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Abstract

In the Northwest Atlantic (NWA), the Atlantic mackerel (Scomber scombrus) has a northern and a southern contingent, which
spawn in Canada and the United States (U.S.), respectively. Both contingents mix mostly along the U.S. shelf during overwin-
tering. The discrimination of individuals from each contingent in fisheries could improve the management of this depleted
species in both countries. Here, we used genome-wide markers (>10000 single nucleotide polymorphisms (SNPs)) to assess
genomic differences between mackerel of both contingents, and possibly infer the proportions of each contingent in NWA
management units. Small but significant genetic differentiation was observed between the northern and southern contin-
gents (Fsy = 0.0010). Genetic assignments to reference samples from the two contingents were performed with predictive
accuracy > 85%. Fish from both contingents were present along the U.S. shelf during late winter and early spring but also,
without prior evidence of this, likely in Canadian waters from late spring to fall. Genetic assignments could be used as a stock

discrimination tool so that fishery removals can be effectively determined and managed on a contingent level.
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Introduction

Defining the population structure of marine migratory fish
species is challenging. Long-distance migrants may cross mul-
tiple management jurisdictions each year and have multiple
spawning areas (e.g., Puncher et al. 2018; Rodriguez-Ezpeleta
et al. 2019; Gislason et al. 2020). Within such species-specific
aggregations, the discrimination of biological units is essen-
tial for their sustainable management (Ovenden et al. 2015;
Cadrin 2020). Many techniques have been used to advance
this goal, including the comparisons of life-history traits,
morphometrics, meristics, parasite loads, fatty acid signa-
tures, otolith chemical compositions, and genetics (Begg and
Waldman 1999; Cadrin et al. 2014). Recently, genomic anal-
yses have become more accessible and have been successful
in resolving mismatches between management and biolog-
ical units (Mullins et al. 2018). For instance, genomics has
been a useful tool for assessing the population structure of
several species with long-distance migratory patterns such as

Atlantic bluefin tuna (Thunnus thynnus, Puncher et al. 2018),
yellowfin tuna (Thunnus albacares, Mullins et al. 2018; Pecoraro
et al. 2018), albacore (Thunnus alalunga, Vaux et al. 2021), and
Atlantic cod (Gadus morhua, Berg et al. 2017).

The Atlantic mackerel (Scomber scombrus) is another long-
distance migratory species (seasonal migrations of over
2000 km; Parsons and Moores 1973; Moores et al. 1975), with
genetically distinct populations on each side of its transat-
lantic distribution. Specifically, mackerel from the North-
west Atlantic (NWA) and Northeast Atlantic (NEA) are gener-
ally considered to be discrete populations (Nesbg et al. 2000;
Rodriguez-Ezpeleta et al. 2016; Gislason et al. 2020). In the
NEA, Atlantic mackerel has, in recent years, expanded north-
westwards to Iceland and Greenland waters from their tradi-
tional summer feeding habitat in Europe (Jansen et al. 2016;
Gislason et al. 2020). There is no evidence of migration be-
tween both sides of the Atlantic (Rodriguez-Ezpeleta et al.
2016; Gislason et al. 2020).
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Within the NWA, two contingents (Spawning components)
have long been recognized (Sette 1943, 1950)— a north-
ern contingent that spawns predominantly in the southern
Gulf of St. Lawrence and a southern contingent that spawns
mostly in southern New England and the western Gulf of
Maine. Atlantic mackerel are indeterminate batch spawners
(Morse 1980; Jansen et al. 2021) and spawning site fidelity to
the two main spawning grounds has been suggested in the
NWA (Studholme et al. 1999), with recent evidence coming
from otolith stable isotope applications (Redding et al. 2020;
Arai et al. 2021). Both contingents overwinter along the edge
of the continental shelf from the Scotian Shelf (Canada) to the
Mid-Atlantic Bight (United States (U.S.), Fig. 1). They mix to an
unknown degree, making the efficacy of management mea-
sures for this overfished species difficult to evaluate. They
also differ in their seasonal migration routes based on ob-
servations through tagging studies and seasonal patterns in
landings (Sette 1943, 1950; Parsons and Moores 1973; Beckett
et al. 1974; Moores et al. 1975; Stobo 1976). In the spring,
the southern contingent moves inshore and, in recent years,
spawns in May (average peak day of spawning: 19 May; Sette
1943; Berrien 1978; McManus et al. 2018). The northern con-
tingent also migrates inshore from the continental shelf, but
most fish veer northwestwards into the southern Gulf of St.
Lawrence, where mature adults spawn in June and July (av-
erage peak day of spawning: 21 June; Grégoire et al. 2010;
Brosset et al. 2020).

Despite distinct spawning regions and seasonal migration
circuits of both NWA contingents, most phenotypic mark-
ers (e.g., meristics, MacKay and Garside 1969; otolith shape,
Castonguay et al. 1991) have had low discrimination suc-
cess. Previous genetic studies relying on allozyme (Maguire et
al. 1987), mitochondrial deoxyribonucleic acid (mtDNA) con-
trol region (Lambrey de Souza et al. 2006), and microsatel-
lite (Gislason et al. 2020) markers have likewise been unsuc-
cessful in distinguishing between the northern and southern
contingents. Recently, otolith stable isotope compositions
(6180/813C values) have been applied with success, achieving
moderate levels of discrimination (75%-92%; Arai et al. 2021).
The authors of this study showed complete discrimination be-
tween NEA and NWA populations using otolith stable isotope
compositions and were able to estimate, within the NWA, the
relative interannual variations in the proportions of north-
ern and southern fish of different ages sampled from the U.S.
winter fishery. However, this method needs baseline samples
every year for calibration, and relies on field laboratory proce-
dures dedicated to otolith processing and stable isotope anal-
yses (>1 h otolith—!) which require substantial human and
material resources (Arai et al. 2021). We hypothesized that
genome-wide markers could provide tools that increase our
capacity to discriminate individuals from the two NWA con-
tingents, without the need for baseline samples every year.
Further, inferences on population structure using genomics
will carry greater weight in stock assessments as a proxy of
population rather than natal homing, as for otolith stable iso-
tope composition.

