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1  | INTRODUC TION

Fisheries stock assessments and management rely on accurate bi-
ological data to effectively estimate population abundances and 
project the status of stocks. The task of building an accurate stock 
assessment can become difficult when a species exhibits a complex 
life history, population structure, or migratory behaviors. Delineating 
stock boundaries is crucial to unbiased stock assessments (Begg 
et al., 1999) and becomes even more important when popula-
tions exhibit substantial differences in life history. When a stock is 

delineated, it is treated as one homogenous population; however, 
that is not the case for species exhibiting subpopulation structure 
(especially those with differing reproduction and recruitment) and 
any metapopulation stock assessment operating under an assump-
tion of homogeneity will likely suffer inaccuracies (Dean et al., 2019).

The Atlantic cod (Gadus morhua, Linnaeus 1758) is a primary his-
torical example of external forces causing the collapse of a valuable 
commercial fishery, necessitating swift and effective fisheries man-
agement. High fishing pressure in the 1960s and 1970s led to dras-
tic reductions of several Atlantic cod stocks and despite decades of 
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management, many of those stocks are still exhibiting depleted biomass 
and fishing mortality rates at unsustainable levels (COSEWIC, 2010; 
NEFSC, 2013). The management of Atlantic cod stocks in the western 
Gulf of Maine (wGOM) is made difficult because they exist as metapop-
ulations (Dean et al., 2014; Kovach et al., 2010; Zemeckis et al., 2014) 
but are currently managed as one homogenous unit (NEFSC, 2013), 
despite evidence that suggests employing substock models would in-
crease productivity yield in the wGOM (Kerr et al., 2010).

A multidisciplinary evaluation of biological stock structure for 
Atlantic cod in U.S. waters has recently been conducted by the 
Atlantic Cod Stock Structure Working Group that incorporated data 
from fishermen's ecological knowledge, life history, genomics, natu-
ral markers, and tagging to propose five biological stocks in the U.S.: 
Georges Bank, southern New England, wGOM and Cape Cod winter 
spawners, wGOM spring spawners, and the eastern Gulf of Maine 
(NEFSC, 2021). Each of the proposed stocks is spatially distinct ex-
cept for the wGOM where there is spatial overlap between spring 
and winter- spawning groups that are genetically isolated (Barney 
et al., 2017; Clucas, Kerr, et al., 2019; Clucas et al., 2019; Kovach 
et al., 2010) by seasonal differences in spawning behaviors. The 
spawning groups likely developed due to strong interannual spawn-
ing site fidelity (Zemeckis, Hoffman, et al., 2014), group spawning 
aggregation behaviors (Dean et al., 2014), and were likely facili-
tated by larval recruitment and/or natal homing. While all Atlantic 
cod in the wGOM spawn during similar bottom water temperature 
conditions (6– 8℃), “spring” spawning peaks in May- June and “win-
ter” spawning peaks in November- December (Dean et al., 2014; 
Zemeckis, Hoffman, et al., 2014). These seasonal differences in 
spawning time have large effects on the temperature regimes and 
oceanic conditions experienced by pelagic larvae and early juveniles, 
with spring- spawned Atlantic cod hatching into warm stratified wa-
ters and winter- spawned Atlantic cod hatching into cooling, well- 
mixed waters (Huret et al., 2007). It is possible that these conditions 
could translate to stark differences in production and recruitment 
success, especially as climate change impacts the wGOM and aver-
age summer temperatures continue to climb (Pershing et al., 2015).

The complex population structure and reproductive dynamics 
observed in the wGOM Atlantic cod have been shown to be per-
petuated on a molecular level by selective pressures acting upon 
chromosomal inversions that affect spawning behavior in the face of 
gene flow (Barney et al., 2017; Clucas, Kerr, et al., 2019; Clucas, Lou, 
et al., 2019); however, chromosomal inversions are not unique to 
Atlantic cod in the wGOM. In Scandinavia, Atlantic cod have repeat-
edly been characterized by chromosomal inversions linked to migra-
tory behaviors or inshore/offshore ecotypes (Barth et al., 2017; Berg 
et al., 2016; Karlsen et al., 2013; Kirubakaran et al., 2016; Rodríguez- 
Ramilo et al., 2019; Sodeland et al., 2016) and physical water pa-
rameters like salinity, oxygen, and temperature (Berg et al., 2015). 
Similarly, Therkildsen et al. (2013) found that chromosomal inver-
sions in Greenland Atlantic cod corresponded with inshore/off-
shore ecotypes, as well as temperature and salinity. In Canadian 
waters, Atlantic cod showed differences in chromosomal inversions 
associated with migratory behaviors (Sinclair- Waters, Bradbury, 

et al., 2018). When examining Atlantic cod collected at several loca-
tions throughout its range, chromosomal inversions were associated 
with ocean basin (Berg et al., 2017; Bradbury et al., 2010, 2013, 2014), 
migratory behaviors (Hemmer- Hansen et al., 2013; Kess et al., 2019), 
or ocean temperature (Bradbury et al., 2010). Chromosomal inver-
sions and selection are common in Atlantic cod, and the genomic 
differentiation they create may represent a valuable opportunity to 
develop new tools for Atlantic cod science and management.

