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Abstract:

Kinship in natural marine fish systems has been little explored in part due to limitations of available genomic
approaches. This is especially true for very abundant and commercially exploited marine pelagic fish with
broadcast spawning. Recent advances in genomics have however, facilitated an improved understanding of
population structure in marine systems at fine geographic scales. Here, we identify kinship structure in an
aggregation of Atlantic herring (Clupea harengus ) juveniles. We identified 11 half-sib pairs using a suite
of 92 sequenced microsatellite DNA markers in a sample of N=1391 herring individuals comprising two



cohorts (ages 0+ and 14) collected from the 2018 Fall research survey of the Southern Gulf of St. Lawrence.
In addition, we were also able to detect a full-sib pair using the combination of half-sib pairs and whole
mitochondrial DNA (mtDNA) analysis. This study suggests the presence of kinship structure in a juvenile
herring aggregation three months or more post hatching with implication for our understanding of herring
early life history.
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Introduction

Insight into kin structure in the wild is essential towards a robust understanding of demography and popu-
lation dynamics (Bravington, Grewe, and Davies, 2016; Waples and Anderson, 2017; Ruzzante et al., 2019).
Failure to consider the presence of closely related individuals in studies on population structure and de-
mography can under some circumstances lead to violation of assumptions and, occasionally to downwardly
biased estimates of population parameters (Waples and Anderson, 2017). Identification of kinship structure
in wild populations should therefore ideally be considered when conducting population level analyses. De-
spite their importance, kinship is not usually included as part of the analysis but is assumed not to influence
inferences (Kamel and Grosberg, 2013). Kin structure in marine systems in particular is often overlooked
due to the assumption that gamete and larval dispersal coupled with large open populations would overwrite
any form of kinship structure (Christie et al., 2010; Kamel and Grosberg, 2013). This assumption and the
lack of genetic tools have thus far prevented further investigation into this area of study (Christie et al.,
2010; Schunter et al., 2014). Here we focused on Atlantic herring (Clupea harengus ) to better understand
the implications of kinship in a highly abundant and widely dispersed pelagic marine system.

Herring is considered a model species for studies examining adaptation and natural selection in pelagic marine
fish systems due to their large population size and low genetic differentiation at neutral loci (Lamichhaney
et al., 2012; Pettersson et al., 2019). Their predictable spawning behavior makes them a good representative
species for studies on kinship structure. The species is widely distributed on both sides of the North Atlantic
(Barrio et al., 2016; Kerr et al., 2019) and plays important ecological and economic roles as food for larger
fish, marine mammals, and seabirds, and as subject of profitable fisheries in both Europe and North America,
respectively (Barrio et al., 2016; Benoit and Rail, 2016; McDermid et al., 2018; Wilson et al., 2018). Herring
migrate extensively during their lifetime but are known to return to their natal areas for spawning (McQuinn,
1997; Ruzzante et al., 2006; Melvin et al., 2009). They are iteroparous broadcast spawners and generally
spawn once a year in schooling aggregations with multiple spawning waves during a spawning season (Sinclair
and Tremblay, 1984; McPherson et al., 2003; Melvin et al., 2009; Wilson et al., 2018). In some regions, two
seasonal spawning components are known to coexist: Spring spawning and Fall spawning herring. Herring
lay their eggs on the bottom of the sea floor (Hare and Richardson, 2014; McDermid et al., 2018). Upon
hatching, their larvae remain grouped while staying close to the spawning grounds as they migrate vertically
(Sinclair and Iles, 1989).

Recent studies revealed significant genetic differentiation among spawning seasons and locations thought to
correspond to ocean temperature (Ruzzante et al. 2006; Lamichhaneys et al., 2017; Kerr et al., 2019; Han
et al., 2020; Fuentes-Pardo, 2020). Genetic studies on early life stages have shaped much of our knowledge
on the mechanisms of the population structure in this system but they have also allowed us to incorporate
aspects of their life history (Stephenson and Power, 1988; McPherson et al., 2004; Bang et al., 2006; Ruzzante
et al., 2006; Sinclair and Power, 2015; Berg et al., 2019). For instance, larval retention on spawning grounds
plays an important part in keeping the integrity of the herring local metapopulation system (Sinclair and Tles,
1989; McQuinn, 1997). Despite extensive genetic studies on this system, few have looked at the mitochondrial
DNA (mtDNA) of herring.

Here we used mtDNA for parentage analysis as mtDNA inheritance is strictly maternal in most vertebrates
(Brown, 2008), making it valuable in kinship analysis. Studies on the mtDNA of herring have primarily



focused on using them as markers for population structure (Teacher et al., 2012), but little is known about
the ancestral inheritance and mtDNA mutation rate. Estimating the mtDNA mutation rates is difficult
without interspecific comparisons, but the assessment of mtDNA sequence differences between closely related
individuals have been employed as a solution (Haag-Liautard et al., 2008). The incorporation of mtDNA data
with kinship analysis using a suite of nuclear markers improves the confidence towards identifying sibship
structure.

