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The timing of reproduction influences key evolutionary and ecological processes in wild populations. Variation in reproductive timing may be an
especially important evolutionary driver in the marine environment, where
the high mobility of many species and few physical barriers to migration provide limited opportunities for spatial divergence to arise. Using genomic data
collected from spawning aggregations of Pacific herring (Clupea pallasii) across
1600 km of coastline, we show that reproductive timing drives population
structure in these pelagic fish. Within a specific spawning season, we observed
isolation by distance, indicating that gene flow is also geographically limited
over our study area. These results emphasize the importance of considering
both seasonal and spatial variation in spawning when delineating management units for herring. On several chromosomes, we detected linkage
disequilibrium extending over multiple Mb, suggesting the presence of chromosomal rearrangements. Spawning phenology was highly correlated with
polymorphisms in several genes, in particular SYNE2, which influences the
development of retinal photoreceptors in vertebrates. SYNE2 is probably
within a chromosomal rearrangement in Pacific herring and is also associated
with spawn timing in Atlantic herring (Clupea harengus). The observed genetic
diversity probably underlies resource waves provided by spawning herring.
Given the ecological, economic and cultural significance of herring, our
results support that conserving intraspecific genetic diversity is important
for maintaining current and future ecosystem processes.

1. Introduction

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.c.
5305541.

The conservation of genetic diversity is central to management efforts in many
species [1,2], though the functional significance of such diversity for ecologically relevant traits is often unknown. One such trait, the timing of
reproduction, underlies key evolutionary and ecological processes in the wild
because it mediates gene flow [3] and thus can contribute to population
© 2021 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.

2. Results and discussion
We sampled 1104 Pacific herring from 23 different spawning
aggregations across 1600 km on the Pacific Coast of North
America (figure 1a). Spawn timing at these sites ranged
from January to June (electronic supplementary material,
figure S1 and table S1). Restriction site-associated DNA
(RAD) sequencing was used to genotype each sample at
6718 polymorphic loci that aligned to the Atlantic herring
genome (see the electronic supplementary material for
additional details). After filtering for missing data, each individual sample had an average read depth of 75× at these loci.
We tested whether subtle differences in spawn timing
(in the range of weeks to months) and geographical distance
influence the genetic population structure of Pacific herring.
A principal components analysis revealed differentiation
between populations spawning at different times and in different geographical regions (electronic supplementary material,
figure S2), and the first two principal components were
highly significant using the Tracy-Widom statistic ( p < 0.0001).
In a subsequent discriminant analysis of principal components
(DAPC) (figure 1b), the first discriminant axis explained 38% of
the retained variance and separated herring spawning in May
and June from all other individuals, while the second discriminant axis summarized 19% of the retained variance and
separated samples along a latitudinal and temporal gradient.
A pattern of isolation by time [3] was detected (Mantel r =
0.51, Mantel p ≤ 0.00099; figure 1c) despite low overall levels
of genetic differentiation (global FST = 0.014), indicating limited

