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Abstract

Decoupling contamination and hybridization to characterize population
structure in Puget Sound rockfishes (Sebastes spp.)

Liz Boggs

Chair of the Supervisory Committee:
Professor Lorenz Hauser

School of Aquatic and Fishery Sciences

Genetic population structure analysis can provide crucial information about marine
species’ connectivity that is key to effective management and recovery efforts. Natural
hybridization can bias patterns of population structure, although advances in molecular
technologies now allow individual-based and genome-wide analyses that facilitate the detection
of such interactions. Nevertheless, even advanced molecular genetic methods are still highly
sensitive to errors during the processing and bioinformatic filtering of data, including cross-
sample contamination and initial data filtering. Signals of contamination are exceptionally
difficult to identify especially in hybridizing species, especially when processed and sequenced
simultaneously. Here, we investigated the effect of hybridization on spatial genetic structure in
three hybridizing rockfish species — Brown Rockfish (Sebastes auriculatus), Copper Rockfish (S.
caurinus), and Quillback Rockfish (S. maliger) — in Puget Sound, Washington. Initial analyses

indicated potential cross-sample contamination, so we first had to detect and remove



contaminated individuals. In Chapter 1, we crafted a method to evaluate individuals for
signatures of contamination using allelic balance, or the ratio of reads supporting reference and
alternate alleles in heterozygous genomic positions. This method is independent of typical hybrid
signals, removing only the individuals with extreme deviation in allelic balance metrics. We also
found that minor allele frequency filtering has substantial impact on a dataset, demonstrating that
retention of low-frequency alleles may result in weak population differentiation. In Chapter 2, we
used remaining ‘clean’ samples to investigate genetic population structure. Hybridization was
generally widespread at low levels in Puget Sound and was asymmetric from Quillback Rockfish
into Brown Rockfish and Copper Rockfish. We further confirmed Admiralty Inlet as an
important bathymetric barrier that isolates populations and retains hybrids in Puget Sound but, in
contrast to earlier studies, found no evidence for increased incidence of hybridization in
peripheral basins of Puget Sound. However, we detected a genetically differentiated population
of Copper Rockfish in Hood Canal. Altogether, our results demonstrated genetic structure and
limited dispersal in all species, some but not all of which was due to hybridization. Our results
have meaningful implications for future management and conservation of these species,
especially concerning the design of species recovery efforts and any potential designation of

spatial management units.



TABLE OF CONTENTS

LIST OF FIGURES ..ottt ettt sttt et st i1
LIST OF TABLES ..ottt ettt sttt v
LIST OF SUPPLEMENTAL FIGURES......ccocoiiiiiitiitetteteeee et vi
LIST OF SUPPLEMENTAL TABLES .......oooiiitiiete et vii
Chapter 1. IDENTIFICATION AND REMOVAL OF CROSS-CONTAMINATED SAMPLES
BASED ON ALLELIC BALANCE IN A RAD-SEQ DATASET ......cooiiiiiiinieieeieneeeeeeeee 1
1.1 ABSTRACT ...ttt ettt sttt ettt ettt be e s as 1
1.2 INTRODUCTION ..ottt sttt sttt et st 2
1.3 METHODS ...ttt st 6
1.3.1 SAMPLIIG ..ottt e 6
1.3.2 DNA Extraction, RAD-Seq Library Preparation, and Sequencing......................... 6
1.3.3 Data Processing and Initial Filtering...............cccccoooiiiiiiiiianiiiiiiiieie e 7
1.3.4 ARGLYSES ..ot e e en 9
1.4 RESULTS ...ttt ettt ettt et be et es 12
1.4.1 Rockfish Interspecific DAIASEL ..............c...ccouveecueeeiiiieeiieeeiie e 12
1.4.2 MAF versus MAC Filtering for Intraspecific Datasets................c.cccceecevceenceennnn. 15
1.4.3 INtraspecific DATASELS ...........cc.ccceiiieiiieiieee et 16
1.5 DISCUSSION ...ttt ettt st 19
1.6 FIGURES ...ttt ettt sttt ettt 27
L7 TABLES ...ttt 51
1.8 SUPPLEMENTAL FIGURES .....ccoioiiiiiiiecee e 59
1.9 REFERENCES ... .ottt sttt s 61

Chapter 2. INFLUENCE OF PUGET SOUND BASIN STRUCTURE AND HYBRIDIZATION
ON POPULATION GENETICS OF THREE PACIFIC ROCKFISH SPECIES (Sebastes spp.) 69

2.1 ABSTRACT ..ttt ettt ettt b et 69
2.2 INTRODUCTION ..ottt sttt ettt sttt be st ettt be st s ene e 70
2.3 METHODS ...ttt ettt ettt e be b ese e s e st et e besaeeseeneeneens 74

23.1 SAMPLIIG ..ottt ettt e 74



2.3.2 DNA Extraction, RAD-Seq Library Preparation, and Sequencing....................... 74

2.3.3 Data Processing and Initial Filtering...............ccccoovvueevieniieiieiieeciieeie e, 75
2.3.4 ARGLYSES ..ot aaeas 77
2.4 RESULTS. oottt ettt ettt b et st b et et e sbeebeeaee e 78
24.1 INLEVSPECIfIC DALASEL ... 78
2.4.2 INraspecific DALASELS .............cccoeeeureeiiieeiiieeeiee e 81
2.5 DISCUSSION ...ttt et sttt ettt e sb e et sate bt et e eatesbeebesnee e 84
2.5.1 HYDVIA QUCESITY ...t 85
2.5.2 Intraspecific structure influenced by hybridization and barriers to dispersal ..... 88
2.6 FIGURES ..ottt sttt ettt eteenaesseeseenaesseenseenee e 93
2.7 TABLES .. ettt ettt a et ns 104
2.8  SUPPLEMENTAL FIGURES .......oooiiiiiieiee et 107
2.9  SUPPLEMENTAL TABLES .....oootioieie ettt sttt 112
2.10 REFERENCES ... .ottt ettt et nbe et e e saeens 113

il



LIST OF FIGURES

Figure 1.1 Map of rockfish sampling regions in the Salish Sea ..........ccccoceniiniiiiniiniiiinen, 27
Figure 1.2 Allelic balance of heterozygous loci in clean versus contaminated samples ............... 28
Figure 1.3 Interspecific Brown Rockfish, Copper Rockfish, and Quillback Rockfish
contamination filtering analySiS.........cccecveriierieriiieiieeieee e e 29
Figure 1.4 Interspecific Brown Rockfish, Copper Rockfish, and Quillback Rockfish PCA at
unfiltered, mild, and aggressive filtering levels..........cccveeviiieiiiieiiieceeeee e 30
Figure 1.5 Interspecific Brown Rockfish STRUCTURE analysis at K = 3, grouped by sampling
population at unfiltered, mild, and aggressive filtering levels..........cccocovevvvreviienieeniennnns 31
Figure 1.6 Interspecific Copper Rockfish STRUCTURE analysis at K = 3, grouped by sampling
population at unfiltered, mild, and aggressive filtering levels............ccccevviiiinniiiennn. 32
Figure 1.7 Interspecific Quillback Rockfish STRUCTURE analysis at K = 3, grouped by
sampling population at unfiltered, mild, and aggressive filtering levels..........c..ccccceee.e. 33

Figure 1.8 Minor allele count (MAC) versus minor allele frequency (MAF) filtering results in

STRUCTURE QNALYSIS . ..eeuviriiiiieiieniieieeieeiecie ettt sttt st 34
Figure 1.9 Pacific Herring (Clupea pallasii) contamination filtering analysis............cccceeieeneenn. 35
Figure 1.10 Brown Rockfish contamination filtering analysis ..........cccceeveveeeriieeiieeeiieeeieeeieeens 36
Figure 1.11 Brown Rockfish PCA at unfiltered, mild, and aggressive filtering levels.................. 37

Figure 1.12 Brown Rockfish individual observed heterozygosity per sampling group at
unfiltered, mild, and aggressive filtering levels...........cccooeiieriiiiiinii e 38
Figure 1.13 Brown Rockfish STRUCTURE analysis at K =2, grouped by sampling population at
unfiltered, mild, and aggressive filtering levels..........cccvveriiieniiieiiieeeee e, 39
Figure 1.14 Delta K and Mean LnP(K) (£1 SD) for Brown Rockfish STRUCTURE analysis ....40
Figure 1.15 Copper Rockfish contamination filtering analysis ..........ccoceecverieneniienicnenncnecnenne. 41
Figure 1.16 Copper Rockfish PCA at unfiltered, mild, and aggressive filtering levels................. 42
Figure 1.17 Copper Rockfish individual observed heterozygosity per sampling group at
unfiltered, mild, and aggressive filtering levels...........cccoooiiiiiiiiiiiiiie e 43
Figure 1.18 Copper Rockfish STRUCTURE analysis at K = 2, grouped by sampling population
at unfiltered, mild, and aggressive filtering levels.........cccvveiiiieiiieeiiieeeee e, 44
Figure 1.19 Delta K and Mean LnP(K) (=1 SD) for Copper Rockfish STRUCTURE analysis ...45

111



Figure 1.20 Quillback Rockfish contamination filtering analysis ..........cccceeeviieeiieencieesiieeeieeens 46
Figure 1.21 Quillback Rockfish PCA at unfiltered, mild, and aggressive filtering levels............. 47
Figure 1.22 Quillback Rockfish individual observed heterozygosity per sampling group at
unfiltered, mild, and aggressive filtering levels...........cooceeeieriieiiiniiiieeeeeee 48
Figure 1.23 Quillback Rockfish STRUCTURE analysis at K =2, grouped by sampling
population at unfiltered, mild, and aggressive filtering levels...........cccoveeeivercieeecieeennen. 49

Figure 1.24 Delta K and Mean LnP(K) (£1 SD) for Quillback Rockfish STRUCTURE

ANALYSIS ... itieiieete ettt ettt ettt ettt et e e tb e e bee et e e bt e et e e teeebeenateenbeeteeenbeenneeenbeennes 50
Figure 2.1 Map of rockfish sampling regions in the Salish Sea ..........ccccoceniiniiiinininnnne. 93
Figure 2.2 STRUCTURE and PCA results for interspecific rockfish analysis.........cccccecereenennee. 94

Figure 2.3 Principal component analysis and STRUCTURE analysis for Brown Rockfish......... 95
Figure 2.4 Principal component analysis and STRUCTURE analysis for Copper Rockfish......... 96
Figure 2.5 Copper Rockfish PCA featuring only individuals with <1% hybrid ancestry.............. 97

Figure 2.6 Copper Rockfish interspecific admixture versus Weir and Cockerham pairwise

Figure 2.7 Copper Rockfish interspecific hybrid ancestry versus intraspecific ancestry from
Georgia Basin CIUSLET .........oiuiiiiiiie et 99

Figure 2.8 Principal component analysis and STRUCTURE analysis for Quillback Rockfish..100

Figure 2.9 Brown Rockfish K =3 STRUCTURE analysis distribution in Puget Sound and West

Figure 2.10 Copper Rockfish STRUCTURE analysis distribution in Puget Sound at K =4......102
Figure 2.11 Quillback Rockfish K =2 STRUCTURE analysis distribution in Puget Sound......103

v



LIST OF TABLES

Table 1.1 Interspecific Rockfish Pairwise Weir and Cockerham Fsr estimates at unfiltered, mild,

and aggressive contamination filtering 1evels...........cccveeviiieiiiiiiicceee e, 51
Table 1.2 Interspecific rockfish average hybrid ancestry (HA) per Species ........cccceeevveerveeerveenns 51
Table 1.3 MAC versus MAF filtering observed heterozygosity results ...........cccoeeveevierveeniiennnnn. 52

Table 1.4 Brown Rockfish Pairwise Weir and Cockerham F'sr estimates at unfiltered, mild, and
aggressive contamination filtering levels..........ccocovveeoiiiiiiiiccieee e 53

Table 1.5 Summary statistics for Brown Rockfish at unfiltered, mild, and aggressive
contamination filtering 1eVelS ..........ccciiiiiiiiiiiiiciccee e 54

Table 1.6 Copper Rockfish Pairwise Weir and Cockerham Fisr estimates at unfiltered, mild, and
aggressive contamination filtering levels..........coooooiiiiiiiiiiiii e 55

Table 1.7 Summary statistics for Copper Rockfish at unfiltered, mild, and aggressive

coNtaMINAtION FIItETING JEVELS iiiiiiitiiiiii ittt e e ettt teteteeeeeeeeteresnsnnsseseeeeenernnnnsssseeeeeeennes 56

Table 1.8 Quillback Rockfish Pairwise Weir and Cockerham Fsr estimates at unfiltered, mild,
and aggressive contamination filtering levels...........ccoooiiiiiiiiniiiiii 57

Table 1.9 Summary statistics for Quillback Rockfish at unfiltered, mild, and aggressive
contamination filtering 1EVELS ..........oooiiiiiiiiiiie e 58

Table 2.1 Interspecific rockfish average hybrid ancestry per sampling location and species .....104

Table 2.2 Summary statistics for Brown, Copper, and Quillback Rockfish .........c..ccccceverienenn 104
Table 2.3 Brown Rockfish pairwise Weir and Cockerham Fsr estimates...........cocceeveeevieeneennnen. 105
Table 2.4 Copper Rockfish pairwise Weir and Cockerham Fsrestimates ..........cocceeveeeueeneennen. 105
Table 2.5 Copper Rockfish pairwise Weir and Cockerham Fls7 estimates with only pure
individuals (<1% hybrid ancCestry).........cceeviiiiiieriieiierie e 105
Table 2.6 Quillback Rockfish pairwise Weir and Cockerham Fs7 estimates..........cccceevueerueennnen. 106



LIST OF SUPPLEMENTAL FIGURES

Supplemental Figure 1.1 Brown Rockfish STRUCTURE analysis at K = 3, grouped by sampling
population at unfiltered, mild, and aggressive filtering levels...........cccoveveivencieencieeennnen. 59
Supplemental Figure 1.2 Copper Rockfish STRUCTURE analysis at K = 3, grouped by sampling
population at unfiltered, mild, and aggressive filtering levels..........c.cccoerviveriiencrieniennnne 60

Supplemental Figure 2.1 Delta K and Mean LnP(K) (£1 SD) for Brown Rockfish STRUCTURE

N8 E2 ] A USSP 107
Supplemental Figure 2.2 Delta K and Mean LnP(K) (=1 SD) for Copper Rockfish STRUCTURE

ANALYSIS ..o etieiieeiie ettt ettt ettt et et et e e eta e et e et e et e e etaeesbe e st e enbeeeteeerneensaeenreenraans 108
Supplemental Figure 2.3 Delta K and Mean LnP(K) (£1 SD) for Quillback Rockfish

STRUCTURE QNALYSIS ...ecvteiiiieniiiiieieniieieeit sttt sttt et s 109
Supplemental Figure 2.4 Distribution of samples Per SPECIES........cevuierierrieeriieriieeriienieeieeneens 110

Supplemental Figure 2.5 Copper Rockfish STRUCTURE analysis distribution in Puget Sound at
K=2,K=3,K=4,and K =5 ..t 111

Vi



LIST OF SUPPLEMENTAL TABLES

Supplemental Table 2.1 Genotype discordance rates between interspecific dataset replicates...112

vii



ACKNOWLEDGEMENTS

You never know how exactly a study will unfold until you are in the midst of it, and with
that uncertainty may come fascinating discoveries. I am indebted to everyone who has helped me
during this project, with all its twists and turns, whether through hands-on support or words of
encouragement from many states away. I’d first like to thank Lorenz Hauser, my advisor, for
guiding me through a very interesting and often tricky study — I can think of no better way to
become a well-rounded scientist than to venture into unexplored territory. Your consistent
support and feedback along every step of the way helped me grow my scientific skills
exponentially, and for that I am immensely appreciative.

A big thank you to my committee members Krista Nichols and Tim Essington for your
helpful edits and advice, especially when my project took a substantial pivot. To the teams at
WDFW, NOAA, and DFO Canada, I am grateful for your help in the nascent stages of my
project as I gathered as many rockfish fin clips as I could (and you absolutely delivered), with a
special thank you to the WDFW groundfish team for taking me on a sampling trip (the rockfish
unfortunately had other ideas that day). I would also like to thank Washington Sea Grant, the
School of Aquatic and Fishery Sciences, and the Puget Sound Anglers Fidalgo San Juan chapter
for funding this project, as it could not have happened without your support.

