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Abstract

Population Structure in Puget Sound Rockfishes (Sebastes spp.): Using Genetics To Inform
Management Of A Vulnerable Species Complex

Anita Wray

Chair of the Supervisory Committee:
Professor Lorenz Hauser
School of Aquatic and Fishery Sciences

Successful management relies on the correct identification of management units.
Quantifying the connectivity between populations is a critical factor in defining management
units and improving fishery plans. Despite stock recoveries along the US West Coast, rockfish
populations in Puget Sound continue to decline, and three species were listed under the
Endangered Species Act. These management measures were primarily based on data from a
hybridizing species complex (Brown-Copper-Quillback Rockfish), which identified Puget Sound
as a distinct population from the Washington Coast. It is unknown whether the population
structure identified in previous studies is due to extensive hybridization in the region.
Additionally, recent studies have suggested that there is species specific population structure for
rockfish in Puget Sound. Population structure in the remaining species, and the factors

determining population differentiation within Puget Sound are therefore unknown. Therefore, the



overall goal of this thesis was to investigate population structure and the extent of hybridization
of Puget Sound rockfishes. To accomplish this goal, fin clips from eight rockfish species (Brown
(Sebastes caurinus), Copper (S. auriculatus), Quillback (S. maliger), Black (S. melanops),
Yellowtail (S. flavidus), Redstripe (S. proriger), Greenstriped (S. elongatus), and Puget Sound
(S. emphaeus)) were sequenced using reduced representation sequencing (RADseq), resulting in
over 10,000 loci per species. First, we identified the geographic and genetic extent of
hybridization for the Copper-Quillback-Brown species complex. We found that hybridization is
low-level and asymmetric from Quillback into Copper and Brown, and localized in south Puget
Sound. Hybridization inflated estimates of species-specific population structure in Brown and
Copper Rockfish. Second, we estimated population structure and connectivity for five common
species of rockfish. We identified no structure in Black and Puget Sound Rockfish, temporal
structure in Redstripe Rockfish and geographic structure in Yellowtail and Greenstriped
Rockfish. There was no clear effect of life history on geographic structure, but oceanography and
temporal variation were evident in our results. Of the eight species analyzed, no species followed
the current DPS boundaries that they are managed by. Finally, we discuss the management
implications of these studies and suggest future directions for management of this species

complex.
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Chapter 1. CONTRASTING EFFECT OF HYBRIDIZATION ON
GENETIC DIFFERENTIATION IN THREE
ROCKFISH SPECIES WITH SIMILAR LIFE

HISTORY

Authors: Anita Wray, Eleni Petrou, Krista Nichols, Robert Pacunski, Larry LeClair, Kelly

Andrews, Lorenz Hauser
1.1 ABSTRACT

Hybridization can provide evolutionary benefits (e.g., population resilience to climate
change) through the introduction of adaptive alleles and increase of genetic diversity.
Nevertheless, management strategies may be designed based only on the parental species within a
hybrid zone, without considering the hybrids. This can lead to ineffective spatial management of
species, which can directly harm population diversity and negatively impact food webs. Three
species of rockfish (Brown (Sebastes caurinus), Copper (S. auriculatus), and Quillback Rockfish
(S. maliger)) are known to hybridize within Puget Sound Washington but are used to infer
population structure in the entire genus, including species that do not hybridize. The goal of this
project was to estimate the hybridization rates within the region and untangle the relative effect of
hybridization on population genetic structure. We sequenced 290 Brown, Copper and Quillback
Rockfish using restriction-site associated DNA sequencing (RADseq) from four regions within
and outside Puget Sound, Washington. We showed that (i) hybridization within Puget Sound is
unidirectional, ancient, widespread, and relatively low level, (ii) hybridization affected population

structure in Copper and Brown Rockfish, but not in Quillback Rockfish and (iii) after taking



hybridization into account, Quillback had two distinct populations, Copper had one, and Brown
had three. Our results suggested that rockfish population structure is species-specific and cannot

be inferred from one species to another, especially in species that hybridize.

1.2 INTRODUCTION

Hybridization between closely related species is known to play an important role in
population structure and evolution (Arnold, 1992). In terrestrial species, natural hybridization
often occurs at the periphery of a species range, in areas with empty niches or low species richness,
or where there is a biogeographical barrier (Arnold & Fogarty, 2009). These hybrid hotspots are
often regions where individuals of mixed ancestry can persist for multiple generations. On one
hand, hybridization can have detrimental effects through outbreeding depression, gene swapping,
and genetic assimilation (Hails & Morley, 2005). On the other hand, hybridization can be an
important evolutionary process that may increase overall genetic diversity (Hamilton & Miller,
2016), transfer adaptive alleles among species (Hedrick, 2013) and may be instrumental in the
evolution of species flocks (McCartney et al., 2003; Salzburger et al., 2002). Hybridization may
also increase adaptive potential in the face of changing environments (Arnold et al., 2008;
Hamilton & Miller, 2016). Hybrid individuals can provide a space to maintain genetic diversity,
especially where parental species are at risk of extinction (Soulé, 1985).

Despite the evolutionary benefits of natural hybridization, management regarding hybrids
still remains uncertain (Allendorf et al., 2001). In the United States, there is no robust policy
regarding the conservation of hybrids and their protection is still assessed on a case-by-case basis.
Additionally, management of the parental species can become complex, as hybrid zones contain

individuals with alleles from both (or multiple) parental species. Therefore, localized hybridization



may inflate estimates of genetic differentiation of the parental species. This overestimate of genetic
differentiation may, in turn, lead to the underestimation of connectivity and misconstrue
population boundaries. If the extent of hybridization in a geographic region is unknown or
underestimated, management units for the parental species may be misidentified. Untangling the
relative contributions of hybridization and within-species connectivity is therefore critically
important for the accurate identification of management units.

Most research regarding natural hybridization has been focused on terrestrial plants and
animals, and in species where hybrids are easily distinguishable. Although originally thought to
occur less often in the marine environment, hybrids have now been documented in a wide range
of marine plant and animal taxa (Arnold & Fogarty, 2009). To date, there are over 111 examples
of hybridization in 173 marine fish species (Montanari et al., 2016). Three instances of marine
hybridization have been identified in rockfishes (genus Sebastes) (Muto et al., 2013; Roques et al.,
2001; Seeb, 1998), a highly diverse genus of over 110 described species, 90 of which are found
on the eastern Pacific Ocean (Love et al., 2002). Originating in the late Miocene, the genus
Sebastes underwent a rapid radiation event creating many sister and cryptic species (Hyde &
Vetter, 2007). One well known example of hybridization within Sebastes was identified between
Copper, Brown, and Quillback Rockfish (S. caurinus, S. auriculatus, and S. maliger) collected
from Puget Sound, Washington (Seeb, 1998). Buonaccorsi et al. (2002, 2005) and Schwenke et al.
(2018) found that introgression, i.e., the persistent gene flow of one species into another through
repeated backcrossing, occurs within the Copper-Brown-Quillback species complex. However,
introgression appears to be asymmetric, from Quillback into both Brown and Copper Rockfishes
(Schwenke et al., 2018). Additionally, this hybridization is ancient, as there is little evidence of

early generation hybrids from studies using allozyme, microsatellite, or few nuclear and



mitochondrial loci (Buonaccorsi et al., 2002, 2005; Schwenke et al., 2018; Seeb, 1998). As these
studies identified hybrids from a small number of loci, the extent of introgression and frequency
of hybrids is unknown.

In addition to detecting hybridization among Puget Sound rockfishes, previous studies also
found evidence of within-species population structure; specifically, Brown, Copper, and Quillback
Rockfish from the Puget Sound estuary were found to be genetically distinct from populations on
the Pacific coast of Washington State (Buonaccorsi et al., 2002, 2005; Seeb, 1998). Based in part
on this study, two distinct population segments (DPS) within the Puget Sound/Georgia Basin
ecosystem for each of the three species were identified (Stout et al., 2001). Based entirely on this
determination, the same DPSs were identified for five other rockfish species, three of which were
listed under the Endangered Species Act as threatened or endangered (Drake, Berntson, et al.,
2010). However, a recent genomic study (Andrews et al. 2018) revealed a lack of population
structure in one of those species (Canary Rockfish, S. pinniger) which was delisted as a result. It
is therefore possible that genetic population structure inflated by localized hybridization in Copper,
Brown and Quillback leads to the false inference of management units in other rockfish species.
The goal of this study was to investigate the effect of interspecific hybridization and introgression
in Puget Sound on genetic population structure in Brown, Copper, and Quillback Rockfishes.
Specifically, we 1) quantified the extent of hybridization between species throughout Puget Sound,
2) estimated within-species population structure and connectivity to identify distinct population

segments, and 3) evaluated the effect of hybridization on population structure.



1.3 METHODS

1.3.1  Sampling Procedure

We used 290 samples from three species of rockfish (Brown, Copper, and Quillback) that
were previously collected by Washington Department of Fish and Wildlife (WDFW), The
Northwest Fisheries Science Center of the National Oceanographic and Atmospheric
Administration, National Marine Fisheries Service (NOAA, NMFS), and Department of Fisheries
and Oceans (DFO Canada) from 1999-2021 (Figure 1.1). Tissue was clipped from individual fins
and either preserved in 95% ethanol or dried. Samples were collected from four different regions:
1) southern Puget Sound (Puget Sound proper, south of Admiralty Inlet, SPS), 2) British Columbia
(Canadian Salish Sea north of US/Canada border, BC), 3) northern Puget Sound (US Salish Sea
north of Admiralty Inlet, south of the US/Canada border and east of the Victoria Sill, NPS) and 4)
the US west coast (US Pacific Coast west of Victoria sill, WC) (Figure 1.1). We also re-sampled
24 individuals from a study on rockfish hybridization that were identified as ‘pure’ parental
species, including seven Brown, five Copper, and twelve Quillback Rockfish (Schwenke et al.,
2018). Due to differences in the abundance and distribution of species across this geographic
range, Brown Rockfish could only be sampled in three of these locations and the WC samples

were collected in Mexico and California.

1.3.2  DNA Extraction, Library Preparation, and Sequencing

Genomic DNA was extracted using the Nexttec DNA isolation kit (Nexttec Incorporated,
Middlebury, VT, USA) following manufacturer’s protocol and quantified using a Qubit
Fluorometer (ThermoFisher Scientific, Waltham, MA, USA). DNA concentration was normalized

to 125ng in 10 pL of molecular grade water. Restriction site-associated DNA sequencing



(RADseq) libraries were prepared using a version of the Ali et al. (2016) protocol without the
targeted bait capture step, referred to in the literature as BestRAD (https://github.com/merlab-
uw/Protocols/blob/main/bestRAD). Briefly, genomic DNA was digested using the Sbfl enzyme.
An adapter (P1) containing a forward amplification primer site, an Illumina sequencing primer
site, and an individual 6bp barcode was ligated to each fragment at the restriction site end.
Fragments were then randomly sheared using sonication and size-selected to 300-500 bp in length.
Subsequently, P2 adapters were ligated to the reverse end and libraries were amplified by PCR.
Each library was assessed for quality on a 1% agarose gel and a Bioanalyzer DNA 1000 kit
(Agilent Technologies, Santa Clara, CA). Libraries were pooled in equimolar amounts and
sequenced on a NovaSeq (paired end, 116 bp) at the University of Oregon. Samples were
sequenced, paired end, on either a S4 or SP run type. Individuals were assigned to one of six
RADseq libraries randomly to avoid any lane effect. The libraries included 96 individuals each
from eight species of rockfish (three species are included in this chapter, five are included in

Chapter 2).

