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Abstract

Genomic methods are increasingly being applied in fisheries to promote effective management
and sustainability. Pacific rockfishes, genus Sebastes, inhabit inshore, shelf, and slope habitats
along the North American west coast. Among these, Copper and Quillback rockfishes
(abbreviated to Copper and Quillback) are closely related species known to hybridize,
particularly within the Salish Sea in North America’s Pacific Northwest. Here, I investigate
genetic population structure and introgression patterns in Copper and Quillback rockfishes from
Alaska to California. Using low-coverage whole-genome resequencing (IcWGS) across a broad
geographic range, I seek to (1) describe genetic differentiation between the rockfish species, (2)
assess population structure within each species, (3) identify regions of the genome with unique
patterns of differentiation between species, and (4) look for signatures of introgression in the
genomes of both species. My analyses reveal that Copper exhibit higher levels of population
differentiation compared to Quillback, especially between coastal and Salish Sea populations. In
contrast, Quillback populations appear to be more panmictic, with lower overall differentiation.
Several large haploblocks are found to be segregating between the species, with introgression
patterns varying across genomic regions. These findings provide novel insights into the range-
wide genetic structure of these species and highlight the role of genomic architecture in local

introgression.
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Chapter 1: Trends in marine genomics and an introduction to Sebastes

For more than a decade, genomic methods have been applied to answer evolutionary questions in
model and natural systems. Accessible whole genome resequencing and powerful computational
tools provide robust and high-resolution insights into the history of species and populations as
well as the link between genetics and individual traits. Along with the potential to detect and
describe big-picture evolutionary questions and outcomes (Nielsen et al., 2009), genomic
analyses are quickly becoming instrumental in the fields of conservation (Allendorf et al., 2010)

and management of natural resources (Willi et al., 2021).

One of the primary conservation concerns for fisheries managers is the ability to assess and
monitor genetic diversity within and among fish populations. Genomic tools can provide insight
into the number of mating adults within a population, their gene pool, and degree of connectivity
with other populations (Hu et al., 2023; Siegle et al., 2013; Zhang et al., 2020). These are
important metrics for fisheries managers, as low genetic diversity and small population sizes can
leave exploited species vulnerable to extinction (Fagan & Holmes, 2006). Moreover, accurate
characterization of conservation units (e.g. populations which do not freely interbreed) is
essential for implementation of effective management strategies (Bernatchez et al., 2017).
Characterization of the genetic diversity of harvested species, both within and between
populations, is critical for setting catch limits, establishing marine protected areas, and assessing

species’ recovery.

The Pacific rockfishes (genus Sebastes) are a diverse clade of economically, ecologically, and
culturally important fishes (Love et al., 2002). Because of their variation in morphology, niche
preference, range and lifespan, they are the subject of emerging studies on the factors that drive

speciation, as well as variability in life span. Additionally, a history of exploitation has led to the
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assessment of some Sebastes as threatened or endangered within Canada, and many species have
experienced reduced stocks as a result of overharvest (COSEWIC, 2009, 2020). Amid ongoing
(albeit reduced) commercial and recreational fishing pressures, few range-wide assessments of
genetic variation have been conducted within the genus to date. There is therefore significant
impetus to quantify their genetic diversity at this stage of exploitation, to better make proactive

management decisions which ensure the sustainability of the fishery.

In this chapter, I will outline the advancements and applicability of genomics in natural systems,
with a focus on marine fishes. I will describe some of the observed trends in recent marine
genomic studies, which provide some null expectations in this current and future studies. I will
examine the concept of a species continuum and describe methods for detecting signatures of
hybridization in the genomes of closely related species. I will explain the special role of
structural variation in local adaptation and the speciation process, and will provide background

on my study species, the genus Sebastes, and their adaptive radiation in the Pacific Ocean.

1.10 The state of the art in marine genomics

Advances in genomic technologies have provided researchers with powerful tools to study non-
model systems. Increased computing power and the availability of high-resolution genomic data
allow biologists to develop new analytical techniques and examine patterns of inheritance at their
most granular. Pre-genomic methods, which leverage variation in allozymes or microsatellites,
are comparatively labour intensive and limited in their ability to detect genome-wide variation.
Allozyme analyses examine variation in orthologous enzymes, which exhibit differential
migration through a gel. This method captures variation at the protein level but is limited to the

region of the genome that codes for the allozyme protein. Microsatellites are short, repetitive



DNA sequences found throughout the genome and may be highly variable in length across
individuals. Analysis of microsatellite variation requires extraction of DNA and amplification
through polymerase chain reaction (PCR) before amplicons are compared through gel
electrophoresis. Because of the increased variation in microsatellite loci between individuals,
these can detect finer scale variation than allozymes. However, variation in microsatellite
markers is generally neutral and may not capture small-scale variation such as single nucleotide
polymorphisms, which would not affect migration through a gel. By contrast, next-generation
sequencing (NGS) methods provide a much more comprehensive picture of the genome. In
addition to allozyme coding regions and microsatellite loci, NGS methods enable sequencing of
most or all of the genome. Reduced representation methods, like GBS or RADseq, digest DNA
based on enzyme cut-site specificity, and preferentially cover portions of the genome proximal to
the cut-sites (Baird et al., 2008). Whole genome resequencing methods use fragmented DNA
from throughout the genome at equal rates (Li et al., 2009). Genotyping can then take place at
individual base-pair loci along the bulk or entirety of the genome with more or less equal

coverage.

Genomic methods present an opportunity to study high-resolution population differentiation (and
its drivers and consequences) in marine fishes, but this is not a simple task (Hemmer-Hansen et
al., 2014). Using genome data, population sizes and migration rates can be estimated using
demographic models, but these models are often simplified and may not adequately account for
natural selection. It is important that these challenges are met, as accurate inference of population
dynamics is critical for the long-term health of fish stocks, which comprise the only remaining

commercially harvested wild food stocks on Earth. This section briefly outlines the applicability



of modern genomics to marine systems, with emphasis on conservation, fisheries management,

and evolution.

1.11 Conservation

The application of genomic technologies in marine conservation is a rapidly expanding area of
research, with significant potential to protect biodiversity (McMahon et al., 2014). Among the
primary goals of conservation biology are (1) accurate delineation of evolutionarily distinct units
within species, (2) preservation of genetic diversity to ensure the long-term viability of
populations. Leveraging genomics can significantly enhance the effectiveness of these goals;
when compared to pre-genomic approaches, accurate genotyping of entire genomes gives
conservationists more accurate estimates of population genetic parameters. Given ongoing
debate about which parts of the genome are important for fundamental evolutionary processes,
like local adaptation and speciation, it is crucial to examine variation throughout the genome

which was not possible in pre-genomic methods.

The higher resolution conferred by whole genome sequencing enables more fine-scale
delineation of conservation units within species. What constitutes a population is oft disagreed-
upon (Waples & Gaggiotti, 2006) but can be most generally described as a group of conspecific
individuals which freely interbreed. It is important in any conservation effort to identify unique
genetic variation within populations, but also to understand what, if any, barriers exist to
migration between populations. Under water, the latter is a much more challenging task; barriers
to dispersal and migration are less conspicuous. By leveraging genomics, researchers can use
genetic relatedness to infer historical migration, also known as historical gene flow. In so doing,
genetic analyses can identify populations and, in turn, barriers to migration within species

(Alexander et al., 2009; Ma & Amos, 2012). Identification of genetically distinct populations can
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lead to more effective conservation strategies by enabling managers to specifically protect
isolated lineages (Funk et al., 2012). One recent study identified one genetically distinct
population of grey parrotfish, a threatened species who are otherwise admixed throughout their
range (Tovar Verba et al., 2023). This was important because without these genomic data, a more
spatially homogenous management strategy may have fallen short of protecting important
genetic variation within the species. Genomic analyses can even reveal cryptic species, which
can be defined as species that are phenotypically difficult to distinguish but are genetically
distinct. These species may be separated geographically (e.g. Deacon rockfish were redescribed
from a northern population of Blue rockfish) or in parapatry, such as in Sunset and Vermillion

rockfishes, previously thought to be a single species (Frable et al., 2015; Hyde et al., 2008).

Genetic diversity serves as a reservoir of evolutionary potential that promotes resilience to
present and future selective pressures. An important part of understanding how species and
genomes adapt to change is getting a clear picture of present genetic diversity within species, and
how that variation is organized in space. This baseline allows conservationists to assess the
current genetic health of populations and identify those at risk (Beger et al., 2014; Nielsen et al.,
2022). Regular characterization of populations’ genetic health enables managers to more actively
and effectively ensure sustainable harvest; stability or an increase in genetic diversity may
suggest that management regimes are working to ensure the long-term health of the population.
Conversely, populations continuing to experience declines in genetic diversity may require
intervention. Interventions, such as genetic rescue, which seek to supplement gene pools through
translocation of individuals with different genetic variation, can be quite successful in restoring
the genetic health of depressed populations (Johnson et al., 2010; Nedoluzhko, 2023). In

fisheries, aquaculture can play an important role in this process. Rearing of genetically diverse



stock in controlled environments can help conservationists know precisely what genetic variation
they stand to introduce to the depauperate population and provide a stable and protected source

of diverse individuals (Bernatchez et al., 2017; Yafiez et al., 2015).

Species’ genetic diversity can also help managers understand how exploitation and other
anthropogenic pressures impact gene pools. In the Eastern Rock Lobster, researchers found
evidence that overexploitation has reduced contemporary genetic diversity and led to a single,
genetically homogenized population throughout their range (Woodings et al., 2021). Indeed,
conservationists argue that prolonged population declines in harvested species tend to erode

genetic diversity, undermining their potential to adapt to future change.

1.12 Fisheries Management

As mentioned above, genomics help clarify the genetic structure of fish populations, and to
monitor their genetic health, enhancing our ability to manage fishery stocks more sustainably
(Bernatchez et al., 2017; Funk et al., 2012). Historically, fisheries managers have based
delineation of catch areas based on a combination of geographical features, catch and effort data,
and stock assessment models. However, genomic analyses have revealed mismatches between
existing fisheries management units and biological ones (Longo et al., 2020; Mullins et al., 2018;
Xuereb et al., 2022). To date, genomic methods have been applied to several non-model systems
to help refine management area boundaries at small and large scales. For example, northern and
southern lingcod represent two evolutionary lineages, and overlap only in a small portion of their
range, which spans from the Gulf of Alaska to Baja California (Longo et al., 2020). Researchers
posit a break in gene flow in northern California, whereby bathymetric and hydrologic features
act as dispersal barriers. Importantly, this population differentiation was driven by only a few

small regions of the genome, which would likely have gone undetected by pre-genomic methods
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of genetic stock assignment. A similar break was observed on the coast of South Africa; two
discrete populations of Yellowfin Tuna were found to be separated by patterns of strong coastal
upwelling. Even in Pacific salmon, whose genetic population structure tend to reflect spawning
site fidelity, genomic approaches have led to refinement of an existing management structure

(Xuereb et al., 2022).

The capacity of genomic methods to identify genetic breaks when they represent a minority of
the genome has enabled the development of more accurate stock assignment methods. These
methods rely on diagnostic single nucleotide polymorphisms to determine the origin of caught
fish. While some diagnostic tools have already been developed using pre-genomic genetic
markers, genomics makes these methods cheaper and more effective (Baetscher et al., 2023;
Longo et al., 2022). Stock identification methods are particularly useful in mixed stock fisheries,
such as Pacific salmon, when catch in the open ocean may be composed of several distinct
spawning site lineages. This can help conservation and management in multiple ways: it can
infer dispersal and help ensure adherence of commercial and recreational fishing statutes by

testing of landed samples and identifying their genetic stock.

