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GENETIC RISKS ASSOCIATED WITH SABLEFISH
AQUACULTURE IN BRITISH COLUMBIA, CANADA

CONTEXT

Sablefish (Anoplopoma fimbria) aquaculture is currently limited to three marine facilities in
British Columbia (BC) with six-year licences that were issued on July 1st, 2024. As for any
cultured species, removal of wild Sablefish individuals from a population for broodstock and
inadvertent release of aquaculture individuals back into a population have the potential to pose
genetic risks to the long-term sustainability of the species. For instance, captive and wild fish
may be genetically or epigenetically differentiated, such that gene flow from captive-bred or
captive-reared populations into natural populations may adversely affect fithess in the wild. The
magnitudes of these potential genetic risks are often context- and species-specific, and genetic
risks have yet to be formally evaluated for Sablefish aquaculture in BC. Understanding the
genetic risks associated with marine Sablefish aquaculture is an important precursor to the
continuation of this practice in a scientifically defensible manner within the province.

Current aquaculture activities for Sablefish in BC involve collecting wild-sourced individuals for
broodstock and producing either first- or second-generation captive-reared offspring with no
intentional release of captive individuals back into the wild. In captive environments, natural
selection that is typically experienced in the wild is relaxed, and artificial or domestication
selection may cause traits to shift in a manner that would be sub-optimal in the natural
environment. As a result, these differences can be harmful to wild populations if inadvertent
escapees introduce disadvantageous genetic variation into natural habitats. The size of the
genetic risks associated with the collection of broodstock and domestication are dependent on
both the specific aquaculture practices and the biology of the cultured species. Numerous
studies have demonstrated that gene flow from captive to wild populations is often to the
detriment of fitness in the wild. However, the majority of this work in finfish has focused on
salmonids, particularly Atlantic Salmon (Salmo salar), which have populations that are highly
genetically structured. Unlike salmonids, Sablefish populations are widespread and relatively
unstructured, suggesting that the genetic risks associated with aquaculture of this species may
be comparatively low. In 2022, the stock status for Sablefish in BC, was found to be in the
healthy zone (DFO 2009; DFO 2023).

Fisheries and Oceans Canada (DFO) Aquaculture Management Division has requested that
Science Branch provide advice on the genetic risks associated with marine aquaculture of
Sablefish under both current practices and a possible future scenario in which broodstock are
no longer wild-sourced. The assessment and advice arising from this Canadian Science
Advisory Secretariat (CSAS) Science Response (SR) process will be used to support future
decision-making related to Sablefish aquaculture.

The specific objectives of this review are to:
1. Review the current understanding of wild Sablefish population genetics in British Columbia.

2. Document the potential genetic risks posed to wild Sablefish due to captive-rearing of
individuals for aquaculture harvest.
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3. Evaluate these potential genetic risks to wild populations in the context of current Sablefish
aquaculture practices in British Columbia.

4. Assess how genetic risks may change if current practices for Sablefish aquaculture
transition from the use of wild-sourced broodstock to captive broodstock.

The intent of this report is not to provide a risk assessment of Sablefish aquaculture. Instead,
this report serves to summarize the current understanding of Sablefish genetics and population
structure in British Columbia, to identify the direct genetic risks of aquaculture activities to wild
populations of the species, and to compare those genetic risks to those associated with the
culture of other finfish species (e.g., Atlantic salmon). Finally, this report highlights data
deficiencies that limit the certainty to which genetic risks of aquaculture can be assessed for this
species.

This Science Response Report results from the regional peer review of October 30, 2024, on
the Genetic Risks to Wild Sablefish from the Escape of Farmed Sablefish.

BACKGROUND

Sablefish (Anoplopoma fimbria) are deep-water marine fish with a northern amphi-Pacific
distribution (Figure 1) and high fisheries value, estimated at approximately $27.9 million per
year between 2012 and 2022 (DFO 2024a). Outside of Canada’s exclusive economic zone
Sablefish tend to aggregate at seamounts, although individual seamounts are not believed to
represent distinct populations and this species is distributed more homogenously throughout
areas where commercial harvest is undertaken (DFO 2013). As such, Sablefish are managed in
Canada as a single unit major fish stock under Canada’s renewed Fisheries Act (DFO 2013;
Cox et al. 2023). Consequently, the stock is subjected to assessments and fisheries evaluations
in adherence with the precautionary approach (DFO 2009). Such management approaches
have begun to reverse nearly 50 years of declining stock biomass and recent analyses indicate
above-average stock recruitment over the past decade. For example, female spawning stock
biomass was clearly above the level of biomass associated with maximum sustainable yield in
2022 (DFO 2023). However, consumer demand for this species continues to rise, suggesting
that other means of production, such as aquaculture, may help to subsidize wild fisheries
(Hartley et al. 2020).

Since 2005, the harvest of wild populations has been complemented by commercial
aquaculture. Currently, there are three marine aquaculture facilities for Sablefish in Canada, two
of which are active and situated in Kyuquot Sound, British Columbia and a single inactive facility
in Barkley Sound (Figure 1). The two active facilities, Charlie’s Place and Centre Cove, are
currently licensed for 2,700 and 2,202 metric tons of Sablefish, respectively, whereas Jane Bay
is licensed for 550 metric tons (Kerra Shaw, personal communications). These aquaculture
facilities are owned and operated by Golden Eagle Sablefish in partnership with
Kyuquot-Checleseht First Nations and produce Sablefish products for both local and
international markets.

Sablefish aquaculture in Canada is currently based on the collection and rearing of a
combination of wild-sourced and first-generation (F1) hatchery broodstock. Individuals are
captured in the wild, transported to the hatchery, and held under low-light and low-temperature
conditions to emulate their typical deep-water rearing environment. Fish are monitored during
maturation and a combination of hormonal treatments as well as environmental cues

(i.e., photoperiod and water temperature) are used to induce fish to spawn. After capture, adult
Sablefish are held for several years, and may be used in spawning across more than one
season (Derek Price, personal communications). Larval Sablefish are incubated in the hatchery
and initially fed live diets (i.e., rotifers and artemia) before being transitioned to formulated diets.
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Survival during larval rearing is reported to be between 10 and 40% (Cook et al. 2015). After
approximately four months in the hatchery, juvenile Sablefish are transferred to marine net-pen
installations to complete grow-out. The marine net-pens used for Sablefish grow-out are
organized in a grid and are surrounded by a secondary net designed to prevent predation and
act as an additional layer of containment. Grow-out can also occur in land-based recirculating
systems, but this is less relevant to the subject of this report as cultured fish in these systems
are unlikely to escape into the environment. After approximately two years of growth, fish are
harvested and processed for distribution at weights averaging between 1.8 and 3.6 kg.

Recent developments in the broodstock management of Sablefish aquaculture in Canada
include the use of sex-reversed females, referred to by the industry as “neomales”. Successful
application of a hormonal treatment during development creates genetically female fish (i.e., fish
carrying two X chromosomes) that express male gametes (i.e., milt containing sperm). Crossing
these fish with egg-producing female fish produces an all-female production population for
grow-out that is free of the hormonal treatment. The all-female production population results in
faster growth and larger fish due to the known sex-specific differences in growth rates for this
species (Morita et al. 2012).

The genetic risks posed to wild populations due to these aquaculture activities are dependent
on the specific culture practices, and the biology of Sablefish. Sablefish biology has been
thoroughly reviewed elsewhere (e.g., Beamish & Mcfarlane, 1988; Head et al. 2014; Morita

et al. 2012; Wilkins & Saunders, 1997), and it is beyond the scope of the current report to repeat
an in-depth review here. Instead, we focus on key aspects of Sablefish biology that influence
how genetic variation is distributed within this species, which are relevant for contextualizing
potential direct genetic interactions between escapees from aquaculture and the wild
population.

Sablefish are a highly mobile species that can disperse great distances (>1,000 km). In
mark-recapture studies, fewer than half of tagged fish are recovered within 50 km of their
release site, with a proportion of those tagged in British Columbia dispersing either north or
south as far as Alaska or Mexico, respectively (Figure 2) (Morita et al. 2012; DFO 2013). Both
sexes display this high capacity for dispersal, but females have been shown to grow larger and
faster than males, and there is evidence to suggest they also disperse across longer distances
than their male counterparts (Morita et al. 2012).

Otolith analyses indicate Sablefish can live for more than 100 years and typically reproduce
annually (although some skip years) (Beamish and McFarlane 2000; Rodgveller et al. 2015;
Guzman et al. 2017). In the wild, Sablefish mature at around five years of age and a size of
50-60 cm. Fecundity of females ranges from approximately 60,000 at 58 cm to over 1,000,000
for fish over 1 m of length, with a majority of mature females exhibiting annual fecundity
between 100,000 — 500,000 (Mason et al. 1983). Sablefish spawn throughout the winter at
depths greater than 300 m along the Pacific coast (Mason et al. 1983), and mature individuals
are found at depths greater than 183 m (Head et al. 2014). Many demersal fishes, like
Sablefish, exhibit sweepstakes reproduction, wherein a small proportion of the total population
successfully reproduces (Christie et al. 2010). While these data are lacking in the wild, cultured
Sablefish have been observed to undergo sweepstakes reproduction in captivity, with high
reproductive variance among individuals and families (Rubi et al. 2022).

