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1 | INTRODUCTION

Marine fishes are often characterized by high fecundity, large ef-
fective population sizes and high dispersal potential leading to weak

patterns of genetic differentiation (Ward, Woodwark, & Skibinski,
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Abstract

Sandeels are an ecologically important group of fishes; they are a key part of the
food chain serving as food for marine mammals, seabirds and fish. Sandeels are fur-
ther targeted by a large industrial fishery, which has led to concern about ecosystem
effects. In the North Sea, the lesser sandeel Ammodytes marinus is by far the most
prevalent species of sandeel in the fishery. Management of sandeel in the North
Sea plus the Kattegat is currently divided into seven geographical areas, based on
subtle differences in demography, population dynamics and results from simulations
of larval dispersal. However, little is known about the underlying genetic population
structure. In this study, we used 2,522 SNPs derived from restriction site-associated
DNA sequencing (RADseq) typed in 429 fish representing four main sandeel man-
agement areas. Our main results showed (a) a lack of a clear spatially defined genetic
structure across the majority of genetic markers and (b) the existence of a group of at
least 13 SNPs under strong linkage disequilibrium which together separate North Sea
sandeel into three haplotype clusters, suggestive of one or more structural variants
in the genome. Analyses of the spatial distribution of these putative structural vari-
ants suggest at least partial reproductive isolation of sandeel in the western manage-
ment area along the Scottish coast, supporting a separate management. Our results
highlight the importance of the application of a large number of markers to be able
to detect weak patterns of differentiation. This study contributes to increasing the
genetic knowledge of this important exploited species, and results can be used to

improve our understanding of population dynamics and stock structure.
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1994). As a consequence, studies relying on few genetic markers
may lack the statistical power to identify local populations and to
assess connectivity among spatially defined stock units. Fisheries
management requires information on the distribution and vital rates

of biological units within specific management areas, as failure to
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recognize biological units with different demographics may lead to
overfishing and ultimately depletion of less productive population
units (Kerr et al., 2016). In spite of the generally low differentiation
observed across the genome in a number of marine fishes, sequenc-
ing approaches now allow for analyses of large numbers of DNA
markers, resulting in greatly enhanced power for identifying genomic
regions exhibiting genetic structure (Bernatchez et al., 2017; Nielsen
etal., 2012). Such signatures may be associated with local adaptation
or reveal traces of cryptic population structure obscured by gene
flow across most of the genome (Duranton et al., 2018; Gagnaire et
al., 2015; Nielsen et al., 2012).

In this study, we used double-digest restriction site-associated
DNA (ddRAD) sequencing to develop and analyse genetic markers
in samples of lesser sandeel, Ammodytes marinus (L.) from the North
Sea. Collectively, five species of sandeel with partly overlapping
distributions can be found in the North Sea (ICES, 2017); they are
key components of the food web, serving as food for fish, seabirds
and marine mammals (Furness, 2007). Lesser sandeel is the most
abundant fish species in the North Sea and is the core target of an
industrial fishery for fishmeal mainly in the North Sea (ICES, 2017).
A. marinus is a short-lived benthic species feeding in the pelagic
zone over the bottom of sandy gravel banks, otherwise burrow-
ing into the substrate for up to 8 months a year (Wright, Jensen,
& Tuck, 2000). The species is expected to be nonmigratory and
larvae to drift by ocean currents settling mostly within a regional
range of 50-100 km around local spawning sites (Christensen,
Jensen, Mosegaard, St. John, & Schrum, 2008; Jensen, Rindorf,
Wright, & Mosegaard, 2011; Wright, Christensen, Régnier, Rindorf,
& van Deurs, 2019). These characteristics have led to the sug-
gestion that A. marinus may display adaptation to local conditions
(van Deurs, Hartvig, & Steffensen, 2011; Wright et al., 2019). The
species is considered to follow a “boom-and-bust” dynamic, char-
acterized by large population size fluctuations and the occasional
survival of very large numbers of young fish that are able to sustain
a large fishery for a couple of years, followed by low productiv-
ity periods (van Deurs, van Hal, Tomczak, Jonasdottir, & Dolmer,
2009; Henriksen et al., 2018; Lindegren et al., 2018). Time series
analysis suggests that the most important population regulation
mechanism is either inter-cohort competition or cannibalism of
larvae by 1-year-old conspecifics, which gives a clear 2-year cycle
in stock-recruitment time series (Arnott, Ruxton, & Poloczanska,
2002; van Deurs et al., 2009). North Sea sandeel has undergone
large temporal variations in population sizes, and catches have var-
ied between 75,405 and 1,217,839 tons (average = 585,704 tons)
over the past 30 years (ICES, 2018). Debates on how to identify bi-
ologically meaningful stock units have prompted investigation into
population structure and connectivity based on inference from data
on spatial recruitment patterns, morphological markers and larval
drift patterns based on hydrographic modelling (see Wright et al.,
2019). Apart from one study examining three allozyme markers and
showing a lack of differentiation among samples from the North
Sea and Norwegian Sea (Naevdal & Thorkildsen, 2002), no study has
hitherto examined genetic population structure in lesser sandeel.
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In this study, we aimed to (a) characterize the population struc-
ture of lesser sandeel in the North Sea using population genomic
data and (b) assess whether the management areas currently imple-
mented for the species in the North Sea are in line with observed
genetic variability.

2 | METHODS

2.1 | Sample collection

Ammodytes marinus were collected from 11 sandbank spawning lo-
cations during the Danish and Scottish dredge surveys (ICES, 2017)
in November-December 2015 and 2016 (Table S1). Collections rep-
resented four current North Sea sandeel management areas (SA1r,
SA2r, SA3r, SA4, Figure 1a) that are applied by ICES as separate units
for advice on fisheries management (ICES, 2018). An additional col-
lection from the north-western coast of Norway (>500 km away)
was included for comparison. Samples were collected in October-
December which is close to the spawning season (in December-
January) and consisted of a mixture of size classes representing both
juvenile and adult life stages (Figure S1). Two collections in 2016
were taken on Dogger Bank West (DW) and in proximity to Dogger
Bank South (DS), close to sandbanks also sampled in 2015 (Table
S1). For some of the analysis, these samples in DW and DS in 2015
were considered as temporal replicates within locations and were

removed to avoid pseudoreplication.

2.2 | DNA extraction and library preparation

DNA was extracted from 60 to 70 individuals per collection site, and
between 40 and 44 individuals per collection were randomly selected
for library preparation (Peterson, Weber, Kay, Fisher, & Hoekstra,
2012). For each selected individual, DNA was standardized at 20 ng
per pl and processed with two restriction enzymes, Pst1 and Msp1,
with a rare and frequent cutting site, respectively. Sixty individu-
als were then randomly pooled per library in equimolar proportion
and were size-selected on an agarose gel in order to obtain an insert
size range from 350 to 450 bp. After a PCR amplification phase (14
cycles), the libraries were purified using AMPure beads. The qual-
ity of each library was controlled by using the high-sensitivity DNA
reagent on a Bioanalyzer 2100 (Agilent Technologies). In total, nine
libraries were sequenced in paired end (2 x 100 bp) using nine lanes
of a HiSeq 4000 at an external sequencing centre. To avoid potential
sequencing bias, sequencing libraries consisted of a mix of individu-

als from different collections.