Taking advantage of genomic differentiation to create molecular 
tools for management has been a valuable endeavor for Atlantic cod 
in other parts of northwest Atlantic. For instance, Sinclair- Waters, 
Bentzen, et al. (2018) used SNP genotyping to develop a method 
that can accurately assign Atlantic cod to a genetically distinct 
population in a marine protected area (MPA), allowing managers to 
protect a critical species by designating MPA boundaries in a bio-
logically meaningful way, as well as providing new data to redesign 
and reevaluate future MPA boundaries. A similar approach could be 
utilized in the wGOM to develop a molecular tool to identify the 
spawning season, and potentially sex, of Atlantic cod. A recent non-
molecular tool has been developed to identify the spawning sea-
son of wGOM Atlantic cod using the diameter of first annulus of 
the otolith and a logistic regression model (Dean et al., 2019). This 
otolith method has provided valuable data to the management of 
Atlantic cod in the wGOM, including the identification of decreased 
recruitment of spring- spawned Atlantic cod over time. Likewise, a 
molecular tool may augment these results by increasing potential 
for automation, decreasing processing times, potentially improving 
accuracy, and adding sex information without sacrificing individuals.

In the present study, we used low- coverage whole- genome se-
quencing to evaluate the genomic population structure of Atlantic 
cod collected in the wGOM and Georges Bank with samples col-
lected over several years. We report levels of genetic divergence 
for these cod populations as well as patterns across the genome, 
showing isolated divergence patterns that are consistent with pre-
vious studies. In accordance with a research recommendation from 
the Atlantic Cod Stock Structure Working Group for the develop-
ment of rapid assessment tools for assignment of spring and winters 
spawners in the wGOM (McBride et al., 2021), we then focus on the 
selection of small numbers of genetic markers to develop powerful 
assignment tools for Atlantic cod, that can identify spawning group 
and sex of unknown fish. It is our hope that the results will provide 
a wealth of new data for understanding Atlantic cod population bi-
ology and stock structure. In total, this represents a profound op-
portunity to add valuable science to support dynamic, biologically 
meaningful Atlantic cod management in the wGOM.

2  | MATERIAL S AND METHODS

2.1 | Sample collection

Caudal fin clips were taken as a source of genetic material from 
222 Atlantic cod individuals collected in the wGOM and Georges 
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Bank (Figure 1; Table 1). In the wGOM, Atlantic cod were col-
lected by the Massachusetts Division of Marine Fisheries 
(MADMF) Industry- Based Survey via bottom trawl in either the 
spring (April- June; n = 87) or winter (November- January; n = 117) 
from 2013– 2018 and were stored frozen until laboratory pro-
cessing. Atlantic cod from Georges Bank (n = 18) were collected 
by commercial fishermen associated with the National Oceanic 
and Atmospheric Association's Cooperative Research Study Fleet 
program. All fish chosen for genetic analysis were graded by 
MADMF biologists as being in spawning condition (i.e., ripe or 
running) or by commercial fisherman by observing the presence 
of flowing eggs or milt.

2.2 | DNA extraction, library 
preparation, and sequencing

DNA was extracted from caudal fin tissue using the Macherey- 
Nagel genomic DNA NucleoSpin Tissue kit according to manufac-
turer's instructions and adapted for use on an Eppendorf EPmotion 
TMX5075 automated liquid handling workstation. Following extrac-
tion, all DNA was purified and size- selected to remove fragments 

less than ~1,000 bp in length using a paramagnetic bead cleanup 
with a 0.5:1 bead to sample ratio (KAPA Pure Beads) and a final 
elution in 10 mM Tris- HCl, pH 8.0– 8.5. The concentration of DNA 
of each size- selected sample was estimated using a SpectraMax 
QuickDrop Micro- Volume Spectrophotometer (Molecular Devices) 
prior to library preparation.

A separate 250– 450 bp dual- indexed library was prepared for 
each individual using the KAPA Hyper Prep Kit adapted for use on 
the Eppendorf EPmotion TMX5075 automated liquid handling work-
station following the manufacturers’ recommendations.