Several studies have considered genetic variation across the range of Sablefish. Throughout
the eastern Pacific Ocean, Sablefish appear to exhibit a general lack of genetic population
structure (Gharrett et al. 1982; Tripp-Valdez et al. 2012; DFO 2013; Jasonowicz et al. 2017,
Orozco-Ruiz et al. 2023; Timm et al. 2024). In other words, the majority of genetic variation
occurs among individuals within sampling locations rather than between individuals sampled at
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different locations, which is consistent with the high levels of movement detected by tagging
studies (Figure 2) (Morita et al. 2012; DFO 2013). Recent whole genome resequencing efforts
have detected a pair of large inversions on chromosome 22, but even these inversions do not
display differential spatial distributions (Timm et al. 2024), and any link between these
inversions and distinct lineages remains to be identified. However, there is some evidence for
subtle differentiation at the extremes of the species’ range, as nuclear and mitochondrial data
have identified divergent lineages between the far east (Kamchatka) and a unique population in
Baja, respectively (Orozco-Ruiz et al. 2023). While there are only a few samples from British
Columbia that have contributed to these population genetics studies, fish from Alaska to
Washington consistently form one genetic group (Gharrett et al. 1982; Tripp-Valdez et al. 2012;
DFO 2013; Jasonowicz et al. 2017; Orozco-Ruiz et al. 2023; Timm et al. 2024). Thus, it would
be surprising to observe differentiation among locations in BC. Furthermore, similar patterns of
low levels of genetic differentiation across large spatial scales are commonly observed in many
other demersal fishes with long migratory patterns and life-long reproductive capacity

(e.g., Halibut, Hippoglossus sp.; Drinan et al. 2016; Kess et al. 2021; Ferchaud et al. 2022).

Despite the lack of genetic differentiation among locations in Sablefish, numerous factors can
result in genetic differences between cultured and natural populations of an aquaculture
species. Breeding and rearing animals in an aquaculture environment is known to cause both
intentional and unintentional changes to traits of fish reared in culture (Hallerman 2008;
Lorenzen et al. 2012; Koch et al. 2023). For species with closed or partially closed broodstocks,
intentional selection for traits that improve performance (e.g., growth rate, low precocial
maturation, flesh quality, feed conversion efficiency, etc.) can produce substantial deviations in
the phenotypic trait optima between aquaculture and wild populations (Teletchea and Fontaine
2014). Likewise, unintentional selection in the aquaculture environment (e.g., due to high
density, disease outbreaks, formulated diets) and relaxed selection compared to natural
environments (e.g., lack of predators) can also result in genetic changes in aquaculture
populations (Glover et al. 2012; Kristjansson and Arnason 2016). The rate of differentiation
between aquaculture and wild populations can be influenced by a number of factors, including
aspects of the culturing facility (e.g., does the artificial environment attempt to mimic the natural
environment?) and the nature of the husbandry protocols (e.g., are animals bred randomly,
selective, or not at all?). Indeed, a variety of artificial environments and protocols have been
shown to illicit rapid differentiation between captive and wild populations in many fishes, with
differences ranging from variation in epigenetic programming to broodstock populations with
highly differentiated regions of the genome (e.g., Le Luyer et al. 2017; Liu et al. 2017; Habibi

et al. 2024).

Culture of animals may also result in random effects on genetic variation such that
differentiation between aquaculture and wild populations is not necessarily the result of
differences in selection. For species exhibiting population structure due to restricted gene flow
among natural populations, the movement and culture of non-local populations will cause
genetic differentiation between the cultured population and local natural populations (Skaala
et al. 2004; Sylvester et al. 2018). Population structure in a species suggests the potential for
local adaptation, which may indicate adaptive differences between local natural and non-local
cultured populations. Additionally, the maintenance of genetic variation within a population is
dependent on the effective population size (Ne), which reflects an idealized population that
allows calculation of the rate at which genetic variation is lost from the population (Wright 1990).
An effective population size is generally lower than the census population size (Frankham
1995), and there is only an approximate relationship between the two measures (Clarke et al.
2024; Waples 2024). Regardless, as the effective population size decreases, stochastic
changes in genetic variation due to a small number of breeding individuals increases.
Consequently, at low effective population sizes, the likelihood that genetic variation is lost from
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a population is increased. Aquaculture broods tend to involve a relatively low number of
spawners, and coupled with the possibility for sweepstakes reproduction, there is the potential
for increased random loss of genetic variation compared to a wild population (Ryman and Laikre
1991; Hallerman 2008; Waples et al. 2016). These random losses affect both neutral and
adaptive genetic variation, and therefore can also result in the loss of genetic variation that is
adaptive in natural habitats. Furthermore, negative fitness effects associated with inbreeding
increase at low effective populations sizes as well (Naish et al. 2013; Pekkala et al. 2014; Lohr
and Haag 2015). Thus, a combination of random and nonrandom genetic effects can rapidly
produce differentiation between aquaculture and wild fish, leading to reduced fitness of
artificially-reared fish in natural settings (Milot et al. 2013; Johnsson et al. 2014; Solberg et al.
2020).

In addition to inheritance of genetic sequence variation associated with aquaculture, other
structural aspects of DNA may also be affected by aquaculture and passed on to the next
generation (reviewed by Angers et al. 2020, and Bossdorf et al. 2008). These structural
changes are known as epigenetic modifications, and perhaps the best characterized example is
the addition of methyl groups to cytosine base pairs within DNA (i.e., DNA methylation) (Laine
et al. 2023). Even in the absence of sequence variation, epigenetic variants can affect traits
related to fitness, particularly through changes in gene expression. These epigenetic
modifications offer a rapid, potentially heritable, mechanism for altering gene expression, and
there is a growing body of evidence to suggest that rearing finfish in an artificial environment
induces epigenetic changes relative to wild epigenetic patterns in the same species (Christie

et al. 2012, 2016; Le Luyer et al. 2017; Wellband et al. 2021; Koch et al. 2023; Venney et al.
2023). In the context of aquaculture, epigenetics is a relatively new area of study, and the extent
to which aquaculture-associated epigenetic variants are inherited remains unresolved. In
general, epigenetic variation is reprogrammed during development (Feng et al. 2010; Ksenia

et al. 2018; Wellband et al. 2021); however, there is at least some evidence for transmission of
variants from parents to offspring in cultured species (Anastasiadi et al. 2021; Wellband et al.
2021; Venney et al. 2023). Therefore, similar to genetic variants, there is potential that
epigenetic variants associated with an aquaculture environment may be transmitted to wild fish
(Koch et al. 2023; Venney et al. 2023) posing a risk to the fitness of wild populations.

The extent of risk posed by genetic and epigenetic differences between aquaculture and wild
finfish is highly influenced by the rate at which aquaculture individuals interbreed with their wild
counterparts, and the likelihood that variation associated with aquaculture becomes established
in wild populations. Opportunities for interbreeding and introgression are created via the escape
of fish from aquaculture facilities to the natural environment. In general, escapes are often
categorized as small-scale inadvertent releases (i.e., “trickle” escapes), or as large-scale
escape events typically associated with equipment failure or handling errors (Leggatt et al.
2010; Yang et al. 2019). In either case, direct genetic interactions between the escaped fish and
the wild population can shift traits away from their optimal values in the natural habitat (Yang

et al. 2019). The salmonid literature provides numerous examples where introgression from
aquaculture to wild populations is to the detriment of the wild stock (Bourret et al. 2011; Christie
et al. 2014; Stringwell et al. 2014; Davison and Satterthwaite 2017; Bradbury et al. 2020;
McMillan et al. 2023), and putative loss of adaptive variation is particularly common given high
levels of local adaptation and strong population structure in salmonids (Fraser et al. 2011). For
example, introgression among aquaculture and wild Atlantic Salmon (Salmo salar) in the
Magaguadavic River coincided with considerable population declines and the loss of genetic
variation underlying an adaptive trait in the wild population (Donnelly and Dill 1984; Bourret

et al. 2011). Loss of genetic variants as a result of introgression from aquaculture is less well
characterized in large populations, but evidence from different populations of Atlantic Salmon
indicate that larger populations are more resistant to introgression from aquaculture fish (Glover
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et al. 2012) and some examples of highly abundant fish (e.g., Atlantic Cod) have failed to detect
signatures of introgression following escape events (Varne et al. 2015). Taken together, this
suggests that escape rates of aquaculture fish, and the sizes and genetic structure of the
receiving wild populations will play a large role in determining both the likelihood and
consequence of introgression of genetic or epigenetic variation associated with aquaculture
(Hallerman 2008).