2.3 | Bioinformatics and data filtering

lllumina libraries were demultiplexed using process_radtags in
STACKS v1.46 (Catchen, Hohenlohe, Bassham, Amores, & Cresko,
2013). A first filtering step was done at this stage, where reads
with low-quality scores (-q, below a phred score of 10) or with un-
called bases (-c) were discarded. Reads were trimmed for the 7-bp
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FIGURE 1 (a) Map of collection locations. Each colour and shape represent a different sampling collection and management area,

respectively, and the grey lines represent the sandeel management areas 1-7 (ICES, 2017). lllustration of Ammodytes marinus by Gervais
and Boulart (1877) obtained from Wikimedia Commons. (b) Principal component analysis (PCA) of individuals for all loci (2,522 SNPs), with
shapes and colours representing the collections and management areas, respectively, as in (a). Individuals are projected along the PC1 and
PC2 axes, and distributed into cluster 1 (left), cluster 2 (middle) and cluster 3 (right). Percentage of variation explained by each axis is also
included. (c) Levels of ADMIXTURE of each individual, ordered according to the Q values from ADMIXTURE results for all loci with a model
of 2 lineages (K = 2). Each colour represents the proportion of ADMIXTURE in relation to each cluster in the PCA

barcodes. We enabled the option to retain barcodes and RADtags
(-r). Paired-end reads with more than ten overlapping bases were
merged using FLASH (Magoc & Salzberg, 2011) with default param-
eters. After visually checking quality in FastQC (Andrews, 2010), all
reads were trimmed to 174 bp. To do this, we followed two different
procedures for the merged and nonmerged reads. For the merged
reads, we discarded reads shorter than 174 bp and trimmed the
longer ones to 174 bp using Trimmomatic (Bolger, Lohse, & Usadel,
2014). For the reads that did not overlap, we reverse complemented
the R2 sequence and trimmed the beginning (13 bp) and the end
(6 bp) after visual exploration of sequence quality in FastQC. We

then concatenated the two paired-end reads using a Python script
adapted from Settepani et al. (2017). At the end, both merged and
concatenated reads (174 bp) were pooled together into individual
FASTQ files. The FASTQ files were processed using the de novo
pipeline from STACKS v1.46. This pipeline was set with an optimized
set of parameter values (m = 5, M = 5 and n = 6), after a careful ex-
ploration of the parameters using an ad hoc simulation script (data
not shown), following optimization recommendations from Paris,
Stevens, and Catchen (2017). We obtained a total coverage of reads
of 36.5X. Figure S2 shows the number of reads obtained per collec-
tion. To call SNPs, we required a locus to be sequenced in at least
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80% of the individuals across collections. Loci showing heterozygo-
sity >0.8 were removed to avoid including paralogous sequences.
Only one SNP per tag and SNPs with a minor allele frequency (MAF)
above 1% were retained. We excluded individuals with less than
750,000 reads and more than 10% missing data. Departure from
Hardy-Weinberg equilibrium (HWE) was tested for each collection
using the function gl.report.hwe as implemented in the R package
“dartR” (Gruber, Unmack, Berry, & Georges, 2018), which includes
Bonferroni correction for multiple testing. Figure S3 summarizes the
main pipeline and filtering steps used to obtain the SNP data set for
this study.

2.4 | Analysis of genetic diversity and
population structure

Using the function gl.basic.stats implemented in the R package
“dartR,” we estimated overall basic population genetics statistics
per locus, such as the overall diversity (H,) and the F¢; corrected
for the number of individuals (FST’). This function makes use of the
functionalities of the R package “hierfstat” (Goudet, 2005). We also
performed a neutrality test using BayeScan v2.1 (Foll & Gaggiotti,
2008), with parameters -n 5000 -thin 10 -nbp 20 -pilot 5000 -burn
50000 -pr_odds 100. BayeScan detects selection signatures by
using an F; outlier approach. This method identifies loci potentially
under selection or linked to sites under selection, as loci showing
departure from the expectation under a neutral demographic model.
We also used “pcadapt” to explore selective outliers (Luu, Bazin, &
Blum, 2017), which were considered those that had a p-value (after
Bonferroni correction) lower than the expected false discovery rate
(set to 1%). To explore population structure, we performed a prin-
cipal component analysis (PCA) using the function dudi.pca from
the R package “adegenet” (Jombart & Ahmed, 2011), after replacing
missing data with the mean allele frequencies, using no scaled al-
lele frequencies (scale = FALSE). Then, we ran a discriminant analysis
of principal components (DAPC) based on the number of clusters
suggested by the function find.cluster to describe the structure ob-
served in PCA (Jombart, Devillard, & Balloux, 2010). We analysed
the ancestry proportions per sample using ADMIXTURE v1.3.0
(Alexander, Novembre, & Lange, 2009) for k ranging 1-5 based on
the Bayesian information criteria (BIC) analysis from the DAPC. We
estimated F; (Weir & Cockerman, 1984) between all pairwise col-
lections and tested for significance based on permutation tests using
the R packages “StAMPP” (Pembleton, Cogan, & Forster, 2013) and
“dartR.”

2.5 | Analysis of linkage disequilibrium:
haplotype groups

We estimated linkage disequilibrium (LD) using the LD function from
the R package “genetics” (Warnes, Gorjanc, Leisch, & Man, 2013),
by calculating the square correlation between alleles of each pair of
loci, % (Hill & Robertson, 1968). There is no reference genome avail-
able for Ammodytes, preventing inference about physical linkage.
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We instead took advantage of the graphic network-based method
implemented in LDna analysis (Kemppainen et al., 2015) and iden-
tified clusters of SNPs under strong LD. The LD network analysis
allowed us to explore potential clusters of SNPs with high LD com-
pared to the rest of the data set, without requiring a reference ge-
nome. Following Kemppainen et al's recommendations, we chose
1% of the SNP data set to be the minimum number of edges for a
min = 26), and

an intermediate threshold of LD (¢ = 4) to extract the maximum num-

cluster to be considered an outlier by LDna analysis (|E|

ber of loci that are in higher LD with each other. We then used data
solely for SNPs that were identified by LDna analysis as being highly
linked in a second PCA to define haplotype clusters. To describe the
genetic make-up of each cluster identified in the PCA, we estimated
heterozygosity and F; across individuals contained within the three
main clusters observed (see below). Heterozygosity for this subset
of SNPs was estimated as the number of heterozygous genotypes
over the total number of loci. We also blasted flanking sequences for
the SNPS identified by LDna analysis using the blastn function from
ncbi-blast v.2.6.0+ (parameters: -db nr -query -max_target_seqs 5
-remote) (Camacho et al., 2009).

2.6 | Analysis of population structure and molecular
variance (AMOVA)

To explore correspondence between genetic structure and desig-
nated management areas, we calculated pairwise F¢; among man-
agement areas and collections. To assess the proportion of genomic
variation distributed within and among management areas, we
performed an analysis of molecular variance (AMOVA) (Excoffier,
Smouse, & Quattro, 1992) implemented in the R package “poppr”
version 2.8.2 (Kamvar, Tabima, & Griinwald, 2014). For this analy-
sis, we grouped spatial samples hierarchically within management
areas and excluded the temporal samples DW15 and DS15 (to avoid
pseudoreplication), and the Norwegian sample (Ru16) to restrict our
analysis to the North Sea management areas. We only included SNPs
under strong LD detected by the LDna analysis, as it is recognized
that, in populations with high gene flow, focusing on outlier markers
can help reveal patterns of differentiation not reflected by neutral
markers (Gagnaire et al., 2015). Variation among samples within each
collection and within individuals was also evaluated. A randomiza-
tion test with 1,000 replications was used to assess statistical sig-
nificance. For the two locations with temporal data (DW and DS),
we performed a separate AMOVA to assess temporal differences.
Finally, we performed a Hardy-Weinberg equilibrium test of the fre-
quencies of the group of loci identified in LDna analysis as in high LD
(;(2 = 3.84, 1 degrees of freedom) for both individual collections and
management areas, using an ad hoc R script.

2.7 | Environmental association analysis

To explore potential relationships between genetic structure and local
environments, we analysed the association between genotypes and
environmental factors associated with sandeel feeding conditions
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(zooplankton biomass) and ambient temperature conditions. These
environmental factors are related to the sandeel population dynamics
in the North Sea (Christensen et al., 2008; Lindegren et al., 2018) and
could potentially be drivers of local adaptation. A total of four vari-
ables were considered: temperature at depth of zooplankton maxi-
mum (T,,,), temperature at sea bottom (T¢1), depth of zooplankton
maximum (D) and maximum concentration of zooplankton in the
water column (C,,,,y)- The environmental covariates were extracted
from the operational coupled physical-biogeochemical model HBM-
ERGOM set-up for the North Sea/Baltic Sea area (Berg & Poulsen,
2012; Neumann, 2000; Neumann, Fennel, & Kremp, 2002), in a
hindcast spanning the period 2004-2013. Within the model data,
the water column at each station is assessed at noon at every day
starting June 1st and 60 days forward, corresponding to the early
foraging period of settled sandeel, after the drift larvae phase. At
each station each day, the zooplankton abundance maximum (where
sandeel is presumed to forage) is located by scanning down the water
column in the model data set. At the zooplankton abundance maxi-
mum, the depth and temperature are recorded. Additionally, water
temperature is recorded at the seabed position (where sandeel bury
after foraging). We averaged the daily data from each environmen-
tal factor to obtain a single value per location per factor. Only SNPs
under strong LD were considered in this analysis, following the same
reasoning as with the AMOVA. Associations between allele frequen-
cies and environmental co-variables were tested using glm analysis
that accounted for geographical position of each sampling site. Each
factor was tested in a separate model and compared to the null model
with an ANOVA test to determine whether a model in- or excluding
the factor showed association with allele frequencies.

