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Declines in abalone populations throughout the world have led to conservation measures
including fishery closures and captive breeding programs aimed at stock restoration.
Restoration of endangered pinto abalone (Haliotis kamtschatkana) in the southern Salish
Sea (Washington State, USA) began in the mid-2000s, and since 2009, nearly 40,000
hatchery-produced juvenile abalone have been outplanted at 21 restoration sites. We
used genotyping by sequencing to evaluate the efficacy of this restoration program from a
genomic standpoint. Over 49,000 SNPs and 8,000 haplotypes were evaluated across
both wild and hatchery-produced abalone. Compared to wild abalone, hatchery-bred
abalone had similar heterozygosity, lower allelic richness and effective population size, and
higher relatedness. However, more recently bred hatchery progeny sampled prior to
outplanting showed intermediate allelic richness, lower relatedness and genomic
divergence, and higher effective population size compared to older hatchery outplants
sampled after outplanting. We attribute these differences to genetic drift among older
hatchery outplants due to mortality and emigration as well as larger numbers of
broodstock families in more recent hatchery operations. This suggests that current
hatchery practices that combine higher output with larger numbers of broodstock
families may more effectively overcome the effects of genetic drift. Effective population
size estimates among wild Salish Sea abalone had no upper limit, indicating that these
abalone have sufficient genetic diversity to support the restoration program, but also
highlighting the need for large broodstock sizes to overcome potential Ryman-Laikre
effects. The greatest challenge for the future of the restoration program will be finding
sufficient numbers of wild broodstock in the Salish Sea, where pinto abalone remain
extremely rare.

Keywords: abalone, RADseq, Haliotis kamtschatkana, restoration aquaculture, captive breeding, effective
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INTRODUCTION

Abalone are large marine snails found on shallow temperate
and tropical rocky reefs throughout the world. Prized as a food,
many abalone species have undergone significant population
declines largely due to overharvest (Cook and Gordon, 2010;
Karpov et al., 2000). Because abalone are diecious broadcast
spawners with very small home ranges, depleted populations
often occur at densities too low for successful fertilization
(Babcock and Keesing, 1999; Zhang, 2008), and reproductive
failure is therefore the primary factor limiting natural rebound of
abalone populations (Carson et al., 2019; Masuda and
Tsukamoto, 1998; Roberts et al,, 2007; Rogers-Bennett et al.,
2016). Stock status reviews and extinction risk models have
indicated that human intervention is necessary to facilitate
species recovery (Carson and Ulrich, 2019; Catton et al., 2016;
Hobday and Tegner, 2000; Stierhoff et al., 2012; VanBlaricom et
al. 2009), which has resulted in widespread efforts to rebuild wild
abalone stocks through restoration aquaculture (Carson et al.,
2019; Masuda and Tsukamoto, 1998; Roberts et al., 2007; Rogers-
Bennett et al., 2016). Restoration aquaculture programs aim to
replenish depleted populations with little or no natural
reproductive output, often due to an Allee effect, and typically
use remnant populations as broodstock to breed large quantities
of progeny for eventual release into the wild (Grant et al., 2017).
This serves the dual purpose of bringing together sparse
populations of adults to breed while also reducing the effects of
predation on early life history stages.

For restoration aquaculture programs, maintenance of wild
stock genetic integrity through the production of genetically
diverse progeny is of paramount concern (Grant et al., 2017).
The relationship between organismal genetic diversity and fitness
is well established (DeWoody et al., 2021), and preservation of
genetic diversity is essential to protect the adaptive potential of a
population, particularly those that are small or have been
depleted (Crow and Kimura, 1970; Willi et al., 2006). Depleted
populations may exhibit reduced genetic variation and increased
inbreeding (Willi et al., 2006), and outplants of large numbers of
insufficiently diverse hatchery-produced individuals risks further
undermining genetic diversity and effective population size
(Grant et al., 2017).

Despite efforts to preserve genetic diversity in abalone captive
breeding programs, several studies have reported lower diversity
among hatchery produced abalone relative to wild populations,
including reduced heterozygosity, effective population size, and
allelic richness, (Evans et al., 2004; Gruenthal et al., 2014; Lemay
and Boulding, 2009; Smith and Conroy, 1992). Moreover, the
genetic signal of outplanted hatchery-produced abalone has been
detected in areas experiencing stock enhancement, a further
indication of differentiation between hatchery-produced and
wild populations (Gaffney et al., 1996; Sekino et al., 2005).
These studies have underscored the importance of large
broodstocks, hatchery practices that maximize diverse progeny,
and the monitoring of genetic diversity among hatchery-
produced and wild populations (Gaffney et al., 1996; Rhode et
al., 2014; Smith and Conroy, 1992).

