Ecology and Evolution

| RESEARCH ARTICLE CEIEED

'.) Check for updates

WILEY

Genetic Structure of Blue Ling, Molva dypterygia, in the

North Atlantic

Maria Quintela®
Lise Helen Ofstad*

| Hege @verbe Hansen!
| Kristin Helle!

| Laila Unneland' | Ilaria Coscia?

| Torild Johansen? |

Institute of Marine Research (IMR), Bergen, Norway | 2Foras na Mara — Marine Institute, Oranmore, Co. Galway, Ireland | *Institute of Marine Research
(IMR), Tromse, Norway | “Faroe Marine Research Institute (FAMRI), Torshavn, Faroe Islands

Correspondence: Maria Quintela (maria.quintela.sanchez@hi.no)

Received: 25 September 2025 | Revised: 5 December 2025 | Accepted: 8 December 2025

Keywords: blue ling | conservation genetics | Molva dypterygia | population structure | SNP | stock

ABSTRACT

The blue ling, a deep-water fish widespread in the Northeast Atlantic, has suffered major population declines from intensive
fishing since the 1970s. Individuals sampled from four Norwegian fjords and offshore locations, including the Norwegian shelf,
Faroe Islands, Rockall, Iceland and Greenland, were genotyped at 61 SNP loci. Results revealed weak but significant overall dif-
ferentiation (Fy=0.005***) and no evidence of isolation by distance. While fjord and offshore groups showed no broad genetic

separation, Yrkefjord displayed a distinct pattern relative to most other locations, warranting further investigation. Moreover,

linkage disequilibrium analysis of SNPs produced a PCA pattern consistent with the characteristic three-band structure associ-

ated with chromosomal inversions.

1 | Introduction

The blue ling, Molva dypterygia (Pennant 1784) is a benthope-
lagic gadoid fish belonging to the family Lotidae (cuskfishes,
burbots, hakes) (Froese and Pauly 2023). In the NE Atlantic,
the species is distributed from the Barents Sea along the coast
of Norway to the west of the British Isles, around the Faroe
Islands and Iceland and off the east coast of Greenland (Large
et al. 2010). Reports of blue ling further south (typically in the
Bay of Biscay) are due to the confusion with the Spanish ling,
Molva macrophthalma, a more southerly-distributed species ex-
tending to Morocco and into the Mediterranean and formerly
considered a sub-species of blue ling (Priede 2019). Meristic fea-
tures differ between blue ling (M. dypterygia) and the Spanish
ling (M. macrophthalma) as the pelvic fin extends beyond the
pectoral fin in the latter.

Blue ling displays aggregating spawning behaviour, and high
densities of individuals can be found in deep waters in five
areas off North-western Scotland: i.e., (1) along the continen-
tal northwest slope; (2) on, around and northwest of Rosemary
Bank; (3) on the southern and southwest margins of Lousy
Bank; (4) on the northeast margins of Hatton Bank; (5) on
the eastern and southern margins of Hatton Bank mainly at
depths of 730-1100m (Ehrich 1982; Hislop et al. 2015; Large
et al. 2010), as well as in parts of the northern North Sea
(Wheeler 1969), Rockall (Ehrich 1982), west of the Hebrides,
Reykjanes bank south of Iceland, around the Faroe Islands
and along Storegga (Large et al. 2010; Magnusson et al. 1997).
As typical for gadoid fishes, fecundity is high: from 1 to
3.5million eggs per female (Gordon and Hunter 1994;
Thomas 1987), and spawning occurs from February to June in
the area west of Scotland (Large et al. 2010), from April to May
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in the North Atlantic (Cohen et al. 1990), in May-June along
Storegga (Engas 1983; Magnusson et al. 1997; Thomas 1987)
and from March-April to August in the Norwegian Deep
(Bergstad 1991). The information about larval dispersal and
nursery areas for early-stage demersal juveniles is scarce be-
cause ichthyoplankton surveys generally target more inshore
waters, therefore eluding the species.

