),

PC2 (B) and PC3 (C), respectively. The red dashed line represents the expected average contribution with

a cutoff of 10% because we consider a uniform contribution of the 10 variables. The most significantly

associated variables (p-value < 0.05) with each principal component identified with the dimdesc function of

FactoMineR R package are reported in bold.
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(27.6%) indicates a local gradient showing differences between GSA22 and GSA24, GSA17 and GSA18, and

also among Western Mediterranean geographical sites (Figure 3.31). Finally, the third principal component

indicated differences between GSA6-GSA7 and GSA9, but also of GSA6-GSA7 from GSA10. A more specific

picture was exhibited at geographical sites level (Figure 3.30).
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Figure 3.30: Graph visualization of 13 geographical sites of PCA output for PC1-PC2 (A) and to PC2-PC3

(B), respectively.

Oto.core1 and Oto.edge2 are the variables that most account for the general western-eastern pattern of

separation between geographical sites (Figure 3.32A and Figure 3.29A). Oto.core2 and Oto.edge1 are the

variables that most account for the local pattern of separation between geographical sites inside Eastern

Mediterranean and Adriatic Sea (Figure 3.32A, 3.29B). For the genetic tracers, Gen.neut1 and Gen.out2

are the variables that account for the separation between Western Mediterranean, Adriatic Sea, and Eastern

Mediterranean (Figure 3.32A, 3.29A and Suppl. Figure 3.36A), while Gen.neut1 and Gen.out1 influenced
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Figure 3.31: Graph visualization of PCA output of geographical sites grouped by GSAs of PC1-PC2 (A)

and to PC2-PC3 (B), respectively.
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Figure 3.32: Biplot of PCA output displaying differences between geographical sites and tracer variables

contributions to PC1-PC2 (A) and PC2-PC3 (B) showed with arrows. The contribution of each tracer is

expressed by percentage (%).
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the separation within the three main geographical area (Figure 3.32A, 3.29B and Suppl. Figure 3.36A).

Oto.shape2 and Gen.out1 are involved in the separation between Western Mediterranean geographical sites

and in their separation from others (Figure 3.32B, 3.29C). Also, the spatial segregation within Eastern

Mediterranean and Adriatic geographical sites is mainly described by Oto.shape2 and Gen.out1. The same

pattern is displayed grouping the geographical sites by GSAs (Suppl. Figure 3.37). The general pattern

of separation between subregions is described in (Figure 3.33, Suppl. Figure 3.38) where there is a clear

separation between Western Mediterranean, Adriatic Sea, and Eastern Mediterranean.
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Figure 3.33: Biplot of PCA results on PCs values extracted from integrative multivariate analysis on different

type of data of geographical sites displaying both differences between geographical sites grouped by GFCM

subregions and variable contributions to PC1-PC2 expressed by percentage. Larger points represents the

barycentre for each GFCM subregion.

From results on five geographical sites, the first two principal components of PCA explain 74.9% of the

variation (Suppl. Figure 3.39). Considering only the five geographical sites, variables expressed slightly more

quality of representation (cos2 values) than whole geographical sites on the first three principal component

(Suppl. Figure 3.40). Regarding the contributions of each variable to principal components in five geograph-

ical sites situation, the contribution is almost the same as with whole geographical sites (Suppl. Figure 3.41).

Also, the results of PCA described the same pattern previously explained (Suppl. Figure 3.42).
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3.4 Discussion

We applied a holistic approach, summarising all the available information, aiming to bridge the gap in the

understanding of population structure of common sole in the Mediterranean Sea. Although it is necessary

to combine the results of different techniques merging their divergent resolutions, there is not a unique

procedure for obtaining an exact definition of stocks.

The SDI approach applied by Izzo et al. (2017); Randon et al. (2021); Welch et al. (2015) has proved to be

a powerful tool that is capable of integrating current information while successfully tackling the issues related

to stock structure identification. In SDI approach the results of all pairwise comparisons among different

geographical sites for the corresponding techniques/methods were tabulated defining a semi-quantitative

measure of separation hence identifying where significant differences were found among geographical sites.

SDI value thresholds established by Izzo et al. (2017) were followed to have enough power in discriminat-

ing sub-populations. The SDI values and the number of tracers reported for each pairwise comparison of

geographic sites in an easy-to-read table (Suppl. Table 3.16) allowing to evaluate the weight of results.

The general division pattern resulted in our study is even maintained by looking only at the five locations

containing data for all tracers. Furthermore, adjacent sample locations were merged by GSAs to provide a

summarized stock structure overview.

As an integrative multivariate analysis, we applied a PCA to emphasize variations among tracers and

reveal mechanisms and scales of stock segregation in the observed dataset. The analysis exhibited where

differences between geographical sites were detected and by which tracers. Furthermore, the results can

be pooled by GSA and subregions to extract an overview of stock structure at broadest possible spatial

scale evaluating the contribution provided by each tracer considering their temporal scale. Inside a holistic

framework the integrative analysis combined in this study in association with different timescales, offered

the basic groundwork for the interpretation of joint results and identification of management units. In fact,

in this study we demonstrated that both approaches can identify differences between geographical locations

combining spatio-temporal scales.

Previous studies suggested that common sole population is well structured within the Mediterranean

Sea. Our study confirmed that, based on strong separation pattern indicated by SDI values, the population

of common sole appears to be consisting of at least three very likely large stocks at regional level inside

Mediterranean basin: one Eastern Mediterranean, one inside Adriatic Sea and one in Western Mediterranean

(Table 3.14). While looking at subregional level (Table 3.13), according to SDI values there is moderate

evidence of separation between geographical sites inside the same subregion suggesting evidence of potential

complex stocks, which is also supported by the multivariate analyses. In other words, under a scenario

of homogeneous populations within large region low SDI would be observed, which is not the case. More

precisely there is indication of separation of Western Mediterranean area into two main separate stocks:
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Northern Spain/Gulf of Lion and Tyrrhenian Sea. The same moderate separation is detected within Adriatic

Sea from Northern to Southern geographical sites and within Eastern Mediterranean with Aegean Sea divided

from Northern Levant Sea. Nevertheless, we may acknowledge that lower SDI values of some exceptions

to leading pattern (Table 3.14, 3.13) were probably due to the differences in data availability of tracers

(Table 3.12). One of the advantages of this approach is the application of semi-quantitative values to assess

differences between locations and associated separation sighted by multiple tracers. Indeed, the application

of SDI approach as a quantitative method for pooling multi-disciplinary data could be a good tool for holistic

studies of stock structure of benthonic species as demonstrated by Randon et al. (2021), while it may need

to be supported by complementary approach that capture quantitative gradients. The threshold established

in SDI approach allowed a better definition of the groups based on numerical values. The moderate evidence

of separation is related to separation among adjacent groups at subregional scale while strong evidence of

separation is linked to the isolation of groups separated by wide geographical distances at regional scale.

This confirmed the suggestion that spatial distance might be the leading driver in population structure of

common sole given the lowly migratory nature of flatfish. Our findings of segregation at subregional scale

is in line with recent studies that have confirmed a spatial stock structure of common sole in the Eastern

English Channel (EEC) (Du Pontavice et al., 2018; Randon et al., 2018). The life-history traits of this

species have been proved to have a major role in local segregation, in fact there is demonstration of low

connectivity among common sole sub-populations within the ECC (Lecomte et al., 2020). Furthermore, the

existence of metapopulation structure of sole in the EEC (Randon et al., 2020) was successfully proved by

using complementary tracers to investigate marine species.