2.8 | Hydrographic connectivity analysis

We explored whether the genetic data from the LD group aligned
with the spatial location of hydrographic dispersal barriers identified
through modelling of relative larval transport probability (Christensen
et al., 2008; Wright et al., 2019). To do this, we extracted estimates
of the average direct connectivity between pairwise sampling sites.
Connectivity indices were calculated using a Lagrangian framework
(Christensen, Mariani, & Payne, 2018) coupled offline to the HBM-
ERGOM data set described above. Biological dynamics of sandeel
larvae were modelled as in Christensen et al. (2008) using March
20th as larval hatch day, settlement at 40 mm larval length and lar-
val growth as described by model 3 in table 2 of Christensen et al.
(2008). To construct a simple representation of transport indices,
sandeel foraging habitats were projected onto a 10 x 10 km grid cell
(corresponding to the resolution of the hydrodynamic model), and
transport indices were computed as the probability of successful
transport from one cell to another. Briefly, the model operates by the
“release” of batches of larvae in each cell at hatch time, following all
larvae by drift simulation, and recording where each released larva
ends at settlement time (see Christensen et al., 2008). Since 596
grid cells in the model are occupied by sandeel habitats, the trans-
port indices constitute a 596 x 596 matrix, giving the probability

of transport between all (directional) pairs of 10-km grid cells. This
analysis excluded information for the locations Ru1é and DJ16 (the
model did not comprise those sites) and the temporal samples from
2015. We performed a Mantel test between the matrix of pairwise
connectivity estimates and the pairwise F¢; between the collections
using the function mantel.rtest implemented in the R package “ade4.”
To account for unidirectional dispersal probabilities between loca-
tions, we used the mean probability of dispersal for each pairwise
location in the Mantel test, as done in White et al. (2010).

3 | RESULTS

3.1 | Genetic variation and population structure

We obtained 2,635 SNPs after running the pipeline implemented
in Figure S3. In total, 113 SNPs showed significant departure of
HWE for all collections and were excluded from further analy-
sis. The final data set consisted of 2,522 loci genotyped in 429
individuals. Each collection was represented by 13-44 individu-
als (Table S1), with an average of 2.05% missing data. Average H,
across loci and samples was 0.113, and overall differentiation was
low (F¢;" = 0.0004). No outlier loci were detected using BayeScan,
while “pcadapt” highlighted 25 (data not shown). The first and
second principal components in the PCA accounted respectively
for 1.5% and 0.6% of the total inertia and did not reveal any geo-
graphically explicit structure (Figure 1b). Lack of geographical
structure was also evident in analyses of F¢; between pairwise
collections, with estimates from O to 0.0036, including between
the geographically isolated sample from the Norwegian Sea and all
North Sea samples (below diagonal in Table S2). Only one compari-
son was significantly different from 0 (WB16 vs. DJ16). Still, the
first axis of the PCA revealed three well-defined genetic clusters
(Figure 1b), driven by relatively few loci, as revealed by the loading
plot (Figure S4). The three clusters observed in the PCA were cor-
roborated by the DAPC. In DAPC, the first discriminant function
grouped genotypes into three nonoverlapping clusters, using 100
axes of principal components that explained 46% of the variation
(Figure S5). The ADMIXTURE analysis showed that two lineages
were sufficient to describe the structure observed in the PCA
(Figure 1c, upper left inset from Figure S5), as the cross-validation
(CV) error increased substantially with K > 2. The ancestry coef-
ficient Q was strongly correlated to each individual's axis position
for PC1 (r=.97,p < 2.2e-16). Hence, cluster 2 in the DAPC analysis
corresponded to individuals with admixed ancestry, and clusters 1
and 3 represented genotypes that were pure for one or the other

lineage (Figure 1c).

3.2 | Study of the genetic clusters identified in PCA

LD among SNPs was low on average (mean = 0.0019, me-
dian = 0.0006), but 27 loci (approximately 1%) displayed relatively
high values of LD (r* > .5). LDna analysis identified a single clus-
ter of SNPs in high LD (cluster “49_0.18" in Figure Sé). This cluster
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contained 13 SNPs with a median LD of 0.29 and a mean of 0.32. All
thirteen loci were also among the SNPs loading above the 5% quan-
tile on PC1 in the PCA (Figure S4) and among the 25 outliers detected
by “pcadapt.” In agreement with this, a PCA of these 13 SNPs again
identified three clusters at PC1 (Figure 2a). Interestingly, for PC2 of
this analysis samples were further subdivided into three clusters,
although PC2 explained far less variation (7.2%) than PC1 (60.5%).
The first two PCs thus identified nine discreet clusters when the 13
loci from the most prominent LD cluster were analysed separately.
When we excluded the 13 SNPs, the three clusters disappeared from
the PCA (Figure 2b). To describe the genetic make-up of each cluster
identified along the axis that explained more variation (PC1), we es-
timated heterozygosity and F¢; for the 13 SNPs exhibiting high LD
across individuals contained within three clusters. Individuals show-
ing admixed ancestry (corresponding with cluster 2 in Figures 1b,c
and 2a) showed an excess of heterozygous sites across loci, with a
mean H_,_ of 0.71. In comparison, the mean heterozygosity of the
obs 0-16
and 0.15, for respectively clusters 1 and 3 (Figure 2c). The global F¢;

obs
two nonadmixed clusters was five times lower, estimated at H

for the 13 LD SNPs estimated between the two nonadmixed clus-
ters was high (Fg; = 0.77). Out of the 13 SNPs, 11 SNPs were fixed,
or close to fixation, in at least one of the cluster groups (Figure S7).
Fs; estimated between the admixed and either of the nonadmixed
clusters was three times lower (Fg; cluster 1 vs. 2 =0.28, p = 0; F¢;
cluster 2 vs. 3 = 0.31, p = 0). When the 13 SNPs in strong LD were
excluded, heterozygosity was similar among the three clusters (range
between 0.08 and 0.12, mean of the three clusters = 0.10; Figure 2d),
and F¢; was several orders of magnitude lower (F¢; clusters 1 and
3=0.0032,p =0; Fg; clusters 2 and 3 =0.001, p = 0; F¢; clusters 1 and
2 =0.0003, p = .155). The sandeel sequences from eight out of the
13 linked SNPs identified by LDna analysis blasted against genomic
regions of fish species (e-values ranging from 107*° to 107%°, Table $3)
and 2-4 SNPs blasted to a single chromosome within a species. Five
species, mainly marine Perciformes genera, were the most frequently

identified among aligning sequences (Table S3).

3.3 | Assessment of current management areas

Pairwise F¢; between management areas using the 13 loci under
stronger linkage disequilibrium ranged from O to 0.06 (Table 1). SA4
showed the highest F¢; values in comparisons with all other three man-
agement areas (all statistically significant). When comparing sampling
siteswithinmanagementareas, F¢; valuesranged from0t0 0.145 (above
diagonal in Table S2). All pairwise Fq; estimates including WB16 were
statistically highly significant, also after correction for multiple test-
ing. WB16 showed the highest Fs; with DJ16 (F¢; = 0.145, p < .0001),
DW15 (F¢r = 0.112, p < .0001) and OS15 (F4; = 0.105, p < .0001), and

the lowest with its neighbouring location TB16 (F¢; = 0.012, p < .05)
(Table S2). In the AMOVA, more than 95% of the total variation was
partitioned within individuals (Table 2). Variance associated with man-
agement areas corresponded to 1.92% (p = .02; Table 2). When we ex-
cluded the management area SA4 that included WB16, the proportion
of variation distributed among management areas decreased to 0.4%
(b = .22). When substituting the 2016 samples for the 2015 samples
for DS and DW in the AMOVA test, the variance associated with man-
agement areas was similar to estimates from samples from 2016, but
only showed marginal statistical significance (variance = 1.99%, p = .07;
variance without SA4 = 0%, p = .57). When only looking at the sam-
ples for where we had temporal data in 2015 and 2016 (DS and DW),
the variation estimated between years was 1.73% for DW but was not
significant (p = .06). The location DS showed no variation between
years (variance = 0%, p = .85). Individual genotype proportions within
both collections and management areas did not deviate from Hardy-
Weinberg Equilibrium proportions (Table S7).

