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Abstract

Farmed salmon escape and interbreed with wild Atlantic salmon on a large scale. We studied introgression of mitochon-
drial haplotypes from farmed Atlantic salmon originating from the Eastern Atlantic phylogenetic group to wild salmon of the
Barents-White Sea (BWS) phylogenetic group. We find that farmed genetic introgression introduced novel, non-native hap-
lotypes into the BWS phylogenetic group. The mitochondrial genome has important functional effects and is inherited as a
haploid from the mother. Hence, the observed introgression across natural genetic barriers is expected to cause long-lasting
functional maladaptation of the hybrids in the maternal line. As the use of farmed Atlantic salmon from non-native phyloge-
netic groups is widespread in aquaculture, the impact on wild Atlantic salmon may be more severe than previously recognized.

Our results highlight the ecological risks of releasing non-native wild and domesticated animals.
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Introduction

Human-mediated gene flow is widespread and has detri-
mental effects on wild populations (Crispo et al. 2011;
Ottenburghs 2021). Important and growing causes of human-
mediated gene flow are escaped domesticated animals
(Nijman et al. 2003; Kidd et al. 2009; Anderson et al. 2019)
and intentionally or unintentionally translocated wild ani-
mals (Seabra et al. 2019; Faust et al. 2021) that interbreed with
native wild conspecifics. The resulting changes in the gene
pool may reduce the fitness and evolutionary potential of
wild populations (Rhymer and Simberloff 1996; Tufto 2010).
Escaped domesticated animals can differ genetically from lo-
cal wild populations not only due to domestication but also
due to the origin of their founder populations. Genetic differ-
ences are particularly large when the founder populations of
domesticated escapees and local wild populations belong to
different phylogenetic groups (Bourret et al. 2013; Bradbury
et al. 2022). Gene flow from domesticated escapees may in
such cases not only change frequencies of gene variants (alle-
les) in wild populations but also introduce novel, non-native
gene variants (Anderson et al. 2009; Hertwig et al. 2009). De-
spite its large detrimental potential, there is limited evidence
for this process.

In Norway, farmed Atlantic salmon (Salmo salar) outnum-
ber their wild conspecifics 1000-fold (ICES 2023), and de-
spite only a small fraction escaping, they sometimes make
up a large proportion of the spawners in wild populations
(Fiske et al. 2006; Diserud et al. 2019; Glover et al. 2019).
Genetic introgression from farmed salmon into wild popula-
tions (Table 1) is widespread along the coast of Norway (Glover

et al. 2013; Karlsson et al. 2016). Introgressed salmon (Table 1)
show changes in important life history traits (Bolstad et al.
2017, 2021; Besnier et al. 2022), and farmed and hybrid indi-
viduals show lower survival in the wild than wild conspecifics
(Fleming et al. 2000; McGinnity et al. 2003; Wringe et al. 2018;
Skaala et al. 2019; Wacker et al. 2021).

Farmed Atlantic salmon are genetically different from their
wild origin due to selective breeding for commercially impor-
tant traits and due to the phylogenetic origin of their founder
populations (Gjedrem and Baranski 2009). The effect of in-
trogression on wild populations appears to depend on the
phylogenetic origin (Table 1) of the wild populations (Fraser
et al. 2010; Bolstad et al. 2017; Islam et al. 2022). Atlantic
salmon is geographically sub-divided into several distinct
phylogenetic groups (Verspoor et al. 2005; Bourret et al. 2013;
Rougemont and Bernatchez 2018; Wennevik et al. 2019). In
Norway, farmed Atlantic salmon strains originate from pop-
ulations in the west and mid-coast of Norway (Gjedrem et
al. 1991), which belongs to the Eastern Atlantic (EA) phy-
logenetic group. These strains are being used in northern
Norway, where Atlantic salmon from the Barents-White Sea
(BWS) phylogenetic group inhabit the rivers (Wennevik et al.
2019). The same strains are also being used in North Amer-
ica, where Atlantic salmon belong to the Western Atlantic
phylogenetic group (Bradbury et al. 2022), and in Ireland,
Scotland, and Iceland, each with genetically distinct popu-
lations of wild Atlantic salmon within the EA phylogenetic
group (Bourret et al. 2013; Rougemont and Bernatchez 2018).
Therefore, Atlantic salmon aquaculture represents a large-
scale experiment in nature from release of domesticated an-

1644 Can. J. Fish. Aquat. Sci. 80: 1644—1652 (2023) | dx.doi.org/10.1139/cjfas-2023-0044




Can. J. Fish. Aquat. Sci. Downloaded from cdnsciencepub.com by Norsk Institutt For Naturforskning on 04/02/24

* Canadian Science Publishing

Table 1. Terms used to categorise Atlantic salmon and mitochondrial haplotypes in this study.