During my time at UW, I have been surrounded by so many bright, creative, and
determined people in the SAFS department. To my fellow MERlab members, and in particular
Anna Simeon, Bryan Briones Ortiz, and Chris Setzke, I thank you for helping me untangle my
data and making me confident in my lab skills. Finally, to my friends, family, and husband
Anthony — thank you for your endless love and support through this project, and for listening to

me talk about “my rockfish” for several years. You are all honorary genetics experts now.

viii



Chapter 1. IDENTIFICATION AND REMOVAL OF CROSS-
CONTAMINATED SAMPLES BASED ON ALLELIC BALANCE IN
A RAD-SEQ DATASET

1.1 ABSTRACT

Cross-sample contamination can confound population genetics analyses by artificially
altering metrics commonly used to investigate population structure and hybridization. Several
tools exist to identify contamination in human genomic sequencing data, but frequently require
complete reference genomes, known population allele frequencies, targeted genomic regions,
and/or high genomic coverage. Researchers working on non-model species do not typically have
access to this level of information but still need to detect and remove cross-contamination from
their datasets; as these data are often used for policy and management decisions, it is especially
imperative to avoid false or inflated signals of structure and hybridization. This study aimed to 1)
identify cross-contaminated samples (both between- and within-species) based on heterozygotic
allele balance in reduced representation sequencing data, and 2) evaluate the effect of the
filtering method on several common population genetics analyses. The method is demonstrated
in this study using RAD-seq data from three closely related marine fish species that are known to
hybridize — Brown Rockfish, Copper Rockfish, and Quillback Rockfish (Sebastes spp.) —as well
as a published Pacific Herring (Clupea pallasii) dataset with identified contaminated individuals.
We did detect contamination in some samples, but the effect on qualitative results was limited:
patterns in PCA, STRUCTURE analysis, and heterozygosity remained largely consistent across
all levels of contamination filtering. On the other hand, minor allele filtering had strong effects:

the same datasets filtered using minor allele frequency (MAF) versus minor allele count (MAC)
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showed substantial difference in STRUCTURE and heterozygosity results. These results
demonstrate that minor allele filtering parameter choices may affect population structure
inference more drastically than low-level cross-contamination. We conclude with
recommendations for the detection and removal of contamination in routine RAD-seq

applications.

1.2 INTRODUCTION

Cross-sample contamination is the unintentional transfer of sample material (e.g. tissue,
DNA) from one sample to another. Identifying and removing cross-sample contamination in
genetic sequencing data is an important aspect of producing a reliable dataset for population
genetics analysis, as contamination can affect population structure and heterozygosity estimates
(Petrou et al., 2019; Jun et al., 2012). The process by which this kind of contamination is flagged
and eliminated is, however, currently ill-defined and limited in methods for studies involving
wildlife and non-model species. While there are several programs used to identify contamination
in sequence data (see comparison in Chen et al., 2024), most have been written for human whole
genome sequencing (WGS) datasets and require data not available for most non-model species.
For example, one of the most popular methods used in clinical sequencing, VerifyBamID (Jun et
al., 2012), requires established population allele frequencies — information that is easily
accessible for human studies (e.g. 1000 Genomes Project, Auton et al., 2015), but largely absent
in wildlife genetics. Reduced-representation sequencing approaches (RRS), such as restriction
site associated DNA sequencing (RAD-seq), provide thousands of loci for a fraction of the cost
of WGS; however, approaches designed for WGS data may result in an inaccurate assessment of

contamination level when used with RRS data due to the coverage difference in sequence data



when compared to WGS (Andrews et al. 2016), further narrowing the options available for
accurate cross-contamination analysis.

This kind of contamination can be introduced in virtually every step of the data
generation process. When sampling individuals in a field setting, tissue material may be
transferred from one sample into the next. Samples are then handled and transferred multiple
times in a laboratory setting; DNA extraction, sample normalization (dilution and/or
concentration), and library preparation all present opportunities for accidental transfer of sample
material or DNA between plate wells. Contamination in the form of index hopping (reads
assigned to the incorrect index) can also occur during sequencing, but is typically low with
recent improvements to NGS technologies, reportedly in the range of 0.1-2% of reads for current
patterned flow cell sequencing systems (Illumina, Inc., 2017).

Interspecific hybridization can complicate the process of identifying contaminated
samples in a multi-species dataset. Widespread contamination in non-hybridizing interspecific
datasets is generally easier to identify, as samples will often cluster with species that are different
from their own in principal component analysis (PCA), though this could also be due to
morphological misidentification or sample mislabeling and is not always indicative of cross-
contamination. In non-hybridizing intraspecific (single species) datasets, contamination can be
identified from inflated observed heterozygosity (Petrou et al., 2019; Jun et al., 2012). When the
dataset comprises species that are known to hybridize with each other, teasing apart
contaminated samples from true hybrids can be difficult — inflated heterozygosity, ancestry
estimates, and PCA cluster outliers/intermediates (individuals situated between species clusters)
are also how potential hybrid individuals are commonly identified in hybridization studies

(Payseur and Rieseberg, 2016). Our main three study species — Brown Rockfish (Sebastes



auriculatus), Copper Rockfish (Sebastes caurinus), and Quillback Rockfish (Sebastes maliger) —
are known to hybridize with each other in Puget Sound (Wray et al., 2024; Schwenke et al.,
2018; Buonaccorsi et al., 2002, 2005; Seeb, 1998). Thus, a contamination detection method that
is independent of the effects of hybridization is needed to accurately delineate between
hybridization signals and cross-contamination.

Allelic balance refers to the ratio of sequencing reads that support the reference and
alternative alleles in a heterozygous site — this ratio is expected to be approximately 50:50. This
concept has been utilized specifically for contamination detection, including two published
studies (Dallavilla et al., 2020; Fiévet et al., 2019) and three preprints on BioRxiv (Jecha et al.,
updated 2025; Delafoy et al., posted 2021; McCartney-Melstad et al., posted 2021). It has also
been used as the basis for a tool designed to detect systemic genotyping error and false positive
variant calls (Muyas et al., 2018). When applied to contamination detection, it can be used to
detect deviations from the expected 50:50 ratio at heterozygous sites. Contamination shifts allele
balance away from 50:50 when the genotype of the contaminating sample differs from the target
sample, for example, when a homozygous sample contaminates a heterozygous sample. Such a
shift may also be expected in species with a recently duplicated genome or paralogous loci, but
shifts would be concentrated on few loci or genome regions. Thus, detectable and consistent
shifts in allelic balance from 50:50 across heterozygous sites could indicate contamination. This
method is of particular interest for studies involving hybridizing species, as it could avoid
unintentional elimination of true hybrids because of inflated heterozygosity.

Another important consideration in population genetics methodology design is the choice
of filtering strategy, as different combinations of filtering thresholds can influence downstream

results (O’Leary et al., 2018). Filtering is typically applied both at the locus level (removing loci



based on coverage and/or missingness, both within individuals and across a population) and the
individual level (removing samples with high missing data). A common locus-level filter
involves the minor allele, which is the less frequent allele at a given genomic position. Studies
often use a minor allele frequency (MAF) threshold set at 0.05, which removes variants with a
frequency of 5% or below in the dataset. These low-frequency variants could be instances of
sequencing error or recent mutations that may affect signals of population differentiation (Linck
and Battey, 2019). An alternative minor allele filter strategy is minor allele count (MAC),
wherein alleles observed fewer than a minimum number of times across all individuals are
excluded (commonly set at three or four). MAC-based filtering has been suggested as a way to
retain rare variants while still removing singleton alleles that can bias analyses (Linck and
Battey, 2019; Shafter et al., 2017). As a result, selecting appropriate filtering parameters to
mitigate both bias and noise could be as crucial as mitigating contamination, but a direct
comparison between the effects of standard filtering schemata and contamination filtering has
not yet been explored.

The goal of this study was to craft and execute an analysis for identifying and removing
samples with cross-sample contamination prior to downstream analysis, and to compare the
effect of two common minor allele filtering strategies on population genetics analyses. Our
contamination filtering method was applied to one interspecific and three intraspecific Sebastes
spp- RAD-seq datasets, as well as a Pacific Herring (Clupea pallasii) dataset in which
approximate contamination levels have been established by a previous study (Petrou et al., 2019)

to validate the method.



1.3 METHODS

1.3.1 Sampling

389 fin clip and muscle tissue samples of Brown Rockfish, Copper Rockfish, and
Quillback Rockfish were assembled from collections at the Washington Department of Fish and
Wildlife (WDFW), the National Oceanic and Atmospheric Administration (NOAA), and
Fisheries and Oceans Canada (DFO). Samples were stored either in 95% ethanol tubes and kept
refrigerated, or as a dry fin clip in an absorbent paper container inside a plastic bag with
moisture-absorbing beads stored at room temperature. Nine individuals sequenced in this study
were marked as “possible hybrids” by the original collectors in the field, as the whole specimens
appeared to have phenotypic traits (usually coloration) that were not consistent with a single
species. Samples were assigned to one of seven regions of the coast or Salish Sea (Figure 1.1)
based on their capture coordinates or approximate location (i.e. named sampling location). To
estimate genotyping error and check for data comparability, 28 individuals from Wray et al.
(2024) (hereafter referred to AW) were re-sequenced, and 70 new individuals (11 Brown
Rockfish, 23 Copper Rockfish, and 36 Quillback Rockfish) were sequenced twice; libraries of 26
individuals were prepared in two different libraries from the same DNA extract, and 44

individuals were extracted in two separate extraction plates.

1.3.2  DNA Extraction, RAD-Seq Library Preparation, and Sequencing

DNA was extracted from samples using a Nexttec DNA Isolation Kit (nexttec™
Biotechnologie GmbH, Leverkusen, Germany). Within each of our five 96-well extraction plates,
a single random well was used as a negative control to check for contamination. This consisted

of a no-template control (NTC) method, where all protocol reagents are still added to the well,



but no DNA is added. DNA was quantified on a Qubit fluorometer (ThermoFisher Scientific,
Waltham, MA). Extractions were normalized to 125ng in 10ul and assorted into five libraries;
four libraries contained randomized sample groups to avoid batch effect (Leigh et al., 2018),
while the fifth library contained only samples of poor quality and our five negative controls to
avoid amplification bias during the PCR stage. Library preparation followed an adapted version
of existing RAD-seq protocols (Ali et al., 2016) known as BestRAD. Genomic DNA was
digested with SbfI, and a P1 adapter containing a forward amplification primer, an Illumina
primer, and an individual-specific 6 bp barcode was ligated to the fragments at the restriction site
end. Fragments were then sheared randomly via sonication in a Diagenode Bioruptor 300
(Hologic Inc., Marlborough, MA) and size-selected to a length of 300-600 bp. Finally, P2
adapters were then ligated to the reverse-end and libraries were amplified via PCR. Each library
was quality checked on a 1% agarose gel post-PCR and a 2100 Expert Bioanalyzer (Agilent
Technologies, Santa Clara, CA) when completed. Libraries were then sent to the University of
Oregon for equimolar pooling and sequencing on a single NovaSeq 6000 S4 lane (paired end,

150 bp).

1.3.3 Data Processing and Initial Filtering

Raw sequences were quality checked and visualized using FastQC v0.12.0 (Andrews,
2010) and MultiQC (Ewels et al., 2016). Sequences were demultiplexed, assigned genotypes and
filtered for quality using the STACKS v2.64 process_radtags program (Catchen et al., 2013;
Rochette et al., 2019). PCR duplicates were removed using the STACKS clone _filter program.
Sequences were then aligned using Bowtie 2 (Langmead and Salzberg, 2012) to the Honeycomb

Rockfish genome (Sebastes umbrosus; NCBI BioProject accession number: PRINA562006), as



it is the closest relative to our three species of Sebastes that had a chromosome-level genome
assembly available at the time of this study. After alignment, individuals with fewer than 300,000
reads were removed based on our within-dataset distribution of read counts to exclude poorly
sequenced samples, as their inclusion may cause higher rates of missing data and genotyping
error (O’Leary et al., 2018). BAM files generated in this study were combined into a dataset with
BAM files from the AW study (retaining only the samples that were also >300,000 reads; 37
Brown Rockfish, 84 Copper Rockfish, and 86 Quillback Rockfish), with replicate samples as
separate files to check for differences in genotyping error between the different sequencing runs.
This produced a dataset of 542 samples: 105 Brown Rockfish, 201 Copper Rockfish, and 236
Quillback Rockfish (including all replicates). SNP calling and population genetics statistics were
calculated using STACKS gstacks and populations modules for both interspecific and
intraspecific datasets.

For the interspecific data set, individuals were assigned to their morphological species
identification in population assignment, and all three species were processed together. Data were
filtered in the populations module to include loci present in >80% individuals (flag R80), in at
least one collection region (P1) and only the first SNP per RAD tag (write-single-snp). We chose
the first SNP on each RAD tag, because SNPs with the highest Fs7 may select SNPs with fixed
differences between two of the three species and limited differentiation between the other two
species. For the three intraspecific datasets, the SNP with the highest minor allele frequency
within each species was chosen. We chose this method to keep our dataset as comparable as
possible to AW, who used this strategy specifically to select different SNPs for intra- and
interspecific analyses (Wray et al., 2024). SNPs that were significantly out of Hardy-Weinberg

Equilibrium (HWE) were removed using the following procedure: first, p-values were calculated



for each sample at each locus using the R package pegas v1.4 (Paradis, 2010), then p-values
were combined for every locus using Fisher’s combination of probabilities. The resulting locus
specific p-values were adjusted to g-values for false discovery rate (Benjamini & Hochberg,
1995) and loci with g-values less than 0.05 were removed. For both datasets, individual SNPs
were called with a minimum mapping quality of 40 and filtered using a minimum read depth of
10. Across all individuals, SNPs were retained with a minimum average read depth of 15 and less
than 20% missing data (O’Leary et al. 2018). To test for differences in minor allele filtering
strategy, we separately filtered the intraspecific datasets once using minor allele frequency
(MAF) < 0.05 and once using minor allele count (MAC) of 3. Genotype discordance between
replicate samples was calculated using the script “genoerrorcalc”
(https://github.com/bsjodin/genoerrorcalc). Filtered VCFs were generated using VCFtools
(Danecek et al. 2011). To convert data to other formats, PGDSpider v3.0.0.0 (Lischer &

Excoffier 2012) was used.

1.3.4  Analysis

After standard quality filtering, we sought to filter our datasets for contamination using
an allelic balance-based method (see Figure 1.2 for example). We attempted to run existing
filtering tools that most closely matched our needs to evaluate their ability to flag samples in a
non-human RRS dataset; one tool was absent from its linked GitHub (dna-contamination-
detector; Dallavilla et al., 2020), and the other two failed to run in our computing environment,
with limited recourse for technical support in both cases (ART-DeCo, Fiévet et al., 2019;
vanquish, Jiang and Motsinger-Reif, 2024). We therefore created a custom R script for

contamination filtering that calculated several individual-based metrics from VCF files:


https://github.com/bsjodin/genoerrorcalc

reference and alternative allelic read depths for each locus, total read depth per locus, and
number of heterozygous sites. From these data, we calculated the proportion of heterozygous
sites where allelic read depths deviated significantly (p < 0.05) from 0.5 in a two-tailed binomial
test (reference and alternate alleles acting as trials with p = 0.5). Because the power of this test
depends on the total number of reads, we also calculated the mean absolute deviation across loci
from 0.5 (referred to here as “AB deviation™). Individuals were visualized in a scatterplot
displaying absolute AB deviation against the proportion of significantly imbalanced sites. For
our rockfish datasets, the contamination detection script was applied to the dataset prior to
removal of individuals with different genetic and morphological species identifications.
Identification discordance is somewhat expected for these species (Wray et al., 2024), so this
provides an opportunity to examine whether such discrepancies are due to field misidentification
or contamination.

A published dataset of Pacific Herring (Clupea pallasii) RAD-seq samples (Petrou et al.,
2019) was processed through our contamination analysis in order to compare the allelic balance
strategy with a previously used contamination detection method based on individual observed
heterozygosity that included intentionally contaminated, potentially contaminated, and “clean”
samples. The dataset was downloaded from the NCBI Sequence Read Archive database (NCBI
Accession PRINA508972), aligned to the Atlantic Herring (Clupea harengus) genome, and
processed through genotype calling using STACKS (Catchen et al., 2013). Data were then
filtered using the above contamination pipeline, resulting in 2,774 SNPs. Samples were
composed of four intentionally contaminated samples (made from mixing fin tissue clips of four
different individuals as a “dirty cocktail” positive control), 211 adults collected during or

immediately before active spawning events (and thus potentially contaminated with sperm), and
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20 samples of presumably uncontaminated juvenile herring from Cherry Point that were reared at
the US Geological Survey (USGS) Marrowstone Marine Field Station, WA. 17 wild adult
samples and 20 juvenile samples were exposed to an experimental treatment of a 10-minute
bleach bath prior to DNA extraction (samples were split into two pieces; null treatment received
no bleach bath). While herring is a different species than our study group, testing our plotting
method on samples from a non-hybridizing species with approximate per-sample contamination
status garnered from a prior study can act as a control for our rockfish sample sets, wherein we
do not know the true level of contamination prior to analysis.

