
loci may be useful for characterizing the adaptive potential of a species or population to future environmental58

conditions (Eizaguirre and Baltazar-Soares, 2014). Inferences from both neutral and adaptive markers should59

be combined when making management recommendations (Funk et al., 2012).60

The Olympia oyster (Ostrea lurida, Carpenter 1864) is a native estuarine bivalve found from Baja61

California to the central coast of Canada, patchily distributed over strong environmental gradients (Chan et al.,62

2017; Schoch et al., 2006). Oysters are ecosystem engineers in estuaries, providing structured habitat and63

removing suspended sediments (zu Ermgassen et al., 2013; Coen et al., 2011). Unlike other oysters where64

both males and females spawn gametes (e.g., Crassostrea), the females fertilize eggs with sperm from the65

water column and initially brood larvae in the mantle cavity. After release, the larvae have been reported to be66

planktonic from seven days to eight weeks before settling on a hard substrate (Baker, 1995). The impact of67

maternal brooding on population structure in Osterideae has not been examined.68

Following devastating commercial exploitation in the 19th and early 20th centuries, recovery of Olympia69

oyster populations has been stifled by other anthropogenic threats (e.g., water quality issues, habitat loss,70

and possibly ocean acidification (Blake and Bradbury, 2012; Hettinger et al., 2013; Sanford et al., 2014)).71

The last 15 years has seen increased interest in the Olympia oyster, with restoration projects underway by72

both government and nongovernment agencies across its range (Pritchard et al., 2015). Current knowledge73

about the population genetic structure of O. lurida comes primarily from an unpublished 2011 dissertation,74

which sampled from San Francisco, CA to Vancouver Island, BC and found regional population structure75

using microsatellites (Stick, 2011). Two phylogeographic studies using two mitochondrial loci identified a76

phylogeographic break north of Willapa Bay, WA and established the southern boundary divide between O.77

lurida and its sister species Ostrea conchaphila (Polson et al., 2009; Raith et al., 2016). Future and ongoing78

management plans would benefit greatly from thorough analysis of the fine-scale genetic structure using79

modern genomic techniques and rangewide sampling (Camara and Vadopalas, 2009).80

The objective of this study was to characterize the spatial population structure of the Olympia oyster81

across the majority of its range using both neutral and adaptive markers derived from genome-wide single82

nucleotide polymorphisms (SNPs). I specifically tested whether patterns of genetic variation suggest a smooth83

continuum of allele frequency shifts consistent with isolation-by-distance (IBD) (Malécot, 1968), regional84

blocks of genetic similarity that correspond to physical barriers (Hare and Avise, 1996), or the null model of no85

significant genetic differentiation (Grosberg and Cunningham, 2001). SNPs produced from high-throughput86

sequencing have led to the identification of previously undetected population structure in a number of marine87
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from Jon Puritz’s lab (Puritz et al., 2014). Input files and formats for subsequent analysis of population146

structure were created using a combination of custom Python code, custom R code, and the radiator R147

package (Gosselin, 2017). Every step of the assembly, filtering process, and creation of input files can be148

reproduced through Jupyter notebooks.149

Detection of loci under putative selection150

Following recommendations to utilize multiple methods to detect loci under putative directional selection151

(Benestan et al., 2016; Rellstab et al., 2015), three approaches were used on the filtered SNP dataset: BayeScan152

v.2.1, OutFLANK v.0.2, and pcadapt v.4.0.2. For BayeScan and OutFLANK, individuals were grouped into153

populations by sampling site. GBS loci which had SNPs identified as outliers in at least two of the approaches154

were classified as putative adaptive GBS loci. From these GBS loci, any SNP that had been identified as an155

outlier by at least one approach was separated from the full SNP dataset to create an “outlier” SNP dataset.156

Subsequent analyses of population structure were conducted on three SNP datasets: all SNPs (combined),157

outlier SNPs, and neutral SNPs—which excluded any SNP found on a putative adaptive GBS locus.158