Given the penchant of historical fisheries to exhaust their stocks, it is important for managers to
take a proactive approach to stock assessment. Catch and effort data are certainly useful; raw fish
biomass per catch effort has declined precipitously for many fish taxa, resulting in more stringent
management regimes (Bernatchez et al., 2017; COSEWIC, 2009, 2020; Pauly et al., 2002).
However, this reactive approach may be too late to mitigate the loss of genetic diversity in an
overfished population. Genomic data can be combined with climate models and genotype-
environment associations to enable managers to better predict future population declines (Tigano

et al., 2024) and can be used to infer the genetic consequences of overharvest. This is important



because, over time, genomic data can be used together with catch and effort data to better
understand if and how populations may recover. As discussed earlier, genomic data provide
insights into overall genetic diversity and population connectivity (Ma & Amos, 2012) but can
also infer effective population sizes in the absence of census data. Though it should be noted that
effective population size inferences have been shown to overestimate the actual number of
individuals in marine mammals (Peart et al., 2020) but can significantly underestimate census

size in marine fishes (Hauser et al., 2002).
1.13 Ecology and evolution

Advances in genomic technologies have revolutionized our ability to explore fundamental
processes in ecology and evolution. The resolution of whole genome data provides researchers
with the full breadth of genetic variation within and between species. By providing insight into
the genetic architecture underlying traits, genomics can be leveraged to address key questions in
the field such as: (1) how do species adapt to their environment? (2) what are the processes
driving speciation and maintaining species boundaries? and (3) how do historical processes

influence present-day genetic diversity?

Genomic methods allow researchers to identify the genetic basis of adaptive traits and track how
populations evolve in response to environmental change. Genome-wide association studies
(GWA) test for associations between individual genetic markers and measurable traits — even
highly polygenic ones. For example, researchers have begun to characterize the complexity of
genomic variation underlying climate adaptation in commercially important tree species (De La
Torre et al., 2019; Rellstab et al., 2016). For GWA, larger effect and more common loci are

easiest to detect, and power is increased with increasing sample size or lower environmental



variation (for example, by phenotyping samples in a common environment) (Korte & Farlow,
2013). This can be neatly illustrated with two examples. One study in salmon sought to elucidate
genomic correlates with successful migration beyond a steep gradient, but found weak signal
spread across the genome (Horn et al., 2020). It is possible that, with higher sample numbers, the
complex genetic architecture underlying successful migration could be described, or that in this
case the trait is largely controlled by non-genetic factors, like body condition. Conversely, the
genetic basis for premature timing in Pacific salmon (an important mechanism of reproductive
isolation) appears to be controlled at a single locus (Prince et al., 2017). In this case, the
premature timing allele is both relatively common and has a large effect size, making its

detection readily apparent compared to the genome background.

Genomics can reveal the genomic consequences and mechanisms of reproductive isolation and
speciation. Ecological speciation proceeds by the evolution of reproductive isolation between
populations as they adapt to their unique environments (Schluter, 2001). By focusing on
incipient species (those in the early stages of differentiation), research can reveal the genomic
variation associated with the evolution of reproductive isolation, rather than divergence that
accumulates as a consequence of that isolation. In the early stages of speciation, strong selection
at adaptive loci can result in the fixation of new mutations in one of the divergent lineages
(Tigano & Friesen, 2016; Wolf & Ellegren, 2017). While recombination and ongoing gene flow
between the incipient species act to homogenize the bulk of the genome, differentiation at these
key loci may be quite high. High-resolution genome scans comparing the divergent lineages will
then show a relatively small number of regions in the genome with unusually high levels of
genetic differentiation, termed genomic islands of divergence. Indeed, these islands have been

associated with geographic and ecotypic differentiation, in multiple species of marine fish



(Bradbury et al., 2013; Larson et al., 2017; Longo et al., 2020; Weist et al., 2022). Notably, these
regions may be very small, even contained to a single locus. This highlights the applicability of
whole genome scans to uncover such adaptive divergence when compared to pre-genomic
methods. A recent study on local adaptation in sockeye salmon highlights the utility of genomic
methods in characterizing these islands of divergence. In their study, Euclide et al. (2023)
compared the genomes of multiple sockeye salmon ecotypes from three separate populations to
uncover several small, shared islands of divergence within the species. A related study identified
three genomic islands of divergence separating migratory and non-migratory ecotypes of
sockeye from a different watershed (Tigano & Russello, 2022). In some of these cases, the
genomic islands of divergence were associated with genome structure variation. The potential

role of structural variation in local adaptation and speciation is discussed in a later section.

By analyzing genome-wide patterns of variation, researchers can infer past population dynamics,
such as bottlenecks, expansions, and migrations. Genomic data can uncover the evolutionary
history of populations, helping to reconstruct demographic changes and understand the impact of
historical events (like founder effects, bottlenecks) on current genetic diversity and population
structure. These methods are derived on the coalescent theory posited by John Kingman
(Kingman, 1982) and describe the genealogical relationships between genomic sequences
(Marchi et al., 2021). Coalescent theory hinges on the idea that the time (before present) to the
most recent common ancestor for a set of orthologous sequences in inversely proportional to
population size. This allows researchers to use genomic data from contemporary samples to
estimate current and past population sizes, as well as historical admixture events (Harris &
Nielsen, 2013). These analyses are dependent on high-resolution genome data to identify tracts

of DNA which are identical by descent from a common ancestor. For example, North American
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Drosophila melanogaster were found to be descended from a mixture of African and European
ancestors, with a smaller proportion of their ancestry drawn from Africa (Duchen et al., 2013).
This study also revisits the historical demography of one African population to identify a
historical bottleneck, whereby only a small portion of a larger population contributes to future
generations, thereby narrowing the gene pool. This last point is of particular relevance to
fisheries, many of whom have experienced significant harvest pressure at some point in their
history, and likewise have suffered small population sizes. A recent effort to characterize
population structure for improved management of Eastern Rock Lobster used neutral variation in
whole genome data to attribute low genetic diversity to past overfishing (Woodings et al., 2021).
It is important to note that because many coalescent models assume neutral variation, accurate
demographic inference may be compromised by selection, which can affect allele frequencies on

much shorter time scales (Marsh & Johri, 2024).

1.20 Observed trends in genomics of marine organisms

Marine systems and their inhabitants have many unique characteristics which affect natural
selection. On land, barriers to gene flow tend to be quite conspicuous; rivers, mountain ranges, or
patches of unsuitable habitat are readily apparent. Under water, these types of geological or
habitat-driven barriers do exist, but other hydrological phenomena, such as currents and
upwelling, are superimposed on the seascape (Grummer et al., 2019). This can lead to
unexpected patterns in individual dispersal, the basis for gene flow between populations. The
continuity of habitat can represent very broad, easily traversable ranges for many species. The
species themselves often have a planktonic larval phase which may passively disperse over large
distances. Additionally, water is host to a multitude of physiological stressors that are not present

on land, such as variation in salinity and dissolved oxygen. Here, I present some of the observed
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trends in the population genomics of marine fishes with consideration for the special context

provided by ocean habitat.

1.21 Local adaptation in a marine environment

Local adaptation requires variation in the environment. When contrasted with terrestrial systems,
marine systems contain less small-scale variation in habitat type and environmental variables
(Nielsen et al., 2009). This results in more contiguous habitat, representing a selective gradient
over very large spatial scales. Further, seasonal variation in environmental variables such as
solute concentration and temperature may outweigh spatial variation in the same, depending on
the range and habitat of the species in question (Denny & Dowd, 2022). High gene flow
throughout an environmental gradient can undermine the effect of selection to favour locally
adaptive alleles, through regular migration and the shuffling of genes conferred by recombination
(Tigano & Friesen, 2016). The segregation of putatively adaptive alleles in continuously
distributed population of marine fish, then, would not be dissimilar from neutral variation. This

is what is often observed in marine systems; divergent lineages may be differentiated, as
discussed earlier, by genomic islands of divergence, however within-species variation much
more often reflects a paradigm of low-level differentiation throughout the genome. Exceptions
may exist where environmental gradients are more severe. For example, the Baltic Sea exhibits a
very steep salinity gradient from its inner gulfs to its mouth at the North Sea. Here, researchers
have identified spatial variation in allele frequencies in Atlantic herring for genes associated with
salinity and osmoregulation (Lamichhaney et al., 2012). While these alleles are not fixed at
salinity extremes, the significant shift in allele frequencies combined with the prior knowledge of
gene function enabled convincing detection of local adaptation. It is more likely, though, given

the gradient in environment and high gene flow exhibited by most marine species, that a gradual
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shift in allele frequencies over large spatial scales (i.e. a genomic cline) is the prevailing

paradigm in marine genomics, rather than adaptation to local conditions.

1.22 Population structure and habitat connectivity

Marine fishes often exhibit low isolation by distance (IBD). Coupled with the high dispersal
capacity for marine larvae, this can lead to a highly homogenous gene pool, even over large
distances (Nielsen et al., 2009). Empirical evidence for panmixia in marine fishes is abundant
(Diaz-Arce et al., 2024; Hemmer-Hansen et al., 2014; Nielsen et al., 2009; Tovar Verba et al.,
2022) and most authors argue that high habitat connectivity coupled with the high dispersal of
planktonic larvae explains the genetic homogeneity. While these facts no doubt hold true, there
are nuances in the species’ life history, habitat, and ecological niche that can result in more

population structure.

Under water, it’s not that the physical barriers to gene flow do not exist, only that they can be
harder to detect (Nielsen et al., 2009). High resolution genomic data provide an opportunity to
identify these breaks through inference; if geographically separated populations have higher than
expected divergence, there must be some barriers to gene flow between the two populations, or
locations. This can take place over smaller scales in the case of patchy habitat, such as for fishes
who occupy coral reefs (Gaither et al., 2015) or on in major seas, such as the Mediterranean and
Baltic, where narrow entry points and hydrological directionality lead to unique genetic variation

and ecotypes (Lamichhaney et al., 2012; Puncher et al., 2018).

These various lines of evidence point to a highly complex and individual patterns of gene flow
within taxa and across space. Ecology, life history, and habitat are not the only factors to consider

when crafting null expectations for marine fish population genomics. Tides, currents,
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bathymetry, and community also play their role in gene flow dynamics, depending on the species
or population of interest. For example, Yellowfin Tuna is a highly migratory ocean fish but have
a clear genetic break across a seam of coastal upwelling on Africa’s west coast (Mullins et al.,
2018). Currents have been shown to have a significant effect on patterns of differentiation in
Gray Parrotfish (Tovar Verba et al., 2023), and Pacific Hake are genetically homogenous along
the west coast of North America, but for the populations in the Salish Sea, inside of Vancouver
Island (Longo et al., 2024). These three examples are illustrative of the potential for unique
population structure patterns in marine fishes. It is clear that, while fishes tend to differentiate
over long distances, the marine continuum is home to its own barriers to gene flow. Studies
which seek to fully characterize population structure among marine fishes should aim to sample
not only spatially disparate locations, but also ecologically diverse ones. Therein lies some
difficulty; sampling for commercially important species is commonplace, but is largely
performed during trawl or net surveys, and may lack the resolution and diversity of habitat that is
required to reflect the biological reality. Targeted sampling at specific depths and locations may

be better able to identify ecological barriers in marine fish.