Our goal is to examine kinship structure among schooling Atlantic herring. We sequenced 92 microsatellite
DNA markers on N= 1391 Atlantic herring juveniles collected from a single schooling aggregation in the
Gulf of St. Lawrence. While no kinship structure was expected given the presumed abundance of Atlantic
herring in the Gulf of St. Lawrence, we identified 11 half-sib pairs among 980 age 0+ herring juveniles. We
then sequenced the whole mtDNA genome of all individuals involved in the 11 presumed half-sib pairs. This
analysis revealed a candidate full-sib pair with mutation sites on a potentially adaptive region of the mtDNA.

Materials and Methods

Atlantic herring sampling and age determination

We extracted DNA from a total of n=2045 Atlantic herring collected over a period of 2 days in September
2018 in Cumberland Strait in the Southern Gulf of St. Lawrence (Figure 1) as part of the 2018 Fisheries and
Oceans Canada research vessel trawl survey. Tissue samples were stored in 95% EtOH.

Fork length and otolith rings were used to assign ages with individuals < 15 cm long assigned to age class
0+ and those between 17-21 cm assigned to age class 14+ (Figure S1). Otolith growth rings were then used to
cross reference these assignments and identify the spawning season (Jones, 1986). Out of the 2045 herring,
1391 fish were 0+ Spring spawned and 654 fish were 14+ Fall spawned.

Molecular methodology and microsatellite markers development

DNA was extracted with the Glassmilk protocol modified from Elphinstone, Hinten, Anderson, and Nock
(2003). Randomly chosen samples from each plate were then run through a 1.0% agarose gel to assess DNA
quality. Out of the 2045 herrings extracted, 1656 individuals were retained post quality control. Extracted
DNA was stored at -20°C until sequencing.

Microsatellite markers were designed from whole genome sequence data of a Gulf of St. Lawrence herring
individual using MSATCOMMANDER v1.0 (Faircloth, 2008). A total of 192 microsatellites were designed
and tested on 125 herring collected from throughout the Gulf of St. Lawrence (sequenced on Illumina MiSeQ).
MEGASAT (Zhan et al., 2017) was used to demultiplex and score alleles (minimum depth per sample per
locus at 50 reads). When necessary, allele scores were adjusted manually within MEGASAT. A total of
118 loci were retained after MEGASAT. Microchecker 2.2.3 (Van Oosterhout et al., 2004), GenAlEx 6.5
(Peakall and Smouse, 2006), and Arlequin v. 3.5.2.2 (Excoffier et al., 2005) were then used to assess the
heterozygosity and presence of missing data and/or null alleles. Details regarding reagents and the quality
control of microsatellites can be found in McCracken et al. (2014a, b). A total of 94 loci distributed across
all 26 chromosomes were retained for use in downstream analyses (Table S1).

All 1656 herring individuals were sequenced on the Illumina HiSeq 2500 — High Throughput for these 94 mi-
crosatellite loci. Subsequently, 2 more loci were removed due to missing data bringing down the final number
of microsatellite DNA markers to 92. After further quality control using FastQC (Babraham Bioinformatics),
GenAlEx, and MEGASAT to address missing data and low read depth, we retained 1391 herring individuals
for kinship analysis.



Identifying kinship structure from herring samples using CK M Rsim

The R (Rstudio Desktop v.1.3.1093 with R v.4.0.1) package CKMRsim(Anderson, 2016) was used to detect
kinship structure within and across the cohorts. CKMRsim employs allele frequencies to estimate the power
for pairwise relationship inference. It does this by evaluating the false positive (FPRs) and false negative
rates (FNRs), and outputs log-likelihood ratios for inferring the relationship of interest. The log-likelihood
ratio can be visually represented by a density plot showing the statistical power needed to confidently identify
a particular sibship pair. The output summary table contains the FNRs, FPRs, standard error, number of
nonzero weights (Num-nonzero wts), and\*. A*reflects the log-likelihood ratios to be used for determining the
number of Half-Sib or Full-Sib Pairs (HSPs or FSPs). Choosing the most appropriate A* involves setting a
threshold to balance the FNR and FPR values thereby minimizing the error margin of the kinship estimates.
This is done by calculating a reference false positive rate (Anderson, 2016):

Reference FPR = (—5mtm—y) (1)

where N is the number of individuals examined and [N * (N-1)] is the number of comparisons. This reference
FPR is used as a threshold to confidently distinguish related pairs from unrelated individuals.

Mitochondrial sequencing and phylogenetic analysis

We sequenced the mtDNA from 19 individuals: 18 individuals identified as members of a half-sib pair and
an extra individual chosen as an outgroup using Mitochondrial DNA TIsolation Kit (ab65321, Abcam). These
samples were then sent for whole mtDNA sequencing to The Centre of Applied Genomics DNA Sequencing
Facility (Hospital for Sick Kids, University of Toronto) on Illumina HiSeq 2500. The discovery of several
single base differences between members of a presumed full-sib pair (where no differences were expected, see
below) led to a resequencing effort to discount sequencing error. MultiQC and Trimmomatic v.0.39 (Bolger et
al., 2014) were used, respectively for quality control and trimming of Illumina adapters. All individuals were
retained post quality control. Data were aligned to the complete mitochondrial genome of Clupea harengus
(NC_009577) reference sequence using Clustal Omega algorithm in Geneious Prime 2021.2 (Biomatters Ltd.).
Neighbour joining phylogenetic trees were created with the aligned sequences using Geneious Tree Builder
tool with the global alignment with free end gaps setting. To address potential sequencing errors, we used the
function binom.test from the R package stats v.4.0.2 (R Core Team, 2020) to model the expected number of
base pairs due to sequencing error based on the observed base pair (bp) differences between two individuals.
The resulting probability is then evaluated using a binomial distribution based on the reference sequencing
error for the Illumina HiSeq 2500 of 0.112% =+ 0.544% (Stoler and Nekrutenko, 2021).