2

Proc. R. Soc. B 288: 20202398

stocks combine multiple local spawning aggregations, many
of which have cultural and economic significance for indigenous groups [25,26]. This sets up a conflict between resource
users when local spawning aggregations decline in abundance or collapse, as spatially constrained groups (e.g.
indigenous fishers) are affected more severely than highly
mobile industrial fishing fleets [27]. Furthermore, spatial
management schemes may not account for temporal population structure, and declines in spawn timing diversity [28]
may impact the resilience of this resource [29].
The temporal and spatial differentiation in both Atlantic
and Pacific herring may be surprising given evidence for
some straying between spawning locations [21] as well as
spawning seasons [30]. Nevertheless, in species with high connectivity, chromosomal rearrangements may facilitate local
adaptation [31–33]. Research on Atlantic herring has identified
genomic regions associated with spawning season [14,34],
some of which are located on a supergene maintained by a
chromosomal inversion [35]. It is currently unknown whether
these same genomic regions contribute to the fine-scale diversity in reproductive phenology of Pacific herring. If so, it
would demonstrate a shared genetic basis of reproductive allochrony that either predates speciation or that arose in parallel
between Atlantic and Pacific herring. In this study, we used
genomic data collected from spawning aggregations of Pacific
herring across 1600 km of coastline to: (i) test whether temporal and spatial differences in reproduction drive genetic
differentiation in herring, (ii) estimate the temporal stability
of spawn timing from spawner surveys, (iii) compare genomic
regions most highly correlated with spawn timing with those
found in Atlantic herring, and (iv) test whether genomic
regions correlated with divergent spawn timing are associated
with chromosomal rearrangements.
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divergence and speciation [4]. At the ecosystem scale, diversity in reproductive timing reduces the risk of recruitment
failure caused by unfavourable environmental conditions
[5] and contributes to ecological portfolio effects [6]. Furthermore, resource waves (i.e. trophic resources that are locally
abundant for short periods of time) associated with spatial
variation in reproductive timing prolong foraging opportunities for mobile consumers [7].
Although the evolutionary and ecological significance of
reproductive timing is widely recognized, little is known
about its genetic basis. What is known stems largely from
plants [8] and insects [9,10], even though the evolutionary effects
of allochrony (i.e. differences in timing) may be even more pronounced in marine species. Reproductive allochrony is probably
an important evolutionary driver in the marine environment,
where the high mobility of many species and few physical barriers to migration reduce opportunities for spatial genetic
divergence to arise. Furthermore, the genetic basis of reproductive timing has important ecological implications since the
temporal matching between larval fish emergence and plankton
production determines larval survival and recruitment success
in many temperate marine species [11–13].
Reproductive allochrony may be particularly important in
explaining the population structure and biocomplexity of
Pacific and Atlantic herring (Clupea pallasii, Clupea harengus),
estimated to have diverged 2.2 Ma [14]. Spawn timing varies
across broad latitudinal gradients, but there is also variation
within narrow geographical regions for both species [15],
and populations with distinct spawning seasons (e.g.
winter versus spring spawners in Pacific herring or spring
versus autumn spawners in Atlantic herring) are genetically
distinguishable [16,17]. The consistency of spawn timing
within populations [18] supports the long-standing hypothesis that reproduction and larval emergence are
synchronized with cycles of marine productivity [11].
On the west coast of North America, Pacific herring
migrate to the nearshore environment in winter and spring
to spawn on intertidal and subtidal marine vegetation [15].
Sexually mature fish gather near spawning grounds several
weeks or months before spawning [15] and quickly disperse
after reproducing. The movement and distribution of Pacific
herring outside of the spawning season are poorly understood, but there is evidence from contaminants [19] and
stable isotopes [20] that some populations migrate offshore
to feed while others reside in coastal waters and estuaries.
Mark-recapture studies [21] show that Pacific herring display
fidelity to relatively broad geographical areas.
During the spawning season, Pacific herring support
commercially and culturally important fisheries. Commercial
fisheries harvest eggs from sexually mature fish prior to
spawning, while indigenous fisheries primarily harvest
eggs that have been deposited on vegetation (and some
adult herring are taken for subsistence). The fisheries are
managed spatially, though the geographical extent of spatial
units varies by country and administrative area (i.e. state or
province). In Washington State, spawning biomass is estimated for individual spawning areas and a limited bait
fishery harvests herring outside the spawning season [22].
In British Columbia, spawning biomass is estimated for five
major and two minor stocks and used to set annual quotas
for the commercial fishery [23]. In Alaska, fisheries are managed as regulatory stocks that spawn on specific beaches and
coastlines, though regulations vary regionally [24]. In general,
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Figure 1. Genetic population structure in Pacific herring. (a) Map of all sampling locations. The colour of each circle depicts the date of sampling an aggregation of
spawning or sexually mature fish. (b) DAPC. Each point represents an individual herring. (c) Isolation by time in Pacific herring. Linear regression of pairwise FST to
the number of days separating sampling events at each location (Mantel r = 0.51, Mantel p = 0.00099). (d ) Isolation by distance in Pacific herring. Points represent
pairwise comparisons among sampling locations within a specific spawning period (orange points: May–June spawners; purple points: March–April spawners).
Linear regression of pairwise FST to the geographical distance separating sampling locations is estimated separately for each spawning period (May–June spawners:
Mantel r = 0.61, Mantel p = 0.00099; March–April spawners: Mantel r = 0.77, Mantel p = 0.00099). (Online version in colour.)
gene flow between herring that spawn at different times. This
isolation by time relationship was even stronger after we
removed the highly divergent May–June spawners from the
analysis (Mantel r = 0.70, Mantel p = 0.00099). Additionally,
there was also evidence of isolation by distance [36] within
each specific spawning group (May–June spawners: Mantel
r = 0.61, Mantel p ≤ 0.00099; March–April spawners: Mantel
r = 0.77, Mantel p ≤ 0.00099; figure 1d).
A model-based Bayesian analysis of population structure
[37] estimated the highest posterior probability for a model
of population structure that included information on spawn
timing ( posterior probability = 0.96), followed by a model
that incorporated both information on spawn timing as well
as geographical distance between spawning sites ( posterior
probability = 0.04). Pacific herring population structure is
therefore primarily driven by spawn timing, with limited
spatial dispersal within a particular spawning period. As
both spawn timing and allele frequencies of collections from
different spawning groups were stable over decades (electronic supplementary material, figure S3 and figure S4),
genetic differentiation correlated with phenology appears to
be a major determinant of population structure in Pacific herring. The interannual consistency of allele frequencies within a
particular spawning population has also been observed in
Atlantic herring [38], and demonstrates that populations exhibit seasonal and geographical fidelity to spawning sites across

multiple generations. Our results support the hypothesis that
Pacific herring home back to their natal spawning site. This is,
to our knowledge, the first observation of such fine-scale genetic structure in Pacific herring and it is notable, given the very
large census population sizes and high mobility characteristic
of these pelagic fish [21]. Our results highlight the importance
of considering both seasonal and spatial variation when
delineating management units for marine species.
As genome-wide differentiation was low across all populations (global FST = 0.014), it provided a good foundation
for investigating selective differentiation associated with seasonal reproduction and spawn timing diversity. Many
temperate fishes initiate reproduction in response to seasonal
changes in day length (i.e. photoperiod, [39]); in our study
system, the photoperiod at which spawning occurred ranged
from 8 h in January to 17 h in June. We evaluated whether
any single nucleotide polymorphisms (SNPs) were correlated
with spawning photoperiod using a Bayesian framework [40]
that accounts for the covariance of alleles owing to hierarchical
population structure and sampling error. We also conducted a
principal component analysis (PCA) to identify SNPs that
were outliers in regards to overall population differentiation
[41]. There were 116 SNPs that were both PCA outliers and
strongly correlated with spawning photoperiod (log10 Bayes
factor > 2; figure 2a,b). These SNPs were distributed across 17
different chromosomes, suggesting that spawn timing is a
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Figure 2. Loci correlated with spawn timing in herring. (a) SNPs correlated with the photoperiod of reproductive timing in Pacific herring. Points show strength of
correlation between the allele frequency of an SNP and photoperiod; points above the dotted grey line are highly correlated with photoperiod (log10 Bayes factor
(BF) > 2). Red points highlight Pacific herring SNPs that are highly correlated with photoperiod and are also within 5000 bp of an SNP that is associated with spawn
timing in Atlantic herring. These shared outlier loci are labelled with the name of the gene they are found within. (b) Regression of allele frequency to photoperiod
for the SNP most highly correlated with photoperiod in Pacific herring (within SYNE2; FST = 0.36; R 2 = 0.74, p-value = 2.7 × 10−9, log10 BF = 41). (c) FST distribution of loci correlated with spawn timing in Pacific herring (outliers = loci whose log10 BF > 2). (d ) Strength of correlation with photoperiod in Pacific herring on
chromosome 15. The peak of correlation occurs approximately 10.9 Mb and contains five SNPs in SYNE2. (e) Strength of correlation with spawn timing in Atlantic
herring on chromosome 15. At approximately 10.9 Mb, SNPs highly associated with spawn timing are found within SYNE2. (Online version in colour.)

