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ABSTRACT: Limited stocking efforts to introduce Atlantic salmon Salmo salar into Chilean rivers 
and streams were unsuccessful during the 20th century. Following the arrival of the aquaculture 
industry during the 1980s, escaped Atlantic salmon have presented an ecological risk to native 
taxa through predation, competition, and transmission of pathogens or parasites. However, 
whether commercial aquaculture strains represent the likely source of free-living Atlantic salmon 
in marine and freshwater environments is unclear. We used 272 single nucleotide polymorphisms 
to characterize free-living Atlantic salmon (n = 80) captured from 12 marine and freshwater loca-
tions in southern Chile. These were compared with 8 reference collections, 6 known commercial 
strains, and 2 wild populations of Atlantic salmon. We evaluated genetic structure among free-liv-
ing Atlantic salmon and assessed individual ancestry and origin by assigning mixture samples to 
reference collections. We found evidence for genetic structure (number of clusters, K = 3) among 
free-living salmon unexplained by geography, environment, or life stage, but consistent with the 
number of clusters among commercial aquaculture strains. Most free-living Atlantic salmon had a 
close ancestry with farmed Norwegian strains, the most widely used by the industry, pointing to 
recent aquaculture escapes as their origin. Yet recent establishment of self-sustaining populations 
weakly differentiated from aquaculture broodstock cannot be ruled out. We propose increasing 
monitoring efforts of free-living Atlantic salmon in remote sites as well as in watersheds located in 
densely stocked aquaculture areas.  
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1.  INTRODUCTION 

Net-pen aquaculture of Atlantic salmon Salmo 
salar has become a global industry amid many envi-
ronmental issues that arise from their production. 
Atlantic salmon are only native to North Atlantic 
Ocean basins and have been introduced to several 
continents outside their natural distribution to sup-
port global aquaculture. Chile is currently the sec-
ond-largest producer of Atlantic salmon globally 
(FAO 2020). Since the late 1990s, Chile’s aquaculture 
industry growth has mainly relied on Atlantic salmon 
production and market value, which currently ex -
ceeds 70% of total salmonid production (Lhorente et 
al. 2019) and reached an annual harvest of 700 000 t 
in 2019 (SERNAPESCA 2019). However, high stock-
ing densities and a growing number of facilities have 
increased the likelihood of escapes — either chronic 
small leakages or episodic large escapes — which 
represents one of the principal environmental risks 
associated with Chile’s salmon aquaculture industry 
(Quiñones et al. 2019). Salmon escapes may occur 
following damages to net pens from multiple causes: 
attacks from marine mammals, collisions with water-
craft, theft or vandalism, negligence during fish han-
dling or maintenance, and severe weather conditions 
(Jensen et al. 2010, Vilata et al. 2010, Sepúlveda et al. 
2013). 

Escaped salmon can displace native fishes due to 
predatory and interference competition, severely 
impacting aquatic biodiversity and species richness 

(Garcia de Leaniz et al. 2010, Sepúlveda et al. 2013). 
Atlantic salmon may prey on forage fish such as 
southern sprat Sardinops sagax and Chilean silver-
side Odontesthes regia, which play key roles in 
marine food webs and fisheries (Soto et al. 1997, 
Niklitschek & Toledo 2011). They also can be vec-
tors of pathogens, parasites, and chemicals (Garcia 
de Leaniz et al. 2010, Jensen et al. 2010, Sepúlveda 
et al. 2013). Epidemiological studies conducted in the 
Northern Hemisphere suggest that the occurrence of 
diseases (e.g. rickettsial septicemia and sea lice) in 
salmonids, but also in native fish, could be directly 
related to the presence of farmed fish in high concen-
trations in Norway (Naylor et al. 2005, Krkošek 
2010). 

Pacific salmon species — Chinook salmon (Correa 
& Gross 2008), rainbow trout (Pascual et al. 2001, 
Soto et al. 2006, Arismendi et al. 2011), and more 
recently, coho salmon (Chalde et al. 2019, Maldon-
ado-Márquez et al. 2020) — have established self-
sustaining populations in South America following 
heavy stocking efforts. In comparison, efforts to stock 
Atlantic salmon in rivers and lakes were few and far 
between during the 20th century (Table 1) (Basulto 
2003, Arismendi et al. 2014), but several million 
Atlantic salmon have escaped in freshwater systems 
and at sea (Table 1) (Soto et al. 2001, 2006, Sepúl -
veda et al. 2013, Gomez-Uchida et al. 2018). To date, 
there is little evidence for successful natural repro-
duction of Atlantic salmon or self-sustaining popula-
tions, especially anadromous populations (Nik li -
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Events                                    Year             No. of individuals                        Location                            Origin and reference 
 