1.23 The genomic effects of anthropogenic disturbance

Anthropogenic disturbance can affect fish populations in many ways. The most obvious and
well-documented among these is overharvest, here referring to the excessive commercial
exploitation of fish populations. This phenomenon is driven by intensive fishing practices that,
by definition, deplete fish populations more quickly than they can be naturally restored, and has
profound impacts on the genetic diversity of overfished populations (Pinsky & Palumbi, 2014;
Woodings et al., 2021). Recent studies have also described the effects of urbanization and

ecological disturbance on genetic diversity in marine fishes (Frei et al., 2024; Karachaliou et al.,
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2024). Combined, this suggests that the direct negative effect of fishing pressures on the genetic
diversity within a population can be compounded by the indirect effects of anthropogenic

development.

Even over one human generation, overexploitation of fisheries can quickly result in severe
population size declines and genetic bottlenecks among the targeted species (Hauser et al., 2002;
Pinsky & Palumbi, 2014; Therkildsen et al., 2019). This is detrimental to the fish population;
lower genetic diversity results in lower adaptive potential, and lower population sizes then leave
populations at risk of further loss to their gene pool through genetic drift. Allendorf et al. (2008)
suggest that lower genetic diversity is not the only potential negative outcome; overfishing can
also lead to reduced population structure and directional selective changes (Allendorf et al.,
2008). Fishers tend to remove a large proportion of mature, reproductively active individuals,
which leads to strong selection against larger fish. A recent study demonstrated loss of genetic
diversity and significant divergence in functional regions related to size, growth, and age of
maturity in only five zebrafish generations (Sadler et al., 2024). Fishing practices which target a
specific phenotype for harvest may in fact more significantly reduce the genetic diversity within
a population by selectively removing its underlying alleles (Frankham, 2012). In response to
fishing pressure, fish populations may evolve to mature at smaller sizes and younger ages to
reproduce before being caught, and can be slow to recover, if they do at all (Conover et al.,
2009). This is exemplified in British Columbia by the declining size and age-at-maturity of
Yelloweye and Quillback rockfishes, once assessed as endangered and threatened, respectively,

in their Canadian range (McGreer & Frid, 2017).

In addition to the direct selective and population size pressures imposed by fisheries,

anthropogenic development can drastically alter local environmental conditions and result in
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similar loss in genetic diversity. A metanalysis examining 73 species at 1143 samples sites
around the world found significantly lower genetic diversity in marine fish populations
associated with human density, agnostic of taxon or locality (Karachaliou et al., 2024). Another
study, which examined the link between human-caused eutrophication and genetic diversity in
freshwater whitefish, found up to a 30% decrease in genetic diversity as a result of the
environmental stressors imposed by human development (Frei et al., 2024). These findings
suggest that all the potential impacts of anthropogenic disturbance on fish populations have yet
to be described. What is certain, however, is that anthropogenic pressures, via both fishing
pressures and alteration and homogenization of habitat, have led to decreased genetic diversity in
marine and freshwater fishes. This is highly consequential for all of the species involved, whose

reduced adaptive potential may inhibit their persistence amidst ongoing environmental change.

1.30 Hybridization / introgression

Hybridization was once considered to be rare in marine fishes (Hubbs, 1955), but an increasing
number of studies suggest that it is widespread, particularly in incipient and sympatric species
associated with complex habitat (Gainsford et al., 2020; Montanari et al., 2012; Muto et al.,
2013; Wray et al., 2024). Hybridization is highly consequential for species genetic diversity and
can play a significant role in shaping the evolutionary trajectory of the species involved. The
persistence of hybrid zones can promote species genetic diversity, and even drive population
genetic differentiation (Moran et al., 2021; Wray et al., 2024). Hybridization itself can lead to the
formation of new hybrid species. For example, in Heliconius butterflies and cichlid fishes,
introgression of adaptive traits resulted in the formation of new species (Olave et al., 2022;
Rosser et al., 2024). In these examples, the intermediate phenotype conferred by hybrid ancestry

is fine-tuned through fixation of adaptive alleles from each parent species, resulting in a unique
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combination of traits. Ultimately, these systems rely on sustained reproductive barriers between
the new hybrid species and both parents. Given that most researchers can only observe present
day reproductive isolation in these systems, empirical evidence is difficult to obtain and studies

which examine this phenomenon are rare, especially in marine fish.

1.31 Genomic consequences of hybridization

Introgression, the incorporation of genetic material from one species into the gene pool of
another through repeated backcrossing, can leave distinct signatures in the genome (Moran et al.,
2021). Whether any introgressed variation will be observed in the genomes of hybridizing
species is dependent on the fitness consequences of the alleles being considered. Species
accumulate reproductive isolation over time. Consequently, not only will some introgressed
alleles be maladaptive due to ecological differences between species, but negative epistatic
interactions between loci, termed Dobzhansky-Muller incompatibilities (DMIs), will also restrict
gene flow by preventing introgression at incompatible loci and nearby regions (Dobzhansky,
1982). Consequently, the location of DMIs and ecologically adaptive alleles are expected to
control the location of where introgression is found in the genome (Bank et al., 2012; Moran et
al., 2021). In addition to the negative fitness effects conferred by specific loci, divergence in
genome architecture and recombination landscape can affect ease of introgression (Baack &
Rieseberg, 2007). The expected outcome of these incompatibilities would be reduced, if any,
minor parent ancestry in hybrids and backcrosses at specific, incompatible loci and in broader,

species-specific linked regions.

Introgression can also introduce adaptive variation to hybridizing species (Norris et al., 2015;
Song et al., 2011). Assuming growing reproductive isolation between lineages, introgression is

likely being purged by selection in most of the genome — adaptive introgression is therefore
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occurring against the grain (Calfee et al., 2021; Edelman et al., 2019). Contrasted with the
selection against introgression summarized above, adaptive introgression is therefore predicted
to result in high frequency introgressed alleles against a background of low minor parent
ancestry (Sankararaman et al., 2014). This also means that factors such as the relative position of
adaptive alleles and deleterious ones, the strength of selection on either type, and the genomic

architecture referenced above can all impact the possibility of introgression.

1.40 Inversions

Chromosomal inversions occur when a segment of the chromosome breaks off, flips 180 degrees,
and reattaches at the breakpoints in the opposite orientation. This can happen across centromeres
(pericentric) or outside of them (paracentric), with the former more likely to be responsible for
later misalignment of homologous chromosomes during meiosis (Kirkpatrick, 2010). Here, I
outline the mechanisms by which chromosomal inversions persist within populations, preserve
and collate important genetic variation. Additionally, I describe the increasingly recognized

adaptive significance of inversions and their role in population divergence and speciation.

1.41 Linkage and recombination

Inversions suppress recombination between haplotypes; if an individual possesses one copy of a
chromosome with an inversion and another without it, recombination, barring double crossovers
or conformational oddities, will result in unbalanced gametes (Kirkpatrick, 2010). Without
recombination, alleles within the inversion become tightly linked and are heritable as a single
block. Over time, mutations will accumulate in the inverted region that, in the presence of
recombination, might have been purged by purifying selection. Most inversions are small (Feuk

et al., 2005) but can have major evolutionary consequences when at a scale that encompasses one
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or more functional genes. Large-scale inversions can link together groups of genes (i.e.
supergenes) and, due to the recombination suppression conferred by the structural variation,
result in the emergence of complex novel phenotypes. In some cases, these highly differentiated
regions of the genome can be the driver of ecotypic differentiation and reproductive isolation

(Todesco et al., 2020).

It is not only adaptive mutations that are safe from recombination within chromosomal
inversions, as deleterious mutations can accumulate alongside them. This process, known
Muller’s ratchet, describes the irreversible accumulation of harmful mutations in regions with
reduced recombination, which can occur more frequently within inversions (Muller, 1964).
While inversions are not precluded from recombination, the rate at which deleterious mutations
are purged from the region can affect fitness in the long term (Berdan et al., 2021). The same
features, then, increase the evolutionary significance and detectability of inversions may, in the

long term, become detrimental.

1.42 The adaptive significance of inversions

By combining a series of tightly linked mutations, inversions have the potential to have a strong
effect on a combination of traits (Westram et al., 2022). Through the maintenance of co-adapted
gene complexes, inversions can be the sole drivers of ecotypic differentiation within species,
such as the discrete migratory phenotypes in Atlantic cod (Berg et al., 2016, 2017). The
maintenance of favourable allelic combinations, even in the face of gene flow, is the basis for the
significant adaptive potential conferred by these large structural variants. Ultimately, the ecotypic
differentiation conferred by chromosomal inversions can result in cascading divergence
throughout the genome, and total reproductive isolation — speciation. Some researchers argue

that structural variation should be better acknowledged as playing a pivotal role in the molecular
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basis of adaptation and speciation (Wellenreuther & Bernatchez, 2018). Intuitively, large-scale

structural variation can more readily facilitate selective sweeps for adaptive traits than can

individual SNPs (Westram et al., 2022).

Without causal evidence, it is harder to ascribe local adaptation to chromosomal inversions.
However, local adaptation can be inferred when there is geographic variation in the frequency of
an inversion, particularly when combined with environmental or phenotypic data (Kirkpatrick,
2010). Even without the inference of local adaptation, though, inversions have been found to be
the primary driver of population structure in otherwise genetically homogenous fish species.
Such is the case with lingcod in the northeast Pacific (Longo et al., 2020). Longo et al. found that
strong differentiation between the northern and southern populations is limited to relatively small
but highly divergent regions of the genome, underlain by chromosomal inversions. This suggests
that inversions in lingcod house important and ecologically relevant genetic variation and may be

responsible for local adaptation within the species.

1.50 Sebastes

Pacific rockfishes (genus Sebastes) are a highly speciose genus of fishes that have undergone an
adaptive radiation on coastlines in the northeast Pacific Ocean (Hyde & Vetter, 2007; Love et al.,
2002). Subject to commercial fishing, bycatch, and targeting by recreational fishers, some
species have exhibited severe population declines and have been assessed as threatened or
endangered by governing bodies in Canada and the United States (COSEWIC, 2009, 2020).
Here, I describe the life history and ecological characteristics of the genus, recent insights into
their genomic drivers of speciation and adaptation, assess the prevalence and importance of

ongoing interspecific gene flow, and highlight the conservation implications of these findings.
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1.51 Life history and ecological characteristics

Pacific rockfishes have undergone rapid speciation within the last eleven million years, resulting
in 108 described species primarily distributed along the Pacific coasts from Japan to Baja
California, as well as the South Pacific and Atlantic (Froese & Pauly, 2021; Love et al., 2002).
Among fishes, Sebastes are rare for their internal fertilization and vivipary; they gestate young
internally and give birth to live pelagic larvae. When contrasted with the broadcast spawning of
most fishes, this particular trait could be consequential for promoting genetic population
structure. First, this suggests that rockfishes may preferentially select mates based on some
criteria. Indeed, male rockfish perform movement-based courtship behaviours to entice
observing females (Helvey, 1982). Non-random mating of this type, wherein specific male
phenotypes improve their fitness, is known as sexual selection plays a pivotal role in generating
premating reproductive isolation and ultimately, speciation (Price, 1998). Second, vivipary itself
is postulated to promote diversification of species (Helmstetter et al., 2016). Functionally, this
can be attributed to the fact that a single viviparous pregnant female can colonize new, putatively
isolated habitat (Meyer & Lydeard, 1997). In coastal systems, these new habitats exist in three
dimensions, and depth has been identified as a parallel driver of speciation in multiple clades
(Behrens et al., 2021). Indeed, the variation and complexity of coastal benthic habitat may itself

promote speciation through its variety of ecological niches (Funk et al., 2006).