polygenic trait. Differentiation over all samples at these shared
outlier loci was an order of magnitude higher than at other loci
(figure 2c; mean FST of shared outlier loci = 0.11; mean FST of
other loci = 0.01).
A subset of these outlier loci (n = 44; 36%) were found
within chromosomes 8, 12 and 15 which had high linkage disequilibrium (LD) extending over several Mb (figure 3a,b;
electronic supplementary material, figures S7 & S8). By contrast, LD decayed very quickly on most other chromosomes
(electronic supplementary material, figure S9). Network analysis of LD [42] showed that 34 of these shared outlier loci
formed networks of high intrachromosomal LD on chromosomes 8, 12 and 15, even though some of the loci were
separated by millions of base pairs. These patterns of LD are
consistent with the presence of large haplotype blocks
caused by processes that suppress recombination over
extended genomic distances, such as large chromosomal
rearrangements [43,44] or linked selection [45]. We used a

PCA-based approach to identify groups of individuals with
distinct genotypes on these chromosomes and found that
PCA clustered individuals into three distinct groups (figure 3c;
electronic supplementary material, figures S7 and S8). This
pattern is characteristic of chromosomal rearrangements such
as inversions [46], where the distinct PCA clusters correspond
to homo- and heterokaryotypes. Consistent with this hypothesis, we observed higher heterozygosity for individuals in
the intermediate PCA cluster (figure 3d). Within a particular
spawning site, tests for Hardy-Weinberg equilibrium (HWE)
indicated that individuals were approximately randomly
mating with regards to the putative inversions (6% of tests
were statistically significant at α < 0.05). Hierarchical analysis
of molecular variance (AMOVAs) showed that the frequency
of putative inversion genotypes (figure 3e) differed between
groups with different spawning phenology (January–February
versus March–April versus May–June spawners). When all
spawning groups were included in the analysis, statistically
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Figure 3. Patterns of linkage disequilibrium (LD) on chromosome 15 in Pacific herring. (a) Heat map of pairwise LD over a distance of 15.9 Mb on a chromosome
whose total size is 28.71 Mb. The relative position of SYNE2 is marked by a black diamond. (b) Decay of LD as a function of the distance separating two loci. (c) PCA
of chromosome 15 loci using all individuals. (d ) Observed individual heterozygosity in each PCA cluster. (e) Allele frequency distributions for putative inversion
genotypes across different sampling locations. Bars represent the proportion of individuals belonging to a PCA cluster (indicated by colour). Sampling locations
are labelled with their geographical region in parentheses (WA, Washington; BC, British Columbia; AK, Alaska). (Online version in colour.)
significant (p < 0.0001) differences in genotype frequency were
observed across all hierarchical levels and chromosomes (electronic supplementary material, table S3). When only January–
February and March–April spawners were included, there was
no difference in the frequency of putative inversion genotypes
on chromosomes 12 and 15 (electronic supplementary
material, table S3), suggesting that these spawning groups
may share more recent ancestry with one another than with
March–April spawners.
In Atlantic herring [35], there is an extensive LD block on
chromosome 12 that is maintained by an inversion and exhibits clinal patterns in allele frequency from north to south. It
was hypothesized that this genomic region may act as a
supergene involved in ecological adaptation to water temperature during gonadal development and/or spawning [35].
In other systems, inversions have been associated with local
adaptation and divergence with regards to migratory behaviors (Atlantic cod, [47]), ecotypes (dune sunflower, [48]),
reproductive strategies (ruff, [49]) and life-history strategies
(steelhead/rainbow trout, [50]).
Outlier SNPs with the strongest correlations to spawning
photoperiod (log10 Bayes factor >10; figure 2d) were located
on chromosome 15 and mapped to the mRNA encoding
SYNE2, a nuclear membrane protein that (among other functions) influences the position of retinal photoreceptors early

in vertebrate development [51,52]. All of the SNPs within
SYNE2 that were strongly correlated with spawning photoperiod (n = 5) were found within the coding sequence of this
gene. The SNP with the highest correlation to spawning
photoperiod (log10 Bayes factor = 41) was a non-synonymous
missense variant (serine to histidine), which is predicted to
have a moderate effect on the protein structure. The other outlier SNPs in SYNE2 represented intron variants or splice
region variants. Additional genomic regions that were highly
associated (log10 Bayes factor > 5) with spawning photoperiod
in Pacific herring and may play a role in reproductive pathways include two loci on chromosome 6: SH2D4A, a locus
with oestrogen receptor binding activity [53] and SPATA4, a
locus associated with spermatogenesis [54]. Together, these
associations provide support for a mechanistic link between
the population structure, spawn timing, and the photoperiodic
regulation of reproduction in Pacific herring.
Such mechanistic links provide an opportunity to test for
parallel evolution—the evolution of mutations in independent lineages that result in phenotypic similarities [55]. In
Atlantic herring, a specific subset of genes related to the
photoperiodic regulation of reproduction are highly associated with spawn timing in populations from both sides of
the Atlantic Ocean [34], but as haplotypes are shared
among populations, they may have arisen from standing
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3. Methods
(a) Sample collection
Approximately 48 herring were collected from each of 23 distinct
spawning sites spanning 1600 km of the Pacific northwest coast
of North America (electronic supplementary material, figure S1
and table S1). All but one of these sample collections consisted
of sexually mature herring caught in pre-spawning aggregations
(before 2013) or during active spawning events (after 2013) using
nets or hook-and-line fishing gear. Late-stage eggs were collected
at one site (electronic supplementary material, table S1). Five
different locations were sampled twice across different years
(range of years separating spawning events = 1–15 years); we
hereinafter refer to these samples as ‘temporal replicates’. All
herring (n = 1344) were collected by state, federal, or tribal biologists, or permitted subsistence fishers. Subsampled tissue was
individually placed in 100% ethanol.