Wild salmon
farmed genetic ancestry

Farmed salmon
escapees

Introgressed salmon
Pre-introgression

Individuals hatched in the wild; pre-introgression individuals and contemporary individuals with low
Individuals hatched in aquaculture facilities; breeding lines (from three breeding companies) and

Individuals hatched in the wild, with farmed genetic ancestry
Defined by history of escaped farmed salmon (reported from c. 1986); adult samples treated as

pre-introgressed until 1992 for Barents-White Sea and until 1990 for Eastern Atlantic

Ancestral populations
Phylogenetic origin
Non-native haplotypes

Wild salmon populations (collected 1971-1974) that gave rise to the breeding lines of farmed salmon
Native (indigenous) phylogenetic group, or non-native (exogenous) phylogenetic group
Haplotypes that were absent in a phylogenetic group before farmed genetic introgression

imals into wild populations of same and different phyloge-
netic origin. The extensive knowledge on magnitude and ef-
fect of farmed gene flow on wild populations has made At-
lantic salmon a model system for understanding this prob-
lem (Glover et al. 2017).

Molecular genetic analyses of farmed genetic introgression
have focused on changes in autosomal gene frequencies that
are explained by genetic differences between domesticated
strains and their wild origin (Glover et al. 2012; Karlsson
et al. 2016; Wringe et al. 2018). Despite its potential impor-
tance, introgression of non-native mitochondrial haplotypes
has largely been ignored. The mitochondrial genome is en-
tirely passed on from mother to offspring without recom-
bination, and different haplotypes therefore represent dif-
ferent maternal lines with genetic variation accumulated in
the evolutionary history of the species. New haplotypes from
a non-native source can therefore involve genetic introgres-
sion of very different mitochondrial genomes. Such introgres-
sion is expected to have significant fitness consequences (da
Fonseca et al. 2008; Christie et al. 2011; Foote et al. 2011),
since the mitochondrial genome is of functional importance
in a range of biological processes (e.g., metabolism, thermal
tolerance, and aging). High levels of variation in the mito-
chondrial genome are found among populations and phy-
logenetic groups of Atlantic salmon (Karlsson et al. 2010;
Verspoor et al. 2012). Here, we explore introgression of novel,
non-native mitochondrial haplotypes from farmed Atlantic
salmon escaping into wild populations of a different phylo-
genetic origin. Specifically, we compare mitochondrial haplo-
type frequencies in Atlantic salmon in samples taken before
and after large-scale salmon farming.

Methods

Data

Scale samples of Atlantic salmon were collected by means
of recreational angling in Norwegian rivers (Fig.1) encom-
passing two phylogenetic groups: the EA group and the BWS
group (Bourret et al. 2013; Wennevik et al. 2019). We anal-
ysed mitochondrial haplotypes in samples of the BWS phylo-
genetic group collected before and after large-scale Atlantic
salmon farming could influence these populations. Atlantic
salmon farming in Norway started in the 1970s and grew
rapidly from the mid-1980s (Glover et al. 2017). Escaped

Fig. 1. Map of Atlantic salmon populations sampled in Nor-
way belonging to the Eastern Atlantic phylogenetic group
(south of black line) and Barents-White Sea phylogenetic
group (northeast of black line). See Fig.S1 and Table S1 for
population information.
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farmed salmon were found to be numerous in rivers in south-
ern Norway some years before becoming numerous in north-
ern Norway (Gausen and Moen 1991; Diserud et al. 2019). The
analysed material included pre-introgression (Table 1) BWS
samples (N=520) from 9 rivers in the period 1978-1992 and
contemporary BWS samples (N=1982) from 21 rivers in the
period 1994-2019 (Fig. 1; Fig. S1; Table S1).

