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Abstract

Disentangling evolutionary forces that may interact to determine the patterns of genetic
differentiation within and among wild populations is a major challenge in evolutionary
biology. The objective of this study was to assess the genetic structure and the potential
influence of several ecological variables on the extent of genetic differentiation at multiple
spatial scales in a widely distributed species, the Atlantic salmon, Salmo salar. A total of
2775 anadromous fish were sampled from 51 rivers along the North American Atlantic coast
and were genotyped using 13 microsatellites. A Bayesian analysis clustered these populations
into seven genetically and geographically distinct groups, characterized by different environ-
mental and ecological factors, mainly temperature. These groups were also characterized by
different extent of genetic differentiation among populations. Dispersal was relatively high
and of the same magnitude within compared to among regional groups, which contrasted
with the maintenance of a regional genetic structure. However, genetic differentiation was
lower among populations exchanging similar rates of local as opposed to inter-regional
migrants, over the same geographical scale. This raised the hypothesis that gene flow could
be constrained by local adaptation at the regional scale. Both coastal distance and temperature
regime were found to influence the observed genetic structure according to landscape
genetic analyses. The influence of other factors such as latitude, river length and altitude,
migration tactic, and stocking was not significant at any spatial scale. Overall, these results
suggested that the interaction between gene flow and thermal regime adaptation mainly
explained the hierarchical genetic structure observed among Atlantic salmon populations.
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Introduction

Genetic similarities and differences among populations or
groups of populations represent key sources of information
to assess the evolutionary history of a species while also
providing insights into both its contemporary state and
future evolutionary potential. In addition to describing
patterns of neutral genetic structure, documenting adaptive
genetic differentiation at the individual and population
levels is also increasingly considered for management and
conservation purposes (Palsbøll et al. 2006; Schwartz et al.

2006). Moreover, understanding which evolutionary or
ecological factors influence genetic structure and quantifying
their spatial scale of influence is becoming as important as
the mere description of genetic differentiation, although
the task represents a major challenge. Landscape genetics
is an emerging field addressing this problem that integrates
genetic variation, biological and environmental variation,
as well as spatial statistics, to understand which factors are
structuring genetic variation at both the individual and
population levels (Manel et al. 2003; Storfer et al. 2007).

Gene flow generally constrains the amount of structuring
observed among populations (but see Garant & Kruuk
2005) by promoting exchanges and genetic homogeneity
(Slatkin 1985). In the wild, however, gene flow can be con-
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strained by the intrinsic migration capability of the species
and by physical barriers present in the environment (e.g.
Angers et al. 1999; Crispo et al. 2006; Giordano et al. 2007).
On the other hand, long-distance migration capabilities
often observed in anadromous and marine fishes can be
expected to enhance genetic homogeneity in the absence of
obvious physical barriers. However, a reduction in gene
flow may still occur if divergent local adaptation develops
in response to the utilization of habitats characterized by
different selection regimes (Schluter 2000). In this context,
dispersal (movement of individuals) could be greater
than gene flow (movement of genes) among locally adapted
populations, as previously reported for chum salmon
(Tallman & Healey 1994). This would result in the main-
tenance of a stable genetic structure if dispersers have a
lower fitness in their novel environment than residents, a
phenomenon referred to as ‘selection against immigrants’
(e.g. Hendry 2004; Nosil et al. 2005; Bolnick & Nosil 2007).

Anadromous Atlantic salmon, Salmo salar, is a long-
distance migratory species that colonized a wide range of
habitats along the North American and European Atlantic
coasts. During any given year, Atlantic salmon may travel
thousands of kilometres between its reproductive and feeding
grounds (Hansen et al. 1993). Its homing behaviour, the
propensity to return to spawn in natal rivers (Stabell 1984),
is thought to be responsible for the genetic differentiation
generally observed among rivers (e.g. O’Reilly et al. 1996;
Fontaine et al. 1997; McConnell et al. 1997; Spidle et al. 2003;
Castric & Bernatchez 2004; Verspoor et al. 2005; Dillane et al.
2007). However, it is not clear to what extent genetic differ-
entiation reflects the influence of gene flow, genetic drift or
the extent of local adaptation of this species. Indeed, evidence
of straying from tagging experiments suggests that up to
6% of adult Atlantic salmon disperse to rivers other than,
but most often near their natal river (Jonsson et al. 2003). Gene
flow would then be most likely to occur among neighbouring
populations, a situation best described by a stepping-stone
model of population structure (Kimura 1953) and resulting
in a pattern of isolation by distance (Wright 1943). However,
the fate of these strays in the new environment as well as
their evolutionary influence on population structure is not
well known. Atlantic salmon has also adopted different life
history and migration tactics varying within and among
river systems (Caron et al. 2005) that could influence dispersal
opportunities. One-sea-winter salmon travel smaller distances
to feed at sea for one winter while multisea-winter salmon
swim over longer distances to reach oceanic feeding grounds
for multiple winters (reviewed in Fleming 1998), which might
increase chances of straying for the latter. An association
between migration tactic and genetic diversity or divergence
has been documented in Atlantic salmon within a river
system (Vähä et al. 2007). A similar tendency has been
observed among rivers in Newfoundland, Canada (Palstra
et al. 2007), but this relationship remains to be tested and

quantified at a large spatial scale. In salmonids, gene flow
may also be induced artificially by humans through stocking.
Although the translocation of Atlantic salmon from one
river to another was an extensive practice for several years
in eastern Canada, the cumulative impact of these non-native
salmon along with the potential homogenizing effect on large-
scale population structure is unknown. Moreover, as some
regions are more heavily stocked than others, we could expect
that intensive stocking would favour genetic distinction of
that region compared to others. Stocking of non-native fish
had a homogenizing effect on genetic structure among
and within native populations of coho salmon, Oncorhynchus
kisutch (Eldridge & Naish 2007) but a moderate or limited
impact on genetic structure of brown trout populations,
Salmo trutta (Ruzzante et al. 2004). Local adaptation has also
been recognized as an important evolutionary process in
salmonids (reviewed in Taylor 1991; Garcia de Leaniz et al.
2007). In a recent study, temperature regime was specifically
identified as a putative selective agent involved in local
adaptation of Atlantic salmon in the wild by way of its
influence on bacterial diversity (Dionne et al. 2007). Tem-
perature or the length of the growing season has also been
shown to be positively correlated with meristic traits such as
fin size (Claytor et al. 1991) and negatively correlated with life-
history traits such as smolt age (Power 1981; Metcalfe &
Thorpe 1990). Even though no direct evidence exists, river
length and size have also long been hypothesized to represent
selective factors influencing life-history traits, with a tendency
for salmon to be heavier and older in rivers with a high
difficulty of upstream migration (Schaffer & Elson 1975; Power
1981; but see Claytor et al. 1991 for the reverse relationship).
Local adaptation involving any or all of these factors may
influence genetic differentiation by decreasing the dispersal
success of immigrants and limiting gene flow among
environments with divergent selective pressures.

