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Abstract

Genomic studies have recently become a powerful tool to gain compelling insights into species
recent evolutionary history, patterns of spatial genetic structure and connectivity. The European
anchovy (Engraulis encrasicolus), one of the most important pelagic fish in the Mediterranean
Sea, constitutes a keystone species within the marine ecosystem due to its role in regulating trophic
interactions, while also contributing significantly to the region's fishing industry. The aim of the
study was to assess the European anchovy’s population genetic structure in the Western and
Central Mediterranean using a genomic approach. To identify a great number of polymorphic loci,
we first assembled a draft reference genome of 1.69 Gb and 79.8% BUSCO completeness serving
as a powerful mean for our downstream analysis. Then, we mapped ddRAD-sequencing data,
generated from 398 anchovy individuals across twelve Western and Central Mediterranean sites,
which led to the successful genotyping and further study based on 9,497 single nucleotide
polymorphisms (SNPs). Results showed that our samples were divided into two clusters: one
grouping the individuals from the Atlantic and the Alboran Sea, and the other including individuals
from the Northwestern and the Central Mediterranean Seas (Fst=0.09). This differentiation
highlights the presence of two distinct genetic pools, which is in alignment with prior research on
European anchovy, indicating once again the Almeria—Oran front as a potential dispersal barrier
for gene flow in the species. Consequently, our research sets the ground for delineating distinct
stocks and implementing targeted conservation strategies to safeguard the species from over-
exploitation and habitat degradation.



[TepiAnyn

O1yoVISIopHOTIKEG LEAETES £YOVV YivEL TPAGPATA £VaL 1oYLPO EPYOAEID Y100 TNV ATOKTNOT| YVAOGEDY
OYETIKA LE TNV TPOSPOTN EEEMKTIKT 1GTOPIN TOV EWMOV, TO TPOTVTO TS YOPIKNG YEVETIKNG SOUNG
Kot ovvdeodtras. O gvponaikdc yovpog (Engraulis encrasicolus), éva amd ta onuavtikdtepa
TeAAYIKA yaplo 6t Mecsoyelo ®@dhacaoa, amoteAet facikd 100G 6To BOAACT10 0O1KOGVOTNHO AOY®
TOV POAOL TOL oTN POOHICN TOV TPOPIK®OV OAANAETIOPAGE®V, VM TOPIAANAN GLUPAAAEL
ONUOVTIKA OTNV OAEVTIKN Propunyovic g TEPLOYNG. XKOMOG TNG TOPOVGOS EPELVAC NTAV M
a&loAdYNoN NG YEVETIKNG OOUNG TOL TANBVLOUOV TOL ELPOTATKOL YOOPOL GTN AVTIKN Kot
Kevipwkn MecoOyelo pe m ypnom yovisiopatikng mpocéyywons. [ tov eviomioud peydiov
apOLOV TOAVUOPPIKDV TOTMV, GUVAPUOAOYNGOUE APYIKA £VO TPOYEPO Yovidioua avagopdg 1.69
Gb xor 79.8% yovidwokng meplektikomrag -BUSCO- mov ypnoiuevsl o¢ 1oyvpd HEGo Yo TV
TEPALTEP® AVAAVOT HOG. TN GLVEYELX, oTotyioape o dedopéva aainrovynong ddRAD, and 398
dtopa yoaupov oe dmdeka meployes e Avtikng ko Kevipikng Mecsoyeiov, ta onoia odnynooav
OTNV EMTVYN YOVOTOMNGON Kol TEPUTEP® HEAET pe Pdon 9.497 HOVOVOLKAEOTIONKOVG
nolvpopeiopotg (SNPs). Ta amoteréopata £0ciEav Ot Ta detypotd pog yopiotkoav o€ dVo
ouddeg: M pia teprhapfavel tov AtAavtiko kot v Odloccsa Alboran kain GAAn T Bopelodvtikn
kot Kevtpikn Meodyeio Odracca (Fst=0,09). Avti 1 d10poponoinon avadeikvieL TV Tapovcio
O00 SPOPETIKMOV YEVETIKAOV 0eaUeVaV, 1 omtoio evOLYPOUUICETOL e TTPONYOVUEVEG EPEVVES Y1d
TOV EVPOTATKO YOPO, VITOOEIKVVOVTOG Y10 GAAN o Popa To uétmmo AApepioc-Opdv g mhavo
QPOYHO YeVETIKNG pong oto €idoc. Kotd ocvvémewn, n €peguvd pog 0étel T1g Pacelc yuoo v
op1oBétnon dakpltdVv yBLaToHEUATOV KOL TNV EPAPLLOYT CTOXEVUEVOV GTPOATNYIKAOV S10TPNONG
v T O pOAAEN TOV €100VG amd TNV VIEPaAievoT Kol TNV VTOPEOUIoN TOV EvlTUATOV.



INTRODUCTION

The European anchovy: biology and distribution

The European anchovy (Engraulis encrasicolus L. 1758) belongs to the Engraulidae family, a
group of small, schooling fish found in marine and brackish waters (Checkley et al., 2017). The
Engraulis genus consists of nine species occurring in temperate and subtropical coastal waters
worldwide (FAO-FIGIS, 2001). The European anchovy is widely distributed along the north
eastern and central Atlantic, throughout the entire Mediterranean, Black and Azov seas and along
the coast of West to South Africa (Figure 1,Whitehead et al., 1984; Whitehead et al., 1988).
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Figure 1: Distribution of Engraulis encrasicolus (European anchovy) (see geographical
distribution in the FAO—Fishbase)

It is a coastal pelagic species with the capacity to live in a wide range of salinity and temperature
conditions. This short-lived planktivorous organism, spawns multiple times from spring to autumn
(in Mediterranean) with peaks in June-July (Palomera et al., 2007; Somarakis et al., 2004). The
onset of its spawning is highly temperature-dependent but other environmental variables might
also be the cause of the difference in peak-spawning (Millan, 1999; Motos et al., 1996; Palomera,
1992).


https://fishbase.se/summary/Engraulis-encrasicolus.html

Anchovy revealed: ecosystem, socio-economic and evolutionary
Importance

Anchovy as part of the marine ecosystem

Small pelagic fish are known to play a key ecological role in coastal ecosystems, ensuring energy
transfer between lower and higher trophic levels in the food web, while forming narrow “wasp-
waists” characterized by low species diversity but high abundance (Bakun, 2006; Jordan et al.,
2005). Canonical wasp-waist ecosystems, often found in upwelling regions, consist of high
species diversity at the lower (e.g. planktonic) and higher (e.g. predatory fishes, seabirds, marine
mammals) trophic levels, and a single species, or at most few species, of small planktivorous
fishes like anchovy (forage fish), entirely dominating the middle trophic level (inter alia: Bakun,
2006). These forage species are responsible for the transfer of energy from plankton to predators.