In order to combine the results obtained from tracers, the second approach used in this study, multivariate

analysis, might boost the identification of management units by understanding the contribution of spatially

and temporally distinct techniques. The multivariate approach reveals patterns in datasets by generally

removing the redundancy in the data (Kassambara, 2017). Similarly based on individual representation

of geographical sites from integrative multivariate analysis the population of common sole appears to be

consisting of at least the three stocks inside Mediterranean basin previously explained by SDI approach as

indicated in Figure 3.33. Looking specifically to more adjunct geographical sites at subregional level there

is accordance to SDI results. The results of multivariate analysis confirmed the separation inside Western

Mediterranean with a division between North Spain and Tyrrhenian Sea. Inside Adriatic Sea there is a

separation between Northern and Southern geographical sites with a transition towards Northern Levant

Sea that is divided from Aegean Sea (Figure 3.30). As a result, the integrative multivariate approach has

proved to be a valuable tool in this context because it has the ability to extract and visualize differences

between geographical sites by taking into account the contribution of each tracer and to group them attending

the spatio-temporal scales of variation. In fact, the type of temporal information should be considered in the

identification of stock boundaries based on significant differences between geographical sites because of their
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importance in understanding the main mechanisms shaping the stock differentiation. Looking in details,

the information given by each independent tracers are connected to two main temporal scales, a long term

corresponding to evolutionary time scale and short term corresponding to individual life span. The general

western-eastern pattern of segregation divided the geographical sites into three main area by the first principal

component, as well as the more subregional pattern of segregation by the second principal component. This

pattern of segregation was associated to genetics information but also to elemental concentration in both core

and edge (Figure 3.32). Looking at the variables contribution in the multivariate analysis the genetics seem

to drive the general eastern-western pattern of separation that was probably related to genetic drift and/or

isolation by distance at broad spatial scales. While the segregation at subregion level that were associated

to otolith elemental concentration and otolith shape, were probably related to recent event of isolation and

adaptation to local environments (Figure 3.29). In particular, the pattern of segregation within Western

Mediterranean geographical sites associated mainly to genetic outlier information was probably related to

local adaptation at short term temporal scale. Thus, our results are in accordance with the spatio-temporal

scales of the tracers (Figure 3.34). Furthermore, SDI approach results, in which few pairwise comparison,

such as GSA7vsGSA17, GSA7vsGSA22, GSA9vsGSA22, GSA17vsGSA22 and GSA22vsGSA24, detected

significant differences for almost all tracers ranging from small to large temporal scale confirmed previous

findings, meaning that the separation between these geographical sites is currently occurring and has been

occurred for many generations. The processes occurring at the evolutionary time scale are far longer than

the mechanism existing at the ecological time scales that are those of primary importance in terms of stock

assessment or fishery management prospective.

Although in this study we reported some relevant insights originated from the results that enhance the

knowledge of the stock structure of common sole in the Mediterranean Sea, the identification of proper spatial

management units can not be limited to three large units (i.e., Western, Central and Eastern Mediterranean)

corresponding to subregions. Indeed, there is evidence for more complex structures, while whether they

emerge from spatial heterogeneity or potential metapopulation structures require further research as it can

bias assessment outcomes and derived references points triggering a potential mismanagement of the species

(Goethel and Berger, 2017). Both complementary tracer and/or populations dynamics simulations may help

to understand the demographic extent and implications of alternative population structure scenarios of the

Mediterranean populations (e.g., (Goethel et al., 2021)). Implementing the strategy reported in this study

in a contest with high degree of concordance among tracers and data availability could provide certainty

on the stock status. The incorporation of both biological population structure and bioeconomic models by

performing simulated scenery of different management plans has been demonstrated to be a successful way of

handling demersal stocks (Cadrin, 2020; Spedicato et al., 2022). In this sense, dynamic spatial management

would be preferable to adopt as a management approach. Nevertheless, the conclusion of both approaches

could be limited by the fact that geographical sites do not cover the whole distribution of common sole
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Figure 3.34: Summary of spatio-temporal scales represented by different markers applied in the current stock

delineation approach. The spatial scale covers a distance between local to global areas. The temporal scale

ranging from individual life span stages to evolutionary time.
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populations of the Mediterranean basin. In particular, the Central Mediterranean subregion and, in general,

the southern part of the Mediterranean Sea (i.e., the African coast and Sicily channel) is not represented

in this study, but the remaining subregions where the species occurs more and from where you have the

majority of the landings are nearly well represented. Therefore, our results will help to better design the

sampling collection for future studies attending to applied question. However, due to this limitation, the

whole structure of common sole inside Mediterranean Sea could be potentially incomplete due to the lack

of data in terms of geographical locations, but also tracers (e.g., oceanographic dispersion modelling and

fisheries data). Specifically, this constraint did not ensure a detailed interpretation of the spatio-temporal

patterns of common sole stocks. The use of more tracers could help delineating a more precise stock structure

of common sole inside the Mediterranean Sea. Considering these aspects, further investigations both in terms

of stock structure and connectivity are needed to give an overall and clear picture of the status of this stock

spread inside the Mediterranean Basin. In conclusion, this holistic approach could provide a meaningful

tool in stock identification process to clearly integrate different dataset and comprehend results in a multi-

technique stock structure work in order to spread outcomes in an easily legible way to fisheries managers

and other stakeholders (Cadrin, 2020). Our findings in terms of segregation of geographical sites between

and within subregions confirmed a high level of structure of common sole inside Mediterranean area with

evidence of low connectivity between adjacent areas and presence of sub-populations that implies consequence

for fisheries management and set the scientific basis for the future application of spatial stock assessment

models.

3.5 Supplementary materials

3.5.1 Stock Differentiation Index (SDI)

SDI value Evaluation of evidence for separation between geographical sites

SDI > 0.66 Strong

0.33 ≤ SDI ≥ 0.66 Moderate

SDI < 0.33 Weak

Table 3.15: SDI thresholds for evaluating patterns of stock structure in the common sole following Izzo et al.

(2017) approach.
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Table 3.16: Summary table reports difference values between each pair of geographical sites of the five

available tracers applied to the common sole (DV = 1 for significant difference, DV = 0 for no significant

difference). Number of tracers and SDI values are indicated for each pair of geographic sites. Established

SDI thresholds are reported in Table 3.15. Pairwise comparison in which the number of tracers is maximum

(5) are represented in bold.

Tracers

Pairwise Genetic Genetic Otolith Otolith Otolith Number of Pairwise

neutral outlier shape core edge methods SDI values

GSA6 2000 vs GSA6 1999 0 0 2 0

GSA6 2000 vs GSA7 2009 1 0 2 0.5

GSA6 2000 vs GSA7 2003 1 0 2 0.5

GSA6 2000 vs GSA9 2009 1 1 2 1

GSA6 2000 vs GSA10 2000 1 1 2 1

GSA6 2000 vs GSA10 2003 1 1 2 1

GSA6 2000 vs GSA17 2009 1 1 2 1

GSA6 2000 vs GSA18w 2000 1 1 2 1

GSA6 2000 vs GSA18e 2000 1 1 2 1

GSA6 2000 vs GSA22 2009 1 1 2 1

GSA6 2000 vs GSA24 2009 1 1 2 1

GSA6 2000 vs GSA24 2002 1 1 2 1

GSA6 1999 vs GSA7 2009 0 0 2 0

GSA6 1999 vs GSA7 2003 0 0 2 0

GSA6 1999 vs GSA9 2009 0 1 2 0.5

GSA6 1999 vs GSA10 2000 0 1 2 0.5

GSA6 1999 vs GSA10 2003 1 1 2 1

GSA6 1999 vs GSA17 2009 1 1 2 1

GSA6 1999 vs GSA18w 2000 1 1 2 1

GSA6 1999 vs GSA18e 2000 1 1 2 1

GSA6 1999 vs GSA22 2009 1 1 2 1

GSA6 1999 vs GSA24 2009 1 1 2 1

GSA6 1999 vs GSA24 2002 1 1 2 1

Continued on next page
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Table 3.16 – continued from previous page

Methods

Pairwise Genetic Genetic Otolith Otolith Otolith Number of Pairwise

neutral outlier shape core edge methods SDI values

GSA7 2009 vs GSA7 2003 0 0 2 0

GSA7 2009 vs GSA9 2009 0 1 1 0 0 5 0.4

GSA7 2009 vs GSA10 2000 1 1 2 1

GSA7 2009 vs GSA10 2003 0 1 2 0.5

GSA7 2009 vs GSA17 2009 1 1 1 1 0 5 0.8

GSA7 2009 vs GSA18w 2000 1 1 2 1

GSA7 2009 vs GSA18e 2000 1 1 2 1

GSA7 2009 vs GSA22 2009 1 1 1 0 1 5 0.8

GSA7 2009 vs GSA24 2009 1 1 1 0 0 5 0.6

GSA7 2009 vs GSA24 2002 1 1 2 1

GSA7 2003 vs GSA9 2009 0 1 2 0.5

GSA7 2003 vs GSA10 2000 1 1 2 1

GSA7 2003 vs GSA10 2003 1 1 2 1

GSA7 2003 vs GSA17 2009 1 1 2 1

GSA7 2003 vs GSA18w 2000 1 1 2 1

GSA7 2003 vs GSA18e 2000 1 1 2 1

GSA7 2003 vs GSA22 2009 1 1 2 1

GSA7 2003 vs GSA24 2009 1 1 2 1

GSA7 2003 vs GSA24 2002 1 1 2 1

GSA9 2009 vs GSA10 2000 0 1 2 0.5

GSA9 2009 vs GSA10 2003 1 0 2 0.5

GSA9 2009 vs GSA17 2009 1 1 1 0 0 5 0.6

GSA9 2009 vs GSA18w 2000 1 1 2 1

GSA9 2009 vs GSA18e 2000 1 1 2 1

GSA9 2009 vs GSA22 2009 1 1 1 0 1 5 0.8

GSA9 2009 vs GSA24 2009 1 1 1 0 0 5 0.6

GSA9 2009 vs GSA24 2002 1 1 2 1

GSA10 2000 vs GSA10 2003 0 0 2 0

Continued on next page
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Table 3.16 – continued from previous page