The general objective of this study was to investigate
which factors potentially interact to determine the magnitude
and pattern of genetic structure in Atlantic salmon. More
specifically, the first objective was to characterize genetic
population structure of Atlantic salmon at a large spatial
scale in eastern Canada by testing for a hierarchical organ-
ization of populations in regional groups, as proposed in
previous studies (Power 1981; Verspoor 2005; Verspoor et al.
2005). The second objective was to evaluate, using a land-
scape genetic approach, the potential influence of gene flow
(natural and human induced) and ecological factors
potentially linked to natural selection, namely temperature
regime and the difficulty of upstream migration in freshwater,
on genetic differentiation at different spatial scales. A
complementary objective was to evaluate the potential
influence of local adaptation on population structure by
comparing the genetic influence of migrants travelling
within vs. among geographical regions differing in their
environmental characteristics.
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Materials and methods

Sampling and microsatellite genotyping

A total of 2775 adult salmon were sampled during summer
2004 through angling in 51 rivers located along the Atlantic
coast and the Saint Lawrence Estuary in the provinces of

Québec, New Brunswick, and the region of Labrador,
Canada (Fig. 1). An average of 54 salmon was collected per
river (Table S1, Supplementary material). For each salmon,
the adipose fin was clipped and stored in 95% ethanol. DNA
was extracted from fin clips using the QIAGEN DNeasy
Tissue Kit following the guidelines of the manufacturer.
Microsatellite polymorphism was quantified at 13 loci as

Fig. 1 Location of Atlantic salmon rivers in the provinces of Québec, New Brunswick and the region of Labrador (Canada) where sampling
occurred. Each two- or three-digit code represents a different river. Symbols represent different regional groups according to geneland
analysis: �, Region 1; �, Region 2; �, Region 3; �, Region 4; �, Region 5; �, Region 6; �, Region 7. Rivers from top to bottom along the
coast are: Aux Feuilles (AF), Koksoak (KA) and George (GE) from the province of Québec; Eagle (EA), Southwest Brook (SW), Muddy Bay
(MB) and Sand Hill (SH) from the Labrador region; Saint Paul (SP), Vieux Fort (VF), Napitipi (NP), Gros Mécatina (ME), Étamamiou (ET),
Musquaro (MU), Natashquan (NA), Aguanus (AG), Watshishou (WA), Corneille (CO), Saint Jean (SJ8), Moisie (MO), Aux Rochers (AR), Trinité
(TR), Godbout (GO), Aux Anglais (AN), Laval (LA), Sainte-Marguerite (SM), Petit Saguenay (PS), Malbaie (ML), Du Gouffre (DG), Jacques
Cartier (JC), Ouelle (OU), Mitis (MI), Matane (MT), Cap-Chat (CC), Sainte Anne (SA), Madeleine (MD), Dartmouth (DA), York (YO), Saint
Jean (SJ2), Gros Pabos (GP), Bonaventure (BO), Grande Cascapédia (CS), Petite Cascapédia (PC), Matapédia (MP), Causapscal (CA),
Patapédia (PA), Jupiter (JU), Aux Saumons (SU) and Chaloupe (CH) from the province of Québec; Little Main (LM) and Upsalquitch (UP)
tributaries of the Restigouche river and Miramichi (MR) from the province of New Brunswick.
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detailed in Appendix S1 of Dionne et al. (2007): Ssa85, Ssa202,
Ssa197 (O’Reilly et al. 1996), Ssosl417 (Slettan et al. 1995),
SsaD85 (T. King, unpublished), SsaD71, SsaD144 (King et al.
2005), MST-3 (Presa & Guyomard 1996), Sssp1605, Sssp2210,
Sssp2215, Sssp2216 and SsspG7 (Paterson et al. 2004).

Statistical analyses

The potential occurrence of null alleles and scoring errors
due to stuttering or large allele dropout in the data set
was assessed using the software micro-checker (van
Oosterhout et al. 2004). Global allelic richness (Ar), adjusted
for the sample size of the smallest population (35 individuals),
was calculated for each population using fstat 2.9.3.2
(Goudet 2001). Deviation from Hardy–Weinberg expectations
and linkage disequilibrium were tested for each locus
and for each river sampled using genepop 3.4 (Raymond
& Rousset 1995). For each microsatellite locus, the LnRH
neutrality test was performed to verify the neutrality of
each marker (Schlötterer 2002; see Dionne et al. 2007 for
calculation details). Temporal stability of allelic frequency
was assessed by comparing the adult samples to 50
juvenile salmon (1+ and 2+ years of age) sampled the
following year in seven rivers from different localities:
Dartmouth (DA), St-Jean (SJ2), Causapscal (CA), Moisie
(MO), Trinité (TR), Laval (LA) and Ste-Marguerite (SM)
rivers. The extent of temporal genetic variation was
estimated using the FST estimator θST (Weir & Cockerham
1984) in genetix 4.05.2 (Belkhir et al. 2000) and significance
was assessed using resampling methods, based on 1000
permutations.

Large scale genetic structure. Large scale population structure
was investigated using the software geneland, which uses
a Bayesian approach with Markov chain Monte Carlo
algorithms to identify genetic spatial discontinuities (Guillot
et al. 2005). This approach was favoured as opposed to
non-spatial clustering methods to take into account the
geographical clustering of individuals within defined rivers
and the intrinsic homing behaviour of the species. The
most probable number of clusters (K) was found using five
replicates with 1 × 105 Markov chain Monte Carlo iterations
and using Dirichlet as the selected model for allele frequencies.
For each run, the maximum rate of the Poisson process was
fixed at 1000 and the number of nuclei in the Poisson–
Voronoi tessellation was fixed at 3000 to better reflect the
number of individuals in the data set. Finally, an analysis of
molecular variance (amova) was conducted using arlequin
3.1 (Excoffier et al. 2005) to partition the genetic variance
among the different hierarchical levels of structure observed
in the previous analysis.