Species-specific population characteristics, reproductive behaviours, and culturing practices are
key components in determining the potential consequences of direct genetic interactions
between escaped aquaculture fish and wild populations. As such, this report outlines these
factors for Sablefish in the context of aquaculture in BC given current culturing practices and the
available information on Sablefish life-history and genetics. Sources of potential uncertainty in
this assessment are also explored and the possibility of development of a captive broodstock is
discussed. At the time of publication, data limitations preclude a formal genetic risk assessment;
knowledge gaps identified in this report provide guidance for the data collection efforts
necessary to support a risk assessment in the future.
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Figure 1. Locations of active (green) and inactive (red) sablefish aquaculture facilities in Canada. The
green area in the Pacific Ocean indicates the approximate adult range of sablefish (adapted from Orlova
et al. 2019 and Tokranov et al. 2005).
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Figure 2. Release and recovery locations of tagged Sablefish in British Columbia between 1991 and 2012
(DFO 2013).

ANALYSIS AND RESPONSE

Direct genetic interactions between aquaculture and wild populations require the following
steps:

1. fish or their gametes must escape from an aquaculture facility,
2. escapees must survive in the wild and disperse to natural spawning habitats, and
3. escapees must breed successfully with wild individuals (Figure 3).

These genetic interactions have the potential for negative consequences for the wild population
by altering genetic diversity, fitness and productivity of the wild population (e.g., DFO 2024b).
Here, these points are considered in the context of Sablefish aquaculture by considering all
available escape information for Sablefish in BC, examining evidence for introgression from
aquaculture facilities in other species of finfish, and highlighting empirical examples where
introgression has been associated with negative impacts on natural populations.
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Likelihood assessment

Release

The likelihood of cultured Sablefish escaping their
aquaculture facility and entering the environment

Exposure 1

The likelihood that escaped Sablefish are mature and
survive long enough to breed with wild individuals

Spawning success l,

The likelihood that aquaculture Sablefish will
successfully interbreed with wild individuals

Consequence assessment

Impacts to the abundance Impacts to genetic diversity
of wild Sablefish of wild Sablefish

Risk Estimation

Likelihood x Consequences = Risk

Figure 3. Conceptual model to assess the risks associated with direct genetic interactions between wild
and escaped aquaculture Sablefish (modified from a previous genetic risk assessment for Atlantic
Salmon; DFO 2024b).

Likelihood of Genetic Interactions

Gene flow from aquaculture populations to wild populations first requires that fish escape their
enclosure. In British Columbia, Sablefish producers must make reasonable efforts to prevent
escapes from occurring and attempt to control and contain fish that escape. Producers are also
required to report all escapes when they are identified and data for all escapes are published
online by Fisheries and Oceans Canada: Escapes of cultured finfish from BC aquaculture sites.
To date there have not been any reported Sablefish escapes, which indicates that large-scale
release events from Sablefish facilities have not occurred since the inception of aquaculture of
this species in BC. Additionally, the lack of reported Sablefish escapees suggests that the rate
of trickle escapes is low. Assessments of escape rates from aquaculture facilities for other fish
species have consistently concluded that trickle escapes are consistently underestimated due to
unintentional underreporting, because not all small escape events are observed (Carr and
Whoriskey 2006; Skilbrei et al. 2015). To address this possibility, we considered open net-pen
escape rates from other finfish species. There is considerable variation in estimated escape
rates among species driven in part by species-specific differences in circumstances leading to
escape. For instance, some groundfish bite through netting and have relatively high escape
rates (e.g., Atlantic Cod, Gadus morhua), whereas salmonid escapes are more reliant on
damage to the nets themselves (Fare and Thorvaldsen 2021). In comparison, Sablefish is a



https://open.canada.ca/data/en/dataset/691dd994-4911-433d-b3b6-00349ba9f24e

Pacific Region Genetic Risks of Sablefish Aquaculture

groundfish species, but their potential mechanism of escape is unknown. Although no escaped
Sablefish have been reported in BC which precludes a direct estimate of a species-specific
escape rate, reports from other species suggest that escape rates generally range from <1% to
6% of total stock (Leggatt et al. 2010).

In species that display broadcast spawning, aquaculture individuals may also escape from
facilities through the release of fertilized embryos (e.g., Atlantic Cod; Jarstad et al. 2008).
Although Sablefish are broadcast spawners (Sogard and Berkeley 2017), the possibility of this
pathway of escape is likely mitigated by current culturing practices in this species. First,
production fish are typically harvested at two years old, whereas Sablefish in nature reach
sexual maturity at the age of five. Second, only female fish are stocked into net-pens for
grow-out, and mature individuals in nature are found at depths greater than ~180 m (Head et al.
2014). Together, these facts suggest it is unlikely that either gametes or fertilized embryos
would be released from Sablefish aquaculture facilities.

To our knowledge there is no species-specific data available to assess the ability of escaped
Sablefish to survive, disperse or spawn successfully in the natural habitat. For genetic
interactions with the wild population to occur, escaped Sablefish would need to migrate to
spawning locations at depth during the winter spawning season. However, the demonstrated
ability of first-generation hatchery Sablefish (i.e., those that have been subjected to culture) to
successfully reproduce in the hatchery environment in response to cues mimicking the natural
environment (Rubi et al. 2022) suggests that escaped Sablefish would be capable of spawning
in the wild. There is an abundance of evidence in other finfish species demonstrating that
escapees from aquaculture facilities are sufficiently fit to survive in the wild and to spawn with
wild fish (Karlsson et al. 2016; Bradbury et al. 2022). A precautionary approach would assume
escaped Sablefish are capable of surviving and dispersing in the natural habitat, and that they
have the ability to spawn with wild individuals. Furthermore, the relative introgression associated
with escaped individuals may be higher in Sablefish than expected based on data from
semelparous species like salmonids; as Sablefish display annual or biannual spawning over
lifespans that can reach 100 years, the genetic impacts of aquaculture escapees may
compound over time.

In aggregate, the data available to consider the likelihood of exposure of wild Sablefish to
genetic effects from aquaculture are extremely limited. None of the escape, survival or natural
reproduction of aquaculture Sablefish have been observed. However, evidence from other
cultured finfish would suggest all three occur in other species, and that escape rates are often
underestimated. Given requirements in BC, the lack of reported escapes supports that the rate
of escape of Sablefish from aquaculture is low, but dedicated data collection efforts would be
necessary to accurately assess all three components contributing to the likelihood of direct
genetic interactions between aquaculture and wild Sablefish (Figure 3).

Consequences of Genetic Interactions

Once individuals from an aquaculture population escape into the natural habitat and
successfully interbreed with wild individuals, the consequences for the genetic state of the wild
population will depend on the amount of differentiation between the captive and wild
populations, and the extent to which the wild population is buffered against perturbations from
influx of variation associated with aquaculture. Population differentiation will be impacted by
both broodstock management and the number of generations in the captive environment,
whereas wild population structure and genetic diversity will influence the resilience of the
species to genetic perturbations.
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Population differentiation

No genetic data are available to assess genetic differentiation between Sablefish aquaculture
broodstock and their wild counterparts directly. However, using a combination of first principles,
information about wild Sablefish populations, and evidence from other cultured species, it is
possible to make inferences about the likelihood of genetic differentiation between cultured
Sablefish and their wild counterparts.

A large proportion of Sablefish broodstock is sourced from the wild and this poses a different set
of considerations for genetic differentiation of aquaculture broodstock from wild sources
compared with salmonid aquaculture species. Specifically, founder effects during capture have
the potential to generate genetic differentiation based on behavioural variation and gear types
used for broodstock capture. The use of long-lines and baited traps, the most common gear
types used in the commercial fishery, may inadvertently select for bolder fish during broodstock
collection as seen in several species of bass (Wilson et al. 2015; Andersen et al. 2018).
Consequently, fish captured for breeding purposes may not be a random sample of the
population at large, but rather a non-random subset of the boldest individuals depending on the
implemented method of capture.

After capture, differences between aquaculture and natural environments for Sablefish

(e.g., absence of predators, prevalence of food, shallow depths, restricted spaces) comprise a
selective landscape wholly different than that experienced by wild members of the species.
Through both relaxed natural selection and domestication selection, these differences can also
produce substantial changes in genetic variation and trait distributions between wild and
aquaculture fish (e.g., Johnson and Abrahams 1991). Selection-mediated differentiation
between aquaculture and wild individuals would be predicted to shift aquaculture populations
away from the optimal traits in wild habitats, such that aquaculture-mediated genetic change
could represent a risk to the fitness of wild populations (Leggatt et al. 2010). As discussed in the
Background section, this mechanism of genetic differentiation and associated fitness effects has
been frequently observed in other cultured finfish species (Houde et al. 2010; Christie et al.
2012, 2014; O’Sullivan et al. 2020; Dayan et al. 2024), and has the potential to occur even over
a single generation in captivity (Christie et al. 2012, 2014, 2016; Habibi et al. 2024). The
likelihood and extent of differentiation would be expected to increase with the number of
generations over which the cultured species is held in captivity. The majority of Sablefish
broodstock are currently wild-sourced (e.g., Rubi et al. 2022), but the use of sex-reversed
neomales indicates that production fish have at least one parent that has spent its entire life in
captivity. The bulk of evidence across species demonstrating that genetic differentiation
between aquaculture broodstocks and wild populations is common and occurs rapidly suggests
that differentiation between aquaculture and wild Sablefish is likely, although it has yet to be
directly assessed. The extent of differentiation may be limited, especially in comparison to other
species with longstanding captive broodstock (e.g., Atlantic Salmon), given the low number of
captive generations in current Sablefish aquaculture and the lack of deliberate trait selection.

