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Temporal change in genetic integrity suggests
loss of local adaptation in a wild Atlantic salmon
(Salmo salar) population following introgression
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In some wild Atlantic salmon populations, rapid declines in
numbers of wild returning adults has been associated with an
increase in the prevalence of farmed salmon. Studies of
phenotypic variation have shown that interbreeding between
farmed and wild salmon may lead to loss of local adaptation.
Yet, few studies have attempted to assess the impact of
interbreeding at the genome level, especially among North
American populations. Here, we document temporal
changes in the genetic makeup of the severely threatened
Magaguadavic River salmon population (Bay of Fundy,
Canada), a population that might have been impacted
by interbreeding with farmed salmon for nearly 20 years.
Wild and farmed individuals caught entering the river from
1980 to 2005 were genotyped at 112 single-nucleotide
polymorphisms (SNPs), and/or eight microsatellite loci, to
scan for potential shifts in adaptive genetic variation. No
significant temporal change in microsatellite-based estimates

of allele richness or gene diversity was detected in the wild
population, despite its precipitous decline in numbers over
the last two decades. This might reflect the effect of
introgression from farmed salmon, which was corroborated
by temporal change in linkage-disequilibrium. Moreover, SNP
genome scans identified a temporal decrease in candidate loci
potentially under directional selection. Of particular interest
was a SNP previously shown to be strongly associated with an
important quantitative trait locus for parr mark number, which
retained its genetic distinctiveness between farmed and wild
fish longer than other outliers. Overall, these results indicate
that farmed escapees have introgressed with wild Magagua-
davic salmon resulting in significant alteration of the genetic
integrity of the native population, including possible loss of
adaptation to wild conditions.
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Introduction

Farmed fish are reared in environments where selective
pressures are directed toward improving commercially
important traits, namely rapid growth and older age at
maturity (Theodorou and Couvet, 2004). Consequently,
farmed salmon are known to exhibit pronounced
differences with wild counterparts at many phenotypic
traits, such as growth rate, aggressiveness, predator
avoidance behavior, acid tolerance (Jonsson and Jonsson
2006; Fraser et al., 2008), which are likely associated with
reduced reproductive success in the wild. Moreover,
relaxed selection resulting from absence of predators,
constant supply of food and medical treatment, as well as
increased genetic drift caused by small effective popula-
tion sizes may favor the accumulation of deleterious
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alleles. Furthermore, genetic changes unrelated to adap-
tation to captivity are bound to occur as a result of
founder effects in the farmed populations (Roberge et al.,
2006). Consequently, change in the genetic composition
of captive populations has been observed in many
studies on farmed Atlantic salmon of northern Europe
(Skaala et al., 2004). Nevertheless, farmed salmon
reproduce and hybridize with wild conspecifics, which
raises major concerns for conservation programs aimed
at protecting the genetic integrity of already diminished
populations (Hutchings and Fraser, 2008).

Indeed, the impacts of farmed fish escaping and
mixing with wild populations represent a serious threat
to natural populations (Fleming et al., 2000; McGinnity
et al., 2003; Theodorou and Couvet, 2004). Potential
alteration of the genetic composition of the wild
population impacted by escapees may have significant
consequences in terms of reduction of potential to
respond to changing environments. Moreover, studies
of phenotypic variation have shown that interbreeding
between farmed and wild salmon may lead to a
reduction in fitness and local adaptation, ultimately
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contributing to the possible extinction of wild popula-
tions (McGinnity et al., 2003; Fraser et al., 2008).
Introgressive hybridization between farm and wild
salmon also lead to misregulation of gene expression in
the latter (Roberge et al., 2008; Normandeau et al., 2009).
Yet, despite the potential genetic consequences arising
from the introduction of farmed salmon, few studies
have attempted to assess the impact of gene flow from
farmed Atlantic salmon to wild Atlantic salmon popula-
tions at the genetic level. Such studies require long-term
monitoring of impacted populations, and are rare,
especially in North America.

Many wild Atlantic salmon (Salmo salar) populations
of the Bay of Fundy region (Canada) have collapsed since
the 1980s and are now threatened with extirpation or
have already been extirpated (DFO, 2009). Causes for this
rapid decline may include changes in oceanographic
conditions, freshwater habitat degradation as well as
impacts from the Bay of Fundy’s commercial Atlantic
salmon aquaculture industry (Carr et al., 2004). The
Magaguadavic River, located in the Bay of Fundy region
(Canada) has been monitored by local authorities since
the establishment of the aquaculture industry over 30
years ago. The production of farmed salmon increased
dramatically over the last 20 years, resulting in large
numbers of fish escaping into the wild. Indeed, in the
mid-1990s, farmed salmon entering the Magaguadavic
River far exceeded the number of wild salmon (Carr
et al., 1997). Farmed females have also been shown to
successfully spawn in the river. In 1993 alone, up to 55%
of the redds were at least partially of farmed origin,
despite a greater number of wild salmon entering the
river compared with farmed salmon (Carr ef al., 1997). At
present, wild salmon represent a small proportion of
salmon entering the river, whereas farmed fish are still
abundant in the system. Clearly, the Magaguadavic River
wild Atlantic salmon population may be facing two
major challenges in regard to protecting its genetic
integrity; a declining census population size and possible
interbreeding with farmed salmon.