1.3.3 Initial Filtering

Raw sequence data were quality checked using fastQC v0.11.9 (Andrews, 2010) and
visualized in multiQC (Ewels et al., 2016). Prior to SNP calling and genome alignment, the raw
sequences were demultiplexed using process_radtags in STACKS v2.60 (Catchen et al., 2011;
Rochette et al., 2019). Here, sequences were trimmed to 104 bases and filtered for quality.
Individuals with fewer than 250,000 total reads were excluded from downstream analysis (Krohn
et al., 2018). Our paired-end sequences were then aligned to the Honeycomb Rockfish (Sebastes
umbrosus) genome from GenBank (NCBI Accession Number: PRINA562243) with Bowtie2 v2.4

using the ‘very-sensitive’ option (Langmead & Salzberg, 2012). At the time of data analysis for



this study, the Honeycomb Rockfish genome was one of only two annotated full genomes and was
chosen due to its closer phylogenetic relationship to our species (Hyde & Vetter, 2007). Following
genome alignment, SNP calling, and basic population genetics statistics were calculated using the
gstacks and populations modules from the STACKS pipeline. SNPs were called if they had a
minimum mapping quality of 40. SNPs were filtered following published recommendations
(O’Leary et al., 2018) requiring that loci meet the following criteria: minimum genotype depth >
5, mean minimum read depth > 15, genotype call rate > 80%.

For the intraspecific analyses, we chose the SNP on each RADtag with the highest minor
allele frequency. Choosing one SNP per RADtag was done after the above filtering, to ensure we
were choosing high quality SNPs. SNPs with genotype frequencies that were significantly different
than expectations under Hardy-Weinberg Equilibrium (HWE) were removed using the following
procedure: P-values were calculated across samples for each population using the R package pegas
v1.1 (Paradis, 2010). P-values were then combined for each locus using Fisher’s combination of
probabilities. Values were then adjusted to g-values for the false discovery rate (Benjamini &
Hochberg, 1995). Loci with g-values below 0.05 were considered significantly out of HWE and
removed from downstream analysis. For the interspecific analyses, we intended to avoid SNPs
with fixed differences between species, because this would likely find differences between only
two species. Due to this strategy, most of the SNPs are different between the two datasets. To
accomplish this, we chose the first SNP on each RADtag using the —write-single-snp option in
populations. Additionally, we did not filter for HWE as the Wahlund effect (a reduction of
heterozygosity due to species specific (subpopulation) structure) would likely influence HWE p-
values. For both datasets, genetic relatedness was calculated using an identity by descent estimate

on all pairs of individuals within PLINK v1.07 (Purcell et al., 2007) to evaluate if our dataset



included highly related individuals. Fis was also calculated using vcftools v0.1.16 (Danecek et al.,
2011). Final datasets were converted from vcf to other formats (GenePop and STRUCTURE)

using PGDSpider v2.1.1.5 (Lischer & Excoffier, 2012).

1.3.4  Analyses — Interspecific

To visualize interspecific population structure patterns and identify individuals with mixed
ancestry, we used principal components analyses (PCA) and STRUCTURE analysis, the two most
commonly used approaches to describe population structure (Liu et al., 2020). First, to identify
evidence of recent hybridization, we conducted PCA using the R package adegenet v2.1.8
(Jombart, 2008) and visualized the results using ggplot2 v3.3.6 (Wickham, 2016). Second, we used
STRUCTURE v2.3.4 to identify admixture (Pritchard et al., 2000). Two replicates were run for 1-
10 K clusters with a burn-in period of 10,000 iterations and 100,000 MCMC repetitions.
STRUCTURE was run without a priori population knowledge and using the admixture model. We
identified the range of likely K groups with Structure Harvester (Earl & vonHoldt, 2012), using

the AK statistic (Evanno et al., 2005) and using the mean L(K).

1.3.5  Analyses — Intraspecific

We identified intraspecific population structure using the above two methods (PCA and
STRUCTURE) in addition to pairwise and overall Fst calculations. Pairwise Fst values (Weir &
Cockerham, 1984) were estimated between all four sampling locations with 1,000 bootstraps using
the R package hierfstat v0.5-11 (Goudet, 2005). Values were considered significant if the lower
limit of the 95% bootstrap confidence interval did not overlap with zero. Overall Fst values (Nei,
1987) were estimated using the R package hierfstat v0.5-11 (Goudet, 2005). To determine the

effect of hybridization on population structure, we re-ran the PCA and Fst analyses with ‘pure’



individuals from each species. Individuals were determined ‘pure’ from STRUCTURE analyses if
they had 0-1% ancestry from another species. We also grouped admixed individuals in three
categories, high (>6% mixed ancestry), medium (1-6%), and low (>1%). Pairwise Fst values were
calculated between each group and a pure population, to estimate the correlation between percent
admixture and genetic divergence. Additionally, we correlated percent admixture ancestry with
each of the genetic groups identified in STRUCTURE in the intraspecific analysis to determine if
there was a correlation between hybrid ancestry and intraspecific STRUCTURE clustering.
Finally, to rule out the effect of linkage on any identified population structure, we estimated
linkage disequilibrium (r?) within each chromosome using PLINK v1.07 (Purcell et al., 2007). R?
values were then mapped on each chromosome to identify blocks of highly linked loci using the
R function LDheatmap v1.0-6 (Shin et al., 2006). Chromosomes with loci in strong LD (r?> 0.5)
blocks were analyzed separately used PCAs in adegenet v2.1.8 (Jombart, 2008) to identify whether

individuals clustered in the three-stripe patterns consistent with chromosomal inversions.

1.4  RESULTS

1.4.1 Interspecific Analysis

We retained, on average, 11.7 million, 18.0 million, and 18.7 million reads per individual
for Brown, Copper, and Quillback Rockfish, respectively. From these retained reads, we identified
12,708 SNPs after filtering that were genotyped in more than 80% of all individuals across the
three species (Nquiback = 87; Nerown = 37, Ncopper = 90y. Twenty individuals differed in
morphological and genetic species identification, suggesting misidentification in the field; they
were thus removed from later analyses. Visualization of the misidentified samples using a PCA

suggested they were not hybrid individuals. Admixture analysis with STRUCTURE revealed low



levels of introgression from Quillback Rockfish into both Brown and Copper Rockfish (Figure
1.2). All Brown Rockfish (100%) collected from SPS had low (~5%) Quillback ancestry. We
identified fewer Brown Rockfish with Quillback ancestry from NPS, and none from the WC.
Copper Rockfish had higher degrees of Quillback ancestry, with 92% of samples in SPS showing
>10% Quillback ancestry. Although less common, Copper Rockfish with mixed ancestry were
also found in NPS, WC and BC collections (50%, 28%, 8% of samples, respectively). One Copper
Rockfish sample from BC showed evidence of recent hybridization (48% Quillback, 51% Copper,
Figure 1.2), and was an outlier in the PCA plot. We also identified three individuals with mixed
ancestry patterns (I Brown and 2 Copper) that were identified as ‘pure’ in a previous study
(Schwenke et al., 2018). None of our Quillback Rockfish samples were identified as having >5%
hybrid ancestry. Our principal components analysis of the three species showed three distinct
clusters of species, and the suspected hybrid intermediate located between the Quillback and

Copper cluster (Figure 1.2).

1.4.2 Intraspecific Analysis

In Copper Rockfish, 516,618 SNPs were identified in STACKS and 21,150 SNPs were
retained after filtering. Out of the 12,708 SNPs in the interspecific dataset, 17% of SNPs were
shared in this dataset. We removed 24 individuals from downstream analyses, ten as a result of
low read count and fourteen as a result of disagreement between genetic and morphological
identification. In Copper Rockfish, principal components analysis revealed four clusters; the
majority of individuals collected from BC and SPS formed distinct groups, while individuals
collected from the WC and NPS were distributed across all four clusters (Figure 1.3).
STRUCTURE plots followed similar patterns; BC and SPS individuals mostly formed two

populations, while NPS and WC shared similar mixed ancestry patterns. Fst values ranged from
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0.002 from the NPS-WC comparison to 0.085 from the SPS-BC comparison (Table 1.1). All
pairwise Fst values were significant for all population comparisons.

We identified similar patterns between the intra and interspecific STRUCTURE plots
(Figure 1.2B and 1.3B). To identify if this pattern was significant, we correlated admixture from
Figure 1.2B with the two non-dominant clusters in Figure 1.3B. We found a strong correlation (r?
= 0.93, Figure 1.4) between percent admixture and divergence from the first K group, suggesting
that hybridization influences the observed structuring pattern. To determine the effect of hybrid
individuals on population structure, we reanalyzed the data after removing the individuals with
mixed ancestry >5%. From these analyses, Fst values were not significant for the WC-NPS, NPS-
BC, and WC-BC comparisons. Our correlation between admixture and Fst revealed a weak
positive but non-significant correlation between the degree of interspecific admixture and
population divergence for Copper Rockfish (r? = 0.201, p = 0.16, Supplemental Figure 1.3) for all
populations.

In Brown Rockfish, 279,876 SNPs were identified in STACKS and 10,055 were retained
after filtering. Out of the 12,708 SNPs in the interspecific dataset, 27% of SNPs were shared in
this dataset. We removed fourteen individuals from downstream analyses, eight because of low
read count and six as a result of disagreement between genetic and morphological identification.
Principal components analysis revealed three clusters: SPS, WC, and most of NPS formed three
separate clusters. One NPS individual clustered with each of the SPS and WC groups (Figure 1.5).
PCAs using axes 3 and 4 showed no additional structure (Supplemental Figure 1.2). Analysis using
STRUCTURE suggested that there were two genetic clusters (K=2, Supplemental Figure 1.1),
which identified SPS and WC as separate populations that mixed in NPS. This suggests weak

population boundaries between NPS and SPS, and NPS and WC but little to no mixing between
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SPS and WC (Figure 1.8). Pairwise population Fst values were significant for all population
comparisons and ranged from 0.05 in the NPS-SPS comparison to 0.18 in the SPS-WC comparison
(Table 1.1). Population based summary statistics are described in Table 1.2, which identified a
high Fis value for NPS. This high Fs value could imply the Wahlund effect, which suggests two
genetically differentiated populations are present in the NPS collection.

When only Quillback Rockfish were used for SNP discovery, 607,854 SNPs were
identified in STACKS and 8,525 SNPs were retained after filtering. Out of the 12,708 SNPs in the
interspecific dataset, 32% of SNPs were shared in this dataset. We removed 20 individuals from
our dataset as a result of low read count. No Quillback Rockfish were removed due to
misidentification. Principal components analysis revealed that SPS and WC formed a single
cluster, and NPS and BC formed a second cluster (Figure 1.6). Analysis using STRUCTURE
suggested that there were two genetic clusters (K=2, Supplemental Figure 1.1), which followed
the same patterns as the principal components analysis. Evidence for dispersal was present, as four
individuals from WC and two individuals from NPS were in the opposite cluster. Despite these
migratory individuals, limited evidence for mixed ancestry between populations was identified.
Fstvalues ranged from O for the SPS-WC comparison to 0.01 for the SPS-BC comparison (Table
1.1). Fstvalues were significant for all population comparisons except the SPS/WC and NPS/BC

comparisons.

1.4.3 Chromosomal Inversion Analysis

To rule out alternative causes for population structuring, we investigated linkage
disequilibrium which identified 22 total LD blocks (Supplemental Figures 1.5-1.18). We identified
eleven in Brown Rockfish, ten in Copper Rockfish, and one in Quillback Rockfish. No two species

shared the same LD block. Principal components analysis of two LD blocks, one in Brown and
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one in Quillback, revealed a three-banding pattern (Figure 1.7) consistent with chromosomal
inversions, where the three bands show the three genotypes for the inversion. We identified no
change in the PCA clustering patterns if the inversions were incorporated into the analyses or not

(data not shown). Additionally, we found no geographic patterns in inversion phenotypes.

1.5 DISCUSSION

Determining the extent of hybridization in Puget Sound rockfishes is a key step towards
quantifying the relationship between hybridization and population structure. This information is
also critical for the accurate conservation and management of these species. Our results suggest
three independent impacts of hybridization on population structure. The interspecific analysis
suggested that 1) hybridization is unidirectional and ancient, 2) hybrids largely remain in south
Puget Sound, and 3) hybridization is more common but less intensive than previously reported.
Population structure was completely different for the three rockfish species. For Brown Rockfish,
we found three distinct clusters separating WC, NPS and SPS. For Copper Rockfish, we found
four distinct clusters with similar ancestry patterns in WC and NPS and evidence of hybridization
influencing population structure. Finally, we found two distinct clusters (BC/NPS and SPS/WC)
for Quillback Rockfish. This difference in population structure may in part be attributable to

hybridization but may also have other causes.