Commercial trawl and longline fisheries now target adult
blue ling aged 9-19years (ICES 2018) on the western slopes of
Scotland, around the Faroe Islands and Iceland. The spawning
aggregating behaviour of blue ling has historically attracted
intense fishing pressure, particularly through gillnet fisher-
ies along the Norwegian coast in the 1970s and 1980s, which
led to the depletion of the stock in the region. In response, the
species was included in the Norwegian Red List in 2006 (Kalas
et al. 2006), and in 2009, two measures were introduced in
Norway to promote the stock recovery: a ban on targeted fishing
and a bycatch limit of 10% of the total catch. Consequently, no
TAC (Total Allowable Catch) is set for blue ling in Norwegian
waters, and current ICES advice recommends a zero-catch pol-
icy under a precautionary approach. The bycatch restriction ef-
fectively limited fishing activity on the spawning aggregations
and at the same time imposed significant constraints on fish-
eries targeting common ling (Molva molva) and tusk (Brosme
brosme).

Sustainable fisheries management requires alignment be-
tween biologically relevant processes and regulatory actions.
Thus, understanding genetic population structure and con-
nectivity is critical for identifying appropriate management
units (e.g., Cadrin et al. 2014; Reiss et al. 2009). In recent
years, this has been aided by the discovery and use of loci ex-
hibiting signatures of selection, which have proven effective
for detecting fine-scale spatial genetic structure and delineat-
ing biologically meaningful units for fisheries management
(Andersson et al. 2024). Failure to account for key factors—
such as the spatio-temporal mixing of populations or inade-
quate identification of locally-adapted populations, which
are particularly vulnerable to overfishing (Funk et al. 2012;
Pinsky and Palumbi 2014; Waples et al. 2008) — can lead to
potential overexploitation of resources (Allendorf et al. 2008;
Kerr et al. 2017). In blue ling, reproductive behaviour has
been thought to dilute signals of spatial genetic differenti-
ation; however, genotyping-by-sequencing (GBS) analyses
revealed the presence of a strong phylogeographic break sep-
arating the Norwegian coast and offshore Atlantic popula-
tions (McGill et al. 2023). Despite these findings, information
on how the genetic populations interact between fjords and
oceanic areas as well as differences among Norwegian fjords
is lacking. Significant genetic differentiation has been docu-
mented between offshore and fjord populations in Atlantic
cod (Johansen et al. 2020; Jorde et al. 2021), however, McGill
et al. (2023) were unable to draw similar conclusions for blue
ling, largely due to limited sampling coverage. If there are
separate and genetically different populations in the fjords,
they might be more vulnerable to overfishing and depletion as
well as more sensitive to environmental and climate changes
as their genetic pool would be smaller (Reiss et al. 2009). On
the other hand, they might support a local fishery that, on its
small scale, would be sustainable.

The aim of this study was to assess patterns of genetic differ-
entiation between coastal/fjord samples and offshore blue ling
populations and, by expanding the sampling in Norwegian
fjords, to further unravel potential genetic differences within
these areas. Blue ling individuals were genotyped using an
available panel of species-specific SNP (Single Nucleotide
Polymorphism) markers (Helle et al. 2020). Both newly col-
lected and historical samples were analysed to evaluate the
temporal stability of any genetic patterns identified in this
study. The findings of this study will contribute to a deeper
understanding of the evolutionary processes at work in the
deeper layers of the oceans, as well as produce information
that will be useful in refining the approach to management
of blue ling.