Mackerel stock assessment and management are per-
formed independently by the U.S. and Canada, although sci-
entists from both countries collaborate on stock assessments.
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The whole NWA stock is considered overfished with overfish-
ing continuing to occur (NEFSC 2018). Since the 2010s, the
spawning stock biomass has declined below the limit refer-
ence points, with generally low recruitment (NEFSC 2018;
DFO 2021). The northern contingent alone is considered in
the Critical Zone of Canada’s Precautionary Approach frame-
work (DFO 2021). The difficulty in separating both contin-
gents has led the U.S. to assess the two contingents as a sin-
gle NWA stock (NEFSC 2018). This should lead to subopti-
mal management as fishing pressure might not be applied
proportionally to contingent size and hence one contingent
might risk higher overexploitation (Cope and Punt 2011; Ying
et al. 2011). In contrast, Canada assesses only the northern
contingent (DFO 2021) but explicitly acknowledges that the
U.S. fleet removes a highly uncertain proportion of this con-
tingent. The large uncertainty in total contingent-specific
fishery removals has a substantial impact on the efficiency
of management actions (Van Beveren et al. 2020a, b). A stock
discrimination method that can be scaled up to resolve the
relative importance of each contingent in Canadian and U.S.
fisheries with reasonable precision would improve manage-
ment of mackerel in both countries (e.g., Van Beveren et al.
2019), which is perceived as urgent for a stock that requires
rebuilding.

Here, we aimed to assess the genetic distinctiveness be-
tween the southern and northern contingents with a large
sample size and genome-wide markers. We first assessed the
population structure the Atlantic mackerel, then we tested
genetic assignments as a stock discrimination tool for im-
proving assessment and management of the species in the
NWA.

Methods
Sampling

Length-stratified samples of Atlantic mackerel from the
NWA were collected from scientific surveys and the commer-
cial fishery, between March and November 2018 and 2019
(see commercial sampling protocol, Smith et al. 2020; Fig. 1,
Table 1). The sampling covered U.S. coastal zones in early
spring (March-April, n = 278), and roughly reflected patterns
of migration across Canadian waters from late spring to fall
(May-October, n = 399), with fish entering the southern Gulf
St. Lawrence (47T) in late spring—early summer to spawn, then
moving into the northern Gulf St. Lawrence (4S) and around
Newfoundland (4R, 3K) later in the season for feeding pur-
poses (Van Beveren et al. 2022). Individuals were frozen at
—20 °C or colder and were shipped on ice to the Maurice
Lamontagne Institute. Defrosted individuals were measured
(fork length, rounded to the nearest millimeter) and weighed,
sexed, staged for maturity, and aged using otoliths (Table 1).
Atlantic mackerel from the NEA were sampled during scien-
tific surveys (n = 81, Table 1; see Nottestad et al. 2016b and
Rodriguez-Ezpeleta et al. 2016 for more details). For all indi-
viduals, a piece of muscle or fin tissue was excised and pre-
served in ethanol for later deoxyribonucleic acid (DNA) ex-
traction.
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Fig. 1. Sampling location and month of reference (star) and nonreference samples (circle) in NAFO division (North Atlantic Fish-
eries Organization) of the Northwest Atlantic. Bathymetry data were imported from GEBCO and the NAFO divisions shapefile
was taken from NAFO (https:/fwww.nafo.int/Data/GIS). Map projection is NAD83 (CSRS)/Quebec Lambert (EPSG:6622).
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Table 1. Properties (age, sex) and number (N) of the Atlantic mackerel samples by country, NAFO division (North Atlantic
Fisheries Organization), source (scientific survey versus commercial sampling program), year, and month.

Country NAFO Survey Year Month Mean age Sex ratio Ng Na NRer
Canada 4w Scientific 2018 July 3.1 (2-4) 12:13:0 25 22 0
4X Scientific 2018 July 3.0 (3-3) 8:6:0 14 14 0
3Ps Scientific 2019 May-July 3.2 (2-5) 22:11:0 33 26
4Vn Scientific 2019 June 2.6 (2-4) 9:8:0 17 15 2
4T Commercial 2018 June-August 3.8 (3-7) 61:45:0 106 104 31
4T Commercial 2019 June-July 4.3 (2-8) 32:27:0 59 54 20
4S Commercial 2018 July 4.1 (1-7) 19:11:0 30 30 0
4R Scientific 2019 August 3.6 (2-5) 29:31:0 60 49 0
3K Commercial 2018 September— 3.3(3-5) 28:27:0 55 52 0
October
u.s. 6A Scientific 2019 March 2.6 (1-5) 43:27:7 77 56 0
6B Scientific 2019 March 2.9 (1-5) 9:10:0 19 11 0
5Zw Scientific 2019 March-April 3.1 (1-6) 24:19:1 44 32
5Ze Scientific 2019 April 2.0 (1-5) 72:44:16 132 90 61
5Y Scientific 2019 April 2.5 (1-4) 1:5:0 6 2 2
Spain - Scientific 2013 NA NA 0:0:38 38 36 -
Greenland - Scientific 2019 July-August NA 0:0:43 43 36 -

Note: The mean age is in years (range in parentheses) and the sex ratio represented female:male:unknown. The number of individuals genotyped (N¢) and analyzed
following quality control (N,), and the number of individuals included as reference (Nggr) are presented. Abbreviation: NA, not available.
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SNP detection

DNA was extracted from the preserved tissues using the
DNeasy blood and tissues kit and an RNAse treatment
(QIAGEN, Germantown, MD, U.S.). DNA quality was visu-
ally checked on 2% agarose gels and DNA concentration
was assessed with a Nanodrop (ND-1000, Thermo Fisher
Scientific, Waltham, MA, US.). Only extracts with high-
molecular weight DNA and DNA concentrations between 5
and 20 ng-mL~! were used for library preparation (N individ-
uals genotyped = 758; Table 1).

