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ABSTRACT: Cultured Atlantic salmon Salmo salar are of international socioeconomic value, and
the process of domestication has resulted in significant behavioural, morphological, and allelic differences from wild populations. Substantial evidence indicates that direct genetic interactions or
interbreeding between wild and escaped farmed Atlantic salmon occurs, genetically altering wild
salmon and reducing population viability. However, genetic interactions may also occur through
ecological mechanisms (e.g. disease, parasites, predation, competition), both in conjunction with
and in the absence of interbreeding. Here we examine existing evidence for ecological and nonreproductive genetic interactions between domestic Atlantic salmon and wild populations and the
potential use of genetic and genomic tools to resolve these impacts. Our review identified examples
of genetic changes resulting from ecological processes, predominately through pathogen or parasite transmission. In addition, many examples were identified where aquaculture activities have
either altered the selective landscape experienced by wild populations or resulted in reductions in
population abundance, both of which are consistent with the widespread occurrence of indirect
genetic changes. We further identify opportunities for genetic or genomic methods to quantify these
impacts, though careful experimental design and pre-impact comparisons are often needed to
accurately attribute genetic change to aquaculture activities. Our review indicates that ecological
and non-reproductive genetic interactions are important, and further study is urgently needed to
support an integrated understanding of aquaculture–ecosystem interactions, their implications for
ecosystem stability, and the development of potential mitigation and management strategies.
KEY WORDS: Atlantic salmon · Aquaculture · Management · Genetic

1. INTRODUCTION
Atlantic salmon Salmo salar aquaculture is of international socioeconomic importance, and the process
*Corresponding author: ibradbur@me.com

of domestication has resulted in significant phenotypic
(i.e. physiological, Handeland et al. 2003; behavioural,
Fleming et al. 1996; morphological, Fleming et al.
1994); and genetic (Cross & King 1983, Karlsson et al.
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2011, Wringe et al. 2019) differences from wild popuwhere hybridization with escapees is not common or
lations. Escape events from Atlantic salmon net pen
possible, ecologically induced genetic interactions
aquaculture are a regular occurrence (Keyser et al.
with Atlantic salmon aquaculture remain an ongoing
2018), and the number of escapees can equate to an
concern (e.g. Coughlan et al. 2006, Ford & Myers
appreciable fraction of, or exceed, wild Atlantic salmon
2008). Moreover, given recent trends in industry excensus size (Morris et al. 2008, Skilbrei et al. 2015,
pansion (e.g. DFO 2016, 2018) and growing concerns
Wringe et al. 2018). There is substantial evidence that
regarding the amplification of pests and pathogens
direct genetic interactions, defined as interbreeding,
such as sea lice through net pen aquaculture (e.g.
occurs between wild Atlantic salmon and escaped doVollset et al. 2016, Karbowski et al. 2019), the potential
mestic individuals (Karlsson et al. 2016, Glover et al.
for both ecological and non-reproductive genetic in2017, Wringe et al. 2018) and can genetically alter
teractions is likely to increase. Nonetheless, despite
wild salmon and reduce population viability (McGinthe potentially broad reaching and significant impacts
nity et al. 2003, Bourret et al. 2011, Glover et al. 2013,
of non-reproductive genetic interactions on wild AtBolstad et al. 2017, Bradbury et al. 2020). Both in Canlantic salmon and other species, the evidence for their
ada and Norway, recent evidence suggests hybridizapresence and our ability to quantify their magnitude
tion may be extensive following escape events (Karlshas been limited to date (Verspoor et al. 2015).
son et al. 2016, Wringe et al. 2018) and accounts for a
The goal of this review is to highlight evidence persubstantial proportion of production in smaller rivers
taining to the potential for ecological and associated
(Sylvester et al. 2018b). Accordingly, escaped farmed
non-reproductive genetic impacts of Atlantic salmon
salmon and direct genetic interactions have been
aquaculture on wild populations. Specifically, our
identified as a major threat to the persistence and stability of wild Atlantic
salmon across the North Atlantic (Forseth et al. 2017, Bradbury et al. 2020).
However, genetic impacts may also
occur, either in concert with or in the
absence of hybridization (Verspoor et
al. 2015), due to ecological interactions
such as competition, predation, and
disease or parasite transfer. These nonreproductive genetic changes in wild
populations can result from ecological
changes that either alter the selective
landscape experienced by native fish,
and thus change allele frequencies of
loci linked to fitness, and/or reduce population abundance, resulting in a loss
of genetic diversity (Fig. 1). As these effects do not involve hybridization, they
can arise whether domestic animals escape or remain in containment and impact wild populations of any native
species. Although practices to limit reproductive genetic interactions with
wild Atlantic salmon have been implemented in many areas through the use
of sterilization (Verspoor et al. 2015), exotic species, and improved containment
strategies (Diserud et al. 2019), these
efforts do not prevent non-reproductive
genetic effects. In other species such as
brown trout Salmo trutta or Pacific
Fig. 1. Schematic of reproductive and non-reproductive genetic interactions
between wild and domestic Atlantic salmon Salmo salar
salmon species (Oncorhynchus spp.)
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objectives are to (1) review examples of genetic
changes in wild populations resulting from ecological interactions, or likely more common, evidence for changes in population abundance or the
environment experienced by wild populations; and
(2) discuss the opportunity recent advances in population genomic approaches present for the assessment of these genetic impacts. Through our review,
we highlight opportunities for the further study of
non-reproductive genetic impacts of Atlantic salmon
aquaculture on wild populations. We directly build
on previous reviews and empirical studies focusing
on hybridization and introgression (e.g. Karlsson et
al. 2016, Glover et al. 2017, Bradbury et al. 2020) and
on risk assessments considering both reproductive
and non-reproductive effects (e.g. Verspoor et al.
2015). Ultimately, we suggest that ecological and
subsequent non-reproductive genetic impacts are
likely ubiquitous wherever salmon farming occurs,
and that further research is urgently required to better understand the magnitude of these interactions
and provide advice regarding impact management
and mitigation.