Analyses of association between genotypes and environmental
factors (Table S4) returned a lack of marked relationships. Of the four
environmental factors analysed, only the model containing tempera-
ture at the sea bottom (Ty,;) showed a marginally significant correla-
tion with variation in the 13 high-LD loci (AIC = 55.89; chi-squared
test: p = .09; Table 3 and Table S5). Model-based estimates of drift
connectivity between the collection sites are shown in Table Sé6. The
comparison of estimates of dispersion probabilities and genetic diver-
gence indicated a negative correlation between connectivity between
sampling sites and F¢, as expected under isolation by geographical
distance. However, the Mantel test was not statistically significant
(Mantel observed correlation = -0.17, p = .89).

4 | DISCUSSION

Using SNP markers developed de novo for the current analyses, we
here present the first population genetic data for the North Sea key-
stone species lesser sandeel. Our analysis returned two main results
(a) lack of geographically explicit structure across the majority of
examined loci and (b) the existence of genetic structure separating
individuals into three distinct groups, mainly driven by 13 SNPs in

relatively strong linkage disequilibrium (LD).

4.1 | A putative origin of the sandeel clusters

In combination, the existence of three discrete clusters due to
the presence of SNPs under strong LD suggests the presence of
a genomic region with suppressed recombination that maintains
divergent haplotypes within the populations of sandeel. The

FIGURE 2 (a) PCA with the 13 SNPs that show strong linkage disequilibrium according to LDna analysis (LD group “49_0.18"). Each shape
and colour represent a different sampling collection and management area, respectively, as represented in Figure 1a. (b) PCA excluding the
SNPs forming the LD group “49_0.18." (c) Heterozygosity of the three clusters from PC1 when including the SNPs that formed LD group
“49_0.18." (d) Heterozygosity of the three clusters from PC1 when excluding the SNPs that formed LD group “49_0.18.” Plots in (c) and (d)
have a different scale on y-axis. (e) Map of the proportions of individuals within clusters 1, 2 and 3 for each sampling collection. Sandeel

management areas 1-7 are indicated (ICES, 2017)
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TABLE 1 Pairwise Fg; between North Sea sandeel management
areas, based on the 13 most linked SNPs from the LDna analysis
(group “49_0.18")

SA1 SA2r SA3r SA4
SA1 NA NA NA NA
SA2r 0.0095** NA NA NA
SA3r -0.001 0.0014 NA NA
SA4 0.0208*** 0.0646*** 0.0413*** NA

Note: Statistical significance is reported as: *p-value <.05; **p-value
<.01; ***p-value <.001.

suppression of recombination could be linked to the centromere
of the chromosome (Gagnaire et al., 2018; Roesti, Moser, & Berner,
2013) or to the presence of structural variants (SVs) in the sandeel
genome (Wellenreuther, Mérot, Berdan, & Bernatchez, 2019), and
it can be difficult to distinguish between the two in the absence of
detailed genomic information. When a SV appears in the genome,
the new variant is commonly described as the “derived” haplotype,
where the “ancestral” haplotype would carry most of the genetic
variation (Butlin, 2005; Kirkpatrick, 2010). For a diploid organism
such as the sandeel, the three PCA clusters (Figure 1b) seemingly
correspond to the three possible karyotypes of a SV, as observed
for SVs in other organisms (e.g. Gazave et al., 2016; Ma & Amos,
2012). The homokaryotype individuals carrying two copies of the
same haplotype would correspond to clusters 1 and 3 localized on
the extremes of axis 1 in the PCA, and the heterokaryotype indi-
viduals carrying one copy of each derived and ancestral haplotype
would correspond to admixed individuals localized in the centre
of the PCA (cluster 2). The ADMIXTURE analysis further corrobo-
rated that cluster 2 consisted of admixed individuals from clus-
ters 1 and 3 (Figure 1c) that exhibit a high level of heterozygosity
(0.71), as expected from heterokaryotype individuals carrying one
copy of each of two divergent haplotypes. The important diver-
gence of the haplotype was also confirmed by the differentiation
estimated between the two homokaryotype clusters (F¢; cluster 1
vs. cluster 3) which was several orders of magnitude higher with
the 13 loci under LD (Fg; = 0.77) than estimates across all other
loci (Fs; = 0.003). Both LD and F¢; estimates for the 13 SNPs are
close to the values of LD and F¢; value from genomic regions con-

taining SVs in other marine fishes in the same area (e.g. Berg et

TABLE 2 Analysis of molecular
variance (AMOVA) of A. marinus among
four management areas, among and
within nine collections, and within the 333
individual fish. This analysis is based on
the 13 most linked SNPs from the LDna
analysis (group “49_0.18")

Among manage-
ment areas

Among locations
within manage-
ment areas

Among samples
within locations

Within samples

T, V|| £y

al., 2016 for Atlantic cod, and Le Moan, Bekkevold, & Hemmer-
Hansen, 2019 for European plaice).

Two types of SVs can result in these patterns of clustering ob-
served in Figures 1b and 2a, that is inversions and translocations.
It is not unusual that species carry more than one SV in their ge-
nomes, for example five inversions are reported in Atlantic cod
(Wellenreuther & Bernatchez, 2018) and two in European plaice (Le
Moan, Bekkevold, et al., 2019). The pattern of discreet clustering for
PC2 of the 13 most linked loci (Figure 2a) might reveal a second SV,
where the observed 9 clusters could correspond to the 9 genotypes
expected for two SVs when not in full LD. Our data did not allow us
to estimate the age or size of the potential SVs. RAD-sequencing
genotyping, the approach used in our study, is generally known to
be biased towards the identification of large SVs (Wellenreuther &
Bernatchez, 2018). In our study, 1% of the SNPs had high values of
LD, and 13 of those (0.5% of our markers) were found in the LDna
analysis and interpreted here to represent SVs. The genome size is
unknown for Ammodytes spp. and relatives, but if we assume sand-
eel to have a typical fish genome size (~600 Mbp), the hypothesized
SVs would be ~3 Mb. The average distance between the closest and
furthest high-LD SNP that blasted within the same fish species was
~5 Mbp (Table S3). Together, these two rough estimates suggest
that the lesser sandeel SV size is within the broad size range of re-
ported inversions (from 130 kbp to 100 Mbp, see Wellenreuther &
Bernatchez, 2018). Hence, collectively, our data are consistent with
the presence of major SVs in the sandeel genome.

The growing number of studies reporting the presence of SVs
shows that SVs may be more widespread than it was originally
thought (Wellenreuther & Bernatchez, 2018). Several evolutionary
mechanisms can be responsible for the origin of SV polymorphism
within a population (reviewed in Wellenreuther & Bernatchez,
2018 and Faria, Johannesson, Butlin, & Westram, 2019). For in-
stance, SVs can appear following a period of gene flow during re-
ticulate evolution (introgressive hybridization, see, e.g., Mavarez
et al. (2006) or secondary contact, McGaugh and Noor (2012)) or
simply arise de novo in the populations under study. Maintenance
of the SVs in the populations may involve balancing selection
including heterosis (Hoffmann, Sgro, & Weeks, 2004), trade-off
between different life history traits (Mérot et al., 2018) and adap-
tation to micro-habitat (Johannesson et al., 2010). Our study sup-
ports data from a number of other marine fish species in the North

Degrees of
freedom Sum of squares % of variation Phi p-value
3 36.014 1.92 0.02 .02
5 17.86 0.41 0.004 19
324 892.93 241 0.025 .20
333 873.48 95.26 0.05 .07
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Atlantic (Berg et al., 2017—Atlantic cod; Le Moan, Bekkevold, et
al., 2019—European plaice, Pettersson et al., 2019—Atlantic her-
ring) and suggests that SVs may represent a significant part on
intra-specific genetic variation in these species. It is a currently
unknown if the putative SVs in lesser sandeel originated in the
populations presently inhabiting the North Sea or through gene
flow from other populations or species. Future work could include
wider geographical sampling within the Atlantic to obtain a bet-
ter understanding of the SV distribution and origin in this species.
Although not statistically significant, our analyses revealed a weak
association between sea bottom temperature and SV haplotype
frequencies, suggesting a possible role for selection in maintaining
SV polymorphisms in the species. Given that sandeel spp. seem
to have different habitat preferences (Endo, Iwasaki, Shibata,
Tomiyama, & Sakai, 2019; Wright et al., 2000), the SVs could be
related to adaptation to different micro-habitats within the North
Sea (e.g. see Van Belleghem et al., 2018). Also, timing and duration
of the annual feeding window have been proposed as a potential
driver of live history adaptation (van Deurs, Christensen, Frisk, &
Mosegaard, 2010). However, the functional implications of the dif-
ferent genotypes are so far unknown, and further studies should
include individuals from additional areas and different subhabitats
to identify potential links between SVs and adaptive and demo-
graphic processes. Additionally, incorporation of age-segregated
data into the analysis might add further insight into relationships
between genotypes and environmental factors. Finally, increasing
genomic resolution could improve our understanding of both ori-
gin and evolution of SVs in the sandeel genome. Nevertheless, the
putative sandeel SVs present exciting perspectives for an assess-
ment of genetic connectivity in this species.