Double digest restriction site-associated DNA sequenc-
ing (ddRADseq) libraries were prepared at the Plateforme
d’analyse génomique (IBIS, Université Laval) using 20 ng of
DNA and PstI and Mspl restriction enzymes, following Poland
et al. (2012). ddRADseq is a robust and cost-effective method
to obtain a reduced representation of the genome for non-
model organisms (Peterson et al. 2012). Two sequencers were
used in this project, namely HiSeq and NovaSeq. For the
HiSeq sequencer, samples were indexed with a unique se-
quence on a maximum of 96 extracts per plate. Each plate of
96 indexed DNA extracts was then pooled in a single library
which was sequenced in a single lane of I[llumina HiSeq 4000
PE100 (four single libraries in four lanes) at Genome Québec.
For the NovaSeq sequencer, samples were first indexed as de-
scribed above, then a second index was added to each plate
(seven plates here, including one previously sequenced on
HiSeq) and all samples were pooled as one library and se-
quenced in a single flow cell of Illumina NovaSeq 6000 S4
PE100 at Genome Quebec, with 10% PhiX. A total of 96 ex-
tracts were sequenced with both sequencing technologies to
ensure reproducibility.

Read quality was checked with FastQC (v0.11.8, Andrews
2010) and MultiQC (v1.7, Ewels et al. 2016). Adapters were re-
moved with Trimmomatic (v0.39, Bolger et al. 2014). Reads
were then processed with Stacks (v2.4, Catchen et al. 2013;
Rochette et al. 2019). Demultiplexing and filtering were per-
formed with the process_radtags module, with a truncation
at 85 bp. Paired-end reads were assembled de novo as no suit-
able reference genomes were available, and single nucleotide
polymorphisms (SNPs) were called using the ustacks, cstacks,
sstacks, tsv2bam, and gstacks modules. Parameters m, M, and n
were chosen following the recommendation of Rochette and
Catchen (2017). In short, we tested different parameter val-
ues on a subset of 22 representative individuals (minimum
depth coverage (m) = 3-5, number of mismatches allowed be-
tween putative alleles (M) = 1-8, and number of mismatches
allowed between putative loci during the construction of the
catalogue (n) = M — 1 to M + 1), using denovo_map.pl pipeline.
Parameters m = 3, M = 4, and n = 5 showed the highest num-
ber of loci shared by 80% of samples (r80) and were thus re-
tained. The catalogue was assembled with cstacks on a subset
of 210 representative individuals showing a mean coverage
between 15x and 40x. Only samples with a mean coverage
above 10x were kept in the analysis (N = 630).

Two panels of SNPs were created with the populations mod-
ule of Stacks, one with individuals from both sides of the
Atlantic (NEA-NWA panel) and one with only West Atlantic
individuals (NWA panel). For each panel, only SNPs with mi-
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nor allele frequencies higher than 0.10, missing data lower
than 10%, and expected heterozygosity (He) lower than 0.5
were retained. One individual with more than 30% missing
data was removed. He and observed heterozygosity (Ho) were
computed for each library independently to check for poten-
tial batch effects, including potential effects of the two se-
quencing strategies. Outlier SNPs showing both He > 0.45
and Ho < 0.05 were removed. Relatedness coefficients were
computed with VCFtools (Danecek et al. 2011), using the algo-
rithm of Manichaikul et al. (2010). Only the first SNP per locus
was retained to reduce inclusion of SNPs in linkage disequi-
librium. Specific data formats were obtained with VCFtools,
plink (Purcell et al. 2007), VCFr (Knaus and Griinwald 2017),
dartR (Gruber et al. 2018), and genepopedit (Stanley et al.
2017). An analysis of molecular variance (AMOVA) was per-
formed on the subset of samples sequenced with both HiSeq
and NovaSeq using the poppr R package (v2.9.2, ade4 method,
NEA-NWA SNP panel; Kamvar et al. 2014) to assess the pro-
portion of variance explained by the sequencers.

Population structure analyses

Principal component analysis (PCA) was performed on both
SNP panels using the adegenet R package (Jombart 2008),
with alleles renamed 0, 1, and 2 (representing the count of
the minor allele), centered, and missing values at a given SNP
replaced by the mean genotype across all individuals. The im-
pact of missing values on PCA inferences was explored by
plotting per sample missingness using a color gradient (Yi
and Latch 2022). We also performed a discriminant analy-
sis of principal components (DAPC) with adegenet. Groups
were formed a priori (NWA-NEA: by country, NWA: by NAFO
division, North Atlantic Fisheries Organization) and optimal
numbers of PC axes to retain were determined with the op-
tim.a.score function to avoid overfitting (Miller et al. 2020).
Bayesian clustering analyses were performed with Structure
2.3.4 (Pritchard et al. 2000) running the admixture model,
with a burn-in step of 100 000 and 200 000 iterations, testing
K = 1-10 for the NEA-NWA panel, and K = 1-8 for the NWA
panel, both with 10 runs per K value. To reduce run time,
we used the R package ParallelStructure (Besnier and Glover
2013) to distribute runs on multiple cores, and we reduced
the SNP panels to keep only SNPs with less than 5% missing
values (NEA-NWA = 4140 SNPs, NWA = 3930 SNPs). We used
Ln P(X|K) (Pritchard et al. 2000) and AK (Evanno et al. 2005)
as criteria to infer the most likely number of clusters (K), and
CLUMPP (Jakobsson and Rosenberg 2007) to aggregate mul-
tiple Structure runs. Fsy estimates were computed between
both sides of the Atlantic (NWA-NEA panel) and among NAFO
divisions (NWA panel) with dartR, following the equation of
Weir and Cockerham (1984) and with 95% confidence inter-
vals (CIs) calculated via bootstrapping (n = 999).