As a reference for farmed Atlantic salmon mitochondrial
haplotypes, we included samples from the major breed-
ing companies in Norway, escaped farmed salmon, and pre-
introgression samples from the EA phylogenetic group (an-
cestor phylogenetic group of Norwegian farmed Atlantic
salmon). The pre-introgression EA samples (N=1895) were
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from 35 rivers and were collected in the period 1949-1990
(Fig.1; Fig.S1; Table S1). Among those were home rivers of
major ancestral populations (Table 1) for Norwegian farmed
Atlantic salmon (Suldalsligen, Vosso, Argyelva, Driva, Surna,
Gaula, and Namsen; Table S1) (Gjedrem et al. 1991; Gjgen and
Bentsen 1997). Samples of farmed Atlantic salmon came from
the breeding lines of the major breeding companies in Nor-
way (AquaGen, SalmoBreed, and Mowi) (N=732; Table S1).
The escaped farmed Atlantic salmon samples (N =272) were
from 19 rivers and 2 fjords (Sunndalsfjord and Bolstadfjord)
in the EA region collected in the period 1986-2018 (Table S1).
Experienced scale readers identified the escaped farmed At-
lantic salmon by analysis of growth pattern (Lund and Hansen
1991).

Ethical approval

The majority of scale samples were collected from Atlantic
salmon captured by angling. Collection and handling of fish
were in accordance with local regulations.

Mitochondrial haplotypes

DNA was extracted from scale samples using the DNEASY
tissue kit (QIAGEN) and genotyped at 81 nuclear and 15 mito-
chondrial single-nucleotide polymorphisms (SNPs) using an
EP1™ 96.96 Dynamic array IFCs platform (Fluidigm). Forty-
eight of the nuclear SNPs were used to estimate farmed intro-
gression (described below), while the remaining nuclear SNPs
were not used in this study. The 15 mitochondrial SNPs (Ta-
ble S2) are described in Karlsson et al. (2010). Mitochondrial
SNPs were combined into multi-locus mitochondrial haplo-
types. Four SNPs had a low minor allele frequency (<0.01) and
were excluded from further analysis. This reduced the num-
ber of detected mtDNA haplotypes from 23 (N=5217) to 16
(N=5401) (Table S3). Five haplotypes (P, Q, U, Y, and Z) were
very rare (1-4 out of 5401 individuals; Table S1; Table S3) and
were excluded from further analysis.

Estimation of genome-wide farmed

introgression

For quantifying genetic introgression, we used 48 of the
nuclear SNPs identified by Karlsson et al. (2011) as show-
ing large differences between Norwegian farmed and wild
salmon. Data on these markers were used in the programme
STRUCTURE (Pritchard et al. 2000) to estimate the likelihood
of an individual to belong to a wild versus a farmed reference,
as described by Karlsson et al. (2014). We hereafter refer to
this likelihood as P(wild). The wild reference were fish caught
in rivers belonging to the BWS phylogenetic group between
1978 and 1992, at an early stage of Atlantic salmon farming in
Norway. The farmed reference comprised fish from the ma-
jor breeding lines in Norway (Karlsson et al. 2016). The pro-
portion of farmed genetic ancestry was calculated by scaling
individual P(wild) estimates to averages in pre-introgression
BWS samples (0.984) and farmed Atlantic salmon (0.0178)
(Karlsson et al. 2014).

For the BWS contemporary samples, we compared mito-
chondrial haplotypes between individuals classified as either
wild or admixed (introgressed). We classified individuals with

a P(wild) estimate > 0.8315 as wild and the rest as admixed.
This threshold is the 5-percentile of P(wild) estimates in pre-
introgression BWS samples (Karlsson et al. 2014). Note that on
the individual level the P(wild) is estimated with uncertainty.
Therefore, we do expect error in the classification. The error
is asymmetrical and fewer wild-origin fish are wrongly classi-
fied as introgressed than introgressed fish wrongly classified
as wild (Karlsson et al. 2014). This error leads to an underesti-
mate of the differences between the groups, and we therefore
consider our analysis and conclusions as conservative.

Statistical analysis

We calculated haplotype frequencies for six groups of sam-
ples: (i) pre-introgression BWS samples, (ii) BWS Atlantic
salmon classified as introgressed, (iii) BWS Atlantic salmon
classified as wild, (iv) pre-introgression EA samples, (v) es-
caped farmed salmon, and (vi) samples of farmed Atlantic
salmon breeding lines. We present haplotype frequencies for
each group across all populations pooled. Haplotype frequen-
cies for each population are available in the Supplementary
material (Table S1). In the Supplementary material, we also
present haplotype frequencies calculated with equal weight
on each river and excluding samples with small sample size
(N<20; Fig.S2). Haplotype richness based on the smallest
sample (N=271) was estimated by rarefaction (Heck et al.
1975) using the R package vegan (Oksanen et al. 2020).