BayeScan uses a Bayesian approach to apply linear regression to decompose FST coefficients into159

population- and locus-specific components and estimates the posterior probability of a locus showing deviation160

from Hardy–Weinberg proportions (Foll and Gaggiotti, 2008). BayeScan analysis was based on 1:100 prior161

odds, with 100,000 iterations, a burn-in length of 50,000, a false discovery rate (FDR) of 10%, and default162

parameters. Results were visualized in R. OutFLANK is an R package that identifies FST outliers by inferring163

a distribution of neutral FST using likelihood on a trimmed distribution of FST values. Because of its likelihood164

method, OutFLANK calculates FST without sample size correction when inferring the neutral distribution.165

Simulation studies have shown that this approach has lower false positive rates compared to other FST outlier166

methods (Whitlock and Lotterhos, 2015). OutFLANK was run using default parameters and a q-value threshold167

of 0.1, which can be considered a false discovery rate (FDR) of 10%. For the R package pcadapt, individuals168

are not sorted into predefined populations. Instead, pcadapt ascertains population structure using principal169

component analysis (PCA), then identifies markers under putative selection as those that are excessively170

correlated with population structure. When compared to BayeScan, pcadapt was shown to have greater power171

in the presence of admixed individuals and when population structure is continuous (Luu et al., 2017)—both172

scenarios which are likely in O. lurida. A scree plot representing the percentage of variance explained by173

each PC was used to choose the number of principal components (K) for pcadapt, and SNPs with a q-value174

threshold of 0.1 were categorized as outliers.175
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RESULTS233

GBS and outlier detection234

117 samples remained after removal of 14 samples with < 200,000 raw sequencing reads, 49 samples with235

< 15,000 clusters, and 65 samples missing data for over 55% of loci assembled across at least 75% of236

samples. One of the sampling sites for Willapa Bay, WA had a low number of individuals after filtering, so237

individuals from these two sites were combined into one population, for 19 total populations (4–9 individuals238

per population, mean = 6.2). 41,159 biallelic SNPs across 9,696 GBS loci were genotyped in greater than239

75% of these individuals (2.8% of prefiltered loci assembled by ipyrad). Average read depth per individual240

per GBS locus ranged from 21 to 120 (mean = 32±14). Further filtering by HWE and MAF > 2.5% reduced241

the dataset to 13,424 SNPs across 6,187 GBS loci (the ”combined” dataset).242

Three different methods were employed to identify putative SNPs under selection. The number of outliers243

detected by each program and the overlap between programs is illustrated in Figure D1. OutFLANK, as the244

most conservative of the programs used (Whitlock and Lotterhos, 2015), had the lowest number of outlier245

markers detected with 31 SNPs across 16 GBS loci. 29 SNPs found across 16 GBS loci were identified as246

outliers by all three programs. 129 GBS loci contained SNPs identified as outliers by at least two approaches,247

with 235 SNPs included in the outlier dataset for subsequent population structure analyses. The neutral248

dataset, with 13,073 SNPs across 6,057 GBS loci, excluded any SNP found on a GBS locus with an outlier249

SNP.250

Summary statistics, population differentiation, and spatial structure251

Summary statistics252

Global FST for outliers (FST = 0.417) was almost four five times greater than for the combined and neutral253

SNPs (FST = 0.105 (combined), 0.097 (neutral)). The outlier dataset had the lowest Ho, but the highest He254

(Table 1). Average FIS within populations for the combined dataset was 0.0424, with all populations having a255

significantly positive FIS value except Ladysmith, BC, Tomales Bay, CA, and South San Francisco Bay, CA256

which had small, yet significantly negative FIS values. Mugu Lagoon had the highest FIS value (Table A1).257

Summary statistics for the six phylogeographic regions identified in the following section are show in Table258

B1. Summary statistics were quantitatively very similar for the combined and neutral datasets, so that only259

the results for the outlier and neutral datasets are reported for all subsequent analyses.260
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(2015); Riviere et al. (2013); Pauletto et al. (2017); Wang et al. (2018); Shiel et al. (2017); Pan et al. (2015);320

de Lorgeril et al. (2005). 21 additional outlier GBS loci had positive matches to InterPro signatures without321

any BLASTx hits or gene ontology annotation. Plotting minor allele frequency against latitude for outlier322

SNPs demonstrates that the majority of outliers show a clinal pattern, where one allele is fixed from either323