Methods

Pairwise Genetic Genetic Otolith Otolith Otolith Number of Pairwise

neutral outlier shape core edge methods SDI values

GSA10 2000 vs GSA17 2009 1 1 2 1

GSA10 2000 vs GSA18w 2000 1 1 2 1

GSA10 2000 vs GSA18e 2000 1 1 2 1

GSA10 2000 vs GSA22 2009 1 1 2 1

GSA10 2000 vs GSA24 2009 1 1 2 1

GSA10 2000 vs GSA24 2002 1 1 2 1

GSA10 2003 vs GSA17 2009 1 1 2 1

GSA10 2003 vs GSA18w 2000 1 1 2 1

GSA10 2003 vs GSA18e 2000 1 1 2 1

GSA10 2003 vs GSA22 2009 1 1 2 1

GSA10 2003 vs GSA24 2009 1 1 2 1

GSA10 2003 vs GSA24 2002 1 1 2 1

GSA17 2009 vs GSA18w 2000 0 0 2 0

GSA17 2009 vs GSA18e 2000 1 1 2 1

GSA17 2009 vs GSA22 2009 1 1 1 1 1 5 1

GSA17 2009 vs GSA24 2009 1 1 1 0 0 5 0.6

GSA17 2009 vs GSA24 2002 1 1 2 1

GSA18w 2000 vs GSA18e 2000 1 1 2 1

GSA18w 2000 vs GSA22 2009 1 1 2 1

GSA18w 2000 vs GSA24 2009 1 1 2 1

GSA18w 2000 vs GSA24 2002 1 1 2 1

GSA18e 2000 vs GSA22 2009 1 1 2 1

GSA18e 2000 vs GSA24 2009 1 1 2 1

GSA18e 2000 vs GSA24 2002 1 1 2 1

GSA22 2009 vs GSA24 2009 1 1 1 1 1 5 1

GSA22 2009 vs GSA24 2002 1 1 2 1

GSA24 2009 vs GSA24 2002 1 0 2 0.5
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3.5.2 Integrative multivariate analysis
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Figure 3.35: Scree plot shows the eigenvalues extracted from PCA analysis measuring the amount of variation

retained by each principal component.
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Figure 3.36: Barplots of variable contributions showing the total contribution of each variable to PC1-PC2

(A) and to PC2-PC3 (B), respectively. The red dashed line represents the expected average contribution

with a cutoff of 10% considering a uniform contribution of the 10 variables.
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Figure 3.37: Biplot of PCA output displaying differences between GSAs and tracer variables contributions

to PC1-PC2 (A) and PC2-PC3 (B) showed with arrows. The contribution of each tracer is expressed by

percentage (%).
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Figure 3.38: Biplot of PCA output displaying differences between geographical sites grouped by GFCM

subregions and tracer variables contributions to PC1-PC2 showed with arrows.
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Figure 3.39: Scree plot shows the eigenvalues extracted from PCA analysis performed on five geographical

sites measuring the amount of variation retained by each principal component.
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Figure 3.40: Variable correlation plot of PCA analysis performed on five geographical sites showing the

relationship between variables with the corresponding cos2 values that expressed the quality of representation

of each variable on the principal component. The plots present axes 1 and 2 (A), and axes 2 and 3 (B)

representing different combination of the first three principal components.
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Figure 3.41: Barplots of variable contributions obtained in the PCA analysis using five geographical sites

showing the total contribution of each variable to PC1-PC2 (A) and to PC2-PC3 (B), respectively. The

red dashed line represents the expected average contribution with a cutoff of 10% considering a uniform

contribution of the 10 variables.
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Figure 3.42: Biplot of PCA output displaying differences between five geographical sites and tracer variables

contributions to PC1-PC2 (A) and PC2-PC3 (B) showed with arrows. The contribution of each tracer is

expressed by percentage (%).

101



Chapter 3 - Solea solea holistic study

102



Chapter 4

Seascape genomics approach to describe population

structure of marine species: Merluccius

merluccius case study.

4.1 Introduction

Defining the spatial structure and boundaries of commercial marine species is essential for the sustainable

management of fisheries (Cadrin, 2020). Stock units delimitation has been mainly based on economic, social,

and political basis instead of biological reasons, which has leaded to a mismatch between the spatial structure

of biological populations and currently defined stock units (Reiss et al., 2009). Consequently, stock assessment

modelers based the evaluation of stock status on unbiased stock boundaries leading to ineffective management

for fisheries resources (Kerr et al., 2017). The consequences of failures in fisheries management could be a

depletion of the stocks. Understanding population dynamics and defining the fine-scale population structure

of commercially exploited marine species is crucial to enable more robust stock assessments and achieve

a successful management for the conservation of resources (Cadrin, 2020; Paris et al., 2018). Molecular

techniques, among other methods, have been demonstrated to be a valuable tool for the spatial delineation

of stocks and for the assessment of population connectivity in marine species (Ovenden et al., 2015). The

distribution of marine species has been adversely affected by climate change (Pinsky et al., 2018). In this

respect, the investigation of the influence of environmental factors and spatial extent on genetic variation is

a key issue to understand the ability of the species to adapt to environmental changes. Seascape genomics

approaches detected both adaptive and neutral genetic patterns in marine species (Liggins et al., 2019).

The present study focuses on European hake Merluccius merluccius (Linnaeus, 1758), a demersal species

of high interest from a commercial point of view (FAO, 2020b; ICES, 2021). European hake is widely dis-

tributed in the Eastern Atlantic Ocean (from Norway to Mauritania) and in the entire Mediterranean Sea
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from coastal waters to deeper waters, usually around 200-500 m depths depending on area and life stages

(Korta et al., 2015). A formal evaluation of the stock status is available for almost all its habitat distribution.

International Council for the Exploration of the Sea (ICES) is responsible for the assessment and manage-

ment of European hake in the Northeast Atlantic Ocean by assuming two stocks (ICES, 2021). In Southeast

Atlantic Ocean, Fishery Committee for the Eastern Central Atlantic (CECAF) and Morocco assessed Eu-

ropean hake as one stock. General Fisheries Commission for the Mediterranean (GFCM) of the Food and

Agriculture Organization of the United Nations (FAO) managed European hake in the Mediterranean Sea

through geographical subareas (GSAs). The assessment of European hake stocks covers a large number of

GSAs, aggregating multiple GSAs within benchmark approach (FAO, 2019). Stocks of European hake in

the Mediterranean Sea were actually fished at biologically unsustainable levels resulting in an overexploited

status (FAO, 2019, 2020b). Because the stock identity of hake inside Mediterranean and Atlantic waters

is uncertain without biological evidence, detailed description of population structure could contribute sig-

nificantly to the definition of sustainable management for European hake. The necessity of defining new

assessment and management units for the European hake has been highlighted in various genetic studies. In

the Northeast Atlantic Ocean, stock status is actually assessed considering the northern and the southern

stock as separated by Capbreton Canyon without biological evidence and with no agreement on the popula-

tion structure of the European hake (Lundy et al., 1999; Castillo et al., 2005; Pita et al., 2011, 2014). Recent

studies applying High Throughput Sequencing technologies suggested that the delimitation of these stock

units should be revised (Milano et al., 2014; Westgaard et al., 2017; Leone et al., 2019). Despite several

genetic studies provided strong evidence of a separation between European hake populations of Atlantic

Ocean and Mediterranean Sea (Cimmaruta et al., 2005; Pita et al., 2010, 2014; Leone et al., 2019), within

Mediterranean Sea only outlier loci revealed a strong differentiation among Western, Central and Eastern

Mediterranean locations (Milano et al., 2014). In fact, stock units of hake within the Mediterranean is still

unclear with limited information for some GSAs (Fiorentino et al., 2014). Recent projects are expected to

fill these gaps. Among the others, TRANSBORAN project aimed at investigating the spatial population

structure of sardine, European hake, and blackspot seabream in the Alboran Sea and adjacent waters fol-

lowing a multidisciplinary approach. The aim of the project is the identification of stock units to determine

if the current GSA boundaries are appropriate spatial scale for the assessment and the management of these

species. In this context, the aim of the present research, as part of TRANSBORAN project, is to describe

the population structure of European hake within the Alboran Sea and adjacent waters using SNP markers.

Furthermore, we also applied a seascape genomics approach to assess the contribution of spatial distribution

and environmental drivers in defining neutral and adaptive genetic structure in European hake.
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4.2 Materials and Methods

Data and analysis reported in this chapter are carried out in the framework of the TRANSBORAN Project.