1.5.1 Interspecific Hybridization

Our results provided evidence for unidirectional introgression of Quillback Rockfish into
Brown and Copper Rockfish. Previous studies investigating introgressive hybridization among
Brown, Copper, and Quillback Rockfish were able to identify hybrid Quillback individuals,

suggesting that introgression is asymmetric instead of unidirectional (Schwenke et al., 2018; Seeb,
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1998). The apparent lack of Quillback hybrids in our dataset could be due to sampling differences
in our study. In Schwenke et al (2018), Quillback hybrids were identified south of the Tacoma
narrows (20% hybrid individuals) and in the Whidbey Basin (19% hybrid individuals). Seeb
(1998) identified Quillback hybrids in south Puget Sound, over 50 km south of our south Puget
Sound sampling site. Of our samples for Quillback, only one came from south of the Tacoma
narrows and our Whidbey Basin fish were identified as ‘pure’ individuals by Schwenke et al
(2018). The lack of Quillback hybrids in our dataset further argues that the proportion of Quillback
hybrids increases with geographic isolation from the outer coast (Schwenke et al., 2018). Two
separate shallow sills separate Whidbey Basin and south Puget Sound (Moore et al., 2008), which
have the potential to increase frequency and retain hybrids within these isolated bays. More
expansive sampling of Quillback Rockfish within southern Puget Sound can help determine if
Quillback hybridization is localized to specific regions of the Sound.

Consistent with Schwenke et al (2018), we identified uneven introgression rates, as Copper
Rockfish had a higher degree of admixture when compared to Brown Rockfish. Work prior to
Schwenke et al (2018) using microsatellites detected high degrees of hybridization in Brown
Rockfish (Buonaccorsi et al., 2005) but little evidence for introgressed alleles in Copper Rockfish
(Buonaccorsi et al., 2002). Despite the wide applicability of microsatellites to determine
population structure, some studies suggest that microsatellites cannot distinguish between
introgressed individuals and their parental species (Melville et al., 2017; Nielsen et al., 2014) due
to extensive homoplasy (Henriques et al., 2016). For example, a study between two sister species
of groupers found complete isolation in one microsatellite locus, and incomplete linage sorting in

the other (van Herwerden et al., 2006). This could potentially lead to the identification of false
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hybrids, and/or the misidentification of pure individuals which would drastically alter the degree
of hybridization reported in a study.

The widespread but low level of Quillback introgression we detected in Brown and Copper
Rockfish contrasts with previous reports. This discrepancy in our study could be due to the better
genomic coverage in our dataset, given that ancient hybridization is unlikely to have significant
temporal variation. Hybrid identification has been shown to depend on the number and type of
markers used (Henriques et al., 2016). In addition, previous results using fewer loci have wide
ranges in the degree of hybridization. For example, studies have reported either 0% (Buonaccorsi
et al., 2002), 43% (Schwenke et al., 2018), or 96% (this study) hybrid Copper individuals within
the same geographic region (south of Admiralty Inlet, north of Tacoma Narrows), and varying
degrees of admixture between each study. Utilizing genomic data with thousands of loci has been
shown to be more powerful in detecting low levels of introgressive hybridization, especially in
systems with ancient introgression (Szatmari et al., 2021). Additionally, by using many more loci
our results depend less on whether a locus is within an introgressed segment. This increase in loci
number can be leveraged to calculate a much higher resolution to the degree of admixture across
individuals and geographic regions.

Another explanation for the higher degree of hybridization in previous studies could be
adaptive introgression. For example, the two loci (one mitochondrial and one nuclear) in the
Schwenke et al (2018) study that detected hybridization could be preferentially selected for in the
introgressed individuals. Introgression has long been identified as a source of adaptive genetic
variation driving pesticide resistance in mice (Song et al., 2011) and beak traits in Darwin’s finches
(Grant & Grant, 2010). More research is needed to identify if adaptive introgression is occurring

in Brown and Copper Rockfish.
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Results from our study identified that hybridization is concentrated with south Puget
Sound, with evidence of limited dispersal into the north Puget Sound and the Washington Coast.
These results add to the growing evidence that hybridization events are isolated in south Puget
Sound (Schwenke et al., 2018; Seeb, 1998). Three primary potential explanations have been
hypothesized for the presence of introgression in Puget Sound for Brown, Copper, and Quillback
Rockfish: habitat availability, anoxic conditions, and differences in population size (Schwenke et
al., 2018). First, there is much less suitable rocky habitat in south Puget Sound compared to the
northern and coastal areas (Miller & Borton, 1980). As Brown, Copper, and Quillback Rockfish
rely on these habitats as adults, this limited habitat availability increases overlap between species,
thus increasing hybridization potential. In addition to habitat reduction, the Puget Sound
experiences sporadic hypoxic conditions (Walt Deppe et al., 2013). This depletion of available
oxygen forces species into shallower habitats, where oxygen concentrations are higher (Eby &
Crowder, 2002). Since Quillback and Copper Rockfish are typically separated by depth (Love et
al., 2002), these anoxic periods may force Quillback Rockfish into Copper habitat further
increasing species overlap. These periods of hypoxia have occurred for centuries in Hood Canal,
as indicated by sediment cores (Brandenberger et al., 2011), corresponding to the ancient age of
hybridization. Lastly, introgression may occur when a rare species fails to find suitable mates and
thus hybridizes with a closely related common species (Hubbs, 1955). Quillback Rockfish are
thought to be more abundant in Puget Sound than Brown and Copper Rockfish, in both current
and historical estimates (Schwenke et al., 2018). Periods of hypoxia can also cause severe rockfish
die-offs (Grantham et al., 2004), further reducing available mates. This difference in population
size suggests that the more common species, Quillback, would hybridize with the less common

species, Brown and Copper, leading to directional introgression.
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1.5.2 Intraspecific Population Structure

Despite similar ecology and life history of Brown, Copper and Quillback Rockfish, patterns
of population structure differed considerably. Our results from Copper Rockfish inter- and
intraspecific analyses showed similar patterns (Figure 1.4), suggesting that hybrid ancestry is
driving genetic differentiation within Copper Rockfish. When hybrids were removed from
analysis, there was no genetic differentiation between all pure populations within Puget Sound
(Supplemental Figure 1.4). Our findings are similar to those found in other marine taxa in this
region, such as harbor porpoises (Crossman et al., 2014). As was true in our study, genetic
differentiation in these taxa depended on hybridization across distinct populations. Similarly, we
suggest that the original genetic differentiation found between populations in Copper Rockfish
(Buonaccorsi et al., 2002; Seeb, 1998) may have been inflated due to hybridization with Quillback
Rockfish.

In addition to identifying the influence of hybridization on genetic differentiation in Copper
Rockfish, our results provide evidence for limited dispersal between populations. The majority of
Copper hybrid individuals (68%) were found in south Puget Sound, with some evidence of hybrids
in north Puget Sound (20%), the Washington Coast (10%) and British Columbia (2%). The lower
frequency of hybrids in the basins north of Admiralty Inlet suggests this shallow sill acts as a
barrier to dispersal for Copper Rockfish. Isolation of south Puget Sound populations is likely due
to circulatory features around Admiralty Inlet that restricts egg and larval dispersal (Khangaonkar
et al., 2017b; Maccready et al., 2021) in addition to limited adult migration (Hannah & Rankin,
2011). Shallow sills in fjord-like marine environments are observed to act as a barrier to gene flow
in Copper Rockfish along Vancouver Island (Dick et al., 2014), and Norwegian fjords for Atlantic

cod (Gadus morhua) (Knutsen et al., 2007), blue whiting (Micromesistius poutassou) (Giever &
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Stien, 1998), and pearlside (Maurolicus muelleri) (Suneetha & Navdal, 2001), contributing to the
evolution of isolated populations. Additionally, the lack of pure Copper Rockfish in south Puget
Sound suggests that this dispersal is highly directional, as pure Copper Rockfish are not dispersing
from the north of Admiralty Inlet (Figure 1.9). Limited dispersal at the larval stage for both Copper
and Brown Rockfish has been reported within Puget Sound and along the Washington Coast
(Buonaccorsi et al., 2002, 2005). In addition, directional dispersal from south Puget Sound into
the Washington Coast has been identified in Yelloweye Rockfish (Andrews et al., 2018) and
Pacific cod (Drinan et al., 2018). In conclusion, the spatial variation seen in Copper Rockfish
hybrids suggests limited dispersal from south Puget Sound. This suggests that the dispersal of
hybrids, instead of traditional population genetic connectivity, can be used to infer migration and
population connectivity in Copper Rockfish, as seen in Gilg & Hilbish (2003).

Our results from Brown Rockfish are inconclusive to the influence of hybridization on
genetic differentiation. Our sample size of pure Brown Rockfish from Puget Sound is too small
(n=3) to quantify any trends similar to our Copper Rockfish analyses. Future studies with a
significantly larger sample size for Brown Rockfish should attempt to identify pure Brown
individuals, to see if the genetic differences seen in our study are due to hybridization in south
Puget Sound. When analyzing genetic differences between populations for Brown Rockfish, our
results provide evidence for significant population differentiation between NPS, WC, and SPS.
Previous studies on Brown Rockfish using microsatellites estimated an average Fstvalue of 0.109
for south Puget Sound and Mexico populations, which closely resemble our Fst values of 0.181.
Fst values are typically higher in SNP analyses due to the lower heterozygosity in a bi-allelic locus

compared to a multiallelic locus (Hedrick, 2005).
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We additionally suggest that the NPS population contains SPS and WC ancestry and that
north Puget Sound may function as a mixing zone for coastal and south Puget Sound fish without
much interbreeding. Similar patterns have been seen in the flatfish turbot (Scophthalmus maximus)
and Atlantic Cod (Gadus morhua) between the Atlantic Ocean/North Sea and Baltic sea (Nielsen
et al., 2003, 2004). There are many postulations as to how mixing zones are maintained, including
both intrinsic and extrinsic barriers (Nielsen et al., 2003, 2004) such as geography, habitat
unsuitability, and local adaptation. Extrinsically, Brown Rockfish have very small home ranges
within Puget Sound (Matthews, 1990) (~30 m?), suggesting that any movement occurs in the larval
or juvenile stage. As previously mentioned, Admiralty Inlet is documented to restrict larval
dispersal out of the south Puget Sound basin. After settlement, Brown Rockfish inhabit shallow
water, natural, and complex rocky habitats along Puget Sound proper (Stout et al., 2001). Due to
the patchy habitat available in northern Puget Sound (Palsson et al., 2009), it is possible that there
is insufficient suitable habitat to support a population. This could explain the high Fis value, which
would further suggest the NPS acts as a mixing zone between two separate populations, also known
as the Wahlund effect.

Intrinsically, there could be pre or post zygotic barriers to reproduction. Brown Rockfish
are hypothesized to have colonized Puget Sound after deglaciation of the region (Buonaccorsi et
al., 2005), approximately 17,000 years ago (Mosher & Hewitt, 2004). The time since divergence
between coastal and Puget Sound populations may have enabled local adaptation. Any
interbreeding between two locally adapted populations may induce outbreeding depression
(Allendorf et al., 2001), reinforcing the isolation of those two populations (Garant et al., 2007).
On the other hand, empirical evidence for outbreeding depression seems limited (McClelland &

Naish, 2007). Local adaptation and adaptive differentiation may be facilitated by introgressed
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Quillback alleles in southern Puget Sound. Introgression has been documented to facilitate
diversification and speciation in many animal species, including cichlids and cottids (Selz et al.,
2014; Stemshorn et al., 2011). Finally, rockfish are documented to have complex courting rituals
(Helvey, 1982) and apparent mate choice (Johansson et al., 2012). It is possible that preference for
conspecific mates for coastal Brown Rockfish might promote divergence between coastal and
Puget Sound populations, as seen in swordtail (Willis et al., 2011). In northern Puget Sound where
mate choice may be limited by small population sizes, choosiness might decrease and
heterospecific (between hybrid and non-hybrid individuals) mating would occur (Willis et al.,
2011).