4.2 | Implications for management

While panmixia was inferred from the total SNP data set, analy-
ses of haplotype frequencies of the putative SVs revealed more
fine-scale population structure within the North Sea with poten-
tial implications for fisheries management. We found that the area
SA4 was the most divergent of all. Particularly, the sample WB16
differed strongly from all other collections. When SA4 samples
were excluded from analysis, the variation explained by manage-
ment areas decreased to statistical nonsignificance, although the
easternmost sample in the analysis, from SA2, also showed differ-
entiation from most other collections in the pairwise F¢; compari-
sons. Our genetic results are hence in line with conclusions from
Wright, Régnier, Gibb, Augley, and Devalla (2018) and Wright et al.
(2019) who used inference from biophysical model simulations of
larval transport and otolith chemistry to examine lesser sandeel
connectivity within the North Sea. They found that both types of
analyses supported that isolating mechanisms (i.e. limiting disper-
sal between certain areas) may act on local to regional scale which
could lead to some reproductive isolation among subcomponents.
Interestingly, they identified relatively stronger biophysical isola-
tion of sandbanks located in SA4 than among other management

TABLE 3 Summary statistics from the chi-squared test
comparing the model with and without the environmental
factor that explains the proportion of the inversion type in each
geographical location

p-value
Environmental factor AlC (2 test)
Null (Long*lat) 57.02
Long™lat + T, ax 58.99 .88
Long™lat + Tgg 55.89 .09
Long*lat + D,y ax 59.05 .96
Long™lat + C,ax 58.69 45

Abbreviations: C,,,,y, maximum concentration of zooplankton in the
water column; Dy, depth of zooplankton maximum; long/lat, longi-
tude and latitude coordinates where the sampling collection is located;

T temperature at the sea bottom; T,,,,, temperature at depth of

zooplankton maximum.

subareas. Although inference to some extent hinges on a small
number of high-LD loci, our results are in line with this finding, as
they showed indications of relatively larger reproductive isolation
between SA4 and the rest of the management areas included in
the study.

In Atlantic cod, coastal and migratory ecotypes are closely as-
sociated with the presence of large SVs (Berg et al., 2017) and are
managed separately based on genotyping of representative sam-
ples collected on fishing grounds where the distribution of the two
ecotypes overlaps (Dahle et al., 2018). In principle, it is possible that
the putative sandeel SVs are linked to ecotypes, which should then
consequently, and ideally, be managed separately. However, in the
case of sandeel, heterozygous individuals are found in high fre-
quency throughout collection sites across the North Sea, occurring
in frequencies expected under Hardy-Weinberg equilibrium (Table
S7). This suggests that all haplotypes belong to the same population
and cannot be considered putative ecotypes. In contrast, we find
that our data are more consistent with genetic variation segregating
within and among populations, potentially under local selection, as
discussed above.

Among the remaining management areas, we found that samples
aggregated by fisheries management area did not show higher over-
all differentiation than individual collections within management
areas, suggesting that current management units are not generally
associated with diverging genetic profiles. However, the determi-
nation of dynamics within and among potential subpopulations in
these management areas requires additional analysis as our results
are based on a relatively limited number of samples with restricted
temporal resolution. It should also be noted that demographic di-
versity of major importance to fisheries management may not have
been reflected in our genetic data, as fisheries management typi-
cally operates under the ecological population paradigm while our
data mainly reflect evolutionary processes over longer timescales
(Waples & Gaggiotti, 2006).

In the light of the prediction that changing climatic conditions
may affect North Sea sandeel productivity negatively (Lindegren
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et al., 2018), it would be of importance for the ecosystem approach
to fisheries management to describe and monitor dynamics of sub-
units with different adaptive potential, for example linked to SVs, to
avoid depletion of biodiversity that could potentially lead to popu-
lation decline (Reiss, Hoarau, Dickey-Collas, & Wolff, 2009). Further
development of genetic resources is needed to accomplish this, that
is to improve genomic characterization of the genetic variants we
hypothesize to represent SVs with potential adaptive significance.
This knowledge could be further implemented into a genetic tool
that can be applied to monitor populations in time and space (Dahle
etal.,, 2018; Hemmer-Hansen et al., 2019; Nielsen et al., 2012).

Finally, we highlight the importance of using large numbers of
markers distributed across the genome to fully characterize the ge-
netic diversity of species and populations. In our case, this allowed
us to detect subtle differentiation that otherwise could have been
overlooked. This is particularly challenging in species with high gene
flow, such as many marine fishes, where low levels of genetic dif-
ferences across most of the genome can mask genetic divergence
of strong functional significance. Thus, our study also serves as an
example of the increased power offered by population genomics for
conservation and management (e.g. Allendorf, Hohenlohe, & Luikart,
2010; Benestan et al., 2016; Hunter, Hoban, Bruford, Segelbacher, &
Bernatchez, 2018).

ACKNOWLEDGEMENTS

We would like to thank Philip Boulcott and Roger Kvalsund for
the contribution to sample delivery and data collection, as well as
Peter Wright and Espen Johnsen for samples and useful comments
on the manuscript. We would also like to thank Dorte Meldrup
and Maj-Britt Jacobsen for processing the samples in the labo-
ratory, Emilie Boulanger for sharing information for the connec-
tivity analysis, as well as Henrik Baktoft for helpful suggestions
on the statistical analysis. This work was supported by funding
from the Danish Ministry for Food, Agriculture and Fisheries
and the European Union through the project “Management of
Sandeel in the North Sea” (European Fisheries Fund: contract no.
33113-B-15-002).

CONFLICT OF INTEREST

None declared.

DATA AVAILABILITY STATEMENT

Data available from the Zenodo Digital Repository: https://doi.
org/10.5281/zenodo.3458888 (Jiménez-Mena et al., 2019).

ORCID

Belén Jiménez-Mena https://orcid.org/0000-0001-8458-5533

Alan Le Moan https://orcid.org/0000-0002-9124-6844

T, V|| £y

Asbjgrn Christensen https://orcid.org/0000-0002-4286-7409

Henrik Mosegaard https://orcid.org/0000-0001-7045-9456
https://orcid.org/0000-0002-1033-2565

https://orcid.org/0000-0002-5297-032X

Jakob Hemmer-Hansen

Dorte Bekkevold

REFERENCES

Alexander, D. H., Novembre, J., & Lange, K. (2009). Fast model-based es-
timation of ancestry in unrelated individuals. Genome Research, 19(9),
1655-1664. https://doi.org/10.1101/gr.094052.109

Allendorf, F. W., Hohenlohe, P. A., & Luikart, G. (2010). Genomics and
the future of conservation genetics. Nature Reviews. Genetics, 11(10),
697-709. https://doi.org/10.1038/nrg2844

Andrews, S. (2010). FastQC: A quality control tool for high throughput
sequence data. Available at: http://www.bioinformatics.babraham.
ac.uk/projects/fastqc/

Arnott, S., Ruxton, G., & Poloczanska, E. (2002). Stochastic dynamic pop-
ulation model of North Sea sandeels, and its application to precau-
tionary management procedures. Marine Ecology Progress Series, 235,
223-234. https://doi.org/10.3354/meps235223

Benestan, L. M., Ferchaud, A.-L., Hohenlohe, P. A., Garner, B. A., Naylor,
G. J. P, Baums, I. B., ... Luikart, G. (2016). Conservation genomics of
natural and managed populations: Building a conceptual and prac-
tical framework. Molecular Ecology, 25(13), 2967-2977. https://doi.
org/10.1111/mec.13647

Berg, P., & Poulsen, J. W. (2012). Implementation details for HBM. DMI
Technical Report No. 12-11.