2. EVIDENCE FOR ECOLOGICAL AND
NON-REPRODUCTIVE GENETIC IMPACTS
Atlantic salmon net pen aquaculture represents a
substantial change to the natural environment and
thus the adaptive landscape experienced by wild individuals (Garcia de Leaniz et al. 2007). As such, it
can alter the stability and future evolutionary trajectories of wild populations. Furthermore, it might be
expected that adjustments to a new adaptive landscape will result in reductions in productivity through
increased maladaptation predicted by theoretical
demographic-evolutionary models (Bürger & Lynch
1995, Gomulkiewicz & Holt 1995, Kirkpatrick & Barton 1997). Existing studies address genetic changes
in naïve populations through disease and parasite
transmission, the potential for recovery of disease or
parasite resistance through natural selection, observations on genetic changes in co-occurring congener
species, and impacts of the farming of non-native
species or subspecies. Examples of the latter are the
farming of European origin salmon on both the east
and west coasts of North America as well as in western South America or Australia. Below we review the
literature related to non-reproductive genetic interactions associated with disease and parasite transfer,
increased predation pressure, and finally, increased
competition (see Table 1). In each case, we first high-
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light examples of genetic change resulting from these
interactions and then set out evidence of demographic decline or the potential for selection consistent with significant genetic impacts. In practice, it
can be difficult to distinguish the impacts of reproductive and non-reproductive genetic interactions in
examples related to wild Atlantic salmon. As such,
here we focus on instances where mechanisms have
been identified which are clearly non-reproductive in
nature.

2.1. Ecological and non-reproductive genetic
changes through disease transmission
Ecological and genetic interactions via disease
transmission may result in both alterations to the selective landscape potentially impacting immune associated genetic variation as well as reductions in
overall genetic diversity due to demographic decline.
To date, few studies have examined the presence of
genetic changes due to disease transfer (Table 1A).
However, de Eyto et al. (2007, 2011) present evidence
of genetic impacts due to novel disease exposure associated with aquaculture activities. In these studies,
the progeny of Atlantic salmon from a river without
previous exposure to aquaculture were transferred to
a river with a long history of associated farming and
captive breeding that was expected to have acquired
novel micro- and macro-parasitic communities. This
experimental design enabled the exposure of animals
to novel disease challenges associated with escapes
or inadvertent or deliberate introductions. Comparison of observed and expected genotype frequencies
at a marker locus for the MHC class II alpha gene and
control neutral microsatellite loci of parr and migrant
Atlantic salmon stages in the wild demonstrated that
genetic change had occurred, and that selection was
likely a result of disease-mediated natural selection,
rather than any demographic event.
A substantial and growing body of research supports the hypothesis that wild salmon populations are
adapted to local pathogen communities both in space
and time (Dionne et al. 2007, Tonteri et al. 2010, Consuegra et al. 2011, Kjærner-Semb et al. 2016, Pritchard et al. 2018, Zueva et al. 2018). This suggests a
genetic basis for differences in population immunity
and that the introduction of new pathogens into susceptible populations could both impose novel selection pressures and reduce genetic diversity through
demographic decline. The possibility that pathogen
transfer from domestic to wild salmon could drive
genetic change in wild populations is supported by

Supportive
(possible direct
link to G. salaris
parasite)
Supportive
(possible direct
link to viral
pathogens)
Supportive
(source of
selective agent
unknown)
Supportive

Evidence of clinal geographical response
in major histocompatibility (MH) & other
immune relevant genes in response to
water temperature variation)
Evidence of spatial allele variation at
major histocompatibility (MH) genes

Evidence of SNP variation associated with
selective sweeps of immune response
genes
Evidence of SNP variation associated with
major histocompatibility (MH) genes

Virus infected escaped farmed salmon
entering rivers near cage sites
Evidence for the infection of wild salmon
from escaped farmed salmon at marine
feeding areas
Evidence for long distance transmission of
PRV likely associated with aquaculture
industry

Genetic survey of natural
populations potentially
sensitive and tolerant of
Gyrodactylus salaris

Genetic survey of natural
populations in areas with
and without aquaculture
activity

Genetic survey of natural
populations in region of
significant aquaculture
activity

Genetic survey of natural
populations within single
large river complex (not
associated with aquaculture)

Disease screening of
escaped farmed Atlantic
salmon in a wild river

Disease screening of
returning wild Atlantic
salmon in Norway at 6 sites

Genetic screening of PRV in
wild and farmed Atlantic
salmon

Supportive

Supportive

Supportive

Supportive

Evidence of clinal geographical response
in major histocompatibility (MH) genes in
response to water temperature variation)

Genetic survey of natural
populations (not associated
with aquaculture)

Supportive

Supportive

Evidence of different allele frequency
change at major histocompatibility (MH)
genes in introduced population from 6
months to 18 months; no change in local
population)

Evidence of allele frequency change at
major histocompatibility (MH) genes
during first 6 months in introduced
population; no change in local population)

(A) Disease transfer
Common garden experiment (naïve non-local wild
population introduced into
different river system as
eggs)

Evidence (direct
or supportive)

Common garden experiment (naïve non-local wild
population introduced into
different river as eggs)

Primary observation

Interaction

Atlantic salmon
S. salar

Both

Table continued on next page

Garseth et al. (2013)

Madhun et al. (2018)