To test differing levels of filtering in our rockfish datasets, we flagged individuals using
“mild” (only extreme outliers) and “aggressive” (individuals that only deviated slightly from the
main “cloud” of samples) levels of filtering. This was done by first plotting the individuals using
the AB deviation and proportion of significantly deviated loci metrics, observing the patterns in
the data, and plotting diagonal lines based on the pattern to separate data into two filtering levels.
These same slopes and intercepts were used for all four rockfish datasets. Unfiltered, mild, and
aggressive filtered rockfish datasets were then analyzed using the same approaches. Individual-
level expected and observed heterozygosity estimates were obtained from VCFtools (Danecek et
al. 2011). A Principal Component Analysis (PCA) was conducted using the R package adegenet
v2.1.11 (Jombart, 2008). Per-group observed and expected heterozygosity, Fis, and pairwise Fsr
values were obtained using the R package hierfstat v0.5-11 (Goudet, 2005); pairwise Fsr values
between each dataset’s sampling groups were calculated with 1,000 bootstraps. STRUCTURE
v2.3.4 (Pritchard et al., 2000) was used to estimate admixture, with five replicates for K = 1-N
clusters (N = 5 for interspecific, 7 for Brown Rockfish, and 8 for both Copper Rockfish and

Quillback Rockfish) and a burn-in of 10,000 iterations and 100,000 MCMC repetitions. We ran
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STRUCTURE using the admixture model and without a priori population information; likely K
groups were identified with the AK statistic (Evanno et al., 2005) and the mean L(K) using
Structure Harvester (Earl and vonHoldt, 2012). The effects of contamination filtering on
STRUCTURE analysis were assessed at the most likely K group identified in the unfiltered
level. To avoid issues arising from label switching across replicate runs in STRUCTURE, we
used CLUMPP (Jakobsson and Rosenberg, 2007) to align replicate files. Results were visualized

in R using ggplot2 v3.5.2 (Wickham 2016).

1.4 RESULTS

1.4.1 Rockfish Interspecific Dataset

Per-individual average read counts retained from sequences collected in this study after
alignment for Brown Rockfish, Copper Rockfish, and Quillback Rockfish samples were 3.02
million, 4.98 million, and 4.65 million, respectively, which was considerably less than the 11.7
million, 18.0 million, and 18.7 million per-individual average reads obtained by AW. After
combining all BAM files from reference-aligned individuals from this study and the AW study
into a single dataset, 40 samples with fewer than 300,000 reads and 63 samples with more than
25% missing genotypes were removed. This read count cutoff removed the five negative controls
from the dataset, as the maximum number of reads retained in a single negative control sample
was 195,000 (with 95,000 reads being the minimum in a negative control sample). Nevertheless,
this number of reads in negative controls raised concerns about potential contamination
throughout the dataset and its influence on downstream analyses. After quality filtering and

removal of replicate samples, 8,685 SNPs were identified in this 391-individual dataset.
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We flagged 23 individuals for removal (5.4%) in the mild filter — 22 that were above the
regression line, and one for having insufficient data (Figure 1.3). In the aggressive filter, 92
individuals were flagged (23.5%). In our initial STRUCTURE analysis, 24 individuals were
found to have their full ancestry corresponding to a species that differed from their field
identification; morphological identification for these samples were two Brown Rockfish, three
Quillback Rockfish, and 19 Copper Rockfish. 17 of these 24 individuals showed complete
Quillback ancestry in STRUCTURE, and one individual morphologically identified as Copper
Rockfish had roughly equal ancestry from Quillback Rockfish and Copper Rockfish (48%
Quillback Rockfish and 51% Copper Rockfish, also previously identified as such in Wray et al.
2024). In PCA, these individuals also clustered with the species that matched their genetic
ancestry rather than their morphological identification, so they were labeled as misidentifications
and removed from the dataset prior to downstream analyses. Two of these misidentified
individuals (~10%) were also in the initial mild filtering group, and six (~6.5%) were in the
initial aggressive filtering group. After removing misidentified individuals, our interspecific
dataset consisted of 367 individuals prior to filtering specifically for contamination.

Given the relationship between our filtering metrics (proportion of significantly
imbalanced sites and overall deviation from an AB of 0.5), we expected contamination to result
in a positive correlation, as contamination would likely cause individuals to deviate considerably
in both metrics simultaneously. Most individuals in all four rockfish datasets displayed a
negative relationship in the distribution, with a smaller proportion exhibiting deviation in both
metrics (Figure 1.3). Individuals with a high proportion of significantly imbalanced sites
exhibited relatively low AB deviation, whereas individuals with high AB deviation generally had

a lower proportion of imbalanced sites. This pattern appeared to be associated with individuals’
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overall read depth — individuals with high read depth rarely displayed high AB deviation, while
lower depth individuals were distributed more broadly. Additionally, the proportion of
significantly imbalanced loci frequently exceeded the null expected 5% significance under a
binomial model, even in individuals with extremely low mean AB deviation. After plotting
arbitrary diagonal lines to delineate two filtering levels, our mild dataset was filtered from 367 to
347 individuals, and the aggressive dataset was filtered to 281 individuals.

The interspecific mild filtering dataset included seven individuals (three Brown Rockfish,
one Copper Rockfish, and three Quillback Rockfish) that were not flagged in the intraspecific
analyses (all individuals in intraspecific filtering were present in the interspecific set). Similarly,
interspecific aggressive filtering also contained all individuals in the intraspecific aggressive
filtering datasets, with additional individuals unique to the interspecific dataset. The three species
clustered distinctly in PCA at all three filtering levels, but individuals removed by filtering
tended to be located toward the centroid of the ordination space, indicating less differentiation
compared to tightly clustered samples (Figure 1.4). The suspected F1 individual was centered
between Quillback Rockfish and Copper Rockfish clusters, along with two other Copper
Rockfish individuals pulling away from the Copper Rockfish cluster. The individual closest to
the F1 was removed in mild filtering, while the other individual (closest to the Copper Rockfish
cluster) was removed in aggressive filtering. Several Brown Rockfish samples trailed into the
middle, with the furthest removed in mild or aggressive filtering, but the pattern observed in the
Brown Rockfish cluster remained in both levels of filtering even after removal.

Interspecific admixture plots (STRUCTURE analysis, Figures 1.5-1.7) were separated by
species to better visualize the effect of the filtering levels. Ancestry percentage that is not from

the species’ primary ancestry cluster (confirmed against individuals that had <1% ancestry from
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other clusters, referred to as “pure” individuals) will hereinafter be referred to as ‘hybrid
ancestry.” Averages for hybrid ancestry between species can be found in Table 1.2. In Brown
Rockfish (Figure 1.5), individuals removed in mild filtering had slightly higher average hybrid
ancestry (7.57%) than the species average, with one individual containing 19.5% ancestry from
Copper and Quillback Rockfish. In Copper Rockfish (Figure 1.6), one individual removed in
mild filtering had notably higher Quillback Rockfish ancestry (33.5%) than the species average,
while the remaining individuals in this group had 9.55% and 4.11% hybrid ancestry. Quillback
Rockfish (Figure 1.7) had the lowest average hybrid ancestry of the three species (0.44%), and
mild filtering removed samples with higher-than-average hybrid ancestry (2.20%, with the two
highest samples at 6.62% and 6.52% hybrid ancestry). STRUCTURE patterns remained largely
the same across all levels of filtering in all three rockfish species. Pairwise Fsr(Table 1.1)

remained largely stable across filtering levels, though increased slightly with each filtering level.

1.4.2  MAF versus MAC Filtering for Intraspecific Datasets

Prior to running contamination filtering analyses on our intraspecific datasets, we
examined the difference between datasets filtered with a minor allele frequency (MAF <0.05)
filter or minor allele count (MAC <3) filter. MAC <3 filtering SNP counts were 4,158 for Brown
Rockfish, 7,149 for Copper Rockfish, and 6,092 for Quillback Rockfish. For MAF 0.05 filtering,
they were 3,817, 7,092, and 3,941 SNPs, respectively; this means that MAF 0.05 filtering
reduced the SNP count by 8.20% for Brown Rockfish, 0.80% for Copper Rockfish, and 35.5%
for Quillback Rockfish compared to the MAC <3 set. Heterozygosity rates were substantially
lower in all three species when filtered with MAC <3 (Table 1.3) and inconsistent with the

previous study (Wray et al., 2024) that also contained roughly half of the same individuals used
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in this analysis. Additionally, STRUCTURE plots based on MAC filtered loci displayed weak
population structure within Quillback Rockfish, with minor differences in ancestry proportions in
Copper Rockfish (Figure 1.8). In Quillback Rockfish, using a MAF 0.05 filter resulted in
heterozygosity and more distinct STRUCTURE results consistent with the AW study and thus

were used as our datasets for the contamination filtering analyses presented in section 1.4.3.

1.4.3 Intraspecific Datasets

For the Pacific Herring dataset, we retained 2,774 SNPs in 239 samples (including
replicates) after quality filtering using parameters as in Petrou et al. (2019). This dataset
displayed a positive correlation between absolute AB deviation and the proportion of loci with a
significant deviation in our contamination detection plot (Figure 1.9). All four of the
intentionally contaminated samples had both an absolute AB deviation of >0.23 and more than
65% heterozygous sites that were significantly imbalanced. Of the 35 individuals identified as
heterozygosity outliers in Petrou et al. (2019), all had both an absolute AB deviation of >0.10
and a proportion of significantly imbalanced sites of >27%. The frequency of heterozygosity
outliers increases as deviance in both metrics increases (the 14 most deviant individuals were all
flagged as outliers in Petrou et al., 2019), though there are several outliers with low deviance
relative to individuals without elevated heterozygosity.

Since our intraspecific rockfish datasets differed in SNP selection from the interspecific
dataset, we first compared the overlap in SNPs between them. Intraspecific data of Brown
Rockfish shared 16.2%, of Copper Rockfish 18.8%, and of Quillback Rockfish 15.3% SNPs with
the interspecific dataset, demonstrating generally low SNP set overlap. All individuals identified

at the mild filtering level within each intraspecific dataset were also identified at the interspecific
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mild filtering level. For Brown Rockfish, we retained 3,817 SNPs in 69 individuals after quality
filtering and misidentified individual removal (based on results from the interspecific dataset
detailed in section 1.4.1). After contamination filtering, mild and aggressive filtering datasets
comprised 64 and 46 individuals, respectively (Figure 1.10). In a PCA (Figure 1.11), three to
four groups were visible at the unfiltered level (two small groups in the middle consisted of two
and four individuals, respectively). All six West Coast (WC) individuals were completely
separated from the remaining individuals at all levels. Patterns remained consistent at all levels
of contamination filtering. Approximately half of the individuals in the mild filtering level were
higher than average observed heterozygosity (Figure 1.12), while the remaining had average or
slightly lower than average heterozygosity. Aggressive filtering removed individuals exclusively
at or below average heterozygosity. In STRUCTURE (Figure 1.13), mild filtering removed only
individuals with full or nearly full ancestry from one cluster, while aggressive filtering removed
several individuals with hybrid ancestry. K = 2 was determined to be the most supported cluster
in the unfiltered level, while K = 3 was the most supported cluster in both mild and aggressive
levels (Figure 1.14). Pairwise Fsr remained stable across filtering levels, with very minor
increases in the aggressive filtering level (Table 1.4). Fisand per-region heterozygosity also
remained consistent, with marginal increases with increasing filtering level (Table 1.5).

For Copper Rockfish, we retained 7,092 SNPs in 123 individuals after quality filtering
and misidentified individual removal. After contamination filtering, mild and aggressive filtering
datasets comprised 121 and 97 individuals, respectively (Figure 1.15). In PCA, three to four
groups were revealed (Figure 1.16) irrespective of filtering, though aggressive filtering removed
a large portion of the individuals in one cluster (groups HC and SPS). Since only two individuals

were removed in Copper Rockfish mild filtering, individual heterozygosity patterns remained
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largely the same, though one mild level individual had substantially lower than average observed
heterozygosity (Figure 1.17). Aggressive filtering did not considerably change heterozygosity
patterns in five of the seven sampled regions, though HC and SPS saw a decrease in
heterozygosity. In STRUCTURE (Figure 1.18), patterns remained consistent across all filtering
levels at K = 2, though minor ancestry estimates increased in HC and SPS in aggressive filtering
as compared to unfiltered and mild levels (four and three individuals in HC and SPS,
respectively). K =2 was the most supported cluster at the unfiltered level (Figure 1.19), but K =
5 was unambiguously supported in mild filtering; aggressive filtering AK values were more
ambiguous (K = 2 value 300.9, K =5 value 308.8). Pairwise Fisr, Fis, and per-region
heterozygosity remained stable across filtering levels (Table 1.6 and 1.7), with minimal increases
as filtering level increases.

For Quillback Rockfish, we retained 3,941 SNPs in 161 individuals after quality
filtering and misidentified individual removal. After contamination filtering, mild and aggressive
filtered datasets comprised 121 and 97 individuals, respectively (Figure 1.20). In PCA, two
strong clusters were identified (Figure 1.21) and remained in both levels of filtering. No
individuals excluded at either filtering level were obvious outliers in our PCA plots. Individual
observed heterozygosity patterns remained largely consistent across all levels of filtering in
Quillback Rockfish (Figure 1.22), with neither mild nor aggressive filtering levels removing
individuals with exclusively higher or lower than average individual heterozygosity. In
STRUCTURE (Figure 1.23), patterns remained consistent and AK values unambiguously
supported K = 2 across all levels of filtering (Figure 1.24). Pairwise Fsr(Table 1.8), Fis, and per-

region observed heterozygosity remained stable across filtering levels (Table 1.9).
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1.5 DISCUSSION

While cross-sample contamination has been shown to influence population structure and
hybridization estimates (Petrou et al., 2019; Jun et al., 2012), our results suggested that low
levels of cross-contamination may not necessarily alter patterns in common population genetics
analyses. Across both interspecific and intraspecific rockfish datasets, PCA, STRUCTURE,
heterozygosity, Fst, and Fis estimates remained stable in contamination filtering, even when
aggressive filtering removed a considerable proportion of individuals. In contrast, minor allele
filtering strategy had a profound effect on downstream analyses. Intraspecific heterozygosity
estimates were considerably lower and inconsistent with previous studies on these species when
filtered using minor allele count (MAC) instead of minor allele frequency (MAF) (Table 1.3).
When filtered with MAF 0.05, Quillback Rockfish population structure in particular produced
stronger STRUCTURE differentiation consistent with PCA clustering (Figure 1.8), as well as
with results from Wray et al. (2024), indicating that the inclusion of rarer variants may introduce
noise that substantially lowers heterozygosity estimates and obfuscates signals of population
structure. These results suggested that filtering strategy may have a larger influence on
population estimates than low-level contamination in some RAD-seq datasets. However, outlier
individuals in our rockfish datasets showed that contamination could influence ancestry
inference by falsely indicating 1) individuals intermediate in PCA and 2) elevated hybrid
ancestry in STRUCTURE analysis; this implied that contamination may impact the identification
of hybrid individuals, even if dataset-wide ancestry patterns are consistent.

Our results also revealed a depth component to the allelic balance analysis. Individuals
with higher average read depth were more likely to have a higher proportion of significantly

imbalanced heterozygous sites, as small AB deviations in the 50:50 allelic ratio became more
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statistically significant with increasing read depth given the use of a binomial model. This depth
pattern was evident in all rockfish filtering analyses, yet these displayed a negative correlation in
non-outlier individuals, contrasting with the overall positive correlation in Pacific Herring
(Figure 1.9). This could be the much wider range in read depth in rockfish datasets (and also
much higher read depth maximum) compared to the Pacific Herring dataset, which may lead to
the smaller range of AB deviation observed in the rockfishes. Importantly, RAD-seq data do not
produce a perfect 50:50 ratio even in uncontaminated samples, as systematic errors such as
sequencing error, amplification bias, or incomplete reference genomes have been shown to
contribute to AB deviations (Muyas et al., 2018; McKinney et al., 2016). Substantial deviation in
both metrics, however, may be more indicative of contamination than technical variations or
biases. The differences between these datasets suggest that contamination signals are influenced
by depth and therefore the thresholds for contamination detection may be dataset dependent.
Such signals of allelic imbalance do not necessarily indicate incorrect genotype calls. The
STACKS?2 pipeline incorporates read depth and allele counts directly into genotype likelihood
estimation, and so genotypes with strongly imbalanced allele reads may be less likely to be
called as heterozygotes (Rochette et al., 2019; Maruki and Lynch, 2017). The heterozygous loci
retained in our datasets therefore excluded sites with extremely uneven allelic balance. Default
parameters in STACKS2 dictate that a stack with a minor allele read proportion below 0.05 are
called homozygous, between 0.05 and 0.1 are classified as unknown/missing, and above 0.1 are
called heterozygous (Catchen et al., 2013). We used these default options for genotype calling in
our data, which could explain why individuals with slightly skewed allele balance still produced
consistent results in the majority of our analyses. Adjusting these parameters to have stricter

minimums and maximums could potentially reduce the retention of contamination-driven
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imbalanced sites, though this would likely also increase missing data, which can itself affect
downstream analyses (Schmidt et al., 2021; Y1 and Latch, 2022). Evaluating the effect of these
thresholds and their interplay with contaminated data and quality filtering should be explored in
future studies.