Stocking in freshwater         1905                 100 000 eggs                  Río Blanco Hatchery                Germany (Basulto 2003,  
                                                                                                                                                                  Arismendi et al. 2014) 
                                              1907               20 000 juveniles                   Several streams                     Europe (Basulto 2003) 
                                                                                                          from Santiago to Valdivia 
                                              1910                  80 000 eggs                 Puerto Varas Hatchery                Europe (Basulto 2003, 
                                                                                                                                                                  Arismendii et al. 2014) 
                                              1916                 360 000 eggs                    Lautaro Hatchery                    Europe (Basulto 2003) 
                                         1927−1928            400 000 eggs               Southern Patagonia and          Argentina via Maine, USA 
                                                                                                                  Tierra del Fuego                           (Basulto 2003) 
                                              1941                         NA                             San Rafael Lake                   Unknown (Basulto 2003) 
Escaped fish from           1993−1997          1 497 000 adults              Los Lagos, Aysén and               Sepúlveda et al. (2013) 
marine net pens                                                                                     Magallanes regions 
                                         2004−2008          1 865 100 adults              Los Lagos, Aysén and               Sepúlveda et al. (2013) 
                                                                                                               Magallanes regions 
                                         2009−2012           398 000 adults                Los Lagos, Aysén and               Sepúlveda et al. (2013) 
                                                                                                               Magallanes regions 
                                         2010−2020          4 947 464 adults              Los Lagos, Aysén and                SERNAPESCA (2021) 
                                                                                                               Magallanes regions                                     

Table 1. Introduction events of Atlantic salmon, including stocking in freshwater and records of escapes from marine net pens  
in Chile. NA: not available
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tschek et al. 2013, Arismendi et al. 2014, Monzón-
Argüello et al. 2014, Quiñones et al. 2019). However, 
this apparent lack of success should not be assumed 
as permanent due to high propagule pressure pro-
vided by escapes from marine net pens and the high 
density and wide distribution of aquaculture activi-
ties (Pascual & Ciancio 2007). 

Given the potential impacts of escapee fish on 
receiving ecosystems and wild fish populations, re -
searchers in the Northern Hemisphere have used 
forensic approaches to identify the origin of putative 
wild-living salmon (Glover 2010). In order to discrim-
inate between farmed, wild, and naturalized salmon, 
a range of different methodologies have been used, 
including carotenoid pigment differentiation (Poole 
et al. 2000), comparison of growth rates (Stokesbury 
et al. 2001), scale microchemistry (Adey et al. 2009), 
and stable isotope analysis (Schröder & Garcia de 
Leaniz 2011, Wang et al. 2018). Another approach is 
to use molecular tools, given the limited genetic vari-
ation associated with aquaculture salmon in their 
non-native distribution. Genetic-based identification 
using single nucleotide polymorphisms (SNPs) has 
recently been used as part of a monitoring program 
for free-living rainbow trout in Chile, which are dis-
tributed from the tropical border with Peru to sub-
Antarctic waters of Tierra del Fuego (Benavente et 
al. 2015, Canales-Aguirre et al. 2018). Such tools are 
readily available from genetic studies of native and 
farmed populations of Atlantic salmon. Yáñez et al. 
(2016) developed a 159K SNP ascertainment panel 
that included wild populations and farmed strains 
from different origins to be applied for genetic stud-
ies that require moderate- to high-resolution genomic 
information.  

Despite the availability of genomic resources for 
Atlantic salmon and an increased number of free-
living individuals, to our knowledge there are no 
studies aimed at inferring the origin of free-living 
Atlantic salmon captured in Chile. We hypothesized 
that genetic structure and ancestry between free-
living and aquaculture Atlantic salmon should be 
similar if free-living salmon originated from recent 
escapes. Here, we inferred genetic structure among 
free-living Atlantic salmon and compared these 
samples to 8 reference collections — 6 aquaculture 
strains used in Chile and 2 wild populations — using 
genotypes obtained from 500 highly informative SNP 
markers. The main objectives of the current study 
were to (1) evaluate genetic structure of free-living 
Atlantic salmon from historical collections, in both 
freshwater and marine locations (~2000 km cover-
age) using individual-based inference; and (2) assess 

individual ancestry among free-living salmon by 
assignment to key reference collections represented 
by farmed strains used in Chile’s Atlantic salmon 
aquaculture. First, we discuss the implications of 
assignment results, predominantly to commercial 
aquaculture strains, especially from Norway. We 
then consider the limitations of our data set to further 
evaluate the invasion success of Atlantic salmon and 
offer insights into where monitoring of this species 
should be strengthened. 