We identified SNPs potentially under selection with
PCAdapt (v4.3.3, Privé et al. 2020) and Bayescan (v2.1, Foll and
Gaggiotti 2008) to characterize qualitatively the contribution
of putative adaptive SNPs to the observed population struc-
ture. PCAdapt is an individual-based approach which identi-
fies SNPs significantly associated with genetic structure from
important principal components (PCs) using Mahalanobis
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distance. We chose the number of PCs following a visual ob-
servation of the scree plot, as recommended (K = 1 for the
NEA-NWA panel, K = 2 for the NWA panel; Cattell 1966).
Bayescan is a Bayesian population-based approach which re-
lies on the distribution of Fsr estimates. With the NEA-NWA
panel, individuals were grouped by ocean side (NEA vs. NWA),
while for the NWA panel, individuals were grouped by coun-
try (Canada vs. U.S.) or by NAFO division (eight groups). SNPs
with a g value < 0.05 were identified as outliers.

Samples from the different NAFO divisions within the NWA
are putatively admixed due to the highly migratory nature of
the species. We attempted to characterize the genetic struc-
ture between the contingents based on what we will refer
to as reference samples characterizing best the northern and
southern contingents. The most representative fish of each
contingent would be ripe individuals caught in their respec-
tive spawning areas. For the northern contingent, we se-
lected 53 ripe individuals across all available samples (matu-
rity stage 5 following Maguire 1981) from the southern Gulf
of St. Lawrence caught in June (NAFO 4TVn, mean age = 4.8
years, age range — 3-8 years; Table 1). For the southern con-
tingent, ripe individuals could not be sampled because no
scientific survey or fishery occurs during the spawning sea-
son (i.e., May). Instead, we selected all 63 coastal U.S. sam-
ples caught in April (the latest samples available) as the refer-
ence for the southern contingent (NAFO 5YZe, mean age = 1.7
years, age range = 1-4 years; Table 1). The latter samples
likely represent the southern contingent migrating to the
coast for spawning and should thus be the least admixed with
the northern contingent (Fig. 1). Those samples are, hereafter,
named as the reference samples for the northern and south-
ern contingents.

Assignment validation and composition

estimations

We used cross-validation tests to assess the discrimina-
tory capacity of the reference samples. Monte Carlo cross-
validation tests were performed with the assignPOP R pack-
age (Chen et al. 2018), using the assign.MC function with 70%
of individuals from the reference samples randomly selected
per training set (train.ind parameters), and 30 iterations. Five
different machine-learning classification algorithms (linear
discriminant function; support vector machine, SVM; deci-
sion tree; random forest; naive Bayes) were tested using sub-
sets of SNPs showing higher Fsr between training set groups
(upper 10%, 25%, 50%, or all SNPs). The SVM algorithm using
all loci was the best predictive model based on the mean and
variance of assignment accuracy of the testing sets (Fig. S1).

To further test the validity of the reference samples with
the assignment tool, we randomly reassigned the 116 individ-
uals from reference samples, without replacement, to create
100 random data sets of two reference groups. We performed
on each data set a cross-validation test with the best pre-
dictive model parameters (SVM algorithm, 30 iterations, all
SNPs) to determine the mean and variance of assignment ac-
curacy of reference groups using random reference samples.
We also simulated admixed individuals from the reference
samples to determine the capacity of our assignment tool to

identify any bias in assignment of admixed individuals. We
used the hybriddetective R package (Wringe et al. 2017) to
simulate pure individuals, first (F1) and second (F2) gener-
ation hybrids, and backcrossed (i.e., pure x F1) individuals
from the reference populations, with allele sampling (func-
tion fregbasedsim_AlleleSample, three simulations of three rep-
etitions). Assignment of simulated individuals to reference
samples was performed using the assign.X function from as-
signPOP and the SVM algorithm. For each simulated individ-
ual, a membership probability to each reference sample was
first estimated. The individual was then assigned to the
reference sample with the highest membership probability
(> 50%). Note that membership probability to the southern
contingent = 1 — membership probability to the northern
contingent.

We performed genetic assignments of all adults from the
NWA (excluding reference samples) with the assign.X function
from assignPOP and the SVM algorithm. A membership prob-
ability to each reference sample was computed for each indi-
vidual. We estimated the effect of missing data on assignment
results by rerunning cross-validation tests and genetic assign-
ments with data sets limiting missing data per individual or
increasing randomly the proportion of missing data per in-
dividual. We limited missing data per individuals by remov-
ing individuals that were missing more than 10%, 15%, and
20% data, compared to the initial 30%. We also simulated 300
data sets with increasing thresholds of missing data per in-
dividual, i.e., 100 data sets with 10%, 20%, or 30%. These sim-
ulated data sets were created by the imputation of missing
values to reach the target thresholds and the removal of indi-
viduals with observed missing data above the threshold prior
to the imputation. We also tested the effect of the sequenc-
ing technology by running a cross-validation test and genetic
assignments with a reduced data set including only samples
sequenced using NovaSeq (n = 396 individuals, including 36
and 63 northern and southern references, respectively).

Finally, we estimated the composition of northern and
southern contingent individuals by NAFO division using the
genetic assignment results of all adults from the NWA (ex-
cluding reference samples). The membership probability to
each reference sample computed for each individual was
used to assign individuals to the reference sample based on
> 50% or 70% membership probability threshold.