(b) DNA sequencing and genotyping
We followed the protocol of Etter et al. [68] to prepare DNA for
RAD sequencing (see the electronic supplementary material for
details). DNA libraries were standardized to a concentration of
10 nM and pooled such that 96 individuals were sequenced per
lane of an Illumina HiSeq 4000 at the University of Oregon Genomics Core Facility. The resulting sequences were single-end and
had a length of 100 bp.
We used STACKS v. 1.46 [69] to analyse sequencing data and
genotype samples. Loci were filtered for missing data, minor
allele frequency and potential paralogues (see the electronic
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Identifying the genetic basis and environmental drivers of
variation in reproductive phenology is also important for predicting impacts of climate change and other anthropogenic
disturbances on marine food webs. It is currently unknown
how photoperiod interacts with other environmental cues
(such as sea surface temperature or tidal cycle) to influence
the timing of reproduction in herring. Recent studies of
marine phenology indicate that climate change and the warming of surface waters are causing shifts towards earlier larval
emergence in some pelagic fishes [61,62], a phenomenon that
could lead to trophic mismatches and increased recruitment
variability. Furthermore, increasing sea surface temperatures
could influence metabolic processes during early life-history
stages [63,64], thus leading to emergent effects that impact survival. However, species whose reproductive timing has a
strong genetic basis and is driven by consistent environmental
stimuli such as day length may also be vulnerable to climate
change because of a reduced ability to shift reproductive
timing in response to changing thermal conditions.
Current fishery management practices [65] as well as global
climate change [66] may irrevocably reduce genetic diversity in
Pacific herring before its significance is fully recognized,
thereby reducing the ability of species to adapt to future
environmental conditions. Given that forage fishes like Pacific
herring are foundational to coastal food webs [58], fisheries,
and the livelihoods and cultures of coastal indigenous communities [25,26], diversity loss will have far-reaching consequences
for associated social-ecological systems [67]. Therefore, fishery
and habitat management practices should strive to maintain
existing spatial and temporal population diversity and mitigate
trends in spawn timing compression [28], as this diversity may
enhance species-level resilience to environmental variation and
climate change.

royalsocietypublishing.org/journal/rspb

genetic variation in the ancestral population or gene flow
across the Atlantic. By contrast, under parallel evolution,
one would expect to observe independent neutral SNPs
linked to the same functional mutation if adaptive alleles
arose independently. We first investigated whether SNPs in
the same genomic regions were correlated with reproductive
phenology in Atlantic and Pacific herring, and found SNPs
within four genes (SYNE2, NRXN3B, CEP128, HK3) that
were highly correlated with reproductive timing variation
in both species (figure 2a), suggesting that similar genes
may underlie highly complex traits such as the timing of
reproduction. Furthermore, it is likely that these loci are
within chromosomal rearrangements or subject to linked
selection in Pacific herring, as LD network analysis showed
that SNPs within three of these genes (SYNE2, NRXN3B,
CEP128) were found in networks of high LD on chromosome
15, while the SNP within HK3 was found in networks of high
LD on chromosome 8.
SNPs in SYNE2 were among the most highly associated
with spawn timing in both species (figures 2d,e), suggesting
a strong effect of that gene on reproductive timing. However,
specific SNPs in Pacific herring differed from those in Atlantic
herring; the five SNPs within SYNE2 found in Pacific herring
were monomorphic in Atlantic herring. This pattern suggests
that species-specific polymorphisms arose independently and
may indicate parallel evolution of varied reproductive
phenologies across sister species. Future studies comparing
the two species by conducting targeted sequencing in this
genomic region should be able to rigorously test this hypothesis. Interestingly, winter and spring spawning populations of
Atlantic cod also exhibit large allele frequency differences
[56] in SYNE2, providing additional evidence that this gene
or genomic region plays a role in reproductive phenology
in a variety of fish taxa.
Our results indicate that genetic variation underlying
spawn timing structures herring populations in time and
space. Given the crucial role of forage fishes in marine ecosystems of converting primary and secondary production to
energy for higher trophic levels [57,58], it is necessary to consider how the observed patterns of genetic variation and
population structure interact with other ecological processes.
Phenological variation provides an important buffer against
environmental disturbance, especially in species central to ecosystem functioning. Genetic variation in reproductive timing is
probably the basis of the prolonged resource wave that spawning herring provide to coastal environments as they aggregate
to deposit energy-rich eggs [7,59]. In addition, limited gene
flow between temporally and/or spatially separated spawning
aggregations probably contributes to the independent population dynamics and portfolio effects that have been observed
in Pacific herring [29].This spatio-temporal population structure may also increase the vulnerability of Pacific herring
populations to unintentional overexploitation by fisheries at
fine spatial scales [27]. Undetected population structure
within management units can lead to ‘cryptic collapses’ [27]
that may reduce portfolio effects maintaining population stability at the species level [6]. Temporal population structure in
spatially managed species may be particularly vulnerable if
fisheries targeting, for example, early spawners also accidentally exploit smaller late-spawning populations. Such bycatch
could be quantified and considered in assessment by genetic
population assignment using some of the highly discriminatory
loci [60] identified in this study.

Pairwise FST [72] between sample collections, FIS within each
sample collection, and per-locus FSTs were calculated using the
R package hierfstat v. 0.04.22 [73]. We visualized population
structure using a PCA as implemented by smartPCA in EIGENSOFT
v. 7.2 [74]. As input data, we used only biallelic SNPs that had
been pruned for linkage disequilibrium (–indep-pairwise 100
10 0.1) using PLINK v. 1.9 [75]. We assessed variance between
sampling locations using a DAPC with ADEGENET v. 2.1.3 [76].
Groups were defined a priori based on sampling location and collection year and the optim.a.score function was used to identify
the number of principal components to retain in the analysis.
To test whether the timing of reproduction affected genetic
differentiation (isolation by time; 3), we conducted a linear
regression of linearized pairwise FST (FST/(1 − FST) to the
number of days separating sampling events. The statistical significance of isolation by time was evaluated using a Mantel test
(Pearson’s product moment correlation; 10 000 permutations) as
implemented in the R package vegan v. 2.5.6 [77]. We also tested
for isolation by distance [36] by conducting a linear regression
of linearized pairwise FST to the geographical distance separating
sample collections. The shortest distance (as the crow flies) separating two sampling locations was calculated using the R package
geosphere v. 1.5.10 [78], and the statistical significance of isolation
by distance was evaluated as described above for time.
We assessed the relative importance of reproductive timing
and geographical distance in structuring Pacific herring populations by conducting a hierarchical Bayesian analysis of
population structure with the program GESTE v. 2.0 [37] (see
the electronic supplementary material for details).