The main goal of this study was to document temporal
change in the genetic composition of the Magaguadavic
River wild Atlantic salmon population following the
rapid increase in the number of farmed salmon entering
the river from 1980 to the early 2000s. We used both
microsatellite and single-nucleotide polymorphism
(SNP) markers (comprising both putatively adaptive
and neutral markers) to detect the possible effects of
interbreeding between wild and farmed salmon at the
genetic level. Under the assumption of admixture
between the two groups, we first expected neutral
markers to exhibit a lower diversity in the domesticated
strain and consequently reduced diversity over time in
wild introgressed individuals. As the domestic strain
originated from the nearby Saint John River (approxi-
mately 60km from the Magaguadavic River), we also
expected the genetic markers to naturally reveal weak
divergence at the majority of markers between farm and
wild fish. However, we expected strong divergence at
some markers as a result of the radically different
selective pressures in captive and wild environments
indicated by markers potentially affected (either directly
or indirectly through linkage) by divergent or directional
selection. Finally, since evidence of farmed salmon
spawning in this system has been shown earlier, if farm
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salmon have indeed been interbreeding with wild
salmon through the 1990s, we expected genetic diver-
gence between these two groups of salmon to be reduced
over time as a result of introgression.

Materials and methods

Sample collection

Samples were collected from wild and farmed salmon
captured in the Magaguadavic River between 1980 and
2005. Wild adults were captured at the head of tide
fishway trap after ascending the river (Figure 1). From
mid-April to June 2000 smolts were either trapped as
they descended the river using a fykenet in a small
stream serving as the downstream fish bypass outlet for
the head of tide hydroelectric dam, or they were
collected 24km upstream of the dam using a rotary
screw trap (for example, Solutions Inc., Corvallis, OR, USA).
Adult salmon used in this study were identified as wild,
except in 1992 and 2000 when both wild and farmed
individuals were sampled. Wild and farmed smolts were
sampled in 2000. Adults and smolts were classified as
wild or farmed origin using morphological features such
as fin and gill cover erosion (associated with the farming
environment), and by examining circuli patterns on
scales as previously described by Carr et al. (1997) and
Carr and Whoriskey (2006). Blood was collected and
frozen for samples from 1992 and either air-dried scale
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Figure 1 Map showing the Magaguadavic River mouth and the
fishway located close to the Passamaquoddy Bay where most of
New Brunswick commercial salmon sea-cage sites are in the Bay of
Fundy. Modified with permission from Carr ef al. (1997) and Carr
et al. (2004). (NB, New Brunswick; NS, Nova Scotia; PEI, Prince
Edward Island; MA, Maine).
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and/or fin clips conserved in 95% ethanol were collected
from individuals captured in 1980, and from 1996 to
2005. In summary, the sample collections (also called
populations hereafter) used were the following: (1)
WILD-1980, (2) WILD-1992, (3) FARMED-1992, (4)
WILD-1996, (5) WILD-1998 99, (6) WILD-2000_adults,
(7) WILD-2000_smolts, (8) FARMED-2000_adults, (9)
FARMED-2000_smolts and (10) WILD-2002 +.

DNA genotyping

The microsatellite and SNP analyses carried out here
involved two somewhat overlapping but different
groups of samples, primarily because of the unsuitability
of older samples for SNP analyses. Organization of
samples for analyses is summarized in Table 1. A group
composed exclusively of wild adults caught in 1980
(WILD-1980) (rn=31), 1992 (WILD-1992) (n=60) and
2000 (WILD-2000 adults) (n=34), farmed adults from
2000 (FARMED-2000_adults) (1 =53) as well as wild and
farmed smolts sampled in 2000 (WILD-2000_smolts,
FARMED-2000_smolts) (n =48 and n =239, respectively)
was genotyped for microsatellites only (referred to as
group A). A second group was genotyped for SNPs
(referred to as group B). This group was organized into
different clusters based on aquaculture history in the Bay
of Fundy as follows: farm escapees from early-aqua-
culture 1992 (FARMED-1992) (n=20), wild adults from
the early-aquaculture period in 1992 (WILD-1992)
(n=18), wild adults from the mid-aquaculture period
in 1995-1996 (WILD-1996) (n =20), wild adults from the
late-aquaculture period in 1998-1999 (WILD-1998 99)
(n=22) and wild adults from the very late-aquaculture
period in 2002+ (WILD-2002+) (n=15). Note that all
individuals analyzed for SNP variation were also
genotyped at the same microsatellite loci as were the
samples in group A and the group B WILD-1992 sample
collection was a subset of the samples contained in the
WILD-1992 collection.