Finally, Quillback Rockfish within our study system consisted of two populations: BC/NPS
and SPS/WC. One potential explanation for the pattern of population structure identified in
Quillback Rockfish could be limited migration patterns due to geographic barriers. Our results
provided evidence of multiple migrants with limited interspecific mixed ancestry patterns.
Looking at the geographic distribution of the STRUCTURE results (Figure 1.10), it is possible
that the WC individuals with ancestry similar to SPS could be due to limited migration from south
of Admiralty Inlet. Individuals further into the western Strait of Juan De Fuca clustered with NPS
and BC samples, which could suggest gene flow in regions north of Admiralty Inlet. This limited
migration could be occurring during larvae or adult stages. Limited directional migration or
dispersal out of the southern Puget Sound region for Quillback Rockfish follows similar results
seen in Copper Rockfish in this study and Yelloweye Rockfish in Andrews et al (2018). This could
further justify the role of Admiralty Inlet in providing somewhat of a dispersal barrier for multiple
rockfish species. In order to determine the age of dispersal for both Copper and Quillback

Rockfish, genetic sampling of rockfish larvae is needed.
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1.5.3 Implications For Fisheries Management

Current Puget Sound management practices assume three DPS in Brown, Copper, and
Quillback Rockfish. Populations are divided into a 1) Puget Sound proper DPS (south of Admiralty
Inlet), 2) north Puget Sound DPS (San Juan lIslands) and 3) coastal DPS, which includes
populations from California to Alaska (Stout et al., 2001). Results from our study suggest that
Copper, Quillback, and Brown Rockfish each have a distinct population within the Puget Sound
proper DPS, with evidence of limited dispersal beyond Admiralty Inlet. These results suggest that
the current DPS boundaries may be inaccurate and should be re-considered. Additionally, the
potential re-establishment of a recreational fishery for rockfishes in Puget Sound would benefit
from immigration from the healthy Washington Coast stocks. Results from our study suggested
that there is an extremely limited influx of fish from the Washington Coast. Conversely, we found
evidence for directional dispersal from southern Puget Sound into the coast. Unfortunately, this
directional dispersal further supports that southern Puget Sound populations are isolated from the
coast and will not benefit from the population recovery seen along the Washington Coast.

As previously mentioned, introgressive hybridization can provide a source of genetic
variability, which can provide essential adaptive potential in periods of rapid environmental
change (Arnold et al., 2008; Hamilton & Miller, 2016). Our study found evidence for migration of
hybrid individuals into coastal populations, particularly in Copper Rockfish. The introduction of
introgressed Quillback alleles into the coastal Copper population may allow for more rapid
adaptation in the larger Washington Coast population. As global climate change rapidly influences
the marine environment along the Washington Coast (Miller et al., 2013), this genetic variation
may play an important role in the persistence of rockfish species in Washington. The hybridization

within Puget Sound is a natural process that likely has persisted for many generations, and as such
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should be conserved as a source of genetic variability for coastal populations. The results of this
study indicate both a relative isolation of rockfishes in Puget Sound as well as a need to re-evaluate
the population boundaries of all common rockfish in Puget Sound in order to best inform their

management and potential recovery.
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Figure 1.1 Brown, Copper, and Quillback Rockfish collection location and sample size.
Sampling areas within the Salish Sea are North Puget Sound (NPS, blue), South Puget Sound (SPS,
green) and British Columbia (BC, purple). The size of the circles is proportional to the size of the

collection (5-36 individuals).
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represent the ancestry proportions for each individual. Light orange is Brown ancestry, light blue
is Copper ancestry, and dark blue is Quillback ancestry. The results are split by field identification:
A = Brown rockfish, B = Copper rockfish, C = Quillback rockfish. Samples within each location
are ordered south to north. D: Principal Components Analysis from all samples suggests three

clusters according to species. Samples are color coded according to field identification.
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Figure 1.3 Intraspecific analysis for Copper Rockfish. (A) Each circle represents an individual
fish, colored by their sampling location. (B) Plot shown is the most likely K cluster based on AK.
Each bar represents an individual, and each color represents the genetic cluster each fish was
assigned to. Populations are ordered from the coast (WC), into Puget Sound from the north (NPS)
to the south (SPS), and British Columbia (BC). Samples within each location are ordered south to
north.
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Figure 1.4 Regression between inter- and intraspecific structuring of Copper
Rockfish. Percent BC cluster was defined as the percent ancestry originating from the ‘blue’ BC
cluster (see Figure 1.2) from the STRUCTURE results of the intraspecific Copper Rockfish dataset
(see Figure 1.3). Percent Admixed Ancestry was defined as the percent Quillback ancestry from
the STRUCTURE results of the interspecific Brown/Copper/Quillback dataset. The x and y axis
come from two separate datasets with 83% different loci. We found a significant exponential

regression between the x- and y-axis (R? = 0.93). Each dot represents an individual.
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Figure 1.5 Principal components analysis and STRUCTURE plot for Brown Rockfish reveals
three clusters. (A) Each circle represents an individual fish, colored by their sampling location.
(B) Plot shown is the most likely K cluster based on AK. Each bar represents an individual, and
each color represents the genetic cluster each fish was assigned to. Populations are ordered from
the coast (WC), into Puget Sound from the north (NPS) to the south (SPS). Samples within each
location are ordered south to north. (C) STRUCTURE plot based on K=3.
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Figure 1.6 Principal components analysis and STRUCTURE plot for Quillback Rockfish
reveals mixed ancestry patterns. (A) Each circle represents an individual fish, colored by their
sampling location. (B) Plot shown is the most likely K cluster based on AK. Each bar represents
an individual, and each color represents the genetic cluster each fish was assigned to. Populations
are ordered from the coast (WC), into Puget Sound from the north (NPS) to the south (SPS), and
British Columbia (BC). Samples within each location are ordered south to north.
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Figure 1.7 PCA (A &C) and linkage heatmap (B&D) for inversion chromosomes. A high LD

block for Brown Rockfish was identified on chromosome 12 (A&B). A high LD block for
Quillback Rockfish was identified on chromosome 14 (C&D).

29



50°M

g0 km N TN W 700 Hm
British Columbia
457 1

40°M 1

49°N 1

487N 1
357N 1

-‘I 2 5 :'|.|'|.|' -‘I 2 4 :'|.|'|.|' -‘I 2 3 :'|.|'|.|' -‘I E 5 :'|.|'|.|' -1 2 |:| :'|.|'|.|' -‘I -‘I 5 :'|.|'|.|'

Figure 1.8 Geographic distribution of STRUCTURE results for Brown Rockfish. Pie charts
are colored according to STRUCTURE plot results and adjusted for sample size (see legend in
bottom left). The color of the pie corresponds to the average admixture proportions in each

collection. Similar capture coordinates were pooled into the same pie.
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Figure 1.9 Geographic distribution of STRUCTURE results for Copper Rockfish. Pie charts
are colored according to STRUCTURE plot results and adjusted for sample size (see legend in
bottom left). The color of the pie corresponds to the average admixture proportions in each

collection. Similar capture coordinates were pooled into the same pie.
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1.7 TABLES

Table 1.1 Pairwise Weir and Cockerham Fst estimates for three species of rockfish in Puget

Sound and the Washington Coast. Bolded numbers are significantly greater than zero.

Brown Rockfish Copper Rockfish Quillback Rockfish

SPS  NPS | BC | WC  SPS | NPS | BC | WC SPS | NPS  BC @ WC

SPS

NPS | 0.049 0.049 0.009

BC 0.09 | 0.019 0.013 | 0.001

wC | 0.181 0.105 0.057 | 0.002 | 0.014 0 0.006 | 0.009

Table 1.2 Summary statistics for three species of rockfish in Puget Sound and the
Washington Coast. N = number of samples per population, Ho = average observed
heterozygosity, He = average expected heterozygosity, Fis = inbreeding coefficient. All values
were calculated using the R package hierfstat v0.5-11 (Goudet, 2005).

Brown Rockfish Copper Rockfish Quillback Rockfish

N Ho He Fis N Ho He Fis N Ho He Fis
SPS | 23 | 0.284 0.280 -0.013 | 23  0.273 | 0.286 0.045 22 | 0.279 @ 0.269 @ -0.036
NPS 5 | 0216 0.236  0.084 18 | 0.263  0.279 H 0.025 17 @ 0.271 | 0.265  -0.021
BC 23 | 0.239 | 0.246  0.032 20 | 0.252 0.278 @ 0.021

WC | 8 | 0172 | 0.165 | -0.040 | 20 | 0.251 | 0.264 & 0.052 | 27 | 0.266 | 0.266 | -0.002
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1.8 SUPPLEMENTAL FIGURES
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Supplemental Figure 1.1 Mean likelihood (bottom, + 1 SD) and AK (top) for STRUCTURE

replicate runs for Copper, Brown, and Quillback Rockfish.
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Supplemental Figure 1.2 Axis 3 and 4 from principal components analysis of Brown

Rockfish. Each circle represents an individual fish, colored by sampling location.
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Supplemental Figure 1.3 Fst increases with percent admixture in Copper Rockfish. Samples
from each geographic location were grouped by percent admixture with Quillback Rockfish.
Pairwise Weir and Cockerham Fst was calculated between location groups and multiple British
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location.
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Supplemental Figure 1.5 Heat map of pairwise LD for chromosome 1-6 of Brown Rockfish.
R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.6 Heat map of pairwise LD for chromosome 7-16 of Brown Rockfish.

R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.7 Heat map of pairwise LD for chromosome 17-24 of Brown Rockfish.

R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.8 Heat map of pairwise LD for chromosome 1-6 of Copper Rockfish.

R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.9 Heat map of pairwise LD for chromosome 7-16 of Copper Rockfish.

R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.10 Heat map of pairwise LD for chromosome 17-24 of Copper

Rockfish. R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.11 Heat map of pairwise LD for chromosome 1-6 of Quillback

Rockfish. R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.12 Heat map of pairwise LD for chromosome 7-16 of Quillback

Rockfish. R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.13 Heat map of pairwise LD for chromosome 17-24 of Quillback
Rockfish. R? values were calculated using PLINK v1.07.
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Supplemental Figure 1.14 Linkage decay plots for five species of rockfish. R? values were
calculated using PLINK v1.07. R?estimates are typically higher with smaller sample sizes, as seen
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Supplemental Figure 1.15 Principal components analysis of chromosomes with high LD

blocks in Copper Rockfish, chromosomes 1-9. Each circle represents an individual fish, colored

by their sampling location.
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Supplemental Figure 1.16 Principal components analysis of chromosomes with high LD
blocks in Copper Rockfish, chromosomes 11-21. Each circle represents an individual fish,

colored by their sampling location.
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by their sampling location.
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Chapter 2. DIVERGENT POPULATION STRUCTURE IN FIVE
COMMON ROCKFISH SPECIES OF PUGET
SOUND, WA SUGGESTS THE NEED FOR

SPECIES-SPECIFIC MANAGEMENT

Authors: Anita Wray, Eleni Petrou, Krista Nichols, Robert Pacunski, Larry LeClair, Kelly

Andrews, Lorenz Hauser
2.1 ABSTRACT

Quantifying the connectivity between populations of endangered or threatened marine
populations is critical information for scientifically sound management. Of the 86 species managed
by the Pacific Fishery Management Council (PFMC) on the West Coast of the United States, over
75% are rockfishes, and of those species, 27 were once deemed ‘at risk’. Although most stocks
have been successfully rebuilt along the Washington Coast, Puget Sound stocks have yet to recover
despite fisheries closures. Their connectivity to coastal populations is relatively unknown, despite
the potential of recruitment subsidies from the coast and considerable interest in reopening many
fisheries for recreational use. The importance of accurate connectivity estimates was demonstrated
by recent research on three Endangered Species Act (ESA) listed species in Puget Sound, which
demonstrated that only two species were sufficiently distinct to warrant listing as separate Puget
Sound distinct population segments (DPS). The common assumption of isolation of Puget Sound
populations, which stems primarily from research on three hybridizing species, may therefore be
erroneous. This study aimed to provide an analysis of the connectivity of five Puget Sound rockfish

populations and identify distinct population segments where appropriate. Samples from five
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species (Black (Sebastes melanops), Yellowtail (S. flavidus), Redstripe (S. proriger), Greenstriped
(S. elongatus), and Puget Sound (S. emphaeus)) were collected in three areas within and one
outside of Puget Sound and analyzed at over 12,000 restriction-site associated DNA sequencing
(RADseq) loci. We show unique species-specific patterns of genetic diversity, which are attributed
to multiple extrinsic and intrinsic factors. In particular, Black and Puget Sound Rockfish show no
genetic differentiation, Yellowtail and Greenstriped were structured according to known
geographic barriers, and Redstripe Rockfish revealed evidence for temporal genetic
differentiation, suggesting that irregular recruitment influences population structure. None of the
species followed the DPS boundaries generally assumed for rockfish, further emphasizing the
importance of species-specific management for the effective recovery of these rockfish

populations.