Results

Estimating kinship pairs usingCKMRsim

Of the N= 1391 Atlantic herring retained, N= 980 were Age 0+ and N= 411 were Age 14+. Age 0+ herring
are spring spawned and Age 1+ herring are fall spawned (Table 1). No reliable HSP and FSP relationships
were detected between individuals in the age 14 cohort nor across cohorts between any of the age 0+ and age
1+ individuals (see ESM). Given these results, we focused on the age 0+ cohort for downstream analyses.

Table 2 shows the FPRs and FNRs for statistically distinguishing half-sib pairs from unrelated individuals
within the age 0+ cohort. The reference FPR for this cohort is FPR=1.042e-07. This value corresponds to A*
[?] 12.6 (Table 2). We considered A*= 12 as a threshold to estimate the number of half-sib pairs in the Age
0+ cohort to reduce the effect of FNRs (Figure 2). There are 11 half-sib pairs in this cohort with a logl_ratio
> 12 that are formed by 18 unique individuals (Table 3). Out of these 18 individuals, two individuals,
Ch250, and Ch290 are half-sibs of two individuals each, and a third individual, Ch258 is a half-sib of three
individuals, Ch290, Ch226, and Ch534 (Table 3), which in turn, are not identified as half-sibs to each other.



An individual cannot be related as a half-sib with three individuals who are not related to each other; at
least one of these presumed half-sib pairs must be a full-sib pair.

The A* value for FSP was estimated using the same reference FPR value of 1.042e-07 but based on a different
FNR and FPR table that takes into account the ability to distinguish full-sib instead of half-sib pairs (Table
4). The FPR values generated using the age 0+ cohort did not pass the reference FPR values. Upon
extending the FNR query to cover a wider range, a A*of 12.6 was found to correspond to the reference
FPR value, but this value lies within the range of the HSP’s A*value (Figure 2). Consequently, while seven
candidate FSPs are identified with a loglratio [?] 12.6, statistical power is insufficient for distinguishing
true FSPs from HSPs; this is evidenced by the presence of true HSPs being identified as candidate FSPs in
Table 5 and the overlap between full-sibs and half-sibs logl_ratio curves shown in Figure 2. Nevertheless, the
6" pair in the list of candidate FSPs are individuals Ch226 and Ch290. Therefore, while statistical power
is insufficient to distinguish HSP from FSP, the only way that the pattern described above for Ch258 can
be true is if two of the other individuals are related as full-sibs. Individual Ch258 is half-sib with Ch226,
Ch290, and Ch534 while Ch226 and Ch290 are full-sib to each other. We next asked the question whether
the various HSP identified above were paternally or maternally related by sequencing their mitogenome.

Phylogenetic analysis of the sibship pairs

As expected, the individual chosen as an outgroup did not pair with any of the 11 HSPs (Figure 3).

The two individuals that make up the candidate FSP (Ch226 and Ch290) instead, were expected to exhibit
the same mtDNA haplotype and thus, to cluster closest to each other. Indeed, they are the only pair
identified above as kin that are linked at a terminal branch (Figure 3, Box). Interestingly, despite being
full-sibs the per base analysis of their mtDNA revealed 33 bp differences between the two individuals. To
examine whether these base pair differences are real or due to sequencing artefacts, we first generated a
binomial distribution (Figure S4) to model the expected number of per base variation in a 16700 bp long
sequence due to sequencing error using the reference error rate for Illumina HiSeq 2500 of 0.1% +- 0.544%
(Stoler and Nekrutenko, 2021). The mean and median of the distribution are both 17 bp (Figure S4). We
then used a binomial distribution (R package stats ) to estimate the probability of observing 33 bp variation
based on the reference error percentage and sequence length. The resulting probability of observing 33 bp
differences due to sequencing error is 0.2% (P<.0001). This error rate falls within the range of one standard
deviation to the reference sequencing error rate which suggests that the 33 bp differences observed in the
FSP are potential sequencing artefacts. Despite this evidence, some of the base pair differences were also
found in other individuals, suggesting that they may be true mutations. To examine this possibility, we
re-sequenced the two individuals in the FSP on the MiSeq. At least 15 of the 33 bp differences were detected
in the same position and state, and an extra bp difference was found in the same position but with a different
base conversion (Table S2). This suggests that at least 15-16 bp are likely single nucleotide polymorphisms
(SNPs) that took place within a single generation, but this result warrants further investigation. We were
unable to examine the remaining 16 bp differences due to poor coverage in the second resequencing effort.