Pinto abalone (Haliotis kamtschatkana Jonas, 1845), the
widest ranging abalone species along the Pacific coast of North
America, have become rare in many parts of their range as a
result of overharvest (Neuman et al., 2018). In the southern
Salish Sea, Washington, USA, pinto abalone have undergone a
97% decline since the early 1990s, despite a 1994 harvest ban
(Carson and Ulrich, 2019). Pinto abalone are now considered
threatened with local extinction, which led the State of
Washington to list the species as a State Endangered Species in
2019. Federally, pinto abalone are listed as a Species of Concern
(Neuman et al., 2018). As with other imperiled abalone species,
low remaining populations of pinto abalone in Washington
waters are thought to be below critical thresholds for successful
reproduction (Rothaus et al., 2008). This is supported by
observations of extremely low natural recruitment in the San
Juan Archipelago, where a significant portion of Washington’s
remnant populations are found (Bouma et al., 2012; Rogers-
Bennett et al., 2011).

In an attempt to mitigate natural recruitment failure, pinto
abalone recovery efforts began over 15 years ago as a
collaborative effort between federal, state, tribal, local, and
non-governmental organizations. Since 2009, 40,000 hatchery-
raised juvenile abalone have been outplanted at 21 sites in the
San Juan Archipelago. A recent study found that observed
survival one year after outplant averaged approximately 10%
and was highly site-dependent (Carson et al., 2019). Initially a
relatively small-scale pilot program, the recovery effort has
recently transitioned to a larger-scale production phase that
includes satellite hatchery facilities.

As the program expands in scope, detailed genetic data on
broodstocks, hatchery-produced outplants, and wild populations
are essential to help inform future conservation aquaculture
practices and restoration strategies. In this study, we used
restriction site associated DNA sequencing (RADseq) to
determine the efficacy of restoration practices to date with
respect to the genetic diversity of broodstocks, progeny,
surviving outplants, and wild populations. Using a robust set
of single nucleotide polymorphisms (SNPs) and haplotypes, our
goal was to determine if pre- and post-outplant hatchery progeny
have low genomic divergence and comparable genomic diversity
relative to wild abalone.

METHODS

Broodstock Collection &

Hatchery Production

Broodstock collection and hatchery production methods are
described in detail by Carson et al. (2019). In brief, broodstock
collection targeted reproductively isolated individuals occurring
over a broad geographic area within the San Juan Archipelago;
aggregations of abalone were generally left undisturbed, and only
lone individuals were targeted. Each year of the program, new
broodstock were collected, and only F1 progeny bred from wild
broodstock were used for restoration. Broodstock collection
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TABLE 1 | Outplant history for each of the outplant sites represented in the manuscript.

Outplant Year Site N

2009 Omaha 260
2009 Gold 257
2011 Omaha 330
2011 Gold 350
2014 Omaha 358
2014 Gold 358
2015 Omaha 218
2015 Gold 218
2015 Baytown 726
2016 Baytown 601
2016 Dragoon 619
2017 Omaha 491
2017 Gold 488
2017 Baytown 488
2017 Dragoon 592

# Broodstock

5f, Bm
51, 6m
of, 13m
9f, 18m
7f, 5m
7f, 5Bm
2f, 4m
2f, 4m
9f, 10m
of, 13m
of, 13m
6f, 8m
6f, 8m
6f, 8m
8f, 14m

# Families

7
7
17
17
10
10
5
5
14
14
14
9
9
9
17

Outplant Year is the year of outplanting, Site is the name of the outplant site, N is the number of juvenile abalone outplanted, # Broodstock is the number of female (f) and male (m)

broodsock used, and # Families is the total number of unique broodstock families produced.

began in 2003 followed by hatchery production in 2007, with the
first outplants in 2009. The process has been repeated nearly
every year since the first year of outplant (Table 1). Hatchery
operations took place at the NOAA Mukilteo Research Station in
Mukilteo, WA from 2009 to 2018, and transitioned to the
Kenneth K. Chew Center for Shellfish Research and
Restoration at NOAA’s Manchester Research Station in 2019.
Single-parent crosses were produced from gametes obtained via
induced spawning. Herein, the term ‘broodstock family’ refers to
the offspring of each pairing of one female and one male
broodstock. Some females were paired with more than one
male, resulting in multiple families of half-siblings. Broodstock
families were reared in separate aquaria through all life stages.