The mode size of each library preparation was estimated using 
a Fragment Analyzer 5300 (Agilent) and the DNA concentration of 
each library was estimated using the NEBNext Library Quant Kit 
for Illumina (New England BioLabs) and run on a QuantStudio12K 
Flex Real- Time PCR System (Thermo Fisher). Based on the size and 
concentration results, libraries were pooled into equimolar concen-
trations prior to paired end sequencing (2 × 150 bp) in three sepa-
rate runs using NextSeq 500/550 v2 high output kits on an Illumina 
NextSeq 500. Libraries were then re- sequenced using NextSeq 
500/550 v2 paired end (2 × 150 bp) mid output kits with pools re-
assembled based on previous sequence coverage in an attempt to 
sequence all individuals to between 1x and 4x coverage.

F I G U R E  1   Map of Atlantic cod collection locations with bubble area scaled by the sample size of individual collections (GB =Georges 
Bank, GOM Spring =western Gulf of Maine spring- spawning, and GOM Winter =western Gulf of Maine winter spawning)
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2.3 | Sequence filtering, mapping, and SNP calling

Bioinformatic processing generally followed the approach outlined 
by Therkildsen and Palumbi (2017). Forward and reverse raw reads 
from each lane were concatenated into aggregate files before re-
moving any bases with a quality score threshold below three from 
the leading and trailing ends using Trimmomatic (Bolger et al., 2014). 
Additionally, a sliding window approach was used to remove any 
bases in a four base window that had a mean quality score below 15. 
Any remaining reads that fell below a minimum length of 36 bases 
were removed.

Trimmed reads were aligned to the gadMor2 reference ge-
nome (Tørresen et al., 2017) using Bowtie2 v2.3.4.3 (Langmead & 
Salzberg, 2012) and the “very sensitive local” presetting. SAMtools 
v1.9 (Li et al., 2009) was used to only retain reads with mapping 
scores greater than 20, sort reads by leftmost coordinates, and 
merge paired and unpaired reads. Read ends were soft clipped to 
retain only the read with the highest quality score in overlapping 
regions using the clipOverlap program in BAMUTIL v1.0.14 (Jun 
et al., 2015) to avoid double counting sequence support during SNP 
calling. Duplicate reads (reads that originated from a single fragment 
of DNA) were removed using the MarkDuplicates module of PICARD 
Tools v2.20.4 (Broad Institute, 2019). The coverage and mapping 
depth for each individual was estimated using the SAMtools mpileup 
module (Li et al., 2009) with the options of counting orphans, dis-
abling probabilistic realignment of base alignment quality, and a min-
imum base quality of 0. The mpileup results were processed with a 
custom script to estimate mapping depth after excluding positions 
with >4× the mean mapping depth, which likely represented a re-
petitive sequence. When all individuals had been sequenced to ~1× 
depth, PICARD Tools were used to add read groups and create index 
files for each individual.

Reads for each individual were aggregated and realigned around 
indels using IndelRealigner within GATK v3.8 (McKenna et al., 2010) 
prior to calling SNPs at sites with a probability of <1– 6 being mono-
morphic based on the mapped reads for all 222 individuals using 
ANGSD v0.930 (Korneliussen et al., 2014). The following filters and 
parameters were used in the ANGSD analysis: Sites with a total read 

depth <50 and >500 were excluded, and the retained sites were fur-
ther filtered by setting a minimum number of 150 individuals with 
data at each site and a minimum quality score of 20. Individual gen-
otype posterior probabilities and genotype likelihoods in Beagle for-
mat were generated only for loci with a minor global allele frequency 
of ≥5%. Additionally, major and minor alleles were inferred from 
genotype likelihoods across all individuals at all SNPs and any SNP 
loci that were out of Hardy- Weinberg Equilibrium (HWE) at p ≤ 1– 6 
were removed. Genotype likelihood estimation and SNP calling were 
repeated in the same fashion for individuals collected in the wGOM 
(excluding Georges Bank fish).

2.4 | Population genomics

To produce a visualization of potential Atlantic cod differentia-
tion, a covariance matrix between all individuals was produced 
based on genotype likelihoods from ANGSD in PCAngsd (Meisner 
& Albrechtsen, 2018) and resolved into principal components using 
the eigen function in R 4.0.3 (R Core Team, 2020). The resulting prin-
cipal component analysis (PCA) was plotted along the first two prin-
cipal components in R using ggplot2 (Wickham, 2016). The PCA was 
performed with all individuals included and also with only wGOM 
individuals (removing those from Georges Bank). Individuals in the 
PCA were colored according to their spawning season (and location 
when Georges Bank was included) but also by sex to examine any 
genome- wide differentiation according to spawning season or sex. 
PCAngsd was also used to detect SNP loci under selection using the 
pcadapt model with p- values from resulting chi- squared tests plot-
ted as the negative log of p across all linkage groups (LGs) in R using 
ggplot2. A significance threshold of p ≤ 1.63 × 10– 8 was set using a 
Bonferroni correction for the number of SNP loci and α = 0.05.