Out of the 33 base pair differences detected in the FSP, 12 were detected in other individuals not involved in
the FSP. Five of the 12 variations were detected in one individual, four were detected in two individuals, one
was detected in three individuals, and two variations were detected in five individuals not involved in the
FSP suggesting some of them may be true mutations (Table S2). Most of the putative mutation sites were
in the D-Loop at 5 bp, followed by ND2 gene at 2 bp and the remaining 5 bps are distributed across the
mitogenome including within genes such asCytB, ND5, and COX1 at 1bp per gene. Interestingly, all but five
of the sites are silent mutations with D-Loop having three missense and one nonsense mutations, and COX1
gene having one missense mutation. Eight out of the 15 putative SNPs that reappeared in the resequencing
data were silent mutations and six were found in other individuals. Out of the seven non-silent mutations,
only one was found in other individuals (Table S2). The full-sib pair (Ch226 and Ch290) exhibits the lowest
number of mutations compared to the HSPs, the mutation sites between which range from 62 bp to 131 bp
(Table 5). For the 11 HSPs, the relative number of substitutions per region were also assessed in Table 6.



In general, the D-Loop and NDJ regions have the highest number of mutations while COX1 has the lowest,
and this is consistent across the 11 pairs. The largest gap in number of mutations within pairs is also found
between the presumed FSP and the HSP exhibiting the lowest number of mutations (33 vs. 62, i.e., gap
= 29 bp; Table 5 and Figure S3). Mutations are not localized but are spread out across 3-4 regions in the
mtDNA. With the exception of the FSP (Ch226 and Ch290), no other HSP was paired at a terminal branch
suggesting the pairs are all likely related through their male parents. The average number of nucleotide
substitutions per site suggest minor genetic changes between individuals within most of the branches (>100
bp differences between tips). Several pairs have strong bootstrap support value such as Ch891 and Ch588.

Additional neighbour joining trees based exclusively on the D-loop,CytB , COX1 and NDJ§ regions of the
mtDNA were generated to provide a comparison across regions of varying mutation rates. The ND§ tree
was the most similar to the whole mtDNA tree and suggests that the majority of the relationship structure
in Figure 3 is due to this region in the mtDNA. This finding is in concordance with the observation of
mutations sites in the Ch226 and Ch290 pair being found mostly in this mtDNA region. Overall, all four
trees showed less information regarding relatedness compared to Figure 3 (Figure S2). The D-Loop tree,
for example, suggests many individuals share a common ancestor including several half-sib pairs such as
Ch232-Ch250 and Ch549-Ch933; however, we know from the point mutation analysis that these variable
sites are distributed across the mtDNA and therefore the whole mtDNA is a more suitable representation.

Discussion

We detected 11 half-sib pairs from 980 spring spawned age 0+ Atlantic herring individuals using 92 mi-
crosatellite loci. This finding coupled with the fact that the 04 herring were at least 3 months old when
collected, imply that herring schooling aggregations in part comprise groups of related individuals for at
least 3 months after hatching. Our ability to detect kinship among the 0+ spring spawned cohort is of rele-
vance given the fact that the spawning stock biomass of spring spawning herring in the southern Gulf of St.
Lawrence declined nearly fivefold from 1995 to 2002 and has remained at low biomass for the past 20 years
(McDermid et al., 2018; Turcotte et al., 2021a; Turcotte et al., 2021b). The fact that kinship structure was
found in a highly connected metapopulation system such as Atlantic herring suggests that the population
size may be relatively low. We note, however, that no direct estimate of population size is feasible with our
within-cohort data because of the potential influence of a sweepstakes-like variance in reproductive success
(i.e. Hedgecock effect) (Hedgecock and Pudovkin, 2011; Waples and Feutry, 2022). Three individuals were
detected as kin to more than one partner, one of them in fact was related as a half-sib to three partners,
two of whom were identified as full-sibs. We observed 33 bp differences between the mtDNA sequences of
the two individuals identified as full-sibs which is within the range of sequencing error as determined by the
binomial tests. Re-sequencing of the FSP revealed, however, that at least 15 of these bp differences may be
real SNPs, but most are silent mutations. Regardless, this is the lowest number of base variations observed
among kinship pairs in this study. Analysis of the mtDNA of the HSPs also reveals little connection between
individuals within a given pair, suggesting the potential for paternal ancestry across the half-sibs. Below we
discuss the implications of these results both for the spring spawning component of the Gulf of St. Lawrence
Atlantic herring and more generally for our understanding of mutation rate in the mitochondrial genome.

Three of the 18 individuals identified as members of a half-sib pair appeared related as a half-sib to multiple
individuals, two of them appeared as half-sib to two individuals each, and the third (Ch 258) appeared as
a half-sib to three individuals (Ch226, Ch290, and Ch534) but these three were not identified as half-sibs
to each other. This case is only possible if two out of the three individuals are full-sibs. Based on our
subsequent analyses, individuals Ch226 and Ch290 were indeed identified as potential full-sibs. Therefore,
even though from a statistical point of view there is not enough power to confidently distinguish true full-sib
pairs from half-sib pairs using 92 polymorphic microsatellite markers and CKMRsim , we can infer that
Ch226 and Ch290 are likely full-sib pairs given the half-sib relationships between these four individuals.
There are 33 bp differences between the FSP with the majority appearing to be silent mutations, suggesting



minimal effect on the function of the genes. The higher number of bp differences ([?]62bp) observed between
HSP individuals suggest they are likely related through paternal ancestry.