2 | Materials and Methods
2.1 | Sampling and Genotyping

A total of 1433 individuals was collected in 15 different locations
(Figure 1) using several approaches: (1) on board of research
vessels during scientific surveys, (2) by professional fishers,
especially the Norwegian Reference Fleet and (3) by sport an-
glers (Table 1). The fish used in this study were sampled using
standard sampling protocols to meet scientific and ethical re-
quirements. Individuals were collected from Yrkefjorden (a
fjord east of Haugesund; inner Boknafjorden), Fordefjorden,
Storfjorden (near Alesund), Storegga (Norwegian shelf at
More, west off Alesund), Skagerrak and near the Faroe Islands,
Iceland, Rosemary Bank and Rockall. DNA was extracted from
ethanol-preserved finclips or otoliths (historical samples) using
the Qiagen DNeasy Blood & Tissue Kit (QIAGEN) in 96 well-
plates. Individuals were genotyped with the suite of dedicated 81
SNP loci mined from ddRAD-sequencing as described in Helle
et al. (2020). The list of loci with their corresponding flanking
regions and the distribution in multiplex reactions can be found
in table 1 in Helle et al. (2020). SNPs were distributed into three
multiplex assays and genotype calling was performed using
the Sequenom MassARRAY iPLEX Platform as described by
Gabriel et al. (2009). Briefly, a locus-specific PCR reaction was
conducted containing 0.78 uL of the 10x PCR buffer, 0.40 uL of
MgCl, (25mM), 0.125uL of a mix dANTP (25mM), 0.625uL of
the Primer Mix (Table S1), 0.125 1L of the HotStar Taq Plus (5U/
uL), 1.35uL of water and 2uL of the template DNA. The PCR
program was 95°C 2 min, followed by 45 cycles of 95°C 305, 56°C
30s and 72°C and a final extension step of 72°C for 5min. The
PCR products were then purified by adding 2L of SAP cock-
tail (containing 0.17 uL of SAP buffer, 0.3 uL of 1.7 U/uL shrimp
alkaline phosphatase and dsH,O) and incubated at 37°C for
30min and 85°C for 15min. Finally, a locus-specific primer ex-
tension reaction was performed where the primers anneal next
to the intended genotyped site in a reaction of 2uL containing
0.22uL 10X iPLEX buffer, 0.2uL of the iPLEX extension mix,
1uL of the probe mix (Table S1), 0.05uL of the iPLEX enzyme
and water. The primer extension thermal cycling was 94°C 30s,
followed by 40cycles of 94°C 5s and 5cycles of 52°C 5s and 80°C
5s, to end with 3min at 72°C. The resulting products were then
cleaned using SpectroClean resin (Sequenom) and spotted into
384-well sample SpectroCHIPs (Sequenom) following the man-
ufacturers’ protocol.
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FIGURE1 | Molva dypterygia sampling sites. The map was created using the geom_sf() function in the R package ggplot2 (Wickham 2016).

2.2 | Statistical Analysis

After purging loci that failed to amplify in >15% of the indi-
viduals or in an entire sample, as well as individuals showing
>15% missing markers, a final set of 974 individuals distrib-
uted across 18 samples and genotyped at 61 polymorphic
markers was retained for statistical analyses (Table 1). Five
out of the 61 retained loci showed missing data ranging from
5% to 13% whereas 74% of the total loci displayed <1% missing
data. Due to the historical value of the Rockall sample from
1976, a maximum of 18% missing data per individual was
allowed.

To identify loci putatively under selection, two complemen-
tary approaches were employed: BayeScan 2.1 (Foll and
Gaggiotti 2008) and Arlequin v.3.5.1.2 (Excoffier et al. 2005).
In BayeScan, the sample size was set to 10,000 iterations with a
thinning interval of 50; loci with posterior probabilities > 0.99—
corresponding to a Bayes Factor >2 and interpreted as ‘decisive
selection’ (Foll and Gaggiotti 2006)—were considered candidate
outliers. In Arlequin, simulations were performed under a hier-
archical island model with 1000 demes and 50,000 replicates.
The intersection of loci identified by both methods was used to
derive a consensus set of candidate loci putatively under positive
selection.

The power of the dataset was assessed with a genotype accu-
mulation curve built using the function genotype curve in the R

(R Core Team 2025) package poppr (Kamvar et al. 2014). This
approach can assess if the SNP panel would accurately discrim-
inate between individuals by randomly sampling X loci without
replacement and counting the number of observed multilocus
genotypes (MLGs). This was repeated r times for 1 locus up to
n-1 loci, creating n-1 distributions of observed MLGs.

Conformance with gametic phase equilibrium (LD) and Hardy-
Weinberg proportions (HWE) was examined for all loci and sam-
ples using GENEPOP 7 (Rousset 2008). The observed (H_) and
unbiased expected heterozygosity (uH,) as well as the inbreed-
ing coefficient (F|5) per sample were computed with GenAlEx
v6.1 (Peakall and Smouse 2006).