Regional structure and dispersal. For the seven regional
groups identified by geneland with high posterior

probabilities (see Results section), differences in ecological
characteristics were assessed using a multivariate analysis
of variance (manova) approach (Proc GLM, sas software 9.1,
SAS Institute). Wilks’ lambda (Λ) as well as Pillais’ trace (T)
were examined to test for global significance among regional
groups. Multiple pairwise-comparison tests using least-
square means were performed for post-hoc comparisons,
and a sequential Bonferroni correction was applied to evaluate
pairwise significance (Rice 1989). A canonical variates analysis
(CVA), a multigroup discriminant analysis, was conducted
following the manova to identify which of the factors tested
explained most of the variability among regional groups.
Factors considered in this analysis were available environ-
mental, life history and human impact factors potentially
implicated in local adaptation and/or influencing genetic
population structure. First, a ‘temperature index’ per river,
represented the number of degree-days above 5 °C between
April and October (temperature that is encountered from
spring to fall in the study area, and that covers the growth
season of salmon), cumulated over 30 years (1971–2000,
Environment Canada, http://climate.weatheroffice.ec.gc.ca/
climateData/canada_f.html, see also Dionne et al. 2007).
Second, an index for the ‘difficulty of upstream migration’
for adults returning to spawn in freshwater was computed
for each river by multiplying the ‘geographical distance’ a
fish must ascend in each river by the ‘altitude’ of the
maximally accessible upstream river section. A long and
steep river was then assumed to represent a higher level of
difficulty during upstream migration than a shorter and
less sloping river (Schaffer & Elson 1975; Power 1981).
Distance data were obtained from the Ministère des
Ressources Naturelles et de la Faune du Québec (MRNF).
Altitude data were extracted from the Canada3D database
available through the GéoGratis web site of the Ministry of
Natural Resources Canada (http://geogratis.cgdi.gc.ca)
using the arcmap module of arcgis 9.0 (ESRI inc.). Third,
migration tactic of anadromous salmon was represented
by the ‘proportion of one-sea-winter’ salmon in each river
in 2004, available from the MRNF (Caron et al. 2005). The
proportion of one sea-winter salmon, although variable
through time, still remains relatively stable temporally
compared to the spatial variability found among rivers (F.
Caron, unpublished data). Finally, ‘stocking’ was represented
by the cumulative number of non-native salmon stocked
per river between 1990 and 2002, taking into account their
river of origin, information readily available from the MRNF.
All factors included in the analysis were standardized for
a mean of zero and a variance of one.

The genetic structure within regional groups was first
quantified by calculating the mean pairwise FST estimator
θST (Weir & Cockerham 1984) between population pairs within
each regional group using genetix 4.05.2 (Belkhir et al.
2000) and the significance of differences observed was tested
using resampling methods, based on 1000 permutations.

http://climate.weatheroffice.ec.gc.ca/climateData/canada_f.html
http://geogratis.cgdi.gc.ca
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The distinctiveness of each regional group was then
assessed by comparing mean FST per region, available
from geste 1 (Foll & Gaggiotti 2006). This index differs
from pairwise differentiation estimators (e.g. θST, Weir &
Cockerham 1984) since it is estimated for each population
individually and represents how distinct a population is
compared to the study area as a whole (Foll & Gaggiotti
2006). Contemporary connectivity among regional groups
was then assessed by estimating the proportion of first
generation immigrants in each river as well as their most
probable origin using the assignment method in geneclass
2 (Piry et al. 2004). Here, our objective was to compare
patterns of immigration within vs. among regional groups
rather than estimate the absolute number of immigrants
per river. Immigrants were detected using the L_home/
L_max likelihood computation, the frequency-based method
of Paetkau et al. (1995) as the likelihood calculation criteria
and the Monte Carlo simulation algorithm of Paetkau
et al. (2004) with 1000 simulations. Salmon identified as
immigrants were only considered as such if their proba-
bility of belonging to another river was at least 100 times
higher than the probability of belonging to the river
where it was sampled (log-likelihood home–log-likelihood
max ≥ 2). We used this very conservative threshold in order
to minimize the detection of false immigrants (type I error).
The global error rate under this stringent criterion was
estimated using simulations. Through 100 simulations, we
generated 20 000 individuals from four populations by
sampling alleles based on real allele frequencies of four
representative populations in the studied system (N = 50
simulated individuals per population for each simulation
for concordance with our sampling design, E. Milot, M.
Dionne, L. Bernatchez, H. Weimerskirch, unpublished).
Allele frequencies of the Moisie (MO), Nathasquan (NA),
Saint-Jean (SJ8) and Watshichou (WA) rivers were used as
a baseline to simulate individuals as these populations
have θST values between 0.013 and 0.033 (mean θST = 0.023),
which is representative of the low to moderate genetic
differentiation found within regional groups, where error
rate is more susceptible to be high. All 100 simulated data
sets were submitted to the assignment test using the same
conditions as outlined above. All simulated individuals
from the four virtual populations were assumed to be
residents and any ‘immigrant’ identified by the assignment
test was considered as a false immigrant (type I error).
The genetic influence of immigrants travelling within vs.
between regional groups (local vs. inter-regional immigra-
tion respectively) was then compared by estimating mean
θST between populations for both immigrant categories
over a comparable coastal distance range of 100–700 km
using Mantel tests. All Mantel tests included in this study
were conducted with r 2.5.0 (R Development Core Team
2007) using the package vegan and significance was assessed
with 1000 permutations.