2.  MATERIALS AND METHODS 

2.1.  Sampling, genotyping, and quality control 

Tissue samples from free-living Atlantic salmon 
adults and juveniles (n = 95) captured via gillnetting 
or electrofishing, respectively, were collected during 
2007−2017 from marine and freshwater surveys 
spanning nearly 2000 km of geographic coverage 
(Table 2, Fig. 1). Muscle or fin clip tissues were 
stored in 95% ethanol until laboratory analyses. 
Genomic DNA from fin clips was extracted using a 
commercial kit NucleoSpin® Tissue (Qiagen), follow-
ing the manufacturer’s instructions. DNA quantifica-
tion was performed using a NanoDrop 2000 spec-
trophotometer. All samples were screened through a 
panel of 500 SNPs, a subset of the 159K SNP array 
developed by Yáñez et al. (2016). SNPs were selected 
aiming at an even distribution of markers per chro-
mosome, a minor allele frequency (MAF) > 0.01, and 
a unique position in the reference genome (GenBank 
accession no. GCA_000233375.4) (Yoshida et al. 2018). 

Genotyping was outsourced to LGC group labo-
ratories (www.lgcgroup.com) using KASP technol-
ogy (He et al. 2014). Genotype quality control (QC) 
was assessed using PLINK (Purcell et al. 2007) in 
order to remove SNPs with a genotype call rate 
lower than 0.90, MAF < 0.01, and departure from 
Hardy-Weinberg equilibrium (HWE) (p < 1 × 10−6). 
MAF and HWE QC filters were performed for each 
population separately. We also removed individ -
uals with a sample call rate < 80% from further 
analyses. 

2.2.  Reference collections 

We compared free-living genotypes to 8 reference 
collections of Atlantic salmon (n = 456) previously 
genotyped for the 159K SNP panel containing the 
500 SNP subset (Yáñez et al. 2016, Yoshida et al. 

331



Aquacult Environ Interact 14: 329–342, 2022

2018). These collections originated from North Amer-
ica and Europe and included 6 commercial aquacul-
ture strains used in Chile (F1−F6) and 2 wild popula-
tions (W1, W2); genetic metrics of these collections 
can be found elsewhere (Yáñez et al. 2016). These 
reference collections covered a broad geographic 
range and genetic divergence of the extant variation 
present in aquaculture and wild populations: F1, F2, 
and F3 = farmed Norway; F4 = farmed Ireland; F5 = 
farmed Canada; F6 = farmed Scotland; W1 = wild 
Scotland; and W2 = wild Canada (Table 2; see also 
Bourret et al. 2013, López et al. 2019). Inclusion of 
reference individuals originating from wild Atlantic 
salmon populations from Europe and North America 
provided outgroups to delimit maximum levels of 
genetic differentiation among free-living individuals 
captured in Chile. 

2.3.  Genetic structure analyses 

We assessed genetic structure using a Bayesian 
clustering approach from STRUCTURE v.2.3.4 
(Pritchard et al. 2000) implemented in the ‘Parallel-
Structure’ v.1.0 (Besnier & Glover 2013) package in R 
v.4.1.0 (R Core Team 2020). STRUCTURE assigns 
individuals into K genetic clusters using Markov 
chain Monte Carlo (MCMC) sampling algorithms con-
sidering a random-cross model, maximizing HWE 
and minimizing linkage disequilibrium. We performed 
clustering analyses in 2 steps: (1) we analyzed only 

free-living individuals; (2) we analyzed free-living 
and reference collections combined. Ten independ-
ent runs were performed for each K between 1 and 8, 
with a burn-in period of 50 000 MCMC iterations and 
keeping 250 000 iterations of the MCMC algorithm. 
To infer the most likely K value, we used Evanno et 
al.’s (2005) method via STRUCTURE HARVESTER 
v.0.6.94 (Earl & vonHoldt 2012). We provided a con-
sensus run from multiple independent simulations 
using CLUMPAK v.1.1 software (Kopelman et al. 
2015). We then used the ‘LargeKGreedy’ algorithm 
(Earl & vonHoldt 2012) to return an average run for 
each cluster and a custom R script for a graphical dis-
play of the results. 

We additionally performed a discriminant analysis 
of principal components (DAPC) on both free-living 
and combined (free-living plus reference collections) 
genotype data sets using the R package ‘adegenet’ 
v.2.1.4 (Jombart et al. 2010, Jombart & Ahmed 2011). 
One of the advantages of DAPC is that it provides 
probabilities for each individual’s membership in the 
different groups based on the retained discriminant 
functions, free of assumptions such as HWE, which 
may be common among recently founded, non-
native salmonid populations (Benavente et al. 2015, 
Canales-Aguirre et al. 2018, Musleh et al. 2020). 
Synthetic variables were constructed first by trans-
forming genotype data using principal component 
analysis and second by performing a discriminant 
analysis on the retained principal components. We 
defined the number of clusters using the ‘find.clusters’ 
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Site         Site                                                    Collection    Environ      Latitude    Longitude      n              Life          Size range   Reproductive 
number   description                                             year           -ment            (° S)            (° W)                         stage              (mm)               status 
 