Coos Bay, OR or San Francisco Bay, CA to the north, and the other alelle increases in frequency towards the324

south (Figure D2).325

DISCUSSION326

Reduced-representation genomic methods, such as GBS, can greatly inform reintroduction efforts for threat-327

ened and exploited species by resolving fine-scaled population structure, providing estimates of genetic328

connectivity, and identifying informative markers for characterizing adaptive variation (Allendorf et al.,329

2010; Gagnaire et al., 2015). Using 13,424 GBS-derived SNPs, I characterized the rangewide population330

structure of the Olympia oyster from southern California to British Columbia and further identified 235 SNPs331

across 129 GBS loci potentially associated with local adaptation. Contrary to studies in some other marine332

species, neutral markers had greater power to detect fine-scale population structure compared to outliers.333

However, outlier loci did provide evidence for adaptive divergence among some populations with high inferred334

admixture, and are informative as candidate loci involved in local adaptation. This study highlights the335

importance of using both neutral and outlier markers for conservation and management applications.336

Regional population structure and gene flow337

Significant population structure was observed across the range of O. lurida in both the neutral and outlier338

markers, with sampling locations structured into six distinct regions. Notably, most of these regions fit well339

within previously described biogeographical provinces based on marine species distributions(Hall, 1964;340

Valentine, 1966; Fenberg et al., 2015). In addition to describing the rangewide population structure of O.341

lurida, the large geographic sampling of this study can facilitate the identification of oceanographic features342

along the eastern Pacific coast that may be important for structuring populations of marine species with similar343

life histories. Most of the inferred phylogeographic regions are bounded by areas of reduced gene flow, many344

of which align to oceanographic features that may be acting as barriers to dispersal. Below I discuss these345

phylogeographic regions and potential barriers in more detail, as well as provide some recommendations for346

management at local scales.347
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belong to a separate phylogeographic region all together, as this site was intermediate between NWBC and407

Puget+BC regions in the STRUCTURE, PCA, and TreeMix analyses. Genetic sampling from additional sites408

on the central coast of British Columbia and eastern coast of Vancouver Island could test this hypothesis.409

The separation of these two regions from those to the south corroborates previous evidence from mitochon-410

drial loci of a strong phylogeographic divide (Polson et al., 2009). Although Cape Flattery and Puget Sound411

itself have both been classified as biogeographic barriers due to a bifurcation in ocean currents (Valentine,412

1966; Kelly and Palumbi, 2010), there are surprisingly few studies evaluating the genetic structure of species413

found both within Puget Sound and on the outer coast of Washington. Those that do focus on species with414

much longer dispersal times than O. lurida (Buonaccorsi et al., 2002; Cunningham et al., 2009; Iwamoto et al.,415

2015; Siegle et al., 2013; Jackson and O’Malley, 2017). To my knowledge, this is the first study in a marine416

mollusc to evaluate and identify significant population differentiation among Puget Sound populations and the417

outer coast. More studies are required to fully characterize the importance of this barrier across marine taxa.418

Genetic differentiation within Puget Sound is relatively low at both neutral and outlier markers, with the419

exception of the northernmost site, Discovery Bay. The weak population structure within Puget Sound and the420

overall low genetic diversity in northern sites is likely due to recent genetic bottlenecks and range expansion421

after the last glacial maximum, which reached just north of Willipa Bay, WA (49◦N latitude) until 12-13 kya422

(Dyke and Prest, 1987). Despite such low genetic differentiation, experimental assessments of local adaptation423

for populations within Puget Sound have detected heritable differences in fitness traits such as reproductive424

timing, growth rate, and gene expression in response to stress (Heare et al., 2017, 2018; Silliman et al., 2018).425