After being released by the mother, pelagic rockfish larvae can be found at relatively shallow
depths (to 80 m) for one to two months before transitioning to the juvenile pelagic stage (Love et
al., 2002). The line between these stages is blurred, but rockfish are considered juvenile when
some morphological features, such as gill rakers and fin rays, reach adult numbers. Juveniles

may school in the water column around rocky outcroppings or in kelp forests, again depending
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on species. The juvenile stage ends when a fish becomes more demersal, spending the bulk of
their time associating with the sea floor and its structures. Notably, the structures associated with

the sea floor can include giant kelp and other algae in the water column.

As adults, rockfishes can be divided into five categories based on depth and its associated
habitat. These are: (1) intertidal, (2) nearshore to 30 m, (3) shallow shelf to 100 m, (4) deep shelf
to 200 m and (5) slope beyond 200 m. Due largely to the depth of their habitat, relatively little is
known about the specific habitat requirements of most rockfishes. Generally, though, rockfishes
tend to prefer rocky bottoms with complex vertical structure — full of crevices and other features
(Love et al., 2002; Matthews, 1990). Individuals from many different species are often observed
inhabiting the outcropping, and individuals from the same species can be found in diverse
habitat. This suggests flexibility in terms of preferred habitat, but begs the question ‘how are

rockfishes adapting to their niches and what processes underlie their diversification?’

1.52 Adaptation and speciation in Sebastes

As outlined above, the rapid diversification of Sebastes can be explained in part by their life
history traits, but the genus is also rife with species complexes. Lineages within the genus have
evolved convergent morphology multiple times during their radiation throughout the Pacific
(Ingram & Kai, 2014). These convergent morphologies are suggestive of similar patterns of
ecological niche partitioning (Deville et al., 2023a), largely associated with depth in water
column. The mechanisms by which these species become reproductively isolated may be

explained by a combination of morphological and genetic data.

Closely related rockfishes have similar shapes, but within these species complexes,

morphological variation suggests niche partitioning by depth and trophic level (Ingram, 2015).
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For example, gill rakers and eye size act as proxies for trophic position and depth of habitat,
respectively (Ingram & Shurin, 2009) — more gill rakers act as a sieve for smaller prey and
indicate lower trophic position. Rockfish speciation is then closely associated with divergence in
habitat depth (Ingram, 2010) and the resources that are available there. Morphotypes within
currently recognized species of rockfish have been documented (Kai & Nakabo, 2002), which
lends further credence to this theory of speciation in parapatry. Further, Ingram (2015) finds that
this body shape diversification has been near constant in the evolutionary history of Sebastes
(Ingram, 2015). This suggests a steady accumulation of divergent traits, rather than a short burst,

underlies the adaptive radiation present today.

Genomic analyses which investigate the causes and consequences of speciation in Sebastes have
mixed results. Genome-wide divergence between species can be very low, even in
morphologically distinct pairs (Narum et al., 2004), while some cryptic species are significantly
genetically differentiated as to be described as distinct taxa (Kai & Nakabo, 2008). An analysis
of two species pairs separated by depth found shared islands of divergence between them
(Behrens et al., 2021), though disentangling the genomic basis for and the genomic consequences

of speciation remains a challenge.

Niche partitioning in Sebastes proceeds in more ways than depth and depth-associated habitat,
though. Many northeast Pacific rockfishes exhibit patterns of divergence wherein populations in
fjords and seas are genetically distinct from the more genetically homogenous coast (Andrews et
al., 2018; Dick et al., 2014). This parallel divergence between paired fjord and coast populations
suggests that more nuanced differences in habitat may underpin ecological divergence in

Sebastes.
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1.53 Hybridization and introgression dynamics in Sebastes

As in many marine fishes, hybridization is widespread in Sebastes (Buonaccorsi et al., 2005;
Muto et al., 2013; Narum et al., 2004; Schwenke et al., 2018; Wray et al., 2024). Extensive
hybridization in this genus is not surprising, given the ecological overlap and blurred

reproductive barriers in their many species complexes. Where closely related species exist in

sympatry, backcrossing of hybrids is commonplace and promotes many species’ genetic diversity

through introgression of outside alleles (Buonaccorsi et al., 2005; Wray et al., 2024). This is

particularly true in inlets and seas, such as the Salish Sea inside of Vancouver Island, and even

more so within Puget Sound, a complex array of narrow inlets that makes up the south end of the

Salish Sea. Here, rockfish populations have complex patterns of ancestry that strongly
differentiate them from coastal populations (Andrews et al., 2018). This region's unique
bathymetry and ecological characteristics create conditions conducive to the development of
hybrid zones. The presence of narrow, deep channels and shallow sills in Puget Sound
contributes to smaller overall population sizes and in turn to shifts in hybridization dynamics
(Schwenke et al., 2018). Here, population sub-structuring of Copper and Brown rockfish is
driven by directional introgression from Quillback rockfish (Wray et al., 2024). This type of
directional introgression is posited to result either from relatively small population sizes in the
recipient species, or due to a lower prevalence of deleterious mutations in the donor species
(Moran et al., 2021). As Quillback rockfish, but not Copper or Brown, are listed as threatened
due to chronically declining population sizes, the reasoning behind this observed directional

introgression is unclear.

Hybridization in rockfishes is not limited to inlets and seas, however. There is evidence of

hybridization in Sebastes throughout the Pacific, including in the S. inermis (Deville et al.,
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2023b) and S. vulpes (Muto et al., 2013) complexes of the Northwest Pacific. Although little is
known about the mechanisms driving reproductive isolation in these species complexes, Muto et
al. (2023) showed that genomic architecture plays a critical role in maintaining species
boundaries through hybrid inviability. They further demonstrated species-specific variation in
quantitative trait loci largely responsible for feeding morphology and colour patterns. While
divergence in colour patterns could reasonably lead to reproductive isolation via assortative

mating, whether these differences resulted in or from speciation is unclear.

1.54 Management and conservation of Sebastes

In some cases, one member of a species complex may be classified as endangered or otherwise
threatened, while their sibling species are not. In the specific case of Pacific rockfishes, this
presents something of a quandary for managers and conservationists. It is difficult to enact
management regimes which encompass a group of species with largely overlapping habitat, but
with significantly different patterns of distribution and abundance. Among these are Quillback
and Yelloweye rockfishes, which compared to other inshore species, have exhibited precipitous
population declines in past decades (COSEWIC, 2009, 2020). While catch and release for
Yelloweye rockfish is mandatory for all fishers in Canada, the efficacy of descending devices to
reverse barotrauma in landed Sebastes is debateable (Bellquist et al., 2019; Blain-Roth & Sutton,

2019; Pribyl et al., 2012; Rankin et al., 2017).

Specific spatial protections may help promote the recovery of depressed rockfish populations.
The establishment of an international network of rockfish conservation areas (RCAs) along the
Canadian and U.S. coastlines is considered an important protective measure (Haggarty et al.,
2016; Lancaster et al., 2015; Lotterhos et al., 2014). These RCAs are numerous, their distribution

meant to reflect the lowest common denominator among larval dispersal estimates in Northeast
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Pacific rockfishes. However, the efficacy of these RCAs to promote population recovery remains
unclear (Haggarty et al., 2016). Less than a decade has elapsed since the establishment of the
first RCAs, so the lack of response in population numbers among rockfish may simply reflect an
inadequate period for population recovery. It is also possible that, while RCAs may provide
rockfishes with protected areas for reproduction and early life stages, that the unprotected areas
act as strong enough population sinks so as to offset the capacity of RCAs to promote population

growth.

Past population genetic analyses suggest that, for most Canadian rockfish species, there is
significant differentiation between populations within the Salish Sea and those outside of it
(Buonaccorsi et al., 2002, 2005; Siegle et al., 2013, Andrews et al., 2018). While this suggests
that the current conservation units for inshore rockfishes are sufficient to reflect the population
genetic structure of these species, it is possible that historical fishing pressure resulted in genetic
homogeneity before a baseline of genetic diversity within the fishery could be established. In this
scenario, the continued management of all fish populations outside of the Salish Sea as a single
stock could overlook or exacerbate depletion of local populations, and their genetic diversity,

under continued pressure from fishers.

1.60 Conclusion

Among the rockfishes of British Columbia, Copper and Quillback present an ideal natural study
system. Past research has suggested that Quillback in the Salish Sea are genetically distinct from
the coastal populations, in line with findings in other species (Buonaccorsi et al., 2005). Copper

rockfish may exhibit a finer-scale population structure, given some differentiation between

coastal and fjord-caught fish (Dick et al., 2014). Recently, modern genomic methods were used
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to describe introgression within these species but focused on hybridization in only a small
portion of their range (Wray et al., 2024). Thorough sampling and high-resolution whole genome
sequencing of individuals across the entire species’ range may uncover some previously
undescribed barriers to gene flow, or genetically unique populations. In this species complex,
backcrossing with hybrids will likely result in the introgression of genetic material, so there’s

additional opportunity to quantify the genomic consequences of hybridization in these species.
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Chapter 2: Differential population structure in two species of Pacific rockfish.
2.1 Introduction

Marine fishes tend toward subtle population structure, even panmixia. This due in part to their
large population sizes and high dispersal capacity, as well as the relative continuity of marine
habitat, reducing barriers to gene flow (E. E. Nielsen et al., 2009; R. Waples, 1998). Some
species may exhibit population differentiation reflecting their unique life history, fragmented
habitat, or capacity for dispersal. Anadromous Pacific salmon, for example, have population
structure reflecting their spawning site fidelity (Xuereb et al., 2022), run timing (Narum et al.,
2023), or life cycle (Tarpey et al., 2018). In the absence of strong reproductive isolation based on
geography, though, intraspecific differentiation is harder to detect. High rates of migration and
corresponding high gene flow can lead to largely homogenized populations, both at
subcontinental and oceanic scales (Diaz-Arce et al., 2024; Natasha et al., 2022; Tovar Verba et
al., 2022). This presents a challenge for fisheries managers, who seek insight into patterns of
dispersal to establish conservation units. Genetic analyses, such as those which leverage
sequence divergence within allozymes or microsatellites, have historically been applied to
answer these questions, but have met with varying success in delimiting discrete populations
(Buonaccorsi et al., 2004; Gao et al., 2016; Gilbert-Horvath et al., 2006). When population
structure is subtle, or limited to some genomic regions, small numbers of markers may be unable
to identify it. Genomic techniques provide researchers with improved resolution to study
population structure in marine fishes (Bernatchez et al., 2017; Longo et al., 2020) but have been
sparsely applied to address outstanding questions in fisheries management, many of which rely

on decades-old genetic analyses. Given the increasing effectiveness and affordability of genomic
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resources, it is essential to close this knowledge gap, particularly for overfished and threatened

species.