Atlantic salmon
S. salar
Both

Pritchard et al. (2018)

Kjærner-Semb et al. (2016)

Consuegra et al. (2011)

Tonteri et al. (2010)

Dionne et al. (2007)

de Eyto et al. (2011)

de Eyto et al. (2007)

Reference

Madhun et al. (2015)

Atlantic salmon
S. salar

Atlantic salmon
S. salar

Atlantic salmon
S. salar

Atlantic salmon
S. salar

Atlantic salmon
S. salar

Atlantic salmon
S. salar

Atlantic salmon
S. salar

Species
impacted

Atlantic salmon
S. salar

Both

Selection

Selection

Selection

Selection

Selection

Selection

Selection

Selection /
demographic

Table 1. Summary of studies presenting evidence for or consistent with the potential for ecological and non-reproductive genetic interactions among Atlantic salmon
Salmo salar aquaculture and wild salmonid populations. N/A: not applicable
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Direct

Supportive

Evidence for the horizontal transmission
of ISAV variants seen in farmed salmon to
wild populations
Wild salmon returns were strongly
reduced (> 50%) following years with
high lice levels during smolt out-migration (farms located at the mouth of the
estuary)
Recapture rate of untreated adult salmon
following exposure to high sea lice
density was 0.03% compared to treated
salmon (1.86%)
Significant positive association between
the sea lice abundance on farms and the
likelihood that juvenile chum salmon
would be infested. Increased abundance
of lice on farms was not significantly
associated with the levels of infestation
observed on juvenile chum salmon
Experimental sea lice infection associated
with increased mortality, and decreased
migration distance, and marine residency

Sea lice loads on out-migrating sea trout
in areas with aquaculture commonly
exceed threshold levels that are known to
induce physiological compromise or
mortality in laboratory experiments
Premature migratory return

Genetic screening of ISAV
variants in wild and farmed
salmon in Norway

(B) Parasite transfer
Statistical modeling of the
effect on return rates of sea
lice levels (low/med/high)
over a 26 year period for
1SW Erriff salmon

Tag/recapture experiment
of prophylactically treated
smolts exposed to different
farm-origin sea lice pressure

Association between sea
lice counts on farmed
Atlantic salmon and wild
out-migrating chum salmon

Experimental sea lice
infection of wild brown trout
post-smolts and examinations of marine migratory
behavior

Review paper: integrating
laboratory and field observational studies of lice on
out-migrating S. salar and
S. trutta

Review paper: integrating
laboratory and field observational studies of lice on
out-migrating S. salar and
S. trutta

Demographic

Both

Supportive

Direct

Both

Both

Both

Both

Both

Demographic

Selection /
demgraphic

Supportive

Supportive

Supportive

Supportive

Evidence for the transfer of furunculosis
from fish farms to wild salmonids in
Norway

Review of studies documenting furunculosis
prevalence in Norway from
1964–1992

Evidence (direct
or supportive)

Primary observation

Interaction

Table 1 (continued)

Sea trout
S. trutta

Sea trout
S. trutta

Sea trout
S. trutta

Chum salmon
Oncorhynchus
keta

Atlantic salmon
S. salar

Atlantic salmon
S. salar

Atlantic salmon
S. salar

Various
salmonids

Species
impacted

Table continued on next page

Thorstad & Finstad (2018)

Thorstad & Finstad (2018)

Serra-Llinares et al. (2020)

Nekouei et al. (2018)

Bøhn et al. (2020)

Shephard & Gargan (2017)

Nylund et al. (2019)

Johnsen & Jensen (1994)

Reference
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Supportive

Quantitative estimate of transmission
rates from farm to out-migrating pink and
chum salmon, including subsequent
transmission dynamics of lice within the
wild population
Coho salmon population productivity in
an area of intensive salmon aquaculture
was depressed approximately sevenfold
during a period of salmon louse infestations compared to unexposed populations.
Pink salmon populations exposed to
salmon farms; mortality rate caused by
sea lice was estimated to range from 16 to
97%
Sea lice counts on fish farms were
negatively associated with adult returns
of 2 species of Pacific salmon
Widespread changes in the frequency of
genotype associated with pyrethroid
resistance in sea lice across the North
Atlantic
Wild stocks decreased in size by an
average of 85% and smolt numbers
decreased by as much as 98% following
introduction of G. salaris into Norway
Identified 3 genomic regions associated
with adaptation to parasite resistance in
wild salmon
Identified 57 candidate genes potentially
under positive selection associated with
G. salaris resistance and enriched for
lymph node development, focal adhesion
genes and anti-viral responses

Sea lice abundance on outmigrating pink salmon and
chum salmon differences
pre- and post-exposure to
Atlantic salmon farms

Hierarchical model of stockrecruit dynamics of coho
salmon with differential sea
lice infestation

Modeling effect of sea lice
infections on population
abundance of pink salmon

Analysis of spawner-recruit
data and sea lice abundance
on farms

Screening of pyrethroid
resistance genotype in
Lepeophtheirus salmonis
over time

G. salaris infection associated with wild salmon
population decline

Genomic basis of resistance
to G. salaris

Genomic basis of resistance
to G. salaris

Supportive

Atlantic salmon
S. salar
Atlantic salmon
S. salar

N/A

Atlantic salmon
S. salar

Demographic
Supportive

N/A

Salmon louse
Lepeophtheirus
salmonis

Selection

Direct

Supportive

Pink salmon
O. gorbuscha
and Coho salmon
O. kisutch

Demographic

Supportive

Pink salmon
O. gorbuscha

Coho salmon
O. kisutch

Pink salmon
O. gorbuscha
and chum salmon
O. keta

Atlantic salmon
S. salar

Species impacted

Demographic

Demographic

Demographic

Both

Selection /
demographic

Supportive

Supportive

Supportive

Summary of meta-analysis and tagged
treated smolt survival to returning adults
experiment