1              Lago Colico                                           2017      Freshwater      39.05           72.02           1            Adult               590             Immature 
2              Lago Villarrica                                      2017      Freshwater      39.21           72.15           1            Adult               570             Immature 
3              Río Quimán − Lago Ranco                   2009      Freshwater      40.11           72.34          12       Parr−smolt      130−180         Immature 
4              Río Pichichanlelfu − Lago Puyehue    2007      Freshwater      40.42           72.19          10       Parr−smolt      116−150         Immature 
5              Río Pescadero − Lago Puyehue           2008      Freshwater      40.72           72.40          12       Parr−smolt      115−145         Immature 
6              Lago Rupanco                                       2017      Freshwater      40.77           72.67           1            Adult               395             Immature 
7              Lago Rupanco                                       2007      Freshwater      40.85           72.50          15       Parr−smolt      125−160         Immature 
8              Puerto Fonck − Lago Llanquihue       2008      Freshwater      41.00           72.70          11       Parr−smolt          NA                  NA 
9              Lago Llanquihue                                   2017      Freshwater      41.25           73.00           2            Adult           430−440         Immature 
10            Río Blanco − Correntoso                      2009      Freshwater      41.39           72.64          13       Parr−smolt       81−156          Immature 
11            Macrozona 1                                          2017          Marine          41.51           72.78           1            Smolt               200             Immature 
12            Río Pichicolo − Hornopirén                  2009      Freshwater      41.98           72.56           1            Smolt               195             Immature 
13            Río Negro − Hualaihue                        2009      Freshwater      42.00           72.68           1            Smolt               157             Immature 
14            Chiloé Sur                                              2017          Marine          43.20           73.58           2            Adult           310−330         Immature 
15            Macrozona 8                                          2017          Marine          44.94           73.10           3            Adult           390−530         Immature 
16            Fiordo Aysén                                         2017          Marine          45.40           72.82           2            Adult           560−820           Mature 
17            Macrozona 7                                          2017          Marine          45.60           73.25           1            Adult               560               Mature 
18            Río Cochrane                                         2017      Freshwater      47.24           72.53           1            Adult               540               Mature 
19            Puerto Natales                                       2017          Marine          52.00           72.96           5            Adult           325−605           Mature

Table 2. Sampling sites (north to south) and description of Atlantic salmon samples collected. n = number of samples per site;  
NA: not available
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function, which uses a k-means clustering algorithm 
that maximizes genetic differences between groups 
and minimizes genetic differences within groups over 
106 iterations. The optimum number of retained prin-
cipal components was inferred by a cross-validation 
method using the ‘xvalDapc’ function. Cluster mod-

eling was performed among refer-
ence collections. Subsequently, we 
used the ‘predict.DAPC’ function to 
predict which cluster free-living indi-
viduals were most closely associated 
with. To find clusters in the free-living 
data set, 80 principal components were 
retained and 3 clusters (K = 3) were 
chosen following the aforementioned 
criteria. To find clusters in the com-
bined data set, 362 principal compo-
nents were retained, and 2 clusters (K = 
2) were chosen based on the K position 
relative to an elbow pattern dis-
played in a Bayesian information crite-
rion curve (Fig. S1 in Supplement 1 at 
www.int-res.com/articles/suppl/q014
p329_supp1.pdf). Finally, a total of 50 
principal components were used in the 
DAPC analysis based on the results of 
cross-validation (Fig. S2). 

2.4.  Mixed-stock analysis and  
individual assignment of free-living 
individuals to reference collections 

We performed mixture analyses and 
individual assignment of free-living 
in dividuals to reference collections 
using the R package RUBIAS v.0.3.3 
(Moran & Anderson 2019) to identify 
reference collections as likely sources 
of free-living Atlantic salmon. RUBIAS 
uses hierarchical Bayesian inference 
taking into account population struc-
ture and resolves possible biases asso-
ciated with building reference groups 
(Anderson et al. 2008, Hasselman et al. 
2016). 

First, we carried out simulations using 
the function ‘assess_reference_loo’ to 
evaluate self-assignment or how much 
accuracy could be achieved from 
the data set of reference collections 
using a leave-one-out approach. We 
used 6 reference collections (see Sec-

tion 2.2) and 2 reference groups (‘Europe’ and ‘North 
America’) following results from genetic clusters in -
ferred using STRUCTURE or DAPC (see above). We 
then simulated 50 mixture samples of size n = 200 
considering the known simulated proportions of each 
reference group. 
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Fig. 1. Collection sites of free-living Atlantic salmon in freshwater and 
 marine locations. Pie charts from sites that passed quality control show 
genetic membership to 2 clusters: European (blue) or North American (red)  

ancestry

https://www.int-res.com/articles/suppl/q014p329_supp1.pdf
https://www.int-res.com/articles/suppl/q014p329_supp1.pdf
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Second, we assessed free-living Atlantic salmon 
origin by analyzing both mixture proportions and 
individual posterior membership probabilities to 
reference collections and reference groups. We 
used the function ‘infer_mixture’ with 200 000 
MCMC iterations and a 40 000 burn-in period. 
RUBIAS additionally provided Z-score tests con-
trasting maximum a posteriori probability assign-
ments to random normal to ascertain whether any 
fish from the mixture sample of free-living Atlantic 
salmon had an origin in potentially unsampled ref-
erence groups. 