Population samples were collected from 15 geographical sites within the Alboran Sea, and neighbouring

Mediterranean waters and from adjacent Atlantic Ocean in a period of eight weeks between October-

November 2018 (Figure 4.43 and Table 4.17). Genotype data at 573 SNP markers were obtained as de-

tailed in the Supplementary materials 4.5.1. Loci and individuals with a call rate below 80% were removed.

Monomorphic loci and loci with a minor allele frequency (MAF) lower than 1% were identified using ade-

genet R package (Jombart, 2008) and removed. The final dataset contained 590 individual genotypes at

453 SNPs. Based on geographical position of the 15 sampling sites, we identified seven centroid locations

corresponding to a coastal slice defined as the portion of each FAO and GSA area following the continental

shelf boundaries within the depth of 500 metres (m) in the Mediterranean Sea and Atlantic Ocean (Casey

and Pereiro, 1995; Recasens et al., 1998) (Figure 4.43). The sampling sites were associated to the nearest

centroids for the seascape analyses. We used the geographical coordinates (latitude and longitude) of the

centroid for all analysis (Figure 4.43).

Population samples
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Bathymetry
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Figure 4.43: Map showing the 15 sampling sites located in the Alboran Sea and adjacent waters with the

corresponding GSAs, the identified seven macro-areas, their corresponding centroids and bathymetry.

105



Chapter 4 - Merluccius Merluccius case study

Sampling site Site ID FAO Major Fishing Areas Macro-area N

Agadir (Morocco) AGA Morocco Coastal (Division 34.1.1) 7 (South Atlantic) 40

Mehdia (Morocco) MHD Morocco Coastal (Division 34.1.1) 7 (South Atlantic) 40

Huelva (Spain) HUE Portuguese Waters - East (Division 27.9.a) 6 (North Atlantic) 40

Cadiz (Spain) CDZ Portuguese Waters - East (Division 27.9.a) 6 (North Atlantic) 40

Estepona (Spain) ETP Balearic (Division 37.1.1) 1 (GSA01) 40

Malaga (Spain) MLG Balearic (Division 37.1.1) 1 (GSA01) 33

Roquetas (Spain) RQT Balearic (Division 37.1.1) 1 (GSA01) 38

M’Diq (Morocco) MDQ Balearic (Division 37.1.1) 2 (GSA03) 37

Nador (Morocco) NDR Balearic (Division 37.1.1) 2 (GSA03) 40

Ghazaouet (Algeria) GHZ Balearic (Division 37.1.1) 3 (GSA04) 41

Annaba (Algeria) ANB Balearic (Division 37.1.1) 3 (GSA04) 41

Tabarka (Tunisia) TBK Balearic (Division 37.1.1) 5 (GSA12) 40

Gulf of Tunis (Tunisia) GTU Balearic (Division 37.1.1) 5 (GSA12) 40

Torrevieja (Spain) TOR Balearic (Division 37.1.1) 4 (GSA06) 40

Castellon (Spain) CAS Balearic (Division 37.1.1) 4 (GSA06) 40

Table 4.17: Summary information of sampling site locations of Merluccius merluccius population samples.

Table reports information on geographical areas defined for the analysis and the number of individuals (N)

analysed.
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Linkage disequilibrium was tested in each sample using the probability test implemented in GENEPOP

4.0 (Rousset, 2008). To assess genetic variation between samples, observed (Ho) and expected (He) het-

erozygosity, and FIS estimate (Weir and Cockerham, 1984) were calculated using GENETIX 4.0.5 (Belkhir,

2004) and GENEPOP 4.0 (Rousset, 2008), respectively. Global and by locus Hardy-Weinberg (HW) tests

were conducted with GENEPOP 4.0 using the exact test. Outlier loci, potentially under selection, were

identified using independent approaches namely Bayescan version 2.1 (Foll and Gaggiotti, 2008) and pcadapt

R package (Luu et al., 2017). Bayescan relies on differences in allele frequencies between subpopulations to

identify candidate loci under selection. Subpopulation specific FST coefficients are divided into two compo-

nents by logistic regression. The population-specific component β is shared by all loci, and the locus-specific

component α is shared by all populations. When the locus-specific component α is significantly different

from zero means that the component is necessary to explain the diversity pattern and points out a departure

from neutrality at the given locus. Specifically, positive values of alpha indicate diversifying selection whereas

negative values suggest balancing/purifying selection. For each locus, a posterior probability is computed

and SNPs with prior odds (PO) greater than a threshold are considered outliers since PO express how likely

the model is with selection compared to neutral model. Here, we ran the program with 50,000 burn-in

period, 100,000 number of iterations, 20 pilot runs and thinning interval size set to 50. We set prior odds

(PO) to 10 since the data set comprised less than 1,000 SNPs and we set the false discovery rate (FDR) to

5% to identify putative outlier loci. The method implemented in pcadapt R package relies on PCA to detect

population structure, and it allows the identification of genetic markers potentially involved in biological

adaptation considering their relationship with the population structure. First, a PCA is used to ascertain

population structure and identify the number of principal components K to consider. Then, each SNP is

regressed by the K principal components. The results are reported as a vector of z -scores between each

SNP, and the first K components obtained with the linear regression. Based on this vector, the outliers

are then identified using a multi-dimensional approach. The Mahalanobis distance is used as a statistic to

measure the distance between each point and its mean. It calculates the distance between the covariance

matrix of the z -scores and the vector of the z -score means. Finally, Mahalanobis distances are transformed

in p-values based on the correlations between SNPs and the K principal components to performed multiple

hypothesis testing. The q-value procedure is recommended to choose a threshold for p-values FDR approach

(Benjamini and Hochberg, 1995). The pcadapt function with a large number of PCs (K=20) was applied to

the dataset to identify the optimal number of principal components K by using scree plot (Cattell’s rule) or

scoreplot (population structure). As a result, pcadapt function was run with the optimal K (K=4) by using

Mahalanobis method and a threshold for MAF of 0.05 selecting α= 0.1 for the threshold of putative outlier

SNPs. We then evaluated the overlap in loci to create datasets of putative neutral and outlier SNPs that

could suggest different patterns of genetic divergence. We used Venn diagram to visualize SNPs that were

common to each method. To create the outliers dataset, we kept the union of all SNPs identified as outliers
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by each method. Then, we removed those SNPs from the whole dataset to obtain the neutral dataset. We

performed the following genetic analysis on the whole, neutral and outlier SNPs datasets using the resulting

datasets of SNPs to compare potential alternative patterns of divergence. We estimated global and pairwise

values of FST index (Weir and Cockerham, 1984) and relative significance using the exact test implemented

in GENEPOP 4.0 to assess genetic differentiation among populations. To investigate population structure,

we ran STRUCTURE v.2.3.4 (Pritchard et al., 2000) using the datasets of whole, neutral and outlier SNPs

as input. The software was run assuming admixture, correlated allele frequency and testing the scenarios

without prior information on their geographical locations. We ran the analysis for K from 1 to 10 with

500,000 iterations and burn-in period at 50,000. STRUCTURE HARVESTER online (Earl and VonHoldt,

2012) was used to evaluate the best K was performed according to Pritchard’s criterion (Pritchard et al.,

2000). CLUMPP 1.1 (Jakobsson and Rosenberg, 2007) was utilised to align and merge the multiple runs

for each K and DISTRUCT 1.1 (Rosenberg, 2004) to visualise the posterior membership probability of each

individual to clusters from 1 to 10. Using the groups identified by STRUCTURE analysis, a locus-by-locus

analysis of molecular variance (AMOVA, n= 1000 permutations) was carried out using ARLEQUIN 3.5.

(Excoffier and Lischer, 2010). To validate the results, we performed a principal coordinate analysis (PCoA)

using GENALEX 6.5 (Peakall and Smouse, 2012). PCoA is a multivariate technique that allows to in-

vestigate relative genetic distances among population samples and to visualise the major patterns within

multiple populations samples. We computed the method using the matrix of pairwise codominant genetic

distance among all pairs of population samples, with the default options of Triangular Distance Matrix and

Covariance-Standardized. TESS3 algorithm, combining genetic and geographic data to compute spatial an-

cestry coefficients, was also used to estimate and visualize population structure (Caye et al., 2016, 2018).

The method uses individual spatial coordinates to better discriminate among putative populations using a

graph based non-negative matrix factorization (Caye et al., 2016). The data were converted to tess3 matrix

format using tess2tess3 function implemented in tess3r R package (Caye et al., 2018). The algorithm was

run by using tess3 function to estimate spatial population structure for K values from 1 to 10 with 20 rep-

etitions for each K. To identify the K that better described the data cross validation score was inspected,

and ancestry coefficients were analysed only for values of K from 2 to 4. The corresponding Qmatrix of each

K was visualized by using plotQ function implemented in pophelper R package. The values of the Qmatrix

were interpolated on the geographic map of the study area using ggtess3Q function, showing the distribution

of gene pools over the seascape.