(d) Outlier loci and loci correlated with spawn timing
We identified SNPs that were outliers to overall patterns of population differentiation in our samples using PCA, as implemented
in the R package pcadapt 4.3.3 [41]. We evaluated whether SNPs
were associated with spawning photoperiod using bayenv2,
which accounts for the covariance of alleles owing to hierarchical
population structure and sampling error [40] (see the electronic
supplemental materials for details).

(e) Linkage disequilibrium
We estimated linkage disequilibrium (LD) within each chromosome using the R package genetics v.1.3.8 [79]. LD network
analysis [42] was used to identify networks of loci in high LD
( parameters used: Emin = 20, w = 7). Because several chromosomes contained loci in strong LD (r 2 > 0.5) over extended
distances (greater than 1 Mb), we conducted intrachromosomal
PCAs in ADEGENET to identify whether individuals clustered in
the distinct ‘three stripe’ pattern characteristic of chromosomal
rearrangements such as inversions [46] (see the supplementary
material for details). To assign individuals to a putative

(f ) Comparison to Atlantic herring data
We investigated whether the same genomic regions and SNPs
were correlated with reproductive timing in both Atlantic and
Pacific herring, which are sister species that diverged approximately 2 Ma and now inhabit different oceans. Atlantic herring
SNPs correlated with spawn timing were previously published
in Lamichhaney et al. [34] and Fuentes-Pardo et al. [82]. Using
the comprehensive list of spawn timing loci compiled by
Fuentes-Pardo et al. [82], we assessed whether SNPs correlated
with spawn timing in Pacific herring were proximate to SNPs
or genes correlated with spawn timing in Atlantic herring (see
the electronic supplementary material for details).

Data accessibility. Sequencing data reported in this study have been
deposited in the National Center for Biotechnology Information
Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra) and
are accessible through BioProject IDs PRJNA508972, PRJNA669540
and PRJNA669068. Genotyping data generated in this project can
are available from the Dryad Digital Repository: https://doi.org/
10.5061/dryad.80gb5mkpj [83]. Bioinformatic scripts used to analyse
sequencing and genotypic data are available on GitHub (https://
github.com/EleniLPetrou/pacific_herring_RADseq).
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(c) Population structure

chromosomal inversion, we applied k-means clustering to the
first two eigenvectors of the PCA using the R function kmeans.
We calculated observed heterozygosity for individuals in each
of the clusters identified by PCA. Our expectation was that the central cluster, representing individuals that are heterozygous for the
putative inversion, would have high heterozygosity relative to the
other clusters. We calculated genotype frequencies for the putative
inversions in each population and tested for statistically significant
differences in allele frequencies using an AMOVA with ARLEQUIN
v. 3.5.2 [80]. We evaluated whether individuals were randomly
mating in regards to inversion genotype by testing for deviations
for HWE within each population using the exact test (1000 Monte
Carlo permutations of alleles) as implemented in the R package
pegas v. 0.13 [81].

royalsocietypublishing.org/journal/rspb

supplementary material for details). As a final quality control
measure and in the absence of a genome assembly for Pacific herring, we aligned loci to the chromosome-level assembly of the
Atlantic herring genome [35] using BOWTIE2 v. 2.2.6 (–sensitive
alignment) [70] and only retained loci that aligned with a mapping quality greater than or equal to 20. Individual herring
were assessed for missing data and removed if they had more
than 10% missing genotypes. We screened individuals for intraspecific DNA contamination by calculating individual multilocus
heterozygosity (HI) and comparing it to a set of clean reference
samples [71]. Individual samples were removed from the dataset if they had HI values higher than clean reference samples
(HI > 0.32), as in Petrou et al. [71].

References

2.

3.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Proc. R. Soc. B 273, 1459–1464. (doi:10.1098/rspb.
2005.3463)
Beacham TD, Schweigert JF, MacConnachie C, Le KD,
Flostrand L. 2008 Use of microsatellites to
determine population structure and migration of
Pacific herring in British Columbia and adjacent
regions. Trans. Am. Fish. Soc. 137, 1795–1811.
(doi:10.1577/T08-033.1)
Sinclair M, Tremblay MJ. 1984 Timing of spawning
of Atlantic herring (Clupea harengus harengus)
populations and the match–mismatch theory.
Can. J. Fish. Aquat. Sci. 41, 1055–1065. (doi:10.
1139/f84-123)
West JE, O’Neill SM, Ylitalo GM. 2008 Spatial extent,
magnitude, and patterns of persistent
organochlorine pollutants in Pacific herring
(Clupea pallasi) populations in the Puget Sound
(USA) and Strait of Georgia (Canada). Sci. Total
Environ. 394, 369–378. (doi:10.1016/j.scitotenv.
2007.12.027)
Gao YW, Joner SH, Bargmann GG. 2001 Stable
isotopic composition of otoliths in identification of
spawning stocks of Pacific herring (Clupea pallasi) in
Puget Sound. Can. J. Fish. Aquat. Sci. 58,
2113–2120. (doi:10.1139/f01-146)
Hay DE, McCarter PB, Daniel KS. 2001 Tagging of
Pacific herring Clupea pallasi from 1936–1992: a
review with comments on homing, geographic
fidelity, and straying. Can. J. Fish. Aquat. Sci. 58,
1356–1370. (doi:10.1139/cjfas-58-7-1356)
Stick KC, Lindquist A, Lowry D. 2012 Washington
State herring stock status report. Olympia, WA:
Washington Department of Fish and Wildlife; 2014
July 2014. Contract No.: FPA 14-09.
Cleary JS, Cox SP, Schweigert JF. 2010 Performance
evaluation of harvest control rules for Pacific herring
management in British Columbia, Canada. ICES J. Mar.
Sci. 67, 2005–2011. (doi:10.1093/icesjms/fsq129)
Woodby D, Carlile D, Siddeek S, Funk F, Clark JH,
Hulbert L. 2005 Commercial fisheries of Alaska.
Anchorage: Alaska Department of Fish and Game;
Contract No.: 09.
Powell M. 2012 Divided waters: Heiltsuk spatial
management of herring fisheries and the politics of
native sovereignty. West. Hist. Q. 43, 463–484.
(doi:10.2307/westhistquar.43.4.0463)
Thornton TF. 2015 The ideology and practice of
Pacific herring cultivation among the Tlingit and
Haida. Hum. Ecol. 43, 213–223. (doi:10.1007/
s10745-015-9736-2)
Okamoto DK, Hessing-Lewis M, Samhouri JF,
Shelton AO, Stier A, Levin PS, Salomon AK. 2020
Spatial variation in exploited metapopulations
obscures risk of collapse. Ecol. Appl. 30, e02051.
(doi:10.1002/eap.2051)
Hay DE, McCarter PB. 1999 Distribution and timing
of herring spawning in British Columbia.
Department of Fisheries and Oceans Canada.
Contract No.: Research Document 99/14.