Review paper: integrating
laboratory and field observational studies of lice on
out-migrating S. salar and S.
trutta

Evidence (direct
or supportive)

Primary observation

Interaction

Table 1 (continued)

Table continued on next page

Zueva et al. (2018)

Zueva et al. (2014)

Denholm et al. (2016)

Børretzen Fjørtoft et al.
(2020)

Krkošek et al. (2011a)

Krkošek et al. (2007)

Connors et al. (2010)

Krkošek et al. (2005)

Thorstad & Finstad (2018)

Reference
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Robertsen et al. (2019)
Atlantic salmon
S. salar
Supportive
Presence of wild-farmed hybrids reduced
survival of wild individuals
Metabolic rate and survival
of farmed Atlantic salmon
offspring

Demographic

Skaala et al. (2012)
Atlantic salmon
S. salar
Supportive
Overlap in diet among types of crosses
demonstrates competition
Competition between wild
and farmed juvenile Atlantic
salmon in freshwater

Demographic

Fleming et al. (2000)
Atlantic salmon
S. salar
Supportive
30% reduction in wild population
productivity in the presence of farmed
fish
(D) Competition
Competition between wild
and farmed juvenile Atlantic
salmon in freshwater

Demographic

Hamoutene et al. (2018)
Demographic /
selective?
High levels of predation on released
farmed Atlantic salmon near cage sites
Predation on released
farmed escapes

Supportive

Atlantic salmon
S. salar

Kennedy & Greer (1988)
Brown trout
S. trutta
Demographic /
selective?
Supportive
Increased avian predation on wild salmon
and brown trout following the release of
captive bred smolts
(C) Predation
Increased predation on wild
species

Fjelldal et al. (2019)
Arctic charr
Salvelinus
alpinus
Both
Supportive
Infection intensity correlated positively
with mortality and negatively with growth
in experimental trials
Growth and survival of sea
lice infected Arctic Charr

Evidence (direct
or supportive)
Primary observation
Interaction

Table 1 (continued)

Selection /
demographic

Species
impacted

Reference
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several recent findings documenting
the potential for exposure and supporting pathogen transfer as mechanisms
for genetic impacts (Table 1A). First,
Madhun et al. (2015) report the detection of virus infected escaped farmed
salmon entering rivers near cage sites,
suggesting clear evidence of exposure
of freshwater rearing juvenile salmon
populations to aquaculture associated
pathogens. Second, Madhun et al. (2018)
also document the presence of piscine
orthoreovirus (PRV) in returning wild
adult Atlantic salmon in Norway, and
that the frequency of infection increased with body size and displayed
no geographic signal, suggesting infection was occurring between escapees
and wild salmon at marine feeding
areas. Nylund et al. (2019) report that
infectious salmon anemia virus (ISAV)
variants in farmed salmon are increasing in prevalence in the wild consistent with horizontal transmission from
farmed salmon to wild populations.
Similarly, Garseth et al. (2013) examine
pathogen transfer between wild and
farmed salmon using analysis of protein
coding sequences in PRV in Norway
and suggest occurrence in the wild is
due to long distance transmission likely
associated with the aquaculture industry. Finally, several studies have documented the spread of furunculosis, a
septicemic bacterial disease, from fish
farms to wild salmonids in Norwegian
rivers (Johnsen & Jensen 1994). Taken
together, these findings indicate that
ecologically induced genetic impacts
on wild salmon populations associated
with disease transmission from aquaculture populations are highly likely.
However, both the magnitude of new
selection pressures and demographic
impacts are uncertain and likely case
specific.
Diseases, introduced or increased in
incidence by salmon aquaculture activities, could also have an impact on cooccurring wild species such as anadromous brown trout, as implied by the
steep decline in anadromous trout numbers in many Irish, Scottish, and Nor-
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wegian rivers since the late 1980s, which may be
linked to sea lice infestations (see Section 2.2) associated with marine salmonid farming. A study by
Coughlan et al. (2006) in some Irish rivers suggested
that salmon farming and ocean ranching could indirectly affect, most likely mediated by disease, the genetics of cohabiting anadromous brown trout by reducing variability at major histocompatibility class I
genes. A significant decline in allelic richness and
gene diversity at the Satr-UBA marker locus, observed
since aquaculture started, which may indicate a selective response, was not reflected by similar reductions at neutral loci. Subsequent recovery of variability
at the Satr-UBA marker, seen among later samples,
may reflect an increased contribution by resident
brown trout to the remaining anadromous population.
Similarly, Miller et al. (2011) link genomic profiles
consistent with viral infection with increased likelihood of mortality prior to spawning in Fraser River
sockeye salmon Oncorhynchus nerka. Morton et al.
(2017) document piscine orthoreovirus (PRV) in 95%
of farmed Atlantic salmon in British Columbia, Canada, and infection rates in wild Pacific salmon of 37−
45% near salmon farms, and of 5% at sites distant to
farms suggesting PRV transfer is occurring from salmon farms to wild salmon populations.