Results

SNP panels

A total of 2864 million reads were obtained from the 11
libraries in HiSeq (4 libraries, mean 3.6 million reads per
sample) and NovaSeq (7 libraries, mean 2.2 million reads per
sample). Following the demultiplexing step, 128 individuals
with a mean coverage < 10x were excluded from further
analyses (Table 1, Nu). The Stack pipeline generated a cata-
logue of 1.2 million loci, and the effective per sample cov-
erage for remaining samples of 20.5 £+ 12.3x. SNPs were fil-
tered for diversity and over several steps of quality filtering
(Table S1). The batch-effect filtration step removed up to 65
SNPs that were likely due to difference between sequencing

1088 Can. J. Fish. Aquat. Sci. 80: 1084—1097 (2023) | dx.doi.org/10.1139/cjfas-2022-0232



http://dx.doi.org/10.1139/cjfas-2022-0232

Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by 87.52.109.43 on 07/03/23

‘Canadian Science Publishing

Fig. 2. Principal component analyses (PCAs) for (A) all samples (NEA, Northeast Atlantic; NWA, Northwest Atlantic), (B) all
NWA samples, and (C) NWA contingent-specific subset of reference samples only. PCAs were performed using the full panel
including both neutral and outlier SNPs. Each dot represents one sample and the color indicates the sampling country. The

percentage of genetic variance explained by each axis is shown.
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technologies. Following their removal, no significant propor-
tion of the genetic variance could be explained by the dif-
ferences between sequencers used (AMOVA: P > 0.999, Ta-
ble S2, also see Fig. S2). We also excluded one sample show-
ing a relatedness coefficient value larger than 0.25 with four
other samples (e.g., potential siblings). We created two dis-
tinct SNP panels to test for population structure of Atlantic
mackerel (1) across the North Atlantic Ocean (NEA-NWA;
Nindividuals = 629, Nsnps = 10832) and (2) within the NWA
(NWA; Nindividuals = 557, Nsnps = 10 703; Table S2). The over-
all percentage of missing data was 5.95% and 6.03% for the
NEA-NWA and NWA panels, respectively. The highest level
of missing data was associated with U.S. samples (NEA-NWA
panel, U.S. =10.0 £ 5.6%, non-U.S. = 4.2% + 4.0%; NWA panel,
U.S. =9.9% + 5.5%, non-U.S. = 4.0% + 3.9%; Fig. S3).

Transatlantic and NWA population structure

NWA and NEA populations were genetically distinct using
the first SNP panel. The PCA showed two nonoverlapping
clusters differentiating NWA and NEA samples (Fig. 2A). The
DAPC showed similar results on the first discrinimant func-
tion (Fig. S4A). With the Bayesian clustering analysis, the best
supported number of clusters (K value) was two and these
two clusters matched those of the PCA (Fig. S4A). In the PCA,
DAPC, and Bayesian clustering analyses, the Greenland sam-
ples grouped with the Bay of Biscay samples (Figs. 2A, S4A,
and S5A). The Fsy between the NWA and the NEA populations
was estimated as 0.0131 (CI = 0.0125-0.0138). PCAdapt and
Bayescan identified 114 and 179 SNPs as outliers, respectively,
with 69 that were common to both the methods. PCA with-
out the 224 SNPs identified as outliers lead to similar results
(Fig. S6A). Note that individuals with higher levels of missing
values were located at the center of the NWA cluster and at
the left edge of the NEA cluster (Fig. S7A).

Canadian and U.S. samples were genetically different based
on Fsr and DAPC results only. The PCA showed overlap be-
tween Canadian and U.S. samples (Fig. 2B), while the first

discirminant function of the DAPC showed incomplete over-
lap between Canadian and U.S. NAFO divisions, mostly for
the 3K-4T-4WX Canadian samples (Fig. S4B). For the Bayesian
clustering analyses, the best supported number of cluster in
the NWA differed between the two criteria used, i.e., K=1
from Pritchard Ln P(X|K) and K = 2 inferred from Evanno AK
(Fig. S5B). However, no relevant biological pattern was de-
tected with K = 2 (Fig. S5B). Fsr between Canadian and U.S.
NAFO divisions ranged between 0.0001 and 0.0012 (Fig. 3).
Most intercountry Fsr had their 95% Cls excluding the null
value, except three Fsr comprising NAFO division 6AB. In
Canadian samples, the Fsr estimates between NAFO divisions
were <0.0003, with only one division’s 95% CI excluding the
null value (4T-4RS; Fig. 3). Larger Fsy values were observed be-
tween U.S. NAFO divisions, with two out of three 95% CI ex-
cluding the null value (Fst range: 0.0004-0.0009; Fig. 3). Three
outliers SNPs were identified with Bayescan (1 SNP when
grouping by country and 3 SNPs when grouping by NAFO
division), and 72 different SNPs with PCAdapt. PCA without
these 75 outlier SNPs did not differ meaningfully from the
analyses presented (Fig. S6B). Individuals in the PCA with
more missing data were located at the center of the cluster
(Fig. S7B).

We selected the most representative individuals of the
northern and southern contingents as reference samples (see
methods). The PCA including only these individuals showed
that the southern contingent cluster overlapped only par-
tially with the northern contingent cluster, which was more
widespread (Fig. 2C). A similar pattern was observed in a PCA
conducted on SNPs data set excluding the 75 SNPs identified
as outliers (Fig. S6C). Fsy between these reference samples was
0.0010 (CI = 0.0007-0.0013), an order of magnitude smaller
than the transatlantic genetic differentiation. This Fsr value
was expectedly larger than most intercountry comparisons
(Fig. 3), which might include a mixture of fish from both con-
tingents, therefore supporting our choice of reference indi-
viduals.
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Fig. 3. Genetic differentiation (Fsy with 95% confidence interval, CI) between NAFO divisions (North Atlantic Fisheries Orga-
nization) across countries (intercountry), within Canada (intra-Canada), and within the U.S. (intra-US). The orange dashed line
and yellow area represents the Fsr value and 95% CI between the reference samples from each contingent, respectively.
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Assignment validation and composition