Population structure and genetic diversity

The likelihood of negative impacts associated with introgression from aquaculture populations is
also dependent on the receiving wild population. Evidence from Atlantic Salmon shows that the
effective population size and population structure of the wild population both influence the
magnitude of these impacts (Heino et al. 2014; Sylvester et al. 2018). Small highly structured
populations are particularly vulnerable even to relatively small influxes of genetic variation
associated with aquaculture. In a small population, introgression is more likely to directly
produce a large shift in the proportions of genetic variants present among the spawners in the
natural habitat. In contrast, large populations with high effective population sizes and low

10
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genetic structure among locations are buffered against these effects. Not only are similarly sized
influxes proportionally smaller in a larger population, but also selection operates more efficiently
in large populations, such that suboptimal genetic variants are less likely to become widely
established and adaptive variation is less likely to be lost via random processes such as genetic
drift (Charlesworth 2009). As discussed above, it appears Sablefish in BC reflect a large
population with limited population structure. This also suggests that any non-local origins or
movements of fish used in aquaculture operations in BC are unlikely to introduce novel genetic
variation into local habitats via escapees.

It is challenging to estimate the effective population size of a wild population (N¢) based on a
census count of individuals (N¢) with accuracy (e.g., Palstra and Fraser 2012; Ferchaud et al.
2016), but with respect to potential thresholds for the maintenance of additive genetic variation
(e.g., >500 or >1,000; Frankham 2005; Waples 2024) it is most probable that the large
population of Sablefish in BC reflects an effective population size well above a genetically
vulnerable level. For instance, empirical estimates of effective population size relative to census
population size (Ne/N¢) in sea bass (Atractoscion nobilis) range from 0.27 to 0.40 (Bartley et al.
1992). In contrast, estimated values of N¢/N¢ for marine fishes may be as low as 0.017 on
average (Clarke et al. 2024). However, despite this low estimate, modeled populations have a
high probability of N exceeding 500 individuals (Clarke et al. 2024). Thus, Sablefish may be
well buffered against negative consequences of introgression from aquaculture due to relatively
large numbers of wild spawners with limited differentiation among locations throughout the
species range.

Negative consequences associated with aquaculture escapees on the effective population sizes
of wild populations are primarily dependent on two factors: the fraction of escapees in the wild
population, and the ratio of the effective size of the wild population to that of the aquaculture
population (Waples et al. 2016). Results from modeling efforts indicate that negative
consequences are mitigated when the hatchery fraction is small, and the effective population
size of the wild population is substantially greater than that of the aquaculture population

(e.g., 1,000-fold higher; Waples et al. 2016). Although data to assess this ratio for Sablefish are
not available, it is likely that both of these conditions are the case under current production
levels.

Although limited population structure has been detected in Sablefish, one limitation of the
available data is that the maijority of studies considered putatively neutral genetic variation at
relatively few loci across the genome (DFO 2013; Jasonowicz et al. 2017; Orozco-Ruiz et al.
2023). The Sablefish genome is approximately 650,000,000 base pairs (Flores et al. 2023),
meaning even thousands of single-nucleotide polymorphisms (SNPs) represent a lower density
of markers than is often necessary to resolve adaptive patterns (Manel et al. 2016; Ahrens et al.
2018). As a result, there may be unresolved adaptive genetic variation among Sablefish in the
natural habitat. For instance, a recent study assessed variation at >7,000,000 locations within
the genome, and resolved a pair of previously undetected inversions on chromosome 22 (Timm
et al. 2024). It is possible these inversions represent adaptive patterns or a component of
population structure yet to be understood (e.g., life-history related traits such as migration
timing, etc.). Indeed, similar studies using high marker densities in other marine taxa have
detected subtle patterns of local adaptation despite high gene flow and low population structure
(Gagnaire et al. 2012; Gleason and Burton 2016; Liu et al. 2022; Fuentes-Pardo et al. 2024).
Thus, introgression of genetic variation associated with aquaculture may yet pose a threat to
unresolved adaptive variation in Sablefish. However, it is likely that the conclusions above with
respect to large population sizes and widespread genetic variation in the species will hold as an
overall pattern even in the face of future data collection efforts.
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The use of an all-female production population also introduces considerations for genetic effects
associated with interbreeding between aquaculture escapees and wild Sablefish. The
accumulation of selection in these fish which have an additional generation spent in the
hatchery was addressed above, but escaped individuals will also transfer maternal effects
associated with aquaculture at a proportionally higher rate into the wild population than would
be expected from production with typical sex ratios (Mousseau et al. 2009). On the other hand,
transfer of any possible paternal effects will be correspondingly reduced. Given the lack of
information regarding maternal and paternal effects in Sablefish, it not possible to evaluate the
net impact of biasing towards maternal effects with currently available information. Additionally,
another possible consequence of all-female production is that escaped Sablefish could shift
local sex ratios in spawning groups away from 50:50, which can also reduce effective population
sizes and alter patterns of genetic variation (Frankham 1995). Despite this possibility, it is likely
that wild Sablefish are buffered against this consequence given the large and widespread
population of the species as discussed above.

The information considered in this report suggests that genetic differentiation to some extent is
likely between the aquaculture and wild populations of Sablefish in BC, and that the variation
present in the aquaculture population is most likely suboptimal in the natural habitat. Taken
together, these suggest that interbreeding of aquaculture escapees with wild Sablefish would
have genetic consequences for the wild population, but the wild population may be naturally
buffered against these consequences by Sablefish population structure, particularly compared
to species like salmonids. Again, the data available for Sablefish are limited, and addressing
knowledge gaps on the extent of genetic differentiation and fitness impacts of
aquaculture-mediated genetic changes will be necessary to assess the consequences on
interbreeding in the future.

Development of a captive brood population

In many hatchery and aquaculture environments, an isolated breeding population is maintained
for multiple generations to continually provide offspring for production purposes without reliance
on natural populations. This provides a benefit for natural populations as there is not consistent
removal of individuals for broodstock. Yet, this benefit comes at a potential cost, as the
likelihoods of differentiation and domestication are higher as the number of generations in
captivity increase (e.g., Fraser 2008). Thus, captive broodstocks may result in more widespread
genomic differentiation between captive and wild populations (Howe et al. 2024). For example,
in Atlantic Salmon some broodstocks have been sustained in captivity for decades (e.g., 6-10
generations), and introgression from these broodstocks into wild populations has been shown to
have negative fithess consequences as a result of early maturation, delayed run timing and
increased predator susceptibility (Stringwell et al. 2014; Solberg et al. 2020; Besnier et al. 2022;
Bekkevold et al. 2024). Furthermore, brood populations that are maintained and bred in captivity
over a long period may be sufficiently depleted of genetic variation that inbreeding depression is
observed (Kincaid 1983; Gallardo et al. 2004; Venney et al. 2016), increasing the potential
hazard associated with introgression. As a result, the development of a captive brood program
for Sablefish aquaculture is a reasonable approach to reduce the reliance on wild fish for brood,
but this approach would likely come at the cost of increased genetic or epigenetic differentiation
between aquaculture and wild populations. This, in turn, would place an even greater
importance on mitigating the likelihood of wild Sablefish interbreeding with fish from aquaculture
populations (i.e., minimization of escapees, sterility of cultured populations).

KNOWLEDGE GAPS

There are several critical data gaps and sources of uncertainty surrounding the biology and
aquaculture of Sablefish in BC (Table 1):
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o The lack of observations of escapees from Sablefish aquaculture facilities precludes
accurate estimation of the escape rate.

e ltis currently unknown if escaped aquaculture Sablefish survive and interbreed with wild
Sablefish.

e There are no data describing genetic or epigenetic differentiation between aquaculture and
wild Sablefish as a result of current culturing practices.

e The genetic effective population size of Sablefish in the eastern Pacific has not been directly
estimated.

o The fitness of aquaculture Sablefish or aquaculture-mediated genetic variation in the natural
habitat has not been examined.

Table 1. Uncertainties associated with aquaculture Sablefish being exposed to wild populations and the
potential consequences of aquaculture and wild individuals interbreeding.