Landscape genetics. A landscape genetic approach was used
to link genetic differentiation with potential factors that
could influence the observed genetic structure at different
spatial scales. We used geste 1 (Foll & Gaggiotti 2006) to
estimate FST values for each local population and to relate
them to ecological factors using a generalized linear model.
Posterior probabilities associated with each factor, estimated
from the number of times the algorithm visited each model,
identified the factors most influencing genetic structure.
We used a burn-in of 2000 iterations to attain convergence
and a total chain length of 1 × 105 iterations. These parameters
were sufficient for convergence and were adequate under
a wide range of scenarios (Foll & Gaggiotti 2006). Each
analysis was conducted for three replicates at each of
these three spatial scales: (i) a large spatial scale of 4580
km of coastal distance, representing the overall studied
system; (ii) an intermediate spatial scale of 2, 262 km of
coastal distance around the Saint Lawrence water system;
and (iii) a small regional scale of 915 km and 652 km of
coastal distance representing the Southern Québec and
the Higher North Shore regional groups respectively,
identified by geneland (see Results section). These regions
were selected because they included at least 10 populations,
a minimal condition to achieve sufficient power in simulated
data sets (Foll & Gaggiotti 2006). Six factors were considered
in the landscape genetic analyses including the four
environmental, life history and human impact factors
mentioned earlier. Additionally, two types of distance
were considered: ‘latitude’ and ‘coastal distance’ (river
mouth of each population) to take into account the restricted
movement that can occur at different spatial scales and to
consider the geographical location of rivers around the
Saint Lawrence water system. Coastal distance was calculated
from the Miramichi River, the southernmost river included
in this study, using canmap water 2005.3 integrated in
the arcmap module of arcgis 9.0 (ESRI Inc.). Based on
data availability, the ‘difficulty of upstream migration’
index could only be tested at the Saint Lawrence and
regional spatial scales. To complement the results of the
Bayesian analyses, the association between genetic
differentiation [FST/(1 − FST), Rousset 1997] and pairwise
differences in the ecological factors mentioned above was
tested using Mantel tests and partial Mantel tests, two tests
widely used in landscape genetics (Storfer et al. 2007) for
which, however, an unresolved controversy exists on their
statistical validity (Rousset 2002 and references therein).
It has to be noted that absolute values for each of the
above-mentioned factor were used in the geste analysis
while pairwise values were used for Mantel tests. For this
reason, ‘coastal distance’ represents coastal distance from
the southernmost river in the former analysis (hereafter
referred to as ‘coastal distance from the South’) while it
represents ‘pairwise coastal distance’ in the latter (hereafter
referred to as ‘pairwise coastal distance’).
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Results

Genetic polymorphism

Mean adjusted allelic richness per river, averaged over all
13 microsatellites, ranged from 9.1 to 14.5 alleles, while
mean observed heterozygosity was 0.84 (range: 0.74–0.89)
(Table S1). Deviations from Hardy–Weinberg equilibrium
were identified in 42 out of 663 comparisons (all heterozygote
deficits), while 33 significant tests were expected by chance
at α = 0.05. There was no evidence of significant deviations
associated with either particular loci or populations. No
significant linkage disequilibrium was detected between
pairs of loci for any population. The LnRH neutrality test
revealed that microsatellite Sssp1605 was a significant outlier
in terms of gene diversity relative to other loci (P < 0.0001).
This locus was therefore excluded from the analyses requiring
neutral markers, but was retained in the assignment
tests. Null alleles were potentially implicated in only five
population-loci combinations out of 663, with the estimated
null allele frequency varying between 0.03 and 0.13. No
evidence for scoring errors due to stuttering or large allele
dropouts were found in the whole data set. We therefore
concluded that neither potential null alleles nor scoring errors
affected the outcome of the results. Pairwise comparisons
between temporal samples indicated no significant genetic
differentiation after Bonferroni correction, and the θST ranged
from – 0.0005 to 0.006. This suggested that the signal of
genetic differentiation detected at microsatellite loci in this
study was relatively stable over a short time period, at least
for the sub-sample of rivers compared.

Large-scale genetic structure

Seven population clusters (K) were consistently identified
by geneland. Each population had a probability of 0.90–
1.00 of belonging to their regional group (white area
surrounded by the 0.90 isocline, Fig. 2), which provided strong
support to the clustering result. The posterior probabilities
of cluster membership defined these regional groups named
as follows: Region 1, ‘Ungava’ (rivers AF, KA and GE);
Region 2, ‘Labrador’ (rivers EA, SW, MB, SH, SP, VF and NP);
Region 3, ‘Lower North Shore’ (rivers ME, ET, MU and
CO); Region 4, ‘Higher North Shore’ (rivers NA, AG, WA,
SJ8, MO, AR, TR, GO, AN and LA); Region 5, ‘Québec City’
(rivers SM, PS, ML, DG, JC and OU); Region 6, ‘Southern

Québec’ (rivers MI, MT, CC, SA, MD, DA, YO, SJ2, GP, BO,
CS, PC, MP, CA, UP, PA, LM and MR) and Region 7,
‘Anticosti’ (rivers JU, SU, CH) (Fig. 2). Each regional group
included geographically proximate rivers. The Corneille River
(CO) was an exception to this general pattern as it clustered
with the Lower North Shore regional group (Region 3) while
geographically closer to rivers of the Higher North Shore
regional group (Region 4). In the amova, a significant and
higher net proportion of the total genetic variance was
found among regional groups than among populations
within regions (2.54% and 2.02% respectively, Table 1),
supporting the regional structure found in the Bayesian
analysis. These values indicated that on average, the extent
of differentiation between populations from different
regional groups was more than twice that observed within
any region. Still, most populations within regions harboured
significant genetic differences with 1238 out of 1275 pairwise
θST comparisons significant after Bonferroni correction.
Global θST was 0.051 and pairwise θST between all pairs of
populations ranged from – 0.0001 to 0.125 (pairwise θST
table available upon request). Exceptions occurred between
rivers of Anticosti Island which showed very low and non-
significant genetic differentiation (θST range = 0.001–0.003),
as well as between several rivers in Southern Québec.