The variable nature of the D-Loop is well documented (Iguchi et al., 1997; Sharma et al., 2005; Xiao et
al., 2009); therefore, some degree of polymorphism is to be expected in this region. Compared to the non-
coding D-Loop region, mutation sites within a coding region such as the ND genes that code for NADH
dehydrogenase complex may have a larger impact on the individual (Hauser, Turan, and Carvalho, 2001).
TheND5 gene specifically codes for NADH dehydrogenase subunit 5 and together with ND2 and ND/ genes,
form a transmembrane protein pump complex homologous to Na™/HT antiporters (Yu et al., 2010; Teacher
et al., 2012); ND5/6 genes have been shown to exhibit high levels of differentiation in clupeids (Hauser et
al., 2001). A mutation in this region will likely affect the ability of proton pumps in the mitochondria and
influence the oxidative phosphorylation mechanism of the cell (da Fonseca et al., 2008; Teacher et al., 2012;
Consuegra et al., 2015). The critical biological functions of these regions are likely the reason why only silent
mutations are observed in these regions between the FSP. Studies have also suggested theND5 gene may
be under positive selection across taxa including mammals (de Fonseca et al., 2008), and other fish species
such as Pacific salmon (Garvin et al., 2011). In addition, a study using whole mtDNA genome of Atlantic
herring from the Baltic Sea revealed evidence for positive selection in ND5 along with ND2 andND/ genes
but found weak correlation between genetic diversity and temperature and salinity (Teacher et al., 2012).
Herring has a reported mutation rate of 2.0 x 10 per base per generation (Feng et al., 2017) for germ cells
but the mutation rate in mtDNA is not known. Here we report a mtDNA mutation rate of 7.19 x 10™*
mutations per generation using the number of mutations from the full-sib pair which corresponds to a single
generation. Out of the individual mtDNA regions, D-Loop appears to have the highest mutation rate at 4.78
x 103 which agrees with its variable nature caused by less stringent DNA repair mechanisms (Iguchi et al.,
1997; Sharma et al., 2005; Xiao et al., 2009). It is important to note that these rates were estimated using
one full-sib pair only, and additional samples may provide more precise estimates.

The detection of one full-sib and several half-sib pairs within a large schooling aggregation of juvenile herring
suggests juvenile herring remain together for several months after hatching. This finding contradicts the
assumption that no kinship structure can be detected in a marine system especially in a broadcast spawner
like herring (Christie et al., 2010; Kamel and Grosberg, 2013). The age 0+ herring collected in this study
were spring spawned fish that were collected in the fall. Based on this timeline, we would expect to find
little to no kinship structure because of the nature of broadcast spawning and the length of time post hatch.
While herring larvae can adjust their bearing across the water column, they are not strong enough to swim
against the ocean currents and are likely to be swept away from their original spawning site (Fortier and
Leggett, 1983; Sinclair and Tremblay, 1984; Stephenson and Power, 1988). The retention of larval herring in
a spawning ground has been previously documented (Sinclair and Iles, 1989; McQuinn, 1997), but the degree
of relatedness among larvae was poorly understood possibly due to sampling and technological limitations.
Here, our results suggest that related herring individuals still congregate together within a more close-knit
aggregation than previously thought. To our knowledge, this study is the first to examine kinship structure
in wild caught herring at the juvenile stages.

The neighbour joining tree suggests a high number of mutational differences in mtDNA haplotypes between
members of any of the HSPs. This suggests the HSPs are paternally related. As broadcast spawners, Atlantic
herring females lay blankets of eggs that sink to the ground on coastal waters while male herring release their
sperm in the water column (Evans and Geffen, 1998). The chances of one male fertilizing multiple eggs of
the same female are likely low due to the large number of males in the vicinity as well as the environmental
factors that affect the sperm. This ultimately results in a very low chance to detect sibship in this system
without sampling many individuals. However, the number of base pair differences between the lowest number
of mutations in HSP (62 bp) and the candidate FSP (33 bp) is the largest (at least 29 bp assuming some
bp differences are the result of sequencing error) across all pairs. The relatively large gap in the number of
mutations between the candidate FSP and all other HSPs suggests that Ch226-Ch290 are indeed full-sibs.
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Tables and Figures

Table 1. General summary of the Atlantic herring samples collected from Gulf of St. Lawrence in 2018
divided according to age class.

Age class/ cohorts N Length (cm) Spawning season N (post filtering)

Age 04 1391 615 Spring 980
Age 1+ 654  17-21 Fall 411

Table 2. Estimates of false negatives and false positive rates for the 0+ cohort comparing half-sibs to
unrelated individuals. The underlined values in the False positive rates and A*columns straddle the reference
false positive-rate value used as a threshold (1.042E-07), but \* = 12 was chosen in downstream analyses to
further minimize the effects of false negatives.