Changes in the relative abundance of forage fish are expected to have both bottom-up and top-
down effects (Schwartzlose et al., 1999). Bottom-up regulation is observed when there is a
reduction of forage fish populations e.g. by overfishing (Hunt & McKinnell, 2006), whereas
increases in prey populations upon the removal of their predators (e.g., by fisheries) have been
taken as evidence of top-down effects (Furness, 2002).

European anchovy: a high-value currency

Despite the anchovy’s crucial role in marine ecosystems, its economic importance in supporting
fisheries cannot be overlooked. In the Western Mediterranean basin, local pelagic fisheries
highlight not only its contribution in the local economy but its cultural significance in the region
(Pertierra & Lleonart, 1996). In 2020 and 2021, the European anchovy was one of the main landed
species in the Western and Central Mediterranean accounting for 26,623 tonnes (13%) and 8,263
tonnes (4.7%), respectively (FAO, GFCM, 2023). Anchovy is a key target in Northwestern
Mediterranean fisheries, caught mainly by purse seine and trawl (Pertierra & Lleonart, 1996).
Moreover, the European anchovy is also known for its highly nutritional profile, since essential
fatty acids like Q-3 (DHA, EPA) and Q-6 (ARA) are found in its flesh (Zlatanos & Laskaridis,
2007). Finally, due to anthropogenic pressures in the Mediterranean Sea (climate change, fishing
pressure, pollutants - microplastics), more research and conservation efforts on the anchovies are
essential for both commercial sustainability and overall health of the Mediterranean marine
ecosystems.



European anchovy shaped by evolutionary events

Genetic studies on the European anchovy became popular for several reasons. Initially,
morphological studies were focused on its taxonomy (Fage, 1911; Aleksandrov, 1927).
Subsequent research using morphological (Spanakis et al., 1989; Tudela, 1999), acoustic
(Chashchin, 1996) and molecular data (Bembo et al., 1996; Borsa, 2002;Magoulas et al., 1996;
Spanakis et al., 1989) provided more information regarding the species’ populations, stocks and
evolutionary history. Lastly, due to these primary insights and its high economic value, a high
number of genetic studies followed (e.g. Catanese et al., 2020; Grant, 2005; Magoulas et al., 2006;
Turan et al., 2004; Vifas et al., 2013).

Phylogeographic studies on the European anchovy have revealed interesting genetic patterns that
are due to ocean-climate changes that date back to Pliocene and Pleistocene epochs (Magoulas et
al., 1996 & 2006). These patterns can be traced to particular geological events, such as the
Messinian salinity crisis (around 5.5 million years ago), the connection between Mediterranean
and Black Sea at the end of Pliocene, around 2.58 mya and the following glaciation events (2.58
mya - 11.700 y), all of which have led to colonization events, population bottlenecks, long term
isolation and subsequent mixing of populations. Thus, such dynamic processes mostly explain the
deep divergence in populations of Mediterranean marine species (Magoulas et al., 1996).
Mitochondrial DNA analysis conducted by Magoulas et al. (1996, 2006), revealed that, due to the
previous events, the mitochondrial genetic component of anchovy populations in the
Mediterranean and nearby regions, is segregated into two groups. Finally, the mitochondrial
genome of recent populations seems to contain part of both mito-groups, with varying proportions
observed across different geographic areas (references above).

Population genetic studies, using nuclear and mitochondrial data, on the European anchovy,
revealed remarkable population structure throughout its distribution area (e.g. Grant, 2005). In
particular, Western Mediterranean populations (except the Alboran Sea), were found to be
genetically closer to those of North Sea, English Channel and Bay of Biscay than to those of East
Atlantic coast (Gulf of Cadiz, Alboran Sea, Portugal, Canary islands) (Zarraonaindia et al., 2012).
The observed genetic pattern has also been reported by other studies (Magoulas et al., (1996,
2006); Sanz et al., 2008; Zarraonaindia et al., 2009).

In the Mediterranean basin, there is a pronounced population structure, in offshore anchovies (see
below), which results from recent and historic factors (Grant, 2005; Magoulas et al., 2006). Inthe
basin, the population structure varies between the eastern and western part which may be due to
sharp water salinity changes (Magoulas et al., 1996) in conjunction with physical barriers limiting
the gene flow within the basin. In particular, studies using morphometric and genetic data, in the
Adriatic, lonian and Aegean Sea, have shown population substructure in the Eastern
Mediterranean (references above). On the other hand, no genetic differentiation is observed in the
Western Mediterranean anchovy populations (Sanz et al., 2008; Tudela, 1999; Vifas et al., 2013).



In particular, only the Alboran population (GSAO01) is found genetically distinct from those in
Balearic Sea, Gulf of Lion, Lingurian and Tyrrhenian Seas, whereas they do not differentiate
genetically from each other (e.g. Zarraonaindia et al., 2012).

Furthermore, other studies indicate the existence of two partially isolated ecotypes within the E.
encrasicolus species (Catanese et al., 2020 and literature therein). One lives in coastal waters (i.e.
nearshore, lagoons, estuaries) and the other in open sea (i.e. marine, offshore waters). They
probably correspond to two different groups of spawners that breed and overwinter in coastal and
marine areas, respectively (Zarraonaindia et al., 2012 and cited references). Such local ecotypic
differentiation refers to populations of the same species which have evolved heritable
physiological, morphological and behavioral differences that are closely associated with
environmental variation (Johannesson, 2001). For example, Le Moan et al., (2016) found that
inshore anchovy populations from the Bay of Biscay and the Gulf of Lion were genetically closer
than with their corresponding offshore populations. Accordingly, genetic distinctiveness of marine
and coastal anchovy is also observed in Tyrrhenian Sea, North Adriatic Sea and Mersin Bay in
Eastern Mediterranean (Borsa, 2002; Catanese et al., 2017; Karahan et al., 2014; Ruggeri et al.,
2016).

Aim

In this study, we aim at providing a better understanding of the current population structure of the
European anchovy in the Western and Central Mediterranean by analyzing genome-wide single
nucleotide polymorphisms (SNPs). To better achieve this, we first attempted to generate the draft
whole genome assembly of the species. This decision was motivated by the need to have a high
number of loci resulting in high resolution in our dataset. This research is crucial for fishery and
conservation strategies, as our large genomic dataset allowed us to conduct an in-depth population
analysis, establishing the genetic relationships of Engraulis encrasicolus stocks across various
geographical sub-areas in the Western and Central Mediterranean, as well as adjacent Atlantic
regions.