Regional structure and dispersal

The multivariate analysis of variance revealed a significant
overall difference among the seven regional groups of
populations in terms of environmental characteristics,
life-history traits and stocking (P < 0.0001, Table 2). The
temperature index was on average 1132.9 degree-days (range:
531.8–1797.8 degree-days per river) and was significantly
different for all regional comparisons following sequential
Bonferroni correction (18/21 significant comparisons), except
between the regions of Anticosti, Higher North Shore and
Lower North Shore where differences were not significant.
Mean accessible distance in each river for salmon was 68.6
km (range: 3.0–262.2 km) and mean altitude was 211.6 m
(range: 5.0–618.0 m). Mean difficulty of upstream migration
was on average 20.5 and varied from 0.02 to 153.2 per river
but was not significantly different among regional groups
(P > 0.05). The proportion of one-sea-winter salmon was
on average 50.3% (range: 3.0–94.7%) and was significantly
greater for the Labrador and Lower North Shore compared
to the Higher North Shore, Québec City and Southern

Table 1 Analysis of molecular variance
(amova) partitioning genetic variance
among individual Atlantic salmon, among
populations within regional groups and
among regional groups identified by
geneland

Source of variation d.f. Percentage of variance P

Among regional groups 6 2.54 < 0.001
Among populations within regional groups 44 2.02 < 0.001
Among individuals within populations 5495 95.44 < 0.001
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Québec regional groups (6/21 significant comparisons
following sequential Bonferroni correction). Québec City
was the region most heavily stocked with non-native salmon
compared to all other regional groups (6/21 significant
comparisons, P < 0.0001). The first axis of the canonical
variates analysis explained 85.1% of the total variability
among the seven regional groups. Temperature index had
the highest loading on this axis (eigenvector: 0.88) and

was opposed to the proportion of one-sea-winter salmon
(eigenvector: –0.42). Low loadings were found for the
difficulty of upstream migration index and for stocking on
this axis (eigenvectors: 0.005 and 0.02 respectively).

Mean θST for each of the seven regional groups was
variable and ranged from 0.002 to 0.039 (Table 3), while
pairwise coastal distance between rivers was similar within
each regional group (anova: F = 1.68, P = 0.13). Mean FST

Fig. 2 Posterior probabilities for each
Atlantic salmon river to belonging to each
of the seven regional groups identified by
geneland. The white area represents a
probability between 90% and 100% for
rivers to belong to their respective regional
group. (a) Map of the rivers studied for
comparison with other panels. (b) Regional
group 1: ‘Ungava’ including AF, KA and
GE rivers; (c) Regional group 2: ‘Labrador’
including EA, SW, MB, SH, SP, VF and NP
rivers; (d) Regional group 3: ‘Lower North
Shore’ including ME, ET, MU and CO
rivers; (e) Regional group 4: ‘Higher North
Shore’ including NA, AG, WA, SJ8, MO,
AR, TR, GO, AN and LA rivers; (f) Regional
group 5: ‘Québec City’ including SM, PS,
ML, DG, JC and OU rivers; (g) Regional
group 6: ‘Southern Québec’ including MI,
MT, CC, SA, MD, DA, YO, SJ2, GP, BO, CS,
PC, MP, CA, PA, LM, UP and MR rivers; (h)
Regional group 7: ‘Anticosti’ including JU,
SU and CH rivers. See Fig. 1 for river code
description.
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per regional group, calculated using geste, ranged from
0.020 to 0.086 and Ungava was a region significantly more
differentiated than Southern Québec in the study area
(anova, F = 12.39, P < 0.0001). Other comparisons were
nonsignificant. A total of 255 putative immigrants were
detected in the whole system (9.2% of the salmon analysed)
and the mean proportion of immigrants per river was 9.7%
(range: 0–28%). The mean proportion of immigrants per
regional group ranged from 2.2% to 13.6% (Table 3). A
proportion of 53.9% of all immigrants were assigned to a
river from a regional group other than the region of origin.
These inter-regional immigrants varied in proportion
between 44.4% and 71.4% depending on the regional group
considered and were assigned to various regions without
any apparent geographical pattern (Table 3). The Ungava
region was an exception as immigrants identified in this
region were only assigned to local rivers. A total of 100 pairs
of populations exchanged migrants over distances ranging
from 100 to 700 km. From these, mean genetic differentiation
(θST) was significantly lower between populations exchanging
local migrants (0.015 ± 0.012; mean of 1.15 migrants/

population pair) than between populations exchanging
inter-regional migrants (0.034 ± 0.009; mean of 1.13 migrants/
population pair; t-test: P < 0.0001), for a similar coastal
distance range (mean: 418.2 ± 141.6 km and 432.2 ± 146.5 km
respectively, t-test: P = 0.13).

According to the simulations, 21 of these immigrants
(8%) may represent falsely detected immigrants (error
rate = 0.76%) and could therefore inflate these estimates.
This error rate is most probably overestimated as simulated
individuals were obtained from sampling alleles according
to the allele frequencies of each population, instead of
sampling gametes, a method that was found to overestimate
error rates in other simulations (Paetkau et al. 2004). Power
at correctly identifying immigrants in this system can then
be defined as 1 – type I error. The overall power was then
0.92 which means that at least 92% of the immigrants
detected in this study can be considered as true immigrants
with high confidence. The distribution of the estimated 8%
error rate might not be homogeneous among regional groups,
with a high number of source populations potentially
increasing the risk of detecting false immigrants. To verify

Table 2 Characteristics associated with each of the seven Atlantic salmon regional group identified by geneland. Mean values and
standard deviation for each ecological factor are indicated per regional group: T°, historical temperature index in degree-days; difficulty
index, difficulty of upstream migration in freshwater; 1SW, proportion of one-sea-winter salmon; stocking, number of non-native salmon
stocked from 1990 to 2002. For each factor, dissimilar superscripts indicate significant statistical differences in the manova analysis

Regional group T° Difficulty Index 1SW (percentage) Stocking

1. Ungava 531.8 ± 0.0a — 58.0 ± 14.7ab 0.0 ± 0.0a

2. Labrador 784.2 ± 109.5b 4.2 ± 3.4a 86.3 ± 12.3a 0.0 ± 0.0a

3. Lower North Shore 938.1 ± 48.9c 2.2 ± 3.0a 72.5 ± 25.1a 0.0 ± 0.0a

4. Higher North Shore 1066.5 ± 132.4c 35.0 ± 48.2a 29.2 ± 17.6b 40888.5 ± 109658.8a

5. Québec City 1542.4 ± 159.9d 14.5 ± 30.8a 42.9 ± 21.7b 606173.8 ± 406122.2b

6. Southern Québec 1343.4 ± 77.2e 23.6 ± 14.7a 42.6 ± 13.2b 51.9 ± 241.4a

7. Anticosti 945.8 ± 0.0c 8.0 ± 7.1a 59.8 ± 10.3ab 0.0 ± 0.0a

Table 3 Genetic differentiation and immigration statistics associated with each of the seven Atlantic salmon regional group identified by
geneland. θST (Weir & Cockerham 1984) indicates mean pairwise differentiation between rivers while mean FST (geste) indicates mean
genetic distinctiveness of all rivers within each regional group. Mean proportion of immigrants per river detected in each regional group
is indicated (mean immigrants) as well as the proportion of these immigrants belonging to another regional group (inter-regional
immigrants). Regions of origin refer to the regions (numbers from column 1) in which immigrants belong according to the assignment test