Allelic balance may also be affected by paralogous loci (paralogs), which are copies of
genome sections that arose from gene or genome duplication events and that mutate
independently over time. In taxa with recent genome duplication events, paralogs may still be
highly similar and difficult to distinguish; collapsed paralogs can appear as heterozygous
genotypes when reads from multiple genomic copies are aligned to the same locus, which can
elevate read depth, skew allele ratios, and inflate heterozygosity (McKinney et al., 2016).
Paralogous loci are therefore expected to show locus-specific deviations from the 50:50 allelic
ratio we expect in diploid loci. Across our datasets, however, we observed inconsistent,
individual-specific patterns of allelic imbalance. This indicates that paralogy was unlikely to
explain the patterns identified in our contamination filtering analyses, though its influence cannot
be fully ruled out.

The overall limited effect of contamination filtering on interspecific population structure
analyses may be due to several factors. Only a small proportion (5.4%) of individuals in our
interspecific dataset was flagged in mild filtering — which only captured individuals with
substantial deviation — suggesting that strongly affected individuals were relatively rare.
Furthermore, contamination significant enough to produce allelic imbalances may be insufficient
to alter genotype calls at enough loci to impact overall patterns in downstream analyses. Our
negative controls retained between 95,000-195,000 reads after alignment, which corresponds to

approximately just 2-7% of the average reads retained in our real individuals. If we assume that
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similar levels of contamination were present in a portion of our dataset, contamination may not
have been significant enough to shift ancestry calculations, which may only impact
STRUCTURE-like analyses at levels of 10% or higher (Ward et al., 2026). Additionally, species
divergence may reduce the effect that low-level interspecific contamination has on ancestry
inference due to the presence of fixed differences between species. It could be simultaneously
true that this divergence allows for easier detection of contaminating reads, as contaminants are
more likely to differ in genotype and thus skew heterozygous allelic ratios (Ballenghien et al.,
2017). Together, this suggests that species divergence may increase sensitivity to contamination
detection while also reducing the chance that low-level contamination affects interspecific
population structure inference. In the case of hybridization, we showed that individuals with
elevated hybrid ancestry identified using PCA and STRUCTURE did not consistently display the
allelic imbalances typical for contaminated individuals. Notably, the putative F1 hybrid
identified by Wray et al. (2024) was retained across all filtering levels despite its intermediate
PCA position and nearly 50/50 ancestry makeup in STRUCTURE. However, two additional
individuals in the same group and PCA space as this individual (i.e., intermediate between
species) were flagged in mild and aggressive filtering, demonstrating some level of elevated
imbalance. These individuals may still have recent hybrid ancestry, considerable levels of
contamination, or a combination of both, as our filtering method does not immediately negate the
possibility of true hybrid ancestry.

The overlap between individuals flagged in interspecific and intraspecific filtering
suggests that our allele balance approach can identify a consistent set of outlier individuals
across datasets with very different SNP sets. Despite the low SNP overlap in our dataset types

(<20% overlap in all species) and the fact that all three of our study species were aligned to the
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same reference genome (S. umbrosus, which was not one of our study species), all individuals
identified in intraspecific filtering were also flagged in our interspecific dataset, indicating that
the contamination signal was robust to the SNP selection strategies and reference genome used
here. This indicates that species-specific reference genomes may not be necessary for reliable
contamination detection using allele balance methods, at least within closely related taxa. The
additional individuals flagged in the interspecific dataset could again reflect increased sensitivity
to cross-species contamination — signals of contamination may be stronger in interspecific
datasets due to greater genetic divergence as compared to same-species contamination, but more
research is needed to support this conclusion.

In all three intraspecific rockfish datasets, patterns remained largely stable across filtering
levels throughout our analyses, indicating that low-level cross-sample contamination had limited
influence on intraspecific analyses. One possible explanation for this minimal impact is if
contamination was primarily inter- rather than intraspecific. During sample DNA extraction and
library preparation, samples were randomly checkered across a 96-well plate and minimizing
adjacent same-species neighbors (in most cases, wells had no same-species neighbors). Thus, any
cross-sample contamination that could have occurred in these steps (i.e., droplet spread when
removing films or incubating the plate) is more likely be a different species that neighbors the
individual. This potential contamination pathway would also corroborate the seemingly low
contamination level, as such droplet spread would likely not heavily impact many individuals at
once.

While aggressive filtering also did not change overall patterns observed in PCA and
STRUCTURE analysis, it substantially reduced sample size in two Copper Rockfish groups (HC

and SPS) that also displayed a higher STRUCTURE minor ancestry proportion compared to their
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proportions at mild and unfiltered levels. This suggested that aggressive filtering reducing sizes
of some samples may bias ancestry estimates in STRUCTURE, which has been shown to be
sensitive to uneven sample sizes (Toyama et al., 2020). Instability in our intraspecific AK values
further demonstrated this sensitivity; Brown Rockfish and Copper Rockfish AK values were
ambiguous and inconsistent across filtering levels. Erratic K estimates are a known limitation of
the method, which can perform poorly with small or uneven sample size, or when population
structure is subtle (Puechmaille, 2016; Evanno et al., 2005). Heterozygosity estimates also
increased modestly between filtering levels in all three intraspecific rockfish datasets, which may
also indicate bias with decreasing sample size. Heterozygosity estimates can be lower in datasets
with more individuals due to the addition of SNPs from individuals with rarer alleles, as most
individuals in the dataset will be homozygous for that SNP (Schmidt et al., 2021).

A limitation of our contamination filtering approach is the exclusion of homozygous loci.
Cross-sample contamination may substantially affect homozygous loci, as it may generate false
heterozygote calls when present at sufficient frequencies (Jun et al., 2012). This may contribute
to the inflated heterozygosity estimates seen in other contamination studies, such as Petrou et al.
(2019). Restricting our analyses to heterozygous genotype calls may have therefore reduced
sensitivity to low-level contamination, particularly when contaminating reads were insufficient in
altering the genotype call. However, under the genotype calling thresholds used in STACKS2,
low contamination levels (2-7%) in our datasets may have instead resulted in loci classified as
missing rather than consistently producing heterozygote calls. Heterozygosity and allelic
imbalance were not strongly associated in our rockfish datasets, further suggesting that

individuals with notable imbalance did not have widespread contamination-driven genotype
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miscalls. A future direction for our allele balance method could incorporate homozygous loci to
evaluate its effect.

Comparing minor allele count (MAC <3) to minor allele frequency (MAF 0.05) in
filtering had the most profound effect on our analyses as compared to our contamination filtering
alone. All rockfish datasets filtered with MAC <3 displayed lower observed heterozygosity and
Quillback Rockfish STRUCTURE analysis displayed weaker, less biologically consistent
population differentiation than when filtered with MAF 0.05. Quillback Rockfish SNP count was
35.3% higher in the MAC <3 dataset versus the MAF 0.05 dataset, consistent with the stark
differences seen in Quillback Rockfish STRUCTURE analysis and observed heterozygosity.
However, Brown Rockfish and Copper Rockfish had much smaller increases in SNP count
between filtering methods (8.20% and 0.80% respectively), yet both species also experienced
substantial differences in heterozygosity between filtering methods. While an effect on
heterozygosity is expected when using a MAF 0.05 filter, this indicates that even small
proportions of SNPs can have a substantial impact on heterozygosity estimates. Our results
contrast with results from Linck and Battey (2019), who found that MAC-based filtering may
preserve informative variation that leads to more distinct clustering while still removing
singletons. The rare variants retained in our MAC <3 dataset may have added noise to our
population structure estimates, leading to a more ambiguous STRUCTURE result. This suggests
that the optimal filtering method is dataset-dependent and results should be compared to other
analyses like PCA to ensure consistency, as was also suggested by Linck and Battey (2019).

In conclusion, our results indicated that low-level contamination may not substantially
affect overall population structure inference but may still influence individual estimates and

identification of hybrid individuals in interspecific datasets. We also found that minor allele
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filtering method choice can have a considerable impact on heterozygosity estimates and ancestry
cluster strength in STRUCTURE analysis. Based on this work, we recommend that studies
incorporate and sequence negative controls to identify potential contamination events early, and
to carefully consider locus filtering strategy prior to analysis. If contamination is suspected,
using multiple methods to examine the dataset and identify outliers (allelic balance,
heterozygosity, PCA) can reduce the risk of bias while offering the ability to remove individuals
that could influence analyses. Finally, careful consideration of filtering strategy at the locus level
is especially critical, as the inclusion of rare variants may substantially impact structure

inference.
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1.6 FIGURES
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Figure 1.1 Map of rockfish sampling regions in the Salish Sea. Samples were assigned to one
of the seven regions according to their sampling coordinates. From the coast, moving inshore:
WC = West Coast, GB = Georgia Basin, SJI = San Juan Islands, WI = Whidbey Island, MB =
Main Basin, HC = Hood Canal, and SPS = South Puget Sound (south of Tacoma Narrows). Not
pictured is Southern California and Mexico, from which 6 Brown Rockfish samples were

collected (counted under WC group).
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Figure 1.2 Allelic balance of heterozygous loci in clean versus contaminated samples. Plots
depict overall allelic balance at heterozygous sites, with the allelic balance ratio per site on the x-
axis and the number of loci on the y-axis. The red line marks an allele ratio of 0.5, or 50:50. The
left sample is a facility-reared juvenile Pacific Herring (Clupea pallasii) sample that was
processed through a 10-minute bleach bath prior to DNA extraction. The right sample is a “dirty

cocktail” sample, consisting of four Pacific Herring fin clips combined during DNA extraction.

Data provided from Petrou et al. (2019).
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Figure 1.3 Interspecific Brown Rockfish, Copper Rockfish, and Quillback Rockfish
contamination filtering analysis. The x-axis metric is the mean absolute deviation from 0.5 of
an individual sample’s mean allelic balance across all its heterozygous genotype positions. This
balance is expected to be at or approximately 0.5 (a 50:50 ratio of reference and alternative reads
at each site). The y-axis metric is the sample’s proportion of heterozygous positions that had a p-
value < 0.05 in a two-tailed binomial test with p = 0.5. Red samples were flagged in mild
filtering, and blue samples were flagged in aggressive filtering. Gray samples were not flagged
as contaminated in either filtering level. The sample’s circle size corresponds to its overall mean

depth.
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Figure 1.4 Interspecific Brown Rockfish, Copper Rockfish, and Quillback Rockfish PCA at
A) unfiltered, B) mild, and C) aggressive filtering levels. Each point is an individual and is
colored by its species. Hollow icons denote samples that are filtered out in either mild filtering
(triangle) or aggressive filtering (square), and samples that passed contamination filtering are

solid circles.
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Figure 1.5 Interspecific Brown Rockfish STRUCTURE analysis at K =3, grouped by
sampling population at A) unfiltered, B) mild, and C) aggressive filtering levels. Each bar is
an individual and is colored by its ancestry cluster(s): blue = Brown Rockfish, purple = Copper
Rockfish, green = Quillback Rockfish. Symbols underneath bars in plot A indicate samples that
are filtered out in B) mild filtering or C) aggressive filtering; triangle = mild filtering, square =

aggressive filtering. Most likely K cluster was determined using AK.
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Figure 1.6 Interspecific Copper Rockfish STRUCTURE analysis at K = 3, grouped by
sampling population at A) unfiltered, B) mild, and C) aggressive filtering levels. Each bar is
an individual and is colored by its ancestry cluster(s): blue = Brown Rockfish, purple = Copper
Rockfish, green = Quillback Rockfish. Symbols underneath bars in plot A indicate samples that
are filtered out in B) mild filtering or C) aggressive filtering; triangle = mild filtering, square =

aggressive filtering. Most likely K cluster was determined using AK.
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Figure 1.7 Interspecific Quillback Rockfish STRUCTURE analysis at K = 3, grouped by
sampling population at A) unfiltered, B) mild, and C) aggressive filtering levels. Each bar is
an individual and is colored by its ancestry cluster(s): blue = Brown Rockfish, purple = Copper
Rockfish, green = Quillback Rockfish. Symbols underneath bars in plot A indicate samples that
are filtered out in B) mild filtering or C) aggressive filtering; triangle = mild filtering, square =

aggressive filtering. Most likely K cluster was determined using AK.
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Figure 1.8 Minor allele count (MAC) versus minor allele frequency (MAF) filtering results
in STRUCTURE analysis. Column 1 is MAC-filtered results, column 2 is MAF-filtered results.
Rows top to bottom are Brown Rockfish, Copper Rockfish, and Quillback Rockfish. Sampling

region is ordered along the x-axis, and ancestry proportion is on the y-axis.
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Figure 1.9 Pacific Herring (Clupea pallasii) contamination filtering analysis. The x-axis
metric is the mean absolute deviation from 0.5 of an individual sample’s mean allelic balance
across all its heterozygous genotype positions. This balance is expected to be at or approximately
0.5 (a 50:50 ratio of reference and alternative reads at each site). The y-axis metric is the
sample’s proportion of heterozygous positions that had a p-value < 0.05 in a two-tailed binomial
test with p = 0.5. Red samples were identified as contaminated in Petrou et al. (2019) due to
excessively elevated heterozygosity (Ho >0.23). Blue samples were not identified as having
inflated heterozygosity in the study. The sample’s circle size corresponds to its overall mean

depth.
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Figure 1.10 Brown Rockfish contamination filtering analysis. The x-axis metric is the mean
absolute deviation from 0.5 of an individual sample’s mean allelic balance across all its
heterozygous genotype positions. This balance is expected to be at or approximately 0.5 (a 50:50
ratio of reference and alternative reads at each site). The y-axis metric is the sample’s proportion
of heterozygous positions that had a p-value < 0.05 in a two-tailed binomial test with p = 0.5.
Red samples were flagged in mild filtering, and blue samples were flagged in aggressive
filtering. Gray samples were not flagged as contaminated at either filtering level. The sample’s

circle size corresponds to its overall mean depth.
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Figure 1.11 Brown Rockfish PCA at A) unfiltered, B) mild, and C) aggressive filtering
levels. Each point is an individual and is colored by its sampling location. Hollow icons denote
samples that are filtered out in either mild filtering (triangle) or aggressive filtering (square), and

samples that passed contamination filtering are solid circles.
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Figure 1.12 Brown Rockfish individual observed heterozygosity per sampling group at
unfiltered, mild, and aggressive filtering levels. Each point is an individual and is colored by
its filter status: red = removed in mild filtering, blue = removed in aggressive filtering. Points are
grouped by sampling location (x-axis). Individual heterozygosity was obtained using VCFtools

(Danecek et al., 2011).
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Figure 1.13 Brown Rockfish STRUCTURE analysis at K = 2, grouped by sampling

population at A) unfiltered, B) mild, and C) aggressive filtering levels. Each bar is an
individual and is colored by its ancestry cluster(s). Symbols underneath bars in plot A indicate
samples that are filtered out in B) mild filtering or C) aggressive filtering; triangle = mild

filtering, square = aggressive filtering. Most likely K cluster was determined using AK.
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Figure 1.15 Copper Rockfish contamination filtering analysis. The x-axis metric is the mean
absolute deviation from 0.5 of an individual sample’s mean allelic balance across all its
heterozygous genotype positions. This balance is expected to be at or approximately 0.5 (a 50:50
ratio of reference and alternative reads at each site). The y-axis metric is the sample’s proportion
of heterozygous positions that had a p-value < 0.05 in a two-tailed binomial test with p =0.5.
Red samples were flagged in mild filtering, and blue samples were flagged in aggressive
filtering. Gray samples were not flagged as contaminated at either filtering level. The sample’s

circle size corresponds to its overall mean depth.
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Figure 1.16 Copper Rockfish PCA at A) unfiltered, B) mild, and C) aggressive filtering
levels. Each point is an individual and is colored by its sampling location. Hollow icons denote
samples that are filtered out in either mild filtering (triangle) or aggressive filtering (square), and

samples that passed contamination filtering are solid circles.
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Figure 1.17 Copper Rockfish individual observed heterozygosity per sampling group at
unfiltered, mild, and aggressive filtering levels. Each point is an individual and is colored by
its filter status: red = removed in mild filtering, blue = removed in aggressive filtering. Points are
grouped by sampling location (x-axis). Individual heterozygosity was obtained using VCFtools