estimation

We assessed the power of the reference samples from the
northern and southern contingents for genetic assignments
using cross-validation tests and simulations of admixed indi-
viduals (Fig. 4). The assignment accuracy (i.e., the mean pro-
portion of correct classifications of individuals within test-
ing sets) was greater than 85% for both the reference sam-
ples from the northern (mean + SD = 85.8% + 7.1%) and the
southern contingent (mean + SD = 88.2% + 7.9%) (Fig. 4A).
As a baseline comparison, the mean assignment accuracy of
the 100 random data sets was 50%, as expected (mean + SD
= 50.0% + 3.0%, range = 45.5%-62.4%). The genetic assign-
ment of simulated individuals to the northern or southern
contingent varied between genotypes (Fig. 4B). Pure individ-
uals were all classified to the appropriate reference contin-
gent, with a membership probability over 99.6%. All back-
crossed individuals with the southern contingent were classi-
fied consistently with their genetic composition, with a mean
membership probability of 99.98% + 0.01%, higher than the
expected probability of 75% (Fig. 4B). Most of backcrossed
individuals with the northern contingent (98.6%) were clas-
sified consistently, with a mean membership probability of
79.0% + 10.5%, which was close to predictions (Fig. 4B). All
F1 and F2 hybrids were classified as southern individuals,
with membership probability > 89.9%, a value higher than
expected under randomness (i.e., 50%; Fig. 4B).

The U.S. samples on an average had a greater propor-
tion of missing data, as highlighted earlier, and we observed
that membership probability and proportion of missing data
were negatively correlated (Spearman’s rank correlation: p
= —0.86, P < 0.001; Fig. S8). Thus, we evaluated the possi-

ble effect of missing data on assignment results by select-
ing only individuals of the northern and southern contin-
gents with a lower proportion of missing data, or by inserting
missing data randomly in all individuals. In data sets filtered
for missing data per individual (maximum of 10%, 15%, or
20%), the overall assignment accuracy was highly similar to
the one observed using the original full data set (Fig. S9A).
The same negative correlations between membership prob-
ability and missing data were observed at the three thresh-
olds maximum missing data threshold (Fig. S9B). Member-
ship probabilities between the original and subset data sets
were highly correlated (all p > 0.96; Fig. S9C). Increasing arti-
ficially the proportion of missing data per individual to 10%,
20%, or 30% through simulations showed that the relation-
ship between original and simulated membership probability
persisted (Fig. S10). More stringent filtering parameter or in-
creased proportion of missing data per individual lead to sim-
ilar results, showing that the observed assignment patterns
were not mainly caused by the unbalanced missing data.
The composition of the northern versus the southern con-
tingent estimated through genetic assignments varied be-
tween countries and NAFO divisions (Fig. 5). The proportion
of northern contingent fish in all spring samples from U.S.
waters was 33.6% or 25.6% with > 50% or > 70% membership
probability thresholds, respectively (Fig. 5A). The proportion
of the northern contingent varied among U.S. NAFO divisions
between 24.1% in NAFO 5YZe and 37.3% in NAFO 6AB with
> 50% membership probability or between 20.8% and 30.2%
with > 70% membership probability thresholds (Figs. 5A
and 5B). In Canadian waters, the proportion of the south-
ern contingent in samples from late spring to autumn was
18.2% or 12.3% with > 50% or > 70% membership probability
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Fig. 4. Genetic assignment validation using (A) cross-validation using northern and southern contingent reference samples
and the best predictive model (support vector machine, SVM) and (B) membership probability to the northern contingent of
simulated genotypes (“pure” northern and southern contingent, backcrossed with northern or southern contingent, F1 and
F2 hybrids). See Fig. S1 for complete cross-validation results and methods for more details.
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NAFO division (North Atlantic Fisheries Organization). (B) Distribution of individual membership probabilities to the northern
contingent, with dashed lines representing thresholds of membership probability.
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thresholds, respectively. Southern contingent fish were de-
tected in all Canadian NAFO divisions (> 50% and > 70% mem-
bership probability threshold; Fig. 5A). The proportion of the
southern contingent was as much as 48.8% or 37.9% in the
Cabot Strait area (NAFO 3Ps4Vn) but below 17.7% or 14.8% in
all other Canadian zones, with the > 50% or 70% membership
probability thresholds, respectively (Figs. 5A and 5B).

The genetic assignments and derived composition esti-
mates were not an artefact of the sequencing technology
used. Rerunning the same analysis using only one technology
(NovaSeq) led to a slightly lower assignment accuracy for the
northern contingent (mean + SD = 70.6% + 14.3%; Fig. S11A)
and an overall larger uncertainty as the number of reference

individuals dropped by 30%, from 53 to 36. Genetic assign-
ments and hence composition estimates were not meaning-
fully impacted (Figs. S11B and S11C).

Discussion

This study confirms the distinctiveness of NWA and NEA
mackerel and presents the first genetic evidence for reject-
ing panmixia between the NWA northern and southern con-
tingents. The genome-wide markers also allowed the devel-
opment of a genomic tool for reliable genetic assignment of
NWA mackerel to contingents. Our results suggest the mix-
ing of the northern and southern contingents on the U.S.
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continental shelf area during at least March and April, and
provide the first indication that the southern contingent
might be present in Canadian waters during some part of the
fishing season.