We represented the spatial structure between geographical sites with distance-based Moran’s eigenvector

map (dbMEMs) variables obtained through a distance matrix. In order to determine the dbMEMs, we first

calculated the spatial distance matrix from geographical coordinates (longitude and latitude of centroids)

containing the distances between the locations using the gcd.hf function. Then, we computed the distance-

based Moran Eigenvector’s Maps (dbMEMs) using the pcnm function in vegan R package (Oksanen et al.,
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2022). In this way, we were able to use spatial variables (dbMEMs) as independent vectors, representing the

spatial structure associated with the neighbourhood network across different scales, as explanatory variables

in the following analysis (Borcard and Legendre, 2002). Environmental variables were downloaded from

E.U. Copernicus Marine Service Information according to their availability over the analysis period from

2014 to 2018 (CMEMS, http://marine.copernicus.eu/). From the available products we selected three

environmental variables, as reported in Supplementary materials, based on their influence on the distribution

of European hake and their variation between sampling locations (Milano et al., 2014; Coll et al., 2016). To

detect multicollinearity, we applied the function vifstep in usdm R package (Naimi, 2017; Naimi et al.,

2014) in which highly correlated variables with Variance Inflation Factor (VIF) values greater than 10 were

excluded. In our seascape genomic analysis we considered as environmental factors the resulting set of

two out of three variables (salinity (sal, psu) and chlorophyll concentrations (chl, milligramm−3) and as

spatial variables the resulting set of three out of four dbMEMs after multicollinearity analysis using vifstep

function. We evaluated the effect of spatial distribution and/or environmental factors on genetic structure at

seven macro-areas using a redundancy analysis (RDA), a constrained ordination method used in multivariate

analysis (Legendre and Legendre, 2012). We first performed three distinct RDAs using both whole, neutral

and outlier SNPs as response variable and we combined the spatial factors (dbMEMs) and the environmental

factors as explanatory variables. Then, we performed a partial RDA both on whole, neutral and outlier SNPs

to assess only the influence of environmental factors excluding the effect of the spatial factors on the genetic

differentiation and vice versa. All RDAs were performed using rda function in vegan R package (Oksanen

et al., 2022). Following Selmoni et al. (2020) we extracted the first principal component that reaches the

80% of cumulative variance to use them as response variables to compute RDA. The principal components

were produced performing a PCA on the standardized matrix using the prcomp function, after transforming

the matrix of allele frequencies with the Hellinger approach using the decostand function. We applied the

ANOVA and marginal ANOVAs with 1,000 permutations to assess the significance of the global model and of

each variable. We calculated the adjusted coefficient of determination (R2
adj) using the RSquareAdj function

in vegan R package to determine the variation explained by the model (Oksanen et al., 2022). Then, we used

the ordistep function with 1,000 permutations to perform both forward and backward selection of explanatory

variables that best explained the variability of the response variable (optimal model). Also in this case, we

evaluated the significance of the model and each variable as explained above. Finally, we used the varpart

function to partition the variation in genetic data with respect to environmental and spatial variables. We

assessed the proportion of variability explained by each set of variables through the adjusted coefficient of

determination (R2
adj) and Venn’s diagrams.
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4.3 Results

We found significant linkage disequilibrium among 15 pairs of loci considering results over all population

samples (p < 0.05 after FDR correction). Over all loci, there was a significant heterozygosity deficit (after

FDR correction) among all population samples. Therefore, we removed all loci that in at least one sample

were involved in linkage disequilibrium and presented departure from Hardy-Weinberg equilibrium. The

whole resulting dataset employed in all downstream analyses was constituted by 261 SNP loci. FIS values

ranged between -0.02 for MDQ and 0.04 for NDR and GHZ (Table 4.18). Over all loci, significant heterozy-

gosity deficits were found in 3 population samples (NDR, GHZ and TOR) out of 15 (after FDR correction)

(Table 4.18). Observed (Ho) and expected (He) heterozygosity varied between 0.30 for ANB, GTU, TOR

and CAS and 0.33 for AGA, ETP, MLG, MDQ and GHZ and between 0.30 for GTU and 0.34 for ETP and

GHZ, respectively, with a mean value of 0.32 in both cases (Table 4.18).

Sample Ho He FIS

AGA 0.33 0.33 0.01

MHD 0.32 0.32 0.01

HUE 0.32 0.33 0.02

CDZ 0.32 0.32 0.02

ETP 0.33 0.34 0.02

MLG 0.33 0.33 0.02

RQT 0.32 0.32 -0.01

MDQ 0.33 0.33 -0.02

NDR 0.32 0.33 0.04*

GHZ 0.33 0.34 0.04*

ANB 0.3 0.31 0.01

TBK 0.32 0.32 -0.01

GTU 0.3 0.3 0.02

TOR 0.3 0.31 0.03*

CAS 0.3 0.31 0.02

Table 4.18: Genetic diversity statistics for each population samples of Merluccius merluccius including mean

observed (Ho) and expected (He) heterozygosity, and FIS estimation with significant values (*) (p < 0.05

after FDR correction). Code of population samples are given in Table 4.17

110



Chapter 4 - Merluccius Merluccius case study

Methods for outlier detection identified different numbers of loci as outliers: pcadapt identified 55 outlier

SNPs and Bayescan identified 59. The panel of SNPs identified by both methods resulted in an outlier dataset

of 31 SNP loci. The neutral dataset included the 178 markers which were not detected as outlier, considering

both balancing and diversifying outliers, by any of the two methods. Pairwise FST values ranged from -0.0036

(MLG vs. GHZ) to 0.1196 (CDZ vs. GTU), from -0.0034 (MLG vs. GHZ) to 0.0188 (CDZ vs. GTU) and

from -0.0061 (MLG vs. GHZ) to 0.3729 (CDZ vs. GTU), with an overall significant FST of 0.0377, 0.0047

and 0.1360 for whole, neutral and outlier datasets respectively (p < 0.001). Pairwise comparisons of genetic

differentiation displayed a high degree of structure in the whole and outlier datasets with 80 and 91 out of 105

significant tests respectively (Suppl. Table 4.20). Whereas the level of structure was moderate for neutral

dataset with 21 out of 105 significant tests (Suppl. Table 4.20). Atlantic population samples were found

genetically differentiated from Mediterranean population samples for all datasets. However, only for whole

and outlier dataset, Atlantic population samples exhibited significant levels (α= 0.05) of genetic divergence

from all Mediterranean population samples. Furthermore, outlier dataset unveiled significant levels (α= 0.05)

of genetic differentiation within Atlantic population samples between AGA and HUE, AGA and CDZ, and

MHD and CDZ. The levels of genetic differentiation, based on significant pairwise FST comparisons, between

population samples inside the Mediterranean Sea varied considerably among the different datasets. Detailed

results are reported in Table 4.20 in the Supplementary materials. The clustering pattern of population

samples resulting from STRUCTURE analysis was concordant with the structure suggested by the pairwise

FST (Figure 4.44). Based on Pritchard’s criterion, two clusters were identified for the whole and neutral

datasets (Figure 4.48A, 4.48B). The first cluster grouped the Atlantic, North Alboran (except RQT), South

Alboran population samples and GHZ, while the second cluster grouped RQT, ANB, North Tunisia and

North Spain population samples (Figure 4.44A, 4.44B). For the outlier dataset three clusters were identified

(Suppl. Figure 4.48C) with the cluster one that grouped the same population samples as in the two other

datasets, while the second previous cluster is divided into two different clusters: one grouping RQT and North

Spain population samples and another grouping ANB and North Tunisia population samples (Figure 4.44C).

PCoA analysis also confirmed STRUCTURE results (Figure 4.45). The first principal coordinate showed

a separation between Atlantic, North Alboran (except RQT), South Alboran and GHZ population samples

from RQT, ANB, North Tunisia and North Spain population samples with 83.4, 72.3 and 83% of variance for

whole, neutral and outlier datasets respectively. North Spain and RQT population samples were separated

from ANB and North Tunisia population samples along the second principal coordinate accounting for 9.9,

and 12.8% of the variance for the whole and outlier datasets respectively (Figure 4.45A, 4.45C). Based on

cross-validation criterion for TESS3, three main ancestral groups (Figure 4.46A and Suppl. Figure 4.49A,

4.50A) were identified for whole dataset corresponding to the following geographical clines: (1) Atlantic,

North Alboran (except RQT) and South Alboran samples and GHZ; (2) ANB and North Tunisia samples;

(3) RQT and North Spain samples. Two main ancestral groups (Figure 4.46B and Suppl. Figure 4.49B,
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4.50B) were identified for neutral dataset corresponding to: (1) Atlantic, South Alboran samples and GHZ;

(2) ANB, North Alboran, North Tunisia and North Spain samples. For outlier dataset, a subtle substructure

were detected with four ancestral groups identified that correspond to the following geographical area: (1)

Atlantic samples (except AGA); (2) AGA and North and South Alboran samples; (3) ANB and North Tunisia

samples; (4) North Spain samples (Figure 4.46C and Suppl. Figure 4.49C, 4.50C).