False negative rates False positive rates Standard error Num-nonzero wts A*

1 0.01 3.73E-05 2.30E- 6 19800 4.95
2 0.05 1.03E-06 3.38E- 8 19000 9.84
3 0.1 1.34E-07 3.54E- 9 18000 12.3
4 0.11 1.048e-07 2.77e-09 17792 12.56
5 0.2 9.81E-09 2.18E-10 16000 15.3
6 0.3 1.21E-09 2.51E-11 14000 17.6

Table 3. 11 half-sib pairs detected for Age0+ GSL herring data (n = 980), all with logl_ratio value greater
than 12. Individuals that have multiple half-sibs in the list are in red. Ch258 is paired with three individuals:
Ch290, Ch226, and Ch534, denoted with an asterisk next to their ID. In all cases 92 microsatellite loci were
employed

Individual 1 Individual 2 logl ratio

1 Ch884 Ch891 27.5
2 Chb49 Ch933 16.9
3 Ch258* Ch290* 16.4
4 Ch250 Ch290 16

5  Ch232 Ch588 15.5
6  Ch633 Ch764 15.5
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Ch634
Ch258*
Ch250
Ch1115
Ch258*

Ch987
Ch226*
Ch774
Ch676
Chb534*

15.2
14.9
14

12.6
12.2

Table 4. Estimates of false negatives and false positive rates for the 0+ cohort comparing full-sibs to
unrelated individuals. None of the false-positive rates listed below passed the reference false positive-rate
value used as a threshold (1.042E-07) indicating there is insufficient statistical power to confidently identify

FSPs.

False negative rates

False positive rates

Standard error

Num-nonzero wts A*

0.01
0.05
0.10
0.20
0.30

Tk W N~

3.344e-21
1.267e-24
1.529e-26
5.227e-29
7.016e-31

3.331e-22
6.526e-26
6.265e-28
1.728e-30
2.118e-32

19800 41.2
19000 50.3
18000 55.2
16000 61.3
14000 65.8

Table 5. 17 full-sib pairs with the corresponding logl ratio detected for Age0+ GSL herring data using 92
loci (n = 980). Cells in bold indicate pairs that were identified previously as HSPs. The pair in red is the
first candidate full-sib pair that was also deduced from the HSP analysis involving Ch258 with these two
individuals and Ch534. The last column shows the corresponding number of mutations between the two
individuals based on the mtDNA alignment of HSPs and the FSP.

NelNo BN SoPING, SETNIUURY SRt

17
Other half-sib pairs

Individual 1

Ch884
Ch258
Ch250
Ch258
Ch549
Ch226
Ch232
Ch633
Ch250
Ch637
Ch258
Ch463
Ch1115
Ch748
Ch980
Ch250
Ch634

Other half-sib pairs

Ch250
Ch634

Individual 2

Ch891
Ch290
Ch290
Ch226
Ch933
Ch290
Ch588
Ch764
Ch774
Ch984
Ch534
Ch964
Ch676
Ch764
Ch981
Ch258
Ch731

Ch774
Ch987

logl_ratio

25.9
19.3
16.5
15.2
13.7
13.0
12.6
12.0
8.4
7.7
4.8
4.7
4.6
4.2
24
1.5
1.0

Number of mutations (Bp)
109

126

109

131

81

33

62

73

67

116
96

Table 6. List of sibship pairs and the corresponding number of mutations (bp) based on the mtDNA
alignment. The total number of mutations (Whole mtDNA) is shown alongside the number of mutations
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for the D-Loop, COX1, CytB, ND2, and ND5regions. For the half-sibs (2-12), the percent proportion of the
number of mutations by the length of the region is shown below each base substitution values. The mutation
rate for the full-sib pair (Ch226-290) is estimated by dividing the number of mutations by the total length
of the respective mtDNA regions (in bp).

Sibship Whole D-Loop COX1 CytB ND2 ND5
pairs mtDNA (1,047bp) (1,551bp) (1,141bp) (1,045bp) (1,836bp)
(16,700bp)