DNA was extracted using Qiagen 96-well DNeasy
plates, following the manufacturer’s specifications
(Qiagen, Valencia, CA, USA). We genotyped individuals
at eight microsatellite loci. PCR amplifications were carried
out in 10 ul volumes, containing between 1 and 100 ng of
template DNA, 2mM each dNTP, 0.5uM labelled and
unlabelled primers, 50mM KCI, 0.5 units of Taq DNA
polymerase supplied by MBI Fermentas (Burlington, ON,
Canada) and 2.0mM MgCl,. Thermal cycling conditions
were as follows: (94 °C for 3min) x 1, (94 °C for 1 min, 58 °C
for 30s and 72 °C for 30s) x 5 and (90 °C for 30s, 58 °C for
30s and 72 °C for 30s) x 30, followed by a 15-min extension
step at 72 °C. Primer sequences for loci Ssa 197 and Ssa 202
are given in O'Reilly et al. (1996), SSsp 2201, SSsp 2210, SSsp
2215, SSsp 2216, SSsp 1G7 and SSsp 1605 are given in
Paterson et al. (2004). PCR products were combined,
and salt, unincorporated dNTPs, unincorporated labelled
and non-labelled primers were removed using Qiagen’s
96 MinElute 96 UF PCR purification kits, following the
manufacturer’s procedures. Fragments were size fractionated
and detected using an Applied Biosystems 3130 XL
(Applied Biosystems, Carlsbad, CA, USA). One sample
from each strip of eight tubes was duplicated to identify
sample placement errors, strip inversions and plate in-
versions. In all, 2 of 10 laboratory samples were analyzed
in each group of 96 samples both to identify individual
batches, and to ensure allele calls were standardized
across batches of samples analyzed over time.

SNP genotyping was done using the iPlex Gold assay
on the MassARRAY platform (Sequenom, San Diego, CA)
according to the manufacturer’s instructions. In total, a
panel of 388 Atlantic salmon SNPs were genotyped in 16
different multiplexes, with multiplexing levels ranging
from 12 to 36. The 13 multiplexes with the highest
number of SNPs from Moen et al. (2008) as well as the 3
multiplexes with the highest number of SNPs from
Lorenz et al. (2010) were selected for genotyping. PCR
and extension primers were designed with the software
MassARRAY AssayDesign v3.1 (Sequenom). Allele

Table 1 Summary of sample collection organization, number of successfully genotyped markers and principal genetic diversity parameters
per population: allelic richness (A) for microsatellites (excluding SSsp 2201), Nei’s gene diversity, observed heterozygosity (Hp), value of
heterozygote deficit (Fig), average SNP expected (SNPs Hg) and observed (SNPs Hp) heterozygosities

Group  Population Years N samples N N A Nei’s gene Ho Fis SNPs He  SNPs Hp
sampled microsatellites  SNPs diversity
A WILD-1980 1980 31 8 9.019 0.862 0.791 0.071
WILD-1992 1992 60 8 8.865 0.864 0.842 0.016
WILD-2000_adults 2000 34 8 8.766 0.864 0.817 0.054
WILD-2000_smolts 2000 48 8 8.733 0.862 0.847 0.024
FARM-2000_adults 2000 53 8 9.130 0.867 0.827 0.049
FARM-2000_smolts 2000 39 8 8.960 0.865 0.836 0.038
B WILD-1992° 1992 18 8 112 9.183 0.871 0.872 0.002 0.246 0.263
WILD-1996 1996 20 8 112 8.609 0.878 0.780 0.114 0.242 0.269
WILD-1998_1999 1998 2 8
1999 20 112 8.764 0.858 0.820 0.038 0.252 0.247
WILD-2002+ 2002 7 8 112 8.677 0.831 0.841 —0.011 0.249 0.257
2003 4
2004 2
2005 2
FARM-1992 1992 20 8 112 8.847 0.878 0.874 0.009 0.279 0.247

Abbreviation: SNP, single-nucleotide polymorphism.

“WILD-1992 of group B is a subsample within WILD-1992 of group A.
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separations were performed using the Sequenom
MassARRAY Analyzer. Genotypes were assigned in real
time on the basis of the mass peaks (Tang et al., 1999)
using the MassARRAY SpectroTYPER RT v3.4 software
(Sequenom). Manual inspection of all the results was
carried out using the MassARRAY TyperAnalyzer v4.0
software (Sequenom). Individuals were genotyped only
once for each multiplex since previous experiences with
the SNPs revealed no discrepancies between replicate
analyses (CIGENE, unpublished information). Moreover,
the genotyping was followed by highly stringent quality
control criteria to keep only high quality markers for
further analyses (see results).