Transatlantic and NWA population structure

No migrants were observed between the NWA and NEA
populations of Atlantic mackerel, as evidenced by our SNP
markers. This corroborates the results of previous genetic
studies based on microsatellites (Gislason et al. 2020) and
SNPs (Rodriguez-Ezpeleta et al. 2016), suggesting limited mi-
gration between the two sides of the north Atlantic Ocean. In-
terestingly, our Fsr estimate for transatlantic samples (0.0131)
was similar to that of Rodriguez-Ezpeleta et al. (2016) (0.0157),
who used a genotyping approach comparable to ours (i.e.,
based on restriction enzyme site-directed amplification), but
applied a different method to generate the libraries (RAD-
seq in Rodriguez-Ezpeleta et al. 2016 versus ddRADseq in this
study). Although some of the similarities can be explained
by the shared use of certain samples from the Bay of Bis-
cay (38 samples here and 22 samples in Rodriguez-Ezpeleta
et al. 2016), the congruence of the results provides more
confidence in the conclusion. Transatlantic mackerel migra-
tion is currently also not expected, as water temperatures
in the Labrador Sea (Yashayaev et al. 2021) are generally be-
low mackerel’s thermal preference and even tolerance (Olla
et al. 1975, 1976; Studholme et al. 1999). The NEA mackerel
population has, in the recent decade, also undergone a spa-
tial expansion resulting in the seasonal colonization of the
seas off Southeast Greenland (Jansen et al. 2016; Nottestad
et al. 2016a; Olafsdottir et al. 2019). Although initially there
was some doubt about the origin of these northern indi-
viduals, we provide additional evidence (see Gislason et al.
2020) based on genetic similarity that these mackerel origi-
nate from the NEA population.

We also observed a genetic differentiation between the
NWA northern and southern contingents using all samples
(Fst and DAPC results) and the reference samples (PCA, Fsr,
and cross-validation results). The level of genetic differenti-
ation observed is low, but suggests the presence of distinct
biological units in the NWA. Low levels of genetic differentia-
tion are not surprising for marine fish with large population
sizes and few migration barriers (Nielsen et al. 2009). The ge-
netic differentiation observed between the two contingents
in the NWA is in agreement with the suggested philopatric
behaviour in Atlantic mackerel (Studholme et al. 1999); a
large proportion of each contingent is expected to return
to its respective breeding ground, reinforcing relative isola-
tion and genetic differentiation. For several marine migra-
tory fish species with similar philopatric behaviour, genomic
studies have likewise demonstrated some degree of differen-
tiation between spawning components (e.g., Atlantic salmon,
Bradbury et al. 2018; yellowfin tuna, Pecoraro et al. 2018).

The lack of clear distinctiveness between contingents ob-
served with the PCA and Structure analyses might be ex-
plained by the very low levels of genetic differentiation ob-
served. PCA summarizes genetic information in a low dimen-
sion space and is useful for the exploration of the structure

contained within a data set (Helyar et al. 2011). However, PCA
plots may not represent all of the genetic structure (Francois
et al. 2010; Alanis-Lobato et al. 2015) and are sensitive to miss-
ing values (Novembre and Stephen 2008; Yi and Latch 2022).
Similarly, Structure has limited discriminatory power in the
presence of low genetic differentiation and moderate gene
flow (Latch et al. 2006; Waples and Gaggiotti 2006), which
could explain why clusters were not detected in this study.
It can also be argued that the PCA and Structure analyses in-
dicate correctly that there is no distinction between the con-
tingents, but that the observed significant pairwise Fsy val-
ues represent false-positives due to large data sets (Helyar et
al. 2011), an argument in line with similar discussions on
the importance of focusing on the effect size rather than
the significance of P values (Halsey et al. 2015; Berner and
Amrhein 2022). In this study, effect sizes matched expecta-
tions; the largest Fsr values (effect size) were observed be-
tween the reference sets and the intercountry comparisons
while the smallest ones were mainly within Canadian NAFO
division comparisons. Moreover, the observed accuracy of
genetic assignments was above random expectation in the
cross-validation results (see also the assignment validation
section below). Thus, the evidence presented for rejecting
panmixia in the NWA seems legitimate and aligns with the
ecological knowledge of this species. However, studies that
explicitly link Fsr to the discrimination capacity of likewise
commonly used PCA and admixture analyses would be ex-
tremely useful, as low differentiation detections are expected
to be encountered more frequently with the advancement of
genomic tools.

The observed genetic differentiation between the northern
and southern contingents of Atlantic mackerel in the NWA
was an order of magnitude lower than the estimated transat-
lantic difference. The population structure observed within
the NWA was driven by neutral SNPs and not by SNPs puta-
tively associated with selection. This genetic differentiation
is consequently expected to be the result of current limited
gene flow between the two contingents. The relatively recent
colonization of the southern Gulf of St. Lawrence following
the Last Glacial Maximum between 26.5 and 19.0 thousand
years ago (Clark et al. 2009) can explain the small genetic dif-
ferentiation observed between the two contingents. The re-
cent post-glacial population history coupled with large pop-
ulation size of many marine fish leave little time for popula-
tions to accumulate large genetic differentiation (Nielsen et
al. 2009). Ongoing effective migration between the two NWA
contingents may also contribute to the low genetic differen-
tiation observed.

The small yet significant genetic differentiation between
the contingents may explain why previous attempts to clearly
discriminate them based on fewer genetic markers were un-
successful (Maguire et al. 1987; Lambrey de Souza et al. 2006;
Gislason et al. 2020). The level of genetic differentiation be-
tween populations of marine fish species varies widely be-
tween studies using SNPs, both due to methodological and
evolutionary differences (Hemmer-Hansen et al. 2014). In At-
lantic mackerel, higher genetic differentiation is observed in
the NEA between the Bay of Biscay and the Mediterranean
Sea (Fsr = 0.0201, Rodriguez-Ezpeleta et al. 2016) compared
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to those reported here for the NWA. Gene flow between the
Atlantic Ocean and Mediterranean Sea is likely more limited
compared to that between the contingents of the NWA. Pop-
ulations from within and outside the Mediterranean Sea are
well differentiated for many marine species (e.g., Zane et al.
2000; Patarnello et al. 2007; Luttikhuizen et al. 2008). This
is explained by a 5.5 million years old colonization of the
Mediterranean Sea and little gene flow through the Gibral-
tar Strait (Krijgsman et al. 1999).