Juvenile abalone were outplanted at approximately 20 months
post-fertilization. Tagging of individuals with bee tags glued on
the shell surface prior to outplanting allowed tracking of
broodstock families in the field for up to five years, by which
time nearly all tags had worn oft (Carson et al., 2019).

Hatchery Outplants

The restoration program has outplanted juvenile abalone at 21
sites in the San Juan Archipelago, but the data reported herein
reflect abalone from four of the oldest and most successful sites
with the highest abalone survival (Table 1; Table 2). Details on
site selection criteria are provided in Carson et al. (2019). As in
Carson et al. (2019), restoration site geographic names and

coordinates are not reported to protect abalone from potential
illegal harvest. Instead, the site naming convention used in
Carson et al. (2019) is also used here. Abalone samples from
sites Omaha, Gold, Baytown, and Dragoon were collected for this
study during annual surveys in 2019. Omaha and Gold were
established in 2009, and are located on separate islands
approximately 1.5 km apart. These two sites received outplants
in 2009, 2011, 2014, 2015, and 2017. Baytown was established in
2015 on another island 7.5 km from Omaha and Gold, and
received outplants in 2015, 2016, and 2017. Dragoon was
established in 2016 on an offshore reef 20 km from Omaha
and Gold and received outplants in 2016 and 2017. Due to
extremely low natural recruitment, all tagged or untagged
abalone were assumed to be a hatchery outplant (Rogers-
Bennett et al., 2011).

Hatchery production has increased significantly in recent
years, and to provide a picture of genetic diversity among
hatchery-bred abalone from more recent hatchery operations,
hatchery progeny bred between 2017 and 2020 (Progeny ‘17-20
H) were randomly sampled prior to outplanting (Table 3;
Table 2). Starting in 2019, the restoration program began
outplanting a combination of 10-month and 20-month-old
juveniles. Therefore, two production years are listed separately
for each outplant year in Table 3. For the sake of clarity, and
because it bears critically on the interpretation of results, it is
worth reiterating that Progeny ‘17-20 H were sampled prior to

TABLE 2 | Sample sizes, shell lengths, sex ratios (M/F; even = 0.5), and genetic diversity statistics for each group of samples included in the final assembly.

Sample N Shell length(mm, mean + SD) Sex ratio M:F H, He Fis

Gold H 37 88.7 +27.4 0.625 0.0629 0.0685 0.0616
Omaha H 96 99.3 +24.4 0.529 0.0623 0.0681 0.0662
Baytown H 72 81.4+17.4 0.5 0.0628 0.0685 0.0655
Dragoon H 72 66.5 + 18.7 0.666 0.0632 0.0676 0.0526
Progeny ‘17-'20 H 45 9.8 +3.3 NA 0.0635 0.0711 0.0800
Broodstock W 59 ND 0.356 0.0646 0.0715 0.0717
San Juan W 36 120.6 = 14.4 0.583 0.0642 0.0721 0.0833
Ketchikan W 40 ND ND 0.0638 0.0710 0.0796

Wild versus hatchery-raised abalone are denoted by ‘W’ and ‘H’ respectively. NA, not applicable; ND, not determined.
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TABLE 3 | Recent (2017-2020) hatchery production.

Year Produced Outplant Year Sites
2017 2019 6
2018 2019 6
2018 2020 6
2019 2020 6
2019 2021 10
2020 2021 10

N # Broodstock # Families
1721 7f, 13m 12
4838 5f, 13m 14
370 5f, 7Tm 7
3246 12f, 16m 24
2548 9f, 13m 13
8145 7f, 19m 24

Data from a random subsample of these juveniles are included in this study (Progeny 2017-2020). Year Produced is the year the abalone were bred, Outplant Year is the year of outplanting,
Sites s the number of outplant sites to which each cohort was outplanted, N is the number of juvenile abalone outplanted, # Broodstock is the number of female (f) and male (m) broodsock

used, and # Families is the total number of unique broodstock families produced.

outplanting, whereas Omaha H, Gold H, Baytown H, and
Dragoon H were sampled after abalone of multiple cohorts
had been living at outplant sites for 2-10 years.