To test for differences in haplotype frequencies between
groups, we used generalised linear mixed models (GLMMs).
In the first model, we tested whether the occurrence of
novel, non-native haplotypes (Table 1) in the BWS phyloge-
netic group differed between Atlantic salmon classified as
introgressed and Atlantic salmon classified as wild. The re-
sponse variable was the occurrence (absence/presence) of one
of the non-native haplotypes in a given individual in the BWS
phylogenetic group. In the second model, we tested for differ-
ences in frequency in a haplotype that was present in all six
groups of samples listed above. We chose the most common
haplotype (A) for this test, and the response variable of the
model was the occurrence (absence/presence) of haplotype
A in a given individual. Both models had a binomial error
link function. Random effects were sampling location (river
or fjord) for Atlantic salmon caught in the wild and breeding
line and year for samples from breeding companies, respec-
tively (Table S1).

Using GLMMs with individual farmed genetic ancestry as
an explanatory variable, we tested for (i) an effect on the oc-
currence of non-native haplotypes in the BWS phylogenetic
group and (ii) an effect on the frequency of the most com-
mon haplotype (A) in the BWS phylogenetic group. These
analyses allowed us to attribute introgression of non-native
haplotypes and changes in haplotype frequencies to gene
flow from escaped farmed Atlantic salmon, as opposed to
other sources of gene flow between the EA and BWS phylo-
genetic groups. Response variables were the occurrence (ab-
sence/presence) in a given individual of one of the non-native
haplotypes or haplotype A, respectively. Random effects were
sampling locations (river or fjord). All analyses were carried
out in R (R Development Core Team 2019).
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Fig. 2. Frequencies of mitochondrial haplotypes in pre-introgression Barents-White Sea (BWS) samples, contemporary BWS
samples of wild and genetically introgressed individuals, pre-introgression Eastern Atlantic (EA) samples, escaped farmed
salmon collected in EA rivers, and samples obtained from the breeding lines of Norwegian farmed salmon. See Table S1 for the
within-river frequencies for the different groups. Mitochondrial haplotypes non-native to BWS are indicated with asterisks.
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Fig. 3. Frequencies of four mitochondrial haplotypes present in contemporary Barents-White Sea (BWS) samples and farmed
Atlantic salmon samples but not in pre-introgression BWS samples. Frequencies are shown for breeding lines of Norwegian
farmed salmon (farmed kernel), escaped farmed salmon collected in Eastern Atlantic (EA) rivers, pre-introgression EA samples,
and contemporary BWS samples of genetically introgressed and wild individuals.
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types of gene flow from the EA phylogenetic group. This
was evident, first because of a higher incidence of non-
native haplotypes among contemporary BWS Atlantic salmon

We identified four haplotypes (C, E, H, and M) that were
present in farmed Atlantic salmon (escapees and breeding
lines) but not in the BWS phylogenetic group before the onset classified as introgressed (N=250) than among individu-
of Atlantic salmon farmmg All four haplotypes non-native to als classified as wild (N: 1732) (difference IOg odds: 2.239,
the BWS phylogenetic group were present in contemporary g5y C[: 1.696-2.781; Fig. 3). Secondly, the frequency of non-
BWS samples (Figs. 2 and 3) and at least one was foundin 18 ,54jye haplotypes in contemporary BWS Atlantic salmon in-
out of 21 rivers (Table S1). creased with the degree of individual farmed genetic ancestry

The vast preponderance of non-native haplotypes was in- (gjg 44). Genetic introgression from escaped farmed Atlantic
troduced to the BWS phylogenetic group through gene flow
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Fig. 4. Effect of genetic introgression on the occurrence of (@) non-native mitochondrial haplotypes (haplotypes C, E, H, and M)
and (b) mitochondrial haplotype A in contemporary Barents-White Sea Atlantic salmon. Genetic introgression was estimated as
genome-wide farmed genetic ancestry. The black line shows the effect of farmed genetic ancestry on the occurrence of (a) non-
native mitochondrial haplotypes (linear term on logit scale: 9.275 4 1.465; quadratic term on logit scale: —5.757 £ 1.927) and (b)
mitochondrial haplotype A (linear slope on logit scale: —1.779 4 0.364) estimated by generalised linear mixed models. Shaded
areas represent the 95% confidence intervals. Horizontal dashed lines indicate haplotype frequencies for samples obtained
from breeding lines of Norwegian farmed salmon (farmed kernel) and escaped farmed salmon collected in Eastern Atlantic

rivers.
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salmon also increased haplotype richness in the BWS phylo-
genetic group from 6.21 4+ 0.67 to 9.28 4- 0.73 haplotypes (es-
timate =+ standard error based on rarefaction using 271 indi-
viduals; Table S4).