MATERIALS AND METHODS
Sampling

Anchovy individuals were collected from twelve different locations (Figure 2) from Western and
Central Mediterranean and the adjacent Atlantic waters, during scientific surveys (Mediterranean
International bottom Trawl Survey, MEDITS; and MEDiterranean International Acoustic Survey,
MEDIAS) or commercial hauls in the period November 2017 — June 2018. A total of 408
anchovies (197 males, 176 females, 35 immatures) were collected. These samples were used for
the double-digest RAD library construction.

Additionally, one anchovy (sexed as female) was collected from the Northern Euboean Gulf in
May 2023 with the purse-seine method at a depth of 50m and its genomic DNA was used as
template for the construction of the European anchovy draft genome.

a dashed line.



Building the European anchovy draft genome: DNA extraction,
library preparation, Nanopore sequencing, Genome assembly and
evaluation

DNA extraction was performed with a standard salt-based protocol by Miller et al. (1988) which
is a common, reliable, less expensive, and non-toxic method (Figure 3). The extracted DNA was
checked qualitatively and quantitatively with gel electrophoresis, Nanodrop (ND-1000) and Qubit.
For the genome assembly, since the extracted DNA was moderately fragmented, low molecular
weight DNA was depleted with a size selection protocol using PEG 8000 (Polyethylene Glycol)
and NaCl which are known to be compatible with downstream processes (Tyson, 2020). Library
construction and sequencing was done in two rounds. In the first round, a library was constructed
and sequenced using a SQK-LSK110 sequencing kit and a R9.4.1 flow-cell (Oxford Nanopore).
This kit and flow-cell type have a raw median accuracy of around 96%. During sequencing, it
became obvious that the number of sequences produced was low. A subsequent library was
constructed with a more recent and with higher accuracy Ligation Sequencing Kit V14 (SQK-
LSK114) protocol which is recommended for achieving median raw reads accuracy of around
99%. The library was loaded onto two MinlON R10.4.1 flow-cells and Nanopore sequencing was
conducted. Each flow-cell run for approximately 100 hours. The library exhibited a high degree of
so-called pore blocking; therefore, an unblocking procedure, which consisted of digesting the
library on the flow cell followed by loading a fresh library aliquot, was performed approximately
every 12 hours to increase the amount of sequences produced. During the sequencing run, a fast
and low-accuracy live basecalling was performed to get preliminary statistics (Figure 3).
Basecalling is the process of translating the electronic raw signal of the sequencer into nucleotide
bases, i.e., A, C, T, or G.

Nanopore basecalling

After completion of the runs, a slower but higher accuracy basecalling was performed. Two state-
of-the-art Oxford Nanopore’s basecallers, Guppy and Dorado, were used (Figure 3). Guppy
version 6.5.7 is a neural-network-based basecaller that was used for basecalling of the first round
of data (SQK-LSK110). Dorado version 0.4.1 is a high-performance, open source basecaller for
nanopore reads. Dorado was used together with Samtools version 1.9 for basecalling the second
round of data (SQK-LSK114). Dorado provides the potential for both simplex and duplex
basecalling. In duplex basecalling, the complement DNA strand is read immediately after the
template strand and the consensus basecalling leads to a further increase in accuracy up to 99.9%
(Q30). Only a small percentage (typically ~10%) of reads are duplex reads. Basecalling was done
with a compatible GPU (NVIDIA GTX1080). The generated basecalled data is in fastq format,
which is compatible for downstream analyses.



https://community.nanoporetech.com/

Assembly and polishing of the reference genome

The generated Oxford Nanopore single-molecule sequencing reads (.fastq) are assembled into
contigs and scaffolds using the flye de novo assembler (Kolmogorov et al., 2019) (Figure 3). Flye,
version 2.9, is designed for a wide range of datasets, from small bacterial projects to large
mammalian-scale assemblies. The assembler uses a repeat graph, as the core data structure, which
is built using approximate sequence matches. The edges of the repeat graph represent the genomic
sequences and the nodes define the junctions. Repeat graphs reveal the repeat structure of the
genome, which helps to reconstruct an optimal assembly. In particular, the following parameters
were used: --genome-size 1.5g to provide the anchovy’s estimated genome size of 1.5 Gb
(representing the length of the diploid genome) as GoaT (Genomes on a Tree) estimated and --
scaffold to enable scaffolding (Challis et al., 2023).

Flowchart of the genome assembly

Genome fish | : : lact]
2s=embl — Ish sample —> | DNA extraction |——| Size selection

Basecalling raw data MinlON run |«<—| Library construction
(Guppy & Dorado) (fasts, pods)

!

Assembly & polishing 2nd polishing - Reference
(Flye) (Racon) »I\ genome (fasta)

Quality check
(BUSCO)

Figure 3: Flowchart of the genome assembly. File formats are specified with underlined italics.

One of the most critical processes to achieve high-quality genome for downstream analysis is the
polishing process (Lee et al., 2021). Flye can also function as a stand-alone polishing tool (Figure
3). The polishing process aligns the reads to the assembled contigs and makes corrections to the
contigs where warranted, i.e., correct the remaining errors in the initial genome assembly,
improving the local and overall accuracy. Racon, version 1.4.20, a standard nanopore-based
polishing tool, was used for a second polishing process (Lee et al., 2021; Vaser et al., 2017)
(Figure 3). Racon takes as input a set of backbone sequences (contigs), a set of reads (with which
the assembly was generated) and a set of mappings between the reads and the backbone sequences.


https://goat.genomehubs.org/

Minimap2, version 2.17, is a sequence alignment program that aligns DNA sequences against a
reference database (in some cases, like here, can be a genome). Minimap2 was used as the mapper
since it is fast and provides reasonable results (Li, 2018).

Genome assembly evaluation

The generated assembly was evaluated in terms of expected genes content using BUSCO
(Benchmarking Universal Single-Copy Orthologs, Manni et al., 2021) (Figure 3). BUSCO is an
assessment tool that, through the orthoDB database (http://www.orthodb.org/; a database with
ortholog genes for each set of major lineages e.g. acidobacteria, vibrionales, actinopterygii) uses a
set of genes (BUSCOs) for each lineage and searches for them in the genome assembly under
assessment. The genes that make up each set of each lineage are selected from orthologous groups
with genes present as single-copy orthologs in at least 90% of the species that make up each
lineage. While allowing for rare gene duplications or losses, this establishes an evolutionarily-
informed expectation that these genes should be found as single-copy orthologs in any newly-
sequenced genome. The evolutionary expectation means that if the expected genes-BUSCOs
cannot be identified in a genome assembly, it is possible that the sequencing and/or assembly
approaches have failed to capture the expected ‘“complete” gene content. Lastly, the
actinopterygii_odb10 lineage dataset was used with 3,640 total BUSCOs (single-copy orthologs)
to be searched.