Assessment component

Uncertainty

Likelihood

Sablefish escape from their aquaculture facility
and enter the environment

“Trickle” escapes may not be observed in all
cases

No data on presence of aquaculture Sablefish
in the natural habitat

Escaped Sablefish survive to breed with wild
individuals

Survival rate of aquaculture Sablefish in the
wild is unknown

Timing of maturation of aquaculture Sablefish
outside of the aquaculture facilities is
unknown

Dispersal patterns of aquaculture Sablefish
are unknown

Aquaculture Sablefish interbreed with wild
individuals

It is unknown if aquaculture and wild Sablefish
interbreed in the natural habitat

Consequence

Impacts to the abundance of wild Sablefish

Relative fitness of aquaculture Sablefish in the
natural habitat is unknown

Effects of any fitness decrement on the
productivity of the wild population of Sablefish
are unknown

Impacts to genetic diversity of wild Sablefish

The extent of genetic differentiation between
populations of aquaculture and wild Sablefish
has not been examined

Estimates of the effective population size for
both aquaculture and wild Sablefish are
unavailable

CONCLUSIONS

Despite a lack of species-specific data, a precautionary approach would assume:
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1. there is genetic differentiation between aquaculture and wild Sablefish,
2. there is at least a low rate of escape from Sablefish aquaculture facilities, and
3. Sablefish from aquaculture are capable of interbreeding with wild fish.

Genetic evidence supports a single, large population of Sablefish in BC, which implies the
impact of genetic introgression from aquaculture may be naturally mitigated under current levels
of licensed production. However, there are substantial knowledge gaps for Sablefish, such that
a more detailed assessment of the impacts of genetic interactions is not currently possible.
Additionally, to assess the risk posed by aquaculture activities to wild Sablefish, interactions
beyond the scope of this report, such as ecological and health risks, would also need to be
considered (DFO 2010).

LIST OF MEETING PARTICIPANTS

Contributor Affiliation
Braden Judson DFO Science
Timothy Healy DFO Science
Kyle Wellband DFO Science

Kerra Shaw DFO AMD

Derek Price DFO AMD

Geoff Lowe DFO Science

Lisa Christensen CSAS

Krista Nichols

NOAA Fisheries

Charlie Waters

NOAA Fisheries

Mark Coulson DFO Science
Kendra Holt DFO Science
Rob Kronlund Interface Fisheries Consulting Ltd.

SOURCES OF INFORMATION

Ahrens, C.W., Rymer, P.D., Stow, A., Bragg, J., Dillon, S., Umbers, K.D.L., and Dudaniec, R.Y.
2018. The search for loci under selection: trends, biases and progress. Mol. Ecol. 27(6):
1342-1356. doi:10.1111/mec.14549.

Anastasiadi, D., Venney, C.J., Bernatchez, L., and Wellenreuther, M. 2021. Epigenetic
inheritance and reproductive mode in plants and animals. Trends Ecol. Evol. 36(12): 1124—
1140.

14


https://doi.org/10.1016/j.tree.2021.08.006
https://doi.org/10.1016/j.tree.2021.08.006

Pacific Region Genetic Risks of Sablefish Aquaculture

Andersen, K.H., Marty, L., and Arlinghaus, R. 2018. Evolution of boldness and life history in
response to selective harvesting. Can. J. Fish. Aquat. Sci. 75(2): 271-281.
doi:10.1139/cjfas-2016-0350.

Angers, B., Perez, M., Menicucci, T., and Leung, C. 2020. Sources of epigenetic variation and
their applications in natural populations. Evol. Appl. 13(6): 1262—1278.
doi:10.1111/eva.12946.

Bartley, D., Bagley, M., Gall, G., and Bentley, B. 1992. Use of Linkage Disequilibrium Data to
Estimate Effective Size of Hatchery and Natural Fish Populations. Conserv. Biol. 6: 365—
375.

Beamish, R., and Mcfarlane, A. 1988. Resident and Dispersal Behavior of Adult Sablefish
(Anaplopoma fimbria) in the Slope Waters off Canada’s West Coast. Can. J. Fish. Aquat.
Sci. 45: 152-164.

Beamish, R.J., and McFarlane, G.A. 2000. Reevaluation of the interpretation of annuli from
otoliths of a long-lived fish, Anoplopoma fimbria. Fish. Res. 46(1-3): 105-111.
doi:10.1016/S0165-7836(00)00137-5.

Bekkevold, D., Besnier, F., Frank-Gopolos, T., Nielsen, E.E., and Glover, K.A. 2024.
Introgression affects Salmo trutta juvenile life-history traits generations after stocking with
non-native strains. Evol. Appl. 17(7): 1-12. doi:10.1111/eva.13725.

Besnier, F., Ayllon, F., Skaala, 9., Solberg, M.F., Fjeldheim, P.T., Anderson, K., Knutar, S., and
Glover, K.A. 2022. Introgression of domesticated salmon changes life history and phenology
of a wild salmon population. Evol. Appl. 15(5): 853—864. doi:10.1111/eva.13375.

Bossdorf, O., Richards, C.L., and Pigliucci, M. 2008. Epigenetics for ecologists. Ecol. Lett.
11(2): 106-115. doi:10.1111/j.1461-0248.2007.01130.x.

Bourret, V., Reilly, P.T.O., Carr, J.W., Berg, P.R., and Bernatchez, L. 2011. Temporal change in
genetic integrity suggests loss of local adaptation in a wild Atlantic salmon (Salmo salar)
population following introgression by farmed escapees. Heredity (Edinb). 106: 500-510.
doi:10.1038/hdy.2010.165.

Bradbury, I.R., Duffy, S., Lehnert, S.J., Jéhannsson, R., Fridriksson, J.H., Castellani, M.,
Burgetz, |., Sylvester, E., Messmer, A., Layton, K., Kelly, N., Dempson, J.B., and Fleming,
I.A. 2020. Model-based evaluation of the genetic impacts of farm-escaped Atlantic salmon
on wild populations. Aquac. Environ. Interact. 12: 45-59. doi:10.3354/aei00346.

Charlesworth, B. 2009. Effective population size and patterns of molecular evolution and
variation. Nat. Rev. Genet. 10: 195-205.

Carr, J.W., and Whoriskey, F.G. 2006. The escape of juvenile farmed Atlantic salmon from
hatcheries into freshwater streams in New Brunswick, Canada. ICES J. Mar. Sci. 63(7):
1263-1268. doi:10.1016/j.icesjms.2006.03.020.

Christie, M.R., Ford, M.J., and Blouin, M.S. 2014. On the reproductive success of early-
generation hatchery fish in the wild. Evol. Appl. 7(8): 883—-896. doi:10.1111/eva.12183.

Christie, M.R., Johnson, D.W., Stallings, C.D., and Hixon, M.A. 2010. Self-recruitment and
sweepstakes reproduction amid extensive gene flow in a coral-reef fish. Mol. Ecol. 19(5):
1042-1057. doi:10.1111/j.1365-294X.2010.04524 .x.

Christie, M.R., Marine, M.L., Fox, S.E., French, R.A., and Blouin, M.S. 2016. A single generation
of domestication heritably alters the expression of hundreds of genes. Nat. Commun. 7: 1-6.
do0i:10.1038/ncomms10676.

15



Pacific Region Genetic Risks of Sablefish Aquaculture

Christie, M.R., Marine, M.L., French, R.A., and Blouin, M.S. 2012. Genetic adaptation to
captivity can occur in a single generation. Proc. Natl. Acad. Sci. U. S. A. 109(1): 238-242.
doi:10.1073/pnas.1111073109.

Clarke, S.H., Lawrence, E.R., Matte, J.M., Gallagher, B.K., Salisbury, S.J., Michaelides, S.N.,
Koumrouyan, R., Ruzzante, D.E., Grant, JJW.A., and Fraser, D.J. 2024. Global assessment
of effective population sizes: Consistent taxonomic differences in meeting the 50/500 rule.
Mol. Ecol. 33(11): 1-14. doi:10.1111/mec.17353.

Cook, M.A., Massee, K.C., Wade, T.H., Oden, S.M., Jensen, C., Jasonowicz, A., Immerman,
D.A., and Goetz, F.W. 2015. Culture of sablefish (Anoplopoma fimbria) larvae in four
experimental tank designs. Aquac. Eng. 69: 43-49. Elsevier B.V.
doi:10.1016/j.aquaeng.2015.09.003.

Cox, S.P., Kronlund, A.R., Lacko, L., and Jones, M. 2023. A Revised Operating Model for
Sablefish in British Columbia, Canada in 2016. DFO Can. Sci. Advis. Sec. Res. Doc.
2023/023. vii + 127 p.

Davison, R.J., and Satterthwaite, W.H. 2017. Life history effects on hatchery contributions to
ocean harvest and natural-area spawning. Can. J. Fish. Aquat. Sci. 1587: 1575-1587.

Dayan, D.I., Sard, N.M., Johnson, M.A., Fitzpatrick, C.K., Couture, R., and O’Malley, K.G. 2024.
A single generation in the wild increases fitness for descendants of hatchery-origin Chinook
salmon (Oncorhynchus tshawytscha). Evol. Appl. 17(4): 1-13. doi:10.1111/eva.13678.