3.  RESULTS 

3.1.  Genotyping quality 

Descriptive results of population genetic estimates 
for the different groups are shown in Table 3. All 
individuals from the reference populations passed 
QC. A total of 80 free-living Atlantic salmon genotypes 
passed sample call-rate QC; individuals from Sites 1, 
2, 6, 9, 11, 14, and 18 were removed from further 
analyses. From a total of 500 SNPs, 484 amplified 
consistently and were available for QC; of these, we 
kept 272 SNPs that were shared among all collec-
tions (Table 3). 

3.2.  Genetic clustering analyses 

We found significant genetic structure among free-
living Atlantic salmon (STRUCTURE K = 3: Figs. 2, 

S3 & S4). Geography, environment, and life stage 
failed to explain patterns of genetic differentiation. 
Salmon from Sites 3, 5, 10, 12, and 13 (all juvenile 
parr−smolt from freshwater) showed membership to 
the same cluster, while Sites 15, 16, and 17 (adults at 
sea) showed similar membership to Sites 4−7 and 10 
(juveniles and adults). Site 19 (adults at sea) diverged 
significantly from the others and formed a third clus-
ter. DAPC performed on free-living salmon was also 
consistent with 3 clusters (Fig. 3), with a proportion of 
conserved variance of 0.86. 

Genetic structure among free-living salmon was 
consistent with genetic structure found among 
farmed broodstock after adding reference collections 
of Atlantic salmon for a combined data set (Fig. 4), 
with Evanno et al.’s (2005) method suggesting K = 2 
(Fig. S5). Most free-living individuals (72 of the 80; 
Q-value > 0.85) showed ancestry similar to one clus-
ter of Norway strains and one Scotland wild popula-
tion (F1−F4, F6, and W1), while 8 of 80 (Q-value > 
0.4) shared ancestry between North American 
farmed and wild salmon. Of these 8, 3 were found in 
Site 19. When we additionally explored K = 3 in 
STRUCTURE, we found that F4 (= farmed Ireland) 
significantly diverged from other farmed Norway 
and North American farmed stocks, while the wild 
population from Scotland (W1) appeared admixed 
(Fig. 5A). Free-living salmon genotypes continued 
to show predominantly farmed Norway ancestry 
(Fig. 5B). 

DAPC performed on the combined data set 
revealed 2 clear clusters defined by the first discrim-
inant functions: one European and one North Ameri-
can (Fig. 6A). The second discriminant function re -
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                   Population     Origin       nQC    MAF > 0.01        HWE             Heterozygosity            Self-assignment 
                                                                          n          %a            n              %                 Ho                  He                    ARUL 
 
Reference          F1           Norway      86        484       96.8         484          96.8              0.48               0.47                   0.901 
                          F2           Norway      91        484       96.8         484          96.8              0.51               0.49                   0.957 
                          F3           Norway      74        484       96.8         435            87               0.54               0.45                    0.88 
                          F4            Ireland       43        484       96.8         484          96.8              0.38               0.37                      1 
                          F5           Canada       37        273       54.6         272          54.4              0.32               0.29                    0.99 
                          F6           Scotland      40        484       96.8         484          96.8              0.45               0.45                    0.99 
                          W1          Scotland      41        484       96.8         484          96.8              0.45               0.44                    0.99 
                          W2           Canada       44        418       83.6         418          83.6              0.27               0.26                      1 
Free-living        FL             Chile         80        483       96.6         468          93.6              0.39               0.46                      − 
aPercentage of SNPs out of 500 initially genotyped

Table 3. Genetic summary statistics of quality control (QC) for reference and free-living collections of Atlantic salmon. nQC: 
number of samples that passed QC. MAF > 0.01: single nucleotide polymorphisms (SNPs) with minor allele frequency (MAF) > 
0.01. HWE: SNPs that fit Hardy-Weinberg Equilibrium (HWE) proportions (Bonferroni correction was applied). Heterozygos-
ity: estimates using 272 SNPs shared among all individuals that passed QC (Ho, He: observed, expected heterozygosity, 
 respectively). ARUL: average reporting unit scaled likelihood—posterior probability of assigning the fish to the inferred  

collection given an equal prior on every collection in the reference
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vealed 3 clusters distinguishing Atlantic salmon 
European strains: farmed Norway (F1−F3), farmed 
Ireland (F4), and farmed Scotland (F6; Fig. 6B). 
Farmed Norway stocks were indistinguishable from 
one another within the second discriminant function. 
Among free-living Atlantic salmon, 72 of 80 had close 
European ancestry, while 8 had hybrid European−
North American ancestry. These were the same in -
dividuals identified as admixed by 
STRUCTURE in Site 19. The proportion 
of conserved variance was 0.592. 