Berg, P.R., Star, B., Pampoulie, C., Bradbury, I. R., Bentzen, P., Hutchings,
J.A., ...Jakobsen, K. S.(2017). Trans-oceanic genomic divergence of
Atlantic cod ecotypes is associated with large inversions. Heredity,
119(6), 418-428. https://doi.org/10.1038/hdy.2017.54

Berg, P. R., Star, B., Pampoulie, C., Sodeland, M., Barth, J. M. I., Knutsen,
H., ... Jentoft,S.(2016). Three chromosomal rearrangements promote
genomic divergence between migratory and stationary ecotypes of
Atlantic cod. Scientific Reports, 6, 23246. https://doi.org/10.1038/
srep23246

Bernatchez, L., Wellenreuther, M., Araneda, C., Ashton, D. T., Barth,
J. M. I, Beacham, T. D., ... Withler, R. E. (2017). Harnessing the
power of genomics to secure the future of seafood. Trends in
Ecology & Evolution, 32(9), 665-680. https://doi.org/10.1016/j.
tree.2017.06.010

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible
trimmer for Illumina sequence data. Bioinformatics (Oxford, England),
30(15), 2114-2120. https://doi.org/10.1093/bioinformatics/btu170

Butlin,R.K.(2005).Recombinationandspeciation. Molecular Ecology, 14(9),
2621-2635. https://doi.org/10.1111/j.1365-294X.2005.02617.x

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos,
J., Bealer, K., & Madden, T. L. (2009). BLAST+: Architecture
and applications. BMC Bioinformatics, 10(1), 421. https://doi.
org/10.1186/1471-2105-10-421

Catchen, J., Hohenlohe, P. A., Bassham, S., Amores, A., & Cresko, W. A.
(2013). Stacks: An analysis tool set for population genomics. Molecular
Ecology, 22(11), 3124-3140. https://doi.org/10.1111/mec.12354

Christensen, A., Jensen, H., Mosegaard, H., St. John, M., & Schrum, C.
(2008). Sandeel (Ammodytes marinus) larval transport patterns in
the North Sea from an individual-based hydrodynamic egg and lar-
val model. Canadian Journal of Fisheries and Aquatic Sciences, 65(7),
1498-1511. https://doi.org/10.1139/F08-073

Christensen, A., Mariani, P., & Payne, M. R. (2018). A generic frame-
work for individual-based modelling and physical-biological inter-
action. PLoS ONE, 13(1), e0189956. https://doi.org/10.1371/journ
al.pone.0189956


https://doi.org/10.5281/zenodo.3458888
https://doi.org/10.5281/zenodo.3458888
https://orcid.org/0000-0001-8458-5533
https://orcid.org/0000-0001-8458-5533
https://orcid.org/0000-0002-9124-6844
https://orcid.org/0000-0002-9124-6844
https://orcid.org/0000-0002-4286-7409
https://orcid.org/0000-0002-4286-7409
https://orcid.org/0000-0001-7045-9456
https://orcid.org/0000-0001-7045-9456
https://orcid.org/0000-0002-1033-2565
https://orcid.org/0000-0002-1033-2565
https://orcid.org/0000-0002-5297-032X
https://orcid.org/0000-0002-5297-032X
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1038/nrg2844
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.3354/meps235223
https://doi.org/10.1111/mec.13647
https://doi.org/10.1111/mec.13647
https://doi.org/10.1038/hdy.2017.54
https://doi.org/10.1038/srep23246
https://doi.org/10.1038/srep23246
https://doi.org/10.1016/j.tree.2017.06.010
https://doi.org/10.1016/j.tree.2017.06.010
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1111/j.1365-294X.2005.02617.x
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1111/mec.12354
https://doi.org/10.1139/F08-073
https://doi.org/10.1371/journal.pone.0189956
https://doi.org/10.1371/journal.pone.0189956

JIMENEZ-MENA ET AL.

= Ly ey- e —

Dahle, G., Quintela, M., Johansen, T., Westgaard, J.-1., Besnier, F., Aglen,
A., ... Glover, K. A. (2018). Analysis of coastal cod (Gadus morhua L.)
sampled on spawning sites reveals a genetic gradient throughout
Norway’s coastline. BMC Genetics, 19(1), 42. https://doi.org/10.1186/
$12863-018-0625-8

Duranton, M., Allal, F., Fraisse, C., Bierne, N., Bonhomme, F., & Gagnaire,
P.-A.(2018). The origin and remolding of genomic islands of differen-
tiation in the European sea bass. Nature Communications, 9(1), 2518.
https://doi.org/10.1038/s41467-018-04963-6

Endo, A., lwasaki, N., Shibata, J., Tomiyama, T., & Sakai, Y. (2019). The bur-
rowing sand lance Ammodytes japonicus (Teleostei, Ammodytidae)
prefers benthic sediments of low shear strength. Journal of Ethology,
37(2), 213-219. https://doi.org/10.1007/s10164-019-00591-9

Excoffier, L., Smouse, P. E., & Quattro, J. M. (1992). Analysis of molecu-
lar variance inferred from metric distances among DNA haplotypes:
Application to human mitochondrial DNA restriction data. Genetics,
131(2), 479-491.

Faria, R., Johannesson, K., Butlin, R. K., & Westram, A. M. (2019). Evolving
inversions. Trends in Ecology & Evolution, 34(3), 239-248. https://doi.
org/10.1016/).TREE.2018.12.005

Foll, M., & Gaggiotti, O. (2008). A genome-scan method to identify se-
lected loci appropriate for both dominant and codominant mark-
ers: A Bayesian perspective. Genetics, 180(2), 977-993. https://doi.
org/10.1534/genetics.108.092221

Furness, R. W. (2007). Responses of seabirds to depletion of food
fish stocks. Journal of Ornithology, 148(S2), 247-252. https://doi.
org/10.1007/s10336-007-0152-2

Gagnaire, P.-A., Broquet, T., Aurelle, D., Viard, F., Souissi, A., Bonhomme,
F., ... Bierne, N. (2015). Using neutral, selected, and hitchhiker loci
to assess connectivity of marine populations in the genomic era.
Evolutionary Applications, 8(8), 769-786. https://doi.org/10.1111/
eva.12288

Gagnaire, P.-A., Lamy, J.-B., Cornette, F., Heurtebise, S., Dégremont, L.,
Flahauw, E., ... Lapégue, S. (2018). Analysis of genome-wide differ-
entiation between native and introduced populations of the cupped
oysters Crassostrea gigas and Crassostrea angulata. Genome Biology and
Evolution, 10(9), 2518-2534. https://doi.org/10.1093/gbe/evy194

Gazave, E., Tassone, E. E., llut, D. C., Wingerson, M., Datema, E.,
Witsenboer,H.M. A, ... Gore, M. A.(2016). Population genomic analy-
sis reveals differential evolutionary histories and patterns of diversity
across subgenomes and subpopulations of Brassica napus L. Frontiers
in Plant Science, 7, 525. https://doi.org/10.3389/fpls.2016.00525

Gervais, H., & Boulart, R. (1877). Les poissons: synonymie, description,
moeurs, frai, péche, iconographie des espéces composant plus par-
ticulierement la faune francaise. Les poissons de mer (3rd). Paris:J.
Rothschild.

Goudet, J. (2005). hierfstat, a package for r to compute and test hier-
archical F-statistics. Molecular Ecology Notes, 5(1), 184-186. https://
doi.org/10.1111/j.1471-8286.2004.00828.x

Gruber, B., Unmack, P. J,, Berry, O. F., & Georges, A. (2018). dartr: An r
package to facilitate analysis of SNP data generated from reduced
representation genome sequencing. Molecular Ecology Resources,
18(3), 691-699. https://doi.org/10.1111/1755-0998.12745

Hemmer-Hansen, J., Hussy, K., Baktoft, H., Huwer, B., Bekkevold,
D., Haslob, H., ... Eero, M. (2019). Genetic analyses reveal com-
plex dynamics within a marine fish management area. Evolutionary
Applications, 12(4), 830-844. https://doi.org/10.1111/eva.12760

Henriksen, O., Christensen, A., Jonasdottir, S., MacKenzie, B., Nielsen, K.,
Mosegard, H., & van Deurs, M. (2018). Oceanographic flow regime
and fish recruitment: Reversed circulation in the North Sea coincides
with unusually strong sandeel recruitment. Marine Ecology Progress
Series, 607, 187-205. https://doi.org/10.3354/meps12786

Hill, W. G., & Robertson, A. (1968). Linkage disequilibrium in finite popu-
lations. Theoretical and Applied Genetics, 38(6), 226-231. https://doi.
org/10.1007/BF01245622

Hoffmann, A. A., Sgro, C. M., & Weeks, A. R. (2004). Chromosomal in-
version polymorphisms and adaptation. Trends in Ecology & Evolution,
19(9), 482-488. https://doi.org/10.1016/J.TREE.2004.06.013

Hunter, M. E., Hoban, S. M., Bruford, M. W., Segelbacher, G., &
Bernatchez, L. (2018). Next-generation conservation genetics and
biodiversity monitoring. Evolutionary Applications, 11(7), 1029-1034.
https://doi.org/10.1111/EVA.12661

ICES (2017). Report of the benchmark on Sandeel (WKSand 2016), 31 October
- 4 November 2016, Bergen, Norway. ICES CM 2016/ACOM:33.