Wild Abalone Samples

Three wild abalone groups are included in this analysis to
provide a baseline of natural genetic diversity within the Salish
Sea region and beyond with which to compare hatchery-
produced individuals (Table 2). Older broodstock collected in
the San Juan Islands between 2007 and 2015 (Broodstock W)
represent parents of the abalone outplanted to the sites reported
herein between 2009 and 2017. In 2019, additional wild abalone
were sampled in the San Juan Islands (San Juan W), and some of
these individuals served as broodstock for the Progeny ‘17-20 H
group. To provide additional perspective on wild abalone
genomic diversity, we also included a sample of individuals
from Ketchikan, Alaska (Ketchikan W).

Sample Collection, DNA Extraction,

Library Preparation, and Sequencing
Non-lethal tissue samples from abalone were taken by clipping
epipodial tentacles and preserving them in 95% ethanol. DNA
was extracted from samples using the Qiagen DNeasy Blood and
Tissue kit, with overnight lysis in proteinase k. An Agilent
Technologies TapeStation was used to quantify DNA quality
and concentration. RADseq library preparation followed the
BestRAD technique (Ali et al, 2016) with the restriction
enzyme Sbfl (5-CCTGCAGG-3’ cut site). Paired-end, 100 bp
sequencing was carried out by Novogene Corp. on an Illumina
NovaSeq 6000. Five libraries with 96 samples each were each
sequenced on an individual NovaSeq lane (5 lanes total). Samples
from different populations were randomly allocated across each
library, along with a total of 25 technical replicates represented
by samples sequenced in duplicate or triplicate.

Bioinformatic Processing

Raw reads were filtered and demultiplexed with the Stacks v.2
process_radtags program (Rochette et al,, 2019) using default
settings. Demultiplexed reads were then mapped to the red
abalone (Haliotis rufescens) genome (Masonbrink et al., 2019)
with the BWA mem program (Li and Durbin, 2010) using default
settings. Phylogenetic analysis of northeastern Pacific abalone
species indicates relatively shallow divergence between pinto and
red abalone (Masonbrink et al., 2019), justifying the use of this
genome for read mapping. High-quality (mapQ 20+) and

properly-paired mapped reads were sorted and converted to
BAM format with samtools v.1.9 (Li et al., 2009) and assembled
with the Stacks v.2 gstacks program with the PCR duplicates
removal option, followed by SNP and haplotype processing with
the Stacks v.2 populations program (Rochette et al., 2019).

SNP Analysis

To generate the SNP dataset, the following settings in Stacks v.2
populations were used: minimum percentage of individuals in a
population required to process a locus for that population (0.7),
minimum minor allele count required to process a SNP (3).
Further SNP filtering of the resulting VCF file was undertaken
with the R package vcfR (Knaus and Griinwald, 2017). Variants
with sequencing depth outside of 95% confidence intervals were
excluded, as were those with quality scores below 20 and with
greater than 20% missing data. Lastly, to exclude variants
according to linkage disequilibrium (LD), LD-based SNP
pruning was performed with the R package SNPRelate (Zheng
et al,, 2012) using an LD threshold of r* = 0.2.

Population statistics, including gene diversity, observed
heterozygosity, inbreeding coefficients, and genetic differentiation
were computed with the R package hierfstat (Goudet, 2005).
Pairwise fixation index (Fsr) was computed according to the
method of (Weir and Cockerham, 1984) as implemented in
hierfstat and StAMPP (Pembleton et al., 2013), with 95%
confidence intervals and p values computed with StAMPP.
Visualization of population differentiation in two-dimensions was
facilitated with discriminant analysis of principal components
(DAPC) implemented in the R package adegenet (Jombart, 2008).
The xvalDAPC cross-validation procedure was used in adegenet to
select the appropriate number of principal components (100) for
the DAPC (Figure S1).

Relatedness was evaluated using a genomic relatedness matrix
calculated by StEAMPP (Pembleton et al., 2013) as well as by the R
package related (Pew et al., 2015). To evaluate and choose among
the different relatedness estimators used by related, allele
frequencies from the dataset were used to simulate individuals
of known relatedness (parent-offspring, full siblings, half siblings,
or unrelated). Relationships were computed using four different
estimators, and the optimal estimator was chosen based on the
correlation between observed and expected relatedness values
(Pew et al., 2015). After using the optimal estimator to calculate
relatedness in the real dataset, we also tested its classification
accuracy by using the simulated dataset to train a k-nearest
neighbor model with 10-fold repeat cross validation
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implemented in the caret R package (Kuhn, 2008). Pairwise
relationships computed in related were used as a proxy for
hypothetical mate pairings, and they were also used to cross-
check broodstock family structure based on hierarchical
clustering of the relatedness matrix calculated by StAMPP.