A Principal Component Analysis (PCA) was conducted using the
function dudi.pca in ade4 (Dray and Dufour 2007). Supervised
genetic structure using geographically explicit samples was as-
sessed using the Analysis of Molecular Variance (AMOVA) and
pairwise Fg; (Weir and Cockerham 1984), both computed with
Arlequin v.3.5.1.2 (Excoffier et al. 2005) using 10,000 permuta-
tions. The differentiation driven by habitat (open coast vs. fjords)
was addressed using the hierarchical approach in AMOVA.
The False Discovery Rate (FDR) correction of Benjamini and
Hochberg (1995) was applied to p-values to control for Type I er-
rors. The relationship among samples was also examined using
the Discriminant Analysis of Principal Components (DAPC)
(Jombart et al. 2010) implemented in the R (R Core Team 2025)
package adegenet (Jombart 2008). Groups were defined using
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geographically explicit locations, and to avoid overfitting, both
the optimal number of principal components and discriminant
functions to be retained were determined through cross vali-
dation using the xvalDapc function (Jombart and Collins 2015;
Miller et al. 2020). Likewise, the Bayesian clustering approach
implemented in STRUCTURE v. 2.3.4 (Pritchard et al. 2000)
was used via ParallelStructure (Besnier and Glover 2013) to
identify genetic groups under a model assuming admixture
and correlated allele frequencies across a number of clusters
ranging from K=1 to K=10. Analyses were conducted both
with and without using sample group information, as the for-
mer aids in detecting lower levels of divergence without bias-
ing towards detecting structure when it is not present (Hubisz
et al. 2009). STRUCTURE output was further analysed through:
(a) the ad hoc summary statistic AK of Evanno et al. (2005)
and (b) the Puechmaille (2016) four statistics (MedMedK,
MedMeanK, MaxMedK and MaxMeanK) both implemented
in StructureSelector (Li and Liu 2018). Finally, the 10 runs for
the selected Ks were averaged with CLUMPP v.1.1.1 (Jakobsson
and Rosenberg 2007) using the FullSearch algorithm and the
G’ pairwise matrix similarity statistic and graphically displayed
using barplots.

The relationship between genetic (Fg;) and geographic distance
was examined to investigate if it conformed to the expectations of
an “Isolation by Distance” pattern (IBD), i.e., increasing genetic
differentiation with geographic distance as a result of drift and
restricted gene flow (Rousset 1997; Slatkin 1993; Wright 1943). A
two-tailed Mantel (1967) test was conducted using PASSaGE v2
(Rosenberg and Anderson 2011), and significance was assessed
via 10,000 permutations. The matrix of pairwise shortest dis-
tance by water was obtained by calculating least-cost distances
via seas (avoiding landmasses) between sampling sites using the
lc.dist function from the (R Core Team 2025) package marmap
v1.0 (Pante and Simon-Bouhet 2013).

Putative clines of allele frequency were investigated via the
latitudinal sliding-window approach developed by Pereira
et al. (2018). To verify if the putative observed clines were due
to random chance, permutation tests were conducted where the
location of the populations was switched for all the alleles re-
ported as significant (summary statistic used: slope; number of
permutations per allele: 10,000). Finally, loci identified as dis-
playing clines were subjected to a geographic cline analysis con-
ducted using the R package HZAR (Derryberry et al. 2014) over
a transect starting in Nygrunnen (69°N) and south to Rockall
(57°N). Finally, when needed, loci were annotated by matching
the SNP flanking regions against a non-redundant database of
GenBank (www.ncbi.nlm.nih.gov/genbank/) using the Basic
Local Alignment Search Tool (Altschul et al. 1990).

3 | Results

None of the loci deviated from neutral expectations in either
BayeScan or Arlequin (Table S2), and consequently, all 61 loci
were retained. The resolution power of the SNP array used was
evidenced by the plateau of the genotype accumulation curve
reached with 25% of the markers used, meaning that some 15
SNPs would be enough to differentiate unique individuals in a
population (Figure S1).

The biplot resulting from Principal Components Analysis
revealed a three-stripped pattern lacking any underlying
geographic basis (Figure S2a). The three resulting clusters con-
tained different numbers of individuals and showed a pattern of
allele frequency of 1-0.5-0, with the heterozygotes (CT) occupy-
ing the central position (Figure S2b). One of the homokaryotype
groups was 5-fold larger in number than the alternative one (457
vs. 86), whereas the number of heterozygote individuals was al-
most as large as the major homozygotes (N=431). This pattern
was driven by two strongly linked loci: Mdy033 and Mdy035
(Figure S3a,b), which could not be annotated to any predicted
gene. Likewise, the major allele frequency per sample of these
loci did not seem to adhere to any latitudinal pattern.