ICES (2018). Report of the Herring Assessment Working Group for the Area
South of 62°N (HAWG). 29-31 January 2018 and 12-20 March 2018.
ICES HQ, Copenhagen, Denmark. ICES CM 2018/ACOM:07.

Jensen, H., Rindorf, A., Wright, P. J., & Mosegaard, H. (2011). Inferring
the location and scale of mixing between habitat areas of lesser
sandeel through information from the fishery. ICES Journal of Marine
Science, 68(1), 43-51. https://doi.org/10.1093/icesjms/fsq154

Jiménez-Mena, B., Le Moan, A. van Christensen, A., Deurs, M.,
Mosegaard, H., Hemmer-Hansen, J., & Bekkevold, D. (2019). Data
from: Weak genetic structure despite strong genomic signal in lesser
sandeel in the North Sea, Zenodo. Dataset, https://doi.org/doi.
org/10.5281/zenodo.3458888

Johannesson, K., Panova, M., Kemppainen, P., André, C., Rolan-Alvarez,
E., & Butlin, R. K. (2010). Repeated evolution of reproductive isolation
in a marine snail: Unveiling mechanisms of speciation. Philosophical
Transactions of the Royal Society B: Biological Sciences, 365(1547),
1735-1747. https://doi.org/10.1098/rstb.2009.0256

Jombart, T., & Ahmed, I. (2011). adegenet 1.3-1: New tools for the anal-
ysis of genome-wide SNP data. Bioinformatics, 27(21), 3070-3071.
https://doi.org/10.1093/bioinformatics/btr521

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of
principal components: A new method for the analysis of geneti-
cally structured populations. BMC Genetics, 11(1), 94. https://doi.
org/10.1186/1471-2156-11-94

Kamvar, Z. N., Tabima, J. F., & Griinwald, N. J. (2014). Poppr: An R package
for genetic analysis of populations with clonal, partially clonal, and/or
sexual reproduction. PeerJ, 2, €281. https://doi.org/10.7717/peerj.281

Kemppainen, P, Knight, C. G, Sarma, D. K., Hlaing, T., Prakash, A., Maung
Maung, Y. N., ... Walton, C. (2015). Linkage disequilibrium network
analysis (LDna) gives a global view of chromosomal inversions, local
adaptation and geographic structure. Molecular Ecology Resources,
15(5), 1031-1045. https://doi.org/10.1111/1755-0998.12369

Kerr, L. A., Hintzen, N. T., Cadrin, S. X., Clausen, L. W., Dickey-Collas,
M., Goethel, D. R,, ... Nash, R. D. M. (2016). Lessons learned from
practical approaches to reconcile mismatches between biological
population structure and stock units of marine fish. ICES Journal of
Marine Science: Journal Du Conseil, 74(6), 1708-1722. https://doi.
org/10.1093/icesjms/fsw188

Kirkpatrick, M. (2010). How and why chromosome inversions evolve.
PLoS Biology, 8(9), e1000501. https://doi.org/10.1371/journ
al.pbio. 1000501

Le Moan, A., Bekkevold, D., & Hemmer-Hansen, J. (2019). Evolution at
two-time frames shape structural variants and population structure
of European plaice (Pleuronectes platessa). BioRxiv, 662577. https://
doi.org/10.1101/662577

Lindegren, M., van Deurs, M., MacKenzie, B. R., Worsoe Clausen, L.,
Christensen, A., & Rindorf, A. (2018). Productivity and recovery of forage
fish under climate change and fishing: North Sea sandeel as a case study.
Fisheries Oceanography, 27(3), 212-221. https://doi.org/10.1111/fog.12246

Luu, K., Bazin, E., & Blum, M. G. B. (2017). pcadapt : An R package to
perform genome scans for selection based on principal compo-
nent analysis. Molecular Ecology Resources, 17(1), 67-77. https://doi.
org/10.1111/1755-0998.12592

Ma, J., & Amos, C. I. (2012). Investigation of inversion polymorphisms in
the human genome using principal components analysis. PLoS ONE,
7(7), e40224. https://doi.org/10.1371/journal.pone.0040224


https://doi.org/10.1186/s12863-018-0625-8
https://doi.org/10.1186/s12863-018-0625-8
https://doi.org/10.1038/s41467-018-04963-6
https://doi.org/10.1007/s10164-019-00591-9
https://doi.org/10.1016/J.TREE.2018.12.005
https://doi.org/10.1016/J.TREE.2018.12.005
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1534/genetics.108.092221
https://doi.org/10.1007/s10336-007-0152-2
https://doi.org/10.1007/s10336-007-0152-2
https://doi.org/10.1111/eva.12288
https://doi.org/10.1111/eva.12288
https://doi.org/10.1093/gbe/evy194
https://doi.org/10.3389/fpls.2016.00525
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1111/j.1471-8286.2004.00828.x
https://doi.org/10.1111/1755-0998.12745
https://doi.org/10.1111/eva.12760
https://doi.org/10.3354/meps12786
https://doi.org/10.1007/BF01245622
https://doi.org/10.1007/BF01245622
https://doi.org/10.1016/J.TREE.2004.06.013
https://doi.org/10.1111/EVA.12661
https://doi.org/10.1093/icesjms/fsq154
https://doi.org/doi.org/10.5281/zenodo.3458888
https://doi.org/doi.org/10.5281/zenodo.3458888
https://doi.org/10.1098/rstb.2009.0256
https://doi.org/10.1093/bioinformatics/btr521
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.7717/peerj.281
https://doi.org/10.1111/1755-0998.12369
https://doi.org/10.1093/icesjms/fsw188
https://doi.org/10.1093/icesjms/fsw188
https://doi.org/10.1371/journal.pbio.1000501
https://doi.org/10.1371/journal.pbio.1000501
https://doi.org/10.1101/662577
https://doi.org/10.1101/662577
https://doi.org/10.1111/fog.12246
https://doi.org/10.1111/1755-0998.12592
https://doi.org/10.1111/1755-0998.12592
https://doi.org/10.1371/journal.pone.0040224

JIMENEZ-MENA ET AL.

Magoc, T., & Salzberg, S. L. (2011). FLASH: Fast length adjustment of
short reads to improve genome assemblies. Bioinformatics, 27(21),
2957-2963. https://doi.org/10.1093/bioinformatics/btr507

Mavarez, J., Salazar, C. A., Bermingham, E., Salcedo, C., Jiggins, C. D.,
& Linares, M. (2006). Speciation by hybridization in Heliconius but-
terflies. Nature, 441(7095), 868-871. https://doi.org/10.1038/natur
e04738

McGaugh, S. E., & Noor, M. A. F. (2012). Genomic impacts of chromo-
somal inversions in parapatric Drosophila species. Philosophical
Transactions of the Royal Society B: Biological Sciences, 367(1587),
422-429. https://doi.org/10.1098/rstb.2011.0250

Mérot, C., Berdan, E. L., Babin, C., Normandeau, E., Wellenreuther,
M., & Bernatchez, L. (2018). Intercontinental karyotype-environ-
ment parallelism supports a role for a chromosomal inversion in
local adaptation in a seaweed fly. Proceedings of the Royal Society B:
Biological Sciences, 285(1881), 20180519. https://doi.org/10.1098/
rspb.2018.0519

Naevdal, G., & Thorkildsen, S. (2002). Genetic studies on species compo-
sition and population structure of sand eels (Genera: Ammodytes,
Hyperoplus and Gymnammodytes) in Norwegian waters. Journal of
Applied Ichthyology, 18(2), 124-126.