Genetic variation and differentiation

For comparative purposes, we considered separate
temporal replicates as individual populations in subse-
quent analyses. For microsatellite analysis, populations
of group B were considered with group A with the
exception of WILD-1992. Neutral microsatellite genetic
variation within each population was quantified using
standard descriptive statistics for each locus individually
and globally: observed and expected heterozygosities
(Ho and Hg) as well as Weir and Cockerham (1984) Fg
values were estimated using GENETIX (Belkhir et al.,
2001), and the number of observed alleles as well as Nei’s
(1977) estimator of gene diversity, using FSTAT 2.9.3
(Goudet et al., 2002). We calculated allelic richness (A),
which is the number of different alleles corrected for
variation in sample size, using the rarefaction method
employed by FSTAT 2.9.3 to the smallest sample (n =11).
Locus SSsp 2201 was excluded from the calculation of
allelic richness to increase the power of detecting
differences in A (Leberg, 2002) between populations
because the sample size would have become too small
had it included locus SSsp 2201 (1 = 3). The distributions
of within population gene diversity did not all conform
to normality after Shapiro-Wilk tests (four tests with
P <0.01). On the other hand, allelic richness distribution
all conformed to normality after Shapiro-Wilk tests (all
P>>0.01) and homogeneity of variance among popula-
tions was verified using a Bartlett test (K>=10.759, df =9,
P=0.999). Therefore, respectively, a Kruskal-Wallis
analysis of variance (non-parametric) and an analysis
of variance (parametric) were used to determine if gene
diversity and allelic richness changed among samples.
Conformity of individual loci to Hardy-Weinberg equili-
brium (HWE) expectations was also tested using FSTAT
2.9.3 and Fisher’s combined probabilities across loci for
each population was used to determine a global P-value
for the set of HWE tests (Mosteller and Fisher, 1948).
Genic differentiation (G; Guo and Thompson, 1992) at
individual loci between all pairs of populations and
significance values over all loci were obtained using
Fisher’s method (Ryman and Jorde, 2001) as implemen-
ted using GENEPOP 3.4 (Raymond and Rousset, 1995).
The sequential Bonferroni correction for multiple tests
was applied to maintain the table-wide significance level
at «=0.05 (Rice, 1989) while testing for HWE and genic
differentiation. After removal of putatively non-neutral
loci identified in FDIST2 analyses (Beaumont and
Nichols, 1996) (see below), microsatellites and SNP
markers were used separately for calculations of pair-
wise genetic differentiation between populations using
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the Fsr of Weir and Cockerham (1984) (0) as calculated
with GENETIX after 1000 permutations for significance.

Linkage disequilibrium

We do not present any admixture analysis, for instance
based on clustering methods (for example, Structure,
Pritchard et al., 2000). Although such attempts were
made (results not shown), the low level of differentiation
observed for the vast majority of markers used (see
Results section) resulted in insufficient power to apply
such methods adequately (Vaha and Primmer, 2006). On
the other hand, as natural outbred populations are
expected to be in near genome-wide linkage equilibrium
relative to a situation of interbreeding with an invasive
population, which is expected to generate linkage
disequilibrium (LD) in a recently introgressed popula-
tion (Gaut and Long, 2003; Allendorf and Luikart, 2007),
we used ARLEQUIN 3.5 (Excoffier and Lischer, 2010) to
test for pair-wise LD within populations genotyped for
SNPs. More specifically, we tested for the presence of
significant associations between pairs of loci, based on a
likelihood ratio test, wherein the likelihood of observing
the sample evaluated under the hypothesis of no
association between loci (linkage equilibrium) is com-
pared with the likelihood of observing the sample when
association is allowed (Excoffier and Lischer, 2010).
When the likelihood of an association between two loci
is significantly greater than no association, they are
considered to be linked or under LD. The distributions of
the numbers of linked loci within populations deviated
significantly from normality (Shapiro-Wilk tests, all
P<0.01). Therefore, the median number of loci under
LD per locus within each population was compared
among populations with a Kruskal-Wallis analysis of
variance to determine if LD changed across temporal
samples of wild Magaguadavic Atlantic salmon. When
significant differences among groups were observed,
Wilcoxon signed-rank tests were used to compare
median values between populations and determine
which samples differed. Furthermore, we used MULTI-
LOCUS (Agapow and Burt, 2001) to calculate r; the
multilocus LD within population, as a measure of
genome-wide LD over all SNP markers.

Genome scans

Numerous methods to detect loci potentially under the
effects of natural selection have been developed over the
last decade, most based on principles reported by
Lewontin and Krakauer (1973). Some of these methods
proposed to compare levels of genetic diversity and
differentiation between populations as loci under direc-
tional selection should show larger differences, and loci
under balancing selection should present less divergence
between populations than neutrally evolving loci. FDIST,
(Beaumont and Nichols, 1996), was one of the first
programs widely available to test for departures from
neutrality, and the analyses carried out have become
widely known as ‘genome scans’. In the latest version of
FDIST2, simulations under a finite island-model are
performed to obtain a null distribution of Fgr values
across loci as a function of heterozygosity, and loci with
an unusually high or low Fsr value (‘outliers’) are
generally considered to be potentially under the effect of
natural selection (either directly or indirectly through
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linkage). Here, we scanned genetic variation at SNP
markers by comparing aquaculture samples to all wild
temporal samples to detect changes in loci potentially
under divergent selection. We used a confidence interval
of 0.95 for the expected null differentiation meaning that
loci over this interval had to be in the upper 0.025 tail of
the distribution to be considered as potentially under
directional or divergent selection or in the lower 0.025
tail of the distribution to be considered as potentially
under balancing selection.

Results

Genetic variation

Over all samples, all microsatellite loci were highly
polymorphic, with the total number of alleles per locus
ranging from 11 to 36 (mean=24.38), and observed
heterozygosity per locus across populations ranging
from 0.5 to 1.0 (mean=0.831) (Supplementary Table
S1). Mean gene diversity per locus per population
ranged from 0.831 to 0.878 and allelic richness from 1
to 20 alleles per locus per population. Neither gene
diversity nor allelic richness were significantly different
among samples (Kruskal-Wallis K*=2.759, df =9 and
P=0.973; analysis of variance F=0.019, df=1 and
P=0.891, respectively). The null hypothesis of HWE
was not rejected for any locus and for any population
after correcting for multiple tests (¢ =0.000625, k=280).
Fisher’s combined probabilities across loci was not
significant for seven out of eight populations (P>0.05)
with only FARM-2000_adults presenting significant
departure from HWE (P=0.001) and with small but
positive Fjg indicative of a slight heterozygote deficiency
(Supplementary Table S1).