(Danecek et al., 2011).
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Figure 1.18 Copper Rockfish STRUCTURE analysis at K = 2, grouped by sampling
population at A) unfiltered, B) mild, and C) aggressive filtering levels. Each bar is an
individual and is colored by its ancestry cluster(s). Symbols underneath bars in plot A indicate
samples that are filtered out in B) mild filtering or C) aggressive filtering; triangle = mild

filtering, square = aggressive filtering. Most likely K cluster was determined using AK.
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Figure 1.20 Quillback Rockfish contamination filtering analysis. The x-axis metric is the
mean absolute deviation from 0.5 of an individual sample’s mean allelic balance across all its
heterozygous genotype positions. This balance is expected to be at or approximately 0.5 (a 50:50
ratio of reference and alternative reads at each site). The y-axis metric is the sample’s proportion
of heterozygous positions that had a p-value < 0.05 in a two-tailed binomial test with p = 0.5.
Red samples were flagged in mild filtering, and blue samples were flagged in aggressive
filtering. Gray samples were not flagged as contaminated at either filtering level. The sample’s

circle size corresponds to its overall mean depth.
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Figure 1.21 Quillback Rockfish PCA at A) unfiltered, B) mild, and C) aggressive filtering
levels. Each point is an individual and is colored by its sampling location. Hollow icons denote
samples that are filtered out in either mild filtering (triangle) or aggressive filtering (square), and

samples that passed contamination filtering are solid circles.
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Figure 1.22 Quillback Rockfish individual observed heterozygosity per sampling group at
unfiltered, mild, and aggressive filtering levels. Each point is an individual and is colored by
its filter status: red = removed in mild filtering, blue = removed in aggressive filtering. Points are
grouped by sampling location (x-axis). Individual heterozygosity was obtained using VCFtools

(Danecek et al., 2011).
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Figure 1.23 Quillback Rockfish STRUCTURE analysis at K = 2, grouped by sampling
population at A) unfiltered, B) mild, and C) aggressive filtering levels. Each bar is an
individual and is colored by its ancestry cluster(s). Symbols underneath bars in plot A indicate
samples that are filtered out in B) mild filtering or C) aggressive filtering; triangle = mild

filtering, square = aggressive filtering. Most likely K cluster was determined using AK.
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1.7 TABLES

Table 1.1 Interspecific Rockfish Pairwise Weir and Cockerham Fsr estimates at unfiltered,
mild, and aggressive contamination filtering levels. Numbers that are significantly greater

than zero are bolded (based on the lower 95% CI limit).

Interspecific Rockfish Pairwise Fsr
No Contamination Filtering
Brown Copper
Copper 0.618
Quillback 0.605 0.367
Mild Filtering
Brown Copper
Copper 0.623
Quillback 0.611 0.369
Aggressive Filtering
Brown Copper
Copper 0.628
Quillback 0.616 0.371

Table 1.2 Interspecific rockfish average hybrid ancestry (HA) per species. N = individuals
per species and dataset and HA = percent hybrid ancestry. Hybrid ancestry is the proportion of
STRUCTURE analysis ancestry that does not belong to the species’ ancestry cluster, confirmed

against samples with <1% ancestry from other clusters.

Interspecific Rockfish Average Hybrid Ancestry (HA)
Brown | Copper Quillback

N Unfiltered 72 128 167
Unfiltered HA 2.58% 5.75% 0.44%

N Mild 64 125 158
Mild Filtering HA 2.11% 5.50% 0.33%

N Aggressive 39 103 139
Aggressive Filtering HA 3.24% 6.05% 0.29%
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Table 1.3 MAC versus MATF filtering observed heterozygosity results. Values are from
intraspecific datasets prior to contamination filtering. N = individuals per species, MAC = minor
allele count, MAF = minor allele frequency, Ho = mean observed heterozygosity. Overall Ho

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

MAC vs MAF Filtering Heterozygosity

N MAC Ho MAF Ho
Brown 69 0.163 0.212
Copper 123 0.125 0.232
Quillback 161 0.140 0.278
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Table 1.4 Brown Rockfish Pairwise Weir and Cockerham Fsr estimates at unfiltered, mild,
and aggressive contamination filtering levels. Numbers that are significantly greater than zero

are bolded (based on the lower 95% CI limit).

Brown Rockfish Pairwise Fsr
No Contamination Filtering

SJI GB MB WC SPS
GB -0.040
MB 0.034 0.041
WC 0.091 0.23 0.176
SPS 0.035 0.033 0.001 0.172
HC 0.024 0.026 0.001 0.162 -0.001

Mild Filtering

SJI GB MB WC SPS
GB -0.040
MB 0.034 0.043
WC 0.091 0.23 0.179
SPS 0.034 0.033 0.001 0.173
HC 0.021 0.024 0.002 0.161 -0.001

Aggressive Filtering

SJI GB MB WC SPS
GB -0.040
MB 0.035 0.044
WC 0.091 0.23 0.181
SPS 0.038 0.038 -0.001 0.193
HC 0.022 0.03 0.001 0.17 -0.001
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Table 1.5 Summary statistics for Brown Rockfish at unfiltered, mild, and aggressive

contamination filtering levels. N = sample size per population, Ho = mean observed

heterozygosity, He = mean expected heterozygosity, Fis = inbreeding coefficient. Ho, He, and Fis

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

Brown Rockfish Summary Statistics
No Contamination
Filtering Mild Filtering Aggressive Filtering

N | Ho He Fis N | Ho He Fis N | Ho He Fis
WC 6 | 0.132 1 0.139 | 0.034 | 6 | 0.132 | 0.139 | 0.034 | 6 | 0.132 | 0.139 | 0.034
GB 1 ]0.198 | N/A N/A 1 ]0.198 | N/A N/A 1 10.198 | N/A N/A
SJ1 3 10204 |1 0246 | 0.089 | 3 | 0.204 | 0.246 | 0.089 | 4 | 0.204 | 0.246 | 0.089
MB 151 0.251 | 0.251 | -0.003 | 15| 0.251 | 0.251 | -0.003 | 14 ] 0.251 | 0.250 | -0.004
HC 2310.241 1 0.250 | 0.026 | 19| 0.237 | 0.248 | 0.033 | 12| 0.231 | 0.249 | 0.051
SPS 21 10.243 1 0.247 | 0.009 |20 | 0.241 | 0.246 | 0.012 | 10| 0.243 | 0.246 | 0.008
Overall | 69 | 0.212 | 0.225 | 0.060 | 64 | 0.211 | 0.225 | 0.062 | 46| 0.210 | 0.225 | 0.065
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Table 1.6 Copper Rockfish Pairwise Weir and Cockerham Fsr estimates at unfiltered, mild,

and aggressive contamination filtering levels. Numbers that are significantly greater than zero

are bolded (based on the lower 95% CI limit).

Copper Rockfish Pairwise Fsr
No Contamination Filtering

WC SJI GB WI MB SPS
SJI 0.012
GB 0.011 0.033
WI 0.083 0.066 0.114
MB 0.033 0.02 0.06 0.012
SPS 0.06 0.041 0.095 0.055 0.013
HC 0.078 0.059 0.108 0.093 0.047 0.005

Mild Filtering

WC SJI GB WI MB SPS
SJI 0.011
GB 0.011 0.032
WI 0.083 0.065 0.114
MB 0.033 0.02 0.06 0.012
SPS 0.06 0.041 0.095 0.055 0.013
HC 0.078 0.059 0.108 0.093 0.047 0.005

Aggressive Filtering

WC SJI GB WI MB SPS
SJI 0.011
GB 0.009 0.034
WI 0.08 0.065 0.112
MB 0.03 0.019 0.059 0.012
SPS 0.068 0.047 0.116 0.083 0.03
HC 0.09 0.068 0.129 0.113 0.06 0.012
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Table 1.7 Summary statistics for Copper Rockfish at unfiltered, mild, and aggressive
contamination filtering levels. N = sample size per population, Ho = mean observed
heterozygosity, He = mean expected heterozygosity, Fis = inbreeding coefficient. Ho, He, and Fis

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

Copper Rockfish Summary Statistics

No Contamination Filtering Mild Filtering Aggressive Filtering

N Ho He F[s N Ho He F[S N Ho He F[S

WC 19 10218 | 0.237 | 0.063 | 19 | 0.218 | 0.237 | 0.063 | 17 ] 0.222 | 0.241 | 0.059

GB 24 1 0.209 | 0.218 | 0.027 | 24 | 0.209 | 0.218 | 0.027 | 22 | 0.212 | 0.220 | 0.023

SJI 32 1 0.240 | 0.253 | 0.039 | 30 | 0.241 | 0.255 | 0.042 | 28 | 0.241 | 0.255 | 0.042

MB 13 10.242 | 0.265 | 0.064 | 13 | 0.242 | 0.265 | 0.064 | 13| 0.242 | 0.265 | 0.064

WI 10 | 0.250 | 0.255 | 0.013 | 10 | 0.250 | 0.255 | 0.013 | 10 | 0.250 | 0.255 | 0.013

HC 15 | 0.228 | 0.239 | 0.038 | 15 | 0.228 | 0.239 | 0.038 | 4 | 0.224 | 0.227 | -0.016

SPS 10 | 0.236 | 0.254 | 0.050 | 10 | 0.236 | 0.254 | 0.050 | 3 | 0.225 | 0.238 | -0.009

Overall | 123 | 0.232 | 0.246 | 0.057 | 121 | 0.232 | 0.246 | 0.057 | 97 | 0.231 | 0.243 | 0.051
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Table 1.8 Quillback Rockfish Pairwise Weir and Cockerham Fsr estimates at unfiltered,
mild, and aggressive contamination filtering levels. Numbers that are significantly greater

than zero are bolded (based on the lower 95% CI limit).

Quillback Rockfish Pairwise Fsr
No Contamination Filtering

WC SJI GB SPS WI MB
SJI 0.001
GB 0.002 0.001
SPS 0.006 0.010 0.014
WI 0.006 0.010 0.015 0.002
MB 0.007 0.010 0.013 0.000 -0.004
HC 0.006 0.011 0.015 0.001 0.002 0.003

Mild Filtering

WC SJI GB SPS WI MB
SJI 0.001
GB 0.002 0.001
SPS 0.005 0.010 0.014
WI 0.006 0.010 0.015 0.001
MB 0.007 0.010 0.013 0.000 -0.005
HC 0.006 0.011 0.015 0.001 0.001 0.003

Aggressive Filtering

WC SJI GB SPS WI MB
SJI 0.001
GB 0.002 0.001
SPS 0.004 0.011 0.016
WI 0.008 0.013 0.019 0.008
MB 0.006 0.010 0.013 0.000 -0.002
HC 0.006 0.011 0.015 -0.001 0.008 0.005
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Table 1.9 Summary statistics for Quillback Rockfish at unfiltered, mild, and aggressive

contamination filtering levels. N = sample size per population, Ho = mean observed

heterozygosity, He = mean expected heterozygosity, Fis = inbreeding coefficient. Ho, He, and Fis

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

Quillback Rockfish Summary Statistics

No Contamination Filtering Mild Filtering Aggressive Filtering
N Ho He Fis N Ho He Fis N Ho He Fis
WC 55 10.266 | 0.277 | 0.035 | 51 | 0.267 | 0.278 | 0.036 | 46 | 0.266 | 0.278 | 0.037
GB 22 10271 | 0.278 | 0.018 | 22 | 0.271 | 0.278 | 0.018 | 21 | 0.270 | 0.278 | 0.022
SJI 45 1 0.276 | 0.282 | 0.018 | 44 | 0.277 | 0.282 | 0.017 | 42 | 0.276 | 0.282 | 0.020
MB 12 1 0.278 | 0.284 | 0.012 | 12 | 0.278 | 0.284 | 0.012 | 12 | 0.278 | 0.284 | 0.012
WI 5 1030210283 | -0.068 | 4 ]0.299 | 0.283 | -0.070 | 3 | 0.289 | 0.280 | -0.068
HC 12 10277 1 0.281 | 0.011 | 12 | 0.277 | 0.281 | 0.011 5 10.274 1 0.281 | 0.004
SPS 10 | 0.278 | 0.283 | 0.007 | 10 | 0.278 | 0.283 | 0.007 | 5 | 0.282 | 0.285 | -0.008
Overall | 161 | 0.278 | 0.282 | 0.011 | 155 0.278 | 0.282 | 0.013 | 134 | 0.276 | 0.282 | 0.018
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1.8 SUPPLEMENTAL FIGURES
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Supplemental Figure 1.1 Brown Rockfish STRUCTURE analysis at K = 3, grouped by
sampling population at A) unfiltered, B) mild, and C) aggressive filtering levels. Each bar is
an individual and is colored by its ancestry cluster(s). Symbols underneath bars in plot A indicate
samples that are filtered out in B) mild filtering or C) aggressive filtering; triangle = mild

filtering, square = aggressive filtering. Most likely K cluster was determined using AK.
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Supplemental Figure 1.2 Copper Rockfish STRUCTURE analysis at K = 3, grouped by
sampling population at A) unfiltered, B) mild, and C) aggressive filtering levels. Each bar is
an individual and is colored by its ancestry cluster(s). Symbols underneath bars in plot A indicate
samples that are filtered out in B) mild filtering or C) aggressive filtering; triangle = mild

filtering, square = aggressive filtering. Most likely K cluster was determined using AK.
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Chapter 2. INFLUENCE OF PUGET SOUND BASIN STRUCTURE
AND HYBRIDIZATION ON POPULATION GENETICS OF THREE
PACIFIC ROCKFISH SPECIES (Sebastes spp.)

2.1 ABSTRACT

Hybridization can complicate fisheries management by blurring species boundaries but
can also provide important adaptive genetic variation. Brown Rockfish (Sebastes auriculatus),
Copper Rockfish (S. caurinus), and Quillback Rockfish (S. maliger) are known to hybridize in
Puget Sound. They have not recovered despite a full fishery closure following overfishing, unlike
their conspecifics on the coast which are now fully recovered. Population genetic structure is still
uncertain given conflicting results regarding the spatial extent of introgression and its influence
on population structure. To examine these patterns at finer spatial scales with a larger sample
size, we combined previously published restriction site-associated DNA sequencing (RAD-seq)
data with 389 newly sequenced individuals sampled from the West Coast and the Salish Sea. Our
results confirmed that introgression is generally low-level, widespread, and asymmetric from
Quillback Rockfish into Brown and Copper Rockfish, and that intraspecific population structure
is species-specific, consistent with a previous RAD-seq study. We found no evidence for
previously described higher incidence of hybrids in more isolated basins of Puget Sound.
However, we detected another population of Copper Rockfish in Hood Canal, which was not due
to increased hybridization. Previous studies included the use of mtDNA, which may be the only
trace of hybridization in most individuals. Our findings demonstrate that population structure
differs substantially among species and suggest the importance of directional mtDNA

introgression in interspecific hybridization.
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2.2 INTRODUCTION

Fisheries management and policy are dependent on explicitly defined species and
populations, the identification of which are complicated by the presence and extent of
hybridization between those species (Allendorf et al., 2001). As genomic research has advanced
rapidly and reduced in cost in recent years with the development of high-throughput sequencing,
evidence of hybridization in a vast variety of organisms has been uncovered, and outcomes of
these hybridization events appear to be more variable than previously thought (Taylor and
Larson, 2019). While hybridization may pose threats to wild populations, such as introgression
from domestic species (Howard-McCombe et al., 2021) or outbreeding depression, in which
offspring from two different populations have reduced fitness (Houde et al., 2011), natural
hybridization is an important evolutionary process (Taylor and Larson, 2019) and can contribute
positively to genetic diversity. For instance, species that hybridize and repeatedly backcross can
retain beneficial alleles (Hedrick, 2018; Grant and Grant, 2010) — known as adaptive
introgression — which may be crucial for species to survive in the face of rapidly changing
environments (Brauer et al., 2023; Hamilton and Miller, 2015). It is therefore important that the
context of hybridization is considered when crafting management tactics for hybridizing species,
especially in cases of populations that are declining or threatened.