3.3.  Mixed-stock analysis and  
individual assignment of free-living 
individuals to reference collections 

Self-assignment of individuals fol-
lowing simulations revealed that geno-
types originating from reference col-
lections were accurately assigned to 
their reference group between 88% 
(F3) and 100% (F4, W2) of the time 
(Table S1 in Supplement 2 at www.
int-res.com/articles/suppl/q014p329_
supp2.xlsx). Also, simulations indi-
cated that mixture proportions were 
highly accurate for all reference groups 
when 6 or 2 reporting units were used 
(Fig. S6). RUBIAS mean estimates of 
mixed proportions among free-living 
individuals was over 99% credible in -
terval (CI) (95% CI = 0.979−1.00) of 
‘European’ origin as suming 2 refer-
ence groups and 97% (95% CI = 
0.917−0.997) ‘Norway’ origin assum-
ing 6 reference groups (Table 4). Pos-
terior probabilities of assignment 

indicated that most free-living Atlantic salmon origi-
nated from ‘European’ reference group sources; 
notice that assignments varied by reference collec-
tion, with farmed strains F1, F2, and F3 representing 
the most probable sources (Table S1). One individual 
from sampling Site 5 was assigned to W1 (= wild 
Scotland). Some Z-scores from RUBIAS suggested an 
incongruence between maximum a posteriori proba-
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Fig. 2. Genetic structure of free-living Atlantic salmon using STRUCTURE K = 3. Estimated genetic structure of 80 individuals 
distributed by sampling site, revealed by 272 single nucleotide polymorphism markers for K = 3. The most prominent cluster 
is represented in blue, followed by red and light brown. Each individual is represented by a single vertical line with the esti- 

mated individual proportions of cluster membership

Fig. 3. Discriminant analysis of principal components of free-living Atlantic 
salmon genotypes. The first discriminant function distinguished between A 
and B from C clusters, whereas the second discriminant function distinguished 
A from B and C clusters. Individuals in cluster A correspond to admixed indi-
viduals, while individuals in clusters B and C correspond to animals of pre- 

dominantly European ancestry 

https://www.int-res.com/articles/suppl/q014p329_supp2.xlsx
https://www.int-res.com/articles/suppl/q014p329_supp2.xlsx
https://www.int-res.com/articles/suppl/q014p329_supp2.xlsx
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bilities and random normal expectations (Kolmo -
gorov-Smirnov test, p = 0.006), suggesting a potential 
violation of as sumptions of mixed-stock analyses that 
are discussed below. 

4.  DISCUSSION 

This study originated out of a marked need to 
evaluate genetic structure of free-living Atlantic 
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Fig. 4. Genetic structure of reference collections and free-living Atlantic salmon using STRUCTURE K = 2. (A) Q-values 
among reference collections (F1, F2, and F3: farmed Norway; F4: farmed Ireland; F5: farmed Canada; F6: farmed Scotland; 
W1: wild Scotland; W2: wild Canada) and free-living Atlantic salmon (FL); (B) Q-values from each sampling site of free-living  

Atlantic salmon. Red and blue colors represent ancestry to North American and European clusters, respectively

Fig. 5. Genetic structure of reference collections and free-living Atlantic salmon using STRUCTURE K = 3. (A) Q-values 
among reference collections (F1, F2, and F3: farmed Norway; F4: farmed Ireland; F5: farmed Canada; F6: farmed Scotland; 
W1: wild Scotland; W2: wild Canada) and free-living Atlantic salmon (FL); (B) Q-values from each sampling site of free-living 
Atlantic salmon. Red and blue colors represent North American and European clusters, respectively. Yellow represents an  

Ireland cluster, which shows a common ancestry with the wild Scotland population
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Fig. 6. Discriminant analysis of principal components of free-living and reference collections of Atlantic salmon. (A) First dis-
criminant function distinguishes between European and North American populations; 73 free-living individuals were posi-
tioned within the European cluster, whereas 7 were positioned at an intermediate distance from the North American cluster. (B)  

Second discriminant function distinguishes between farmed Norway, farmed Ireland, and wild Scotland collections
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salmon and identify their possible sources. Atlantic 
salmon may become an invasive species in Chile 
(Gomez-Uchida et al. 2018), but there is hitherto 
limited information about their origin (Soto et al. 
2001, Arismendi et al. 2014). We evaluated genetic 
structure and ancestry among historical samples of 
free-living Atlantic salmon using a panel of SNPs. 
Our sampling design spanned nearly 2000 km of 
geographic coverage in freshwater and marine 
locations and life stages, including juveniles and 
adults. We additionally compared genotypes from 
free-living Atlantic salmon with genotypes from 
reference collections composed of 6 commercial 
aquaculture strains and 2 wild populations. Overall, 
our results pointed to commercial aquaculture 
strains as likely sources of free-living Atlantic 
salmon. We discuss these findings in further detail 
below and contextualize the limitations of our data 
set to inform other facets of the process of Atlantic 
salmon invasion. 