1 Ch226- 12 5 1 1 2 1
Ch290
Mutation 7.19x104 4.78x103 6.45x107 8.76x10* 1.91x1073 5.45x104
rate (per
generation)

2 Ch232- 62 (0.37%) 13 (1.24%) 0 (0%) 10 (0.88%) 6 (0.57%) 12 (0.65%)
Chb588

3 Ch258- 67 (0.40%) 10 (0.96%) 1 (0.06%) 8 (0.70%) 8 (0.77%) 12 (0.65%)
Chb534

4 Ch633- 73 (0.44%) 18 (1.72%) 7 (0.45%) 11 (0.96%) 19 (1.82%) 16 (0.87%)
Ch764

5 Ch549- 81 (0.49%) 12 (1.15%) 1 (0.06%) 2 (0.18%) 8 (0.77%) 11 (0.60%)
Ch933

6 Ch634- 96 (0.57%) 13 (1.24%) 2 (0.13%) 5 (0.44%) 11 (1.05%) 18 (0.98%)
Chog7

7 Ch884- 109 (0.65%) 17 (1.63%) 5 (0.32%) 12 (1.05%) 12 (1.15%) 21 (1.14%)
Ch891

8 Ch250- 109 (0.65%) 17 (1.63%) 9 (0.58%) 13 (1.14%) 13 (1.24%) 18 (0.98%)
Ch290

9 Chl1115- 116 (0.69%) 16 (1.53%) 7 (0.45%) 16 (1.40%) 16 (1.53%) 17 (0.93%)
Ch676

10 Ch250- 116 (0.69%) 19 (1.81%) 6 (0.39%) 14 (1.23%) 11 (1.05%) 20 (1.09%)
Ch774

11 Ch258- 126 (0.75%) 15 (1.43%) 8 (0.52%) 17 (1.49%) 11 (1.05%) 23 (1.25%)
Ch290

12 Ch258- 131 (0.78%) 18 (1.72%) 5 (032%) 13 (1.14%) 10 (0.96%) 24 (1.31 %)
Ch226

14



48.0
47.5
3
g 470
2
£
L]
-
46.5
46.0

Comparative Survey

~

N e = O
~ S0 100 &

TR £,
42 g6 j2a

;24‘30;25 2 A
/

65

63 62 61

Longitude (W)

Figure 1. Map of the Fisheries and Oceans Canada 2018 trawl survey in Southern Gulf of St. Lawrence.
The herring juveniles were collected along Cumberland strait from sites 118, 119, and 120.
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Figure 2. Log-likelihood of full-sibs vs. half-sibs vs. unrelated individuals for Age0+ data (n = 980).
The black solid line indicates the A*= 12 obtained from the CKMRsim ; any HSPs detected using these
markers with logl_ratio > 12 can be considered true pairs. The absence of an overlap between the curves for
unrelated individuals and HSP suggest no concern for true unrelated pairs to be misidentified as HSPs. This
is contrary to the overlapping full-sibs and half-sibs curve which suggests a lack of power in distinguishing
between the two sibships category.
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Figure 3. Neighbour joining phylogenetic tree generated from 19 Gulf of St. Lawrence Atlantic herring
individuals. The tree was created using Geneious Tree Builder (global alignment with free end gaps) from
Geneious Prime 2021.2. The sample IDs are accompanied by letters that indicate the half-sib pairs assignment
based on CKMRsim results. The values on the branches show average nucleotide substitution per site.
Significant bootstrap support values (90-100) are shown next to each branch division with an asterisk. The
box indicates a candidate full-sib pair.

Supporting material

Table S1. List of microsatellite ID in order of chromosome number and base pair position. The Clupea
harengus Ch_v2.0.2 genome (GenBank GCA_900700415.2) was used as reference.

Microsatellite ID  Chromosome ID  BP position

CHR155 1 324
CHR111 1 70.2
CHR13 1 173.4
CHR117 1 198.3
CHR92 2 20.0
CHR150 2 87.2
CHRA40 2 109.7
CHR137 2 264.9
CHR67 3 33.5
CHRS0 3 262.1
CHR110 3 291.2
CHR63 4 38.4
CHR79 ) 18.1
CHR147 ) 66.0
CHRI153 ) 126.3
CHR181 5 145.5
CHR5 5 176.6
CHR37 5 176.8
CHR190 ) 191.0
CHR54 ) 197.6
CHR156 6 74.3

16



Microsatellite ID  Chromosome ID  BP position

CHR138 6 122.8
CHR143 6 148.9
CHR164 6 270.5
CHR131 7 224.5
CHRY4 7 270.8
CHR90 7 286.6
CHR53 8 231.8
CHR65 9 134.3
CHR22 9 207.0
CHR162 10 22.7

CHR142 10 23.2

CHR16 10 24.7

CHRS9 10 230.3
CHR175 10 2474
CHR171 10 275.8
CHRS6 11 69.0

CHR95 11 118.6
CHR91 11 167.6
CHR122 11 203.6
CHR133 11 234.7
CHR52 11 251.6
CHR64 12 28.5

CHR172 12 174.2
CHR31 12 216.7
CHR127 13 80.4

CHR1 13 106.8
CHRA43 13 114.9
CHR108 13 177.0
CHR167 13 183.7
CHR184 13 194.2
CHR30 13 235.1
CHR68 13 273.9
CHR123 14 95.1

CHRS8 14 159.9
CHR114 14 191.2
CHR192 15 13.8

CHR176 15 94.8

CHR62 15 163.5
CHR38 15 203.7
CHR141 15 260.3
CHRS81 16 17.6

CHR124 16 224.2
CHR32 16 226.4
CHR121 17 113.6
CHR152 17 272.3
CHR107 18 57.4

CHR159 18 117.9
CHR146 18 132.6
CHR161 18 202.5
CHR149 19 154.8
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Microsatellite ID  Chromosome ID  BP position