2.2 INTRODUCTION

Effective management of wild species in both conservation and economic contexts relies on
the identification of distinct population units. In the United States, populations of endangered
vertebrate species can be protected under the Endangered Species Act if they can be defined as
distinct population segments (DPS). Such population segments need to be significant to the species
as a whole and discrete from other populations (Waples, 1998). As a result, DPSs are often quite
large and may include several sub-populations that may need independent management (Wallace
& Fletcher, 1996). Identifying populations and DPSs can help play a critical role in the
maintenance of species’ genetic diversity.

On a smaller scale, management units (MUSs) are a critical component of fishery management

for sustainable harvest (Reiss et al., 2009), and can be defined as populations with identifiable
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patterns of recruitment and mortality (Carvalho & Hauser, 1994). They can be identified based on
demographic, genetic, or morphological characters. Many management units can be clustered
within a DPS and are therefore a less stringent entity often connected by some exchange with other
units. However, for many marine species with wide spatial distributions and high dispersal
potential, defining management units can be difficult because of a lack of obvious geographic
barriers and weak signals of genetic population structure (Waples, 1998).

Quantifying the connectivity between populations is a critical component for defining MU and
DPS for a species of interest. The rapid advance in genomic tools has improved our ability to detect
subtle population structure typical for marine species, patterns of connectivity, and complex
patterns of hybridization in harvested or endangered species (Dahle et al., 2018). Current genomic
technologies enable the identification of both DPSs and MUs that can inform species conservation
and fishery management plans. This research has been implemented for complex species or species
groups, such as the Pacific Ocean rockfishes (Sebastes spp.) (Andrews et al., 2018).

Pacific rockfishes are part of a diverse and hybridizing species complex with widely variable
harvest intensities and conservation status, yet little information is available on species-specific
patterns of population structure (Love et al. 1990; Drake et al. 2010). Despite being a diverse genus
with numerous species, rockfishes display common life history characteristics important for
evaluating management goals and setting any future harvest quotas. Rockfishes have ranging but
relatively long life spans, late maturity, slow growth, and limited movements as adults; they are
also viviparous, with high fecundity, extensive larval dispersal but high larval mortality resulting
in sporadic recruitment (Love et al. 2002). These characteristics make rockfish especially
vulnerable to overfishing. Despite a generally similar life history, rockfish differ in some

characteristics that could affect population structure (such as adult site fidelity, habitat preferences
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of adults, pelagic larval timing and duration, and adult depth) but the effect of this life history
variation on connectivity has not been identified. Unfortunately, rockfish management remains
difficult due to the lack of resources to assess these species on a regular basis. The gap in
knowledge provided by irregular stock assessments for these species is particularly concerning in
regions that have not experienced a significant recovery in population size after management
strategies have been established.

Of the 64 species of rockfishes managed by the Pacific Fishery Management Council (PFMC),
over 83% are considered moderately or highly vulnerable to overfishing (Pacific Fishery
Management Council, 2020). Differences in demographic responses between species and
populations of rockfishes to management measures are particularly noteworthy along the Pacific
coast of the US and Canada. While many rockfish stocks along the US West Coast have been
rebuilt (Pacific Fishery Management Council, 2020), Puget Sound rockfishes, which may be
isolated from coastal populations, are ‘in trouble’ (Washington State Department of Fish and
Wildlife, 2011; Zier & Gaydos, 2016). Puget Sound is a 6,039 square km glacier-carved inlet in
northern Washington, USA, that is the second largest estuary in the United States and is relatively
isolated from the open coast. The larger Puget Sound - Georgia Basin region is comprised of
several discrete basins connected to the Pacific Ocean by two oceanic straits, although the northern
Johnstone Strait has little impact on circulation (Khangaonkar et al., 2017; Moore et al., 2008).
Currently, two major sills define the boundaries of rockfish management units and DPSs. The
Victoria Sill separates the north sound from the coast, and the Admiralty Inlet sill separates
southern and northern Puget Sound. These unique oceanographic conditions allow for a strong
zoogeographic break between the coast and in-shore populations (Andrews et al., 2018; Drinan et

al., 2018). The circulation patterns in the region also limit the dispersal of planktonic organisms
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and influence genetic connectivity among populations (Engie & Klinger, 2007). As a result of
these bathymetric and current conditions, many species may have distinct coastal and Puget Sound
populations, e.g., Yelloweye Rockfish (Sebastes ruberrimus) (Andrews et al., 2018) and Pacific
Cod (Gadus macrocephalus) (Drinan et al., 2018). Identifying the species that are bound by these
oceanographic conditions, as it pertains to life history characteristics, is critical for effective
management.

Several early studies investigated the genetic population structure in three Puget Sound
rockfish species (Brown (S. auriculatus), Copper (S. caurinus), and Quillback (S. maliger))
(Buonaccorsi et al., 2002, 2005; Seeb, 1998). These studies detected significant population
differentiation in Brown and Copper Rockfish (Buonaccorsi et al., 2002, 2005), leading to the
assumption that all rockfish species within Puget Sound were likely isolated from populations
along the coast, and were therefore DPSs (Drake et al., 2010). These three species, however, are
known to hybridize within this region (Buonaccorsi et al., 2002, 2005; Schwenke et al., 2018;
Seeb, 1998). There is no evidence that other rockfish species hybridize within the Washington
coast and Puget Sound. Insufficient information exists to determine if the population structure
identified was entirely due to localized extensive hybridization within Puget Sound, or limited
connectivity within single species.

Based on the prior declaration that all Puget Sound rockfishes are a DPS, paired with
precipitous population declines caused by intense fishing pressure from 1970-1990, the Puget
Sound DPS of three species of rockfish were listed under the US Endangered Species Act (Drake
etal., 2010). Bocaccio (S. paucispinis) was listed as endangered, while Yelloweye (S. ruberrimus)
and Canary (S. pinniger) Rockfish were listed as threatened (Drake et al., 2010). In addition, 10

species of rockfish have been listed as candidates for state protection as DPSs within Puget Sound
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(Washington State Department of Fish and Wildlife, 2019). Subsequent studies on the three ESA
listed species revealed differentiation between Puget Sound and coastal populations in Yelloweye
Rockfish, but not in Canary Rockfish (Andrews et al., 2018), which resulted in the delisting of
Canary Rockfish. Follow up studies suggested that this population differentiation cannot be
explained by larval retention (Andrews et al. 2021). Current explanations for this species specific
population structure suggest that life history characteristics, such as adult site fidelity and adult
depth preference, could play a large role in population structure within Puget Sound (Andrews et
al., 2018). However, more research is needed to correlate life history characteristics to Puget Sound
rockfish population structure.

Since rockfish are a diverse genus, additional species-specific information will be critical to
the development of effective management and conservation plans. Additionally, identifying any
correlation between life history patterns and genetic isolation can help broaden conclusions for
other species. Further clarifying the population structure of rockfishes in Puget Sound on a species-
specific level has been recommended by the American Fisheries Society (Parker et al., 2000),
Washington Department of Fish and Wildlife (WDFW) (Palsson et al., 2009), and the Northwest
Fisheries Science Center of the National Oceanographic and Atmospheric Administration
(NOAA-NMFS) (Drake et al., 2010). Current reestablishment of a recreational fishery for Puget
Sound rockfishes depend to a large extent on the level of connectivity to recovered coastal
populations, so information on the genetic differentiation and isolation of Puget Sound populations
is of vital importance to the management of rockfishes. This is especially important for the
recreational fishery in Puget Sound, which has the potential to reopen after a decade-long closure

if subsidies on from the coast are sufficient to maintain stocks.
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The broad objective of this study is to provide a comprehensive survey of population structure
of several common rockfishes in Puget Sound and the Washington coast, with aim to inform
fisheries management and conservation. More specifically, we estimated population structure and
connectivity from restriction site associated DNA (RAD) sequencing and compared population
differentiation between species as it relates to life history parameters. Using these results, we
evaluated the potential for supplementation of Puget Sound populations from the Washington

Coast and compared population connectivity with current DPS boundaries within Puget Sound.

2.3 METHODS

2.3.1 Sampling Procedure

We used 279 samples from five species of rockfish (Black (S. melanops), Yellowtail (S.
flavidus), Redstripe (S. proriger), Greenstriped (S. elongatus), and Puget Sound (S. emphaeus),
Figure 2.1) that were collected in 1999-2021 in previous surveys of WDFW, NOAA-NMFS, and
the Department of Fisheries and Oceans (DFO Canada). Individual fin clips were preserved in
95% ethanol or dried on filter paper. Samples were collected from multiple locations (see Figure
2.3), grouped into four different regions: 1) southern Puget Sound (Puget Sound proper, south of
Admiralty Inlet, SPS), 2) British Columbia (Canadian Salish Sea north of the US/Canada border,
BC), 3) northern Puget Sound (US Salish Sea north of Admiralty Inlet, NPS and east of the Victoria
Sill) and 4) the US west coast (US Pacific Coast west of Victoria Sill, WC). Due to differences in
the abundance and distribution of species across this geographic range, we have no Puget Sound

Rockfish from WC and one Greenstriped Rockfish from NPS.
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2.3.2 DNA Extraction, Library Preparation, and Sequencing

Genomic DNA was extracted using the Nexttec DNA isolation kit (Nexttec Incorporated,
Middlebury, VT, USA) following manufacturer’s protocol and quantified using a Qubit
Fluorometer (ThermoFisher Scientific, Waltham, MA, USA). DNA concentration was normalized
to 125ng in 10 pL of molecular grade water. Restriction site-associated DNA sequencing
(RADseq) libraries were prepared using a version of the Ali et al. (2016) protocol without the
targeted bait capture step, referred to in the literature as BestRAD (https://github.com/merlab-
uw/Protocols/blob/main/bestRAD). Briefly, genomic DNA was digested using the Sbfl enzyme.
An adapter (P1) containing a forward amplification primer site, an Illumina sequencing primer
site, and an individual 6 bp barcode was ligated to each fragment at the restriction site end.
Fragments were then randomly sheared using sonication and size-selected to 300-500 bp in length.
Subsequently, P2 adapters were ligated to the reverse end and libraries were amplified by PCR.
Each library was assessed for quality on a 1% agarose gel and a Bioanalyzer DNA 1000 kit
(Agilent Technologies, Santa Clara, CA). Libraries were pooled in equimolar amounts and
sequenced on a NovaSeq (paired end, 116 bp or 150 bp) at the University of Oregon, either a S4
or SP run type. Ninety-six individuals were randomly included in one of six RADseq libraries to

avoid any lane effect (Leigh et al., 2018).

2.3.3 Initial Filtering

Raw sequence data were quality checked using multiQC (Ewels et al., 2016). Prior to SNP
calling and genome alignment, raw sequences were demultiplexed using process_radtags in the
STACKS v2.60 pipeline (Catchen et al., 2011; Rochette et al., 2019). Sequences were trimmed to

104 bases and filtered for quality. Individuals with fewer than 250,000 total reads were excluded
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from downstream analysis (Krohn et al., 2018). Our paired-end sequences were then aligned to the
Honeycomb Rockfish (Sebastes umbrosus) genome from GenBank (NCBI Accession Number:
PRINA562243) with Bowtie2 v2.4. using the ‘very-sensitive’ option (Langmead & Salzberg,
2012). The Honeycomb Rockfish genome is one of only two annotated full genomes and was
chosen due to its closer phylogenetic relationship to our species (Hyde & Vetter, 2007a).
Following genome alignment, SNP calling, and basic population genetics statistics were calculated
using the gstacks and populations modules from the STACKS pipeline. SNPs were called if they
had a minimum mapping quality of 40. SNPs were filtered following published recommendations
(O’Leary et al., 2018) requiring that loci meet the following criteria: minimum genotype depth >
5, mean minimum read depth > 15, genotype call rate > 80%. We chose one SNP on each RADtag
with the highest minor allele frequency. Genotype frequencies that were significantly different
than expectations under Hardy-Weinberg Equilibrium (HWE) were removed using the following
procedure: p-values were calculated across samples for each population using the r package pegas
v1.1 (Paradis, 2010). P-values were then combined across samples for each locus using Fisher’s
combination of probabilities, and adjusted to g-values for the false discovery rate (Benjamini &
Hochberg, 1995). Loci with g-values below 0.05 were considered significantly out of HWE and

removed from downstream analysis.