Bioinformatic analysis of ddRAD data

ddRAD library preparation and sequencing

Genomic DNA was extracted from tissue samples and the libraries were prepared using the double-
digest restriction site associated DNA (ddRAD) sequencing approach developed by Kess et al.,
(2016).

Raw reads quality control

The Hlumina raw data consists of two fastq files per individual: R1.fastq.gz and R2.fastq.gz,
representing the forward and reverse reads (paired-end), respectively, with a read length of 150bp.
Before performing any downstream analyses, the raw data passed through a quality control using
fastQC version 0.11.9 (Andrews, 2010). Raw reads were analyzed in Stacks version 2.64 pipeline
(Catchen et al., 2011), and the main idea is to track a set of loci and the alleles present at those
loci, in a population of organisms. In this case, Stacks searches for SNPs among the individuals.

Raw data recovery and cleaning were performed in process_radtags program in Stacks. The
parameters that were used here were 1) --renz-1 Pstl --renz-2 Bglll, specifying the restriction
enzymes that cleaved the genomic DNA, 2) -c parameter which cleaned the data and removed


http://www.orthodb.org/

reads with uncalled bases, 3) -q parameter which discarded reads with low quality scores (Phred
score < 10) and 4) -r that corrected sequencing errors in RAD cut sites (Figure 4).

De novo analysis of ddRAD sequencing data

A de novo analysis, i.e., without using a reference genome, in Stacks proceeds in six major stages.
After the reads go through the process_radtags program (mentioned above), the next three stages
comprise the main Stacks pipeline: building loci (ustacks), creating the catalog of loci (cstacks),
and matching against the catalog (sstacks). In the fifth stage, the gstacks program is executed to
assemble and merge paired-end contigs, call variant sites in the population and genotypes in each
sample. In the final stage, the populations program is executed, which can filter data, calculate
population genetics statistics, and export a variety of data formats.

Ustacks takes as input a set of reads and aligns them into “exactly”’-matching stacks. Here, the M
parameter specifies the maximum distance -in nucleotides- allowed between stacks and the m
parameter is referred to the minimum coverage required to create a stack. Moreover, cstacks will
create a catalog of loci and the n parameter specifies the number of mismatches allowed between
sample loci when building the catalog.

The M,m and n parameters must be estimated since they are dataset-dependent. Here, the protocols
of Rochette & Catchen, (2017) were followed to optimize the three parameters. Firstly, a sub-
dataset was created for the parameters optimization, consisting of five individuals per population
(based on the number of retained reads) and the “80% rule” (Paris et al., 2017) was used to check
the maximum number of polymorphic loci. To estimate the m parameter first, the pipeline was
run with the default values for M and n i.e., 2 and 1, respectively. Then, the m parameter was set
to the “best” value and the pipeline was run again to optimize the others. The parameters were set
to m=13, M=5 and n=7. The populations-specific parameters are the same in de novo and
reference-based approaches (see below).



Double digest restriction-site associated DNA (ddRADseq)

Genome Digestion (2 enzymes) Size selection
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Figure 4: ddRADseq main process and Stacks pipeline. The reference genome was generated
following the genome assembly pipeline. Different file formats are specified with underlined
italics.

Reads mapping against the genome

The recovered and cleaned reads were aligned against the generated reference genome. To that
purpose, the Burrows-Wheeler Alignment (bwa), version 0.7.15, software package was employed
(Li & Durbin, 2009, Figure 4). BWA first indexed, with the index command, the reference
genome and then mapped the paired-end reads of each individual on it by applying the bwa mem
command. The —M parameter was added to flag additional hits of a read on the reference genome
as secondary. The generated sam files were converted to bam files with sort command in
SAMtools version 1.9 (Li et al.,, 2009) and the mapping rate was assessed with the flagstat
command (Figure 4).

Genotyping

The merging of the forward and reverse reads leads to the paired-end contigs which are further
analyzed in Stacks. In detail, the bam files, one for each individual, are given as input to the Stacks
component gstacks, which assembles the paired-end contigs, calls variable loci (loci with SNPs)
in the dataset and genotypes individuals at those sites. In addition, gstacks creates a catalog with
the consensus sequence for each assembled locus in the dataset (Figure 4).



Finally, the populations component of the Stacks pipeline performs the final loci selection based
on certain criteria (Figure 4). The catalog from the gstacks is passed to populations which outputs
the genotyped polymorphic loci, using the following variables: -R 0.8 which indicates that a locus
needs to be genotyped in at least 80% of individuals within the 12 geographical sites, --min-maf
0.05 which indicates the minimum minor allele frequency, --max-obs-het 0.5 which is the
maximum observed heterozygosity required to process a nucleotide site at a locus and --write-
random-snp to specify that for each ddRAD locus, only a single, randomly selected, SNP to be
kept. Finally, after excluding loci and individuals with >20% missing data, with PLINK version
1.9 (Purcell et al., 2007), the populations program was run again on the updated data set and the
output vcf file was used for downstream analysis.

Linkage disequilibrium-based filtering of single nucleotide
polymorphisms

Linkage disequilibrium (LD), the non-random association of alleles at two or more loci, is an
important concept in various areas of genetics (Lewontin & Kojima, 1960). Often expressed with
the squared correlation (r?) between alleles at two loci (Qu et al., 2020). Here, we opted to exclude
highly associated loci since downstream analyses assume their independence. Highly linked loci
are likely co-inherited, share common evolutionary history and thus enhance the same
phylogenetic information. This could introduce redundancy and potentially lead to the
overestimation of our results. Thus, to reduce the influence of highly associated loci on the
assessment of population stratification, an r? threshold of 0.5 for the SNP pairs in a sliding window
of 50 SNPs was implemented. The command was --indep-pairwise 50 5 0.5, specifying the sliding
window (50), the variant count to shift the window at the end of each step (5) and the LD threshold
(0.5).

Population genomics

Outliers detection

Outlier loci are genomic locations that show behavior or patterns of variation that are extremely
divergent from the rest of the genome (locus-specific effects), as revealed by simulations or
statistical tests (Luikart et al., 2003). Outlier loci were detected with the following approaches.

PCA-based approach

The principal component analysis (PCA-based) approach is implemented on individual genotype
data using the PCAdapt R package (Luu et al., 2017). Then, the Mahalanobis distance is computed
for each SNP, which quantifies the association of each SNP with the K PCs that mostly support
the population structure. The “outliers” were selected with an adjusted p-value = 0,01 using the
Benjamini-Hochberg correction.