Eastern Pacific rockfishes, genus Sebastes, comprise many commercially and recreationally
valuable species, inhabiting inshore, shelf, and slope habitats along the North American west
coast (Love et al., 2002, Hyde & Vetter, 2007). Inshore rockfish include Quillback (S. maliger),
Yelloweye (S. ruberrimus), Copper (S. caurinus), Tiger (S. nigrocinctus), China (S. nebulosus),
Black (S. melanops), Brown (S. auriculatus), and Deacon (S. diaconus) rockfishes. Among these,
Copper and Quillback rockfishes (abbreviated to Copper or Quillback) hybridize extensively,
particularly within the Salish Sea (Seeb, 1998; Schwenke et al., 2018; Wray et al., 2024). In
Canada and the United States, stocks are managed along political boundaries (between countries
and states) and at regional scales whereby fish in the Salish Sea, for example, are considered a
separate stock from those of the greater coast. Importantly, the latter delineation was originally
made to reflect exploitation history and not any evolutionarily significant distinction between the
fish occupying the waters inside and outside of Vancouver Island. There is evidence to suggest,
however, that the management units reflect genomic differentiation between the outer coast and
Salish Sea populations in some species. For example, Yelloweye rockfish in both the Canadian
and U.S. waterways of the Salish Sea are genetically distinct from the outer coast (Siegle et al.,

2013; Andrews et al., 2018).

Pacific rockfishes exhibit characteristics that can result in spatially discrete population structure.
Small adult home ranges, courtship rituals, internal fertilization, parturition of live offspring,
oceanographic effects on larval dispersal, and nearshore early life-history stages may all
reasonably conspire to limit gene flow over large distances and promote genetic differentiation

(Buonaccorsi et al., 2002, 2005; Hannah & Rankin, 2011; Helmstetter et al., 2016; Love et al.,
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2002; Matthews, 1990; Tolimieri et al., 2009). Previous examinations of population structure in
Copper and Quillback rockfishes have been technologically or regionally limited. Though
overlapping through most of their range, Copper exhibit a more southerly distribution; Quillback
are found in California but are much less abundant at this southern extent (Love et al., 2002).
Genetic analyses suggest that both species exhibit significant differentiation only when Puget
Sound is considered (Buonaccorsi et al., 2002, 2005; Seeb, 1998). Another study which
examined differentiation at microsatellite loci in Copper rockfish found replicate divergence
between pairs of inlet and coast samples on the west coast of Vancouver Island (Dick et al.,
2014). Most recently, increased hybridization between Quillback, Copper, and Brown rockfishes
in Puget Sound has been hypothesized to drive differentiation between coast and Salish Sea
populations (Wray et al., 2024). Together, this could be taken as an indication that inlet fish

harbour some unique genetic diversity, but more robust data are required to test this hypothesis.

This study seeks to leverage low-coverage whole genome resequencing (IcWGS) of Copper and
Quillback rockfishes to describe their genetic diversity and population structure throughout their
native range. Through this international sampling effort, I seek to: (1) describe genetic
differentiation between the species, (2) assess population structure within each species, (3)
identify regions of the genome with unique patterns of relatedness between species, and (4) look
for signatures of introgression in the genomes of both species. Through the first range-wide
characterization of genetic diversity in these species, I provide novel insight into their patterns of

dispersal, differentiation, and introgression.
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2.2 Methods

2.21 Sample collection:

Samples were collected by various means, including in annual longline surveys conducted by
Fisheries and Oceans Canada (DFO) and the US National Oceanic and Atmospheric
Administration (NOAA) and in individual rod-and-reel catch efforts conducted by authors and
collaborators (Anderson et al., 2019). In total, 113 Copper (S. caurinus) and 200 Quillback (S.
maliger) rockfish were collected between June 1994 and August 2022. Samples were sorted into
eight regional bins: Alaska (AK), Hecate Straight (HS), Queen Charlotte Sound (QCS), Western
Vancouver Island (WVI), Salish Sea (SS), Puget Sound (PS), Washington and Oregon (WA/OR),
and California (CA; Fig. 1B). Additionally, as outgroups I included 5 Gopher (S. carnatus) and 5
Black-and-yellow (S. chrysomelas) collected from the same sources which, while closely related,

only range from southern Oregon to Baja California (Hyde and Vetter, 2007).

2.22 Library prep and low coverage sequencing:

All whole genome resequencing library preparation was performed using methods similar to
Baym et al. (2015), Therkildsen & Palumbi (2017), and Euclide et al., (2023). Genomic DNA
input was normalized to 10 ng per individual. Per Euclide et al. (2023), sample purification,
product normalization, and pooling were conducted with SequalPrep plates (ThermoFisher
Scientific: Waltham, MA, USA) rather than AMPure XP beads (Beckman Coulter: Brea, CA,
USA). Prior to sequencing, the final pooled library was visualized on a 2% agarose E-gel
(ThermoFisher Scientific) and quantified with the Qubit HS dsDNA Assay Kit (ThermoFisher

Scientific).
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Sequencing of an initial batch of 113 Copper and 152 Quillback rockfish, as well as the Gopher
and Black-and-yellow samples, occurred at Novogene (Sacramento, CA, USA) on Illumina
NovaSeq S4. An additional 48 Quillback samples were sequenced by the University of Oregon’s

Genomic & Cell Characterization Core Facility (GC3F; Eugene, OR, USA).

2.23 Alignment, variant calling and quality control:

Alignment and initial quality control were done using the Snakemake pipeline grenepipe v0.10.0
(Czech & Exposito-Alonso, 2021). All tools were run using default settings unless specified
otherwise. First, adaptor sequences were trimmed using fastp v0.20.0 (Chen, 2023). Reads were
then aligned to a Korean rockfish (S. schlegelii) genome acquired from the Chinese National
GeneBank Database (CNA0000824) using bwa-mem v2.2.1 (Vasimuddin et al., 2019).
Overlapping read pairs were clipped using BamUtil clipOverlap v1.0.15 (Jun et al., 2015), and
duplicated reads were removed using picard MarkDuplicates v2.23.0 (Broad Institute, 2019)
with the parameters -Xmx80g REMOVE DUPLICATES=true

VALIDATION STRINGENCY=SILENT. FastQC v0.11.9 (S. Andrews, 2010), Qualimap v2.2.2a
(Okonechnikov et al., 2016), picard CollectMultipleMetrics v2.23.0 (Broad Institute, 2019), and
MultiQC v1.10.1 (Ewels et al., 2016) were used to assess the quality of the data throughout the

pipeline.

Variants were called using freebayes v1.3.6 (Garrison & Marth, 2012), for which I skipped sites
with overall read depth in excess of 20x the total number of samples since average depth was
6.04 and set both minimum mapping and base quality to 20 (-g 6260 -m 20 -q 20). Monomorphic
sites were retained in the unfiltered dataset for estimates of genetic diversity. I then used vcftools
v0.1.16 (Danecek et al., 2011) to extract individual and site-based statistics for the remaining

samples and excluded some poor-quality samples (>25% missing data). In total, 18 Copper and 6
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Quillback were excluded from analysis due to missing data or suspected sample contamination.
The final total number of samples retained were 95 Copper and 194 Quillback (Fig. 1B; Table

S1), as well as five samples each of Gopher and Black-and-yellow.

I then filtered the data for downstream analyses using both bcftools v1.20 (Danecek et al., 2021)
and vcftools; I retained only biallelic SNPs with a minor allele frequency greater than 5%, with
maximum 25% missing data, minimum read depth of 5, maximum read depth of 50, and QUAL
> 20. I chose a minor allele frequency of threshold of 5% after testing with lower thresholds to
ensure that no rare alleles were lost in the Puget Sound population. This filtering regime was
applied to the whole dataset for interspecific analyses, as well as to each species separately for
intraspecific analyses. After filtering, 1,047,615 SNPs were retained in the interspecific dataset,
while 350,889 SNPs were retained in Copper and 1,447,179 SNPs in Quillback. The above
computations and most downstream analyses were parallelized using GNU parallel (Tange,

2023).

2.24 Population structure, differentiation, and genetic diversity:

For both inter- and intraspecific population structure analyses, I performed principal component
analyses (PCAs) in R v4.2.2 (R Core Team, n.d.) with the SNPRelate package v3.13 (Zheng et
al., 2012) and assessed ancestry proportions of our samples with admixture v1.3.0 (Alexander et
al., 2009). Sites were pruned for the ancestry analysis using PLINK v1.90 (Purcell et al., 2007) in
10 kbp windows, with a maximum r-squared of 0.1 between retained sites in order to reduce

redundancy and avoid overrepresentation of linked regions.

To generate a phylogeny of all samples in the data set, I thinned and converted the full filtered

dataset using a custom per/ v5.32.1 (Wall et al., 2020) script, which retained 5% of sites. I then
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used igtree2 v2.3.6 (Minh et al., 2020) with 1000 Ultrafast bootstraps (Minh et al., 2013) to

generate a consensus tree (-m “GTR+ASC” -st DNA -B 1000).

Next, I sought to characterize the genomic differentiation both between and within my study
species. To achieve this, [ used a custom per! script to calculate Fst for each position in the
genome and summarized the results on a per-chromosome basis in R (Samuk et al., 2017). This
analysis was applied to both species together and separately. Intraspecific Fst was first calculated
between geographic population bins. Then, for more granular comparisons, sampling coordinates
were rounded to the nearest degree to make bins which included at least two samples. Eight
Quillback and five Copper whose coordinates remained unique after rounding were excluded
from pairwise Fst calculations, to ensure that any variation within a single individual did not
make an outsized contribution to my result. I observed that Quillback had significantly lower
population differentiation than Copper, so used pixy v1.2.7 (Korunes & Samuk, 2021) to estimate

standing genetic diversity (pi) in both species.

Given that differentiation was highest in comparisons made between fish in the Salish Sea
(including Puget Sound) and outside of it, another pairwise Fsr calculation was conducted
between all Salish Sea samples and all others. I also subset samples inside and outside of the
Salish Sea to run both principal component and admixture analyses and look for structure

independent of the major axis of variation.

2.25 Tests for genomic correlates with latitude

As the samples span the bulk of the North American coast, I next sought to test for any
correlation between genotype and latitude, to assess if there is evidence of genetic adaptation

along a latitudinal gradient. I first subset my samples to remove those from within the Salish Sea
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(including Puget Sound), as these samples were most differentiated from those on the coast and
were likely to confound any correlation with latitude. I generated a RAW format genotype table
with PLINK v1.90 (Purcell et al., 2007) from each species’ filtered dataset (--recode A) and used
a custom python v3.10.10 (Python Software Foundation, 2023) script to calculate Kendall’s tau
for ranked correlation between each locus and sample latitude. To combine individual p-values
across meaningful genomic windows and reduce the likelihood of false positives, I used the
weighted-Z analysis (Booker et al., 2024), where windows reflected annotated genes in the
reference genome. I retained the top 1% of genes (ordered by p-value) most significantly
correlated with latitude in each species, first checking for gene overlap between the two species.
Next, I tested for enrichment of gene ontology (GO) terms in the same significant subset of

genes in each species using the topGO R package v.2.5.0 (Alexa et al., 2006).

2.26 Characterization of haploblocks:

Genome-wide population differentiation tests did reveal several distinct regions with high Fsr in
Quillback rockfish and one in Copper. Extended regions of high differentiation can be due to
large structural variants causing high linkage. To test this, I sought to determine whether any of
the peaks coincided with patterns of linkage disequilibrium (LD) in either species. To estimate
and visualize LD within each chromosome, I again used PLINK v1.90 (Purcell et al., 2007).
First, I thinned each species’ dataset (57% of sites retained in Copper, 14% of sites retained in
Quillback; --thin) to generate a less cumbersome list of SNPs before calculating r-squared within
each chromosome. Next, to summarize the r-squared data into files of manageable size, I used a
custom python v3.10.10 (Python Software Foundation, 2023) script to group SNPs into 500 kbp

windows and extract the two highest values for each window pair, retaining the second highest.
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This revealed a number of regions with high LD in both species, concentrated at chromosome

ends.