2.3.4 Misidentification Analysis

To identify any possible cases of misidentification or interspecific hybridization in our
dataset, raw sequences for all individuals analyzed together for all eight species (five from this
chapter, three from previous chapter) immediately after genome alignment. SNP calling, and basic
population genetics statistics were calculated using the gstacks and populations modules from the

STACKS pipeline. SNP filtering followed the same protocol as in the species-specific analyses

81



(O’Leary et al., 2018). Different from the species-specific analysis however, we intended to avoid
SNPs with fixed differences between species, because this would likely find differences between
only two species. Therefore, we chose the first SNP on each RADtag using the —write-single-snp
option in populations. Additionally, we did not filter for HWE because a reduction of
heterozygosity due to species-specific (subpopulation) structure would likely influence HWE p-
values (Wahlund effect). We plotted all eight species together in a principal components analysis
(PCA). Any individuals that visually grouped with a species different than its field identification

was removed from any downstream analysis.

2.3.5 Species Specific Analyses

We identified patterns of population structure with principal components analyses (PCAS),
STRUCTURE analyses, pairwise Fst, and linkage disequilibrium. After removing misidentified
individuals, and to explore relationships among populations, we used the R package adegenet
v2.1.8 (Jombart, 2008) which computes a principal components analysis to summarize the
multivariable dataset into ten dimensions. Second, we used STRUCTURE v2.3.4 which estimates
the most likely clustering pattern for our individuals (Pritchard et al., 2000). STRUCTURE was
run without a priori population knowledge and using the admixture model. Two replicates were
run for K clusters 1-10 with a burn-in of 10,000 iterations and 100,000 MCMC reps. We chose the
range of likely K groups with Structure Harvester (Earl & vonHoldt, 2012), using both the AK
statistic (Evanno et al., 2005) and the mean L(K). Overall and pairwise Fst values (Weir &
Cockerham, 1984) were estimated with 1,000 bootstraps using the R package hierfstat v0.5-11
(Goudet, 2005). Fst values were considered significant if the lower limit of the 95% confidence

interval did not overlap with zero.

82



To investigate potential causes of genetic differentiation for our species, we performed
linkage analysis, individual genetic summary statistics (observed heterozygosity and read depth),
population-based summary statistics (Ho, He, Fis), individual relatedness estimates, and correlated
patterns of genetic structure with various life history characteristics. We estimated linkage
disequilibrium within each chromosome using PLINK v1.07 (Purcell et al., 2007). R? values were
then mapped on each chromosome to identify blocks of highly linked loci using the R function
L Dheatmap v1.0-6 (Shin et al., 2006). Chromosomes with loci in strong LD (r?> 0.5) blocks were
analyzed used PCAs in adegenet v2.1.8 (Jombart, 2008) to determine whether individuals clustered
in the three-stripe patterns consistent with chromosomal inversions (Hoffmann & Rieseberg, 2008;
Petrou et al., 2021). Summary statistics were calculated using VCFtools v0.1.13 (individual
heterozygosity, individual read depth) (Danecek et al., 2011), and hierfstat v0.5-11 (Ho, He, Fis)
(Goudet, 2005). To investigate any patterns unexplained by geographic region, we attempted to
correlate patterns with both genetic and life history characteristics, including size, sampling date,
sequencing run and well, overall diversity, relatedness, and read depth. This was conducted by
relabeling the color of each individual within the PCA graph according to the above characteristics
to visualize patterns. Genetic relatedness was calculated on all pairs of individuals with PLINK
v1.07 (Purcell et al., 2007) to evaluate if our dataset included related individuals (percent IBD >
10%). Finally, effective population size was estimated using the random mating, linkage
disequilibrium model in NeEstimator (Do et al., 2014) with a minor allele frequency (MAF) cutoff
of 0.05. Values were adjusted using Waples et al. (2016) which adjusts for the likelihood that some

loci are linked in a sample set of many loci and relatively few chromosomes.
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2.4 RESULTS

For Black Rockfish, 19,700 loci were retained after filtering. In addition, seven individuals
were removed from analysis due to low read count. Six individuals were outliers based on high
scores on PC1 and very low heterozygosity (Supplemental Figure 2.1 & 2.2). These low-
heterozygosity individuals were not characterized by unusual patterns in body size, DNA
degradation, or sequencing depth. Additionally, DNA libraries were prepared for these individuals
on different days and sequencing runs, limiting the possibility of batch effects. We were unable to
attribute any genetic or biological association (size, sampling date, sequencing run and well,
overall diversity, relatedness, and read depth) to the four outliers along PC2 so we kept them in
the dataset. Once the six outlier individuals with low heterozygosity were removed from the
analysis, we found limited evidence for geographic structure (Figure 2.2). Pairwise Fst estimates
were small (0.001 for all comparisons), but significant (Table 2.2). On the other hand,
STRUCTURE results suggested that there was one genetic cluster (K=1), which agreed with the
prior PCA analyses (Supplemental Figure 2.3). We found no chromosomes with highly linked
regions, suggesting that there were no chromosomal inversions.

For Redstripe Rockfish, 12,275 loci were retained after filtering. Nine individuals were
removed from analysis, six individuals due to low read count and three due to field
misidentification. Of the three misidentified individuals, one clustered with Greenstriped Rockfish
and two clustered with Puget Sound Rockfish (Supplemental Figure 2.4). We found evidence for
two genetic clusters for Redstripe Rockfish (K=2), but there was no clear geographic pattern
(Figure 2.2). STRUCTURE results agreed with the prior PCA analyses. One of the clusters
identified in the PCA and STRUCTURE analyses was primarily (20/24 individuals, or 83%)

sampled in 2014 (Supplemental Figure 2.5). Samples from 2014 were collected in multiple
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geographic locations and at multiple dates throughout the year and had low pairwise relatedness
value (Supplemental Figure 2.6) which suggests these samples are not from the same spawning
pair. The average pairwise relatedness value for the 2014 sample group was not significantly
higher than the samples collected in other years (p = 0.68). Additionally, samples from 2014 were
larger in size (256 mm and 231 mm for 2014 and other year samples, respectively) but had a much
smaller variance (1,653 mm? and 3,066 mm? for 2014 and other year samples, respectively). The
small variance in length suggests these individuals are of similar age (Supplemental Figure 2.7).
Ne estimates were 1.7 times larger for the 2014 cluster (1,229 + 4.4) than the other cluster (729 +
1.7) (Supplemental Table 2.2). We found no chromosomes with highly linked regions, suggesting
that there were no large chromosomal inversions.

Our Greenstriped Rockfish dataset retained 14,439 loci after filtering. Four individuals
were removed from analysis, two because of low read count and two because of field
misidentification. Both misidentified individuals clustered with Redstripe Rockfish (Supplemental
Figure 2.4). Only one individual from NPS was included in our final dataset, limiting our ability
to make conclusions about connectivity throughout this geographic region. The PCA separated
individuals collected in British Columbia from all other samples along Axis 1, while Axis 2
showed some separation of WC individuals from SPS individuals (Figure 2.2). All British
Columbia samples were collected from 2021 (Supplemental Figure 2.10). STRUCTURE results
suggest similar ancestry for the WC, NPS and SPS populations, and separate ancestry for the BC
population. Similar patterns were seen in the Fst analysis. Pairwise Fsr estimates between BC and
all other populations (WC, NPS, SPS) were large and significant (0.025, 0.024, 0.021 for SPS,
NPS and WC, respectively) (Table 2.2). The WC sample collection was significantly different

from the SPS sample (Fst = 0.003) but approximately ten times smaller compared to the BC
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pairwise estimates. Pairwise Fst estimates for the NPS-SPS and NPS-WC were non-significant (0
and 0.003, respectively), but the NPS collection contained only one single individual. Our linkage
disequilibrium results located one block of highly linked loci on Chromosome 16 (Supplemental
Figure 2.8). The principal components analysis of Chromosome 16 was not consistent with either
(a) the pattern of genetic structure seen in the whole chromosome PCA or (b) a three banding
pattern consistent with inversions (Supplemental Figure 2.9).

For Yellowtail Rockfish, 18,979 loci were retained after filtering. Three individuals were
removed from analysis, two because of low read count and one because of field misidentification.
The misidentified individual was either a Brown, Copper, or Quillback Rockfish (Supplemental
Figure 2.4). PCA and STRUCTURE plots revealed WC as a separate population from NPS and
SPS (Figure 2.2) and identified two individuals with WC ancestry in Puget Sound and six
individuals with ancestry from both Puget Sound and the Washington Coast. Fst estimates were
non-significant for the NPS-SPS comparison, but small and significant for the SPS-WC and NPS-
WC comparisons (i.e., between WC and all of Puget Sound) (Table 2.2). Results suggest the
presence of a geographic barrier between Puget Sound and the Washington Coast, somewhere in
the easternmost portion of the Strait of Juan de Fuca, near the Victoria Sill (Figure 2.3). We found
no chromosomes with highly linked regions, suggesting that there were no chromosomal
inversions.

For Puget Sound Rockfish, 15,200 loci were retained after filtering. Eight individuals
were misidentified in the field and were thus removed from analysis, all of which were genetically
identified as Redstripe Rockfish (Supplemental Figure 2.4). Two individuals were removed due to
low read count. We found no evidence of population structure in Puget Sound Rockfish. The PCA

showed no distinct clustering of individuals based on geographic structure (Figure 2.2).
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STRUCTURE analysis showed that K=1 using the greatest L(K), since the Evanno method does
not evaluate K=1 (Supplemental Figure 2.3). All pairwise Fst estimates were non-significant
(Table 2.2). We found no chromosomes with highly linked regions, suggesting that there were no

chromosomal inversions.

2.5 DISCUSSION

In this study, we assessed the population structure of five common rockfishes of the Salish
Sea, to verify currently used DPS delineations and to inform fisheries management. Despite similar
life history characteristics, we found species-specific patterns of population structure. This
suggests that no life history characteristic or physical barrier can be used to infer population
structure between rockfish species. For example, Yellowtail and Greenstriped Rockfish were
structured by known geographic or oceanographic barriers. In contrast, Puget Sound, Black and
Redstripe Rockfish showed no geographic population structure. Redstripe Rockfish, however,
showed population structure likely caused by an irregular recruitment event. There are many
possible mechanisms that may cause population structure in marine species, including geographic
boundaries (Johansson et al., 2008), population history (Canino et al., 2010), life history
characteristics such as depth preference (Sivasundar & Palumbi, 2010), and the behavior of
juveniles (Levin et al., 2000), sweepstake recruitment (Burford & Larson, 2007), and chromosomal
inversions (Longo et al., 2020). Here we discuss the potential causes for population structure for

our study species.

2.5.1 Bathymetry and Oceanography

Oceanographic conditions and bathymetry influence population structure in many marine

species, including rockfishes throughout their geographic range (Andrews et al., 2021; Hess et al.,
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2011; Sivasundar & Palumbi, 2010). For example, Point Conception in California is known as a
biogeographic barrier for Vermilion (Longo et al., 2022), Brown (Buonaccorsi et al., 2005b), and
Grass Rockfish (Buonaccorsi et al., 2003). Similar biogeographic boundaries are known in the
Salish Sea, a unique glacier-carved inlet that is comprised of several discrete basins with only one
large connection to the ocean (S. J. Moore et al., 2008). These bathymetric conditions allow for a
strong zoogeographic break between coastal and in-shore populations. The circulation driven by
the unique bathymetry in the region further restrict dispersal of planktonic organisms, which in
turn influences genetic connectivity among populations (Engie & Klinger, 2007). As a result of
the combined bathymetric and circulation conditions, many species may have distinct coastal and
Puget Sound populations, including Pacific Cod (Drinan et al., 2018), Yelloweye Rockfish
(Andrews et al., 2018), Dungeness Crab (Jackson & O’Malley, 2017) and Pacific Hake (lwamoto
et al., 2004). Results from Yellowtail and Greenstriped Rockfish follow this pattern and suggest
that similar geographic and oceanographic conditions may influence population structure in these
rockfish species.