Out of the 388 SNP (Supplementary Table S2) assayed,
348 markers yielded at least one genotype but only 267
markers were polymorphic. Consequently, 81 were
discarded for further analyses. Markers with call rate
inferior to 95% (54) and minor allele frequencies <0.05
(101) were also excluded to ensure only high-quality
informative markers were utilized. Thus, the final group
of SNPs used in all subsequent analyses numbered 112,
and average expected and observed heterozygosities are
given in Table 1.

Differentiation
Pair-wise genic tests of population differentiation at
individual microsatellite loci yielded only 26 significant

comparisons out of 360 after correction for multiple
comparisons (x = 0.000139, k =360). This translated into a
nonsignificant (P=0.999) global Fsr value of 0.00096,
reflecting an overall very weak level of differentiation
among populations. Furthermore, microsatellite pair-
wise Fsr values (0) were significant in only 20 out of 45
comparisons (Table 2) and ranged from 0.005 between
WILD-2000_smolts and FARM-2000_adults to 0.019
between WILD-1980 and FARM-2000 _adults and be-
tween WILD-1996 and WILD-2002 + when significant.
The WILD-1980 population was associated with the
greatest number of significant pair-wise Fgr estimates
(eight of nine), and the largest Fsr values, ranging from
0.009 to 0.018 when compared with other wild popula-
tion temporal replicates, and from 0.011 to 0.019 when
compared with aquaculture sample collections. The
sample collection WILD-2002+ was associated with
the next largest Fgr values, ranging from 0.010 to 0.019
when compared against other wild temporal replicates,
of which four of five were significant (WILD-1992,
WILD-1996, WILD-2000_adults and WILD-2000_smolts).
The lowest significant Fsr values based on microsatellite
data were observed for pair-wise comparisons between
wild replicates post-1980 and aquaculture samples
(range between 0.005 and 0.009). For SNP markers,
pair-wise Fgr values varied between 0.000 (in 5/10
comparisons) and 0.006 (between WILD-1996 and
FARM-1992) (results not shown). None of these pair-
wise Fsr values were significant after removal of six
SNPs identified by FDIST2 as potentially under diver-
gent selection in a global test over all samples at a
significant level of 0.025 (results not shown).

Linkage disequilibrium

SNP markers yielded variable patterns of LD in wild
temporal replicates and the 1992 farm salmon samples
(Figure 2). The Kruskal-Wallis test of equality of medians
among populations was significant (K*=139.470, df =4
and P< <0.001). Pair-wise comparisons showed that
FARM-1992 and WILD-1996 as well as WILD-1998_99
and WILD-2002 + exhibited similar numbers of linked
loci per locus (W=6686 and 6753 with P=0.394 and
0.321, respectively) while all eight other comparisons
were significantly different after corrections for multiple
comparisons (P<<0.001). Multilocus LD (r;) values
within each population are given in Figure 2 and
corroborate the detailed locus-by-locus LD analyzes
within populations in the sense that all post-1992 wild
temporal samples had higher r; values than the 1992

Table 2 Pair-wise measures of genetic differentiation based on allelic identity (0sr) at microsatellites

WILD WILD WILD WILD WILD WILD FARM FARM FARM

1992 1996 1998-1999 2000_adults 2000_smolts 2002+ 1992 2000_adults 2000_smolts
WILD-1980 0.009% 0.018" 0.015% 0.011° 0.012% 0.008 0.014% 0.0197 0.011°
WILD-1992 0.011% 0.002 0.004 0.001 0.012° 0.003 0.008° 0.008°
WILD-1996 0.000 0.005 0.004 0.019° 0.003 0.003 0.009°
WILD-1998 1999 0.000 0.000 0.011 0.000 0.000 0.005
WILD-2000_adults 0.000 0.012° 0.000 0.002 0.003
WILD-2000_smolts 0.010° 0.003 0.005% 0.008"
WILD-2002+ 0.007 0.008° 0.010
FARM-1992 0.000 0.001
FARM-2000_adults 0.006"

“Significant comparison (P <0.05).
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Figure 2 Number of SNP-linked loci per individual SNP locus within population for: (a) FARM-1992, (b) WILD-1992, (¢) WILD-1996
(d) WILD -1998_99 and (e) WILD-2002 + . Loci are not arranged in the same order among populations but by decreasing order according to
the x axis. Median number of linked loci per locus per population (M) and multilocus r4 per population are indicated on each panel. Within
population M are not different for populations sharing the same capital letter in the bottom-right corner of panels after Wilcoxon tests

(see Results section).

wild sample, and the aquaculture sample (FARM-1992)
presented the highest multilocus LD.