Rare haplotypes may have been missed in sampling of At-
lantic salmon from the various groups, including the haplo-
types non-native to the BWS phylogenetic group. However,
the likelihood of missing the rare haplotypes in the pre-
introgression BWS sample of 520 individuals is low. Assum-
ing that the four non-native haplotypes were equally com-
mon in the pre-introgression BWS samples as in contempo-
rary BWS samples (total proportion: 0.032), the likelihood
of not encountering any non-native haplotype in the pre-
introgression BWS samples, inferred from a binomial distri-
bution (number of trials: 520; likelihood of success: 0.032), is
3.87 x 1078,

Farmed genetic introgression also affected the frequency
of haplotypes native to the BWS phylogenetic group. Haplo-
type A was the most common haplotype in all groups, but
the frequency differed between groups (Fig. 2). Haplotype A
was more frequent in pre-introgression BWS samples than in
pre-introgression EA samples (difference in log odds: 0.749,
95% CI: 0.254-1.245), in farmed escapees samples (1.047, 95%
CI: 0.484-1.611), and in farmed breeding lines samples (2.004,
95% CI: 1.322-2.686) (Fig. 2). In contemporary BWS samples,
haplotype A was more common in individuals classified as
wild than in individuals classified as introgressed (difference
in log odds: 0.485, 95% CI: 0.202-0.767; Fig. 2). The frequency
of haplotype A decreased with the proportion of farmed
genetic ancestry in contemporary BWS Atlantic salmon
(Fig. 4b).
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The four non-native haplotypes introduced to BWS Atlantic
salmon were all present in the farmed escapees and breeding
lines, and all but one (haplotype C) were present in the EA
phylogenetic group (Fig. 2). Haplotype C differed in only one
SNP (out of eleven SNPs) from haplotype B (Table S2), which
was common in both phylogenetic groups (Fig. 2). Haplotype
frequencies of farmed Atlantic salmon (escapees and breed-
ing lines) were more similar to the EA phylogenetic group
than to the BWS phylogenetic group before the onset of At-
lantic salmon farming (Fig. 2). The frequency of haplotype A
in farmed escapees was lower than that in pre-introgression
BWS samples (difference log odds: 1.047, 95% CI: 0.484-1.611)
but not different from pre-introgression EA samples (differ-
ence log odds: 0.298, 95% CI: —0.028-0.623) (Fig. 2).

Discussion

Analysis of more than 5000 wild and farmed Atlantic
salmon revealed that gene flow from farmed escapees has in-
troduced non-native mitochondrial haplotypes into wild pop-
ulations of the BWS phylogenetic group. Using individual es-
timates of genetic introgression from nuclear genetic mark-
ers, we show that at least the vast preponderance of introgres-
sion of non-native haplotypes is a result of gene flow from
escaped farmed Atlantic salmon rather than natural gene
flow between phylogenetic groups. This occurred after the
buildup of large-scale aquaculture based on Atlantic salmon
originating from the EA phylogenetic group and provides ev-
idence that gene flow from escaped farmed Atlantic salmon
not only changes frequencies of gene variants in wild popu-
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lations but also introduces novel gene variants when farmed
and wild fish are of different phylogenetic origin.