Our study suggests that oceanographic conditions in British Columbia drive limited
dispersal, which contribute to population isolation in Greenstriped Rockfish. Recent studies
modeling the impact of oceanographic conditions on larval dispersal of Yelloweye and Canary
Rockfish suggest that larvae within the British Columbia part of the Salish Sea are likely to remain
within the basin north of the San Juan Islands (Andrews et al., 2021) due to current conditions in
the area, which restricts nearly half of bottom layer inflow from the Juan de Fuca Strait and
south/central Puget Sound (Khangaonkar et al., 2017). These conditions facilitate a high residence
time (160 days) within the Strait of Georgia, which is 70 days higher than any other basin in Puget

Sound (Pawlowicz et al., 2019). Thus, regional larval retention could be a mechanism contributing
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to limited gene flow and population structure in Greenstriped Rockfish. In addition, there is only
one deep water passage between the deeper British Columbia waters and the Strait of Juan de Fuca
(Khangaonkar et al., 2017). Shallow regions within San Juan Islands could restrict adult movement
of deep water species, such as the Greenstriped Rockfish (Love et al., 2002). As this was the only
species collected from British Columbia, this suggests that international collaboration is required
to properly assess the genetic structure of rockfishes in the Salish Sea.

Another known geographic barrier to gene flow in the Salish Sea is the Victoria Sill, a
shallow sill (~55 m, (Ryan et al., 2019)) that divides the Puget Sound from the Strait of Juan de
Fuca and the Washington Coast. For example Yelloweye Rockfish (Andrews et al., 2018) and
Pacific Cod (Drinan et al., 2018) show genetic differentiation across the Victoria Sill. The Victoria
Sill is a shallow, sandy sill which causes considerable vertical mixing in the Strait of Juan De Fuca
(Khangaonkar et al., 2017), influencing salinity (Masson & Cummins, 2000) and primary
productivity (Masson & Pefia, 2009) and larval retention times (Engie & Klinger, 2007). Thus, the
combination of shallow water and a shift in current patterns could act as a barrier limiting both
adult and larval dispersal. This shallow sill was also modeled to restrict larval dispersal for Canary
Rockfish (K. Andrews, personal communication). Our study identified this geographic area as a
possible barrier to dispersal, as we identified two distinct populations of Yellowtail Rockfish to
either side of this shallow sill. This species is the only one in our study whose patterns of genetic
population structure align with the previous assumption that all rockfish species are isolated within
Puget Sound.

Despite the ubiquity of geographic barriers to gene flow and dispersal, genetic breaks are
often species-specific, as seen in our study. Species-specific geographic barriers to gene flow have

been identified in complex marine habitats such as the Baltic Sea (Wennerstrom et al., 2013), as
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well as along large coastlines for rockfish (Longo et al., 2022; Sivasundar & Palumbi, 2010) and
intertidal organisms (Kelly & Palumbi, 2010). Many marine barriers are permeable/soft barriers,
and as such their effectiveness depends on a species life history characteristics such as larval
behavior, settlement behavior (Sivasundar & Palumbi, 2010) and parturition timing (Shanks &

Eckert, 2005), which will be discussed below (section 2.5.3).

2.5.2 Population History

Current population structure and genetic diversity also depend on historical demographic
events and changes in global climate patterns. In particular, the impact of past ice ages on genetic
population structure is highly species-specific and likely influenced by a species’ particular life
history characteristics and physiological tolerances (Bernatchez & Wilson, 1998). In the North
Pacific, the Pleistocene ice-ages glaciated most of Canada and parts of northern Washington
(Porter, 1977) but populations may have persisted in isolated glacial refugia (Shafer et al., 2010).

In some instances, refugial populations are now in panmixia (such as in the catadromous
European eel (Dannewitz et al., 2005)), likely due to high gene flow in the marine environment.
In contrast, recolonization of the Salish Sea and the Washington Coast from different refugia may
partly be the cause for the high genetic differentiation found in Pacific cod (Canino et al., 2010).
Despite evidence for dispersal between the two populations of Pacific cod, the long time span since
divergence between these two populations was enough to show genetic differentiation, suggesting
these populations may not yet be in migration-drift equilibrium. Although not explicitly
investigated in our study, differences in population structure among our five species of rockfish
could be caused by species-specific responses to glaciation. Refugial populations for some species
might have persisted where others did not. Secondary contact between multiple refugia populations

could in part explain the genetic differentiation in Yellowtail and Greenstriped Rockfish, despite
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evidence for dispersal between the populations in both species. Additionally, populations
originating from separate glacial refugia could represent a significant evolutionary legacy of the
species (Serrao et al., 2018), which could provide increased adaptive potential. This increase in
adaptive potential is significant for the recovery of a population, and can be the ‘significance’

criteria needed to list populations as a DPS under the ESA (Fay & Nammack, 1996).

2.5.3 Life History Characteristics

Explicit and quantitative analyses to compare differences in life history characteristics
require many species and traits. For example, one study using 74 marine finfish correlated various
life history characteristics and biological traits with population genetic structure (Cusa et al.,
2022). Due to our limited sample size, we could not make such quantitative comparisons.
Nevertheless, we provide the following qualitative comparisons based on known life history
characteristics summarized in Table 2.3.

One correlation between our results and life history characteristics is with adult depth
preference. Adult depth preferences may explain higher gene flow in Black Rockfish when
compared to Yellowtail Rockfish (Hess et al., 2011, Hess in prep) along the US West Coast. In
our study, the shallower water species (Black and Puget Sound) lacked genetic differentiation,
while deep-water species all had some degree of genetic structure (Redstripe, Greenstriped,
Yellowtail) (Table 2.3). The geographic pattern of genetic structure is different between our deep-
water species, suggesting adult depth is not the only driving factor for population structure.
Furthermore, the deep-water Canary Rockfish do not show genetic population structure (Andrews
et al., 2018). This ambiguity of depth preference on population structure is also evident in
Sivasundar & Palumbi (2010) for 15 species of rockfish along the coast of Oregon and California.

However, the effect of bathymetry on genetic population structure may be very different along the
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open coast and the estuarine environment such as Puget Sound. The existence of population
structure in fjords of deeper water species has been reported in other marine species such as Copper
Rockfish (Dick et al., 2014), Pacific hake (Garcia-De Ledn et al., 2018), Atlantic (Jorde et al.,
2007), and Pacific cod (Cunningham et al., 2009). As this research is expanded to include other
fish in Puget Sound, including other rockfish species, more conclusions can be made to the role of
fjord-like systems influencing population structure for deep-water species.

Timing of larval release and pelagic larval duration may also be important to explain
differences in genetic structure in our species (Doherty et al., 1995). Although there is little
variation in larval duration for Sebastes species (Caselle et al., 2010), we found no association
between length of larval duration and presence of genetic structure (Table 2.3). However, it is
possible that timing of larval release could drive population connectivity within the Salish Sea.
Within the Puget Sound estuary, there are drastic seasonal differences in oceanographic properties
including salinity, temperature, dissolved oxygen, and water density (S. J. Moore et al., 2008). In
Californian fish, such seasonal differences in oceanographic conditions have been shown to impact
gene flow between populations within a single species (Jackson et al., 2018), and explain
differences in population connectivity between multiple species of fish with similar life history
characteristics (Shanks & Eckert, 2005). Unfortunately, little is known about the specific
parturition timing for rockfishes. As parturition timing is correlated with latitude and
environmental conditions (Laidig, 2010), more information on rockfish parturition in Puget Sound

IS necessary.

2.5.4 Temporal Genetic Variation

Small scale genetic differentiation in populations with presumed high gene flow, or chaotic

genetic patchiness (Johnson & Black, 1982), has been frequently observed in marine fish species
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(Burford Reiskind et al., 2011; Gilbert-Horvath et al., 2006; Larson & Julian, 1999; Selwyn et al.,
2016). In Redstripe Rockfish, patterns of chaotic genetic patchiness were largely explained by the
likely presence of different cohorts in our sample collection, as individuals clustered in the PCA
by the year of sample collection. In particular, samples collected in 2014 were genetically distinct
from all other year classes. Samples collected in 2014 were primarily between 25 and 30 cm in
length, close to the size at first sexual maturity (Love et al., 2002). Additionally, variance in body
size in the 2014 samples was 2.5 times smaller than in the mixed year cluster, suggesting that 2014
samples were all from the same year-class (Supplemental Figure 2.7). Other Sebastes species show
multiple genetically different larval clusters in a homogeneous adult population in northern
California, specifically for juveniles of the 2000 year-class (Burford & Larson, 2007; Burford
Reiskind et al., 2011). Additionally, Restripe Rockfish at the western coast of Vancouver Island
show high variation in year-class strength, with a surge of recruits in 2000 and 2007 (Haigh &
Starr, 2021). There are three hypotheses that may explain small-scale genetic variation in large
homogeneous marine populations: (a) variation in currents introducing novel genotypes to new
areas, (b) natural selection acting on larvae prior to settlement, or (c) variation in reproductive
success among adults (Larson & Julian, 1999). The introduction of novel genotypes hypothesis
would assume that there is an undetected population of genetically divergent Redstripe Rockfish
that periodically invades the Puget Sound region. It is possible that a genetically divergent
population could occur either along the coast either north or south of the Strait of Juan de Fuca or
in the British Columbia waters of the Salish Sea as seen in Greenstriped Rockfish. Natural selection
in the larval stage would likely result in outlier loci defining the majority of variation seen between
the year classes (Duforet-Frebourg et al., 2016). Although not thoroughly examined in our study,

preliminary results suggest there are a high number of loci explaining the divergence between our
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two samples. Finally, variation in reproductive success, commonly referred to as sweepstakes
recruitment (Hedgecock, 1994), would likely result in a very low effective population size estimate
since very few parents successfully produced offspring. Our results suggest that the 2014 samples
come from a large parental population, reducing the possibility of sweepstakes recruitment. As
such, we hypothesize this temporal variation is due to a wave of immigration from a single year
class introducing novel genotypes. The lack of gene flow between individuals collected in 2014
and other year classes can be explained by the age of the 2014 fish, which likely just had reached
maturity and their offspring were too small to be sampled by hook and line.

For Greenstriped Rockfish, all of the British Columbia samples were caught in the same
year and are similar sizes (Supplemental Figure 2.10). Similar to Redstripe Rockfish, it is therefore
possible that the proposed geographic structure is also due to year class patterns. Due to the
presence of a well-cited biogeographic barrier to dispersal for this population, we do believe the
structure seen in Greenstriped Rockfish is due to geographic structure instead of temporal
structure. There were no distinct year class patterns in the other species. More studies to investigate
temporal genetic variation in other rockfish species are also highly recommended, as it is possible

that our sampling effort was unable to detect this subtle structure.

2.5.5 Barriers to Gene Flow

Despite the presence of geographic population structure for Yellowtail and Greenstriped
Rockfish, both species showed evidence of migration between populations. The lack of gene flow
between these populations despite the presence of multiple migrants suggests that there may be a
barrier to reproduction. Multiple intrinsic and extrinsic barriers to reproduction could exist which
would reinforce the genetic divergence between two populations. Outbreeding depression may be

caused by local adaptation of different populations, especially if these populations originated from
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separate, highly divergent, glacial refugia populations (Allendorf et al., 2001). On the other hand,
empirical evidence for outbreeding depression seems limited (McClelland & Naish, 2007). In
addition, rockfish have complex mating rituals (Helvey, 1982) and apparent mate choice
(Johansson, M. L. et al., 2012). It is possible that separate mating rituals in the two populations
could influence mate choice and reinforce population differentiation.