To examine genetic differentiation among Atlantic cod globally 
and at specific regions across the entire genome, locus- by- locus 
pairwise FST estimates were generated in ANGSD based on geno-
type likelihood data. Analyses were run with all individuals sep-
arated by Georges Bank, spring- spawning, and winter- spawning 
individuals, but also with only wGOM individuals (excluding Georges 
Bank fish) grouped by spawning season (spring versus winter) and 
sex (male versus female). Genotype likelihoods were estimated in 
ANGSD as previously described but for cod individuals separated 
into the aforementioned groups (stock, spawning season, sex) and 
used to compute posterior probabilities of sample allele frequency 
for each group. Then, the allele frequency likelihoods were used to 
generate a folded site frequency spectrum using the gadMor2 ref-
erence genome (Tørresen et al., 2017) as the ancestral state and 
two- dimensional site frequency spectra were computed between 
all pairwise comparisons. FST estimates at each locus between all 
pairwise comparisons were generated from the two- dimensional 
site frequency spectra in ANGSD and global weighted FST estimated 
were calculated in a custom R script while per- site estimates of FST 
were summarized in a sliding window analysis in ANGSD using a win-
dow size of 1,000 and a step size of 100 for visualization. The sliding 

TA B L E  1   Collection information for Atlantic cod samples used 
for final genomic analysis with spawning season designated as fish 
that were reproductively active in spring (April- June) or winter 
(November- January)

Location Collection Year Spring Winter

Georges Bank 2014 18

Gulf of Maine 2013 15

2014 13

2015 36

2016 45 31

2017 19 35

2018 10

Total 87 135
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window output for wGOM individuals comparing spawning season 
and sex was plotted across all LGs using the ggplot2 package in R.

2.5 | Informative loci selection

Two methods were used to select informative SNP loci for distin-
guishing between male and female, as well as spring and winter- 
spawning Atlantic cod in the wGOM: ranked FST values and Guided 
Regularized Random Forest (GRRF). For the ranked FST method, 
pairwise FST values at each locus for spawning season and sex com-
parisons were ranked from highest to lowest, assuming that the 
highest ranked loci would provide the most power to differentiate 
the groups. The second approach, GRRF (Deng & Runger, 2013), 
used random forest, which is an ensemble learning technique that 
utilizes many series of decision trees for classification and can as-
sign importance scores to a set of features (loci). The GRRF tech-
nique uses importance scores from a previous random forest run to 
guide the regularized random forest for loci selection and ranking. To 
begin loci evaluation with GRRF, only loci with a positive pairwise FST 
value were considered and all work was conducted within the RRF 
package (Deng, 2013) in R. Missing data were imputed using ran-
dom forest with the response variable set to sex or spawning season 
and using ten iterations with 2,000 trees consistent with Sylvester 
et al. (2018). Random forest was run using 5,000 trees and the num-
ber of variables randomly sampled as candidates at each split equal 
to the square root of the number of loci evaluated. The GRRF was 
run ten separate times with 5,000 trees, and a coefficient of regula-
tion for each locus dictated by importance scores from the random 
forest run and gamma=0.3. After each GRRF run, any locus with a 
positive mean decrease accuracy (importance score) was considered 
a selected locus. The final list of selected loci were any loci with posi-
tive importance scores from any of the ten GRRF runs; selected loci 
were aggregated and ranked according to mean importance scores 
across all runs.

2.6 | Evaluating population assignment accuracy

The total number of loci selected from the GRRF runs was used to 
compare to the ranked FST method so an equal number of top- ranked 
FST loci were also selected for evaluation. The genotypes of selected 
loci by ranked FST and GRRF were pulled out of the total data set, 
and any missing data were again imputed using random forest in 
the method described above. Assignment accuracy for each selec-
tion method was estimated using K- fold cross- validation and im-
plemented in the R package assignPOP (Chen et al., 2018). In K- fold 
cross- validation, all individuals are randomly divided into K groups 
where one group serves as the test individuals and the remain-
ing groups are used as training individuals to build the predictive 
model. This method ensures that test and training individuals are 
independent and every individual is guaranteed to be tested once, 
avoiding upward biases of population assignment often associated 

with other tests where training and test data sets are nonindepend-
ent (Anderson, 2010). The K- fold cross- validations were run so that 
K = 2– 10 for each set of selected loci tested with loci tested five at 
a time starting with the top five ranked loci (by FST or GRRF), pro-
ceeding to the top ten ranked loci, and so on until in increments of 
five until the total number of selected loci was evaluated. The mean 
assignment rate was calculated across all values of K for each set of 
loci tested and plotted using ggplot2 in R.