Regions of high LD are often due to low recombination, but may not correspond to distinct
haplotypes, like those that occur from inversions (Ishigohoka et al., 2023). To test whether the
LD blocks were caused by distinct non-recombining haplotypes, I used the lostruct (H. Li &
Ralph, 2019) R package. This program conducts PCAs in windows along the genome and
identifies windows with significantly different population structure patterns. To improve lostruct
performance, a new filtering regime was applied to the interspecific dataset (again using vcftools)
to yield chromosomal variant files without missing data, as missing data can confound the

individual PCAs. I ran the program on a per-chromosome basis, in windows of 100 SNPs.

Where blocks of LD coincide with abnormal interspecific population structure (i.e. lostruct
outliers), I sometimes observed a three-column PCA pattern consistent with three genotypes (0/0,
0/1, and 1/1). To define the extent of these haploblocks, I manually investigated the lostruct
results to identify adjacent windows within regions of high LD which had similar patterns and
extracted the first and last SNP positions associated with those PCAs. Using these bounds, 1
subset the genomic data for each region using bcftools and performed new region-wide PCAs
with SNPRelate. To visualize the distribution of genotypes within species, the top 100 SNP
positions contributing to PC1 were extracted using SNPRelate, their relative position and
genotype were plotted for each individual. To ensure that any candidate LD blocks were not
centromeres, I used the R package repeatOBserver (Elphinstone et al., 2023) to locate the centre

positions of each centromere.
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2.27 Haplotype evolutionary history and geographic distribution:

Generally, I observed haplotype variation within species that was not shared between species, but
in seven cases, at least one individual from either species was observed to be homozygous for the
other species’ common haplotype. For these regions, ten individuals from each species were
selected for phylogenetic analysis, to explore the evolutionary history of each species’ haplotype.
I specifically chose samples that were homozygous for each haplotype in each species, when
available. Ten additional samples, five each of gopher and black-and-yellow rockfishes, were
added to the phylogenetic analysis. New variant calling and SNP filtering was performed for
each region and sample set as above. Then, using custom per/ scripts, I appended a sample with
the Korean rockfish reference sequence to each variant file to act as outgroup, and converted the
SNP table to FASTA for phylogenetic analysis. Consensus trees for each region were generated
using igtree2 as above. Then, to determine whether introgression of the haplotypes was biased
toward samples in the Salish Sea, I summarized allele counts within the haploblocks for each

species in R.

Lastly, to better understand whether the admixture I detected was in any way driven by
introgression of these large haploblocks, I tested for correlation between individual’s opposite-

type allele count and their proportion of mixed ancestry.

2.28 Tests for introgression:

As several haplotypes were observed to be segregating between the study species, I conducted
formal tests of introgression using Dsuite (Malinsky et al., 2021). To accomplish this, I assigned
individuals to one of four groups based on the interspecific admixture analysis; pure types from

each species represented two of the groups, while any degree of mixed ancestry would result in
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assignment to an admixed group for each species. As above, I appended a sample with the
reference sequence to be used as the outgroup. Both overall and site-specific D were calculated

for each unique combination.

2.3 Results

2.31 Interspecific analyses

Sequencing yielded an average read depth per sample of 5.25 in Copper, 6.83 in Quillback, 7.21
in Gopher and 11.38 in Black-and-yellow (Fig. S1). In the interspecific PCA, the first principal
component (PC1) separates samples along species lines and explains 14.07% of the total
variance (percent variance explained; PVE). PC2 (0.8% PVE), separates Copper into their Salish
Sea and coastal populations, while PC3 (0.59% PVE) reveals a more continuous distribution
among Quillback (Fig. 1D). An unrooted consensus tree of the full sample set reveals a pattern
consistent with the PCA, whereby Quillback nodes radiate more from a central point than do the
more differentiated Copper (Fig. 1C). Interspecific admixture results indicate that there are 110
Quillback with some proportion of Copper ancestry (none exceeding 7.2%), and that there are 45
admixed Copper with up to 15.7% Quillback ancestry (Fig. 1E). In both species, samples from
within the Salish Sea had a higher mean minor parent ancestry; from 0.6% to 6.4% in Copper
and from 0.5% to 1.4% in Quillback (Fig. S2). Overall interspecific Fst was calculated to be

0.333.

2.32 Intraspecific population structure and differentiation

Intraspecific principal component analyses reveal that Copper have more defined population
structure than Quillback (Fig. 2A). The first principal component in Copper (3.83% PVE)

divides fish in the Salish Sea from the coastal populations. A single individual from the
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Washington and Oregon region genetically grouped with the Salish Sea and Puget Sound
samples. The coastal Copper samples exhibit a more continuous distribution along PC2, with the
most distal samples from California and Hecate Strait group more closely together than with
most Washington and Oregon samples. When excluding Salish Sea samples from these analyses,
however, I found subtle population structure reflecting divergence between California,
Washington/Oregon, and Hecate Strait (Fig. S3). While K = 2 was the best supported admixture
result (in contrast to K = 3 or higher; Fig. S4), both the PCA and ancestry proportions do

strongly reflect some degree of population differentiation along the coast.

Quillback principal components are less informative, as most samples tend toward a single dense
cluster (Fig. 2A). The first PC largely separates out a subset of Salish Sea, Puget Sound and West
Vancouver Island samples, with outliers concentrating in the narrow straits at the North end of

the Salish Sea (Fig. S5).

I observe correlation between the first principal component in each species and their interspecific
admixture proportion (Fig. 2B). This relationship was significant in both species; with an r-

squared of 0.4825 in Copper (p = 5.871e-15) and of 0.5787 in Quillback (p < 2.2e-16).

Within Copper, Fst between the population bins was highest in inside (e.g. Salish Sea and Puget
Sound) vs outside (all others) comparisons (Fig. 2C). Values were highest between Puget Sound
and Hecate Strait (Fst = 0.078), and lowest between California and Washington/Oregon (Fst =
0.0095). The pattern in Quillback was similar, but population differentiation was much lower —
the highest Fst value was between Queen Charlotte Sound and Puget Sound (Fst = 0.011), while
the lowest, highlighting the panmixia of coastal Quillback, was between California and Alaska,

(Fst = 0.0003) (Fig. 2C).
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Figure 1: Sampling and interspecific differentiation. A) Underwater photographs of each
species by Andy Murch at Big Fish Expeditions. B) Sampling distribution and geographic
bins. The number in parentheses represents the samples retained after filtering from each
population: Alaska (AK), Hecate Strait (HS), Queen Charlotte Sound (QCS), Salish Sea (SS),
Western Vancouver Island (WVI), Puget Sound (PS), Washington and Oregon (WA/OR) and
California (CA).C) Unrooted consensus tree of all individuals retained in the data set,
coloured by species. D) Mean nucleotide diversity (pi) for all chromosomes in both species.
E) Principal component analysis of all samples, coloured by species. F) Combined admixture
analysis of all samples for K = 2.
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In my analysis of pairwise differentiation between rounded coordinates, a similar trend was
observed (Fig. 2D). In Copper, mean pairwise Fst between coastal sampling locations was 0.008,
between locations in the Salish Sea was 0.033, and in pairwise comparisons between the Salish
Sea and coast was 0.058. In Quillback, these values were much lower: mean Fst of comparisons
on the coast was 0.003, within the Salish Sea was 0.002, and between locations on the coast and

within the Salish Sea 0.004.

Admixture analyses were comparable between species (Fig. 2E); the highest confidence estimate
of population structure (lowest cross-validation error; Fig. S4) was in K = 1. In Copper, cross-
validation error for K = 2 was similarly low and reflective of the population structure observed in
the PCA. At K = 2, Copper within Puget Sound and the Salish Sea as well as a single northern
Washington coast sample appear to make up one group, while other coastal populations maintain
some small proportion of that ancestry. Quillback are similar but the pattern is weaker, which is

consistent with the low overall levels of differentiation observed in the species.

Across the genome, pairwise Fst of geographic Copper populations was largely heterogenous,
but I did observe concentrated differentiation in the form a single clear outlier peak on
chromosome 20 in three comparisons (Fig. S6). The three pairwise Fsr calculations which
possessed this peak were between the coastal populations, California, Washington/Oregon, and
Hecate Strait. This recurring Fst peak did not overlap with a region of high LD but may warrant
further investigation in future studies. In all pairwise tests which included Salish Sea Copper,
differentiation was highly heterogenous (Fig. 2F). Quillback, despite exhibiting very low levels
of overall divergence in all pairwise tests, had highly differentiated peaks in some comparisons
(Figs. 2F, S7, S8). While the same peaks were not shared in all comparisons (Figs. S7, S8), most

correlated with regions of high LD (Fig. S9).
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2.33 Correlation with latitude

Three genes met the significance threshold in both species, but none were annotated with gene
information (Fig. S10, S11). Among the 40 most enriched GO terms in each species, none were
shared between Copper and Quillback. However, many of the most enriched GO terms were

involved either in protein binding or enzyme activity (Fig. S12).

2.34 Investigation of haploblocks

My linkage graphs revealed that 19 of the 24 chromosomes in the genome assembly contained
large regions (> 1 Mbp, though often > 3 Mbp) with unusually high linkage between markers
(Fig. S9). In most cases, this was limited to one region per chromosome and was located at or
very near the end of chromosome. Seven of these linked regions satisfied two criteria for further
investigation: (1) they coincided with regions of the genome identified by lostruct analysis to
contain a three-column PCA pattern consistent with three genotypes, (2) at least one individual
from either species was observed to be homozygous for the other species’ common haplotype

and (3) the regions did not overlap with centromere position (Fig. S13, S14).

For most of the genome Quillback and Copper rockfish fall together phylogenetically, but of
these regions of high linkage, two exhibit an unusual phylogenetic pattern whereby one of
haplotypes share a more recent common ancestor with more distantly related Black-and-yellow
and Gopher rockfishes (Fig. 3D). On chromosome 12, both species exhibit high linkage within
the region spanning BP 713,412-3,099,105 (Fig. 3A). Here, a single Copper individual from

Oregon is homozygous for the Quillback haplotype (Fig. 3B).
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Figure 2: Intraspecific population structure and differentiation. A) Principal component
analyses for both species, individual points coloured by geographic population, see legend in
B. B) Proportion of mixed ancestry as a function of the first intraspecific principal component
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differentiation between geographic populations in both species. D) Boxplot showing
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F) Line plot visualizing the rolling mean of Fst between all samples within the Salish Sea,
and all samples from outside of it.
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One cluster of homozygous Copper-type individuals contains the bulk of the Copper samples,

while two smaller clusters of Copper represent individuals heterozygous with one of two

relatively distinct Quillback haplotypes. Isolation of the 100 SNPs most contributing to PC1

score indicates that there are nearly fixed variants between the two haplotypes (Fig. 3C).