Regional group Mean θST (± SD) Mean FST (± SD)
Mean immigrants 
(percentage of ± SD)

Inter-regional 
immigrants (percentage) Regions of origin

1. Ungava 0.025 ± 0.010 0.086 ± 0.015 2.2 ± 2.3 0.0 1
2. Labrador 0.039 ± 0.019 0.049 ± 0.027 9.3 ± 5.6 62.9 1,2,3,4,5,6
3. Lower North Shore 0.037 ± 0.017 0.058 ± 0.016 6.9 ± 3.8 71.4 2,3,4,5,6
4. Higher North Shore 0.027 ± 0.017 0.034 ± 0.015 7.9 ± 4.2 50.0 2,3,4,5,6
5. Québec City 0.013 ± 0.012 0.043 ± 0.012 9.0 ± 5.9 60.0 2,3,4,5,6
6. Southern Québec 0.011 ± 0.009 0.020 ± 0.008 13.6 ± 6.7 50.4 2,3,4,5,6,7
7. Anticosti 0.002 ± 0.001 0.041 ± 0.004 6.4 ± 2.4 44.4 3,4,6,7

SD, standard deviation.
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this potential bias, a regression was conducted between the
number of detected immigrants and the number of source
populations. A positive association was detected between
the proportion of immigrants travelling within regions and
the number of rivers in each regional group (r = 0.47,
P = 0.0005), but this association was negative between the
number of inter-regional immigrants and the number of
rivers outside each group (r = –0.32, P = 0.02). Both associ-
ations were mostly driven by the high immigration rate
found in the Southern Quebec regional group.

Landscape genetics

Landscape genetic analyses in geste revealed the pre-
dominant influence of coastal distance from the South and
temperature regime on the genetic differentiation of
populations depending on the spatial scale of observation.
No other factors were retained as they showed a posterior
probability smaller than 0.10. These two factors were
represented by nine different models including the effect of
a constant, the two factors and their interactions (Table 4).

All significant models included a constant, as expected
from its strong effect easily detectable by the method
(Foll & Gaggiotti 2006). The presence of a constant in the
selected model indicates that the regression models do not
pass through the zero intercept. At the larger spatial scale
over the entire study area, coastal distance from the South
was the predominant factor influencing genetic differentiation
with a posterior probability of 0.95 and a relatively low
mean σ2 value of 0.26 ± 0.06. A low σ2 value is indicative of
a good fit between the model and the FST values. At the
intermediate spatial scale of the Saint Lawrence, both coastal
distance from the South and temperature were retained
(posterior probability: 0.65 and 0.21, mean σ2: 0.34 ± 0.10
and 0.37 ± 0.11, respectively). Finally, at the small regional
scale, temperature was the only factor retained by the
analysis in Southern Québec (posterior probability: 0.40,
mean σ2: 0.36 ± 0.15) and less so in Higher North Shore
(posterior probability: 0.17, mean σ2: 0.40 ± 0.22). For partial
Mantel tests, pairwise coastal distance and temperature
were the only factors significantly associated with genetic
differentiation (Table 5), providing complementary and

Table 4 Posterior probabilities of nine possible models associated with the two factors selected by geste: temperature and coastal distance
from the southernmost sampling site (Miramichi River). Posterior model probabilities illustrate the degree of association between these
factors and genetic differentiation of Atlantic salmon populations at a large, intermediate (Saint Lawrence water system) and small regional
scale (Southern Québec and Higher North Shore regional groups). The constant parameter indicates that the selected regression model do
not pass through the zero intercept. ‘All’ represents the combined influence of the constant, both factors and their interaction

Model Factors

Probability

Large Intermediate Small (Southern Québec) Small (HNS)

1 Constant 0 0.11 0.53 0.72
2 Temperature 0 0 0 0
3 Constant and temperature 0 0.21 0.40 0.17
4 Coastal distance 0 0 0 0
5 Constant and coastal distance 0.95 0.65 0.04 0.09
6 Temperature and coastal distance 0 0 0 0
7 Constant, temperature and coastal distance 0.05 0.03 0.03 0.02
8 Temperature, coastal distance and interaction 0 0 0 0
9 All 0 0 0 0

Table 5 Results of Mantel tests and partial Mantel tests between genetic differentiation (FST/1−FST) of Atlantic salmon populations and
pairwise differences in coastal distance or temperature at the large, intermediate (Saint Lawrence water system) and small regional scale
(Southern Québec and Higher North Shore regional groups). The controlled variable in the partial Mantel tests is indicated in parentheses.
Significant tests are denoted by an asterisk (*)

Mantel/Partial Mantel tests

Large Intermediate Small (Southern Québec) Small (HNS)

r P r P r P r P

Coastal distance 0.54 < 0.001* 0.38 < 0.001* 0.36 0.05 0.39 0.004*
Temperature 0.21 0.007* 0.36 0.002* 0.63 0.01* 0.47 0.10
Coastal distance (temperature) 0.51 < 0.001* 0.36 < 0.001* 0.05 0.28 0.22 0.10
Temperature (coastal distance) 0.03 0.32 0.34 0.005* 0.56 0.007* 0.34 0.18
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concordant information with the geste analyses. Pairwise
coastal distance was significantly correlated with genetic
differentiation when controlling for temperature at a large
and intermediate spatial scales (r = 0.51 P < 0.001 and r = 0.36
P < 0.001 respectively). Temperature was significantly
correlated with genetic differentiation when controlling for
pairwise coastal distance at the intermediate (r = 0.34
P = 0.005) and small regional scale in Southern Québec
(r = 0.56 P = 0.007) but not in Higher North Shore, even
though the proportion of the variance was relatively high
(r = 0.34 P = 0.18).