Haplotype Analysis

Because SNPs are biallelic, they are not ideal for providing
information on allelic richness. Instead, multi-allelic haplotypes
provide much richer datasets with which to evaluate allelic
diversity and rare alleles. Haplotypes output by Stacks v.2 were
used to assess haplotype richness. We ran the populations
program on multiple sample sizes from N = 4-36 in
increments of 4 to evaluate allelic richness as a function of
sample size. Samples were randomly selected and added for
each increment, and only loci that were present across all
increments were used for comparison. This resulted in ten
datasets with no missing data. The following settings in Stacks
v.2 populations were used: minimum percentage of individuals
in a population required to process a locus for that population
(1.0), minimum minor allele count required to process
a SNP (3).

Haplotypes from the N = 36 increment were also used to
calculate effective population size (N,) using the LD method in
NeEstimator v2.1 (Do et al,, 2014). Since estimates of census
population size (N) were available for each outplant site (Table
S1), we also computed N./N.

RESULTS

Data Yield and Error Rates
The final SNP dataset consisted of 49,289 SNPs across 1,131
scaffolds and 477 samples, with 6.5% missing data. Genotyping

error, as assessed by SNP mismatches between the 25 technical
replicates, was 0.03%, meaning that SNPs in the final assembly
were called with 99.97% accuracy.

The final haplotype dataset for N = 36 across all groups (N =
288 total samples) with no missing data included 8,345 loci
across 929 scaffolds.

Genetic Diversity

Based on the SNP dataset, slight heterozygote deficiencies were
observed in all groups (Table 2), with inbreeding coefficients
(Fys) ranging from 0.0526 (Dragoon H) to 0.0833 (San Juan W).
Although wild abalone generally had higher Fys, Progeny ‘17-20
H had Fis comparable to wild individuals. Analysis of allelic
richness in the haplotype data series showed an increase in allelic
richness with sample size in all groups (Figure 1). At N > 20,
clear patterns were observed with wild individuals having higher
allelic richness than hatchery-raised individuals. Progeny ‘17-20
H had intermediate levels of allelic richness between the three
wild groups and the four older outplant sites.

Genetic Differentiation Among Groups
Pairwise Fgr values ranged from 0.001 - 0.019, with the lowest
values between wild abalone groups (Figure 2). All Fsr values
were significantly different from zero (p < 0.001). Fsy values were
also low between Progeny ‘17-20 H and wild abalone, as well as
between Gold H and Omaha H. All outplant sites had
intermediate Fgr values from their parent group, Broodstock
W. The highest Fgp values were between outplant sites
and Ketchikan W, San Juan W, and Progeny ‘17-20 H.
Additionally, Gold H and Omaha H were relatively strongly
differentiated from Dragoon H and Baytown H. Hierarchical
clustering of Fgy values showed two primary clusters; one cluster
including all outplant sites, and another cluster including all wild
groups plus Progeny ‘17-20 H.

Population

Baytown H
Broodstock W

35
Ketchikan W
Omaha H
Progeny'17-20 H
San Juan

Pttt

3.0

Allelic richness

25

confidence intervals.

20 30
Number of individuals

FIGURE 1 | Allelic richness as a function of sample size for haplotype-based assemblies ranging from 4-36 individuals per group. Error bars represent 95%
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Source Source
Hatchery
0.017 | 0.018 JOIOION 0.018 | 0.015 | 0.014 feclILNT] 0.015 Wild

0.014 | 0.014 .o.me LOERNVES Omaha H

0.017 | 0.014 ... OERRERNGER Baytown H

0.018 | 0.014

0.010 . 0.010

0.018 | 0.016 | 0.015 | 0.019

0.01

00101 0.019 | 0016 | 0.014 [RIEEEINT] Lot

Broodstock W
Progeny'17-'20 H

0.015 | 0.013 | 0.013 | 0.016 Ketchikan W

0.014 | 0.012 | 0.011 | 0.014

San Juan W

P EIILT A
& & & & & E ¢
& O &
O @ & F L &
CC SN
<®

FIGURE 2 | Heatmap and hierarchical clustering of pairwise Fsr values between
groups. All Fst values were significantly different from zero (p < 0.001).