2.7 | Reevaluating sex and spawning season 
differences using selected loci

After identifying the locus suites that were most accurate and prac-
tical for assigning wGOM Atlantic cod to a sex or spawning season, 
genotype likelihood data for only those locus suites were used to 
produce separate sex and spawning season covariance matrices 
in PCAngsd and further principal components using the prcomp 
function in R. The results were plotted across two principal com-
ponents with normal data ellipses around each group using ggbiplot 
(Vu, 2011) in R.

3  | RESULTS

3.1 | Genomic sequencing data quality

The 222 individuals in the Atlantic cod dataset received a mean of 
3.5 Gbp and 22.3 million reads. On average, 4.5% of bases were re-
moved from the raw reads following quality trimming and 94.3% of 
the reads mapped to the gadMor2 reference genome. The average 
coverage of the reference genome across all individuals was 1.2× 
(range: 0.5– 3.6), which yielded 3,760,540 called SNPs after 21 loci 
were removed due to failure to meet HWE expectations.

3.2 | Genomic differentiation

Pairwise comparisons of FST between spring and winter- spawning 
Atlantic cod as well as Georges Bank fish were low, indicating lit-
tle genetic differentiation among the groups (Table 2; FST: 0.003– 
0.008) with the largest genetic differentiation occurring between 
wGOM spring- spawning Atlantic cod and Atlantic cod collected 
from Georges Bank. Plotting individuals across the first two PCA 
axes showed some clustering of points when all individuals were 
used (Figure 2a) and when only examining Atlantic cod collected in 
the wGOM (Figure 2b); however, the observed clusters were not 
directly associated with spawning season, collection location, or 
sex (Figure 2c), and the variation explained by the two axes was 
minimal (~3.5%).

While the genetic distance between spring and winter- spawning 
Atlantic cod in the wGOM was negligible on a genome- wide scale, 
estimating locus- by- locus FST values between spring and winter 



10664  |     O’DONNELL aND SULLIVaN

fish showed that there were isolated areas of the genome (LGs 2, 
12, 21, and most strongly 18) showing elevated levels of differen-
tiation above the general baseline (Figure 3). Examining differenti-
ation across the genome for male and female Atlantic cod captured 
in the wGOM revealed a peak of elevated genetic distance on LG 11 
(Figure 4); however, the baseline and the peak FST values between 
males and females were much lower relative to those covered during 
the seasonal comparison. There were several areas of the genome 
under significant selection likely associated with chromosomal 

inversions or selection on LGs 1, 2, 3, 7, 12, 18, and 21 (Figure 5), 
many of which overlap with the high areas of differentiation ob-
served between spring and winter- spawned Atlantic cod.

3.3 | Marker selection, validation, and 
individual assignment

The GRRF method identified a total of 262 SNP loci with positive 
importance scores among the ten individual runs that suggested 
they could distinguish spring and winter- spawning Atlantic cod in the 
wGOM with 27 (10.3%) being loci under selection. All 23 LGs were 
represented in the 262 loci with the majority of the SNPs being lo-
cated on LG18 (n = 50; 19.1%). Mean assignment rate was maximized 
at 88.5% (Figure 6a) when using the 25 most important loci (6 under 
selection; 24.0%) according to GRRF, which generally outperformed 
the ranked FST method for assigning Atlantic cod to spring or winter- 
spawning seasons. The population assignment rate using the ranked 
FST method ranged from 82.0%– 84.4% for each set of loci tested. 

TA B L E  2   Pairwise FST values for Atlantic cod when collections 
are combined over all collection years, wGOM spring =western 
Gulf of Maine spring- spawning and wGOM winter =western Gulf of 
Maine winter spawning

wGOM winter
wGOM 
spring

wGOM spring 0.006

Georges Bank 0.003 0.008

F I G U R E  2   Principal component analysis with (a) all Atlantic cod individuals included and data points colored according to collection 
location and spawning season or principal component analysis for (b) only western Gulf of Maine individuals with data points colored 
according to spawning season and (c) sex
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Assignment rate trends for the GRRF method showed a greater fluc-
tuation across the number of loci evaluated relative to the ranked FST 
method and generally decreased following the peak at 25 loci until 
~150 before showing an increase as the number of loci increased 
from ~150– 262. There were only two points (loci = 135 and 140) 
when the ranked FST method outperformed the GRRF method for 
population assignment between spring and winter- spawning Atlantic 
cod. The 25 loci selected by GRRF that achieved a mean assignment 
rate of 88.5% between spring and winter- spawning Atlantic cod 
(Table 3) represented nine different LGs across the genome (56.0% 
from LG18) and was much more effective in partitioning spring and 
winter- spawning Atlantic cod relative to using all SNP loci. The in-
crease in power to differentiate spawning season in wGOM Atlantic 
cod was evident when the PCA was reanalyzed using only the suite 
of 25 loci (Figure 7a). There was little overlap in the normal ellipses 
when separated by spring and winter spawners and the first two 
principal components explained 67.5% of the variance.