Pacific rockfishes (Sebastes spp.) in Puget Sound, Washington, are a prime example of
hybridization complicating efforts for restoring declining populations. Rockfish are a vital
component of the Pacific Coast groundfish fishery, comprising approximately 75% of the species
in the fishery (PFMC Groundfish FMP, 2025). After rockfish populations sharply declined from
overfishing in the 1970s-1980s and crashed in the mid-1990s (Williams et al., 2010), the Puget

Sound commercial fishery was closed in 1999. Nevertheless, the populations did not recover, and

70



in 2010, the recreational fishery was also closed after years of continually declining bag limits
(the maximum number of fish an angler can retain in a day). Rockfish are characterized by late
maturity, longevity and slow growth (Love et al., 2002; Winemiller, 2005), which can lead to a
significant lag in population recovery after a period of overfishing. Since fishery closures,
populations along the coast of Washington have recovered, but many species in Puget Sound are
still depleted or in a cautionary state (WDFW, 2011). Though the fishery remains closed,
rockfishes in Puget Sound were previously managed using distinct population segment (DPS)
designations that were determined using data from earlier genetic studies on hybridizing Brown
Rockfish, Copper Rockfish, and Quillback Rockfish (Buonaccorsi et al., 2005, 2002; Seeb,
1998). These studies established that these three species of rockfishes exhibit complex and often
asymmetric patterns of differentiation and hybridization based on allozyme and microsatellite
data (Seeb, 1998; Buonaccorsi et al., 2002, 2005), which was also displayed in a later study that
used few nuclear and one mitochondrial loci (Schwenke et al., 2018). Wray et al. (2024) recently
provided evidence for species-specific genetic structure of rockfish populations, with some
species displaying differentiation between coastal and Puget Sound populations while others did
not, such as Black Rockfish and Canary Rockfish (Andrews et al., 2018). Brown Rockfish,
Copper Rockfish, and Quillback rockfish all exhibited intraspecific population structure, but
spatial patterns differed between species.

Several factors could contribute to the lack of recovery in Puget Sound rockfishes, such
as derelict gear, habitat degradation due to nearshore development, pollution, and climate change
(Drake et al., 2010). This difference in recovery between coastal and Puget Sound populations
may also be due to barriers to connectivity caused by the unique bathymetric and oceanographic

features of the region. Puget Sound, an estuarine fjord (Dethier and Schoch, 2004; Burns 1985)
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located in the larger marine system known as the Salish Sea, features bathymetric barriers that
provide the opportunity for populations to become isolated and, thus, genetically differentiated
from those found on the coast — two major barriers being Victoria Sill at the eastern edge of the
Strait of Juan de Fuca, and another at Admiralty Inlet between Whidbey Island and Port
Townsend. These shallow sills exist between the deep, narrow basins of Puget Sound, leading to
changes in water flow (such as gyres) that may limit larval dispersal, particularly in demersal
rockfish species (Palsson et al., 2009). Adults of some species are also known to have high site
fidelity (Palsson et al., 2009), further reducing the chance for gene flow between populations in
these basins. While a lack of connectivity to coastal populations could affect genetic diversity, it
may also allow for local adaptation, in which populations become better suited to their local
environment than other members of the same species (Blanquart et al., 2013; Forester et al.,
2016) — local adaptation could be especially important for species survival in increasingly
extreme environmental conditions (Meek et al., 2023).

The bathymetric structure and environmental conditions of Puget Sound are also
favorable toward the formation of hybrid zones. Puget Sound features variable temperatures,
lower salinity, and less rocky reef habitat than the coast, as well as seasonal periods of anoxia (as
cited in Schwenke et al., 2018), which may contribute to overlap in species that are normally
separated by depth. Three species of rockfishes found in Puget Sound — Brown Rockfish, Copper
Rockfish, and Quillback Rockfish — are known to hybridize based on allozyme and microsatellite
work (Drake et al., 2010; Buonaccorsi et al., 2002, 2005; Seeb, 1998). More recent work using
mitochondrial and nuclear loci demonstrated asymmetrical introgression (from Quillback
Rockfish into Brown Rockfish and Copper Rockfish) that contrasted with the directionality of

introgression in an earlier allozyme study (Seeb, 1998). Schwenke et al. (2018) also reported a
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high percentage of interspecific hybrids and long-term hybridization, with proportions of hybrids
increasing with the number of sills separating capture locations from the open ocean. However,
the most recent study on hybridization in these three species — which used restriction site
associated DNA sequencing (RAD-seq), a reduced representation sequencing method — reported
widespread yet consistent, low levels of admixture from Quillback Rockfish into Brown
Rockfish and Copper Rockfish (Wray et al., 2024), again contrasting with previous studies. This
study additionally had few to no individuals from basins where Schwenke et al. (2018) reported
higher hybridization rates (depending on species and basin), which may have contributed to the
lower levels.

To date, the current body of work on this rockfish species complex contains conflicting
conclusions, likely due in part to the difference in the markers used, advancements in genomic
techniques, and spatial extent of sampling in the Salish Sea. The data presented in Wray et al.
(2024) laid a critical foundation for updating management tactics to better reflect each species’
respective population structure, but sampling was largely restricted to central Puget Sound,
omitting adjacent smaller basins with potentially higher incidence of hybridization (Schwenke et
al. 2018). To address these gaps, this study expanded on both sample size and sampling at the
geographic basin level. Individuals from Wray et al. (2024) were combined in a dataset with new
individuals and divided into the basin of origin in order to examine population structure and
hybridization at a finer scale. By including basins that were previously identified as having
higher rates of hybrid individuals, as well as substantially larger sample sizes within each basin,
we aimed to examine finer-scale population structure in Puget Sound rockfishes and the

influence of these species’ history of hybridization on these patterns.
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2.3 METHODS

2.3.1 Sampling

389 fin clip and muscle tissue samples of Brown Rockfish, Copper Rockfish, and
Quillback Rockfish were assembled from collections at the Washington Department of Fish and
Wildlife (WDFW), the National Oceanic and Atmospheric Administration (NOAA), and
Fisheries and Oceans Canada (DFO). Samples were stored either in 95% ethanol tubes and kept
refrigerated, or as a dry fin clip in an absorbent paper container inside a plastic bag with
moisture-absorbing beads stored at room temperature. Nine individuals sequenced in this study
were marked as “possible hybrids” by the original collectors in the field, as the whole specimens
appeared to have phenotypic traits (usually coloration) that were not consistent with a single
species. Samples were assigned to one of seven regions of the coast or Salish Sea (Figure 1.1)
based on their capture coordinates or approximate location (i.e. named sampling location). To
estimate genotyping error and check for data comparability, 28 individuals from Wray et al.
(2024) (hereafter referred to AW) were re-sequenced, and 70 new individuals (11 Brown
Rockfish, 23 Copper Rockfish, and 36 Quillback Rockfish) were sequenced twice; libraries of 26
individuals were prepared in two different libraries from the same DNA extract, and 44
individuals were extracted in two separate extraction plates. These individuals (re-sequenced
individuals from AW and individuals sequenced twice in this study) will hereafter be referred to

as “technical replicates.”

2.3.2 DNA Extraction, RAD-Seq Library Preparation, and Sequencing
DNA was extracted from samples using a Nexttec DNA Isolation Kit (nexttec™

Biotechnologie GmbH, Leverkusen, Germany). Within each of our five 96-well extraction plates,
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a single random well was used as a negative control to check for contamination. This consisted
of a no-template control (NTC) method, where all protocol reagents are still added to the well,
but no DNA is added. DNA was quantified on a Qubit fluorometer (ThermoFisher Scientific,
Waltham, MA). Extractions were normalized to 125ng in 10ul and assorted into five libraries;
four libraries contained randomized sample groups to avoid batch effect (Leigh et al., 2018),
while the fifth library contained only samples of poor quality and our five negative controls to
avoid amplification bias during the PCR stage. Library preparation followed an adapted version
of existing RAD-seq protocols (Ali et al., 2016) known as BestRAD. Genomic DNA was
digested with Sbfl, and a P1 adapter containing a forward amplification primer, an Illumina
primer, and an individual-specific 6 bp barcode was ligated to the fragments at the restriction site
end. Fragments were then sheared randomly via sonication in a Diagenode Bioruptor 300
(Hologic Inc., Marlborough, MA) and size-selected to a length of 300-600 bp. Finally, P2
adapters were then ligated to the reverse-end and libraries were amplified via PCR. Each library
was quality checked on a 1% agarose gel post-PCR and a 2100 Expert Bioanalyzer (Agilent
Technologies, Santa Clara, CA) when completed. Libraries were then sent to the University of
Oregon for equimolar pooling and sequencing on a single NovaSeq 6000 S4 lane (paired end,

150 bp).

2.3.3 Data Processing and Initial Filtering

Raw sequences were quality checked using FastQC v0.12.0 (Andrews, 2010) and
visualized with MultiQC (Ewels et al., 2016). Sequences were demultiplexed, assigned
genotypes and filtered for quality using the STACKS v2.64 process_radtags program (Catchen et

al., 2013; Rochette et al., 2019). PCR duplicates were removed using the STACKS clone_filter
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program. Sequences were then aligned using Bowtie 2 (Langmead and Salzberg, 2012) to the
Honeycomb Rockfish genome (Sebastes umbrosus; NCBI BioProject accession number:
PRINAS62006), as it is the closest relative to our three species of Sebastes that had a
chromosome-level full genome assembly available at the time of this study. After alignment,
individuals with fewer than 300,000 reads were removed based on our within-dataset distribution
of read counts to exclude poorly sequenced samples, as their inclusion may cause higher rates of
missing data and genotyping error (O’Leary et al., 2018). BAM files generated in this study were
combined into a dataset with BAM files from the AW study (retaining only the samples that were
also >300,000 reads; 37 Brown Rockfish, 84 Copper Rockfish, and 86 Quillback Rockfish), with
replicate samples as separate files to check for differences in genotyping error between the
different sequencing runs. This produced a dataset of 542 samples: 105 Brown, 201 Copper, and
236 Quillback Rockfish (including all replicates). SNP calling and population genetics statistics
were calculated using STACKS gstacks and populations modules for both interspecific and
intraspecific datasets.

For the interspecific data set, individuals were assigned to their morphological species
identification in population assignment, and all three species were processed together. Data were
filtered in the populations module to include loci present in >80% individuals (flag R80), in at
least one population (P1) and only the first SNP per RAD tag (write-single-snp). We chose the
first SNP on each RAD tag, because SNPs with the highest Fsr may select SNPs with fixed
differences between two of the three species and limited differentiation between the other two
species. For the three intraspecific datasets, the SNP with the highest minor allele frequency
within each species was chosen. We chose this method to keep our dataset as comparable as

possible to AW, who used this strategy specifically to select different SNPs for intra- and
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interspecific analyses (Wray et al., 2024). SNPs that were significantly out of Hardy-Weinberg
Equilibrium (HWE) were removed using the following procedure: first, p-values were calculated
for each sample at each locus using the R package pegas v1.4 (Paradis, 2010), then p-values
were combined for every locus using Fisher’s combination of probabilities. The resulting locus
specific p-values were adjusted to g-values for false discovery rate (Benjamini & Hochberg,
1995) and loci with g-values less than 0.05 were removed. For both datasets, individual SNPs
were called with a minimum mapping quality of 40 and filtered using a minimum read depth of
10. Across all individuals, SNPs were retained with a minimum average read depth of 15 and less
than 20% missing data (O’Leary et al., 2018). All three intraspecific datasets were additionally
filtered using minor allele frequency (MAF) < 0.05. Genotype discordance between replicate
samples was calculated using the script “genoerrorcalc”
(https://github.com/bsjodin/genoerrorcalc). Filtered VCFs were generated using VCFtools
(Danecek et al., 2011). To convert data to other formats, PGDSpider v3.0.0.0 (Lischer &
Excoffier, 2012) was used. All four datasets were then processed through a contamination
filtering step as detailed in Chapter 1. In brief, individuals were analyzed for a combination of 1)
substantial deviation from a mean allelic balance of 0.5 in heterozygous SNPs (ratio of reference
reads to alternate reads) and 2) elevated proportion of heterozygous SNPs with a significant
allelic imbalance based on a two-tailed binomial test with p = 0.5. Individuals that deviated

strongly in both categories were removed in the “mild” filtering level.

2.3.4 Analysis
Principal component analysis (PCA) was conducted using the R package adegenet

v2.1.11 (Jombart, 2008). Per-group observed and expected heterozygosity, Fis, and pairwise Fsr
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values were obtained using the R package hierfstat v0.5-11 (Goudet, 2005); pairwise Fsr values
between each dataset’s sampling groups were calculated with 1,000 bootstraps. For our analysis
comparing hybrid ancestry and Fs7 in Copper Rockfish, individuals were first divided into hybrid
ancestry categories: ‘pure’ individuals had <1%, low 1-6%, and high hybrid ancestry >6%.
Pairwise Fsr was calculated between each group and the pure GB cluster, then mean hybrid
ancestry percentage of each group was plotted against their Fsr values when compared with GB.
STRUCTURE v2.3.4 (Pritchard et al., 2000) was used to estimate admixture, with five replicates
for K = I-N clusters (N = 5 for interspecific, 7 for Brown Rockfish, and 8 for both Copper
Rockfish and Quillback Rockfish) and a burn-in of 10,000 iterations and 100,000 MCMC
repetitions. We ran STRUCTURE using the admixture model and without a priori population
information; likely K groups were identified with the AK statistic (Evanno et al., 2005) and the
mean L(K) using Structure Harvester (Earl and vonHoldt, 2012). To avoid issues arising from
label switching across replicate runs in STRUCTURE, we used CLUMPP (Jakobsson and
Rosenberg, 2007) to align replicate files. Results were visualized in R using ggplot2 v3.5.2

(Wickham, 2016).

2.4 RESULTS

2.4.1 Interspecific Dataset

Per-individual average read counts retained from sequences collected in this study after
reference genome alignment for Brown, Copper, and Quillback Rockfish samples were 3.02
million, 4.98 million, and 4.65 million, respectively. 11.7 million, 18.0 million, and 18.7 million
per-individual average read counts were obtained by AW. Average read depth for sequences

collected in this study After combining all BAM files from reference-aligned individuals from
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this study and the AW study into a single dataset, 40 individuals with fewer than 300,000 reads
and 63 individuals with more than 25% missing genotypes were removed. Average read depth for
AW individuals was 83.4, and the average for individuals sequenced in this study was 72.5.
Overall genotype discordance between replicate samples was an average of 2.77%. Comparisons
between individuals first sequenced in Wray et al. (2024) and re-sequenced in this study resulted
in a discordance rate of 4.54%, with four individuals >20% discordant (the average read depth
across these four original individuals and their respective replicates was 44.6x). Within this
study, the discordance rate was 0.92%. After quality filtering and removal of technical replicates
(either the replicate first sequenced in the AW study, or the replicate in the second extraction
plate or library run for that individual fish was removed), 8,685 SNPs were identified in this 391-
individual dataset. In our initial STRUCTURE analysis, 24 individuals had full ancestry
corresponding to a species that differed from their field identification; morphological
identification for these individuals were two Brown Rockfish, three Quillback Rockfish, and 19
Copper Rockfish. 17 of these 24 individuals showed complete Quillback ancestry in
STRUCTURE, and one Copper individual had roughly equal ancestry from Quillback and
Copper (48% Quillback and 51% Copper, also previously identified as such in Wray et al.,
2024). When plotted using PCA, these individuals also clustered with the species that matched
their genetic ancestry rather than morphological identification, so they were labeled as
misidentifications and removed from the dataset prior to downstream analyses. After removing
these individuals and individuals that were flagged using our contamination filtering strategy
described in Chapter 1 section 1.3.3, our final interspecific dataset consisted of 347 individuals

(64 Brown Rockfish, 125 Copper Rockfish, and 158 Quillback Rockfish).
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Interspecific STRUCTURE analysis revealed distinct ancestry clusters with most
sampling groups in each species displaying low but consistent levels of ancestry from other
clusters (Figures 2.2A-C). Within sampling groups, individuals are ordered by ID, therefore
individuals from Wray et al. (2024) are at the beginning of every group (though some groups do
not have individuals from AW). Ancestry percentage that is not from the species’ primary
ancestry cluster (confirmed against individuals that had <1% ancestry from other clusters,
referred to as “pure” individuals) will hereinafter be referred to as ‘hybrid ancestry.” Averages
across individuals for hybrid ancestry in each species were 2.11% in Brown Rockfish, 5.50% in
Copper Rockfish, and 0.33% in Quillback Rockfish (Table 2.1). All Brown Rockfish WC
individuals were pure, and the remaining sampling regions all had <2.49% hybrid ancestry.
Copper Rockfish had notably higher averages of hybrid ancestry than Brown Rockfish and
Quillback Rockfish — WI had an average of 13.3%, which is the highest across all samples in all
three species (all WI samples had >10% hybrid ancestry with a maximum of 16.4%). Copper
Rockfish WC individuals sampled from Neah Bay contained hybrid ancestry while individuals
sampled further east in the Strait of Juan de Fuca were largely pure, despite being further from
the coast than Neah Bay. For both Copper Rockfish and Quillback Rockfish, the majority of GB
individuals were pure (66.7% and 63.6%, respectively), while HC, SPS, and WI had no pure
individuals for either species. Quillback Rockfish had consistently high rates of pure individuals
in SJI (52.3%) and WC (47.3%). Of the pure Quillback Rockfish individuals in WC, 69.2% were
from the coast of Vancouver Island, further west than the rest of our WC sampling sites. All
Quillback Rockfish individuals had lower than 3% hybrid ancestry. In PCA, the three species
clustered distinctly, with the suspected F1 individual located between Quillback Rockfish and

Copper Rockfish clusters (Figure 2.1D). This F1 was removed during misidentification filtering
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(as it contained nearly 50/50 ancestry from Copper Rockfish and Quillback Rockfish in our
initial STRUCTURE analysis prior to this filtering), but STRUCTURE results from Wray et al.