Bayesian approach

A Bayesian statistical method was utilized with BayeScan version 2.1 estimating the relative
posterior probabilities for each locus being under either diversifying or balancing selection (Foll
& Gaggiotti, 2008). BayeScan, firstly, calculates Fst coefficients for each SNP and then partitions
these into a population-specific component (), common to all loci, and a locus-specific component
(o) shared by all the populations using a logistic regression. Allele frequencies are assumed to
follow a Dirichlet distribution. Selection is detected when a is significantly different from 0. When
a>0, it is assumed that directional selection acting on the locus under analysis, while a2 <0,
suggests balancing or purifying selection. Here, BayeScan analyses used 20 pilot runs of 5,000
iterations (to estimate posterior odds), a burn-in of 50,000 iterations, a thinning interval of 10, and
a prior odds ratio of 100, indicating that selection model has to be 100 times more likely, for a
SNP, than the balancing model in order to infer “outliers”.

Arlequin

We implemented an Fst-based method proposed by Excoffier et al. (2009) with the Arlequin
program. Here, a distribution of Fst values across loci is generated and “outliers” are identified as
those being present in the tails of this distribution. Here, 40,000 simulations under the hierarchical
island model took place, for 100 simulated demes in 10 simulated groups, with the allowed level
of missing data/SNP set to 1 (Slatkin & Voelm, 1991). The genetic structure was defined a priori
for K=2, and loci with a p-value<0,001 were considered outliers.

Clustering analyses

Bayesian approach

STRUCTURE software (Pritchard et al., 2000) analyzes differences in the distribution of genetic
variants among populations with a Bayesian iterative algorithm by assigning samples into groups
whose members share similar patterns of variation (Porras-Hurtado et al., 2013). STRUCTURE
starts with a “burn-in” stage where the simulation runs for a specified number of steps till the
convergence of summary statistics (such as o, F, divergence distances among populations,
likelihood, etc.). Then, MCMC (Markov Chain Monte Carlo) simulations take place to best
estimate parameters, like admixture coefficients. STRUCTURE applies a model to the data of K
assumed populations or genetic groups, each characterized by a subset of allele frequencies
identified in the data. The uppermost hierarchical level of structure or, simply, “best K is selected
by calculating the change in the log probability of data between K values (Evanno et al., 2005).
During each analysis, membership coefficients summing to one are assigned to individuals for
each population/group generating the “individual Q-matrix” table (Porras-Hurtado et al., 2013).



In present data, the admixture model with correlated allele frequencies between populations was
used with a burn-in length of 250,000 and 500,000 MCMC iterations. The number of
predetermined clusters tested were K=7 with R=10 replicates, indicating that ten replicate runs
will be performed testing the posterior probability for K=1-7 genetic groups.

Structure threader was used to parallelize and automate the runs of STRUCTURE (Pina-Martins
et al., 2017). Structure harvester was utilized for the implementation of the Evanno method and
the provision of Q-matrices for DISTRUCT and CLUMPP to graphical display the population
structure (Earl & vonHoldt, 2012; Jakobsson & Rosenberg, 2007; Rosenberg, 2004).

Analysis of Molecular Variance (AMOVA)

AMOVA is a statistical method used in population genetics to understand how genetic variation
is partitioned among different hierarchical levels within a species. Fcr index describes the variance
explained by groups of populations, Fsc describes the variance among populations (within groups)
and Fst index describes the variance within groups among all samples.

A locus-by-locus AMOVA, was implemented on our data using Arlequin setting to 50,000
permutations and the level of missing data/SNP to 1. Here, four different clustering scenarios were
tested, based mainly on geographical criteria and genetic data (Table 1).



Table 1: Population clustering scenarios tested by a locus-by-locus AMOVA based on geographical and genetic data.

Scenario  Cluster 1 Cluster 2 Cluster 3 Cluster 4
1 GoC,GSA01  GSA06¢,GSAO05,
GSA06a,GSA06b,

GSA09,GSA10,
GSA11,GSAQ7a,
GSAO07b, GSA19

2 GoC,GSA01  GSAO06c,GSAO05, GSA19
GSA06a,GSA06D,
GSA09,GSA10,
GSA11,GSAQ7a,

GSA07b
3 GoC GSA01 GSA06¢,GSA05,GSA06a,G
SA06b,GSA09,GSA10,GSA
11,GSA07a,GSA07b,GSA19
4 GoC GSA01 GSA06¢,GSA05,GSA06a,G  GSA19

SA06b,GSA09,GSA10,GSA
11,GSA07a,GSA07D,




Multivariate Analysis

Discriminant Analysis of Principal Components (DAPC) is a multivariate statistical approach, in
which the genetic variance in the data set is divided into a between-group and within-group
component, aiming to maximize discrimination between groups and minimize the second. DAPC
uses principal component analysis (PCA), at first, for data transformation reducing the variables
(PCs) to ones that best describe our data. Then, a k-means clustering algorithm is applied on the
data with increasing values of k, and different clustering solutions are compared using Bayesian
Information Criterion (BIC). Cross-validation was implemented with the xvalDapc command, in
order to retain the appropriate number of PCs. A Discriminant Analysis is performed on the
retained PCs and a number of Discriminant Analysis eigenvalues (DAS) can be selected. The final
result of the DAPC is a scatter plot. Finally, DAPC was implemented with dapc command using
the adegenet 2.0.0 (Jombart, 2015) and ade4 (Dray & Dufour, 2007) R packages.

F-statistics

The metrics Fst (fixation index) and Fis (inbreeding coefficient) are a set of functions of allelic-
state correlations introduced by Wright (1951) and are referred to in population genetics as F-
statistics. These metrics are important measures in population genetics and help to understand
genetic variation within, among and in the total sample/population. Fst measures the extent of
genetic differentiation among populations. Fst values range from 0, indicating no differentiation
(populations are genetically identical) to 1, indicating populations being completely differentiated.
On the other hand, the Fis index, measures the level of inbreeding within a population relative to
the expectations under random mating. Fis ranges from -1 to 1, where 0 indicates random mating
(as expected), negative values suggest an excess of heterozygotes, and positive values indicate an
excess of homozygotes due to inbreeding. Lastly, the Arlequin version 3.5 and hierfstat R package
(Goudet, 2005) were used for the Fst and Fis calculations, respectively, after 10,000 permutation
and 0.05 significance level.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5560808/#bib72
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5560808/#bib72

RESULTS

Genome assembly

Nanopore sequencing yielded around 14.7 Gb data in total. Nearly 13.45 Gb data was successfully
basecalled, of which 94.4% was simplex and 5.6% was duplex. The base called data accounts for
3,668,883 reads with N50 of 5,923 bp.

Flye pipeline assembled a genome of total length 1.69 Gb, which contains 76,551 contigs (contig
N50: 57,970) and 48 scaffolds with 9x coverage in total. BUSCO assessment found 2,905 (79.8%)
completed, 257 fragmented (7.1%) and 478 (13.1%) missing BUSCOs.