FDIST outlier detection test

Genome scan plots of marker Fsr as a function of
heterozygosity comparing each of the four wild samples

with the farmed salmon (FARM-1992) are shown in
Figure 3, with outliers potentially under divergent
selection over the 95% confidence level. Single locus
Fsr values for pair-wise comparisons were approxi-
mately 0.01, varying slightly from locus to locus
(between 0.006 for WILD-1998 99 and 0.011 for WILD-
1996) whereas outlier Fsr values were all above 0.10.
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Figure 3 Differentiation (Fsr) as a function of heterozygosity as calculated by FDIST2 when comparing FARM-1992 with: (a) WILD-1992,
(b) WILD-1996 (¢) WILD -1998 99 and (d) WILD-2002 +. On each panel, solid line represent upper and lower 95% confidence level and
dotted line indicates the average Fsr across loci. Asterisk (*) on outliers indicate two values represented by the same dot on the graphic

(double asterisks (**) three values). Only SNP markers were used.

Overall, we found a twofold reduction in the number of
observed markers potentially under the effect of diver-
gent selection after 1996, with the observed number of
outliers, in chronological sequence, of 10 (WILD-1992), 9
(WILD-1996), 4 (WILD-1998 99) and 5 (WILD-2002 +).
Table 3 presents a summary of these markers, including
their names, known linkage group used from Boulding
et al. (2008) and Lorenz et al. (2010), as well as gene
annotation when available. Three outliers (Con-
tig14899 0107, Contig15610_550 and Contigl16686_0431)
identified in the genome scan involving WILD-1992,
were also identified in comparisons with WILD-1995_96
and/or WILD-1998 99. Of these markers, Con-
tig14899_0107 presented a nearly significant reduction
in Fgr through time (r*=0.88, P=0.062), and was no
longer an outlier in the WILD-2002+ genome scan
(Figure 4). Loci showing less differentiation than that
represented by the lower 95% confidence interval would
normally be considered as potentially under balancing
selection, but as this confidence level always fell below
the Fs7 =0, we rejected the hypothesis of these markers
being under the effect of balancing selection.

Discussion

This study is the first to examine the genetic impacts of
introgression from farmed Atlantic salmon into a wild
population using a wide panel of SNP, in addition to
known neutral microsatellite markers. The long-term
monitoring of the Magaguadavic River of the Bay of
Fundy in Eastern Canada permitted a comparison of the
genetic composition of wild samples before and after
the establishment and growth of the salmon farming
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industry in the area. More specifically, we assessed
whether introgression affected (i) levels of neutral genetic
diversity in wild Magaguadavic River Atlantic Salmon
over time, (ii) the extent of differentiation between wild
and farmed replicates at both types of markers, (iii) the
signature of divergent selection possibly operating at
some SNP loci and (iv) the initial degree of distinctiveness
or conversely, the homogenization of wild and farmed
salmon. Our results strongly suggest that introgression
did change the genetic signature of the wild population,
by, for example, reducing the divergence at neutral and
non-neutral markers. Although levels of within popula-
tion genetic diversity in the wild population did not
appear to change, levels of differentiation between wild
and farmed salmon were reduced through time, likely in
response to the increasing presence and influence of
farmed salmon in the Magaguadavic River. Perhaps more
importantly, the overall number of loci potentially under
divergent selection was reduced when wild temporal
samples were contrasted with a reference farmed sample.
Furthermore, a specific marker putatively involved in
local adaptation (see Discussion below) epitomized the
homogenizing effect of introgression by showing a
reduction of differentiation in wild populations compared
with farmed samples over time, until patterns of locus
variability and population differentiation at this locus
were indistinguishable from that expected because of
neutral evolutionary forces.

Neutral genetic changes
The unexpected stability of levels of gene diversity and
allelic richness of wild temporal replicates might have
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Table 3 Summary information on outliers detected in genome scans comparing FARM-1992 to wild temporal samples at 112 SNPs

FARM-1992 vs Outliers’ID Linkage group Gene annotation

WILD-1992 BASS119-B7-A09_382SNP AS15 UNKNOWN
BASS19-B7-F09_342SNP AS14 UNKNOWN
Contig14899_0107 AS22 NADH dehydrogenase subunit 5
Contig17364_0264 NA Elongation factor
Contig16686_0431 NA Small ubiquitin-related modifier
Contig16628 1277 NA Antithrombin-III precursor
Contig16686_0312 NA Small ubiquitin-related modifier
Contig17081_268 AS04 Serine incorporator
Contig15610_550 NA Glutamyl aminopeptidase
Contig13137_0137 AS18 Protein MON2 homolog

WILD-1996 Contig16856_0321 NA Renin receptor precursor
Contig16378_0529 ASA Cell division protein kinase
Contig16053_552 NA Mitogen-activated protein kinase
Contig15610_504 NA Glutamyl aminopeptidase
Contig15610_550 NA Glutamyl aminopeptidase
Contig16207_0498 AS10 UNKNOWN
Contig14579 490 AS02 Eukaryotic initiation factor
Contig14782_0767 AS18 Very long-chain acyl-CoA synthetase
Contig14899_0107 AS22 NADH dehydrogenase subunit 5

WILD-1998 99 Contig16221 0769 NA 265 proteasome non-ATPase
BASS133-B7-H09_429SNP AS12 Retinoic acid receptor gamma b
Contig16686_0431 NA Small ubiquitin-related modifier
Contig14899_0107 AS22 NADH dehydrogenase subunit 5