These results, coupled with experimental evidence for local adaptation to salinity among Northern California426

populations (Bible and Sanford, 2016), suggest that adaptive divergence in this species can occur in the face427

of high gene flow.428

Anthropogenic influences on population structure429

The evidence for reduced effective migration, low differentiation within most of the phylogeographic regions,430

and external estimates of effective dispersal (Carson, 2010), suggests that long distance dispersal is not a431

significant force in shaping population structure in this species. However, TreeMix inferred a few such432

migration events that cross aforementioned barriers to gene flow. To explain this evidence, I investigated433

the history of Olympia oyster exploitation and aquaculture through literature reviews, technical reports, grey434

literature, historical first-person accounts, and discussions with current restoration practitioners. The historical435

impact of human take and transportation on the Olympia oyster is substantial.436
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underlie the large number of individuals (128) removed during filtering. First, too many individuals may497

have been pooled per sequencing lane given the number of loci targeted, resulting in low sequencing depth498

for some individuals (Andrews et al., 2016). Second, these libraries were made and sequenced in-house as499

opposed to a dedicated commercial GBS facility. The protocol learning curve may be why a disproportionate500

number of individuals failed or had low sequencing depth in the first few prepared libraries. This filtering501

resulted in 4–9 individuals per population in the final dataset, which is sufficient for estimating FST when502

> 1,000 SNPs are used (Willing et al., 2012). While these small population sizes may limit the power to503

detect outlier loci (Foll and Gaggiotti, 2008), the probability of false positives is reduced by comparing across504

multiple outlier methods (Rellstab et al., 2015). Lastly, while methods like EEMS and PCA can characterize505

genetic differentiation, they cannot distinguish between the different demographic scenarios that may result in506

these patterns (Petkova et al., 2016).507

CONCLUSIONS508

This study provides the first comprehensive characterization of both neutral and adaptive population structure509

in the Olympia oyster, an ecologically important coastal species in North America. These results have direct510

implications for management policies and ongoing restoration efforts, and a future sustainable fishery. Putative511

adaptive loci identified here are excellent candidates for future research and may provide targets for genetic512

monitoring programs. Beyond these specific applications, this study contributes to the growing body of513

evidence for both population structure and adaptive differentiation in marine species. In particular, it is one514

of the first to utilize thousands of SNPs to characterize population structure from southern California to515

Vancouver Island. All analyses conducted for this study can be replicated using annotated Jupyter notebooks,516

allowing for clear dissemination of bioinformatics methods and future open-sourced research on the population517

structure of O. lurida.518
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Locus ID Gene description Top GO IDs Top hit species

locus 5648 DNA N6-methyl adenine demethylase F:dioxygenase activity activity C. gigas

locus 6412 glucose dehydrogenase [FAD, quinone] None C. gigas

locus 7299 transcriptional regulator ERG None C. gigas

locus 10670 Fez family zinc finger protein 1 F:nucleic acid binding C. gigas

locus 44811
sodium-dependent phosphate
transport protein 2B

F:sodium-dependent phosphate
transmembrane transporter activity C. gigas

locus 50945 glyoxalase 3-like None C. virginica

locus 57217 uncharacterized protein LOC111115623 None C. virginica

locus 98257 uncharacterized protein LOC111133343 None C. virginica

locus 121489 E3 ubiquitin-protein ligase TRIM9 F:zinc ion binding C. virginica

locus 123004 Transposon Ty3-G Gag-Pol polyprotein None
Mizuhopecten
yessoensis

locus 170867
carnitine O-palmitoyltransferase 2,
mitochondrial

F:calcium ion binding,
F: transferase activity C. gigas

locus 196263 myosin-XVIIIa F:actin filament binding C. gigas

locus 251628 myosin heavy chain, striated muscle F:microtubule motor activity C. gigas

locus 252560 helicase domino-like None C. virginica

locus 276278 heavy metal-binding protein HIP None C. gigas

locus 277490
NADH dehydrogenase subunit 5,
mitochondrion C:mitochondrion O. lurida

locus 339584 serine/threonine-protein kinase B-raf
F:metal ion binding, F:kinase activity,
P:intracellular signal transduction C. virginica

locus 339916 vesicular glutamate transporter 2.1 P:transmembrane transport C. gigas

Table 2. BLASTx and gene ontology (GO) annotation results for outlier loci. Only the 18 loci with positive

BLAST hits are shown. F: molecular function, C: cellular component, P: biological process.

.
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Figure 2

Figure 3

33/41



APPENDICES844

Appendix A: Sampling locations and population-specific summary statistics845

Sampling Site Latitude Longitude
# of individuals
used in analysis

He FIS (C.I.)