4.1.  Commercial aquaculture as the source of  
free-living Atlantic salmon 

Individual-based clustering analyses (STRUC-
TURE and DAPC) revealed significant genetic struc-
ture among free-living Atlantic salmon (3 gene pools; 
K = 3), where geographical distribution (latitude), 
environment (marine versus freshwater), or life stage 
(juveniles versus adults) played no role in explaining 
genetic divergence patterns. Subsequent analyses 
incorporating reference collections strongly indi-
cated that the genetic structure of free-living salmon 
was consistent with divergent gene pools found 
among commercial aquaculture strains and admix-

ture between these collections. We 
found significant support for K = 2 
gene pools in STRUCTURE, repre-
senting deep di vergence (>1 million 
yr) between wild ancestors of Euro-
pean and North American commercial 
strains of Atlantic salmon (Rougemont 
& Bernatchez 2018). Most free-living 
individuals clustered within the Euro-
pean cluster and likely derived from 
Norway strains, as these are the most 
prevalent worldwide, including in 
Chile’s aquaculture industry (Solar 
2009, Yáñez et al. 2016). The excep-
tion was marine Site 19, showing ad -
mixture between European and North 
American strains. Results from DAPC 

confirmed the presence of admixed (hybrid) individ-
uals in Site 19, ex plaining why they appeared genet-
ically distinct from the rest. Crossing strains for 
improving salmon production through hybrid vigor 
seems to be frequent in the aquaculture industry 
(López et al. 2019), suggesting hybrid genotypes 
could be escapees from crossings made in aquacul-
ture facilities. O’Reilly et al. (2006) and Bradbury et 
al. (2022) also showed evidence of admixture be -
tween local North American broodstock of Atlantic 
salmon and unapproved European broodstock. Brad-
bury et al. (2022) suggested that escaped Atlantic 
salmon of different origins may hybridize in the wild, 
a possibility hard to rule out in our study. 

Mixed-stock analyses and individual assignment 
performed in RUBIAS suggested that free-living 
Atlantic salmon had European ancestry represented 
by aquaculture strains F1, F2, and F3 (6 reference 
groups) (Table S1), confirming our expectations. 
However, RUBIAS differed from results obtained by 
clustering using STRUCTURE and DAPC when as -
signing admixed individuals (e.g. Sites 5 and 19). 
This discrepancy was expected, since assumptions 
for mixed-stock and clustering analyses vary and 
this might result in different outcomes. Mixed-stock 
analysis assumes that individuals are purely of one 
reference group, and that reference collections or 
groups are discrete (Moran & Anderson 2019); 
under this assumption, the method has shown good 
performance even with small data sets (e.g. 91 
SNPs; Kuismin et al. 2020). This is consistent with 
Z-scores from RUBIAS pointing to incongruence 
between maximum a posteriori probabilities and 
random normal expectations as a result of violations 
of assumptions induced by hybrid, admixed individ-
uals in mixture samples. Indeed, 3 hybrid individu-
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                                         p(m)             Low CI       High CI    Bootstrap-corrected 
                                                                                                     reference group 
 
(A)  European                 0.997             0.979            1.00                    0.999 
      North American      0.003           3.37 e–9        0.021                0.00074 
(B)  Farmed Canada   0.00152      1.18 e–15      0.0137                   0 
      Farmed Ireland     0.00155      1.39 e–15      0.0140               0.0004 
      Farmed Norway     0.971             0.917           0.997                     0.98 
      Farmed Scotland  0.00158     1.11 e–15      0.0144                   0 
      Wild Canada         0.00155      1.32 e–15      0.0139             0.00024 
      Wild Scotland        0.0230          9.35 e–4       0.0726                   0.02

Table 4. Estimates of mixing proportion p(m) among free-living Atlantic salmon 
with their 95% credible intervals (CI) between (A) 2 or (B) 6 reference groups. 
The latter column corresponds to the bootstrap-corrected estimates of  

mixing proportions among reference groups
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als from Site 19 showed Z-scores that departed the 
most from the normal curve and were assigned to 
F3 collection with a high probability. We suggest 
that assignment results using RUBIAS for Atlantic 
salmon from Sites 5 and 19 showing admixed/hybrid 
individuals need to be interpreted with caution. 
STRUCTURE seems best suited in this scenario 
to evaluate the ancestry of such individuals as 
the method also evaluates admixture coefficients 
(Pritchard et al. 2000). 