(2024) display ancestry proportions for this individual.

2.4.2 Intraspecific Datasets

In Brown Rockfish, we retained 3,817 SNPs in 64 individuals after filtering for quality,
morphological misidentification, and contamination. This dataset shared 16.2% of the SNPs
contained in the 8,685-SNP interspecific dataset. In PCA (Figure 2.3A), three groups were
visible at the unfiltered level (two small clusters in the middle consisted of two and four
individuals each). West Coast (WC) individuals were completely separated from the remaining
individuals; all six fish were collected from California and Mexico, therefore genetic distinction
from Puget Sound fish may be due to geographic isolation. In a STRUCTURE analysis (Figure
2.3B), three genetic clusters (K = 3) were most supported (Supplemental Figure 2.1). WC
contained no ancestry from other clusters, and the main basin (MB) of Puget Sound consisted
predominantly of a single cluster. In contrast, SJI, GB, HC and SPS had mixed ancestry;
individuals from sites north of Admiralty Inlet (SJI, GB) were especially variable in cluster
proportions, though this may be primarily due to the substantially smaller sample sizes for these
regions (N =3 and 1, respectively). Observed heterozygosity was consistently higher in all Puget
Sound regions compared to sampling locations north of Admiralty Inlet, with WC showing the
lowest value (Table 2.2). In contrast, expected heterozygosity was relatively constant in the
Salish Sea, resulting in considerable variation in Fis values. Pairwise Fsr values were significant

for most sampling location comparisons; WC was highly differentiated from all other sampling

81



groups, while samples south of Admiralty Inlet showed low and non-significant differentiation
(Table 2.3).

In Copper Rockfish, we retained 7,092 SNPs in 121 individuals after filtering for
quality, morphological misidentification, and contamination. This dataset shared 18.8% of the
SNPs contained in the 8,685-SNP interspecific dataset. A PCA revealed four groups (Figure
2.4A); GB individuals clustered tightly together with some individuals from WC and SJI, trailing
into a nearby cluster that contained primarily SJI and WC individuals. HC and SPS formed a
separate cluster with only three individuals from these groups found in the final cluster, which
contained the remaining individuals from primarily WI and MB (with some individuals from
other groups, such as SJI). At K =4, STRUCTURE analysis indicates a differentiated HC and
SPS cluster, with mixing between clusters in WC, SJI, and MB; WI and GB displayed little
ancestry from other clusters (Figure 2.4B). AK strongly supported K = 5, though the fifth cluster
is almost exclusively formed by two individuals in SJI and very minor ancestry proportions in
others (Supplemental Figure 2.2, 2.5). Observed heterozygosity was lowest in GB and highest in
WI (Table 2.2), which corresponded with interspecific average hybrid ancestry for these
sampling groups (GB lowest at 0.70%, WI highest at 13.3%; Table 2.1). Pairwise Fisr values
were significant for all comparisons and revealed three clusters: differentiation was relatively
low among groups north of Admiralty Inlet (WC, SJI, GB), between MB and WI, and between
HC and SPS. Between these three groups, differentiation was markedly higher and generally
consistent with broad clustering in our other analyses.

To assess the effect of hybridization on Copper Rockfish population structure, we
repeated the PCA and Fs7 using datasets with only pure individuals (<1% hybrid ancestry, 40

individuals) as determined by the interspecific STRUCTURE analysis (Fig. 2.2). PCA reduced
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the distinguishable clusters to a single main cluster; both HC (of 15 total) and five WC (of 19
total) individuals separated from the main cluster (Figure 2.5). Pairwise Fsr values were
significant for six of the ten comparisons and >0.1 for all four HC comparisons (Table 2.5),
though given that HC was represented by only two individuals in this analysis, these results
should be interpreted cautiously. Plotting sampling groups’ relative hybrid ancestry (grouped
within sampling location as pure, low, or high interspecific admixture) against their pairwise Fsr
comparisons (see method in 2.3.4) revealed a significant but weak positive relationship (R? =
0.328, p-value = 0.01635; Figure 2.6). Our correlation between hybrid ancestry percentage and
intraspecific ancestry percentage from the GB cluster displayed a moderate, significant negative
correlation when all individuals were included (R? = 0.483, p-value <0.001). When HC and SPS
were excluded, this became a significant strong correlation (R? = 0.898, p-value <0.001; Figure
2.7).

In Quillback Rockfish, we retained 3,941 SNPs in 155 individuals after filtering for
quality, morphological misidentification, and contamination. This dataset shared 15.3% of the
SNPs contained in the 8,685-SNP interspecific dataset. Two strong clusters were seen in PCA:
one consisted of exclusively WC, SJI, and GB individuals, and the other consisted of groups
south of Admiralty Inlet, plus many individuals from WC and two from SJI (Figure 2.8A).
Observed heterozygosity was largely consistent amongst sampling groups, with WI displaying
slightly higher heterozygosity in comparison to other groups. STRUCTURE analysis (Figure
2.8B) revealed two clusters that were strongly supported (K = 2; Supplemental Figure 2.3) and
displayed minimal mixing. Pairwise Fsrvalues revealed low but significant differentiation

between WC and all other groups (lowest against GB and SJI), with higher values in
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comparisons between SJI or GB against sampling groups south of Admiralty Inlet (Table 2.6),

which showed mostly no significant differentiation amongst each other.

2.5 DISCUSSION

Our analyses provide support that population structure in Brown Rockfish, Copper
Rockfish, and Quillback Rockfish in Puget Sound is species-specific and influenced by both
hybridization and geographic features. By combining previously analyzed individuals from Wray
et al. (2024) and additional individuals from coastal areas and peripheral Puget Sound basins, we
were able to further substantiate the directionality of introgression from Quillback Rockfish into
Brown Rockfish and Copper Rockfish, as well as the low-level and widespread hybrid ancestry
seen in those two species primarily in basins south of Admiralty Inlet. However, our finer scale
examination of intraspecific population structure revealed that hybridization alone may not fully
explain the structure patterns in Copper Rockfish, as SPS and HC remained differentiated even
after allowing for hybridization. In Brown Rockfish, geographic isolation from WC individuals
and a potential mixing zone in north Puget Sound appear to drive differentiation, while two
distinct populations characterize Quillback Rockfish structure despite absence of noticeable
introgression. Altogether, our results demonstrate that asymmetric hybrid ancestry, limited
dispersal, and geographic barriers are consistent with the observed fine-scale population structure

within these rockfish species.
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2.5.1 Hybrid ancestry

Interspecific analyses corroborate previous findings (Wray et al., 2024; Schwenke et al.,
2018) that introgression is predominantly asymmetric from Quillback Rockfish into Brown
Rockfish and Copper Rockfish, and that this introgression is widespread, ancient, and relatively
low in these two species. Copper Rockfish displayed higher levels of introgression than Brown
Rockfish, while Quillback Rockfish showed consistently minimal introgression (0.33% average)
— these patterns are consistent with Wray et al. (2024) and with prior work identifying uneven
introgression rates between these species with this same directionality (Schwenke et al., 2018).
These results also confirm Wray et al. (2024) in suggesting that the extreme ranges in the degree
of hybridization seen in Schwenke et al. (2018) and Buonaccorsi et al. (2002, 2005) were likely
due to their use of mitochondrial DNA (mtDNA) and microsatellites, respectively, as opposed to
the thousands of nuclear loci we and Wray et al. (2024) achieved using RAD-seq. Because of
their high variability and homoplasy, microsatellites may be unable to differentiate between
introgressed individuals and parental species (Nielsen et al., 2014). Elevated hybridization rates
in Schwenke et al. (2018) may be due to use of one mitochondrial marker alongside three nuclear
introns and one nuclear exon. The discrepancy in mitochondrial and nuclear DNA is known as
mitonuclear discordance (Toews and Brelsford, 2012) and has been previously documented in
other species of Sebastes (Burford and Bernardi, 2008).

Our work supports previous findings that hybrids occur primarily in the basins of Puget
Sound and become extremely infrequent north of the San Juan Islands (Wray et al., 2024;
Schwenke et al., 2018; Seeb, 1998). Sampling groups in Puget Sound consistently showed higher
hybrid ancestry than coastal and north Salish Sea groups, and the majority of our pure

individuals originated from WC/GB in Copper Rockfish and WC/SJI in Quillback Rockfish. The
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concentration of hybridization in Puget Sound is consistent with mechanisms proposed in
Schwenke et al. (2018) and Wray et al. (2024): reduced availability of rocky substrate, periodic
hypoxic events, and higher abundance in Quillback Rockfish than Brown Rockfish or Copper
Rockfish. Rocky reefs utilized by adults of all three species are less frequent south of Admiralty
Inlet (Williams et al., 2010), which can increase overlap among individuals of species that
normally occupy different depths (Love et al., 2002). Furthering the potential for species overlap
are periodic low oxygen events (hypoxia), which could force Quillback Rockfish (the deepest
dwelling of the three species) into shallower depths occupied by Brown Rockfish and Copper
Rockfish (Eby & Crowder, 2002). Low oxygen conditions occur sporadically in Puget Sound,
most frequently in the Hood Canal basin, and have been documented as far back as pre-1900s
(Brandenberger et al., 2011). Thus, environmental conditions and higher abundance in Quillback
Rockfish may contribute to directional hybridization in these species.

Brown Rockfish and Quillback Rockfish displayed consistently little variation in hybrid
ancestry rates amongst Puget Sound basins as compared to Copper Rockfish, but groups with
higher proportions of pure individuals tended to be north of Admiralty Inlet or along the coast,
reinforcing the notion that hybridization is primarily concentrated within the more isolated sub-
basins of Puget Sound. Schwenke et al. (2018) used underwater sills as a distance metric for
investigating hybridization rates with increasing distance from the coast; our results generally
align with this proposed hypothesis, though we did not formally evaluate this correlation in our
study and, rather, found nuances in frequency and level of hybrid ancestry in our analyses. In
Copper Rockfish, ~55% of the SJI group and 21% of the WC group contained >6% hybrid
ancestry, while HC and SPS contained just ~13% and ~42% individuals with >6% hybrid

ancestry, demonstrating that the frequency of hybrids is not necessarily directly tied to distance
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from the coast. Average hybrid ancestry percentage was also not especially elevated in HC for
any species and only slightly more elevated in SPS than other basins for Copper Rockfish, both
of which have sills at the entrance of their basins (Moore et al., 2008) and would qualify as the
most distant from the coast using a “sills as distance” approach. Another notable deviation is the
Whidbey Island basin (WI), which showed the highest rate of hybrid ancestry in Copper
Rockfish (100% of individuals exceeded 10% hybrid ancestry, with an average of 13.3%) despite
lacking a sill at its southern entrance. This suggests that basin-specific factors aside from sills
such as water circulation, salinity, depth, and stratification in narrow sub-basins like Whidbey
Island basin may play an important role in retaining introgressed ancestry. Hood Canal and
Whidbey Island basins experience stronger stratification and salinity variability than other sub-
basins of Puget Sound (MacCready et al., 2021; Moore et al., 2008), which may promote the
retention of hybrid individuals at higher frequencies than other areas. Importantly, we did not
find any new instances of putative F1 hybrid individuals in our PCA and STRUCTURE analyses
beyond the single individual previously identified in Wray et al. (2024), even with significantly
larger sample sizes and sampling in regions suspected to contain higher rates of hybridization.
This strongly supports the conclusions drawn in previous studies that hybridization in these
species is not recent (Wray et al., 2024; Schwenke et al., 2018; Buonaccorsi et al., 2002, 2005;
Seeb, 1998).

Widespread introgression of Quillback Rockfish into Brown and Copper Rockfish in
Puget Sound could also carry adaptive significance. Sebastes originated during the late Miocene
(~6-10 million years ago) and experienced a rapid radiation event (Hyde and Vetter, 2007),
resulting in over 100 closely related taxa. Rapid radiations can benefit from period of isolation

and introgression given the novel genetic combinations garnered from hybridization events and
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has been documented in East African cichlids (Meier et al., 2017), Heliconius butterflies
(Dasmahapatra et al., 2012), and Darwin’s finches (Lamichhaney et al., 2015). More research
involving whole-genome sequencing (to best capture potentially adaptive SNPs; Lowry et al.,
2017) and environmental data is needed to investigate adaptive introgression in Puget Sound

rockfishes.

2.5.2 Intraspecific structure influenced by hybridization and barriers to dispersal

Intraspecific analyses demonstrated distinct patterns of population structure amongst the
three species across our sampling locations. Brown Rockfish WC remained a separate cluster
with no ancestry from Salish Sea individuals (Figure 2.9); Brown Rockfish have a reported range
from the Gulf of Alaska down the coast to Baja California but are infrequent on the coast of
Washington and Oregon (Love et al., 2002), so high differentiation between these WC
individuals and the rest of the dataset was expected and previously observed in Wray et al.
(2024). One individual in the north Puget Sound region had full WC cluster ancestry in Wray et
al. (2024), though this sample was removed during quality filtering in our study (>25% missing
data after genotype calling), therefore we were unable to confirm if this individual displayed the
same ancestry makeup in our STRUCTURE runs. Though the Puget Sound sampling groups
were represented predominantly by a single ancestry cluster, bidirectional mixing in Brown
Rockfish was evident in SJI and GB individuals — one SJI individual belonged fully to the Puget
Sound cluster while two others showed minor Puget Sound ancestry, and some Puget Sound
individuals contained the third ancestry cluster associated with SJI and GB (Figure 2.3).
Additionally, the elevated Fis value and lower heterozygosity in SJI were consistent with

Wahlund effect as proposed by Wray et al. (2024); alongside an intermediate position between
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WC and Puget Sound PCA clusters, this supports the idea that north Puget Sound may function
as a mixing zone for Brown Rockfish. Smaller population size in this basin may limit mate
choice and encourage mating between hybrid and non-hybrid individuals (Willis et al., 2011). As
in Wray et al. (2024), we were unable to examine the effects of hybridization on intraspecific
structure due to our small sample size of pure individuals in Puget Sound, even after a substantial
increase in sampling of HC and SPS. Future studies also targeting the collection of Brown
Rockfish in SJI and GB to increase sample size for structure analysis could help resolve the
mixing zone pattern we observed here.

Copper Rockfish analyses support the role of hybridization on intraspecific population
structure. The negative relationship between interspecific ancestry percentage and ancestry from
the GB cluster (Figure 2.7), which primarily consisted of pure individuals (Table 2.1), indicates
that introgression contributes to differentiation in Puget Sound. Notable differentiation between
WI and GB emphasizes this relationship, as these were the groups with the highest and lowest
average hybrid ancestry, respectively (Table 2.1). However, structure is not fully explained by
hybridization alone; in our full-dataset PCA and STRUCTURE analyses, HC and SPS separated
distinctly from other clusters (Figure 2.4, 2.10), and the strengthened relationship between GB
cluster ancestry and hybrid ancestry when these basins are excluded indicates that other factors
are influencing their differentiation.