A

B

C

Figure 4.44: Graphical representation of the Bayesian clustering analysis of STRUCTURE for whole (A),

neutral (B) and outlier (C) SNPs datasets. Code of population samples are given in Table 4.17.

The global RDA model performed on whole, neutral and outlier SNPs identified significant patterns of

variation (p < 0.05). The percentage of genetic variation explained was 0.73% for the whole dataset of loci,

0.40% for the neutral ones and 5.40% for the outlier ones, with the first two axes accounting respectively

for 0.46%, 0.24% and 4.59% of the explained variation. The forward and backward procedure using ordistep

function selected spatial variables (dbMEM2 and dbMEM3) for the whole and outlier datasets of SNPs and

no spatial variables for neutral dataset of loci, while salinity and chlorophyll were identified for all RDA on
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A B

C

3

Figure 4.45: Principal coordinate analysis (PCoA) of whole (A), neutral (B) and outlier (C) SNPs datasets.

Code of population samples are given in Table 4.17
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A
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C

Figure 4.46: Interpolation of the values of the ancestry coefficient on the geographical map of the study area

for whole (A), neutral (B) and outlier (C) SNPs datasets. Code of population samples are given in Table

4.17 114
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whole, neutral and outlier SNPs (Figure 4.47, Table 4.19). From marginal ANOVAs, spatial and environmen-

tal variables selected were all significant predictors of whole, neutral and outlier genetic variation (p < 0.01).

The results of variation partitioning based on neutral SNPs indicated that only environmental variables ex-

plained the individual fraction of variance, specifically chlorophyll (0.3%) explained approximately the same

individual fraction of variance as the salinity (0.1%) with the highest amount of explained variance repre-

sented by shared variance (0.6%) (Suppl. Figure 4.51B). Moreover, the environmental variables explained

more of the individual fraction of variance in the outlier SNPs (17.1%), whereas spatial variables explained

3%. Shared variance (3%) resulted in the same amount of explained variance as spatial variables (Suppl.

Figure 4.51C). As for outlier SNPs, the environmental variables explained more of the individual fraction

of variance in the whole SNPs (5.2%), whereas spatial variables explained 0.7% (Suppl. Figure 4.51A).

Shared variance (0.8%) resulted in the same amount of explained variance as spatial variables. Partial RDA

performed with spatial variables as condition confirmed that most of the genetic variation for all datasets,

particularly for outlier dataset, was mainly explained by environmental variables. Especially, in the partial

RDA performed on whole dataset, the global model considering as condition the spatial variables explained

0.47% of the genetic variation, while using the environmental variables as condition the model explained

0.27% of the genetic variation. When we assessed the effect of environmental variables on whole SNPs while

controlling for the effect of spatial variables, sal and chl were significant variables. On the contrary, control-

ling the effect of environmental variables, spatial variables (dbMEM2, dbMEM3) were significant. (Suppl.

Figure 4.52 and Table 4.19). In the partial RDA performed on neutral dataset, the global model considering

as condition the spatial variables explained 0.39% of the genetic variation, while using the environmental

variables as condition the model did not explain genetic variation. When we assessed the effect of envi-

ronmental variables on neutral SNPs while controlling for the effect of spatial variables, sal and chl were

significant variables. (Suppl. Figure 4.53 and Table 4.19). In the partial RDA performed on outlier dataset,

the global model considering as condition the spatial variables explained 3.13% of the genetic variation, while

using the environmental variables as condition the model explained 1.54% of the genetic variation. When

we assessed the effect of environmental variables on outlier SNPs while controlling for the effect of spatial

variables, sal and chl were significant variables. On the contrary controlling the effect of environmental

variables, spatial variables (dbMEM2, dbMEM3) were significant (Suppl. Figure 4.54 and Table 4.19).
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Figure 4.47: Redundancy analysis (RDA) performed on whole (A), neutral (B) and outlier (C) SNPs datasets

following the forward and backward selection of variables using ordistep function. Significant variables found

as significant predictors are shown with arrows. Code of population samples are given in Table 4.17.
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Selected variables (ordistep function)

SNPs Analysis Environmental Spatial p R2
adj

Whole RDA 0.0010 0.0072

sal***

chl**

dbMEM2***

dbMEM3**

partial RDA 0.0010 0.0047

sal***

chl***

partial RDA 0.0010 0.0027

dbMEM2***

dbMEM3***

Neutral RDA 0.0010 0.0039

sal***

chl*

partial RDA 0.0010 0.0039

sal***

chl*

Outlier RDA 0.0010 0.0540

sal***

chl***

dbMEM2***

dbMEM3**

partial RDA 0.0010 0.0375

sal***

chl***

partial RDA 0.0010 0.0227

dbMEM2***

dbMEM3***

dbMEM4**

Significant explanatory variables are indicated with the following symbols:

* p < 0.05

** p < 0.01

*** p= 0.001

Table 4.19: Results from RDA and partial RDA for each response variables divided in whole, neutral and

outlier SNPs datasets.
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4.4 Discussion

The identification of existing misalignment of current management units with the biological units can be

attained with the understanding of population structure of marine species (Kerr et al., 2017). In the present

study we applied a molecular approach using SNP loci as genetic markers to examine population structure

of European hake in the Alboran Sea and adjacent waters. The current work confirmed the presence of

considerable levels of differentiation in European hake populations in the Alboran Sea and among adjacent

waters. The level of genetic variability, based on observed and expected heterozygosity, was found in the

same order of magnitude as in previous studies that used SNP markers (Milano et al., 2014; Westgaard et al.,

2017; Leone et al., 2019).

The application of different approaches for population differentiation provided inferences related to both

demographic processes indicated by variation at the neutral SNP loci and adaptive processes identified

by variation at outlier SNP loci. This strategy enabled to detect genetic variation over shorter distances

compared to other studies. Indeed, the use of different datasets of SNPs loci unveiled a strong differentiation

among geographical samples in the European hake within the Alboran Sea and adjacent waters. The presence

of a west-to-east genetic cline and the separation between Atlantic and Mediterranean population samples

with Alboran Sea resulting as a transition area was mainly identified by using the whole genetic dataset as

well as the selected dataset of only neutral markers. A further detection of a fine scale segregation patterns

was pointed out by the analysis conducted on outlier SNPs loci that demonstrated a higher resolution in

revealing finer spatial scale patterns compared to neutral markers. In details, the analysis based on outlier loci

resulted in discriminating the European hake samples from the North Spain from the East Algeria-Tunisian

samples. The results obtained from previous studies on European hake clustered Atlantic population samples

of Morocco (Roldán et al., 1998), Portugal (Lundy et al., 1999; Castillo et al., 2004) or Spain (Tanner et al.,

2014; Castillo et al., 2005) closer to Mediterranean population samples than to Northeast Atlantic population

samples from Galician shelf area to up Northern Atlantic areas. This reported pattern of differentiation is in

line with our results. Despite some genetic differentiation between Atlantic and Mediterranean population

samples, our findings suggested that Alboran Sea population samples were genetically closer to Atlantic

population samples than to the remaining Mediterranean population samples.

Several studies argued that the Gibraltar Strait acts as a geographical barrier to gene flow, separating

the populations structure of European hake across Atlantic Ocean and Mediterranean Sea, with limited

connectivity between population samples (Lundy et al., 1999; Castillo et al., 2004, 2005; Pita et al., 2010).

Nevertheless, none of these studies conducted simultaneous analyses with population samples on either side

of the Gibraltar Strait, both in northern-southern and eastern-western directions, and neither in the close

vicinity of the Gibraltar Strait.

Our results, with a more exhaustive sampling design across the Gibraltar Strait, supported the existence
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of ongoing gene flow from the Atlantic Ocean to the Mediterranean Sea with a west-to-east genetic gradient

from the Atlantic component into the Mediterranean Sea. As previously suggested by Milano et al. (2014), the

Alboran Sea resulted as a transition zone between Atlantic and Mediterranean water bodies with a limited

differentiation between the northern and the southern area only detected by neutral marker. However,

whether this gene flow is the result of passive dispersal of eggs and larvae, or the active migration of juvenile

or adult must be determined. Considering the Mediterranean Sea area, a limited gene flow was detected

between Alboran Sea and Eastern Mediterranean Sea waters because of the genetic divergence observed both

between Alboran Sea and North Tunisia, and North of Spain population samples. The Almeria Oran front

(Tintore et al., 1988) has been widely reported as a genetic break for several marine species (Patarnello et al.,

2007), including European hake (Cimmaruta et al., 2005; Pita et al., 2014). The role of Almeria-Oran front

in acting as an ecological barrier or as a connectivity moderator is not so clear due to differentiation patterns

observed between neighbouring GSAs. In the case of Algeria population samples, Annaba showed similarities

with Tunisia population samples while Ghazaouet showed similarity with South Alboran population samples.