Neumann, T. (2000). Towards a 3D-ecosystem model of the Baltic
Sea. Journal of Marine Systems, 25(3-4), 405-419. https://doi.
org/10.1016/50924-7963(00)00030-0

Neumann, T., Fennel, W., & Kremp, C. (2002). Experimental simulations
with an ecosystem model of the Baltic Sea: A nutrient load reduction
experiment. Global Biogeochemical Cycles, 16(3), 7-1-7-19. https://doi.
org/10.1029/2001GB001450

Nielsen, E. E., Cariani, A., Aoidh, E. M., Maes, G. E., Milano, I., Ogden,
R., ... Carvalho, G. R. (2012). Gene-associated markers provide
tools for tackling illegal fishing and false eco-certification. Nature
Communications, 3(1), 851. https://doi.org/10.1038/ncomms1845

Paris, J. R, Stevens, J. R., & Catchen, J. M. (2017). Lost in parameter
space: A road map for stacks. Methods in Ecology and Evolution, 8(10),
1360-1373. https://doi.org/10.1111/2041-210X.12775

Pembleton, L. W., Cogan, N. O. I, & Forster, J. W. (2013). StAMPP: An
R package for calculation of genetic differentiation and structure of
mixed-ploidy level populations. Molecular Ecology Resources, 13(5),
946-952. https://doi.org/10.1111/1755-0998.12129

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra,
H. E. (2012). Double digest RADseq: An inexpensive method for
de novo SNP discovery and genotyping in model and non-model
species. PLoS ONE, 7(5), e37135. https://doi.org/10.1371/journ
al.pone.0037135

Pettersson, M. E., Rochus, C. M., Han, F., Chen, J., Hill, J., Wallerman, O.,
... Andersson, L. (2019). A chromosome-level assembly of the Atlantic
herring - Detection of a supergene and other signals of selection.
BioRxiv, 668384. https://doi.org/10.1101/668384

Reiss, H., Hoarau, G., Dickey-Collas, M., & Wolff, W. J. (2009). Genetic
population structure of marine fish: Mismatch between biological
and fisheries management units. Fish and Fisheries, 10(4), 361-395.
https://doi.org/10.1111/j.1467-2979.2008.00324.x

Roesti,M.,Moser, D.,&Berner, D.(2013). Recombinationinthe threespine
stickleback genome-patterns and consequences. Molecular Ecology,
22(11), 3014-3027. https://doi.org/10.1111/mec.12322

Settepani, V., Schou, M. F,, Greve, M., Grinsted, L., Bechsgaard, J., &
Bilde, T. (2017). Evolution of sociality in spiders leads to depleted
genomic diversity at both population and species levels. Molecular
Ecology, 26(16), 4197-4210. https://doi.org/10.1111/mec.14196

Van Belleghem, S. M., Vangestel, C., De Wolf, K., De Corte, Z., Most,
M., Rastas, P, ... Hendrickx, F. (2018). Evolution at two time frames:
Polymorphisms from an ancient singular divergence event fuel con-
temporary parallel evolution. PLOS Genetics, 14(11), e1007796. https
://doi.org/10.1371/journal.pgen.1007796

T, V|| £y

Van Deurs, M., Christensen, A., Frisk, C., & Mosegaard, H. (2010).
Overwintering strategy of sandeel ecotypes from an energy/preda-
tion trade-off perspective. Marine Ecology Progress Series, 416, 201-
214. https://doi.org/10.3354/meps08763

Van Deurs, M., Hartvig, M., & Steffensen, J. F. (2011). Critical threshold
size for overwintering sandeels (Ammodytes marinus). Marine Biology,
158(12), 2755-2764. https://doi.org/10.1007/s00227-011-1774-8

Van Deurs, M., van Hal, R., Tomczak, M., Jonasdéttir, S., & Dolmer, P.
(2009). Recruitment of lesser sandeel Ammodytes marinus in relation
to density dependence and zooplankton composition. Marine Ecology
Progress Series, 381, 249-258. https://doi.org/10.3354/meps07960

Waples, R., & Gaggiotti, O. (2006). What is a population? An empirical
evaluation of some genetic methods for identifying the number of
gene pools and their degree of connectivity. Molecular Ecology, 15,
1419-1439. https://doi.org/10.1111/j.1365-294X.2006.02890.x

Ward, R. D., Woodwark, M., & Skibinski, D. O. F. (1994). A compari-
son of genetic diversity levels in marine, freshwater, and anadro-
mous fishes. Journal of Fish Biology, 44(2), 213-232. https://doi.
0rg/10.1111/j.1095-8649.1994.tb01200.x

Warnes, G., Gorjanc, W., Leisch, F., & Man, M. (2013). The genetics pack-
age. R package version 1.3.8.1.

Weir, B. S., & Cockerman, C. C. (1984). Estimating F-statistics for popula-
tion structure. Evolution, 38(6), 1358-1370.

Wellenreuther, M., & Bernatchez, L. (2018). Eco-evolutionary genomics
of chromosomal inversions. Trends in Ecology & Evolution, 33(6), 427-
440. https://doi.org/10.1016/j.tree.2018.04.002

Wellenreuther, M., Mérot, C., Berdan, E., & Bernatchez, L. (2019). Going
beyond SNPs: The role of structural genomic variants in adaptive
evolution and species diversification. Molecular Ecology, 28(6), 1203~
1209. https://doi.org/10.1111/mec.15066

White, C., Selkoe, K. A., Watson, J., Siegel, D. A., Zacherl, D. C., & Toonen,
R. J. (2010). Ocean currents help explain population genetic struc-
ture. Proceedings of the Royal Society B: Biological Sciences, 277(1688),
1685-1694. https://doi.org/10.1098/rspbh.2009.2214

Wright, P. J., Christensen, A., Régnier, T., Rindorf, A., & van Deurs, M.
(2019). Integrating the scale of population processes into fisheries
management, as illustrated in the sandeel, Ammodytes marinus. ICES
Journal of Marine Science, https://doi.org/10.1093/icesjms/fsz013

Wright, P. J., Jensen, H., & Tuck, I. (2000). The influence of sediment
type on the distribution of the lesser sandeel, Ammodytes marinus.
Journal of Sea Research, 44(3-4), 243-256. https://doi.org/10.1016/
$1385-1101(00)00050-2

Wright, P. J., Régnier, T., Gibb, F. M., Augley, J., & Devalla, S. (2018).
Identifying stock structuring in the sandeel, Ammodytes marinus,
from otolith microchemistry. Fisheries Research, 199, 19-25. https://
doi.org/10.1016/J.FISHRES.2017.11.015

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Jiménez-Mena B, Le Moan A,
Christensen A, et al. Weak genetic structure despite strong
genomic signal in lesser sandeel in the North Sea. Evol Appl.
2020;13:376-387. https://doi.org/10.1111/eva.12875



https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1038/nature04738
https://doi.org/10.1038/nature04738
https://doi.org/10.1098/rstb.2011.0250
https://doi.org/10.1098/rspb.2018.0519
https://doi.org/10.1098/rspb.2018.0519
https://doi.org/10.1016/S0924-7963(00)00030-0
https://doi.org/10.1016/S0924-7963(00)00030-0
https://doi.org/10.1029/2001GB001450
https://doi.org/10.1029/2001GB001450
https://doi.org/10.1038/ncomms1845
https://doi.org/10.1111/2041-210X.12775
https://doi.org/10.1111/1755-0998.12129
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1371/journal.pone.0037135
https://doi.org/10.1101/668384
https://doi.org/10.1111/j.1467-2979.2008.00324.x
https://doi.org/10.1111/mec.12322
https://doi.org/10.1111/mec.14196
https://doi.org/10.1371/journal.pgen.1007796
https://doi.org/10.1371/journal.pgen.1007796
https://doi.org/10.3354/meps08763
https://doi.org/10.1007/s00227-011-1774-8
https://doi.org/10.3354/meps07960
https://doi.org/10.1111/j.1365-294X.2006.02890.x
https://doi.org/10.1111/j.1095-8649.1994.tb01200.x
https://doi.org/10.1111/j.1095-8649.1994.tb01200.x
https://doi.org/10.1016/j.tree.2018.04.002
https://doi.org/10.1111/mec.15066
https://doi.org/10.1098/rspb.2009.2214
https://doi.org/10.1093/icesjms/fsz013
https://doi.org/10.1016/S1385-1101(00)00050-2
https://doi.org/10.1016/S1385-1101(00)00050-2
https://doi.org/10.1016/J.FISHRES.2017.11.015
https://doi.org/10.1016/J.FISHRES.2017.11.015
https://doi.org/10.1111/eva.12875