WILD-2002+ BASS111-B7-D03_200SNP AS05 MHC class I antigen
Contig14638 214 AS22 Mitochondrial 28S ribosomal protein
BASS113-B6A-F03_685SNP AS27 UNKNOWN
Contig15118_153 AS17 Mitochondrial 28S ribosomal protein
Contig16207_0498 AS10 UNKNOWN

Abbreviations: MHC, major histocompatibility complex; NA, non-available; SNP, single-nucleotide polymorphism.
For each comparison, outlier’s ID is given with its known linkage group and gene annotation. Nomenclature used for linkage group
corresponds to that used in the ASalBASE (powered by ¢cGRASP) Atlantic salmon linkage map (http://www.asalbase.org/sal-bin/map/

index).
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Figure 4 Differentiation (Fs) of Contigl4899 0107 across time as
estimated by FDIST2 in genome scans (Figure 3). Wild temporal
samples were considered as single year sample based on the sample
year predominant in the population (WILD-1996=1996, WILD
-1998 99=1999 and WILD-2002 4+ =2002). Regression value is
indicated in the top-right corner (P = 0.062).

been foreseen in the light of introgression by a similarly
diverse group of individuals and consistent input from
this group. Previous studies of European domesticated
fish strains showed reduced allelic variation compared
with their European wild relatives (Mjolnered et al., 1997;
Norris et al., 1999; Skaala et al., 2004). Furthermore, as
farmed salmon typically involve a restricted number of

effective breeder, selection for performance traits and
low or no gene flow, we expected farmed Atlantic
salmon to show this kind of reduced genetic variation.
However, we found that farmed salmon caught entering
or descending the river as smolts did not exhibit lower
levels of allelic richness or gene diversity compared with
wild salmon. Although this remains to be rigorously
tested, it is possible that some of the numerous fresh-
water aquaculture facilities each has lost and retained
different alleles over time, and that collectively, they
contain a large standing pool of genetic variation. These
stocks would have acted partly as a metapopulation in
neutralizing any possible effect of an isolated group of
founders or of genetic drift.

Admixture from farm escapees in the wild may
threaten natural populations through ‘maladaptive’
genetic changes (Skaala ef al.,, 2006). Starting between
1992 and 1996, there were indications that introgression
occurred in the wild Magaguadavic population. This was
illustrated by the number of linked loci per locus in the
wild replicate sample collections that went from a
relatively stable state corresponding to genome-wide
equilibrium to numerous LD strongly suggestive of a
blending between two somewhat different populations.
Indeed, the number of linked loci per locus in the wild
sample from 1996 was similar to that observed in the
farmed sample, which was possibly attributable to some
variability in the origins or allele frequency distributions
among the farmed population within the Magaguadavic
River system. Moreover, this time period corresponded
with the expansion of the farming industry in the
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Magaguadavic River and the observed turning point in
relative abundance of wild versus farmed Atlantic
salmon returning to the river as adults (Carr et al.,
2004). Population bottlenecks also have the potential to
increase LD for a short period of time (Gaut and Long,
2003) but we would argue that in this study, although the
rapid decline of the wild population might have
contributed to the increase LD and cannot be ruled out,
the sudden genome-wide increase in LD is more
consistent with a scenario involving recombination
imposed by admixture. Consequently, while after 1994
the number of farmed fish returning to the river
outnumbered the rapidly declining wild Atlantic salmon
population, our results suggest that the reduction of gene
diversity expected in this declining population was
counteracted by the outbreeding effect of introgression
from a slightly divergent and genetically variable
population of aquaculture salmon.

To our knowledge, the most comparable study to ours
involving wild Atlantic salmon was carried out by Skaala
et al. (2006) and showed a reduction of differentiation
and genetic distances among wild populations affected
by farm escapees for 20-30 years despite no genetic
diversity change in wild populations. Using microsatel-
lites, we found a modest albeit significant genetic
difference between pre-aquaculture wild individuals
from 1980 and all other wild replicates except for the
very late-aquaculture period samples. Moreover,
comparisons of wild temporal samples also yielded
significant levels of differentiation. Of the five of seven
significant comparisons involving pre- or early-aqua-
culture period samples and farmed fish, the highest
value was reached between the oldest wild samples
(WILD-1980 and WILD-1992) and most recent aquacul-
ture adults (FARM-2000_adults). These results, along
with the finding that the majority of nonsignificant
genetic differences observed among the most recent
(mid-aquaculture period and later) wild samples and
aquaculture samples are consistent with a homogeniza-
tion effect occurring between the farmed and wild
population of the Magaguadavic River because of
introgression. In similar studies, Koskinen et al. (2002)
and Hansen et al. (2010) reached similar conclusions
when they contrasted historical and contemporary
replicates of, respectively, wild grayling and wild brown
trout populations admixed with hatchery fishes; both
observed a significant reduction in levels of differentia-
tion between wild and hatchery strains reflecting recent
admixture. In a recent study on brook charr (Salvelinus
fontinalis), Marie et al. (2010) also documented a homo-
genization of populations structure among wild popula-
tions following stocking events with domestic fish,
accompanied with a greater genetic similarity between
wild and domestic fish. Our study yielded similar
findings that admixture did reduce genetic differentia-
tion between the wild and farm salmon despite no
overall effect detected on the level of genetic diversity in
the wild population.