2.2. Ecological and non-reproductive genetic
effects through parasites
Like disease transfer, the introduction of novel parasites could both impose new selection pressures and
drive demographic decline. Although no examples of
genetic change attributable to parasite transfer from
salmon aquaculture were identified, substantial research has demonstrated the (1) transfer of parasites
from aquaculture salmon to wild populations, (2) significant demographic impacts resulting, and (3) a
genetic basis to resistance, all of which support the
presence of genetic change occurring as a result.
Examples to date have most notably been via infections of sea lice or the monogenetic trematode Gyrodactylus salaris (Table 1B). Declines in wild stocks
attributed to sea lice outbreaks in farm-intensive
areas have been documented in Ireland, Scotland
and Norway. Thorstad & Finstad (2018) reviewed the
literature related to sea lice impacts on wild stocks
documenting 12−29% fewer returning adult spawners due to lice-induced mortality from fish farms. In
one of the most extreme cases documented to date,
Shephard & Gargan (2017) suggested that one-seawinter (1SW) salmon returns on the River Erriff were

more than 50% lower in years following high lice
levels on nearby farms. This increased mortality was
in addition to decreased returns due to poorer marine
survival. Similarly, Bøhn et al. (2020) tagged and released Atlantic salmon smolts both with a prophylactic treatment against lice and without such treatment, and recaptured survivors returning to freshwater after spending 1−4 yr at sea. They report that
the mortality of untreated smolts was as much as 50
times higher compared to treated smolts during sea
lice outbreaks. It is worth noting that these estimates
of lice-induced mortality among Atlantic salmon
should be considered as minimum estimates for species such as anadromous brown trout, whose marine
migrations are more coastal, thus increasing their
exposure to net pen sites (Thorstad & Finstad 2018).
Recent work by Serra-Llinares et al. (2020) reports
increased mortality, reduced marine migrations, and
reduced marine residency in brown trout experimentally infested with sea lice, consistent with significant
demographic impacts of sea lice infection in brown
trout. Similarly, for migratory Arctic char Salvelinus
alpinus exposed to elevated sea lice burden due to
fish farming activity (Bjørn et al. 2001), the negative
impact on growth and survival may potentially lead
to selection against anadromy (Fjelldal et al. 2019).
In addition to potential impacts on Atlantic salmonids, evidence also exists that the transfer of sea lice
from farmed Atlantic salmon to Pacific salmon species occurs (e.g. Nekouei et al. 2018), again consistent with the potential non-reproductive genetic
interactions. For example, out-migrating juvenile
pink salmon O. gorbuscha and chum salmon O. keta,
are estimated to experience 4 times greater sea lice
infection pressure near Atlantic salmon farms compared to background infection levels (Krkošek et al.
2005), and in juvenile sockeye salmon O. nerka, infection rates were elevated after migration past these
salmon farms (Krkošek et al. 2005, Price et al. 2011).
For Coho salmon O. kisutch, ecological interactions
with infected species, as well directly with Atlantic
salmon farms, can result in higher infection levels
(Connors et al. 2010). These lice infections in Pacific
salmon species have also been associated with population declines. Krkošek et al. (2007) found that sea
lice infestation from Atlantic salmon farms on outmigrating pink salmon smolts have led to declines in
wild populations in the Broughton Archipelago, with
forecasting models suggesting that local extinction
was imminent. For these pink salmon populations exposed to salmon farms, mortality rate caused by sea
lice was estimated to range from 16 to 97% (Krkošek
et al. 2007), and population declines were also ob-
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served in Coho salmon populations (Connors et al.
2010). Krkošek et al. (2011a) demonstrated that sea
lice abundance on fish farms in British Columbia,
Canada, were negatively associated with nearby returns of both pink salmon and Coho salmon. Furthermore, changes in parasite management on salmon
farms have been shown to help reduce infection rates
on wild salmon (Peacock et al. 2013), supporting this
linkage and suggesting mitigation might be possible.
Given evidence of significant sea lice associated
demographic declines, it seems likely that sea liceinduced mortality could drive reductions in genetic
diversity. However, a large body of research suggests
resistance to sea lice may have a genetic basis and be
heritable (Tsai et al. 2016, Correa et al. 2017, Robledo
et al. 2019), making it highly likely that wild populations would change in response to new selection
pressures. In support of this hypothesis, Børretzen
Fjørtoft et al. (2020) documented large-scale genetic
changes in sea lice in response to chemotherapeutant usage across the North Atlantic. They observed
significant temporal changes in wild sea lice populations in the frequency of a genotype associated with
pyrethroid resistance due to strong selection pressure associated with its usage in Atlantic salmon
aquaculture. Similarly, Dionne et al. (2009) reported
significant changes in myxozoan resistance associated MHC alleles in Atlantic salmon, most likely
linked with an infection-related mortality event, further supporting the potential for parasite-associated
genetic impacts in wild populations.
The first appearance of G. salaris in Norway has
been linked to the introduction of Atlantic salmon
from Baltic catchments, resulting in high levels of
mortality among wild populations (Johnsen & Jensen
1991). Admittedly, the spread of G. salaris in the wild
does not seem primarily linked to salmon aquaculture.
Instead, the transfer of individuals associated with
stocking activities seems to have played a dominant
role in transmission. Nonetheless, it is included here,
as it clearly illustrates the potential for the introduction
of non-native individuals to transfer parasites to local
populations, the potential for subsequent significant
demographic impacts, and a genetic basis to parasite
resistance. In G. salaris infections, very high rates of
mortality in naïve wild populations strongly supports
the potential for significant demographic decline,
losses of genetic diversity, and parasite driven selection, as has been recently concluded (Karlsson et al.
2020). For example, following several independent introductions of G. salaris into Norway, exposed wild
populations decreased in abundance by an average of
85%, and smolt numbers decreased by as much as
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98% (Denholm et al. 2016). Several studies suggest a
genetic basis to G. salaris resistance among wild salmon populations in Europe. Gilbey et al. (2006) identified 10 genomic regions associated with heterogeneity in both innate and acquired resistance using
crosses of resistant Baltic and susceptible Atlantic
populations. Zueva et al. (2014) compared Baltic and
Atlantic Atlantic salmon populations characterized by
different levels of resistance to G. salaris and identified 3 genomic regions potentially experiencing parasite-associated adaptation in the wild. More recently,
Zueva et al. (2018) compared salmon populations
from northern Europe classified as extremely susceptible or resistant to G. salaris. They identify 57 candidate genes potentially under resistance-associated
selection and this set of loci was shown to be enriched
for genes associated with both innate and acquired
immunity. These findings suggest that ecological and
non-reproductive genetic impacts on wild populations
associated with parasite transmission, such as sea lice
from aquaculture installations, are highly likely, both
because of the potential for substantial mortality to
occur through exposure and for it to be selective
through a clear genetic basis to population differences
in resistance.