Phylogenetically, the single homozygous Quillback-type Copper individual is nested within the

Quillback clade (Fig. 3D). Although genome-wide Copper and Quillback are more closely

related, for this region, Copper is genetically closer to Gopher and Black-and-yellow than

Quillback.
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Figure 3: Characterization and distribution of two linked regions. A) Linkage
disequilibrium in each chromosome; red rectangles highlight triangles of high r-squared
indicating linked regions. B) Principal component analyses conducted within the linked
regions. Points coloured by species. C) Genotype plots representing the 100 SNPs most
associated with PC1 within each region. Rows represent individual samples. D) Consensus
phylogenetic trees for each region. These were generated by selecting homozygous
individuals from each species and five samples each of gopher and black-and-yellow rockfish,
with the Korean rockfish reference as outgroup.
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The chromosome 23 haploblock exhibits high linkage only within Quillback (Fig. 3A). This
region spans BP 186-2,212,001. Here, Quillback cluster into three groups: homozygous for the
Quillback haplotype, homozygous Copper-type, and heterozygous (Fig. 3B). Only four Copper
individuals are heterozygous. The second principal component (1.55% PVE) accounts for some
interspecific variation; individuals from each species do not cluster cleanly together.
Phylogenetic analysis places the Copper-type Quillback within the Copper clade (Fig. 3D).
Within this region, the more common Quillback haplotype is more closely related to Gopher and

Black-and-yellow rockfishes than with the Copper haplotype.

2.35 Tests for introgression

Genome-wide tests for introgression indicate asymmetrical gene flow. Comparing admixed
Copper to both admixed and pure Quillback yielded significantly positive D statistics (D =
0.0554; p <2.2e-16), indicating introgression from Quillback into Copper. Assessing admixed
Quillback compared to pure and admixed Copper yielded negative D statistics (D =-0.0131; p <
2.23e-16 and D =-0.0144; p < 2.2e-16, respectively), which suggests that gene flow is not
occurring from Copper into Quillback. Additionally, I found that interspecific admixture
proportion was correlated with haplotype count in Copper (Fig. S15, p = 0.0002) but not in

Quillback (p = 0.138).

2.4 Discussion

In this study, I observe significant differences in the distribution of genetic variation between
Copper and Quillback rockfishes, both within the genome and between sampling locations,
despite similar levels of genetic diversity. The subtle overall population structure in both species

is in line with genetic and genomic analyses in other Pacific rockfish species (An et al., 2012;
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Buonaccorsi et al., 2004; Gao et al., 2016; Zhu et al., 2024). Higher differentiation between coast
and inlet sampling locations is consistent with previous genetic studies in these species
(Buonaccorsi et al., 2002, 2005; Dick et al., 2014), but the significant interspecific differences in
range-wide population structure are here described for the first time. Additionally, I identify
multiple large haplotypes independently segregating within the species complex, which
contribute to signatures of directional introgression from Quillback into Copper, in support of
recent findings (Wray et al., 2024). These results suggest that subtle differences in life history,
while acting to reinforce reproductive isolation between the species, have resulted in differential

patterns of gene flow within the species complex.

2.41 Species fidelity and directional introgression

Hybridization is ongoing between the species, but introgression is directional; genetic material
primarily flows from Quillback into Copper. The low level of mixed ancestry in the sample set is
consistent with long-term, low levels of hybridization purported by Schwenke et al. (2018) but as
our sampling effort sought to exclude phenotypic hybrids, my analyses likely underestimate real
admixture. Nonetheless, I observe an association between interspecific admixture proportion and
intraspecific PC1 in both species, which suggests that the main axis of intraspecific variation is
driven by introgression. However, more formal tests of introgression reveal that while admixed
Copper are indeed admixed with Quillback, that the seemingly admixed Quillback do not share
more derived alleles with Copper than pure Quillback do (Table S1). Therefore, the seemingly

admixed Quillback house variation of a different origin.

Given the presence of a third species within this complex, it is plausible that this variation in
Quillback is driven by introgression from Brown rockfish. Previous work found low but

significant levels of introgression from Brown rockfish into Quillback, concentrated in Puget
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Sound (Schwenke et al., 2018; Seeb, 1998; Wray et al., 2024). As the admixed Quillback are
geographically concentrated within the narrow straits at the north end of the Salish Sea, the
variation I observe may be due to a similar effect posited by Schwenke et al. (2018); that the
environmental conditions, close quarters, low population sizes and potentially limited mate
choice conferred by inlet habitat are conducive to hybridization. It is also possible that the
genomic cline observed in Quillback is due to habitat-related divergence within the species, like

that which is suspected to occur in Copper rockfish (Dick et al., 2014).

While, genome-wide, the average D statistics indicate gene flow from Quillback into Copper,
there may still be gene flow in the other direction, albeit limited to a much lower overall fraction
of the genome. In several of the haploblock regions, Quillback individuals possess Copper
haplotypes, either due to introgression or simply localized incomplete lineage sorting. In Copper,
the genome-wide signal of introgression correlates with the number of Quillback-type
haplotypes, while in Quillback there is no such relationship. This, again, supports the
interpretation that signals of admixture in Quillback do not reflect actual Copper introgression,

but that individual Quillback do contain some localized signals consistent with introgression.

Overall, my findings are consistent with previous work within this species complex that describe
hybridization and directional introgression within the species complex. Allele sharing appears to
be driven largely by hybridization of opportunity or necessity, primarily in more complex
estuarine habitats. A similar trend was observed in Japanese S. zonatus and S. vulpes, wherein
hybrids are more closely related to S. zonatus, and the extent of their hybridization varies
considerably based on locality (Muto et al., 2013). Reproductive isolation within the genus,
driven by fine-scale habitat partitioning, thus appears to break down as habitat segregation and

conspecific mate availability declines.
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2.42 Intraspecific analyses.

Copper are significantly more differentiated throughout their range than Quillback, despite
similar levels of genetic diversity. My results find support in previous work suggesting that
population structure of Copper rockfish is driven by hybridization with Quillback (Schwenke et
al., 2018; Wray et al., 2024). With the unique confluence of increased hybridization potential and
the limitations to dispersal imposed by Salish Sea (Buonaccorsi et al., 2005), Copper rockfish
exhibit a unique population structure driven primarily by directional introgression from
Quillback and reinforced by the effects of genetic drift. This is not unprecedented in marine
species, as local introgression has been shown to be the main cause of intraspecific
differentiation in mussels (Fraisse et al., 2016), but this finding does imply that hybrid zones may
play an important role in the maintenance of genetic variation in fishes. However, this effect is
asymmetric; introgression conferred by this hybridization does not result in increased population
structure among Quillback. While these species do overlap significantly in their life history,
niche partitioning by depth has led to reproductive isolation and speciation (Ingram, 2010).
Subtle life history differences, likely associated with depth preferences and corresponding
changes to habitat and resource availability, may also contribute to the observed differences in

population structure.

Previous work using microsatellites found similar divergence between Salish Sea and coastal
copper, but also found that Copper within Puget Sound are genetically distinct (Buonaccorsi et
al., 2002). Puget Sound was not sufficiently sampled as to make a similar determination, but the
agreement between earlier microsatellite analysis and the IcWGS used here is encouraging.

However, given the low genetic diversity within my study species and the highly polygenic
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nature of complex environmental adaptations, methods which better leverage IcWGS to target

non-neutral variation could yield more informative results (Nielsen et al., 2009).

The very low levels of genetic differentiation between Quillback populations more resemble the
norm among rockfishes, which tend toward subtle, if any, population structure. Given the
episodic recruitment pulses characteristic of the genus (Love et al., 2002; Licandeo et al., 2020)
and small home ranges of adults, such genetic homogeneity over large distances is surprising
(Love et al., 2002; Tolimieri et al., 2009; Zabel et al., 2011). Reports suggest that larval dispersal
may range from less than 10 km up to 120 km per generation (Buonaccorsi et al., 2005; Miller &
Shanks, 2004), with generation times up to 24 years (Love et al., 2002; DFO, 2024). Together,
these factors suggest that it would take several generations and hundreds of years to disperse
along the entirety of the North American coast and it would be reasonable to expect strong
differentiation between geographically distal sampling locations. Instead, most work suggests
subtle isolation by distance effects (IBD), rather than discrete populations, are the norm within

Sebastes.

I also did not detect population structure in Quillback within the Salish Sea or while excluding it.
The coastal populations of Copper, however, do exhibit some subtle genetic clustering consistent
with three groups (Fig. S4). My results suggest one break in gene flow near northern California,
and another between Washington State and Hecate Strait. This is relatively consistent with the
population structure of coastal lingcod (Longo et al., 2020), in which differentiation between
coastal populations is driven by a few highly divergent loci. The outlier Fst peak on chromosome
20 in these pairwise comparisons may similarly house important genetic variation and warrants
further investigation alongside ecological data. More evidence for a genetic break in northern

California can be found within Sebastes; early work first described two divergent populations of
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Blue rockfish (Cope, 2004), from which the more northern Deacon rockfish was eventually
described (Frable et al., 2015), while Yellowtail rockfish are significantly differentiated across a

similar latitudinal threshold (Hess et al., 2023).

Like other inshore rockfishes, Copper and Quillback are currently managed as two separate
populations in British Columbia, those inside Vancouver Island and those outside of it (DFO,
2024). My findings suggest that the current management regime is likely representative of the
biological reality in Copper, but that Quillback may be more panmictic than the current regime
suggests. However, the presence of some highly differentiated regions in Quillback populations
suggest subtle population structure could be limited to smaller genomic regions which require

further investigation.

2.43 Heterogeneity across the genome in pairwise FST calculations

The outlier Fst peaks I observe are consistent with localized divergent selection, with the
surrounding areas subject to the homogenizing effects of recombination and gene flow. These
genomic islands of divergence may be formed by a variety of mechanisms; they may result from
strong selection at loci near the centre of the peak or as a result of structural variation and/or
linkage disequilibrium (Wolf & Ellegren, 2017). Outlier peaks are more likely to be observed
within species exhibiting ecotypic differentiation, or in recently divergent taxa, and are theorized
to play an important role in local adaptation, particularly in the presence of high gene flow
(Larson et al., 2017; Quilodran et al., 2020) but may also arise by chance in regions of low
recombination (Booker et al., 2020). In other rockfish species pairs, shared islands of divergence
were found in multiple pairwise comparisons of depth-separated incipient species (Behrens et al.,
2021). This is consistent with divergence based on ecotype, rather than geography or chance, in

speciating rockfishes. There is further support for genomic islands of divergence as underlying
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ecotypes in sunflowers and other fishes, and while islands of divergence are not always
associated with structural variation, they are inherently subject to reduced recombination rates
(Euclide et al., 2023; Kess et al., 2021; Renaut et al., 2013; Todesco et al., 2020). This is what I
observe in Copper and Quillback; while several of the peaks in the Quillback analyses coincide
with regions of high LD, some do not. Notably, the peak on chromosome 20 in coastal Copper
population pairs is not associated with high LD (Fig. S6, S11). This suggests that divergence is
heavily influenced by the functional architecture of genomes and may be a more important driver

of speciation than geographic divergence, particularly amidst ongoing gene flow.

Typical population structure analyses presume genetic differentiation based on geography, but
Pacific rockfishes appear to have diversified based on partitioning of depth and depth-related
differences in habitat and resource availability. Evidence for parallel radiations in body
morphology and in shared islands of divergence, associated with differences in depth, suggest
speciation in parapatry along environmental gradients in Sebastes (Behrens et al., 2021; Ingram,
2010, 2015). In Copper rockfish, for example, divergence between pairwise coast and inlet
sampling locations was higher than among them (Dick et al., 2014). Those samples were taken
from a narrow portion of their range, along the west coast of Vancouver Island, but were
differentiated based on habitat, rather than geography. This analysis was limited to a handful of
microsatellite loci, but conscientious and intentional sampling resulted in clear differentiation
between the ecotypes. This may indicate that sampling regimes which prioritize large sample
numbers and geographic sprawl may miss out on the more important drivers of population

structure within Sebastes and other fishes.