Klaskino Inlet, BC 50.29867 -127.72363 8 0.1903
0.0686
(0.0594 - 0.0786)

Barkley Sound, BC 49.01585 -125.31417 5 0.1865
0.0.0664
(0.0540 - 0.0795)

Ladysmith Harbour, BC 49.01138 -123.8357 5 0.1897
−0.0554
(−0.0700 - −0.0396)

Victoria Gorge, BC 48.43567 -123.37791 7 0.1717
0.0515
(0.0405 - 0.0631)

Discovery Bay, Puget Sound, WA 47.9978 -122.8824 7 0.1810
0.0593
(0.0483 - 0.0699)

Liberty Bay, Puget Sound, WA 47.7375 -122.6507 6 0.1768
0.0309
(0.0194 - 0.0426)

Triton Cove, Puget Sound, WA 47.6131 -122.982 6 0.1820
0.0336
(0.0219 - 0.0462)

North Bay, Puget Sound, WA 47.3925 -122.8138 6 0.1756
0.0524
(0.0404 - 0.0634)

Willapa Bay, WA (North & South)
46.62477
46.4400

-123.98879
-124.004

3
2

0.1798
0.0556
(0.0420 - 0.0685)

Netarts Bay, OR 45.39116 -123.95590 7 0.1968
0.0584
(0.0470 - 0.0698)

Yaquina Bay, OR 44.57954 -123.99577 6 0.1876
0.0143
(0.0018 - 0.0274)

Coos Bay, OR 43.35599 -124.19316 6 0.1809
0.0531
(0.0411 - 0.0654)

Humboldt Bay, CA 40.85580 -124.09746 6 0.2146
0.0327
(0.0209 - 0.0451)

Tomales Bay, CA 38.11755 -122.87450 6 0.2270
−0.0023
(−0.0133 - 0.0077)

Point Orient, San Francisco Bay, CA 37.95507 -122.42180 5 0.2209
0.0560
(0.0450 - 0.0668)

Candlestick Park, San Francisco Bay, CA 37.70867 -122.37761 4 0.2234
−0.0974
(−0.1181 - −0.0745)

Elkhorn Slough, CA 36.83982 -121.74278 6 0.2477
0.0859
(0.0745 - 0.0978)

Mugu Lagoon, CA 34.10191 -119.10434 9 0.2535
0.1327
(0.1239 - 0.1411)

San Diego Bay, CA 32.60250 -117.11889 7 0.2500
0.0948
(0.0851 - 0.1049)

Table A.1. GPS coordinates of sampling sites and population-specific summary statistics averaged across

markers using the combined dataset of 13,424 SNPs. He, expected heterozygosity; FIS, inbreeding coefficient

within the population, mean and 25%-75% confidence intervals (Nei and Chesser, 1983);
36/41



Appendix B: Summary statistics for phylogeographic regions846

Region Ho He FIS FST

NWBC 0.177 0.193
0.0821

(0.0738 - 0.0897)
0.016

Puget+BC 0.174 0.189
0.0814

(0.0758 - 0.0862)
0.046

Willapa 0.171 0.182
0.0583

(0.0495 - 0.0666)
0.001

Oregon 0.185 0.196
0.0556

(0.0474 - 0.0645)
0.016

NoCal 0.215 0.227
0.0536

(0.0472 - 0.0592)
0.022

SoCal 0.224 0.253
0.115

(0.1097 - 0.1209)
0.007

Table B.1. Overall summary statistics for each phylogeographic region using the neutral dataset of 13,073

SNPs. Ho, observed heterozygosity averaged across loci; He, expected heterozygosity averaged across loci;

FIS & FST , Wright’s F-statistics averaged across loci (Nei and Chesser, 1983). Note that FST may be skewed

by variation in sampling strategy across regions.
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Appendix D: Additional results of outlier analyses848

Figure D.1. Venn diagram with number of SNPs and Genotype-by-Sequencing loci identified as outliers by

three methods: pcadapt, OutFLANK, and BayeScan
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Figure D.2. Outlier loci predominantly show clinal patterns in allele frequency. Allele frequency in 129

individual outlier loci plotted against latitude for 19 populations of O. lurida. One SNP is represented for

each locus, except in the case where two outlier SNPs from the same locus showed different spatial patterns

(e.g., locus 277490). Populations are colored by inferred phylogeographic regions.
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