The dataset was LD-pruned by removing locus Mdy035 thus
leaving a dataset of 60 SNP loci for downstream analyses.
Genetic diversity was similar across samples, with observed
(H,) and unbiased expected heterozygosity (uH,) ranging be-
tween 0.330-0.374 and 0.330-0.365, respectively. No signs of
inbreeding were detected and F ¢ per sample ranged between
—0.129 and 0.027 (Table 1). The PCA plot of this LD-pruned
dataset failed to show any clear geographic pattern (Figure S4).
AMOVA conducted using a hierarchical approach revealed no
differentiation due to fjords/offshore (F.,=0.001, p=0.177),
although locus Mdy002 and Mdy050 revealed significant F.,.
The variation hosted among samples within groups was low
yet significant (Fy.=0.004, p<0.0001) and primarily driven by
the significant differentiation between Yrkefjorden and most
of the samples within its group. Likewise, overall low but sig-
nificant genetic differentiation was detected, with 99.5% of the
variation hosted within samples (Fy,=0.005, p<0.0001). Most
of the pairwise F values ranged between 0 and 0.017 (Table 2),
and the unevenness of the sampling sizes begs for caution
when interpreting these values and its significance, e.g., the
differentiation of the historic samples versus the small sample
from the W_Fjords (N=5). Although the overall differentia-
tion was low, some samples showed significant structure. Thus,
Iceland, Egga_South and Yrkefjord, which did not differ from
each other, were different from most of the remaining samples.
The significant differentiation detected between Faroe sam-
ples (F;:=0.002) is probably due to the statistical power of two
samples of N~ 100. When considering the fjords, the only sig-
nificant differentiation was registered between Yrkefjord versus
Storfjord and Foerdefjord. F per locus was significant at 24 of
the SNPs, with values ranging between 0.005 to 0.028.

The DAPC was built after retaining 15 principal components
and 3 discriminant functions. Despite the extensive overlapping,
the first axis, which explained 52.2% of the variation, weakly
separated the centres of inertia of the samples of Nygrunnen,
Iceland, Yrkefjorden, Egga South, Ryvingen and W_fjords
(Figure 2). Axis 2 and 3, accounting for 10.8% and 9%, respec-
tively, did not resolve further.

STRUCTURE conducted both with and without LOCPRIORS
revealed that K=2 was the most likely number of clusters ac-
cording to both Puechmaille and Evanno's methods (Figure S5).
The supervised analysis revealed that Nygrunnen, Iceland,
Egga_South, Skagerrak, Rockall_1976, Ryvingen, W_fjords and
Yrkefjorden differed from the remaining samples (Figure 3a).
This pattern lost clarity when conducting STRUCTURE in an
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Discriminant Analysis of Principal Components (DAPC)
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FIGURE 2 | Genetic differentiation among blue ling samples assessed with 60 LD-pruned SNP loci using Discriminant Analysis of Principal
Components (DAPC) after retaining 15 principal components and three discriminant functions. Individuals from different sampling sites are repre-
sented by coloured dots, and name labels are placed on the centroid of the ellipse of each geographically explicit sample.
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FIGURE 3 | STRUCTURE a posteriori analysis: Barplot representing the proportion of individuals' ancestry to cluster at K=2 as determined by
both Evanno test and Puechmaille’s statistics. STRUCTURE was conducted using the set of 60 LD-pruned SNPs using geographic information to
assist the clustering (a) and in a blind manner (b).
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unsupervised manner without using geographic information
to assist the clustering (Figure 3b). Rockall was sampled both
in 1976 and 35years later without any temporal change being
detected through STRUCTURE barplots or pairwise Fyp; how-
ever, it must be noted that in the historical sample, due to poor
amplification, only 13 individuals remained. Likewise, no tem-
poral differentiation was detected in Storegga in an interval
of 24years. No significant correlation was detected between
genetic distance measured as Fg; and shortest water distance
(rxy:—0.120, p=0.166) therefore revealing no Isolation by
Distance using 60 LD-pruned SNP loci.