2.44 Haploblocks

51



Population structure is typically defined as a genome-wide organization of genetic variation
within species, but relatedness within and even between species is not consistent throughout the
genome. I present evidence for localized variation in typical species divergence as a result of
large, linked haploblocks shared between species. Regions of high LD can result from
chromosomal inversions, which suppress recombination between the original and inverted
haplotypes. Inversions have been shown to drive ecotypic differentiation in cod and can lead to
the formation of supergenes which can result highly divergent phenotypes when introgressed
from related species (Berg et al., 2016, 2017; Jay et al., 2018). In species with high gene flow,
chromosomal inversions can be the primary driver of differentiation in the genome (Kess et al.,
2021, Longo et al., 2020). This is of particular relevance to incipient species existing in
parapatry; reproductive isolation may be promoted when alterations to genome architecture
produce locally divergent haplotypes. Linkage disequilibrium can also result in strong selection
on adaptive loci, whereby selective sweeps may fix not only the loci under selection, but nearby
neutral variation (Kim & Nielsen, 2004; McVean, 2007). While selective sweeps and
chromosomal inversions are not necessarily mutually exclusive, it is important to note that
reduced recombination can arise by different means. Indeed, Ishigohoka et al. (2024) caution that
reduced recombination itself can lead to divergent haplotypes, independent of selection or

structural variation.

However linkage disequilibrium should arise, the reduced recombination can lead to the
accumulation of differentiation between divergent haplotypes. In Copper and Quillback,
genotyping of the top 100 SNPs associated with PC1 reveals the extent of genetic differentiation
between haplotypes in each linked region (Figs. 3, S14). More divergent haplotypes have

accumulated more divergent loci; contrast, for example, the haplotypes of chromosome 5 and

52



chromosome 23 (Figs 3, S14). More fixed differences between the haplotypes suggests either
that the regions are evolving quickly, or more realistically, more time has elapsed since the origin

of the second haplotype.

The introgression landscape in Copper and Quillback is heterogeneous in the genome, owing in
part to differential genome architecture and linkage patterns. The linked regions I observe in both
species are not always shared between the species. For example, the haploblock on chromosome
23 exhibits a peculiar PCA pattern, whereby PC1 separates genotypes, but PC2 divides the
homozygous Copper and Quillback based on species (Fig. 3). This suggests that within each
haplotype, there are Copper and Quillback versions, possibly due to recombination suppression
occurring before speciation. There are multiple regions in the genome with species-specific
patterns of LD, which, given the relatively recent speciation of Copper and Quillback, indicates
that some parts of the genome are evolving rapidly, facilitated by local recombination
suppression. The variable patterns of introgression within each of these haploblocks illustrate the
variable permeability of each species’ genome to foreign alleles. Ease of introgression at each of
these loci is dictated by the fitness advantages (or disadvantages) conferred by the genotype
(Baack & Rieseberg, 2007). This can explain the relative abundance of heterozygotes for each
haplotype in the data, as well as the much more limited presence of opposite-type homozygotes;
ongoing hybridization may keep these alleles in circulation for both species, but they may be
maladaptive in the homozygous state when introgressed. While selection against maladaptive
introgression is strong at most places in the genome, reduced recombination within these

haploblocks can impede purifying selection (Martin et al., 2019).

Within these regions, phylogenetic relationships between haplotypes largely reflect the

evolutionary relationship between species. The high sequence similarity of haplotypes
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supersedes phylogenetic clustering based on species in all of the haploblocks (Figs. 3, S14).
Combined with unambiguous genetic clustering in local PCAs, this is highly suggestive that
these haplotypes are segregating between the species by introgression. One notable exception is
the haploblock on chromosome 23 discussed above. Here, the separation of the species on PC2
contradicts the phylogenetic pattern and may suggest the presence of Quillback-specific
haplotypes. Two of these haplotypes, however, share a more recent common ancestor with black-
and-yellow and gopher haplotypes than with Copper or Quillback of the opposite haplotype (Fig.
3). This is likely the result of incomplete lineage sorting, whereby some genomic regions exhibit
differential genealogies due to unique inheritance patterns of ancestral variation and rapidly

evolving recombination landscapes in divergent lineages (Ishigohoka et al., 2023).

2.45 Future directions

More work is needed to fully understand the processes contributing to population structure in
these and other Pacific rockfishes. The bulk of our sampling was opportunistic; more intentional
sampling may elucidate the genetic basis for divergence based on depth within species.
Additionally, incorporation of high-resolution environmental data may aid in disentangling
genomic and environmental clines. The differentiation between inlet and coastal samples in this
and previous works should be explored more fully: whole genome sequencing may yield the

resolution required to unearth genomic regions involved in parallel adaptation.
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Chapter 3: Broader implications

Here we observe two members of a species complex with different population structure. It
remains unclear whether the observed differences are the result of divergent life history traits,
species’ distribution and/or abundance, larval dispersal or recruitment patterns. While these are
all excellent questions for future study, this work does have some implications for the continued
management of these species. This represents the first effort to characterize range-wide genomic
diversity within Copper and Quillback and coincides with a recent moratorium on the Quillback

fishery in California.

Management of Quillback in Canada might reasonably be reduced to just one conservation unit
but given the geographic differences in fishing pressures and the necessity for further
investigation of habitat-driven divergence, the more conservative structure is appropriate. It is
likely especially important for Quillback, assessed as threatened in Canada since 2009
(COSEWIC, 2009), to be managed cautiously in their Canadian range. Indeed, as Copper and
Quillback overlap in their habitat with endangered Yelloweye rockfish (DFO, 2024), and species
identification is impossible before hooks are set, a more granular management regime which

reflects the most threatened among the genus may be warranted.

Further, given the propensity of Quillback, Copper, and Brown rockfish to hybridize within the
Salish Sea (and particularly Puget Sound), more importance should be placed on the health of
hybrid zones as sources of genetic variation within threatened species. While recent studies have
begun to characterize the extent of genetic variation within harvested species, it is not clear how
historical overharvest has affected the genetic health of these populations. We suggest that
regular sequencing and genetic analyses of rockfishes landed during annual surveys would be

prudent to ensure that management practices may be more proactive. This can help to ensure the
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long-term health of these fisheries in the face of increased environmental pressures and

anthropogenic disturbance (Bernatchez et al., 2017).

The establishment and expansion of rockfish conservation areas within Canada and the U.S. are
an important step toward long-term maintenance of the fishery. However, these have been
organized to reflect larval dispersal based on estimates from Black rockfish, which may severely
underestimate larval dispersal (Buonaccorsi et al., 2005; Lancaster et al., 2015; Lotterhos et al.,
2014; Miller & Shanks, 2004). While the relative genetic homogeneity of Quillback suggested
by my findings may infer high capacity for dispersal, we caution that low genetic differentiation
between sampling locations is not necessarily indicative of migration. Low genetic
differentiation can also result from recent population expansion following a bottleneck and/or
strong homogenizing selection. Haggarty et al. (2016) found that, three to seven years after
establishment, it is unclear whether RCAs are promoting recovery of demersal fishes along
Canada’s west coast. While it is possible that the level of protection afforded by RCA networks
may be inadequate to enable recovery of these fisheries, sufficient time for recovery may not
have yet elapsed. We consider the latter to be a more likely explanation, given that the well
documented recruitment pulses exhibited by most rockfishes occur at the scales of years or

decades (Love et al., 2002).

From an evolutionary perspective, my results represent an important step in characterizing
differentiation in the genomes of Pacific rockfishes. We observe genomic islands of divergence
within species exhibiting high gene flow, which may house ecologically important variation.
Further, while my characterization of population structure within Copper is consistent with past
studies which posit introgression from Quillback, we highlight the importance of hybridization in

the promotion and maintenance of genetic variation.
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Additionally, we highlight the rapid evolution of species-specific recombination landscapes. The
contribution of differential genomic architecture to the process of speciation is increasingly
recognized; non-recombining regions can evolve quickly and result in highly divergent
haplotypes in relatively short spans of time. This can be especially important for species under
panmixia, where geographic isolation cannot more easily contribute to local adaptation. Note that
the divergence here does not need to be driven by selection in different habitats to accumulate,
when recombination between the haplotypes is suppressed. In fact, selection is weakened against
putatively deleterious mutations when haplotypes spend more generations in the heterozygous

state and are unable to recombine (Kirkpatrick and Barton, 2006).

Lastly, this work represents the culmination of cooperative international and intergovernmental
sampling and research. We stress that fish are themselves not beholden to political boundaries -
and apparently not too many bathymetric ones, either. Healthy, cooperative relationships between
fisheries managers in Canada and the US are critical in accomplishing shared long-term goals, as
our fisheries are inextricably linked. This work would not have been possible without

considerable effort from technicians and scientists from within both NOAA and DFO.
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Figure S1: Mean read depth of all samples retained after quality control.
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Figure S2: Boxplot of mean minor parent ancestry; Salish Sea vs. Coast.
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Figure S4: Cross-validation error for K=1 to K=10 in both study species. Analyses
were conducted for all individuals in each species and separately for samples inside and
outside of the Salish Sea.
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Figure S6: Rolling mean Fst between geographic populations of Copper rockfish.
Means were calculated in 1000 SNP windows.
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rockfish (1). Means were calculated in 1000 SNP windows.
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Figure S12: GO term enrichment analyses reveal the 40 most enriched terms
associated with latitude in each species. Beyond the top 13 terms in Copper and 21 in
Quillback, only one gene was representative of each GO term. Only the top 25 terms in
Copper and 38 in Quillback achieved statistical significance (p < 0.05).
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Figure S14: Characterization of the five haploblocks not pictured in Fig. 3.
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coloured by species. Genotype plots representing the 100 SNPs most associated with
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Figure S15: Proportion of admixture as a function of the total number of opposite-
type alleles in each of the seven haploblocks in each individual. Correlation between
Quillback ancestry and number of Quillback alleles is highly significant in Copper.
Association between Copper admixture and Copper alleles at haploblock loci does not
achieve significance in Quillback.
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P1 P2 P3 D p-value BBAA ABBA BABA Interpretation

Capper Admixed copper Admixed quillback 0.0535155| 2.30E-16 97416 24093.9| 21646.1 Excess of alleles shared between admixed copper and admixed guillback
Admixed quillback Quillback Admixed copper 0.0144827| 2.30E-16| 66734.4) 28715.4 28866.9|Excess of alleles shared between quillsack and admixed coppar
Gopper Admixed copper Quillback 0.0553873| 2.30E-16 96740.1 24266.5| 21719.5|Excess of alleles shared between quillback and admixed copper
Admixed quillback Quillback Copper 0.0131044| 2.30E-16 68528 28962.1| 28212.9|Excess of alleles shared hetween quilloack and copper

Table S1: D statistics for each trio of admixture groups. Positive D indicates excess
of allele sharing between bolded groups (higher ABBA than BABA). Excess of alleles
shared between both Quillback types and admixed Copper indicate introgression from
Quillback into Copper. More alleles shared between pure Quillback and both Copper
types (rows 2 and 4) indicate that ‘admixed’ Quillback do not have Copper ancestry. P-
values were all the lowest possible in the algorithm.
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