29. Siple MC, Francis TB. 2016 Population diversity in
Pacific herring of the Puget Sound, USA. Oecologia
180, 111–125. (doi:10.1007/s00442-015-3439-7)
30. McQuinn IH. 1997 Metapopulations and the Atlantic
herring. Rev. Fish. Biol. Fish. 7, 297–329. (doi:10.
1023/A:1018491828875)
31. Ayala D, Guerrero RF, Kirkpatrick M. 2013
Reproductive isolation and local adaptation
quantified for a chromosome inversion in a malaria
mosquito. Evolution 67, 946–958. (doi:10.1111/j.
1558-5646.2012.01836.x)
32. Twyford AD, Friedman J. 2015 Adaptive divergence
in the monkey flower Mimulus guttatus is
maintained by a chromosomal inversion. Evolution
69, 1476–1486. (doi:10.1111/evo.12663)
33. Barth JMI et al. 2019 Disentangling structural
genomic and behavioural barriers in a sea of
connectivity. Mol. Ecol. 28, 1394–1411. (doi:10.
1111/mec.15010)
34. Lamichhaney S, Fuentes-Pardo AP, Rafati N, Ryman
N, Mccracken GR, Bourne C, Singh R, Ruzzante DE,
Andersson L. 2017 Parallel adaptive evolution of
geographically distant herring populations on both
sides of the North Atlantic Ocean. Proc. Natl Acad.
Sci. USA 114, E3452–E3461. (doi:10.1073/pnas.
1617728114)
35. Pettersson ME et al. 2019 A chromosome-level
assembly of the Atlantic herring genome—
detection of a supergene and other signals of
selection. Genome Res. 29, 1919–1928. (doi:10.
1101/gr.253435.119)
36. Wright S. 1943 Isolation by distance. Genetics 28,
114–138.
37. Foll M, Gaggiotti O. 2006 Identifying the
environmental factors that determine the genetic
structure of populations. Genetics 174, 875. (doi:10.
1534/genetics.106.059451)
38. Kerr Q, Fuentes-Pardo AP, Kho J, McDermid JL,
Ruzzante DE. 2018 Temporal stability and
assignment power of adaptively divergent genomic
regions between herring (Clupea harengus) seasonal
spawning aggregations. Ecol. Evol. 9, 500–510.
(doi:10.1002/ece3.4768)
39. Migaud H, Davie A, Taylor JF. 2010 Current knowledge
on the photoneuroendocrine regulation of
reproduction in temperate fish species. J. Fish Biol. 76,
27–68. (doi:10.1111/j.1095-8649.2009.02500.x)
40. Günther T, Coop G. 2013 Robust identification of
local adaptation from allele frequencies. Genetics
195, 205–220. (doi:10.1534/genetics.113.152462)
41. Luu K, Bazin E. 2017 Blum MGB. pcadapt: an R
package to perform genome scans for selection
based on principal component analysis. Mol. Ecol.
Resour. 17, 67–77. (doi:10.1111/1755-0998.12592)
42. Kemppainen P, Knight CG, Sarma DK, Hlaing T,
Prakash A, Maung Maung YN, Somboon P, Mahanta
J, Walton C. 2015 Linkage disequilibrium network
analysis (LDna) gives a global view of chromosomal
inversions, local adaptation and geographic

Proc. R. Soc. B 288: 20202398

4.

Koskela J et al. 2013 Translating conservation
genetics into management: Pan-European minimum
requirements for dynamic conservation units of
forest tree genetic diversity. Biol. Conserv. 157,
39–49. (doi:10.1016/j.biocon.2012.07.023)
Waples RS, Lindley ST. 2018 Genomics and
conservation units: the genetic basis of adult
migration timing in Pacific salmonids. Evol. Appl.
11, 1518–1526. (doi:10.1111/eva.12687)
Hendry AP, Day T. 2005 Population structure
attributable to reproductive time: isolation by time
and adaptation by time. Mol. Ecol. 14, 901–916.
(doi:10.1111/j.1365-294X.2005.02480.x)
Taylor RS, Friesen VL. 2017 The role of allochrony in
speciation. Mol. Ecol. 26, 3330–3342. (doi:10.1111/
mec.14126)
Secor DH. 2007 The year-class phenomenon and the
storage effect in marine fishes. J. Sea Res. 57,
91–103. (doi:10.1016/j.seares.2006.09.004)
Schindler DE, Hilborn R, Chasco B, Boatright CP, Quinn
TP, Rogers LA, Webster MS. 2010 Population diversity
and the portfolio effect in an exploited species. Nature
465, 609–612. (doi:10.1038/nature09060)
Armstrong JB, Takimoto G, Schindler DE, Hayes MM,
Kauffman MJ. 2016 Resource waves: phenological
diversity enhances foraging opportunities for mobile
consumers. Ecology 97, 1099–1112. (doi:10.1890/
15-0554.1)
Romero Navarro JA et al. 2017 A study of allelic diversity
underlying flowering-time adaptation in maize
landraces. Nat. Genet. 49, 476. (doi:10.1038/ng.3784)
Kaiser TS et al. 2016 The genomic basis of circadian
and circalunar timing adaptations in a midge.
Nature 540, 69. (doi:10.1038/nature20151)
Sakai T, Ishida N. 2001 Circadian rhythms of female
mating activity governed by clock genes in
Drosophila. Proc. Natl Acad. Sci. USA 98, 9221.
(doi:10.1073/pnas.151443298)
Cushing DH. 1990 Plankton production and yearclass strength in fish populations: an update of the
match/mismatch hypothesis. In Advances in marine
biology, vol. 26 (eds JHS Blaxter, AJ Southward), pp.
249–293. New York, NY: Academic Press.
Platt T, Fuentes-Yaco C, Frank KT. 2003 Spring algal
bloom and larval fish survival. Nature 423,
398–399. (doi:10.1038/423398b)
Cushing DH. 1969 The regularity of the spawning
season of some fishes. J. du Conseil. 33, 81–92.
(doi:10.1093/icesjms/33.1.81)
Martinez Barrio A et al. 2016 The genetic basis for
ecological adaptation of the Atlantic herring
revealed by genome sequencing. eLife 5, e12081.
(doi:10.7554/eLife.12081)
Haegele CW, Schweigert JF. 1985 Distribution and
characteristics of herring spawning grounds and
description of spawning behavior. Can. J. Fish.
Aquat. Sci. 42(S1), s39–s55. (doi:10.1139/f85-261)
Ruzzante DE et al. 2006 Biocomplexity in a highly
migratory pelagic marine fish, Atlantic herring.