DFO. 2009. A fishery Decision-Making Framework Incorporating the Precautionary Approach.

DFO. 2010. Pathways of Effects for Finfish and Shellfish Aquaculture. DFO Can. Sci. Advis.
Sec. Sci. Advis. Rep. 2009/071.

DFO. 2013. A Review of Sablefish Population Structure in the Northeast Pacific Ocean and
Implications for Canadian Seamount Fisheries. DFO Can. Sci. Advis. Sec. Sci. Resp.
2013/017.

DFO. 2023. A Revised Operating Model for Sablefish in British Columbia in 2022. DFO Can.
Sci. Advis. Sec. Sci. Advis. Rep. 2023/010.

DFO. 2024a. Groundfish Integrated Fisheries Management Plan 2024/25. 23-2374. 383 p.

DFO. 2024b. Assessment of the Risk Posed to Wild Atlantic Salmon Population Abundance and
Genetic Character by Direct Genetic Interaction with Escapes from East Coast Atlantic
Salmon Aquaculture. DFO Can. Sci. Advis. Sec. Sci. Advis. Rep. 2023/045.

Donnelly, W.A., and Dill, L.M. 1984. Evidence for crypsis in coho salmon, Oncorhynchus kisutch
(Walbaum), parr: substrate colour preference and achromatic reflectance. J. Fish Biol. 25(2):
183-195. d0i:10.1111/j.1095-8649.1984.tb04865.x.

Drinan, D.P., Galindo, H.M., Loher, T., and Hauser, L. 2016. Subtle genetic population structure
in Pacific halibut Hippoglossus stenolepis. J. Fish Biol. 89(6): 2571-2594.
doi:10.1111/jfb.13148.

Feng, S., Jacobsen, S.E., and Reik, W. 2010. Epigenetic Reprogramming in Plant and Animal
Development. Science. 330(6004): 622-627.

Ferchaud, A.-L., Normandeau, E., Babin, C., Praebel, K., Hedeholm, R., Audet, C., Morgan, J.,
Treble, M., Walkusz, W., Sirois, P., and Bernatchez, L. 2022. A cold-water fish striving in a
warming ocean: Insights from whole-genome sequencing of the Greenland halibut in the
Northwest Atlantic. Front. Mar. Sci. 9: 992504.

16


https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2023/2023_023-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2023/2023_023-eng.html
https://www.dfo-mpo.gc.ca/reports-rapports/regs/sff-cpd/precaution-back-fiche-eng.htm
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2009/2009_071-eng.htm
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ScR-RS/2013/2013_017-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ScR-RS/2013/2013_017-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2023/2023_010-eng.html
https://publications.gc.ca/site/archivee-archived.html?url=https://publications.gc.ca/collections/collection_2024/mpo-dfo/Fs143-3-23-2374-eng.pdf
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2023/2023_045-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2023/2023_045-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/SAR-AS/2023/2023_045-eng.html
https://doi.org/10.1126/science.1190614
https://doi.org/10.1126/science.1190614
https://doi.org/10.3389/fmars.2022.992504
https://doi.org/10.3389/fmars.2022.992504
https://doi.org/10.3389/fmars.2022.992504

Pacific Region Genetic Risks of Sablefish Aquaculture

Ferchaud, A.L., Perrier, C., April, J., Hernandez, C., Dionne, M., and Bernatchez, L. 2016.
Making sense of the relationships between Ne, Nb and Nc towards defining conservation
thresholds in Atlantic salmon (Salmo salar). Heredity (Edinb). 117(4): 268—278. Nature
Publishing Group. doi:10.1038/hdy.2016.62.

Flores, A.M., Christensen, K.A., Campbell, B., Koop, B.F., and Taylor, J.S. 2023. Sablefish
(Anoplopoma fimbria) chromosome-level genome assembly. G3 Genes, Genomes, Genet.
13(7): 1-7. Oxford University Press. doi:10.1093/g3journal/jkad089.

Frankham, R. 1995. Effective population size/adult population size ratios in wildlife: A review.
Genet. Res. (Camb). 89(5-6): 491-503. doi:10.1017/S0016672308009695.

Frankham, R. 2005. Genetics and extinction. Biol. Conserv. 126(2): 131-140.
doi:10.1016/j.biocon.2005.05.002.

Fraser, D.J. 2008. How well can captive breeding programs conserve biodiversity? A review of
salmonids. Evol. Appl. 1(4): 535-586. doi:10.1111/j.1752-4571.2008.00036.x.

Fraser, D.J., Weir, L.K., Bernatchez, L., Hansen, M.M., and Taylor, E.B. 2011. Extent and scale
of local adaptation in salmonid fishes: Review and meta-analysis. Heredity (Edinb). 106(3):
404-420. doi:10.1038/hdy.2010.167.

Fuentes-Pardo, A.P., Stanley, R., Bourne, C., Singh, R., Emond, K., Pinkham, L., McDermid,
J.L., Andersson, L., and Ruzzante, D.E. 2024. Adaptation to seasonal reproduction and
environment-associated factors drive temporal and spatial differentiation in northwest
Atlantic herring despite gene flow. Evol. Appl. 17(3): 1-24. doi:10.1111/eva.13675.

Gagnaire, P.A., Normandeau, E., C6té, C., Hansen, M.M., and Bernatchez, L. 2012. The
genetic consequences of spatially varying selection in the panmictic american eel (Anguilla
rostrata). Genetics. 190(2): 725-736. doi:10.1534/genetics.111.134825.

Gallardo, J.A., Garcia, X., Lhorente, J.P., and Neira, R. 2004. Inbreeding and inbreeding
depression of female reproductive traits in two populations of Coho salmon selected using
BLUP predictors of breeding values. Aquaculture 234(1-4): 111-122.
doi:10.1016/j.aquaculture.2004.01.009.

Gharrett, A.J., Thomason, M.A., and Wishard, L.N. 1982. Biochemical Genetics of Sablefish.
NWAFC Processed Report 82-05.

Gleason, L.U., and Burton, R.S. 2016. Genomic evidence for ecological divergence against a
background of population homogeneity in the marine snail Chlorostoma funebralis. Mol.
Ecol. 25(15): 3557-3573. doi:10.1111/mec.13703.

Glover, K.A., Quintela, M., Wennevik, V., Besnier, F., Sarvik, A.G.E., and Skaala, @. 2012.
Three decades of farmed escapees in the wild: A spatio-temporal analysis of atlantic salmon
population genetic structure throughout norway. PLoS One. 7(8).
doi:10.1371/journal.pone.0043129.

Guzman, J.M., Luckenbach, J.A., Middleton, M.A., Massee, K.C., Jensen, C., Goetz, F.W.,
Jasonowicz, A.J., and Swanson, P. 2017. Reproductive life history of sablefish (Anoplopoma
fimbria) from the U.S. Washington coast. PLoS One. 12(9): 1-24.
doi:10.1371/journal.pone.0184413.

Habibi, E., Miller, M.R., Schreier, A., Campbell, M.A., Hung, T.C., Gille, D., Baerwald, M., and
Finger, A.J. 2024. Single generation epigenetic change in captivity and reinforcement in
subsequent generations in a delta smelt (Hypomesus transpacificus) conservation hatchery.
Mol. Ecol. 33(15): 1-18. doi:10.1111/mec.17449.

17



Pacific Region Genetic Risks of Sablefish Aquaculture

Hallerman, E. 2008. Application of risk analysis to genetic issues in aquaculture. In
Understanding and applying risk analysis in aquaculture, FAO Fisher. pp. 47-66.

Hartley, M.L., D.M. Schug, K.F. Wellman, B. Lane, W.T. Fairgrieve, and J.A. Luckenbach. 2020.
Sablefish Aquaculture: An Assessment of Recent Developments and Their Potential for
Enhancing Profitability. U.S. Department of Commerce, NOAA Technical Memorandum
NMFS-NWFSC-159.

Head, M.A., Keller, A.A., and Bradburn, M. 2014. Maturity and growth of sablefish, Anoplopoma
fimbria, along the U.S. West Coast. Fish. Res. 159: 56—67. Elsevier B.V.
doi:10.1016/j.fishres.2014.05.007.

Heino, M., Svasand, T., Wennevik, V., and Glover, K.A. 2014. Genetic introgression of farmed
salmon in native populations: Quantifying the relative influence of population size and
frequency of escapees. Aquac. Environ. Interact. 6(2): 185—190. doi:10.3354/a€i00126.

Houde, A.L.S., Fraser, D.J., and Hutchings, J.A. 2010. Reduced anti-predator responses in
multi-generational hybrids of farmed and wild Atlantic salmon (Salmo salar L.). Conserv.
Genet. 11(3): 785-794. doi:10.1007/s10592-009-9892-2.

Howe, N.S., Hale, M.C., Waters, C.D., Schaal, S.M., Shedd, K.R., and Larson, W.A. 2024.
Genomic evidence for domestication selection in three hatchery populations of Chinook
salmon, Oncorhynchus tshawytscha. Evol. Appl. 17(2): 1-18. doi:10.1111/eva.13656.