These patterns were generally corroborated by discriminant
analysis of principal components (DAPC) analysis (Figure 3). As
expected, outplant sites clustered closely with Broodstock W. In
turn, Broodstock W overlapped with San Juan W, which
overlapped with Progeny ‘17-20 H. Ketchikan W formed
a separated cluster that was largely spread along the
secondary axis.

. Population
10 Baytown H
Broodstock W
Dragoon H
Gold H
. = Ketchikan W
= Omaha H
. = Progeny'17-'20 H
5 = SanJuan W
R
o
™
B
[a)]
0
-5
0 5 10
DA1 49%
FIGURE 3 | Ordination of samples and groups according to the first two
discriminant functions of the discriminant analysis of principal components
(DAPC). The percentage of DAPC variance captured by each discriminant
axis (DA) is shown in axis labels.

Relatedness

Based on simulated broodstock family relationships from allele
frequencies in the SNP dataset, the method of Queller and
Goodnight (1989) had the highest correlation coefficient with
expected values (0.72) and was chosen for further analyses
(Figure S2). The overall classification accuracy of this estimator
was 0.59 based on cross-validation of simulated data; overlap of
relatedness values for each relationship limits classification accuracy
(Figure S3). Parent-offspring relationships were excluded from
further analyses because we were primarily interested in
relationships among hatchery-bred animals, which were not
expected to have parent-offspring relationships because all
animals were F1 offspring bred from wild broodstock.

At the four outplant sites, we detected a total of 25 unique
broodstock families. Baytown, Dragoon, and Omaha each had 14
broodstock families, while Gold had 10, probably due in part to
the much smaller sample size for Gold than for the other three
sites (Figure 4). In fact, the ratio of number of broodstock
families to number of samples was highest for Gold (0.23),
intermediate for Dragoon and Baytown (0.19), and lowest for
Omaha (0.15). There was considerable variability in broodstock
family size, with one broodstock family represented by 42
individuals across all four sites, while several broodstock
families were represented by just one or two individuals.

Given that abalone are dioecious broadcast spawners,
pairwise relatedness estimates for each group can also be
thought of in terms of relationships between potential sperm
and egg mate pairs (Figure 5; Table 4). This analysis showed that
86-89% of potential matings at abalone outplant sites would
occur between unrelated individuals, followed by 7-9% between

a own Dragoon
amilies 14 Families
Family:Sample ratio = 0.19

Family: Sample ratio = 0.19

Gold Omaha
10 Families 14 Families
Family:Sample ratio = 0.27 Family:Sample ratio = 0.15

A\
o~

FIGURE 4 | Family trees of hatchery-bred abalone at each of the outplant
sites, based on hierarchical clustering of the StAMPP relatedness matrix.
Unique broodstock families are represented by unique colors, and each
branch represents an individual.
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FIGURE 5 | Pairwise relatedness among each group based on the method
of Queller and Goodnight (1989), expressed as the proportion of potential
matings in each group between full sibs, half sibs, or unrelated individuals.

half sibs, and 4-6% between full sibs. This is compared to a 25%
chance of half-sibling matings and 11% chance of full-sibling
matings estimated for an isolated cohort at these four sites based
on tag recaptures (Carson et al,, 2019). By contrast, 94-95% of
matings among Progeny ‘17-20 H and Ketchikan W would
occur between unrelated individuals, with 5% between half sibs,
and 100% of matings among Broodstock W and San Juan W
would be between unrelated individuals. The presence of half sibs
among the Ketchikan W abalone could be due to group
synchronous spawning behavior, which has been observed in
H. kamtschatkana (Breen and Adkins, 1980).

Effective Population Size

Each of the abalone outplant sites showed similar estimates of
effective population size (N,), ranging from 26.2 (Dragoon) to
40.4 (Baytown; Table 5). The ratio of N.to estimates of census
size (N./N) was also comparable at each outplant site, with a low
of 0.11 (Dragoon) and a high of 0.18 (Gold). Among the Progeny
‘17-20 H group, N was 99.9, more than double that of any of the
outplant sites. Meanwhile, N, was considerably larger in all of the
wild abalone groups. The Broodstock W and San Juan W groups
both had infinite N, which should be interpreted as inconclusive

but potentially very large, while Ketchikan W had an N,
of 2306.5.