Given the functional importance of mitochondrial DNA, in-
trogression of mitochondrial haplotypes across phylogenetic
boundaries may have substantial biological consequences.
Mitochondrial DNA plays an important role in metabolic
functions related to life history (Salin et al. 2015), thermal
tolerance (Bize et al. 2018), and aging (Austad 2018). Natu-
ral selection on regions of the mitochondrial DNA has been
found in several taxa (da Fonseca et al. 2008; Foote et al. 2011),
including Pacific salmon (Garvin et al. 2011). Introgression of
non-native haplotypes is therefore expected to interfere with
the adaptation of wild populations to their local environment
and to reduce their fitness (da Fonseca et al. 2008; Christie
et al. 2011; Foote et al. 2011). Human-mediated introgres-
sion of non-native haplotypes may be widespread when wild
and domesticated animals are translocated across phyloge-
netic groups, such as in the fast-growing aquaculture indus-
try (Naylor et al. 2001; Bostock et al. 2010; Naylor et al. 2021).
Human-mediated introgression of non-native mitochondrial
haplotypes has earlier also been found to occur from escaped
domesticated mammals to wild conspecifics (Hertwig et al.
2009; Godinho et al. 2011; Anderson et al. 2019) and from
translocated wild to local populations in insects (Seabra et al.
2019) and fishes (Takamura and Nakahara 2015; Kitanishi et
al. 2018). In Atlantic salmon, human-mediated introgression
of non-native mitochondrial haplotypes has previously been
documented in populations that were stocked with non-local
wild fish (Ciborowski et al. 2007; Campos et al. 2008; Gabian
and Moran 2019). Introgression from escaped farmed Atlantic
salmon of Norwegian origin has been found to introduce a
non-native mitochondrial haplotype, or altered its frequency,
in wild salmon populations in Northwest Ireland (Clifford et
al. 1998a; Clifford et al. 1998b). Our results, together with
previous evidence of introgression of non-native haplotypes
in other species, highlight the ecological risks of commer-
cial use of non-native wild and domesticated animals. Future
work is needed to understand the relative contribution of in-
trogression of mitochondrial and nuclear DNA to fitness ef-
fects in wild Atlantic salmon populations.

The large genetic divergence of farmed Atlantic salmon to
wild strains of the BWS phylogenetic group consists not only
in differences in frequencies of the same gene variants but
also in gene variants in the farmed Atlantic salmon that are
non-native to the wild strains and is expected to increase
maladaption and thereby reduce fitness for introgressed in-
dividuals and populations (Huisman and Tufto 2012; Baskett
et al. 2013; Glover et al. 2017). Farmed introgression has
been found to change important life-history traits, and this
effect was different and for some aspects larger in popula-
tions of the BWS phylogenetic group than in populations
of the EA phylogenetic group (Bolstad et al. 2017). Farmed
introgression strongly reduced freshwater survival of juve-
nile Atlantic salmon in an Atlantic salmon population of the
BWS phylogenetic group (Wacker et al. 2021). Future work is
needed to quantify and disentangle the fitness consequences
of farmed genetic introgression on wild populations resulting
from changes in gene variant frequencies and the introgres-
sion of novel, non-native gene variants, respectively.

* Canadian Science Publishing

Our results revealed that the introgression of non-native
mitochondrial haplotypes in the BWS phylogenetic group
was a result of gene flow from escaped farmed Atlantic
salmon but do not exclude a minor contribution of natu-
ral gene flow to those changes. Natural introgression of mi-
tochondrial haplotypes has occurred between different phy-
logenetic groups of Atlantic Salmon (Asplund et al. 2004;
Makhrov et al. 2005; King et al. 2007; Bradbury et al. 2015).
The BWS and EA phylogenetic groups reflect different post-
glacial colonisation lineages, with a clear genetic divide,
which may be maintained by divergent selection regimes
(Wennevik et al. 2019) and that is in line with our results
that several haplotypes of the EA group were absent in the
BWS group before Atlantic salmon farming. The short time
span between pre-introgression samples and recent samples
in our study (few decades), relative to the timespan since post-
glacial colonisation, makes it unlikely that natural gene flow
has contributed to the observed introgression of non-native
haplotypes.

Our findings of introgression of non-native haplotypes,
as well as previous findings on fitness consequences, may
be transferable to other regions with larger genetic dif-
ferentiation between wild populations and farmed Atlantic
salmon; Iceland, Ireland, and Scotland are mainly or fully
using farmed salmon of Norwegian origin. Norwegian-origin
farmed salmon has also been used in North America (O’Reilly
etal. 2006), and genetic introgression in North American wild
Atlantic salmon populations has been documented (Bradbury
et al. 2022). Human-mediated gene flow across boundaries of
phylogenetic groups may have profound effects on the ge-
netic population structure of the species, and the negative
genetic consequences of introgression from non-native phy-
logenetic origin are expected to add an extra genetic load on
the wild local populations.
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