SNP calling, individual genotyping and filtering (reference-based
approach)

[llumina sequencing yielded 983,601,116 raw reads, 2.5% of which were discarded from the
process_radtags quality control; 1,233,193 due to low quality and 23,084,689 for absent RAD cut-
site. After alignment against the genome, more than 98% of the retained reads per individual were
mapped to the genome. The gstacks program generated a catalog of 410,701 loci with a mean
insert length of 192.2 bp (sd: 63.5) and effective coverage per-individual of 28.7x (stdev=7.8x).
Populations program removed 396,901 out of 410,701 loci that did not pass sample or population
constraints. From the remaining 13,800 loci, 9,645 variant sites occurred with mean genotyped
sites per locus of 229.25 bp (stderr 0.59).

In the populations’ output file (vcf format), additional filtering was applied in terms of data
missingness and association between sites/SNPs. After applying the first filter, 398 out of 408
individuals, and 9,618 SNPs were retained with less than 20% of missing data. Lastly, 9,497
polymorphic SNPs (the de novo approach yielded 952 polymorphic loci) remained with less than
50% (r?=0.5) genetic association (Figure 5).
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Figure 5: Genetic association measured with r-squared (y-axis) and intermarker distance measured
in thousands of bp (Kb, x-axis). Red line is the mean r? per inter-marker distance.

Outlier loci detection

The number of potential outlier loci identified from PCAdapt, Arlequin and BayeScan were 1,266,
96 and 7, respectively. PCAdapt shares 93 outliers with Arlequin and 4 with BayeScan, while
BayeScan shares 3 outliers with Arlequin (Figure 6). Three outlier loci were found from all
approaches. Finally, 100 outlier loci were identified from at least two approaches and were used
for downstream analysis.
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Figure 6: Venn diagram representing the potential outliers that occurred by three approaches and
the overlapping sites. 1,266 loci were identified by pcadapt, 96 by Arlequin and 7 by BayeScan.
100 loci in total were identified by at least two methods.

Cluster Analyses

Bayesian Analysis

Typically, Bayesian clustering analysis is the first step in examining population structure or to
infer the origins of individuals with unknown population characteristics, especially when
population admixture has occurred (Porras-Hurtado et al., 2013). Here, Bayesian clustering
analysis with STRUCTURE was conducted on three datasets consisting of: the total number of
loci (9,497), candidate outlier loci (100) and neutral loci (9,397) respectively. The Evanno method
determined that the optimal number of clusters that best fit our data is achieved by having two
clusters (K=2) for all data sets (Figure 7). Individuals with membership coefficients (q values) >
0.9 were assigned to either cluster with high confidence while samples with intermediate values
were considered as admixed, that is having a mixed ancestry from the two clusters. In all datasets,
the first cluster (ATL from now on) consists of two stocks, GoC (Gulf of Cadiz) and GSAO1
(Alboran Sea), while the rest ones belong to the second cluster (MED from now on). Moreover,
all stocks seemed to have admixed individuals, to some extent (Figure 7). The GSAO01, the GoC
and the GSAO06c stocks have the most admixed individuals with 100%, 80% and 54%, respectively,
while the GSA06b and GSAO6a have the less admixed individuals with just 11%. Outliers’
STRUCTURE bar plot showed the same pattern as the other datasets but managed to clearly sort
out some previously-admixed samples to either cluster. For example, the GSAQ1, the GoC and



GSAO06cC stocks have now less admixed individuals i.e., 82%, 48% and 40%, respectively (Figure
7).
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Flgure 7: Population structure of European anchovy in the Eastern Atlantic and Western and
Central Mediterranean Sea as inferred by STRUCTURE for K = 2. Bar plots of individual Q-
values after CLUMPP analysis (plot created with CLUMPP and DISTRUCT). GoC: Gulf of
Cadiz, GSAO01: Northern Alboran Sea, GSA06: Northern Spain, GSAOQ5: Balearic Islands, GSAQ7:
Gulfof Lions, GSA11: Sardinia, GSA09: Ligurian Sea, GSA10: Tyrrhenian Sea, GSA19: Western
lonian Sea.



Analysis of Molecular Variance

Four clustering scenarios were tested with locus-by-locus AMOVA. These scenarios were based
on geographical and genetic data. The source of variation (groups, populations or individuals)
from each AMOVA analysis is presented in Table 2. The genetic variation among groups (Fcr) is
higher in scenarios 1 and 3 which share almost identical values. This means that among the tested
scenarios, scenario 1 (two clusters; ATL and MED) and scenario 3 (three clusters; GoC, GSA01
and MED) explain most of the variability of our data.

Table 2: European anchovy’s analysis of molecular variance (AMOVA) with percentage of total variance, F-statistics
(Fcr, Fsc, Fst) and its significance (p) based on 10,000 permutations.

Structure tested %total variance F statistics p
Scenario 1
Among groups 9.63152 Fcr=0.09632 0.00000
Among populations 0.52459 Fsc=0.00580 0.00000
Within populations 89.84390 Fst=0.10156 0.00000
Scenario 2
Among groups 6.76806 Fcr=0.06768 0.00000
Among populations 0.51135 Fsc=0.00548 0.00000
Within populations 92.72059 Fst=0.07279 0.00000
Scenario 3
Among groups 9.66343 Fcr=0.09663 0.00000
Among populations 0.42989 Fsc=0.00476 0.00000
Within populations 89.90669 Fst=0.10093 0.00000
Scenario 4
Among groups 6.96 Fcr=0.06957 0.00458
Among populations -0.18 Fsc=-0.00196 1
Within populations 93.22 Fs1=0.26845 0.00000

Multivariate Analysis

DAPC tested the potential structure on the whole dataset (all populations) using either all (Figure
8) or outlier or neutral loci. Also, DAPC was implemented to test potential substructuring inside
the MED cluster using all loci (Figure 9). The whole data set was divided into two clusters using
any type of loci dataset: ATL and MED clusters (Figure 8). DAPC using neutral and outlier loci
only, showed exactly the same pattern (not shown here). Lastly, no clear substructuring occurred
in the MED cluster, but some individuals from the GSA19 population (West lonian Sea) seemed
to be a little differentiated from the remaining populations (Figure 9).
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Figure 8: DAPC in the twelve anchovy’s stocks using 9,497 loci (all loci). 150 Principal
components were used with 2 discriminant factors.
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Figure 9: DAPC in the MED cluster using 9,486 loci (all loci). 50 Principal components were
used with 2 discriminant factors.