Discussion

Our results revealed a hierarchical genetic structure in
Atlantic salmon populations along most of its latitudinal
distribution in eastern Canada. Seven regional groups were
identified based on their degree of genetic differentiation
and geographical location, each group generally composed
of genetically distinct populations, albeit to a weaker extent
than what was observed among regions. Each regional
group was also defined according to either environmental,
life-history or stocking characteristics. A regional structure
was observed despite a relatively high connectivity among
regions and a similar proportion of immigrants detected
within and among regional groups, raising the hypothesis
of a lower success of inter-regional immigrants relative to
local immigrants. Landscape genetic analyses underlined
the interaction of coastal distance, either from the southern-
most sampling site or between rivers, and temperature regime
in determining the pattern of genetic structure at different
spatial scales. We therefore propose that the interaction
between gene flow and thermal regime adaptation best
explains the observed genetic structure at the regional and
river scales. Different levels of genetic-temperature association
depending on the regional group considered further suggest
that such interaction between gene flow and local adaptation
is not uniform over the entire Atlantic salmon distribution
area but instead specific to a particular region.

Hierarchical genetic structure

The regional structure inferred by the Bayesian analyses
revealed the presence of seven genetically defined regional
salmon groups each including rivers with a posterior
probability of 90% to 100% of belonging to their respective
group. The net proportion of genetic variance associated
with the regional structure was significant and higher than
that associated with population structure within regions,
providing additional support for the existence of a significant
regional structure. This indeed revealed that the extent of
genetic differentiation between rivers from different regions
was on average the double of that observed between rivers
within any given region. While these results corroborated

previous reports of a regional structure in North American
Atlantic salmon, they were substantially different in the
details of population structure. In accordance with previous
results on genetic differentiation among seven rivers in
Québec (Fontaine et al. 1997), our results did not support
the existence of three groups of Atlantic salmon populations
as proposed by Power (1981) based on differences in
life-history traits between the Ungava, North Shore and
South Shore-Anticosti regions. Our results also contrasted
with those of Verspoor (2005) who identified, based on
allozyme data, Ungava–Labrador salmon populations as
a distinct regional group from Québec and New Brunswick
populations. This discrepancy was most probably due to
the greater spatial coverage of our sampling design in the
province of Québec and possibly also to the use of different
types of molecular markers. However, the identification
of the Southern Québec and Labrador regional groups
in this study was concordant with the morphometric
differences (mainly head length) and the malate dehy-
drogenase Mdh-3,4 frequency discontinuity observed
between Gaspésie-Maritimes and Labrador-Newfoundland
populations. Both regions were indeed previously suggested
as representing two different regional stocks (Claytor &
MacCrimmon 1988).

Regional structure and dispersal

Contemporary dispersal was observed among all regional
groups, except Ungava. The relatively high genetic distinc-
tiveness of Ungava, along with the absence of immigrants
from other regions, indicated that salmon populations from
this region are isolated from other regional groups. The
geographical isolation of this region and the fact that no
rivers were sampled between Ungava and lower Labrador
may have contributed to this marked distinction compared
to other regions. A proportion of approximately 20% of
adult salmon in Ungava complete their life cycle in nearby
estuaries (Robitaille et al. 1986), a characteristic that may
also have contributed to the isolation of salmon from this
region. In contrast, the proportion of detected immigrants
in all other regions was relatively high with a mean
proportion of immigrants per river of 9.7%. This immigration
rate was slightly higher than straying rate estimates of up
to 6% per year detected for Atlantic salmon in European
rivers using capture–mark–recapture techniques (Jonsson
et al. 2003) but fell within the range of straying rates
observed for Pacific salmon (1% to 27% per year, Quinn
1993; Tallman & Healey 1994; Adkison 1995). Theory predicts
that moderate or high dispersal rate among populations
could confer multiple advantages for philopatric species
with small populations experiencing variable conditions in
time and space, namely the avoidance of poor conditions at
local sites, the spread of beneficial alleles, the increase in
adaptive potential through increased genetic variation and
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the reduction of kin competition and inbreeding (reviewed
in Garant et al. 2007).

Absolute values of immigration rate per river or regional
group should be considered with caution, as these estimates
could be underestimated when using a stringent criterion.
Moreover, although no evidence of bias was found because
of the number of source populations at the inter-regional
scale, immigration rate estimated within large regional
groups such as Southern Quebec might be inflated relative
to other regions due to the high number of source populations
from which type I error rate can accumulate. However, the
power at detecting real immigrants estimated through
simulations was high (92%) and we could therefore expect
that type I error should be relatively low. Another potential
limitation of assignment methods is that power in detecting
immigrants could decrease with decreasing genetic differ-
entiation (Paetkau et al. 2004; Manel et al. 2005). While we
cannot completely rule out this possibility, we found little
evidence for the effect of population differentiation in
influencing the detection of immigrants, as the number of
detected immigrants did not decrease but rather increased
(within regions) or was not associated with (among regions)
a decrease in genetic differentiation (data not shown). Also,
our sample size averaged 50 individuals per population
genotyped at 13 loci, conditions which allowed avoiding
this bias in simulated data sets with comparable levels of
population divergence (Paetkau et al. 2004). Another potential
limitation is that the difficulty of correctly assigning detected
immigrants to their population of origin could increase in
weakly differentiated populations (Manel et al. 2005). In
this study, however, assignment was interpreted according
to the immigrant category only (local vs. inter-regional
immigrants) rather than at the river scale, which reduces
the importance of this potential limitation. Indeed, errors
in assignments would be expected to occur mainly between
genetically similar rivers within regional groups.