DISCUSSION

Our analysis of the H. kamtschatkana restoration program
revealed several findings that mirror other studies of abalone
restoration and aquaculture in other parts of the world. First, we
found that expected heterozygosity among hatchery-bred F1
abalone was only slightly lower relative to wild broodstock.
Similarly, no significant loss of heterozygosity among F1
offspring bred from wild broodstock was observed among
Australian H. rubra (Evans et al., 2004) or South African H.
midae (Evans et al., 2004; Rhode et al., 2012; Rhode et al., 2014;
Slabbert et al., 2009). In fact, as in Rhode et al. (2014), we found
slightly lower Fig, indicative of a relative heterozygote excess,
among hatchery-bred abalone. Although counterintuitive, this is
commonly observed among population bottlenecks (in this case,
hatchery breeding), where a decrease in the number of alleles is
not initially accompanied by a loss of heterozygosity Luikart and
Cornuet, 2008. Second, corroborating this effect, we found
significantly lower allelic richness among hatchery-bred
abalone relative to all wild populations. Loss of allelic richness
and rare alleles in cultured abalone is a consequence of a
relatively small number of progenitors in hatchery settings and
has been widely reported in the literature (Evans et al., 2004;
Gaffney et al,, 1996; Slabbert et al., 2009; Smith and Conroy,
1992). Third, there was significant genomic divergence of
hatchery-bred abalone from wild abalone, although this
divergence was less pronounced when comparing hatchery-
bred abalone directly to their source broodstock. Genetic
divergence between wild and hatchery-raised abalone has also
been reported by a number of studies and is likely a consequence
of small numbers of breeders, genetic drift, and potentially,
artificial selection (Evans et al, 2004; Gaffney et al, 1996;
Gruenthal et al., 2014; Rhode et al., 2012; Rhode et al., 2014).
Lastly, N, among hatchery-bred H. kamtschatkana was
substantially lower than that of wild abalone. Again, this is a
consequence of limited broodstock and broodstock family sizes
and is comparable to data reported in other abalone breeding
studies Rhode et al., 2012; Rhode et al., 2014).

A key finding, however, is that the most recently produced
pre-outplant hatchery progeny (Progeny ‘17-20 H) had genomic

TABLE 4 | Results of Pearson’s Chi-squared tests with Yates’ continuity correction comparing relatedness proportions for each of the populations.

Site Baytown H Omaha H Dragoon H Gold H Progeny ‘17-20 H San Juan W Broodstock W Ketchikan W
Baytown H 0.406 0.008 0.176 <0.001 <0.001 <0.001 <0.001
Omaha H 0.001 0.525 <0.001 <0.001 <0.001 <0.001
Dragoon H 0.098 <0.001 <0.001 <0.001 <0.001
Gold H <0.001 <0.001 <0.001 <0.001
Progeny ‘17-’20 H <0.001 <0.001 0.243
San Juan W 1 <0.001
Broodstock W <0.001
Ketchikan W

Significant p-values are shown in bold.
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TABLE 5 | Effective population size estimates () based on allele frequencies of 0.01, as well as census population size estimates (V) and the N/N ratio for each population.

Population N, (95% CI)
Baytown H 40.4 (40.4 - 40.4)
Dragoon H 26.2 (26.2 -26.2)
Gold H 27.9 (27.9 -27.9)
Omaha H 35.0 (34.9 - 35.0)
Progeny ‘17-'20 H 99.9 (99.7 - 100.1)
Broodstock W 0 (00 - o0)

San Juan W 00 (00 - o)
Ketchikan W 2306.5 (2220.4 - 2399.6)

profiles much more similar to wild abalone. This suggests that
larger broodstock sizes and resultant broodstock family sizes in
recent years may have been effective in increasing allelic richness
and N, and reducing genomic divergence from wild abalone. For
example, during outplant years 2009-2017, broodstock family
sizes ranged from 5-17 per year, compared to 7-26 broodstock
families per year from 2019-2021. However, abalone in the more
recent group were sampled prior to outplant, so it is not a direct
comparison to the older cohorts that were sampled after several
years in the wild. Indeed, it is likely that some of the genomic
divergence, reduced allelic richness, and lower N, among the
older outplants is the result of genetic drift due to emigration or
mortality in the wild over time. Mark-recapture studies of pinto
abalone at these outplant sites indicate that the majority of
individuals have little net movement over annual time scales,
but some emigration is expected (Carson et al., 2019).
Meanwhile, predation may be significant, particularly on small,
newly outplanted pinto abalone (Hansen and Gosselin, 2013).
Observed 1-year survival rates for abalone at the outplant sites
reported herein ranged from 11.4% (Baytown) to 23% (Omaha;
Carson et al. (2019), and in the present study, the percentage of
original broodstock families observed in 2019 ranged from 21%
(Gold) to 45% (Omaha). Taken together, these data suggest that
a significant amount of the original genetic diversity at outplant
sites has been lost through emigration or mortality. It is
encouraging that even with this loss of diversity, however,
relatedness analyses indicate that the probability of inbreeding
between siblings and half-siblings at outplant sites remains
relatively low.