Genetic differentiation

Pairwise Fst

The GoC and GSAO01 anchovy stocks share quite high Fst values with all the other Mediterranean
populations and at the same time they have low Fst (0.0043) between them (Table 3). Moreover,
all the Mediterranean populations, except the GSAOQ1, are not genetically distinct from one another.
Finally, all populations show an excess of homozygotes (Fis >0) but with no statistical support for
most of them.
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DISCUSSION

Our genomic dataset revealed two distinct genetic clusters in the Western and Central
Mediterranean and Eastern Atlantic. The Almeria-Oran Front is suggested to be a potential
mechanism contributing to the observed clustering. Furthermore, the genetic homogeneity
observed in anchovy stocks within the Western Mediterranean basin is likely due to specific water
current systems in the region.

The Engraulis encrasicolus genome

Constructing the reference genome of a species is one of the most important tasks in genomics
(Chen et al., 2021). In the last decade, many small pelagic fish genomes were published but not
the European anchovy’s (Kongsstovu et al., 2019; Lee et al., 2023; Louro et al., 2019; Machado et
al., 2022; Sukumaran et al., 2023). Population genomics analyses based on a reference genome
usually provide a much larger number of loci compared to de novo ones (e.g. Ulaszewski et al.,
2021). Therefore, we opted to assemble a draft genome and use it as template to analyze our
RADseq data. As a result, the reference-based approach increased ten times the number of
available loci.

A few months ago, researchers from the University of Istanbul submitted to NCBI a near
chromosome-level assembly for the European anchovy (GCA_034702125.1). Their genome was
reported to have a size of 1.4Gb, distributed across 24 chromosomes. Here, the generated genome
has a size of 1.69Gb, close to the above assembly. Finally, our BUSCO results, which are
comparable with other assemblies (Lee et al., 2023; Sukumaran et al., 2023 and references above),
and the very high mapping rate of the Illumina reads (ddRAD-seq data) indicate the relatively
good quality of our genome assembly.

Population structure of anchovy

Contrary to the general view of limited barriers in marine waters and high levels of migration and
gene flow in fish (Waples, 1998), the European anchovy is known to be one of the exceptions with
a pronounced population structure throughout its distribution area (Ouazzani et al., 2017 and
references therein). In this study, all clustering analyses (STRUCTURE, AMOVA, DAPC) and
the genetic differentiation indices, reveal an apparent population structure of the European
anchovy in the Eastern Atlantic and Western and Central Mediterranean Sea. In particular, the
clustering analyses show that the two-cluster scenario (scenario 1) best fits our genomic data. The
first cluster (ATL) consists of the GoC (Gulf of Cadiz) and GSA01 (Alboran Sea) populations
whereas the rest of the populations belong to the second one (MED). In fact, the observed pattern



of genetic differentiation has also been reported in other studies (Bouchenak-Khelladi et al., 2008;
Zarraonaindia et al., 2012).

Furthermore, another statistic for measuring the genetic differentiation between populations is the
Fst. In marine fish species, relatively low Fst values are observed (Magoulas et al., 2006; Ward
et al., 1994). The European anchovy is characterized by relative high Fst values: Keskin & Atar
(2012), using the COI mitochondrial gene, found overall Fst =0.131 in Black Sea and Aegean
anchovy populations; Magoulas et al. (2006), using mitochondrial RFLPs, reported average
Fst=0.15 for the European anchovy populations; Catanese et al. (2020) used a 96 SNP-panel for
the Western Italy anchovy populations and found Fst values relative to our study, and lastly;
Zarraonaindia et al. (2012) using 90 SNPs (nuclear and mitochondrial) found a range of Fst values
(0.04 to 0.318) from Denmark to S. Africa (average Fst =0.078) (see also Huret et al., 2020). In
this study, the suggested clustering scenario (scenario 1) is also observed in the pairwise Fst matrix
(table 3). For instance, when comparing the Gulf of Cadiz population with ones from the MED
cluster, a substantial Fst value exceeding 0.085 is observed. Our pairwise Fst measurements,
focusing only on statistically significant results, ranged from 0.026 to 0.1277. Low Fst values
were found in the MED cluster and high ones when comparing populations from the two clusters.
Notably, the two clusters display a significant pairwise Fst of 0.097 (statistically significant).
Finally, our Fst measurements, based on a genome-wide SNP dataset, not only offer comparable
results but also highlight the observed genetic differentiation among specific anchovy populations.

Atlantic vs Mediterranean isolation: the case of Almeria—Oran front

The Alboran Sea constitutes a transition zone between the Atlantic Ocean and the Mediterranean
Sea. Its waters are much closer, in terms of chemical components, to those of the North East
Atlantic than those of Western Mediterranean, shaping the Almeria-Oran Front (AOF; Tintore J.
et al., 1998). It is characterized by a 200-300m thick, one-way surface current of Atlantic water
into the Mediterranean and the presence of gyres that form a well-defined hydro-geographical
boundary of surface waters between Almeria and Oran. Its oceanographic conditions act as a
barrier for dispersal for many marine organisms as well as for the European anchovy e.g.
Bouchenak-Khelladi et al. (2008). Our genetic data account for two genetic clusters, ATL and
MED, namely, which seem to be separated at the point where the AOF is located (Figure 1). In
fact, multiple studies have reported the genetic distinctiveness of the Alboran population from the
rest of Mediterranean and at the same time its genetic similarity with the Cadiz population (Bembo
et al., 1996; Bouchenak-Khelladi et al., 2008; Magoulas et al., 2006; Sanz et al., 2008;
Zarraonaindia et al., 2012). However, Vifas et al. (2013), using the mtDNA control region, first
suggested the genetic dissimilarity of the Alboran Sea anchovy from the Gulf of Cadiz. This might
result either from the endogenous recovery of the population after the fishery collapse in the 1990s
(Pertierra & Lleonart, 1996) or anchovies from other regions of the Eastern Atlantic might have
migrated there and influenced that genetic pool.



The biogeographic boundary that is created by the AOF might not be strong enough to maintain
absolute isolation of anchovy populations. The AOF is bounded from the GSAO1 (Alboran sea)
and the GSAQ06¢ (Southeastern Spain) populations, in which we found many individuals with
mixed ancestries. All individuals from the GSAO01 and 19 (54%) from GSAOQO6¢c were admixed.
Zarraonaindia et al. (2012) also found admixed individuals in the Alboran population. Therefore,
the identification of admixed individuals in Cadiz and other Mediterranean populations, is
expected, as they are connected with the Alboran and GSAQ6c (southeastern Spain) populations,
respectively.