CHR151 19 197.3
CHRS7 19 197.3
CHR185 19 225.1
CHR17 20 132.1
CHR139 21 70.0
CHR188 21 83.2
CHR50 21 187.6
CHR144 21 246.2
CHRA59 22 89.7
CHR69 22 98.0
CHR120 22 113.6
CHR109 22 131.7
CHR173 23 4.6
CHRA47 23 141.7
CHR174 23 143.4
CHRA56 24 82.3
CHR96 25 87.0
CHR119 25 95.2
CHRA58 25 111.2
CHR134 25 132.5
CHRI183 26 100.4

Table S2. Summary table of the 33 base pair variations across the FSPs (Ch226 and Ch290) showing
the location in the genome, gene, sample ID exhibiting the mutation, the type of mutation, whether the
mutation is present in other samples, and whether the base pair variation was confirmed by resequencing
on the MiSeq. For the last two columns, “Y” is yes, “N” is no, and “N/A” is not able to be confirmed via
re-sequencing (i.e. due to lack of coverage).

No. BP location Gene Sample ID Type of mutation Present in other samples? Present ir
1 2454 I-rRNA 226 Silent mutation N N/A
2 3408 ND1 290 Silent mutation Y (1 other) Y

3 4290 ND2 226 Silent mutation N N/A
4 4323 ND2 290 Silent mutation Y (2 others) Y

5 4494 ND2 290 Silent mutation N Y

6 4644 ND2 226 Silent mutation N Y

7 4989 ND2 290 Silent mutation Y (1 other) Y

8 5227 tRNA-Ala 290 Non silent Point mutation N Y

9 5555 COX1 290 Non silent Point mutation N Y
10 6140 COX1 290 Non silent Point mutation Y (2 others) Y
11 9232 COX3 290 Silent mutation Y (1 other) Y
12 10441 ND4 226 Silent mutation N Y
13 10462 ND4 226 Silent mutation N N/A
14 10879 ND4 226 Silent mutation N N/A
15 11161 ND4 226 Silent mutation N N/A
16 12186 ND5 290 Non silent Point mutation N Y
17 12291 ND5 226 Non silent Point mutation N N/A
18 12471 NDb 226 Nonsense point mutation N N/A
19 12780 ND5 226 Non silent Point mutation N N/A
20 13332 ND5 290 Non silent Point mutation N N/A
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BP location Gene

Sample ID Type of mutation

Present in other samples?

Present ir

21
22
23
24
25
26
27
28
29
30
31
32
33

13665
13672
14216
14386
15396
15420
15435
15744
15791
15852
15937
16088
16468

NDb5
NDb5
ND6
CYTB
CYTB
CYTB
CYTB
D-Loop
D-Loop
D-Loop
D-Loop
D-Loop
D-Loop

290
226
290
290
290
226
290
290
226
226
226
290
226

Nonsense point mutation
Silent mutation

Nonsense point mutation
Silent mutation

Non silent Point mutation
Non silent Point mutation
Non silent Point mutation
Non silent Point mutation
Silent mutation

Non silent Point mutation
Nonsense point mutation
Silent mutation

Non silent Point mutation

N
(2 others)

(2 others)

(5 others)

Y
N
N
N
N
N
Y (5 others)
N
Y
N
Y
Y (3 others)

Y
N/A
N/A
N*
N/A
Y
N/A
N/A
N/A
N/A
Y

Y
N/A

*N: the base pair variation was detected in the same location but had a different base pair conversion.
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Figure S1 . Frequency of herring for each length category (cm) for age 0+ (N=980) and 1+ (N=411) Gulf
of Saint Lawrence samples. Based on otolith analysis, the age 0+ are Spring and the age 1+ are Fall spawned

fish.
A. D-Loop Tree
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Figure S2. Neighbour joining phylogenetic tree generated from 19 Gulf of St. Lawrence Atlantic herring
individuals on (A.)D-Loop, (B.) CytB , (C.) COX1 ,(D.) ND5 regions of the mtDNA. The tree was created
using Geneious Tree Builder (global alignment with free end gaps) from Geneious Prime 2021.2. The values
on the branches show average nucleotide substitution per site. Significant bootstrap support values (90-100)
are shown next to each branch division with an asterisk. The box indicates a candidate full-sib pair.
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Figure S3. Histogram showing the number of mutations (bp) for full-sib (orange) and half-sib (blue) pairs.
The largest difference between the number of mutations is between the full-sib and the half-sib pairs at 29

bp.
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Figure S4. A bar graph showing the binomial distribution of expected per base variation due to sequencing
error of a 16700 bp long sequence based on a 0.1% error rate. The x-axis shows the number of expected per
base variation and the y axis shows the probability of sequencing error causing the corresponding number of
base pair variation; the median of the curve is at 17 bp.

Half-sib pairs for Age 1+, Full-sib pairs analysis and kinship across cohorts

The same power analysis was conducted on the Age 1+ dataset to detect HSPs. Despite being able to
identify 23 HSPs in the Age 14 dataset, the smaller sample size of N = 411 meant significantly fewer
pairwise comparisons than the Age 0+ dataset and therefore insufficient power to confidently identify these
pairs as true half-sibs. This is reflected in the logl ratio values of the Age 14+ HSPs being lower than the
reference threshold lambda star value.
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