Chromosomal inversions may act as an intrinsic barrier to reproduction between
populations by inducing hybrid sterility or facilitating the maintenance of co-adapted gene
complexes (Faria & Navarro, 2010). This in turn can promote local adaptation (Wellenreuther &
Bernatchez, 2018). Chromosomal inversions contribute to population structure in Pacific Herring
(Petrou et al., 2021), Capelin (Cayuela et al., 2020), and Lingcod (Longo et al., 2020). We did not
detect any large chromosomal inversions in the five rockfish species studied (Supplemental Figure
2.8). Although it is possible that whole genome sequencing may reveal smaller chromosomal
inversions not detected in our RADseq dataset (Andrews & Luikart, 2014), most previous
structural variants affecting population structure were large enough to be detectable by RAD
sequencing (Cayuela et al., 2020; Longo et al., 2020; Petrou et al., 2021). The absence of such
differentiation in genome structure in multiple species of the rapidly speciating Sebastes genus
demonstrates the potential of genetic population structure and adaptive radiation in high gene flow

species even without chromosomal inversions.

2.5.6 Implications For Fisheries Management

Species-specific patterns of population structure pose special challenges for fisheries
management by requiring independent strategies when resources are limited. The Sebastes species
complex in Puget Sound exemplifies this challenge. Our study suggests that none of the five

species of rockfish studied here corresponded to the current DPS designation, and patterns of
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population structure were highly species-specific. The current DPS designation also does not fit
Quillback (Chapter 1), Yelloweye and Canary Rockfish (Andrews et al. (2018)). The prior DPS
determination for all species of rockfish was inferred from three species known to hybridize within
Puget Sound (Brown, Copper, and Quillback Rockfish) (Buonaccorsi et al., 2002a, 2005b; Seeb,
1998a). Our study suggests this inference cannot be made widely across the Sebastes genus, and
future management measures should reflect the differences between species.

Species-specific geographic barriers pose a special challenge for spatial conservation
measures such as marine protected areas (MPAS). For example, if multiple species show similar
patterns of population connectivity, one MPA could be established (Abecasis et al., 2014). Given
that we have identified multiple patterns of population connectivity, multiple MPAs may be
needed to conserve the maximum DPS diversity for all species. For example, one large MPA for
Black and three smaller MPAs for Greenstriped would effectively conserve each species’ genetic
diversity. As such, multiple MPAs across Puget Sound and the Washington Coast may be
necessary for the conservation of all rockfish species.

A particular issue impacting the effective management of these species is the high rate of
misidentification of rockfishes within Puget Sound (Beaudreau et al., 2011). Approximately 8%
of our samples were misidentified, even though they were collected by professional samplers, who
have a significantly lower rate of misidentification compared to recreational fishers (Beaudreau et
al., 2011). Both management and conservation of species rely heavily on accurate species
identifications. Due to the species-specific population structure in Puget Sound rockfishes revealed
our study, there is an urgent need for accurate identifications of these species to properly assess

and manage each species.
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Potential reestablishment of a recreational fishery for and recovery of Puget Sound
rockfishes may benefit from subsidies from the Washington Coast restocking the depleted Puget
Sound populations, even if local recruitment improves. Results from our study suggested multiple
different connectivity patterns. First, there was no genetic differentiation between coastal and
Puget Sound and Black Rockfish, which may indicate demographic connectivity between these
two areas. On the other hand, in Yellowtail Rockfish, we detected only three potential Washington
coast dispersers (out of 23) in the Puget Sound population, which translates to 13% of the
population. Whether this is sufficient to support a fishery requires additional stock assessment
efforts.

Finally, our study identified the potential for sporadic large subsidies from genetically
distinct populations in Redstripe Rockfish. Such sporadic and unpredictable recruitment pulses
pose their own challenges for stock assessments, which should be addressed in conjunction with
genetic identification of immigrants. The genetic markers developed here provide a reliable
method to identify species, populations, and dispersers, and thus may prove to be a useful tool for

future research.
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2.6 FIGURES
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Figure 2.2 Yellowtail, Redstripe, Puget Sound, Greenstriped, and Black Rockfish collection

location and sample size. Sampling areas within the Salish Sea are north Puget Sound (NPS,
blue), south Puget Sound (SPS, green) and British Columbia (BC, purple). The size of the circles

is proportional to the size of the collection (1-25 individuals).
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Figure 3.2 PCA and STRUCTURE plots of five rockfish species suggest different structuring
patterns. For the STRUCTURE plots, each bar represents an individual, and color represents the
genetic cluster to which each fish was assigned. Populations are ordered from the coast (WC), into
Puget Sound from the north (NPS) to the south (SPS), and British Columbia (BC). Samples within
each location are ordered south to north. For the PCAs, each point represents an individual fish,

colored by their sampling location.

99



Greenstriped Redstripe Puget Sound
50 km B g§) {%@

British Columbia

50 km EC NI 50 km I

British Columbia

British Columbia

Black Yellowtail

sokm I N | @?}g@ sokm I TN |

British Columbia British Columbia

Washington

16

1.6

Figure 2.3 Geographic distribution of STRUCTURE clustering for five species of rockfish.
Pie charts are colored according to STRUCTURE plot results (see Figure 2.2) and adjusted for
sample size. The color of the pie corresponds to the average admixture proportions in each

collection. Similar capture coordinates were pooled into the same pie.

100



2.7 TABLES

Table 2.1 Summary statistics for five species of rockfish in Puget Sound, the Washington

Coast, and British Columbia. N = number of samples per population, Ho = average observed

heterozygosity, He = average expected heterozygosity, Fis = inbreeding coefficient. All values

were calculated using the R package hierfstat v0.5-11 (Goudet, 2005).

SPS NPS WC BC
N 22 12 21
. Ho 0.27 0.27 0.27
Yellowtail He 0.28 028 028
Fis 0.026 0.045 0.038
N 21 22 18
Ho 0.28 0.26 0.25
Black He 0.27 0.27 0.27
Fis -0.03 0.02 0.06
N 22 18 3
. Ho 0.30 0.29 0.29
Redstripe He 031 031 0.30
Fis 0.032 0.039 0.05
N 19 1 20 23
. Ho 0.28 028 028 0.26
Greenstriped He 0.29 ; 0.29 0.28
Fis 0.022 ; 0.022 0.045
N 5 12
Ho 0.26 0.26
Puget Sound He 0.27 026
= 0.025 0.017

Table 2.2 Pairwise Weir and Cockerham Fsr estimates for five species of rockfish in Puget

Sound and the Washington Coast. Bolded numbers are significantly greater than zero based on

a permutation test. Italicized numbers are pairwise comparisons involving a single Greenstriped

Rockfish from NPS.

Yellowtail Black Puget Sound Redstripe Greenstriped
NPS WC NPS wWC NPS | WC | NPS WC NPS WC BC
SPS 0 0.008 | 0.001 | 0.001 | 0.002 0.002 | 0.012 0 0.003 | 0.025
NPS 0.006 0.001 0 0.003 @ 0.024
WC 0.021
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Table 2.3 Summary of life history characteristics of eight Puget Sound rockfishes. We used
the following definitions to categorize the life history traits of our eight species. Depth (Shallow
(S): <50m, Midwater (M): 50-100m, Deep (D): 100+ m); Population size (Endangered (E),
Threatened (T), Healthy (H)) as defined by WDFW,; Adult habitat (Benthic (B), Demersal (D),
Pelagic (P) — as noted in the literature); Site Fidelity (High (H): >25m, Moderate (M): 15-25 m,
Low (L): >15m); Larval Duration (Long (L): >2 months, Short (S): <2 months). Depth, juvenile
and adult habitat are from Love et al. (2002)E. Population Size estimates are from Palsson et al.
(2009) ™. Site Fidelity estimates are from Hannah & Rankin (2011)* and Lowe et al. (2009).
Larval duration estimates are from Carr & Syms (2006)). Presence of population structure is
based on results from Figure 2.2, Table 2.2, Chapter 1 and Andrews et al. (2018). Copper and
Brown Rockfish are not included in the table due to the influence of hybridization on population
structure (see Chapter 1).

Species Depth? PopL_JIaEion Ad_ult3 _ Sit_e » Larv_al i Population

Size Habitat Fidelity" Duration Structure
Black S T D M L N
Puget Sound S T P - - N
Canary D E P D L N
Yellowtail D T D L L Y
Greenstriped D H B M S Y
Redstripe D H D - L Y
Yelloweye D E P D L Y
Quillback M E P D L Y
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2.8 SUPPLEMENTAL FIGURES
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Supplemental Figure 2.1 Principal components analysis of Black Rockfish including outlier

individuals with very low heterozygosity. Each point represents an individual fish, colored by

sampling location.
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Supplemental Figure 2.2 Homozygosity excess in Black Rockfish outliers not correlated to
read depth. Each point represents an individual fish. The outlying individuals removed from later
analysis are on the far-right side of the plot.
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Supplemental Figure 2.4 Principal components analysis of eight species of rockfish suggests

misidentified individuals. Each circle represents an individual fish, colored according to field

species identification. Each triangle represents an individual where field and genetic identification
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Supplemental Figure 2.5 Principal components analysis of Redstripe Rockfish labeled by life

history characteristics. Each point represents an individual fish, colored by various life history

and methodology characteristics. Unfilled circles show missing data. A: length of fish, B: sex, C:

depth caught (fathoms), D: extraction Qubit concentration, E: sequencing plate, F: collection year.
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Supplemental Figure 2.6 Pairwise relatedness estimates for 2014 Redstripe Rockfish
samples. Pairwise relatedness for the 2014 samples (left) was not significantly different than in
any other sampling year (right, p-value = 0.69). Genetic relatedness was calculated using an
identity by descent estimate on all pairs of individuals within PLINK v1.07 (Purcell et al., 2007).
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Supplemental Figure 2.7 Distribution of fish lengths for 2014 Redstripe Rockfish samples
(left) compared to other sampling years (right). Samples collected in 2014 were larger on
average than all other year classes combined (256 mm for 2014 and 231 mm for samples collected
in other years). The variance for the 2014 samples versus the other sampling years is 1.9 times

smaller.
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Supplemental Figure 2.8 Linkage decay plots per chromosome for five species of rockfish.
R? values were calculated using PLINK. One chromosome with a block of highly linked loci was
identified on Chromosome 16 for Greenstriped Rockfish.
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Supplemental Figure 2.10 Principal components analysis of Greenstriped Rockfish labeled
by life history characteristics. Each point represents an individual fish, colored by various life
history and methodology characteristics. Unfilled circles show missing data. A: length of fish, B:
sex, C: depth caught (fathoms), D: extraction Qubit concentration, E: sequencing plate, F: year

caught.
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2.9 SUPPLEMENTAL TABLES

Supplemental Table 2.1 Ne estimation based on sampling location. Effective population size
was calculated using the random mating, linkage disequilibrium model using NeEstimator with a
MAF cutoff of 0.05 (Do et al., 2014) and adjusted for high loci number (Waples et al. 2016).

Parametric 95% confidence intervals are included in parentheses.

Population Black Yellowtail Redstripe Greenstriped | Puget Sound
NPS 1,647 (1.5) Infinite 146 (2.4) Infinite Infinite
SPS 210 (1.1) 518 (1.5) 344 (2.6) 1,135 (1.4) Infinite
WC Infinite 224 (0.8) Infinite 676 (2.4)

BC Infinite

Supplemental Table 2.2 Ne estimation based on clustering pattern. Effective population size
was calculated using the random mating, linkage disequilibrium model using NeEstimator with a
MAF cutoff of 0.05 (Do et al., 2014) and adjusted for high loci number using R. K. Waples et al.
(2016). Clusters were chosen based on PCA and STRUCTURE results. Parametric 95%

confidence intervals are included in parentheses.

Black Yellowtail Redstripe Greenstriped Puget Sound
. 2014 .
Outliers | |nfinite = Coast 323 Year 1,229 British Infinite Puget Infinite
(1.8) Class (4.4) | Columbia Sound
Coast
Admixed 969 Puget 850 | O 739 and | 1,141
(2.7) | Sound @ (1.7) (1.7) Puget (3.5)
Classes
Sound
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