Signs of latitudinal frequency clines were detected in 11 loci but
only in eight; the difference between maximum and minimum
frequency was >0.2. The permutation tests revealed that none of
the clines except for locus Mdy085 was due to random processes
(Table S3).

4 | Discussion

The weak but significant genetic structure detected in this study
using a panel of 60 LD-pruned SNPs, as well as results from pre-
viously published literature (McGill et al. 2023) led to reject the
hypothesis of panmixia in the Northeast Atlantic. Likewise, the
hypothesis of a single ling stock in the Northeast Atlantic was
challenged for the sister species, Molva molva, which revealed a
longitudinal genetic break with Iceland and Rockall separated
from the Faroese-Norwegian coast cluster (Blanco Gonzalez
et al. 2015; McGill et al. 2023).

This study builds upon the existing knowledge on population
connectivity in blue ling recently provided by McGill et al. (2023),
who used a large SNP panel to genotype 190 individuals from
the same geographic area as examined here. In contrast, in our
study, close to 1000 individuals were genotyped with a small
SNP panel formerly developed using ddRAD sequencing (Helle
et al. 2020). Although aware of the limitations that such a re-
duced SNP representation imposes, the genotype accumulation
curve suggested that this panel of markers carries enough power
to discriminate between unique individuals. Likewise, former
studies have shown not only that an extremely limited number
of non-diagnostic SNPs can provide extraordinary resolution
in marine fish (Quintela et al. 2024; Seljestad et al. 2020), but
also that patterns of differentiation initially detected with sparse
molecular arrays received further confirmation from larger
molecular sets including full genome sequencing (Andersson
et al. 2017; Jansson et al. 2025; Pettersson et al. 2024).

Oceanographic barriers can modulate the movement of adult
fish as well as the drifting of juveniles/larvae across major basins
in the Northeast Atlantic and therefore shape genetic connectiv-
ity. The Wyville-Thomson ridge (between the Hebrides and the
Faroe Islands) offers favourable conditions for stratified water
masses as the Norwegian Sea currents confluence with slower
currents from the subtropical Atlantic Ocean (Hdnninen 2020;
Kurekin et al. 2020) and thus separates fish communities dis-
tributed along the Norwegian Sea and North Sea/Skagerrak
from those to the west of the British Isles (Campbell et al. 2011).
The barriers to gene flow that these hydrographic conditions
create have been detected in deep-sea fish species such as

Brosme brosme (Knutsen et al. 2009) or Coryphaenoides rupes-
tris (Longmore et al. 2011). Furthermore, the barrier that the
Iceland-Faroe Ridge shapes between the communities in the
Norwegian Sea from those in the Icelandic basin (Gordon 1986)
isreflected in the patterns of genetic differentiation found in blue
ling between Iceland and Norwegian samples south to 62°N.

Eggs, larvae and small blue ling are found in all defined stock
areas in the Northeast Atlantic (Bergstad 1991; ICES 2024).
Fisheries assessments on blue ling from Iceland show that stock
biomass has declined since 2012. At the same time, the bio-
mass in the western slope of Scotland and Faroese waters has
increased. If blue ling in these two areas were demographically
connected, the decline in biomass seen at the Icelandic waters
would be reflected in the Faroese waters, which is not the case
(ICES 2024). The patterns of genetic differentiation detected
here between Iceland and the samples from the Faroe Islands
and west of Scotland further confirm the limited connectivity
suggested by catch data.

The combined information provided by genetic markers to-
gether with knowledge about bathymetry and hydrographic
conditions would support the differentiation of the two stocks
in eastern and western areas of the North Atlantic. McGill
et al. (2023) found significant differentiation in the NE Atlantic
(56°-69°N) ranging from South Greenland to the Norwegian
coast where Norway vs. Atlantic Ocean represented the major
axis of differentiation. Atlantic samples in McGill et al. (2023)
depict a homogenous cluster in contrast with ours, where sig-
nificant structure was detected, e.g., between Iceland and most
of the remaining ones. Some of our Norwegian samples over-
lap with McGill's; however, the low sample number (N=5) of
our W_fjord and Ryvingen samples does not allow us to make
statistically sound comparisons. McGill et al. (2023) reported
very low but significant differentiation across Norwegian sam-
ples, and here, differentiation was detected between Yrkefjorden
and Storfjorden/Fordefjorden (Fg~0.012). These samples come
from sheltered fjord systems with shallow sills or shoals (bed-
rock) at their mouth created during the last ice age (Murton
et al. 2006). These shallow areas reduce the inflow and outflow
of water and most likely reduce the migration of a deep-water
fish, like blue ling, in and out of the fjords. Hence, it would
likely result in genetically isolated populations in these fjord
systems, in agreement with the observed in mesopelagic species
(Quintela et al. 2024, 2025).