When identifying informative loci for distinguishing between 
sexes of wGOM Atlantic cod, the ranked FST method outperformed 
GRRF. The GRRF method identified a total of 241 loci (15 under se-
lection; 6.2%) across the ten runs that spanned all LGs. When using 
the ranked FST method, the top- ranked 241 loci consistently outper-
formed the GRRF method for assigning sex to Atlantic cod with an 
assignment rate of 70.9% to 99.5% across all loci tested. The assign-
ment rate increased to 95.0% by 25 loci and only marginally increased 
despite the inclusion of additional loci (Figure 6b). When using GRRF, 
the assignment rate was constant at ~34% until it began to steadily 
increase to a level of 67% between 150 and 241 loci. Given that the 
ranked FST method consistently outperformed GRRF when assigning 
a sex to Atlantic cod and the negligible change in assignment rate 
when more loci were added beyond 25, the top- ranked 25 loci by FST 
(0 under selection) were used as a suite to differentiate males and 
females (Table 3) and represented 14 different LGs with the majority 
of SNPs (36.0%) located on LG11. The power of the top 25 loci to 

F I G U R E  3   Genome- wide association with locus- by- locus FST values across all 23 linkage groups for comparisons between spring and 
winter- spawning Atlantic cod collected in the western Gulf of Maine

F I G U R E  4   Genome- wide association with locus- by- locus FST values across all 23 linkage groups for comparisons between male and 
female Atlantic cod collected in the western Gulf of Maine
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differentiate sex was clear when conducting a PCA using only the 
SNPs selected by FST, showing little overlap between males and fe-
males and explaining 38.0% of the variation (Figure 7b).

4  | DISCUSSION

When considering Atlantic cod stock structure among the wGOM 
and Georges Bank, overall genomic differentiation was low with FST 
values being similar to, albeit slightly lower than, the neutral FST val-
ues calculated by Clucas, Lou, et al. (2019) using a similar sequencing 
approach. While the level of genomic differentiation between the 
studies is similar, the lower values observed in the present evalua-
tion could have been influenced by a larger sample size in the wGOM 
Atlantic cod spawning groups that were collected over several time 
points, dampening potential differentiation that can occur from sam-
pling in a single time- point.

The low genetic differentiation observed here also coincides 
with observed levels of neutral variation in previous studies (Barney 
et al., 2017; Clucas, Kerr, et al., 2019; Clucas, Lou, et al., 2019; Kovach 
et al., 2010) and indicates that there is potential gene flow occurring 
between the seasonal spawning groups in the wGOM. While limited 
adult movement and strong spawning site fidelity promote stock 
structure and metapopulations for Atlantic cod (Zemeckis, Hoffman, 
et al., 2014), there are likely a small number of “migrants” among the 
seasonal spawning groups in the wGOM that exhibit spawning be-
havior in the opposite season of their natal spawning season, which 
decreases genetic distance between spring and winter- spawned 
cod. While there is evidence of gene flow between groups of 
Atlantic cod collected in the northwest Atlantic, neutral genetic 
variation is only one piece of evidence for the delineation of fish 
stocks, which should ideally be a multidisciplinary approach (Begg & 
Waldman, 1999; Zemeckis et al., 2014), that includes differences in 
life history, natural markers, tagging, and fishermen knowledge, all 

of which support separating Atlantic cod in the western wGOM into 
spring and winter- spawning stocks with Georges Bank Atlantic cod 
as a separate stock (NEFSC, 2021).

Some of the strongest evidence to support the delineation of 
spring and winter- spawning Atlantic cod in the wGOM is presented 
here and in previous studies (Clucas, Kerr, et al., 2019; Clucas, Lou, 
et al., 2019; Kovach et al., 2010) in the form of strong genetic dif-
ferentiation at specific locations throughout the genome that are 
associated with chromosomal inversions and selection. The location 
of peaks in genetic differentiation observed in the present study 
between spring and winter- spawning Atlantic cod generally coin-
cided with those observed by Clucas, Lou, et al. (2019). The largest 
contrast between results observed by Clucas, Lou, et al. (2019) and 
the current evaluation occurs on LGs 7 and 12. While significant se-
lection was detected in both LGs, a peak in genetic differentiation 
was only observed on LG12 in the current evaluation and none on 
LG 7, whereas Clucas, Lou, et al. (2019) observed a peak on LG 7 
and not on LG 12. As previously discussed, the observed selection 
in Atlantic cod in LGs 1, 2, 7, and 12 is likely driven by documented 
chromosomal inversions that have persisted in response to water 
chemistry parameters including temperature, salinity, and oxygen 
(Berg et al., 2015; Bradbury et al., 2010; Therkildsen et al., 2013). It 
is unclear whether SNPs under selection on LGs 3, 18, and 21 repre-
sent chromosomal inversions or just areas of strong selection. Many 
of the genes found on these regions are crucial to the production or 
reception of reproductive hormones and selective pressures caus-
ing differentiation at these loci are likely the cause of the prezygotic 
isolation between spring and winter- spawning Atlantic cod in the 
wGOM (Clucas, Lou, et al., 2019).