Population substructure in the Mediterranean basin

While the European anchovy exhibits an interesting population structure in its overall distribution
area, no structure is observed within the Western Mediterranean populations (e.g. Sanz et al.,
2008). The genetic homogeneity of the Western Mediterranean anchovy’s stocks (except Alboran
population) might be mostly explained by present-day factors. Marine currents play the most
important role in egg and larvae mixing because they displace them by passive transport from the
spawning area (Catanese et al., 2020). Western Mediterranean is characterized by specific water
circulation patterns and hence the mixing of individuals from remote regions (Figure 10). In
particular, on the west coasts of the Italian peninsula, Tyrrhenian and Ligurian Seas communicate
via the Corsica Channel (West Corsica and Tyrrhenian currents, Figure 10, Astraldi et al. (1995)).
This is the beginning of a huge current, the “Ligurian Current” or “Liguro—Provengo—Catalan
Current” or simply “Northern Current”, that is actually an entity flowing along the continental
slope, at least as far as the Channel of Ibiza (Millot, 1999). Astraldi et al. (1994) and Viettia et al.
2010) have reported westward movements of European anchovy's eggs and larvae by coastal
currents in the Tyrrhenian and Ligurian Seas. Also, Rubin (1996) reported a mechanism of egg
and larval transport from the Gulf of Cadiz to the Alboran Sea via the inflow of the Atlantic jet.
Therefore, anchovy eggs and larvae could passively migrate, taking advantage of such currents,
then mixing and reproducing in remote spawning grounds, and thus generating the specific genetic
patterns.
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Figure 10: Circulation of the Modified Atlantic Water and the Winter Intermediate Water (Millot,
1999). Figure in top right: area in the north-western corner of the Mediterranean, showing the
boundary between the Ligurian and Tyrrhenian Seas (Tuscan Archipelago). Arrows illustrate the
major current systems (graph from Astraldi et al. (1995)).

Another biogeographic boundary within the Mediterranean sea is the Siculo-Tunisian Strait
(Bahri-Sfar et al., 2000). The bathymetry of the Siculo-Tunisian Strait (STS) is very complex and
exerts a strong influence on the water masses flowing through it (eastward: Atlantic-lonian Stream
(AIS, Robinson et al. (1999)) and westward: lonian current), causing local currents which create a
turbulent mixing of the two water bodies. Such hydrographic patterns bound the natural dispersal
across the STS for particular marine fish species (Mejri et al., 2009). Such species are:
Pomatoschistus tortonesei (Mejri et al., 2009), Pomatoschistus minutus (Stefanni & Thorley,
2003) and Scomber scombrus (Zardoya et al., 2004), whereas for other marine fish, e.g. Psetta
maxima (Suzuki et al., 2004) and Dicentrarchus labrax (Bahri-Sfar et al., 2000), the STS might
contribute to their genetic differentiation between western and eastern Mediterranean basins.
There are a few genetic studies (Bembo et al., 1996; Borsa, 2002; Cuttitta et al., 2015; Ruggeri et
al., 2016) on the stocks’ connectivity of the Engraulis encrasicolus around the STS and thus little
information is provided about the genetic relationship between the GSA19, GSA10, GSA15 and
GSA16 anchovy stocks. Ruggeri et al. (2016) used eleven microsatellite markers and found high
genetic similarity between the southern Adriatic i.e. GSA17-18 (Bari and Pescara regions), the
Northwestern Sicily i.e. GSA10 (Castellammaere del Golfo region) and the Western Italy i.e.
GSAL0 (Sperloga region). Here, the GSA19 anchovy stock (Western lonian Sea) found to be



genetically homogeneous with the GSA10 (Tyrrhenian Sea) and GSAQ9 stocks (Ligurian Sea)
(STRUCTURE bar plot, AMOVA, pairwise-Fst matrix). Thus, the genetic similarity found in
GSA 17-18-19-10-09 anchovy stocks, implies potential contact.

As described above, the genetic homogeneity between the western Mediterranean anchovy stocks
(GSA06-05-07-11) was explained with the particular oceanographic features in the region such as
currents, waterfronts and features related to anchovy’s life history, such as egg and larval dispersal
(see also Cuttitta et al., 2015). Several studies, e.g. Bonanno et al. (2013); Falcini et al. (2015);
Garcia Lafuente et al. (2002), have described the eastward anchovy’s egg and larval transport
through the Sicily Channel (STS). Falcini et al. (2015) showed the role of the wind-induced coastal
currents in influencing the fate and distribution of European anchovy larvae within the Sicily
Channel. Moreover, the hydrographic circulation in the Southern Sicily plays a key role in
dispersion and retention of the anchovy eggs and larvae. The Atlantic-lonian Stream (AIS)
controls the surface circulation of the Sicilian Channel and has a key role in transferring the
anchovy’s eggs and larvae eastward (Error! Reference source not found.; Garcia Lafuente et al.
(2002)). Therefore, the particular oceanographic features of the STS might be a mechanism of
genetic connectivity between either side of Sicily.

However, wind-induced northern currents in conjunction with minor branches of AIS could lead
to offshore dispersion of the anchovy larvae, leading to potential higher mortalities due to
starvation (Garcia Lafuente et al., 2002). For example, such an advection mechanism is located in
the Andenture Bank -crucial spawning area in the Southern Sicily- where the pelagic early life
stages could be transport offshore (Figure 11). Such factors that partially prevent long-distance
transportation of anchovy eggs and larvae in conjunction with the less favored conditions, for
spawning and larval-juvenile growth, in the Northeastern Sicily (Giannoulaki et al., 2013), could
possibly explain the reason that some anchovy individuals from the GSA19 stock seemed to be a
little differentiated from the MED cluster (Figure 9). In any case, Bembo et al. (1996) stated
“genetic analyses are generally over-sensitive to gene flow. Relatively low levels of exchange
between stocks, negligible from a management perspective, may be sufficient to ensure genetic
homogeneity”.
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Figure 11: Flgure from Garcia Lafuente et al. (2002). The mean path of the Atlantic-lonian Stream

(AIS) is sketched. Adventure Bank (AB) and Maltese Shelf (MS) are shown, which have high egg
and larval concentrations, respectively. White arrows indicate the offshore advection.

Management implications

Management policies for anchovy fishery stocks should incorporate genetic studies that shed light
on the population structure of the species (Vifas et al., 2013). The worst-case scenario is not
detecting population structure when it actually exists (Vifas et al., 2011; Waples et al., 2008).
Genetically distinct populations within the same management area should be treated as
independent fishery stocks; for instance, the Alboran population should continue to be managed
separately from the northwestern Mediterranean ones due to its genetic distinctiveness. On the
other hand, the northwestern Mediterranean, having multiple anchovy stocks, is characterized by
a genetically homogeneous anchovy population since high gene flow between the geographic sub-
areas is observed. Similarly, the Alboran and Cadiz anchovy populations are genetically
homogeneous. Finally, commercial fishery collapse, and even species extinction, might be
inevitable if continuous overfishing takes place (Hutchings, 2001). Thus, the implementation of
genetic monitoring for anchovy stocks is crucial to safeguard Engraulis encrasicolus both as a
biological species and for its high commercial value (Sanz et al., 2008).
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