Jasonowicz, A.J., Goetz, F.W., Goetz, G.W., and Nichols, K.M. 2017. Love the one you’re with:
Genomic evidence of panmixia in the sablefish (Anoplopoma fimbria). Can. J. Fish. Aquat.
Sci. 74(3): 377-387. doi:10.1139/cjfas-2016-0012.

Johnsson, J.I., Brockmark, S., and Naslund, J. 2014. Environmental effects on behavioural
development consequences for fitness of captive-reared fishes in the wild. J. Fish Biol.
85(6): 1946—-1971. doi:10.1111/jfb.12547.

Jorstad, K.E., Van Der Meeren, T., Paulsen, O.l.,, Thomsen, T., Thorsen, A., and Svasand, T.
2008. “Escapes” of eggs from farmed cod spawning in net pens: Recruitment to wild stocks.
Rev. Fish. Sci. 16(1-3): 285-295. doi:10.1080/10641260701678017.

Kess, T., Einfeldt, A.L., Wringe, B., Lehnert, S.J., Layton, K.K.S., McBride, M.C., Robert, D.,
Fisher, J., Le Bris, A., Den Heyer, C., Shackell, N., Ruzzante, D.E., Bentzen, P., and
Bradbury, I.R. 2021. A putative structural variant and environmental variation associated
with genomic divergence across the Northwest Atlantic in Atlantic Halibut. ICES J. Mar. Sci.
78(7): 2371-2384. doi:10.1093/icesjms/fsab061.

Kincaid, H.L. 1983. Inbreeding in fish populations used for aquaculture. Aquaculture. 33(1-4):
215-227. doi:10.1016/0044-8486(83)90402-7.

Koch, I.J., Nuetzel, H.M., and Narum, S.R. 2023. Epigenetic effects associated with salmonid
supplementation and domestication. Environ. Biol. Fishes. 106(5): 1093—-1111. Springer
Netherlands. doi:10.1007/s10641-022-01278-w.

Kristjansson, T., and Arnason, T. 2016. Heritability of economically important traits in the
Atlantic cod Gadus morhua L. Aquac. Res. 47(2): 349-356. doi:10.1111/are.12496.

Ksenia, S., lovino, N., and Ozren, B. 2018. Functions and mechanisms of epigenetic inheritance
in animals. Nat. Rev. Mol. Cell Biol. 19: 774—790.

Laine, V.N., Sepers, B., Lindner, M., Gawehns, F., Ruuskanen, S., and van Oers, K. 2023. An
ecologist’s guide for studying DNA methylation variation in wild vertebrates. Mol. Ecol. Res.
23(7): 1488-1508. doi:10.1111/1755-0998.13624.

18


https://doi.org/10.25923/cb0y-n468
https://doi.org/10.25923/cb0y-n468

Pacific Region Genetic Risks of Sablefish Aquaculture

Leggatt, R.A., O'Reilly, P.T., Blanchfield, P.J., McKindsey, C.W. and Devlin, R.H. 2010.
Pathway of effects of escaped aquaculture organisms or their reproductive material on
natural ecosystems in Canada. DFO Can. Sci. Advis. Sec. Res. Doc. 2010/019. vi + 70 p.

Liu, L., Ang, K.P., Elliott, J.A.K., Kent, M.P., Lien, S., MacDonald, D., and Boulding, E.G. 2017.
A genome scan for selection signatures comparing farmed Atlantic salmon with two wild
populations: Testing colocalization among outlier markers, candidate genes, and
quantitative trait loci for production traits. Evol. Appl. 10(3): 276-296.
doi:10.1111/eva.12450.

Liu, S., Tengstedt, A.N.B., Jacobsen, M.W., Pujolar, J.M., Jénsson, B., Lobon-Cervia, J.,
Bernatchez, L., and Hansen, M.M. 2022. Genome-wide methylation in the panmictic
European eel (Anguilla anguilla). Mol. Ecol. 31(16): 4286—-4306. doi:10.1111/mec.16586.

Lohr, J.N., and Haag, C.R. 2015. Genetic load, inbreeding depression, and hybrid vigor covary
with population size: An empirical evaluation of theoretical predictions. Evolution. 69(12):
3109-3122.

Lorenzen, K., Beveridge, M.C.M., and Mangel, M. 2012. Cultured fish: Integrative biology and
management of domestication and interactions with wild fish. Biol. Rev. 87(3): 639—-660.
doi:10.1111/j.1469-185X.2011.00215.x.

Le Luyer, J., Laporte, M., Beacham, T.D., Kaukinen, K.H., Withler, R.E., Leong, J.S., Rondeau,
E.B., Koop, B.F., and Bernatchez, L. 2017. Parallel epigenetic modifications induced by
hatchery rearing in a Pacific salmon. Proc. Natl. Acad. Sci. U.S.A. 114(49): 12964—-12969.

Manel, S., Perrier, C., Pratlong, M., Abi-Rached, L., Paganini, J., Pontarotti, P., and Aurelle, D.
2016. Genomic resources and their influence on the detection of the signal of positive
selection in genome scans. Mol. Ecol. 25(1): 170-184. doi:10.1111/mec.13468.

Mason, J.C., Beamish, R.J., and McFarlane, G.A. 1983. Sexual maturity, fecundity, spawning,
and early life history of sablefish (Anoplopoma fimbria) off the Pacific Coast of Canada. Can.
J. Fish. Aquat. Sci. 40(12): 2126—2134. doi:10.1139/f83-247.

McMillan, J.R., Morrison, B., Chambers, N., Ruggerone, G., Bernatchez, L., Stanford, J., and
Neville, H. 2023. A global synthesis of peer-reviewed research on the effects of hatchery
salmonids on wild salmonids. Fish. Manag. Ecol. 30(5): 446—463. doi:10.1111/fme.12643.

Milot, E., Perrier, C., Papillon, L., Dodson, J.J., and Bernatchez, L. 2013. Reduced fitness of
atlantic salmon released in the wild after one generation of captive breeding. Evol. Appl.
6(3): 472—-485. doi:10.1111/eva.12028.

Morita, S.H., Morita, K., and Nishimura, A. 2012. Sex-biased dispersal and growth in sablefish
(Anoplopoma fimbria) in the northeastern Pacific Ocean. Environ. Biol. Fishes. 94: 505-511.
doi:10.1007/s10641-010-9613-1.

Mousseau, T.A., Uller, T., Wapstra, E., and Badyaev, A. V. 2009. Evolution of maternal effects:
Past and present. Philos. Trans. R. Soc. B Biol. Sci. 364(1520): 1035-1038.
doi:10.1098/rstb.2008.0303.

Naish, K.A., Seamons, T.R., Dauer, M.B., Hauser, L., and Quinn, T.P. 2013. Relationship
between effective population size, inbreeding and adult fitness-related traits in a steelhead
(Oncorhynchus mykiss) population released in the wild. Mol. Ecol. 22(5): 1295-1309.
doi:10.1111/mec.12185.

19


https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2010/2010_019-eng.html
https://www.dfo-mpo.gc.ca/csas-sccs/Publications/ResDocs-DocRech/2010/2010_019-eng.html
https://doi.org/10.1111/evo.12802
https://doi.org/10.1111/evo.12802
https://doi.org/10.1073/pnas.1711229114
https://doi.org/10.1073/pnas.1711229114

Pacific Region Genetic Risks of Sablefish Aquaculture

O’Sullivan, R.J., Aykanat, T., Johnston, S.E., Rogan, G., Poole, R., Prodéhl, P.A., De Eyto, E.,
Primmer, C.R., McGinnity, P., and Reed, T.E. 2020. Captive-bred Atlantic salmon released
into the wild have fewer offspring than wild-bred fish and decrease population productivity:
Relative fitness in Atlantic salmon. Proc. R. Soc. B Biol. Sci. 287(1937).
doi:10.1098/rspb.2020.1671.

Orlova, S.Y., Schepetov, Di.M., Mugue, N.S., Smirnova, M.A., Senou, H., Baitaliuk, A.A., and
Orlov, A.M. 2019. Evolutionary history told by mitochondrial markers of large teleost deep-
sea predators of family Anoplopomatidae Jordan & Gilbert 1883, endemic to the North
Pacific. J. Mar. Biol. Assoc. United Kingdom 99(7): 1683—-1691.
doi:10.1017/S0025315419000572.

Orozco-Ruiz, A.M., Galvan-Tirado, C., Orlov, A.M., Orlova, S.Y., and Garcia-De Leon, F.J.
2023. Genetic analyses reveal a non-panmictic genetic structure in the sablefish
Anoplopoma fimbria in the northern Pacific. ICES J. Mar. Sci. 80(5): 1319-1328.
doi:10.1093/icesjms/fsad058.

Palstra, F.P., and Fraser, D.J. 2012. Effective/census population size ratio estimation: A
compendium and appraisal. Ecol. Evol. 2(9): 2357-2365. doi:10.1002/ece3.329.