The GRRF method routinely outperformed ranked FST when as-
signing to Atlantic cod to spawning season, which is similar to past 
findings when differentiating population segments or phenotypes 
in fish populations (Brieuc et al., 2015; Sinclair- Waters, Bentzen, 
et al., 2018; Sylvester et al., 2018). During the present evaluation 

F I G U R E  5   Selection scan results displaying the - log10(p) for each SNP loci based on a chi- squared test across all 23 linkage groups for all 
Atlantic cod collected in the western Gulf of Maine with a red significance line denoting p ≤ 1.63 × 10– 8 set using a Bonferroni correction for 
the number of SNP loci and α = 0.05
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for Atlantic cod spawning season, the GRRF method selected SNP 
loci across a wider spread of the genome relative to the ranked FST 
method, which was limited to two LGs. When using a ranked FST 
method, Sinclair- Waters, Bentzen, et al. (2018) saw improved assign-
ment rate of Atlantic cod to a unique population segment in an MPA 
when SNP loci were filtered for linkage disequilibrium, which likely 
made more varied loci available for evaluation; however, in that case, 
GRRF still outperformed both ranked FST- based methods whether or 
not they were filtered for linkage disequilibrium.

When assigning wGOM Atlantic cod to males and female, the 
results were the opposite relative to spawning season designa-
tion with the ranked FST method producing a locus suite with the 
greatest assignment rate (95.0%). When considering the final suite 
of 25 SNPs selected using the ranked FST method for identifying 
sex, 8 SNPs were located in a previously documented 55kb region 
on LG 11 that contained genes segregating according to an XX- XY 
system in Atlantic cod (Star et al., 2016). Additionally, 4 of the 
SNPs matched loci previously identified by Star et al. (2016) in a 
similar set of sex discriminating loci for Atlantic cod collected in 
Norway and Iceland. Independent evaluations finding the same 

important region in the genome for sex discrimination are confir-
mation that genetic sex determination is consistent among ocean 
basins and is an ancestral trait that was retained despite subse-
quent population fragmentation. In fact, Kirubakaran et al. (2019) 
described a true male- specific 9 kb region consisting of one gene 
on LG 11 that is flanked by the SNPs used in the sex- determining 
suite here and estimated that it evolved in gadoids ~45 million 
years ago. Using the GRRF method was ineffective at discrim-
inating between sexes in Atlantic cod and the contrasting per-
formance of the GRRF and ranked FST methods for selecting 
informative SNP loci depending on trait (spawning season or sex) 
warrants further consideration.

The drastic change in relative performance of the GRRF and 
ranked FST methods for finding informative loci between the two 
comparisons could be explained by a number of factors. The most 
obvious difference between the scenarios was the level and land-
scape of differentiation across the genome when comparing dif-
ferent sexes and different spawning seasons. The large peak on LG 
18 between spawning groups narrowed the field of available loci 
when using the ranked FST method, and the generally low level of 

F I G U R E  6   Mean assignment rate for all locus sets selected by Guided Regularized Random Forest and ranked FST methods to 
differentiate (a) spring and winter- spawning Atlantic cod and (b) male and female Atlantic cod in the western Gulf of Maine
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differentiation among sexes may have made it difficult for meaning-
ful trees to take root in the GRRF method for distinguishing males 
and females.

Another factor that may play a part in the efficiency of the GRRF 
method is the complexity of the trait being examined. The random 
forest technique has traditionally been used to distinguish between 
phenotypes of complex polygenic traits (Bureau et al., 2003). As 
established here and by Clucas, Lou, et al. (2019), spawning season 
determination in Atlantic cod is a complex process that involves sev-
eral genes dispersed throughout the genome. Conversely, sex deter-
mination in Atlantic cod is controlled by a single gene (Kirubakaran 
et al., 2019), making it a far simpler trait. Machine learning tech-
niques like GRRF may be well- suited to selecting loci associated with 
complex traits because all loci, and complex interactions between 
them are included in the adjustment of the model, allowing for the 
contribution of unassociated, but highly correlated loci (Barbosa 
et al., 2021). Simulated and empirical research has shown that in-
corporating machine learning methods (including random forest) 
into genome prediction and identifying relevant genomic regions 
of complex traits improves accuracy relative to linear mixed models 
and Bayesian approaches (Maldonado et al., 2020; Yin et al., 2020). 
Conversely, when examining genome prediction performance ac-
cording to trait complexity as measured by number of qualitative 
trait loci, machine learning approaches (including random forest) 
outperformed Bayesian or linear mixed model techniques when rela-
tively few qualitative trait loci (2– 8) were simulated, but at increased 
trait complexities, all techniques were equally predictive. Other fac-
tors beyond trait complexity like heritance and dominance seem to 
play a significant role in determining the performance of machine 
learning approaches when identifying SNP loci (Alves et al., 2020; 
Barbosa et al., 2021).