2.3. Ecological and non-reproductive genetic
effects through predation
Increased predation associated with salmon aquaculture activities could result in both declines in
abundance and selective mortality. Although direct
estimates are lacking, some evidence exists to support the possibility of such a link, most likely through
predators being attracted to aquaculture activities
(Table 1C). Aquaculture sites have been shown to attract wild fish, invertebrates, marine mammals, and
birds, likely due to the addition of food, and the
farmed salmon themselves (see review in Callier et
al. 2018), and the end result may be increased predation on wild individuals in the vicinity. Although it is
possible that escapees could distract predators and
reduce predation on wild populations through predator swamping, there is no evidence to date to support this. In fact, Kennedy & Greer (1988) reported
heavy predation on hatchery smolts and wild Atlantic salmon and brown trout from the river Bush in
Northern Ireland by the great cormorant Phalacrocorax carbo. This suggested a link between the release
of captive bred smolts (a proxy for farm escapes), the
attraction of increased numbers of these predatory
birds to the river, and increased predation on the
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river’s wild Atlantic salmon and brown trout. Similarly, Hamoutene et al. (2018) conducted experimental releases and tracking of aquaculture Atlantic
salmon near cage sites in southern Newfoundland,
Canada. They found that most released fish were not
detected beyond a few weeks of release, with temperature and movement data supporting predation
as a cause. Increased predation of wild salmon smolts
or adults near sea cages could therefore drive demographic decline or potentially act as a selective agent
if predators cued on size, behaviour, or other traits.
Moreover, rates of predation may be higher for individuals already experiencing infections, such as sea
lice (see Section 2.2). Krkošek et al. (2011b) reported
experimental evidence that predators selectively consuming infected prey which could simultaneously
impose predation associated impacts and amplify
disease or parasite associated selection and mortality.

wild productivity, which could reduce genetic variation in wild populations. Supporting this hypothesis,
Robertsen et al. (2019) demonstrated that the presence of farmed−wild hybrids reduced the survival of
wild half-sibs under semi-natural conditions. There is
also clear evidence that escaped farmed salmon can
compete for spawning habitats and may superimpose
redds on top of those of wild Atlantic salmon (Webb
et al. 1991, 1993a,b, Fleming et al. 1996). Such superimposition of redds could affect both spawning time
and location of wild fish, as well as the growth and
survival of wild offspring. Overall, it seems highly
probable that increased competition can result in
changes to the selective landscape experienced by
wild individuals and in reductions in population size.

2.4. Ecological and non-reproductive genetic
effects through competitive interactions

The studies reviewed above demonstrate strong
potential for non-reproductive genetic interactions to
occur in wild populations. However, quantifying
these interactions between wild populations and
domestic strains remains a major challenge, particularly when hybridization is occurring (i.e. direct
genetic interactions). Dramatic increases in DNA sequencing capacity over the last decade present new
opportunities for the use of genomic tools to quantify
the impacts of net pen aquaculture on wild populations. Non-reproductive genetic interactions represent a special, more complex challenge, and the utility of genetic and genomic tools to resolve these
genetic interactions will depend on the route and
genomic scale of impact. That said, a large body of
literature has been produced in recent years on the
use of genetic/genomic tools to quantify both adaptive diversity and neutral diversity and effective population size or changes therein. As such, a clear
opportunity exists to apply genetic and genomic
methods to quantify these impacts.

Ecological and non-reproductive genetic effects
have also been suggested via evidence for competitive interactions among farm and wild salmon. These
competitive effects could be the result of ecological
interactions among wild, farm escaped and hybrid
offspring involving differences in behaviour among
cross types such as in aggression, dominance, risk
proneness, feeding/foraging activity. And as such,
competition associated with these behavioral differences may influence survival and the selective environments experienced by wild fish. Given the clear
overlap in habitat use-, and evidence for density dependence, these seem most likely to take place in
freshwater during the juvenile stage (Table 1D). This
has been illustrated by the work of Fleming et al.
(2000), who released sexually mature farm and wild
Atlantic salmon into the River Imsa in Norway. Despite the farm fish achieving less than one-third of the
breeding success compared to wild fish, there was
evidence of resource competition and competitive
displacement, as the productivity of the wild fish was
depressed by more than 30%. Fleming et al. (2000)
concluded that invasions of farm fish have the potential for impacting wild population productivity both
via changes to locally adaptive traits as well as reductions in genetic diversity. Skaala et al. (2012) documented similar effects in another natural system in
Norway. These authors compared the performance of
farm, wild, and hybrid Atlantic salmon and suggested
that overlap in diets and competitions can impact

3. QUANTIFYING GENETIC EFFECTS OF NONREPRODUCTIVE ECOLOGICAL INTERACTIONS

3.1. Detecting changes in adaptive diversity
In the context of impacts due to changes in the selective landscape driven by ecological change, genomic change could be associated with a single gene, or
many genes (i.e. polygenic). Genetic and genomic
tools are increasingly being used to quantify the
magnitude of natural selection in the wild (Vitti et al.
2013) and many approaches have been developed
(Table 2A). One of the best approaches to quantify