Genetic differentiation in Hood Canal specifically has been observed in Yelloweye
Rockfish (Sebastes ruberrimus) and was hypothesized to be influenced by species life history
characteristics and water circulation dynamics, which may limit larval dispersal and reduce gene
flow between Hood Canal and the main basin of Puget Sound (Andrews et al., 2018). However, a

subsequent oceanographic model indicated that larval dispersal patterns may not fully explain the
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differentiation in Yelloweye Rockfish (Andrews et al., 2021), suggesting that non-oceanographic
factors may contribute to the distinctiveness of the Hood Canal population. Limited dispersal in
Copper Rockfish has also previously been proposed as the rationale for differentiation observed
in the fjord-like inlets on the west coast of Vancouver Island (Dick et al., 2014), though this
study did not evaluate interspecific hybridization and suggested that limited physical movement
due to oceanographic and topographical barriers may be drivers of their structure. Copper
Rockfish are closely associated with rocky reef habitat as adults and exhibit limited adult
movement (Love et al., 2002), as well as limited larval drift due to shallow sills in Puget Sound
(Buonaccorsi et al., 2002), making them particularly susceptible to isolation in physically
restricted systems. The patterns in Copper Rockfish indicate that while limited dispersal and
interspecific hybridization are the dominant drivers of population structure patterns,
differentiation at the sub-basin level may reflect additional factors, such as independent glacial
refugia, post-glacial colonization history (Buonaccorsi et al., 2002), and the distinct
environmental conditions in these basins.

Quillback Rockfish population structure was the most clearly defined of the three species,
with two strongly supported genetic clusters; one cluster consisted of WC, SJI, and GB, and the
second comprising all Puget Sound sampling groups south of Admiralty Inlet (MB, WI, HC,
SPS). The separation of the two populations at Admiralty Inlet is consistent with limited
dispersal due to the double sill acting as a barrier to larval dispersal and estuarine exchange
(MacCready et al., 2021; Moore et al., 2008) and aligns with the structure identified in Wray et
al. (2024). The WC sampling group was an exception to this cluster separation, with individuals
approximately evenly distributed between the two clusters (Figure 2.11). Individuals sampled

further west along the coast of Vancouver Island tended to cluster with the northern SJI/GB
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group, while those further east in the Strait of Juan de Fuca showed ancestry consistent with the
populations south of Admiralty Inlet. This was also visible in our PCA and is indicative of the
gene flow suggested in Wray et al. (2024), wherein individuals may disperse out of southern
Puget Sound and mix in north Puget Sound while inward gene flow from the coast remains
limited. This directional but restricted migration out of Admiralty Inlet for both Copper Rockfish
and Quillback Rockfish has also been documented in Yelloweye Rockfish (Andrews et al.,
2018), suggesting that Admiralty Inlet functions as a dispersal barrier across multiple rockfish
species.

The species-specific patterns of intraspecific structure identified here, combined with the
influence of interspecific hybridization, should be considered in future management of these
species. Currently, commercial and recreational rockfish fisheries in Puget Sound remain closed
due to lack of recovery; identifying population structure now allows for the crafting of specific
plans that may facilitate improved fisheries management. As discussed in Wray et al. (2024),
current management assumes three distinct population segments (DPSs) for these three species:
1) coastal, which encompasses Alaska to California, 2) north Puget Sound, and 3) south Puget
Sound, which is south of Admiralty Inlet (Stout et al., 2001). The patterns in our Fisranalyses
support the foundational hypothesis that population structure in these three species is indeed
primarily due to separation between Puget Sound proper and the rest of the Salish Sea out to the
coast, but our individual-based analyses using significantly more loci than previous work
illuminates more complex structure influenced by hybridization in some species and basins. Our
results reaffirm that the established DPSs may be inaccurate for Brown Rockfish, Copper
Rockfish, and Quillback Rockfish given the distinct structure each species has displayed,

especially with increased sampling in previously data-limited regions. For all three species,
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Admiralty Inlet remains the most meaningful boundary, with consistent evidence of limited
dispersal and distinct populations on either side. These results are also consistent with Wray et al.
(2024) in that there is limited evidence for dispersal from the coast into Puget Sound in these
three species, pointing to relative isolation from the coast and reducing the chance of gene flow
that would potentially benefit recovery in Puget Sound populations. However, this finding
contrasts with other rockfish species, such as Canary (Andrews et al., 2018) and Black Rockfish
(Wray et al., 2025), that show little to no population structure across this boundary, and three
other rockfish species that show different population distributions (Wray et al., 2025). The
species-specific structure we have confirmed in this study, and the sub-basin differentiation
observed in Copper Rockfish in particular, suggest that DPS boundaries may require finer-scale
delineations to properly manage these hybridizing species in the future. Overall, this study
reinforces the need for species-specific management strategies that treat Puget Sound rockfish

species as independent units that may require localized recovery attention.
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2.6 FIGURES
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Figure 2.1 Map of rockfish sampling regions in the Salish Sea. Samples were assigned to one
of the seven regions according to their sampling coordinates. From the coast, moving inshore:
WC = West Coast, GB = Georgia Basin, SJI = San Juan Islands, WI = Whidbey Island, MB =
Main Basin, HC = Hood Canal, and SPS = South Puget Sound (south of Tacoma Narrows). Not
pictured is Southern California and Mexico, from which 6 Brown Rockfish samples were

collected (counted under WC group). See Supplemental for a map of exact sampling locations.
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Figure 2.2 STRUCTURE (A-C) and PCA (D) results for interspecific rockfish analysis. A-
C: STRUCTURE plots for A) Brown Rockfish (blue ancestry), B) Copper Rockfish (purple
ancestry), and C) Quillback Rockfish (green ancestry). Each bar is an individual and is colored
by its ancestry cluster(s). Within each group, individuals are ordered by ID; individuals from
Wray et al. (2024) are at the beginning, followed by individuals from this study (proportion of
individuals from each varies by group). D: Principal component analysis (PCA). Each point is
an individual, and color corresponds to in-field species identification. This dataset consisted of

8,685 SNPs.
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Figure 2.3 Principal component analysis (A) and STRUCTURE (B) analysis for Brown
Rockfish. A: PCA; each point is an individual, and color corresponds to sampling location. B:
STRUCTURE plot at K = 3 (highest supported using AK). Each bar is an individual and is
colored by its ancestry cluster(s). Groups are ordered by sampling location, furthest from the
coast and moving inshore. WC = West Coast, SJI = San Juan Islands, GB = Georgia Basin, MB =
Main Basin, HC = Hood Canal, and SPS = South Puget Sound. Within each group, individuals
are ordered by ID; individuals from Wray et al. (2024) are at the beginning, followed by
individuals from this study (proportion of individuals from each varies by group). This dataset

consisted of 3,817 SNPs and 64 individuals.
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Figure 2.4 Principal component analysis (A) and STRUCTURE (B) analysis for Copper
Rockfish. A: PCA; each point is an individual, and color corresponds to sampling location. B:
STRUCTURE plot at K =4 (highest supported using AK was K = 5). Each bar is an individual
and is colored by its ancestry cluster(s). Groups are ordered by sampling location, furthest from
the coast and moving inshore. WC = West Coast, SJI = San Juan Islands, GB = Georgia Basin,
MB = Main Basin, WI = Whidbey Island, HC = Hood Canal, and SPS = South Puget Sound.
Within each group, individuals are ordered by ID; individuals from Wray et al. (2024) are at the
beginning, followed by individuals from this study (proportion of individuals from each varies

by group). This dataset consisted of 7,092 SNPs.
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Figure 2.5 Copper Rockfish PCA featuring only individuals with <1% hybrid ancestry.
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Figure 2.6 Copper Rockfish interspecific admixture (%) versus Weir and Cockerham
pairwise Fs7. Individuals were grouped by their respective sampling location and then pooled
within each group into three categories: pure (<1%), low (1-6%), and high (>6%) interspecific
admixture. Because some sampling locations did not have individuals belonging to one or more
of the categories (and Brown Rockfish had no WI samples), this resulted in 17 groups. Pairwise

Fsr values were then calculated between these groups. R? = 0.328, p-value = 0.01635.
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Figure 2.7 Copper Rockfish interspecific hybrid ancestry (%) versus intraspecific ancestry
from GB cluster (%). GB = Georgia Basin cluster; each point is an individual, and individuals
are colored by sampling location. A) All individuals in the dataset (R? = 0.483), and B) HC and
SPS removed (R? = 0.898). Data on each axis comes from different SNP datasets with only
18.8% overlap.
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Figure 2.8 Principal component analysis (A) and STRUCTURE (B) analysis for Quillback
Rockfish. A: PCA; each point is an individual, and color corresponds to sampling location. B:
STRUCTURE plot at K = 2 (highest supported using AK). Each bar is an individual and is
colored by its ancestry cluster(s). Groups are ordered by sampling region, furthest from the coast
and moving inshore. WC = West Coast, SJI = San Juan Islands, GB = Georgia Basin, MB =
Main Basin, WI = Whidbey Island, HC = Hood Canal, and SPS = South Puget Sound. Within
each group, individuals are ordered by ID; individuals from Wray et al. (2024) are at the
beginning, followed by individuals from this study (proportion of individuals from each varies

by group). This dataset consisted of 3,941 SNPs.

100



sokn mm—mm | B Q“*’; 2601

50.0°N British Columbia

49.5°N

45°N

49.0°N

Vancouver Islan

40°N 4

48.5°N -

48.0°N A
35°N

47.5°N -

. ° T T T (_‘-\l T T T T T T T T T
125.5°W 125.0°W 124.5°W 124.0°W 123.5°W 123.0°W 122.5°W 124°W 122°W 120°W 118°W 116°W 114°W

Figure 2.9 Brown Rockfish K =3 STRUCTURE analysis distribution in A) Puget Sound
and B) West Coast (WC). Pie chart colors correspond to STRUCTURE ancestry cluster
makeup. Individuals were pooled according to sampling location and size of pie chart indicates

sample size.

101



6okm NN TN

50.0°N 1

British Columbia

49.5°N 1

49.0°N 1

Vancouver Island

48.5°N
48.0°N A
Washington State

30
47.5°N 20

10
47.0°N 1= . . Y . ' -

125.5°W 125.0°W 124.5°W 124.0°W 123.5°W 123.0°W 122.5°W

Figure 2.10 Copper Rockfish STRUCTURE analysis distribution in Puget Sound at K =4.
Pie chart colors correspond to STRUCTURE ancestry cluster makeup. Individuals were pooled

according to sampling region and size of pie chart indicates sample size.

102



Oy T

5
% [ British Columbia

S
) ' (V( T
A e N
\

—

. GB ==
JUS v,
Vancouver |

50.0°N 4

. K//'
\su ;
A @‘

\EAS

/
49.0°N
™

sland

48.5°N 4

48.0°N A

HC

47.5°N 1

3 ps /]
{

\
\

L~
125.5°W 125.0°W 124.5°W 124.0°W 123.5°W 123.0°W 122.5°W

47.0°N

Figure 2.11 Quillback Rockfish K =2 STRUCTURE analysis distribution in Puget Sound.
Pie chart colors correspond to STRUCTURE ancestry cluster makeup. Individuals were pooled

according to sampling location and size of pie chart indicates sample size.

103



2.7

TABLES

Table 2.1 Interspecific rockfish average hybrid ancestry per sampling location and species.

N = number of individuals per sampling location for that species, and the average percentage of

hybrid ancestry (non-species ancestry from STRUCTURE analysis) to the right of N.

Interspecific Rockfish Average Hybrid Ancestry
(N) Brown (N) Copper (N) Quillback
WC (7) 0.00% (19) 2.62% (55) 0.26%
SJI (4) 1.78% (31) 6.42% (44) 0.13%
GB (1) 0.40% (24) 0.70% (22) 0.20%
MB (18) 2.48% (14)9.32% (12) 0.58%
WI N/A (10) 13.3% (4) 0.95%
HC (19) 2.41% (15) 4.12% (12) 0.70%
SPS (20) 2.46% (12) 8.08% (9) 0.87%
Overall | (64)2.11% (125) 5.50% (158) 0.33%

Table 2.2 Summary statistics for Brown, Copper, and Quillback Rockfish. N = individuals
per sampling region, Ho = mean observed heterozygosity, He = mean expected heterozygosity,
Fis = inbreeding coefficient. Ho, He, and Fs values were calculated using the R package hierfstat

v0.5-11 (Goudet, 2005).

Brown Rockfish Copper Rockfish Quillback Rockfish
N Ho He Fis N Ho He Fis N Ho He Fis
WC 6 10.132]0.139 | 0.034 | 19 | 0.218 | 0.237 | 0.063 | 51 | 0.267 | 0.278 | 0.036
GB 1 10198 NJA | N/A | 24 | 0.209 | 0.218 | 0.027 | 22 | 0.271 | 0.278 | 0.018
SJI 3 10.204]0.246 | 0.089 | 30 | 0.241 | 0.255 | 0.042 | 44 | 0.277 | 0.282 | 0.017
MB 15 ]10.251 | 0.251 | -0.003 | 13 | 0.242 | 0.265 | 0.064 | 12 | 0.278 | 0.284 | 0.012
WI N/A| NJA | N/A | N/A 10 | 0.250 | 0.255 | 0.013 | 4 | 0.299 | 0.283 | -0.070
HC 19 10.237[0.248 | 0.033 | 15 | 0.228 | 0.239 | 0.038 | 12 | 0.277 | 0.281 | 0.011
SPS 20 [ 0.24110.246 | 0.012 | 10 | 0.236 | 0.254 | 0.050 | 10 | 0.278 | 0.283 | 0.007
Overall | 64 | 0.211 [ 0.225 | 0.062 | 121 | 0.232 | 0.246 | 0.057 | 155 ] 0.278 | 0.282 | 0.013
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Table 2.3 Brown Rockfish pairwise Weir and Cockerham Fsr estimates. Numbers that are

significantly greater than zero are bolded (based on the lower 95% CI limit).

Brown Rockfish Pairwise Fsr
SJI GB MB WC SPS
GB -0.040
MB 0.034 0.043
WC 0.091 0.230 0.179
SPS 0.034 0.033 0.001 0.173
HC 0.021 0.024 0.002 0.161 -0.001

Table 2.4 Copper Rockfish pairwise Weir and Cockerham Fsr estimates. Numbers that are

significantly greater than zero are bolded (based on the lower 95% CI limit).

Copper Rockfish Pairwise Fsr

WC SJI GB WI MB SPS
SJI 0.011
GB 0.011 0.032
WI 0.083 0.065 0.114
MB 0.033 0.020 0.060 0.012
SPS 0.060 0.041 0.095 0.055 0.013
HC 0.078 0.059 0.108 0.093 0.047 0.005

Table 2.5 Copper Rockfish pairwise Weir and Cockerham Fgr estimates with only pure
individuals (<1% hybrid ancestry). Numbers that are significantly greater than zero are bolded

(based on the lower 95% CI limit).

Copper Rockfish Pure Individuals (<1% Hybrid Ancestry) Pairwise Fsr
WC SJI MB GB

SJI 0.008

MB -0.005 0.012

GB 0.012 0.002 0.002

HC 0.116 0.132 0.117 0.139
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Table 2.6 Quillback Rockfish pairwise Weir and Cockerham Fsr estimates. Numbers that are

significantly greater than zero are bolded (based on the lower 95% CI limit).

Quillback Rockfish Pairwise Fsr

WC SJI GB SPS WI MB
SJI 0.001
GB 0.002 0.001
SPS 0.005 0.010 0.014
WI 0.006 0.010 0.015 0.001
MB 0.007 0.010 0.013 0.000 -0.005
HC 0.006 0.011 0.015 0.001 0.001 0.003
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2.8 SUPPLEMENTAL FIGURES
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Supplemental Figure 2.1 Delta K (left) and Mean LnP(K) (right, £1 SD) for Brown

Rockfish STRUCTURE analysis.
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Supplemental Figure 2.4 Distribution of samples per species. Left = Brown Rockfish, middle
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several individuals. Shape of the points indicates if sequenced in Wray et al. (2024) (triangle) or
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California and Mexico and are not pictured; location can be seen in Figure 2.9.
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Supplemental Figure 2.5 Copper Rockfish STRUCTURE analysis distribution in Puget
Sound at A) K=2, B) K=3, C) K=4, and D) K =5. Pie chart colors correspond to
STRUCTURE ancestry cluster makeup. Individuals were pooled according to sampling region

and size of pie chart indicates sample size. Highest support AK value was K = 5.
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2.9 SUPPLEMENTAL TABLES

Supplemental Table 2.1 Genotype discordance rates between interspecific dataset
replicates. AW replicates comprise 28 individuals from Wray et al., (2024) that were re-
sequenced, and technical replicates comprise 70 individuals (11 Brown Rockfish, 23 Copper
Rockfish, and 36 Quillback Rockfish) sequenced in this study twice; 26 individuals were
prepared in two different libraries from the same DNA extract, and 44 individuals were extracted
in two separate extraction plates. Genotype discordance between replicate samples was

calculated using the script “genoerrorcalc” (https://github.com/bsjodin/genoerrorcalc).

Genotype Discordance Rates (Interspecific Dataset)

Average | Highest | Lowest

Technical 0.92% 12.90% | 0.00%

AW vs Re-sequence 4.54% | 33.50% | 0.11%
Overall 2.77% | 33.50% | 0.00%
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