The same occurred with Roquetas population sample of North Alboran Sea located in a transitional area

between North Alboran Sea and North Spain that was genetically closer to North Spain population samples

than to North Alboran ones. Indeed, these patterns of differentiation within and among GSAs are probably

due to the proximity of these population samples to the GSAs boundaries. The exact location of the genetic

pattern of segregation compared to the Almeria-Oran front should be further investigated with an extensive

sampling design covering the whole GSAs taking also into consideration the fisheries ground for each GSA.

Furthermore, in this study, a first attempt to investigate certain factors that can explain the observed

pattern of genetic variation was made. Indeed, Milano et al. (2014) found significant correlations between

allele frequencies of several SNP outlier loci and seawater surface temperature and salinity and argued that

European hake populations might be adapted to local conditions. A previous study based on allozyme loci

showed a strong correlation between genetic variation and salinity and temperature values, suggesting that

these two environmental factors may play a role for selective processes and maintaining the genetic structure

of European hake (Cimmaruta et al., 2005). The seascape analysis performed to investigate the influence of

environmental variables on population structure of European hake underlined those environmental factors

such as salinity and chlorophyll better explained the genetic variation as opposed to spatial factors suggesting

their role in shaping the genetic population structure. However, a larger proportion of the genetic variation

was explained by clusters in the outlier loci dataset, confirming the higher power of resolution of these

markers than neutral ones to detect fine scale population structure.

Whatever the factors underlying the evidence of genetic structure across European hake populations

across its distributional range, it should be noted the power of outlier loci in revealing segregation patterns

over shorter distances. The complex spatial structure and genetic connectivity among and within GSAs of

Alboran Sea and Western Mediterranean Sea should be taken into account in the definition of management
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units for the effective integration of biologically based information into management. The limit between GSAs

should be further investigated. Therefore, the assessment and management of European hake within the

western Mediterranean Sea should be carried out jointly among countries as already suggested (Benchoucha

et al., 2012). Finally, the ongoing gene flow between the Atlantic and Mediterranean populations of the

European hake suggests that a cohesive stock management of this species among the ICES, CECAF and

GFCM should be considered.

4.5 Supplementary materials

4.5.1 Molecular data

Sampling, DNA extraction and SNP genotyping procedure reported here was performed in the framework

of TRANSBORAN project. A muscle sample was taken from around 40 European hake individuals per

location and stored in non-denaturated ethanol 96% (Figure 4.43 and Table 4.17). DNA was extracted

from 593 tissue samples using the pureLink DNA Invitrogen Kit, following the manufacturer’s protocol.

A custom Genotyping By Sequencing (GBS) assay was developed by Thermo Fisher Scientific, from a set

of 917 SNP of European hake which were selected from (Milano et al., 2014; Leone et al., 2019), using

the following criteria and ranking: (1) outlier loci, (2) significant P value and common to Atlantic and

Mediterranean populations, (3) significant P value for Atlantic populations and (4) higher FST values. This

set of markers was passed through a Thermo Fisher Scientific’s quality control process. The quality check

was performed using European Hake, Merluccius merluccius, reference genome (GenBank assembly accession:

GCA 900312545.1). 591 SNP markers which passed the quality step were then submitted to AgriSeqTM

primer design phase. The primer designs were in-silico checked for specificity and sensitivity of the intended

target/marker regions using hake reference genome. A total of 574 SNPs were designed and were contained

within 554 amplicons/target regions. Next, targeted sequencing was performed using the developed custom

GBS hake panel. The DNA samples were prepared for sequencing using the AgriSeqTM HTS Library Kit

(Applied Biosystems). DNA samples were quantified using the Quant-iT DNA Assay kit (Thermo Fisher

Scientific) on the Fluoroskan™ Microplate Fluorometer. DNA concentrations were normalized to 3.3 ng/µl for

a total of 10 ng DNA per 10 µl reaction. Normalized DNA was combined with the Ion AgriSeq primer panel

and AgriSeq amplification master mix. For amplification of genomic targets, the following thermocycling

programs were used: 99°C for 2 min, then 16 cycles of 99°C for 15s and 60°C for 4 min. Amplicons were then

prepared for ligation with pre-ligation enzyme digestion at 50°C for 10 min, 55°C for 10 min, and 60°C for 20

min. IonCode TM Barcode Adapters 1-1248 kit were ligated to the digested products with barcoding enzyme

and buffer. Labelled amplicons were then pooled, cleaned up, amplified and normalized. Following library

preparation, libraries were loaded onto an Ion 540 TM sequencing Chip Kit via the Ion 540TM Kit-Chef and
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Ion Chef. Sequencing was then performed on the Ion S5 system (Thermo Fisher, Inc. Waltham, MA). A

total of 73M of reads per sequencing run were generated. The reads were then de-multiplexed to individual

samples using barcode sequences. For each sample, the sequenced reads from the targeted regions were

then mapped to the hake reference genome using TMAP- Torrent Mapping Alignment Program followed

by genotyping using TVC-Torrent Variant Caller. The genotypes were reported in different formats TOP,

TOP/BOT and actual alleles using AgriSum Toolkit.

4.5.2 Environmental variables

Monthly mean values of physical and biochemical environmental variables were downloaded from E.U.

Copernicus Marine Service Information (https://marine.copernicus.eu/). Salinity (sal, psu) and tem-

perature (temp, °C) data were extracted from the Global Ocean Physics Reanalysis (https://doi.org/

10.48670/moi-00021) from 2014 to 2018 on a grid with 1/12° x 1/12° horizontal resolution (approxima-

tively 8 km) and 50 vertical levels of thickness increasing with deph (0-5500 m). Chlorophyll concen-

trations (chl, milligram m-3) were extracted from the Global Ocean Biogeochemistry Hindcast (https:

//doi.org/10.48670/moi-00019) from 2014 to 2018 on a grid with 1/4° x 1/4° horizontal resolution and

75 vertical levels of thickness increasing with depth (0-5500 m). Average values were extracted over the

temporal windows of 5 years (2014-2018) based on macro-areas extension keeping only surface values.

4.5.3 Results
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a

b

c

Table 4.20: Pairwise FST values among population samples of Merluccius merluccius computed on whole

(A), neutral (B), outlier (C) datasets respectively. Significant values are represented in bold (p= 0.05 after

FDR correction). Code of population samples are given in Table 4.17.
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A B

C

Figure 4.48: Plot of LnP(D) as a function of the number of clusters (K) across the 10 runs for whole (A),

neutral (B), outlier (C) SNPs datasets.
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Figure 4.49: Cross-validation score profile resulted from tess3 function showing putative ancestral population

of whole (A), neutral (B) and outlier (C) SNPs datasets. The optimal number of clusters (K) was decided

following the cross-validation criterion for tess3 in which the best K values corresponds either to a plateau

or an increase in the curve.
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A

B

C

Figure 4.50: Barplot representation of ancestry coefficient matrix of whole (A), neutral (B), outlier (C) SNPs

datasets. Code of population samples are given in Table 4.17
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Figure 4.51: Results from variation partitioning analysis on whole (A), neutral (B) and outlier (C) SNPs

datasets expressed by the adjusted coefficient of determination (R2
adj). Venn’s diagram shows the independent

and shared variance explained by environmental and spatial variables.
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Figure 4.52: Partial redundancy analysis (RDA) conditioned on spatial (A) and environmental (B) variables

performed on whole SNPs. Environmental and spatial variables are shown with arrows.
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Figure 4.53: Partial redundancy analysis (RDA) conditioned on spatial variables performed on neutral SNPs.

Environmental and spatial variables are shown with arrows.
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Figure 4.54: Partial redundancy analysis (RDA) conditioned on spatial (A) and environmental (B) variables

performed on outlier SNPs. Environmental and spatial variables are shown with arrows.
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General discussion

Understanding stock structure is an essential requirement before any stock assessment can be provided for

management plans. Stock identification methods are directly relevant for the appropriate definition of stock

units. The description of stock structure using a holistic approach contributed to the general understanding

of the biological features and processes acting in marine species population.

Within this project, population structure of common sole (Solea solea) in the Mediterranean Sea was

investigated as the first case study using multiple tracers with a range of spatio-temporal scales. Multi-

disciplinary approaches demonstrated evidence of complex spatial structure of the common sole population

in the Mediterranean Sea suggesting the presence of local adaptation acting at smaller scale within a large

scale differentiation pattern due to neutral processes. The results of multiple tracers were combined in a

holistic integrated approach. All tracers were complementary and consistent in contributing to a scientific

and valid indication of the population structure of common sole species in the Mediterranean areas assessed.