Lehnert et al. (2019)

FST, population branch statistic, differences in nucleotide diversity along 20kilobase sliding window
FST outlier (FDIST2)
Change in μ (signature of selective
sweeps) between declining and nondeclining population status of Atlantic
salmon; Redundancy analysis (RDA) for
detection of outliers, polygenic risk scores

Signatures of selection that covary with
environmental stressor (e.g. pollution)
Signatures of selection associated with
environmental stressor
Polygenic associations with population
decline involving genomic regions
related to metabolism, developmental &
physiological processes
Identification of new alleles to intermediate frequency against a background of
unusually long haplotypes of low
nucleotide diversity
Identification of selected alleles nearing
or having achieved fixation in one
population but that remains polymorphic
in the wider group of populations.
Detection of positive selection acting to
increase haplotype homozygosity;
combines distribution of fragment
lengths between mutations and number
of segregating sites between all pairs of
chromosomes; ratio of haplotype
homozygosity for derived & ancestral
alleles.

Impacted vs. non-impacted

Impacted vs. non-impacted

Genome-wide association studies

Soft selective sweeps

Soft selective sweeps

Soft selective sweeps

Dayan et al. (2019)

Mahalanobis distance

Tests of neutrality based on principal
components analysis

Outlier detection

Number of segregating sites by length
(nSL); similar to iHS but (1) a genetic map
is not required and (2) more robust to
recombination and/or mutation rate
variation

Extended cross population haplotype
homozygosity (XP-EHH)

Integrated haplotype scores (iHS)

Table continued on next page

Ferrer-Admetlla et al.
(2014)

Sabeti et al. (2007)

Voight et al. (2006)

Oziolor et al. (2019)

Luu et al. (2017)

Foll & Gaggiotti (2008)

Locus-specific comparison of posterior
probabilities of models with and without
selection

Outlier detection

FST coefficient & and Bayes factor scores

Leitwein et al. (2019)

Relationship between domestic ancestry
and recombination rate at different
genomic scales

Domestic ancestry estimation under different
stocking intensities

Therkildsen et al. (2019)

% polymorphism, nucleotide diversity, &
allele frequency shifts (controls vs.
experimental samples)

Changes in allele frequencies in
response to size-selection gradients

Bitter et al. (2019)

Principal component analysis, outlier
detection, genetic differentiation (FST)

Temporal comparisons, pre- vs. post-impact

Feder et al. (2014)
Feder et al. (2014)

Reference

Empirical likelihood ratio test (ELR)
Frequency increment test (FIT)

Statistics/tests

Changes in allele frequencies

Changes in allele frequency
Changes in allele frequency

Comparison

Temporal comparisons, pre- vs. post-impact

(A) Changes in adaptive diversity
Time-series analysis

Method

Table 2. Summary of available genetic and genomic methods to evaluate non-reproductive genetic interactions
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Contemporary Ne estimates over time
Application of Hollenbeck et al. (2016)
for range-wide populations of Atlantic
salmon and associations of genomic
regions to decline status
Effective population size

Lehnert et al. (2019)

Contemporary Ne estimates at various
times in the past
Single-sample method to estimate
changes in contemporary Ne by comparing linkage disequilibrium estimates
with recombination rates estimated from
physical linkage or genomic position
Effective population size

Waples & Do (2010),
Waples et al. (2016)
Contemporary Ne
Single-sample method based on linkage
disequilibrium to estimate effective
populations size

(B) Changes in neutral diversity or effective population size

Machine learning

Effective population size

Brieuc et al. (2015)
Random forest; outlier detection; PCA

Sylvester et al. (2018a)

Correlates of habitat/environmental
variables with observed genetic structure
Detection of loci of small phenotypic
effect on a key life-history variable (e.g.
run timing) across multiple populations
Machine learning

Random Forest; PCA loadings; outlier
detection

Reference
Statistics/Tests
Comparison
Method

Table 2 (continued)