royalsocietypublishing.org/journal/rspb

1.

8

44.

45.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

population genomics. Mol. Ecol. 22, 3124–3140.
(doi:10.1111/mec.12354)
Langmead B, Salzberg SL. 2012 Fast gapped-read
alignment with Bowtie 2. Nat. Methods. 9,
357–359. (doi:10.1038/nmeth.1923)
Petrou EL, Drinan DP, Kopperl R, Lepofsky D, Yang
D, Moss ML, Hauser L. 2019 Intraspecific DNA
contamination distorts subtle population structure
in a marine fish: decontamination of herring
samples before restriction-site associated
sequencing and its effects on population genetic
statistics. Mol. Ecol. Resour. 19, 1131–1143. (doi:10.
1111/1755-0998.12978)
Weir B, Cockerham C. 1984 Estimating F-Statistics for
the analysis of population structure. Evolution 38,
1358–1370. (doi:10.1111/j.1558-5646.1984.tb05657.x)
Goudet J. 2005 hierfstat, a package for R to
compute and test hierarchical F-statistics. Mol. Ecol.
Notes 5, 184–186. (doi:10.1111/j.1471-8286.2004.
00828.x)
Patterson N, Price AL, Reich D. 2006 Population
structure and eigenanalysis. PLoS Genet. 2, e190.
(doi:10.1371/journal.pgen.0020190)
Purcell S et al. 2007 Plink: a tool set for wholegenome association and population-based linkage
analyses. Am. J. Hum. Genet. 81, 559–575. (doi:10.
1086/519795)
Jombart T. 2008 adegenet: a R package for the
multivariate analysis of genetic markers.
Bioinformatics 24, 1403–1405. (doi:10.1093/
bioinformatics/btn129)
Oksanen J et al. 2018 vegan: community ecology
package. See https://CRAN.R-project.org/package=
vegan.
Hijmans RJ. 2017 geosphere: spherical
trigonometry. R package version 1.5-10 edn. See
https://CRAN.R-project.org/package=geosphere.
Warnes G, Gorjanc G, Friedrich L, Man M. 2019
genetics: population genetics. R package version
1.3.8.1.2 edn. See https://CRAN.R-project.org/
package=genetics.
Excoffier L, Lischer HEL. 2010 Arlequin suite ver 3.5:
a new series of programs to perform population
genetics analyses under Linux and Windows. Mol.
Ecol. Resour. 10, 564–567. (doi:10.1111/j.17550998.2010.02847.x)
Paradis E. 2010 pegas: an R package for population
genetics with an integrated–modular approach.
Bioinformatics 26, 419–420. (doi:10.1093/
bioinformatics/btp696)
Fuentes-Pardo AP, Bourne C, Singh R, Emond K,
Pinkham L, McDermid JL, Andersson L, Ruzzante
DE. 2019 Adaptation to seasonal reproduction and
thermal minima-related factors drives fine-scale
divergence despite gene flow in Atlantic herring
populations. bioRxiv 578484. (doi:10.1101/
578484)
Petrou EL et al. 2021 Data from: Functional genetic
diversity in an exploited marine species and its
relevance to fisheries management. Dryad Digital
Repository. (http://doi.org/10.5061/dryad.
80gb5mkpj)

9

Proc. R. Soc. B 288: 20202398

46.

57.