A final reason for the difference in success of the methodologies 
could be due to the evolutionary timing of the divergence observed 
between traits. The evolution of the sex gene in gadoids occurred 
at least 45 million years ago (Kirubakaran et al., 2019), well before 

TA B L E  3   List of SNP loci used for assigning GOM Atlantic cod 
to spawning season (i.e., spring or winter- spawning groups) and 
sex (males or females) with loci naming conventions of LG followed 
by the position on each LG and loci listed in order of importance 
scores

Spawning Season Sex

Locus LG Locus LG

LG18_17175832 LG18 LG11_11886873 LG11

LG02_21785361 LG02 LG11_11895561 LG11

LG18_17157703 LG18 LG11_11884313 LG11

LG18_17158133 LG18 LG11_11885753 LG11

LG05_17846762 LG05 LG11_11897588 LG11

LG15_9492450 LG15 LG12_7037474 LG12

LG07_23504388 LG07 LG23_10281376 LG23

LG04_26367477 LG04 LG15_22544499 LG15

LG12_20137107 LG12 LG08_24591305 LG08

LG18_17085587 LG18 LG04_27006645 LG04

LG18_17085503 LG18 LG18_5572934 LG18

LG18_11596188 LG18 LG20_22855211 LG20

LG18_17162871 LG18 LG20_15177680 LG20

LG04_30679825 LG04 LG13_6650832 LG13

LG18_17161121 LG18 LG05_10106110 LG05

LG18_17175640 LG18 LG11_11897513 LG11

LG01_12231215 LG01 LG01_6580190 LG01

LG18_17169811 LG18 LG11_4369856 LG11

LG02_17306759 LG02 LG17_4710806 LG17

LG15_18095655 LG15 LG11_11884389 LG11

LG18_17083513 LG18 LG23_9860028 LG23

LG18_17167765 LG18 LG12_22022616 LG12

LG14_18589849 LG14 LG03_13055640 LG03

LG18_17100075 LG18 LG11_11897519 LG11

LG18_17078527 LG18 LG21_7884830 LG21

F I G U R E  7   Principal component 
analysis of western Gulf of Maine Atlantic 
cod individuals using selected loci to 
differentiate between (a) spawning season 
and (b) sex
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the divergence of spawning season groups in Atlantic cod from the 
wGOM. Most of the examples where the random forest technique 
is used to identify diagnostic loci are focused on traits that would 
have developed recently on an evolutionary time scale. For exam-
ple, the GRRF method consistently outperformed the ranked FST 
method for assigning Atlantic cod to a population segment found 
within an MPA (Sinclair- Waters, Bentzen, et al., 2018) and for dis-
cerning fine- scale genetic differentiation in Atlantic salmon and 
Alaskan Chinook salmon populations (Sylvester et al., 2018). The 
random forest technique has also been used to successfully find di-
agnostic loci in Chinook salmon to separate seasonal reproductive 
run timing (Brieuc et al., 2015) and to distinguish salinity ecotypes in 
American eels (Pavey et al., 2015). While the exact mechanism that 
determines the efficiency of loci selection methodology is unknown, 
several techniques, including more traditional and machine learning 
approaches, should be utilized to maximize the chances of selecting 
a locus suite with the greatest assignment power.

The resulting SNP panels developed here will prove to be a valu-
able tool for fisheries research, management, and future stock as-
sessments for Atlantic cod in the wGOM. With declining Atlantic cod 
biomass in the wGOM (NEFSC, 2013) and a severe decline in the re-
cruitment of spring- spawned Atlantic cod (Dean et al., 2019), there is 
a critical need to incorporate accurate tools that can be applied non-
lethally into future stock assessments and research. The biology of 
Atlantic cod in the wGOM creates a complex and dynamic metapop-
ulation structure, which should make the management of the fishery 
dynamic in turn. Incorporating all available information and tools 
into our understanding and management of wGOM Atlantic cod will 
provide the most accurate, concrete, and useful data to enact and 
evaluate any future regulatory changes.
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