Hollenbeck et al. (2016)
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the presence of selection is either the comparison
of representative pre- and post-impact genetic
samples in the absence of hybridization or the
examination of situations with the capacity to
quantify and correct for signatures of recent or
current hybridization (Leitwein et al. 2019). For
time series analysis of changes in allele frequency associated with selection, differentiation
measures such as the fixation index (F ST) are
commonly used, and several tests have been recently proposed using bi-allelic loci, including
the empirical likelihood ratio test (ELRT) and the
frequency increment test (FIT) (Feder et al. 2014).
Recent temporal comparisons of natural selection
in ecological, climate adaptation, and fisheryimpact studies have revealed detectable increases
in genomic differentiation over even short timeframes (e.g. 1 to 4 generations; Bitter et al. 2019,
Leitwein et al. 2019, Therkildsen et al. 2019), indicating genomic tools show high power to detect changes in natural selection when recent
pre-impact baselines are available. Where replicate temporal comparisons across sites can be
made, this may allow uncovering parallel patterns and non-parallel signatures of adaptation.
Knowledge of pre-impact genomic variation
across replicates could quantify both the source
and magnitude of non-reproductive genetic impacts; sites with similar starting genomic variation are more likely to show parallel responses,
unless source or strength of selection differs.
In the absence of pre-impact samples, traditional tests for the presence of outliers (e.g. Foll
& Gaggiotti 2008, Luu et al. 2017), trait associations, or selective sweeps (e.g. Nielsen 2005)
may be applied using genome-wide polymorphism data, though the ability to attribute a
given impact to these loci may be problematic.
Similar to pre- and post-impact temporal comparisons, tests for genomic differentiation using
metrics such as FST between sites with differing
levels of exposure to stressors can be used to
detect the magnitude and location of genomic
change between these impacted and pristine
sites (e.g. Dayan et al. 2019, Oziolor et al.
2019). Genome-wide association and genome–
environment association methods also show
promise in measuring aquaculture impacts, but
have traditionally been used to estimate correlations between genomic variants and trait or
environmental variation (Rellstab et al. 2015,
Santure & Garant 2018). A recent genomic
study by Lehnert et al. (2019) instead used
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decline status as the trait in genome-wide association
and uncovered polygenic associations with population decline and variation in immune and developmental genes. This approach could be further refined
in future studies by incorporating continuous measures of aquaculture exposure such as magnitude of
escape, site proximity, or pathogen load.
Rapid evolutionary change is often associated with
selection on standing genetic variation (‘soft sweeps’)
rather than new mutations (Messer et al. 2016, Hermisson & Pennings 2017). Methods that utilize differences in frequency and diversity of haplotypes such
as integrated haplotype score (iHS; Voight et al.
2006), extended cross population haplotype homozygosity (XP-EHH; Sabeti et al. 2007), and number of
segregating sites by length (nSL; Ferrer-Admetlla et
al. 2014) can identify signatures of soft selective
sweeps. Identification of sweep signatures that are
exclusive to aquaculture-impacted populations may
provide an additional way of both validating genomic changes induced by non-reproductive genetic
impacts and uncovering implicated target genes.
Machine learning approaches have also shown promise in identifying subtle signatures of environment
(Sylvester et al. 2018a), trait associations (Brieuc et al.
2015), and selective sweep signatures (Kern &
Schrider 2018). These provide additional research
areas for future studies into the genetic impacts of
aquaculture exposure that may not be detected by
traditional statistical approaches. Lastly, gene ontology (Rivals et al. 2007) and gene set (Daub et al.
2017) enrichment methods can be used to characterize functional impacts and parallel responses at biological levels above changes at individual genes
(Jacobs et al. 2020) and can help clarify potential targets of selection from aquaculture interactions.

3.2. Detecting changes in neutral diversity or
effective population size
Genomic approaches can also be applied in the
context of resolving a loss of diversity due to demographic declines associated with non-reproductive
genetic impacts and applied to quantify genomewide trends in diversity over time or estimate trends
in the effective population size (Table 2B; see Waples
& Do 2010). Large genomic datasets offer new opportunities for enhanced estimates of effective population size (Waples et al. 2016) as well as retrospective
estimates of changes in effective population size over
time (e.g. Hollenbeck et al. 2016). For example, B.
Watson (pers. comm.) evaluated the performance of
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estimates of effective population size (Ne) using large
genomic datasets to assess and approximate population declines. This was used to establish a genomic
baseline to detect non-reproductive genetic interactions in southern Newfoundland Atlantic salmon
populations following the use of largely sterile Atlantic salmon in aquaculture. Their results suggest that
large genomic datasets (≥ 1000 SNPs) were able to
detect population declines significantly earlier, and
with increased accuracy, than small genetic or genomic datasets (25 microsatellites or 100 SNPs). However, monitoring using effective size requires samples from multiple time points, which is not always
possible. As an alternative, Hollenbeck et al. (2016)
present a method that uses linkage information to
bin loci by rates of recombination and reconstruct
trends in Ne decades into the past. Lehnert et al.
(2019) applied this method to Atlantic salmon across
the North Atlantic and estimated that 60% of all populations have declined in recent decades. Finally,
molecular approaches to mark-recapture abundance
estimation (i.e. CKMR, Bravington et al. 2016) also
offer the potential to quantify changes in population
size over time and have been used in marine and
freshwater fish species (Bravington et al. 2016,
Waples et al. 2018, Ruzzante et al. 2019). Such approaches could be used to quantify population trends
in effective size in the absence of assessment data
and monitor for ecological and non-reproductive
genetic interactions in future.

4. CONCLUSIONS
Ultimately, despite an abundance of relevant and
informative research, the relative importance of hybridization and non-reproductive genetic interactions between domestic individuals and wild populations remains largely unresolved. Nonetheless, the literature
suggests that ecological interactions arising from
salmon aquaculture have the realistic potential to result in substantial genetic change in wild salmon populations, as well as other species. It is worth noting
that, at present, there is a significant knowledge gap
regarding the non-reproductive genetic impacts of increased predation or competition due to salmon aquaculture on wild populations. Fortunately, recent advances in genetic and genomic methods present a
new scope for quantifying these impacts. However,
careful experimental design and pre-impact comparisons will in most cases be needed to accurately attribute any genetic change to non-reproductive genetic
interactions with salmon aquaculture activities.
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Future research should explore the sensitivities
and power of these approaches to detect changes in
genetic diversity and character over time. Given that
both reproductive and non-reproductive interactions
co-occur within the native range of Atlantic salmon,
there may be benefit to focus studies on instances
where interbreeding is unlikely or impossible. This
could involve the study of ecological and genetic
impacts in other species such as Pacific salmon species
or in Atlantic salmon in regions where sterility is
employed as a containment or mitigation measure.
Alternatively, genomic approaches could potentially be used to disentangle reproductive and nonreproductive interactions from indirect interactions
based on the identification of hybrids, introgressed
ancestry blocks, or signatures of selection.
Our review suggests that non-reproductive genetic
interactions represent both a broad reaching and
largely unresolved source of genetic impact on wild
populations exposed to Atlantic salmon aquaculture
activities. Thus, further study is urgently needed to
support an integrated understanding of aquaculture−
ecosystem interactions, their implications for ecosystem stability, and the identification of potential pathways of effect. This information will be essential to
the development of potential mitigation and management strategies.
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