Our results did not indicate distance-restricted gene flow
based on limited dispersal capability but rather suggested
significant interconnection among regional groups, except
Ungava, which contrasted with the regional genetic structure
observed in the system. This corroborated the results of a
previous capture–mark–recapture study which provided
evidence for movements of hundreds of kilometres around
the Gulf of Saint Lawrence (Belding & Préfontaine 1937).
Although a regional structure might be maintained with
high genetic connectivity, the comparison of the impact of
local vs. inter-regional immigrants on realized gene flow
suggested that inter-regional immigrants had a lower
success in their new environment. Indeed, lower genetic
differentiation among populations exchanging local as
opposed to inter-regional migrants was found over a com-
parable geographical distance despite similar dispersal
rates. Lower success of immigrants relative to residents as
a consequence of selection against immigrants in the wild

has previously been reported in salmonids (Tallman &
Healey 1994; Hendry et al. 2000) and other organisms (e.g.
Nosil et al. 2005; Bolnick & Nosil 2007). However, further
work is needed to test this hypothesis more rigorously.
Namely, computer simulations could be used to further
evaluate the influence of such a dispersal pattern and the
potential role of selection in defining a hierarchical popu-
lation structure.

Landscape genetics and the potential interaction between 
gene flow and local adaptation

Landscape genetic analyses identified coastal distance,
either from the South or between rivers, and temperature
regime as the main factors influencing genetic differentiation
in Atlantic salmon populations. The latitude, the difficulty
of upstream migration, the non-native salmon stocking
and the migration tactic were not retained in these analyses
as being good predictors of genetic differentiation. However,
it is noteworthy that the proportion of one-sea-winter
salmon was greater in populations from Labrador and
Lower North Shore where a tendency for a lower difficulty
of upstream migration was also observed compared to
rivers from other regional groups. This corroborated previous
observations of a negative association between the proportion
of one-sea-winter salmon and the difficulty of upstream
migration (river size, length or discharge, Shaffer & Elson
1975; Power 1981). Overall, while negative results do not
allow us to completely rule out possible effects of these factors
on population differentiation in Atlantic salmon, the clear
evidence we observed for others, namely coastal distance
and temperature regime, established their predominant
roles in population differentiation.

The influence of coastal distance from the South on the
genetic structure documented here at the large and inter-
mediate spatial scales could represent the historical footprint
of the North American colonization process. This process is
hypothesized to have occurred progressively from South
to North between 14 000 and 7000 years ago following the
last glacial retreat (Dyke & Prest 1987), from a southern
Atlantic glacial refugium located off the New England
coast (Schmidt 1986). Coastal distance from the South could
then represent the influence of a stepwise colonization
process along the Atlantic coast and the Gulf of Saint
Lawrence. Historical colonization was also identified as being
implicated in defining population structure in other North
American salmonids, namely the brook charr, Salvelinus
fontinalis (Castric & Bernatchez 2003) and the lake cisco,
Coregonus artedi (Turgeon & Bernatchez 2001). Pairwise
coastal distance between rivers, on the other hand, was
significantly associated with genetic structure at the large
and intermediate spatial scales, when temperature was
taken into account. The integration of multiple genetically
differentiated regional groups most probably created this
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association at a large spatial scale and could explain the
weaker association at smaller spatial scales. The importance
of pairwise coastal distance still emphasized, however, the
influence of contemporary gene flow on population structure.
Indeed, although large water systems exist such as the
Miramichi in Canada and the Varzuga in Russia, Atlantic
salmon populations are generally characterized by rela-
tively small effective population sizes and moderate to
high migration rates between populations (Jonsson et al.
2003, Fraser et al. 2007; Palstra et al. 2007; this study).
These represent ideal conditions to reach migration–drift
equilibrium over brief evolutionary time (Slatkin 1994).
Other factors such as the absence of physical barriers to
dispersal, the long-distance migration behaviour and
dispersal ability also favour gene flow (Crispo & Hendry
2005) and further promote a state of equilibrium. Under
these circumstances and assuming a migration–drift
equilibrium, contemporary more than historical gene
flow would influence Atlantic salmon population structure
(Hutchison & Templeton 1999).

Temperature regime was also found to significantly
influence genetic differentiation in Atlantic salmon popu-
lations at both intermediate (Saint Lawrence water system)
and regional scales. Sea surface temperature was identified
as a factor associated with genetic structure in other fishes,
such as herring in the Baltic Sea, and may have been
involved in limiting gene flow through local adaptation of
populations (Jørgensen et al. 2005). In Atlantic salmon, tem-
perature was previously suggested as a factor potentially
involved in local adaptation based on its associations with
morphological and life-history traits (see reviews in Taylor
1991 and Garcia de Leaniz et al. 2007) and based on its
association with malic enzyme (MEP-2*) allele frequency
at different spatial scales (Verspoor & Jordan 1989). More
recently, temperature regime was shown to be involved in
local adaptation through its probable influence on bacterial
diversity (Dionne et al. 2007). The latter study indicated
that Atlantic salmon were locally adapted to the thermal
regime and associated pathogenic bacterial diversity pre-
vailing in their environment by way of their genetic diversity
at the major histocompatibility complex (MHC) class IIβ
gene, involved in pathogen resistance. These recent findings
along with (i) the positive association of temperature with
genetic structure in the landscape genetic analyses, (ii) the
temperature differences observed between most regional
groups that best characterized regions compared to other
ecological variables, and (iii) the evidence of restricted gene
flow but not dispersal among regional groups found in this
study supports the hypothesis that temperature regime may
represent a major factor promoting genetic divergence by
constraining gene flow between different thermal regimes
to which salmon are locally adapted. Furthermore, the extent
of local adaptation might vary among regional groups
because of a different balance between gene flow, genetic

drift and selection pressure (Adkison 1995, Hansen et al.
2002, Hansen et al. 2007). This could explain for instance
the stronger association of temperature and genetic structure
in the Southern Québec compared to the Higher North
Shore regional group. While our study identified thermal
regime as an important factor influencing population struc-
ture in Atlantic salmon through its potential implication in
local adaptation, the exact underlying adaptive mechanism
remains to be elucidated, for instance, using common
garden experiments to test how temperature regime could
influence individual fitness.

In conclusion, our findings are consistent with previous
observations concerning the interacting influence of gene
flow and local adaptation in defining genetic structure in
wild populations (Garant et al. 2007). Indeed, our results
suggest that gene flow and thermal regime adaptation can
interact to define a hierarchical genetic structure in a widely
distributed and long-distance migratory species in the wild.
Also, our study emphasizes the need of documenting genetic
structure at multiple spatial scales in order to better identify
influential evolutionary processes. The complex evolutionary
mechanisms underlying genetic structure may be, however,
only fully understood through a combination of field studies,
computer simulations and common garden experiments,
which should be prioritized in future studies.
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