Assignment validation

The low genetic differentiation between northern and
southern contingents within the NWA was reliable for as-
signments to reference groups. Specifically, the proportion
of correctly reclassified individuals was high for both con-
tingents (> 85.5%). The same range of assignment accuracy
was observed for two spawning groups of Atlantic cod in the
Gulf of Maine, exhibiting a relatively low level of genetic dif-
ferentiation (Fst = 0.006, O’Donnell and Sullivan 2021). In
this study, a correct assignment rate of up to 88.5% was ob-
served when using a small set of highly differentiated loci
(25 loci, including 9 under selection). In our case, the high-
est assignment rate was reached when using all loci (Fig. S1).
This is similar to what was observed in Greenland halibut
(Reinhardtius hippoglossoides), where all loci were necessary to
reach the highest assignment rate between two groups show-
ing an Fsy of 0.0015, comparable to what we observed for
mackerel (Carrier et al. 2020). These results suggest that even
in the case of low genetic differentiation, powerful assign-
ment tools based on supervised machine-learning algorithms
could reach reliable assignment accuracy. However, assign-
ment tools are not exempted from potential bias in detect-
ing artefacts such as family structure and data errors rather
than “true” genetic signals (Waples and Gaggiotti 2006). In
this study, we restricted the impact of family structure by us-
ing reference individuals from multiple sampling dates, ages
(cohorts), and sampling locations. We also tested different
sources of data errors such as the presence of missing values
and the sequencing technology, and found that our assign-
ment tool was reliable in both contexts. The capacity of the
assignment tool to perform genetic assignments with an ac-
curacy above 85% suggested that there is a distinct genetic
signature between both contingents, and is in line with Fst
and DAPC results.

Improvements to the reference samples used for the south-
ern contingent could further minimize potential bias in as-
signments. The primary commercial fishery in the U.S. does
not overlap with mackerel’s reproductive season, and hence
there were no samples available from fish that can with
absolute certainty be assigned to the southern contingent.
We, therefore, assumed that samples from the Gulf of Maine
(NAFO 5YZe) caught in April largely consisted mostly of south-
ern contingent individuals, despite the fact that those may
have been admixed with the northern contingent (Arai et al.
2021). This would explain the biased classification of admixed
individuals (F1 and F2) to the southern contingent, as well
as higher than expected membership probability for back-
crossed individuals within the southern contingent (Fig. 4B).
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Consequently, the assignment results may overestimate the
U.S. composition in both the Canadian and U.S. waters if ad-
mixed individuals were present in the samples. To overcome
this potential bias, improvement to the southern contingent
reference samples are needed through sampling ripe mack-
erel during May in U.S. waters.

Composition estimations

Northern and southern contingents of Atlantic mackerel
have long been known to mix along the U.S. Atlantic shelf
during late fall, winter, and spring (Sette 1950). The inten-
sity of this overlap in space and time is, however, poorly un-
derstood, as individuals should not only be discriminable but
large amounts of samples with a large coverage would be nec-
essary to fully understand this process. Our study nonetheless
indicated that in March-April 2019, a relatively high per-
centage of individuals from across the U.S. shelf showed a
northern population genetic signature (up to 33.6% of nonref-
erence individuals when considering a membership probabil-
ity > 50%). Previous studies using otolith stable isotope anal-
ysis have also confirmed that along the U.S. coast, northern
and southern contingents are mixing during this period, with
individuals from the northern contingent representing be-
tween 16.7% and 76.9% of U.S. samples, depending on the year
(study period: 1998-2000 and 2011-2016; Arai et al. 2021).
This range included our estimate, despite that these ratio es-
timates from otolith stable isotope analyses were based on
relatively small samples (N between 16 and 60 depending on
the year), collected over a longer period (between January and
May) and in years prior to ours so that, for instance, the range
of ages and lengths of the fish could also differ. Regardless of
the method used, larger sample sizes covering a wider spa-
tiotemporal range will be necessary to understand the mi-
gratory dynamics and overlap of both contingents and to
decompose landings data.

The genetic assignment also indicated that the southern
contingent may visit Canadian waters from May to October,
for which so far no evidence existed. In the Cabot Strait (NAFO
3Ps4Vn), the proportion of southern contingent fish varied
between 37.9% and 48.8% (out of 39 fish) depending on the
classification threshold used (i.e., > 50% or 70% membership
probability). This proportion was much greater than the error
rate of assignments estimated from a cross-validation test,
and thus the presence of the southern contingent in this area
in 2019 is likely. In other areas within Canadian waters, only
up to 17.7% of sampled fish were assigned to the southern
contingent, which present more uncertainties. Those results,
although unexpected, should not be completely surprising in
light of the common extensive northward migrations mack-
erel can undertake, and the shift in distribution of the south-
ern contingent towards warmer northerly waters in recent
years (Overholtz et al. 2011; McManus et al. 2018).

Conclusion

The genetic distinctiveness of both contingents in the NWA
observed with genome-wide markers combined with genetic
assignment approaches could allow a better understanding
of mixing of both contingents through space, time, and
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mackerel’s life-history, which is largely unknown. While im-
provements such as a reference genome and better reference
samples are desirable, the approach tested here proved to
be an interesting alternative or complement to the previ-
ously developed discriminant methods based on otolith sta-
ble isotopes. Incorporating information on population struc-
ture into stock management could reduce overfishing and
improve stock assessment (Waples et al. 2008; Spies and Punt
2015). Genetic information could allow Canadian and U.S.
fisheries management agencies to infer the proportion of
each contingent in landings throughout the fishing season,
an information that could help rebuild these stocks by de-
veloping future harvesting strategies that are sustainable for
each contingent. Especially the southern contingent, which
is at a much lower biomass level than the northern contin-
gent (Richardson et al. 2020) and is not managed separately
(NEFSC 2018), risks to be unsustainably harvested without
population-specific advice and management (e.g., Ying et al.
2011).
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