The fjord vs. offshore differentiation is mainly driven by
Yrkefjorden, although with exceptions as no differentiation was
found when comparing with Iceland (Nygrunnen, Egga_South
and Rosemary Bank need to be taken with caution due to low N).
Thus, the strong fjord vs. offshore patterns formerly described
in gadoids (Hill 2021; Johansen et al. 2020; Knutsen et al. 2009;
Myksvoll et al. 2022; Saha et al. 2015; Sodeland et al. 2016;
Westgaard et al. 2017) or small pelagic and mesopelagic fish
(Pettersson et al. 2024; Quintela et al. 2024, 2020, 2025) need
to be further explored for blue ling with a more comprehensive
markers array as no clear fjord-offshore differentiation was de-
tected thus far.

Finally, our results might suggest the existence of a putative
structural variant as revealed by the triple striation displayed
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in the PCA biplot produced before LD-pruning. The utility of
PCA for the detection and characterisation of chromosome in-
versions was initiated by Ma and Amos (2012). PCA striations
detected in polar cod using modest SNP datasets and suggestive
of eventual chromosome inversions (Quintela et al. 2021) were
confirmed by full genome sequencing (Bringloe et al. 2024;
Maes et al. 2025). The growing body of literature dealing with
chromosome inversions in Atlantic cod reported that they
underlie four supergenes allegedly linked to migratory life-
style and adaptations to, e.g., salinity (Matschiner et al. 2022).
Besides, inversions in chromosomes 2, 7 and 12 have been iden-
tified in coastal vs. offshore samples of Atlantic cod (Johansen
et al. 2020; Sodeland et al. 2016), whereas chromosome 2 has
been shown to be highly divergent between spring and winter
spawners within the Gulf of Maine (Barney et al. 2017). The
taxonomic relatedness between Atlantic cod and blue ling, both
belonging to the same order, makes it not unlikely that chromo-
some inversions happen in the latter although genomic tools are
needed to verify this extent and, if so, to identify the environ-
mental factor driving them. Thus, if inversions were confirmed
in the blue ling genome, they should be taken into consideration
when attempting to produce loci arrays for the delineation of
management units as suggested by Pita et al. (2022) as they rep-
resent a source of evolutionary novelty that can be crucial to
ensure sustainability.

5 | Management Implications

The differentiation formerly described between blue ling from
eastern and western areas of the North Atlantic was strength-
ened by our results. However, we were unable to identify neat
differentiation between fjord-offshore populations for blue ling
in Norwegian waters. There are some indications of isolated
populations in sheltered fjord systems but the interactions be-
tween fjord/coastal and offshore populations need to be further
investigated with more powerful molecular tools. Information
about such interactions is important for management of blue
ling as smaller, isolated populations would be more vulnerable
than larger offshore populations with more resilience to anthro-
pogenic changes such as climate change, habitat alteration or
human exploitation.

6 | Conclusions

All loci used in the present study conformed to neutral expecta-
tions and, although no clear geographic structure emerged after
LD-pruning, low but significant differentiation was detected,
largely driven by the distinctiveness of Yrkefjorden and, to a
lesser extent, Iceland and Egga_South. Clustering analyses re-
vealed only weak patterns, and no isolation-by-distance was de-
tected. A limited number of loci showed significant latitudinal
clines, with only one (Mdy085) unlikely to result from random
processes.

While results using 60 SNPs detected some genetic differentia-
tion in this study, they did not reveal the same level of structure
observed in other studies (McGill et al. 2023), indicating that
additional variation likely exists. Although results suggest high
connectivity overall, they also highlight the need for broader

fjord sampling, as shown in this study, and the use of larger SNP
panels to achieve finer resolution.
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