While these results suggest that current hatchery practices
alone cannot account for the more favorable genomic profiles
among recent pre-outplant progeny compared to older post-
outplant progeny, they also provide evidence that current
practices are capable of producing genetically diverse progeny
in the absence of post-outplant genetic drift. Furthermore, lack of
strong differentiation between recent pre-outplant progeny and
wild abalone also provides some evidence against significant
artificial selection in the hatchery, and suggests that the strong
divergence between older post-outplant progeny and wild
abalone is more likely due to genetic drift and small
broodstock family sizes than to artificial selection. With larger
total numbers of abalone now being produced and outplanted in
addition to larger broodstock family sizes, current practices may
now be better able to overcome the effects of genetic drift.
Hatchery operations now include multiple rearing facilities,

N (range) Ne/N
232 (231-234) 0.17
235 (233-236) 0.11
154 (147-167) 0.18
289 (280-301) 0.12

and since 2009, the number of outplants has increased
approximately eightfold.

With this increase in production, however, comes an increased
risk of a Ryman-Laikre effect, defined as a reduction of the
combined wild/captive-bred N, by a low captive-bred N, (Ryman
and Laikre, 1991). To avoid this, hatchery practices should aim for
the highest possible broodstock sizes, limit variance in broodstock
family size, and continually outplant new individuals at existing
outplants sites (Ryman and Laikre, 1991; Wang and Ryman, 2001;
Waples et al.,, 2016). Finding sufficient wild abalone to serve as
broodstock continues to be among the greatest challenges for pinto
abalone restoration in Washington. In 2021, a single pinto abalone
was counted in 57 subtidal sea urchin surveys across the San Juan
Islands; a basic extrapolation of abalone numbers from these
surveys gives a current population on the order of 5,000-10,000
individuals (WA Dept. of Fish and Wildlife, unpublished). With N,
among these wild abalone potentially several times higher than this
rough census estimate, wild N/N may be very high, providing
evidence against a genetic bottleneck despite the severe population
decline. This is consistent with earlier results from remnant
populations of this species in British Columbia, where N, was
estimated at >350,000 (Withler et al., 2003). Furthermore, we
found that Salish Sea pinto abalone appear to have higher N, than
those in Ketchikan, Alaska, where abalone population density is
higher and natural recruitment has been observed (Donnellan and
Hebert, 2017). This indicates that Washington abalone have the
necessary genetic diversity to continue supporting the breeding
program. However, perhaps counterintuitively, this situation also
poses some challenges. It means that broodstock sizes need to be
large in order to avoid a Ryman-Laikre effect, particularly as the
captive-bred proportion of the total population increases (Ryman
and Laikre, 1991; Hare et al., 2011). The ratio of captive-bred N/N
to wild N/N [B Waples et al. (2016)] can be used to assess risk of a
Ryman-Laikre effect, with values below 1 leading to reduced overall
N, (Waplesetal., 2016). In this case, with current captive-bred No/N
ranging from 0.11 to 0.18 and wild N,/N perhaps much higher, B is
likely to be below 1, emphasizing the importance of
large broodstocks.

For the future, identifying new broodstock sources will clearly
be a priority for the restoration program. Remnant populations
exist outside the San Juan Islands in the Strait of Juan de Fuca,
and may act as an additional broodstock source within the state.
The Strait will also likely receive restoration outplants in the
future, so care must be taken in siting those efforts. Currently, the
restoration program does not outplant hatchery juveniles near
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where the remnant wild populations are most prevalent in the
San Juan Islands, to avoid the possibility of collecting a hatchery-
produced animal as broodstock. Subtidal diver surveys continue
to be the gold standard for locating wild abalone, but
environmental DNA survey methods are currently being tested
and may aid the detection effort (Dimond, unpublished),
especially in the Strait of Juan de Fuca where fewer surveys
have been conducted. Meanwhile, bringing in broodstock from
outside the region may become necessary as wild abalone
continue to age out of the population and natural recruitment
remains low. Studies are underway to determine range-wide
pinto abalone population genetics to help identify optimal
populations for assisted gene flow if sufficient wild abalone can
longer be found in Washington.
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