genome sequencing. Evol. Appl. 12, 1971–1987.
(doi:10.1111/eva.12861)
Pikitch EK et al. 2014 The global contribution of
forage fish to marine fisheries and ecosystems. Fish
Fish. 15, 43–64. (doi:10.1111/faf.12004)
Surma S, Pitcher TJ, Kumar R, Varkey D, Pakhomov
EA, Lam ME. 2018 Herring supports Northeast
Pacific predators and fisheries: insights from
ecosystem modelling and management strategy
evaluation. PLoS ONE 13, e0196307. (doi:10.1371/
journal.pone.0196307)
Lok EK, Esler D, Takekawa JY, De La Cruz SW,
Boyd WS, Nysewander DR, Evenson JR, Ward DH.
2012 Spatiotemporal associations between Pacific
herring spawn and surf scoter spring migration:
evaluating a silver wave hypothesis. Mar. Ecol.
Progress Ser. 457, 139–150. (doi:10.3354/
meps09692)
Bekkevold D, Helyar SJ, Limborg MT, Nielsen EE,
Hemmer-Hansen J, Clausen LA, Carvalho GR. 2015
Gene-associated markers can assign origin in a weakly
structured fish, Atlantic herring. ICES J. Mar. Sci. J. du
Conseil 72, 1790–1801. (doi:10.1093/icesjms/fsu247)
Poloczanska ES et al. 2013 Global imprint of climate
change on marine life. Nat. Clim. Change 3, 919.
(doi:10.1038/nclimate1958)
Asch RG. 2015 Climate change and decadal shifts in
the phenology of larval fishes in the California
Current ecosystem. Proc. Natl Acad. Sci. USA 112,
E4065. (doi:10.1073/pnas.1421946112)
Hufnagl M, Peck MA. 2011 Physiological individualbased modelling of larval Atlantic herring (Clupea
harengus) foraging and growth: insights on climatedriven life-history scheduling. ICES J. Mar. Sci. 68,
1170–1188. (doi:10.1093/icesjms/fsr078)
von Biela VR, Arimitsu ML, Piatt JF, Heflin B, Schoen
SKTJL, Clawson CM. 2019 Extreme reduction in
nutritional value of a key forage fish during the
Pacific marine heatwave of 2014–2016. Mar. Ecol.
Progress Ser. 613, 171–182. (doi:10.3354/
meps12891)
Tillotson MD, Quinn TP. 2018 Selection on the timing
of migration and breeding: a neglected aspect of
fishing-induced evolution and trait change. Fish Fish.
19, 170–181. (doi:10.1111/faf.12248)
Edwards M, Richardson AJ. 2004 Impact of climate
change on marine pelagic phenology and trophic
mismatch. Nature 430, 881. (doi:10.1038/
nature02808)
Stier AC, Olaf Shelton A, Samhouri JF, Feist BE, Levin
PS. 2020 Fishing, environment, and the erosion of a
population portfolio. Ecosphere 11, e03283. (doi:10.
1002/ecs2.3283)
Etter P, Bassham S, Hohenlohe P, Johnson E, Cresko
W. 2012 SNP discovery and genotyping for
evolutionary genetics using RAD sequencing.
In Molecular methods for evolutionary genetics.
Methods in molecular biology, vol. 772 (eds V
Orgogozo, M Rockman), pp. 157–178. Totawa, NJ:
Humana Press.
Catchen J, Hohenlohe PA, Bassham S, Amores A,
Cresko WA. 2013 Stacks: an analysis tool set for

royalsocietypublishing.org/journal/rspb

43.

structure. Mol. Ecol. Resour. 15, 1031–1045. (doi:10.
1111/1755-0998.12369)
Hoffmann AA, Rieseberg LH. 2008 Revisiting the
impact of inversions in evolution: from population
genetic markers to drivers of adaptive shifts and
speciation? Annu. Rev. Ecol. Evol. Syst. 39, 21–42.
(doi:10.1146/annurev.ecolsys.39.110707.173532)
Schwander T, Libbrecht R, Keller L. 2014 Supergenes
and complex phenotypes. Curr. Biol. 24,
R288–RR94. (doi:10.1016/j.cub.2014.01.056)
Saunders MA, Slatkin M, Garner C, Hammer MF,
Nachman MW. 2005 The extent of linkage
disequilibrium caused by selection on G6PD in humans.
Genetics 171, 1219. (doi:10.1534/genetics.105.048140)
Ma J, Amos CI. 2012 Investigation of inversion
polymorphisms in the human genome using
principal components analysis. PLoS ONE 7, e40224.
(doi:10.1371/journal.pone.0040224)
Berg PR, Star B, Pampoulie C, Sodeland M, Barth
JMI, Knutsen H, Jakobsen KS, Jentoft S. 2016 Three
chromosomal rearrangements promote genomic
divergence between migratory and stationary
ecotypes of Atlantic cod. Sci. Rep. 6, 23246. (doi:10.
1038/srep23246)
Huang K, Andrew RL, Owens GL, Ostevik KL,
Rieseberg LH. 2020 Multiple chromosomal
inversions contribute to adaptive divergence of a
dune sunflower ecotype. Mol. Ecol. 29, 2535–2549.
(doi:10.1111/mec.15428)
Lamichhaney S et al. 2016 Structural genomic
changes underlie alternative reproductive strategies
in the ruff (Philomachus pugnax). Nat. Genet. 48,
84–88. (doi:10.1038/ng.3430)
Pearse DE, Miller MR, Abadía-Cardoso A, Garza JC.
2014 Rapid parallel evolution of standing variation in
a single, complex, genomic region is associated with
life history in steelhead/rainbow trout. Proc. R. Soc. B
281, 20140012. (doi:10.1098/rspb.2014.0012)
Yu J, Lei K, Zhou M, Craft CM, Xu G, Xu T, Zhuang Y, Xu
R, Han M. 2010 KASH protein Syne-2/Nesprin-2 and
SUN proteins SUN1/2 mediate nuclear migration
during mammalian retinal development. Hum. Mol.
Genet. 20, 1061–1073. (doi:10.1093/hmg/ddq549)
Maddox DM et al. 2015 A mutation in Syne2 causes
early retinal defects in photoreceptors, secondary
neurons, and Müller Glia. Invest. Ophthalmol. Vis.
Sci. 56, 3776–3787. (doi:10.1167/iovs.14-16047)
Li T, Li W, Lu J, Liu H, Li Y, Zhao Y. 2009 SH2D4A
regulates cell proliferation via the ERα/PLC-γ/PKC
pathway. BMB Rep. 42, 516–522. (doi:10.5483/
BMBRep.2009.42.8.516)
Xie M-C, Ai C, Jin X-M, Liu S-F, Tao S-X, Li Z-D,
Wang Z. 2007 Cloning and characterization of
chicken SPATA4 gene and analysis of its specific
expression. Mol. Cell. Biochem. 306, 79–85. (doi:10.
1007/s11010-007-9556-9)
Stern DL. 2013 The genetic causes of convergent
evolution. Nat. Rev. Genet. 14, 751. (doi:10.1038/
nrg3483)
Clucas GV, Lou RN, Overgaard Therkildsen N, Kovach
AI. 2019 Novel signals of adaptive genetic variation
in northwestern Atlantic cod revealed by whole