The results obtained from the otolith analysis almost substantially corresponded with the ones provided

by the genetic analyses helping in integrating the information from a biological perspective. In fact, both

multidisciplinary and holistic approaches developed here contributed to fill the gaps in the understanding

of the mechanisms acting at different spatio-temporal scales, as well as the processes and factors shaping

population structure of this flatfish stock. In particular, genomics approaches pointed out two main pro-

cesses structuring common sole populations: a long term and longitudinal genetic drift differentiation at wide

geographical scale, and a local adaptation driven by distance segregation, environment features and/or demo-

graphic processes spatially structured at fine geographical scale. These mechanisms were further investigated

and confirmed by holistic approach.

Even using a reduced number of population samples especially for certain tracers, the results of this project

attested that implementing a holistic perspective of the population structure of marine species targeted by

commercial fisheries is necessary in order to properly provide scientific advice and take scientifically oriented

decisions on the most likely stock structure for assessment and management purposes (ICES, 2022). Indeed,

once a comprehensive review of stock structure and a synthetic perspective through holistic approach was
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provided, alternative assessment and management options should be proposed to evaluate their limitations.

For instance, in the decision-making steps a Management Strategy Evaluation (MSE) should be adopted to

measure the consequences of alternative management options under simulated scenarios that incorporates

biological population structure and bioeconomic models. Simulation models can consider different mixed-

stock structures and dispersion models to evaluate the degree of connectivity (Kerr et al., 2017; Cadrin,

2020).

In this sense, the integration of an increasing amount of information on the dynamics and boundaries

of the stocks is essential for stock units delineation within an adaptive spatial management framework, as

demonstrated by MED UNITs project. Especially, the strategy to explore the role of environmental variables

at spatial scales in delineating the population structure pointed out from the combination of molecular and

otolith data was successfully in identifying stock units. As a results, the new stocks configuration was tested

under multiple management scenarios trying to develop a framework for a proper management focused on

reducing bias in assessment and management schemes in order to protect the spatial structure of the marine

resources (Spedicato et al., 2022).

The work conducted in my study represented a first approach to the configuration of stock units of

common sole in the Mediterranean Sea. At this stage, proper stock units of common sole in the whole

Mediterranean Sea area should not be proposed at biologically valuable regional scales due to the complexity

of the population structure pointed out in this work. Although there is limitation in data availability, the

preliminary knowledge for future application of spatial stock assessment models was determined by this

project. Hence, future studies could use these results to better design the sampling collection for specific

applied questions. The implementation of further investigation is necessary to provide reliable and robust

scientific advice.

As second case study, population structure of European hake (Merluccius merluccius) in the Alboran

Sea and adjacent waters was assessed using only one tracer. Genetic analysis on data from genome wide

SNPs markers suggested higher levels of structure with a westward–eastward differentiation gradient among

populations derived by a long-term genetic divergence, as well as a potential subtle differentiation at fine

geographical scale using putatively adaptive SNPs. Multiple tracers and holistic approaches for this species

were applied inside TRANSBORAN project. A more complete view of population structure, stock units

boundaries and mechanisms involved in the spatial distribution of European hake in Alboran Sea, and

adjacent waters will be shortly provided by the final project report. The population structure of European

hake inside the whole Mediterranean Sea was investigated within the MED UNITs project, a continuous

longitudinal gradient was suggested according to single and combined phenotypic otolith data and consistent

with the occurrence of both several stocks and complex spatial structure (Morales-Nin et al., 2022; Spedicato

et al., 2022). This information is consistent with the genetic evidence provided by MED UNITs results

suggesting three potential stocks at large basin scale: western Mediterranean, central Mediterranean and
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eastern Mediterranean. The results achieved by MED UNITs project drew the attention to the ability of

high quality SNPs loci in unveiling pattern of differentiation (Spedicato et al., 2022).

Regarding the potential of innovative genomics tools, analysis conducted on both species stressed out

the power of outlier SNPs, as diagnostic tool, in revealing subtle population structure in marine organisms

that express different life traits behavior and/or various pattern of segregation and connectivity depending

on the marine realm they belong to. Indeed, in the Mediterranean Sea case study of common sole outlier

detection revealed local selection under highly structured differentiation, while the same panel of molecular

markers in the Atlantic Ocean populations of common sole revealed local selection under high levels of gene

flow (Diopere et al., 2018).

In both case studies, a seascape genomics analyses was applied trying to unravel the relative contribution

of space and environmental variables on neutral and outliers genetic structure understanding gene flow

and local adaptation processes, respectively. A recent study conducted on two fish species with contrasting

dispersal abilities demonstrated the ability of this approach in revealing which variables contributed to shape

species population boundaries (Boulanger et al., 2022).

Signatures of local selection driven by spatial and environmental variables were identified by outlier SNP

markers in both case studies with contrasting outcomes. Results of this study confirmed that the association

of these loci to environmental variables can provide information on the factors shaping the populations

structures. Future directions in seascape genomics approach should lead to the combination of population

genomics using outlier SNPs, associated with a range of environmental variables, and both habitat and

climate models to forecast population structure reaction to environmental fluctuations (Jahnke and Jonsson,

2022). For instance, the distribution of several important marine species may be affected by increasing sea

surfaces temperatures (Stanley et al., 2018).

Among other challenges, the expected change in stocks distribution due to climate change may need to be

taken into account by conservation and management strategies (Pinsky et al., 2018). In fact, climate change

altering environmental variables can influence evolutionary processes by forcing populations to migrate or

evolve life-history traits to adapt to climate change. Because of either migratory or adaptation behavior may

modify up-to-date marine population structures, it is necessary to evaluate the impact of climate change

on the performance of stock identification methods in future study (Boulanger et al., 2022; Goethel et al.,

2021). In addition to natural and artificial tracers generally used in stock identification methods, simulations

considering different scenarios induced by climate change could assist spatial population dynamics models in

advancing on potentially unexpected patterns (Goethel et al., 2021), or implementing other scenarios under

the management strategy evaluation framework (Jacobsen et al., 2022).

As conclusion, these three years of PhD project allowed me to develop different methods and methodolo-

gies in the framework of stock identification. The developed approaches could be applied, according to data

availability, to new target species, taking also into consideration new techniques, for instance, connected to
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climate change. There is the need to adopt a holistic approach with multiple techniques to improve infor-

mation on stock structure for resource management to develop stock assessment applications that includes

an evaluation of the most appropriate spatial populations structure of marine species. In fact, multidisci-

plinary and holistic approach allows to enhance the chance to define stock units considering the ecological,

oceanographic, and evolutionary processes contributing to the population structure of marine species.

The results obtained in my PhD project and in all the projects I have had the opportunity to participate

in, seem to confirm the potential power of stock identification methods in delineating the stock boundaries, in

providing evidence of local adaptation and in advancing knowledge for fisheries assessment and management.

In particular, the results of the analysis performed on the target species Solea solea and Merluccius merluccius

with the purpose of the identification of actual spatial stock units will be useful in stock assessment and

management plans that include spatially explicit local specificities, as well as other scientific studies.
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Benchoucha, S., Pérez-Gil, J., Ainouche, N., Jarbui, O., Baro, J., Elouamari, N., Ben-Merien, S., Hamida,
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Castro, J., Murillas, A., 2015. European hake (Merluccius merluccius) in the northeast atlantic ocean.

Hakes: biology and exploitation , 1–37.

Kotoulas, G., Bonhomme, F., Borsa, P., 1995. Genetic structure of the common sole solea vulgaris at different

geographic scales. Marine Biology 122, 361–375.

Kvamme, C., Bekkevold, D., Nash, R.D.M., Jansson, E., Sørvik, A.G.E., Taggart, J.B., Skaala, Ø., Dahle,

G., Glover, K., Quintela, M., 2020. Genetic analysis redraws the management boundaries for the european

sprat .

Lecomte, J.B., Le Pape, O., Baillif, H., Nevoux, M., Vermard, Y., Savina, M., Veron, M., Lehuta, S., Hunter,

E., Rivot, E., 2020. State-space modeling of multidecadal mark–recapture data reveals low adult dispersal

in a nursery-dependent fish metapopulation. Canadian Journal of Fisheries and Aquatic Sciences 77,

342–354.

Legendre, P., Legendre, L., 2012. Numerical ecology. Elsevier.

Lehnert, S.J., DiBacco, C., Van Wyngaarden, M., Jeffery, N.W., Lowen, J.B., Sylvester, E.V., Wringe, B.F.,

Stanley, R.R., Hamilton, L.C., Bradbury, I.R., 2019. Fine-scale temperature-associated genetic structure

between inshore and offshore populations of sea scallop (Placopecten magellanicus). Heredity 122, 69–80.
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