Possible effects on local adaptation

Although the genome scans performed here can be
criticized for the lack of fit to reality with respect to the
underlying models leading to false positives (for
example, inclusion of populations that have experienced
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recent and marked population bottlenecks (Foll and
Gaggiotti, 2008), we nevertheless consider the use of this
approach as useful in at least obtaining a qualitative
measure of the number of loci highly divergent between
farmed salmon and wild temporal replicates as a good
indication of the proportions of genomic regions poten-
tially under the effect of divergent selection in each
comparison. Here, outliers were approximately one
order of magnitude more differentiated than the average
SNP marker analyzed in the two sample groups
compared. Moreover, our results suggest a 50% reduc-
tion in the number of loci potentially under divergent
selection between wild and farmed salmon after only 3-5
generations of significant admixture occurring in the
wild population. Also, the locus with the most pro-
nounced differentiation (Fsy=0.18) in the comparison
between farmed and wild salmon in 1992 (early aqua-
culture period) was still identified as an outlier when
compared in the mid- and late-aquaculture periods with
a reduction of its differentiation value until it faded
away into the neutral distribution in the most recent
comparison. Admittedly, the finding of a single locus,
Contig14899_0107, exhibiting this pattern over four time
points is not unlikely to occur by chance, even given the
high regression coefficient observed. However, this
marker was associated with a quantitative trait locus
for parr mark number in a previous study (Boulding
et al., 2008). Parr marks have been suggested to be a
variable trait important for predator avoidance in the
wild, allowing juvenile Atlantic salmon to blend in with
the local substrate of the river (for example, Donnelly
and Dill, 1984). In summary, the large decrease in Fsr
over four time points, the association of the locus with a
previously identified quantitative trait locus, and the fact
that it presented the highest differentiation in the original
genome scan represents compelling evidence that the
trend observed is biologically meaningful and did not
occur purely by chance. Therefore, this particular case of
homogenization between wild and aquaculture fish in
addition to the previously demonstrated reduction for
markers potentially under divergent selection, suggests
that the wild population of Atlantic salmon in the
Magaguadavic River likely suffer from a loss of local
adaptation exacerbated by introgression from farmed
salmon.

On the other hand, this reduced number of outliers
might also reflect the fading of selected traits in farmed
Atlantic salmon as there is no indication of the
directionality for the divergent selection pressure under-
lying the high differentiation of these markers. However,
why selection (both intentional and unintentional) in a
captive environment would have caused an increase in
genetic similarity with a given wild population is
unclear. In any case, it could still be argued that
regardless of whether the selected trait(s) represent both
local adaptations to native river conditions in the wild
population and the hatchery environment in the captive
population, the homogenization most probably resulted
in reduced adaptation to both environments. The
admixture between both groups probably resulted in a
breakdown of LD around divergently selected regions of
the genome (Via and West, 2008) and incidentally caused
the observed reduction of detected outliers regardless to
the actual selection occurring in the wild, which would
have to be very strong to counteract the recombination



occurring following introgression. Of course, further
studies (such as that carried out by Fraser et al., 2008),
comparing fitness of wild and farmed-wild hybrid
salmon, should be undertaken to measure fitness-related
traits of differently introgressed individuals in associa-
tion with their actual allelic composition. However, in an
obligate non-invasive field study such as this one, we
argue that until more important genomic resources are
available, or another significant decrease in the cost of
whole genome sequencing is realized, our results make a
strong case for reduced local adaptation in a wild
population impacted by farm escapees.

Perspectives for aquaculture management
Hutchings and Fraser (2008) recently debated the pros
and cons of using aquaculture strains derived from local
versus non-local wild populations for salmon farming
for a given region. Adding to this debate, our study
suggests that although we observed introgression from
farm escapees in the wild population with significant
loss of neutral differentiation and a reduction of the
potential number of loci under divergent selection,
neutral genetic variability still prevailed in a rapidly
declining population. As there is evidence of captive-
reared salmon establishing themselves outside of their
native ranges (Volpe et al., 2000; Soto et al., 2001), despite
the inferior fitness of farmed Atlantic salmon in natural
environments (McGinnity ef al., 2003), one could argue
that a foreign strain might have had stronger impacts on
the wild salmon in terms of changing the genetic
composition of such a vulnerable population, impacting
both neutral and selective divergence. Nevertheless,
given the geographic and likely phylogenetic proximity
of the wild and putative source population of the
aquaculture strain analyzed here, detecting outlier loci
was already evidence of differential selective pressures
acting on farmed and wild salmon. In addition, their
fading through time, especially when associated with an
important quantitative trait locus for juvenile Atlantic
salmon, certainly should be regarded as a warning for
the potential loss of local adaptation in any kind of
farming industries unintentionally releasing individuals
in the natural environment

In conclusion, despite its relatively limited genomic
coverage, this study emphasizes the potential impor-
tance of long-term monitoring of wild populations
impacted by farmed escapees. Furthermore, in this
context and with increasingly important genomic re-
sources soon to become available for non-model species
such as Atlantic salmon, more in depth studies could
further disentangle the relative impacts of farmed
escapees on the neutral and adaptive diversity of
affected populations on a genome-wide basis.
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