4.2.  What can genetic data of free-living Atlantic 
salmon tell us about patterns of establishment and 

naturalization? 

Free-living salmon captured during the last 5−15 
yr in freshwater and marine locations had a close 
ancestry with commercial aquaculture strains of 
Atlantic salmon, consistent with recent escapes 
from aquaculture facilities (Sepúlveda et al. 2013). 
Yet, our data need to be interpreted with caution 
as definitive evidence for Atlantic salmon estab-
lishment and naturalization is beyond the scope of 
our study. First, small sample sizes per site may be 
unable to detect very recent and subtle genetic 
structure among naturalized salmon populations, 
only permitting global assignment an alyses of the 
entire data set as presented here. Indeed, recently 
founded populations will be weakly differentiated 
from donor aquaculture sources, and if there is 
ongoing gene flow between naturalized and aqua-
culture-escaped fish, this may prevent genetic di -
vergence even further (Consuegra et al. 2011). 
Second, and assuming some stocking events in 
freshwater were successful during the early 20th 
century (Table 1), we either lack reference popu -
lations (e.g. Germany) or historical information 
about donor populations is not specific enough to 
compare free-living genotypes to (Basulto 2003). 
This is likely to obscure any results that may be 
pertinent to the success of Atlantic salmon early 
stocking events from a genetic perspective. 

Several reviews of the literature indicate that early 
stocking events of Atlantic salmon were most likely 
unsuccessful in establishing naturalized, anadro-
mous populations in Chile (Basulto 2003, Arismendi 
et al. 2014), even though there are documented 
records of established non-anadromous, resident or 
landlocked, Atlantic salmon populations in 4 water-
sheds from northern and southern Patagonia, but on 
the other side of the Andean range in Argentina 
(Vigliano & Alonso 2007). Two hypotheses have been 

discussed as to why Atlantic salmon have failed to 
establish self-sustaining, anadromous populations, 
despite continuous propagule pressure from aqua-
culture escapes: (1) they experience low survival in 
the wild (Soto et al. 2001) or (2) they experience 
intense competition with other invasive salmonids 
(Arismendi et al. 2014). Consistent with these hypo -
theses, occurrence and abundance of free-living 
Atlantic salmon have been historically low; both 
freshwater and marine surveys indicate that sal -
monid species such as rainbow trout, Chinook 
salmon, or brown trout, have often outnumbered 
Atlantic salmon (Soto et al. 2001, 2006, Arismendi et 
al. 2009, authors’ unpubl. data). 

Ultimately, testing for establishment of Atlantic 
salmon populations will require an integration of 
ecological and genetic approaches. First, increasing 
the breadth and intensity of freshwater surveys to 
remote watersheds will fill the gap of unsampled 
populations in genetic inference, some of which may 
reveal large numbers of juveniles, which would 
empirically suggest Atlantic salmon became estab-
lished. Second, enhanced sampling efforts in rivers 
or streams located nearby areas with high densities 
of Atlantic salmon net pens at sea may be the best 
strategy to monitor establishment events following 
escapes (Fisher et al. 2014, Gomez-Uchida et al. 
2018). Third, implementation of environmental DNA 
metabarcoding can help identify incipient popula-
tions and pinpoint susceptible habitats at low abun-
dance (Deiner et al. 2017), whereas fatty acid profiles 
and stable isotope analyses can help reveal whether 
free-living salmon have transitioned from farmed to 
wild environments (Schröder & Garcia de Leaniz 
2011, Skilbrei et al. 2015). Only then will we have 
robust evidence to determine whether massive aqua-
culture escapes of Atlantic salmon during recent 
times (Gomez-Uchida et al. 2018) and in the past 
(Soto et al. 2001) have resulted in self-sustainable 
populations. 

5.  CONCLUSIONS 

Free-living Atlantic salmon have been consistently 
reported in marine and freshwater environments 
since the onset of commercial salmon aquaculture 
nearly 40 yr ago. Many authors have hypothesized 
that their presence is the result of continuous escapes 
rather than natural reproduction (Niklitschek et al. 
2013, Arismendi et al. 2014). Our genetic inference —
based on genetic structure, mixed-stock, and as -
signment methods from historical samples broadly 
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distributed from marine and freshwater sites and ref-
erence collections used in aquaculture — suggests 
this is the case given the consistency between 
genetic structure in free-living and aquaculture 
strains of Atlantic salmon. Yet recent establishment 
of self-sustaining populations of Atlantic salmon, thus 
weakly differentiated from aquaculture brood-
stock, cannot entirely be ruled out and highlights 
the need for in creased monitoring efforts of free-
living Atlantic salmon in remote sites as well as in 
watersheds located in densely stocked aquaculture 
areas. Only by integrating ecological and genetic 
analyses will we have the confidence to assess 
whether massive escapes in current and past times 
have resulted in  Atlantic salmon establishing self-
sustainable populations. 
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