Pekkala, N., Knott, K.E., Kotiaho, J.S., Nissinen, K., and Puurtinen, M. 2014. The effect of
inbreeding rate on fitness, inbreeding depression and heterosis over a range of inbreeding
coefficients. Evol. Appl. 7(9): 1107-1119. doi:10.1111/eva.12145.

Rodgveller, C.J., Stark, J.W., Echave, K.B., and Hulson, P.J.F. 2015. Age at maturity, skipped
spawning, and fecundity of female sablefish (Anoplopoma fimbria) during the spawning
season. Fish. Bull. 114(1): 89-102. doi:10.7755/FB.114.1.8.

Rubi, T.L., McPherson, A.G., Mokariasl, N., Koop, B.F., Campbell, B., and Taylor, J.S. 2022.
Sablefish (Anoplopoma fimbria) parentage analyses in aquaculture. Aquac. Res. 53(5):
1890-1895. doi:10.1111/are.15716.

Ryman, N., and Laikre, L. 1991. Effects of Supportive Breeding on the Genetically Effective
Population Size. Conserv. Biol. 5(3): 325-329. doi:10.1111/j.1523-1739.1991.tb00144 .x.

Skaala, @., Hgyheim, B., Glover, K., and Dahle, G. 2004. Microsatellite analysis in domesticated
and wild Atlantic salmon (Salmo salar L.): Allelic diversity and identification of individuals.
Aquaculture. 240(1-4): 131-143. doi:10.1016/j.aquaculture.2004.07.009.

Skilbrei, O.T., Heino, M., and Svasand, T. 2015. Using simulated escape events to assess the
annual numbers and destinies of escaped farmed Atlantic salmon of different life stages
from farm sites in Norway. ICES J. Mar. Sci. 72(2): 670-685. doi:10.1038/278097a0.

Sogard, S.M., and Berkeley, S.A. 2017. Patterns of movement, growth, and survival of adult
sablefish (Anoplopoma fimbria) at contrasting depths in slope waters off oregon. Fish. Bull.
115(2): 233-251. doi:10.7755/FB.115.2.10.

Solberg, M.F., Robertsen, G., Sundt-Hansen, L.E., Hindar, K., and Glover, K.A. 2020.
Domestication leads to increased predation susceptibility. Sci. Rep. 10(1929): 1-11.

Stringwell, R., Lock, A., Stutchbury, C.J., Baggett, E., Taylor, J., Gough, P.J., and Garcia de
Leaniz, C. 2014. Maladaptation and phenotypic mismatch in hatchery-reared Atlantic
salmon Salmo salar released in the wild. J. Fish Biol. 85(6): 1927-1945.
doi:10.1111/jfb.12543.

20


https://doi.org/10.1038/s41598-020-58661-9

Pacific Region Genetic Risks of Sablefish Aquaculture

Sylvester, E.V.A., Wringe, B.F., Duffy, S.J., Hamilton, L.C., Fleming, |.A., and Bradbury, |.R.
2018. Migration effort and wild population size influence the prevalence of hybridization
between escaped farmed and wild Atlantic salmon. Aquac. Environ. Interact. 10: 401—-411.
doi:10.3354/AEI00277.

Timm, L.E., Larson, W.A., Jasonowicz, A.J., and Nichols, K.M. 2024. Whole genome
resequencing of sablefish at the northern end of their range reveals genetic panmixia and
large putative inversions. ICES J. Mar. Sci. 81(6): 1096—1110. doi:10.1093/icesjms/fsae070.

Tokranov, A., Orlov, A., and Sheiko, B. 2005. Commercial Fishes of Kamchatka Continental
Slope. In Commercial Fishes of Kamchatka Continental Slope. Kamchatpress.

Tripp-Valdez, M.A., Garcia-de-Leon, F.J., Espinosa-Pérez, H., and Ruiz-Campos, G. 2012.
Population structure of sablefish Anoplopoma fimbria using genetic variability and geometric
morphometric analysis. J. Appl. Ichthyol. 28(4): 516-523. d0i:10.1111/j.1439-
0426.2012.01942 x.

Varne, R., Kunz, K., Johansen, T., Westgaard, J., Uglem, |., and Mork, J. 2015. Farmed cod
escapees and net-pen spawning left no clear genetic footprint in the local wild cod
population. Aquac. Environ. Interact. 7(3): 253—-266. doi:10.3354/aei00153.

Venney, C.J., Bouchard, R., April, J., Normandeau, E., Lecomte, L., Cété, G., and Bernatchez,
L. 2023. Captive rearing effects on the methylome of Atlantic salmon after oceanic
migration: Sex-specificity and intergenerational stability. Mol. Ecol. Resour. 1-13.

Venney, C.J., Johansson, M.L., and Heath, D.D. 2016. Inbreeding effects on gene-specific DNA
methylation among tissues of Chinook salmon. Mol. Ecol. 25(18): 4521-4533.

Waples, R.S., Hindar, K., Karlsson, S., and Hard, J.J. 2016. Evaluating the Ryman-Laikre effect
for marine stock enhancement and aquaculture. Curr. Zool. 62(6): 617—-627.
doi:10.1093/cz/zow060.

Waples, R.S. 2024. The Ne/N ratio in applied conservation. Evol. Appl. 17(5): 1-21.
doi:10.1111/eva.13695.

Wellband, K., Roth, D., Linnansaari, T., Allen Curry, R., and Bernatchez, L. 2021. Environment-
driven reprogramming of gamete DNA methylation occurs during maturation and is
transmitted intergenerationally in Atlantic Salmon. G3 Genes, Genomes, Genet. 11(12).
doi:10.1093/g3journal/jkab353.

Wilkins, M.E., and Saunders, M.W. 1997. Biology and Management of Sablefish, Anoplopoma
fimbria. NOAA Tech. Rep. NMFS 130 (June): 13-15.

Wilson, A.D.M., Brownscombe, J.W., Sullivan, B., Jain-Schlaepfer, S., and Cooke, S.J. 2015.
Does angling technique selectively target fishes based on their behavioural type? PLoS
One. 10(8): 1-14. doi:10.1371/journal.pone.0135848.

Wright, S. 1990. Evolution in mendelian populations. Genetics. 52(1-2): 241-295.
doi:10.1007/BF02459575.

Yang, L., Waples, R.S., and Baskett, M.L. 2019. Life history and temporal variability of escape
events interactively determine the fithness consequences of aquaculture escapees on wild
populations. Theor. Popul. Biol. 129: 93—-102. doi:10.1016/j.tpb.2018.12.006.

21


https://doi.org/10.1111/1755-0998.13766
https://doi.org/10.1111/1755-0998.13766
https://doi.org/10.1111/mec.13777
https://doi.org/10.1111/mec.13777

Pacific Region Genetic Risks of Sablefish Aquaculture

THIS REPORT IS AVAILABLE FROM THE:

Centre for Science Advice (CSA)
Pacific Region
Fisheries and Oceans Canada
3190 Hammond Bay Road
Nanaimo, BC V9T 6N7

E-Mail: DFO.PacificCSA-CASPacifique.MPO@dfo-mpo.gc.ca
Internet address: www.dfo-mpo.gc.ca/csas-sccs/

ISSN 1919-3769
ISBN 978-0-660-76831-1 Cat No. Fs70-7/2025-014E-PDF
© His Majesty the King in Right of Canada, as represented by the Minister of the
Department of Fisheries and Oceans, 2025

This report is published under the Open Government Licence - Canada
v
[ 14

Correct Citation for this Publication:

DFO. 2025. Genetic Risks Associated with Sablefish Aquaculture in British Columbia, Canada.
DFO Can. Sci. Advis. Sec. Sci. Resp. 2025/014.

Aussi disponible en frangais :

MPO. 2025. Risques génétiques associés a la pisciculture de la morue charbonniére en
Colombie-Britannique, au Canada. Secr. can. des avis sci. du MPO. Rép. des Sci.
2025/014.

22


mailto:DFO.PacificCSA-CASPacifique.MPO@dfo-mpo.gc.ca
http://www.dfo-mpo.gc.ca/csas-sccs/
https://open.canada.ca/en/open-government-licence-canada#:%7E:text=Open%20Government%20Licence%20-%20Canada%201%20Using%20Information,Governing%20Law%20...%208%20Definitions%20...%20More%20items

	GENETIC RISKS ASSOCIATED WITH SABLEFISH AQUACULTURE IN BRITISH COLUMBIA, CANADA
	CONTEXT
	BACKGROUND
	ANALYSIS AND RESPONSE
	Likelihood of Genetic Interactions
	Consequences of Genetic Interactions
	Population differentiation
	Population structure and genetic diversity
	Development of a captive brood population


	KNOWLEDGE GAPS
	CONCLUSIONS
	LIST OF MEETING PARTICIPANTS
	SOURCES OF INFORMATION
	THIS REPORT IS AVAILABLE FROM THE:


