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Abstract

Disentangling the relative contributions of selective and neutral processes underlying
phenotypic and genetic variation under natural, environmental conditions remains a central
challenge in evolutionary ecology. However, much of the variation that could be informative
in this area of research is likely to be cryptic in nature; thus, the identification of wild
populations suitable for study may be problematic. We use a landscape genetics approach to
identify such populations of three-spined stickleback inhabiting the Saint Lawrence River
estuary. We sampled 1865 adult fish over multiple years. Individuals were genotyped for nine
microsatellite loci, and georeferenced multilocus data were used to infer population groupings,
as well as locations of genetic discontinuities, under a Bayesian model framework (GENELAND).
We modelled environmental data using nonparametric multiple regression to explain genetic
differentiation as a function of spatio-ecological effects. Additionally, we used genotype data
to estimate dispersal and gene flow to parameterize a simple model predicting adaptive vs.
plastic divergence between demes. We demonstrate a bipartite division of the genetic land-
scape into freshwater and maritime zones, independent of geographical distance. Moreover,
we show that the greatest proportion of genetic variation (31.5%) is explained by environmental
differences. However, the potential for either adaptive or plastic divergence between demes
is highly dependent upon the strength of migration and selection. Consequently, we highlight
the utility of landscape genetics as a tool for hypothesis generation and experimental design,
to identify focal populations and putative selection gradients, in order to distinguish between
phenotypic plasticity and local adaptation.
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Introduction

From its earliest inceptions, population genetics has been
a study of evolutionary processes. Indeed, the formative
debates of Fisher and Wright ultimately centred on the
relative importance of selection vs. drift, and the nature of
genetic variance (i.e. additive vs. dominance and epistasis),
underlying adaptive population divergence (Fisher 1930;
Wright 1931; Crow 1987). This early work, although inspired
by classical genetic experiments, was largely theoretical. It
was not until observations of diversity at the nucleotide
level, that population genetics shifted focus almost entirely
towards a neutral theory of evolution (Kimura 1968).

Advances in molecular biology have continued to revolu-
tionized the field, providing researchers with a myriad and
diverse toolkit of genetic markers with which to test and
refine earlier theoretical results (Cavalli-Sforza 1998). From
a practical perspective, the use of molecular markers has
proven indispensable in defining heretofore unknown popu-
lation structure, based largely on differentiation between
demes due to neutral processes in the absence or reduction
of gene flow (Waples & Gaggiotti 2006). Yet many questions
remain, and modern population genetics finds itself in
the midst of another technical revolution, this one lead by
increasing analytical and computing power. The outcome
should lead to a more comprehensive understanding of the
spatio-ecological factors underlying population structure.

It is evident, almost taken for granted, that populations
have structure in both time and space. Wright (1943) was
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the first to implicitly integrate spatial structure into popu-
lation genetic theory, with subsequent research becoming
more spatially explicit, ultimately leading to refinements of
the now classic hypothesis of isolation by geographical dis-
tance (Slatkin 1993). Yet until recently, further geographical
analyses of population genetic data remained spatially
implicit, focusing primarily on post-hoc mapping of patterns
of differentiation (Menozzi et al. 1978). However, more
spatially explicit approaches to analyses of genetic differ-
entiation may be useful in disentangling process from
pattern (Latta 2006; Raeymaekers et al. 2008). Indeed, the
recent integration of landscape ecology with population
genetics, linking the interactions between spatial/landscape
features and microevolutionary processes, has been cham-
pioned as a new approach to ascertain the spatio-ecological
factors that may promote or constrain divergence (Manel et al.
2003; Storfer et al. 2007). To date, this approach has been used
do explore five major themes: (i) distinguishing historical
and contemporary landscape influences on genetic variation;
(ii) identifying barriers to gene flow; (iii) exploring source-
sink dynamics in relation to habitat quality; (iv) defining
spatial and temporal scales of gene flow in relation to land-
scape features; (v) hypothesis testing for ecological adaptation
(Storfer et al. 2007). However, the full potential of landscape
genetics as a tool for hypothesis generation may be under-
appreciated, particularly in regard to adaptive population
divergence.

Views regarding the utility of landscape genetics for
studying adaptive divergence have typically reflected
earlier population genetics approaches to the problem,
focusing on the identification of outlier loci to infer putative
selection gradients (Manel et al. 2003; Latta 2006). But natural
selection may also leave a genome-wide signature, not nec-
essarily restricted to targeted loci (Charlesworth et al. 1997).
Conversely, great care must be taken in such analyses and
interpretation, given that spatial patterns in genetic variation
may also be generated by neutral processes (Latta 2006);
furthermore, it has been argued that molecular markers
may be most reflective of historical gene flow and drift
(McKay & Latta 2002). However, whereas patterns of iso-
lation by geographical distance are most frequently asso-
ciated with migration/drift equilibrium, that is, neutral
processes (Hutchison & Templeton 1999), we might predict
that increasing genetic divergence as a function of envir-
onmental differentiation may potentially be indicative of
adaptive processes (Funk et al. 2006; Nosil et al. 2008). There-
fore, concordant patterns of genetic and environmental
divergence, independent of geographical distance, may be
informative in both identifying populations warranting
further empirical exploration, as well as generating hypo-
theses regarding any underlying ecological causes of their
divergence.

The Saint Lawrence River estuary represents a unique
natural environment in which to explore the dynamics

between microevolutionary processes. This lower 540-km
section of the Saint Lawrence River is highly influenced by
tidal processes resulting in a gradient of various physico-
chemical and biological landscape features (Laprise & Dodson
1994; Vincent & Dodson 1999). Additionally, the estuary is
characterized by relatively stable freshwater and saltwater
zones located upstream and downstream, respectively, of a
highly variable freshwater–saltwater transition zone, itself
characterized by steep gradients of biological community
structure, as well as diurnal variation in physicochemical
traits (Vincent et al. 1996; Winkler et al. 2003). Consequently,
environmental heterogeneity may be sufficient to lead to
local adaptation, yet no physical barriers exist to prevent the
potentially homogenizing effect of gene flow among locally
adapted demes (Slatkin 1973; García-Ramos & Kirkpatrick
1997; Hendry et al. 2001; Lenormand 2002). Although sur-
prisingly few such studies have been conducted within the
estuary, some evidence suggests phenotypic divergence
associated with environmental variation in populations of
nematodes (Tita et al. 1999) and at least one fish species
(Lecomte & Dodson 2004, 2005). However, three-spined
sticklebacks (Gasterosteus aculeatus), a species abundant
throughout the estuary, exhibit very little morphological
differentiation across the entire range of environmental
conditions encountered. For example, a cline of diminishing
numbers of lateral plates, commonly classed in terms of
armouring (i.e. full, partial and reduced), is typical for
numerous estuarine populations, yet throughout the entire
Saint Lawrence estuary, sticklebacks are uniquely fully plated
(R. J. S. McCairns, unpublished data). This is in stark contrast
to the diversity of forms seen in populations inhabiting
similar environmental gradients throughout the species’
global distribution. Indeed, the three-spined stickleback has
emerged as a model organism for the study of contemporary
evolution owing to its multiple, parallel examples of adaptive
morphological divergence in the face of such environmental
heterogeneity (Bell & Foster 1994; Schluter 1996; McKinnon
& Rundle 2002). Therefore, the apparent lack of obvious,
phenotypic diversity in such an inherently variable model
organism inhabiting this heterogeneous environment poses
an interesting opportunity for research into the nature of
phenotypic variability vis-à-vis spatial and temporal en-
vironmental heterogeneity, the relative roles of phenotypic
plasticity vs. local adaptation, and the antagonistic effects
of gene flow vs. selection. As a first step towards addressing
these questions, we used a landscape genetics approach to
characterize genetic and environmental variation associated
with stickleback populations inhabiting the Saint Lawrence
River estuary. Our major objectives were threefold: (i) to
ascertain the population structure of sticklebacks inhabiting
the estuary, and to determine the spatial location of any
barriers to gene flow; (ii) to evaluate environmental differ-
ences between the populations’ geographical regions, and
to explore putative relationships between environmental
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and genetic variance; (iii) to estimate the demographic and
selective parameters, representative of those experienced
by sticklebacks of the Saint Lawrence estuary, that may
potentially promote or inhibit adaptive divergence between
demes.

Methods

Study area and sampling

This study was conducted over a range of approximately
350 km throughout the Saint Lawrence River estuary in
Québec, Canada (Fig. 1). The Saint Lawrence is among the
largest rivers in North America, draining an area of approxi-
mately 1 320 000 km2 (El-Sabh & Silverberg 1990). Its estuary
is divided into three sections, each characterized by their
biological, physiochemical and tidal properties (Vincent &
Dodson 1999). The fluvial estuary (a.k.a. upper estuary),
although tidal in nature, is a uniquely freshwater zone
extending upstream approximately 160 km from the eastern
end of Île d’Orléans. The middle estuary, located between
the eastern tip of Île d’Orléans and the Saguenay Fjord, is
characterized by significant current reversals and strong
mixing associated with the diurnal tidal cycles. Consequently,
this is a highly turbid and biologically productive section,
with salinity ranging from 0.5 to 25 practical salinity units
(psu). The maritime estuary (a.k.a. lower estuary) is a 230-
km stretch ultimately discharging into the Gulf of Saint
Lawrence. Hydraulic dynamics shift from tide-dominated
to wave-dominated, and the biological and physiochemical
properties more closely resemble those of the marine environ-
ment, with salinity ranging from 25 to 35 psu.

A total of 1865 adult sticklebacks were collected, using
seines and minnow traps, from tidal marshes and tributary

streams during the breeding season (May–June). In total, 14
sites throughout the Saint Lawrence estuary were sampled
from 3 years (Table 1). Ten sites were originally sampled in
2003. In 2004, replicate samples were collected from eight

Fig. 1 Sampling locations in relation to the
estuarine zones of the Saint Lawrence
River. Sites in the fluvial estuary are
indicated by asterisks (❋), middle estuary
sites with closed triangles (▲), and closed
squares (■) denote sites within the
maritime estuary. Details regarding the
number of individuals sampled by year are
contained in Table 1.

Table 1 Sampling sites, as per Fig. 1, and the number of
individuals collected (N) during each year of sampling. Average
observed (HO) and expected (HE) heterozygosities are presented
for each sample, as calculated using arlequin (Excoffier et al.
2005). Inbreeding coefficients (FIS), averaged over all loci, were
calculated using fstat (Goudet 1995), and evaluated against 3960
randomly permuted distributions

Site Year N HO HE FIS (P Value)

POF 2003 55 0.639 0.645 0.010 (0.296)
PP 2003 50 0.610 0.647 0.058 (0.001)
CR 2003 55 0.669 0.675 0.010 (0.276)

2004 120 0.664 0.662 –0.004 (0.629)
LEV 2003 54 0.646 0.643 –0.004 (0.581)

2004 109 0.649 0.654 0.007 (0.295)
BP 2004 99 0.629 0.659 0.046 (0.002)
KAM 2004 116 0.635 0.653 0.030 (0.014)
RIV 2004 124 0.663 0.668 0.008 (0.270)
IV 2003 40 0.636 0.661 0.035 (0.077)

2004 120 0.631 0.656 0.038 (0.002)
TAD 2003 53 0.621 0.660 0.061 (0.002)

2004 124 0.630 0.642 0.019 (0.068)
FOR 2003 64 0.635 0.659 0.037 (0.026)

2004 124 0.647 0.656 0.014 (0.155)
RIKI 2003 60 0.657 0.660 0.007 (0.372)

2004 124 0.632 0.661 0.045 (0.001)
BAC 2003 53 0.649 0.655 0.008 (0.317)

2004 122 0.638 0.654 0.024 (0.035)
STUL 2007 47 0.595 0.661 0.101 (< 0.001)
CHAT 2003 56 0.635 0.660 0.039 (0.020)

2004 96 0.629 0.644 0.026 (0.044)
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of the original sites and three additional sites within the
middle estuary. An additional site within the maritime
estuary (STUL) was sampled in 2007.

Molecular markers

The right pelvic fin of each captured fish was excised imme-
diately and preserved in 95% ethanol for DNA extraction.
Genomic DNA was obtained from tissue samples by salt
extraction (Aljanabi & Martinez 1997). Ten dinucleotide micro-
satellite markers were amplified by simplex polymerase
chain reaction (PCR) using fluorescently labelled primers
and reaction conditions as specified by the original authors
(Largiadèr et al. 1999; Peichel et al. 2001). Resultant PCR
products were uniquely diluted to obtain similar peak
intensities when run in multiplexes of five loci on an ABI
3100 capillary sequencer (Applied Biosystems). Electrophero-
grams were scored using genemarker (SoftGenetics), and
allelic sizes classified into bins using the flexibin algorithm
(Amos et al. 2007).

All electropherograms were scored twice, and their
independent bin scores compared to minimize genotyping
errors. In the event of a discrepancy between scores, an
individual’s electropherograms were scored a third time,
with the final genotype assessed as the majority score. To
estimate total errors within the molecular data set, an inde-
pendent, random replicate sample of approximately 7%
of individuals (2003: n = 32; 2004: n = 96) was reprocessed
entirely, from DNA extraction to genotyping. Per locus error
was estimated as the proportion of differing scores between
the replicate data sets (Pompanon et al. 2005). Estimated
error rates for nine of the 10 loci, listed in Table S1, Supple-
mentary material, were deemed acceptable (< 5%). Con-
versely, one locus (Stn 70) exhibited an excessive error
rate, and as such, was removed from the data set before
subsequent analyses.

Analysis of population structure

To ascertain the relative degree of temporal stability in
population structure, we conducted an analysis of mole-
cular variance (amova) using the software arlequin 3.11
(Excoffier et al. 1992). The first hierarchical level of the
analysis consisted of the eight localities for which replicate
temporal samples were collected, and the second level
consisted of the two sampling periods within each site. We
further explored the relative degree of temporal vs. geograph-
ical differentiation among sites by constructing a popula-
tion tree. We calculated 1000 bootstrap matrices of chord
distances between each sample (Cavalli-Sforza & Edwards
1967), and constructed a consensus unrooted neighbour-
joining tree from the bootstrapped data using phylip 3.66
(Felsenstein 2005). We also conducted a second phenetic
analysis employing the same procedure, but using a data

set consisting of all sites regardless of sampling year and
with replicate samples pooled.

Given the strong signal of temporal stability observed
(see Results), replicate temporal samples were pooled for
subsequent analyses, and total population structure was
inferred using all individuals regardless of sampling year.
We began with no a priori assumptions regarding population
structure, but rather used georeferenced multilocus genotype
data to infer population groupings, as well as locations of
genetic discontinuities, under a Bayesian model framework.
This model, available as the geneland library for r (Team
2007), contains a full suite of commands for varying model
priors, as well as for checking model convergence, and
postprocessing output for graphical display (Guillot et al.
2005b; Estoup et al. 2007). When no geographical references
are incorporated, the geneland model is equivalent to the
clustering algorithm without admixture employed in the
program, structure (Pritchard et al. 2000). However, by
incorporating geographical data into the analysis, gene-
land is able to detect both subtle population structure, as
well as infer the probable locations of genetic transition zones,
information that is essential for analysis under a landscape
genetics framework (Guillot et al. 2005a). geneland does
this by incorporating geographical information as a weak
prior, with the assumption that most populations exhibit
some degree of spatial structuring, and that the joint prob-
ability of any two individuals belonging to the same
population decreases with the geographical distance between
them. However, error within the spatial coordinates is incor-
porated into the model, thus, permitting individuals to be
fitted to multiple populations for posterior likelihood testing.
Ultimately, the relative positions of different population
clusters, and their geographical boundaries, are variables
estimated from the posterior likelihood distributions
(Guillot et al. 2005a). We began with a model assuming
no error in spatial coordinates, and allele frequencies
following independent Dirichlet distributions. We set a
burn-in period of 100 000 iterations, followed by 100 000
iterations from which each 100th observation was sampled
from the Markov chain to reduce autocorrelation of para-
meter estimates. Thus, parameter estimates were based
on a distribution of 1000 independent simulations. We
verified model convergence by plotting the Markov chain
Monte Carlo (MCMC) trace files, and then estimated the
number (k) of genetic clusters. Models were then re-run
assuming k clusters to infer the probability of individual
membership to each group. We compared the results of
five separate analyses of the same data set for consistency
of cluster estimation. We then proceeded with another series
of separate MCMC runs, as previously described, but
including a degree of error for the spatial coordinates to
reflect connectivity of sites identified as clusters in the
previous analysis (delta.coord = 0.5). Each of five inde-
pendent runs was used to identify the number of genetic



S T I C K L E B A C K  L A N D S C A P E  GE N E T I C S 5

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

clusters, re-run to infer probability of individual member-
ship within each cluster, and post-processed for graphical
display.

In order to estimate the proportion of genetic variance
explained by the groupings identified by geneland, we
performed a nested amova by variance component analysis
of the multilocus genotypes (Yang 1998). Individuals were
grouped by sampling sites which were nested within two
genetic landscapes (see Results). Variance component analysis
was performed to partition the proportion of total genetic
variance explained by the respective grouping levels, and
to estimate hierarchical F coefficients. The significance of
each F-statistic was evaluated by permutation tests, based
on 10 000 randomizations. All analyses were performed
using the hierfstat package implemented in the r com-
puting language (Goudet 2005, 2006). We contrasted this
with the proportion of variance explained based on the
natural division of the Saint Lawrence estuary into distinct
zones by performing additional variance component analysis
and hierarchical amova nesting sites within their respective
estuarine zones (see Fig. 1).

We also analysed the multilocus data set under a model
of isolation by distance (IBD) to estimate the proportion of
genetic divergence within the estuary as a function of
geographical distance between sites (Rousset 1997). As a
measure of genetic differentiation, we calculated the ratio
of FST/(1 − FST) for each pairwise combination of sites using
arlequin (Excoffier et al. 2005). We then calculated a matrix
of geographical distances among sites by measuring the
shortest shoreline distances between each pairwise com-
bination of sites. To assess the significance of the IBD model,
we estimated the correlation between matrices of genetic
and geographical distance using a Mantel test implemented
in the vegan package for r (Oksanen et al. 2007). The signifi-
cance of the matrix correlation was evaluated by permutation
test, based on 10 000 randomizations. Finally, in order to
disentangle the relative importance of IBD vs. differenti-
ation between genetic landscapes or estuary zones, we
calculated partial correlations to account for multicollinearity.
Grouping distance was coded as a dummy variable in which
pairwise comparisons between sites are coded as ‘0’ if they
belong to the same region identified by geneland analysis
or estuary zone, and ‘1’ if the sites correspond to different
groups, an approach that has previously been used to asso-
ciate phenetic groupings with genetic variation, also based
on partial Mantel tests (Douglas et al. 1999). Two partial
Mantel correlations were calculated: one testing the propor-
tion of variance in genetic distances among sites explained
by geographical distance, controlling for covariation with
group membership, another testing the proportion of genetic
variance explained by landscape/estuary groupings inde-
pendent of geographical distance. The significance of each
partial correlation was tested against 10 000 permutations,
as implemented in vegan.

Quantification of environmental variation and its 
association with genetic differentiation

We collected data for a number of environmental parameters
from both the spawning/nursery habitat as well as the
Saint Lawrence estuary proper. In 2005, during the period
in which juvenile sticklebacks are retained within the tidal
marshes of the Saint Lawrence, that is, between the vernal
and autumnal floods (Picard et al. 1990), we placed max–
min thermometers in known spawning/nursery habitats
at each sampling site. At the beginning and end of this
period, we also measured dissolved oxygen concentration
and total salinity in situ. Thus, for each site, we had direct
measures of minimum and maximum water temperatures
experienced by juvenile fish. Given that dissolved oxygen
concentrations are likely to decrease throughout the season
due to organic decay, although likely with substantial diurnal
variation throughout (Reebs et al. 1984), and that salinity is
likely to increase due to evaporation, measures taken at the
beginning and end of the season should represent reasonable
proxies for seasonal biological oxygen demand as well as
maximum and minimum salinity.

Salinity and water temperature data from the estuary
are archived by the Department of Fisheries and Oceans
Canada (www.osl.gc.ca/sgdo/en/info-donnees/
citation.html). Data consisted of georeferenced surface
temperature and salinity measures sampled with shipboard
thermosalinographs installed on commercial vessels, in
addition to temperature and salinity time series sampled
by coastal thermographs. We screened available data for
dates between the autumnal and vernal equinoxes, thus,
roughly corresponding to the period during which stickle-
backs reside within the estuary. Data were restricted to
measures taken within 10 m of the surface, and were aver-
aged over all years by month. However, we lacked sufficient
data for the months of January and February; consequently,
data were pooled and averaged for this period. As such,
the data set consisted of georeferenced salinity measures
averaged over the entire period (given insignificant intra-
annual variation; data not shown), and georeferenced mean
water temperatures for the months of September through
December, a winter estimate (January–February average),
and for the months of March and April. We then employed
a spatial interpolation technique, kriging (Cressie 1993),
implemented in the fields package for r (Nychka 2007), to
estimate mean salinity and monthly temperatures in the
waters immediately offshore from each sampling site.

To determine if the regions identified by geneland were
ecologically divergent, we performed a multivariate ana-
lysis of variance (manova), followed by a canonical variate
analysis (CVA) to identify the variables contributing most
to the differentiation between regions, using the past soft-
ware package (Hammer et al. 2001). Data for the spawning/
juvenile habitats and the estuary were analysed separately

www.osl.gc.ca/sgdo/en/info-donnees/citation.html
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because the total number of variables exceeded the number
of sites per region. We also performed a k-means cluster
analysis (k = 2) based on minimized centroid differences
using the same data set of all environmental variables
(Venables & Ripley 2002). Our rationale was to determine
if sites clustered into the same groups, based strictly on
environmental data, and to estimate the proportion of
environmental variance explained by this clustering, as
determined by the eigenvectors of a principal components
analysis (PCA) on the correlation matrices of all environ-
mental variables.

Finally, to determine if genetic divergence among sites
was related to differentiation in their ecological character-
istics, we modelled pairwise genetic distance as a function
of both geographical and ecological distances using the
permutation-based multiple regression module in fstat
(Goudet 1995). We defined a general ecological state for each
site based on their respective scores from the first eigenvector
(PC1) of the PCA. Ecological distance among sites was then
calculated based on a matrix of Euclidean distances of their
PC1 scores. We similarly calculated distance matrices for
the full suite of environmental variables within both the
juvenile/spawning and estuarine habitats. Model building
followed a forward stepwise procedure, entering variables
one at a time, beginning with geographical distance. The
significance of subsequent variable additions was evaluated
based on their slopes (β), and the resultant change in the
overall model’s multiple correlation (R2). Model building
was continued until further variable additions yielded no
significant improvement in model fit. However, the unique
effect size of all variables was determined by estimating
their squared semipartial correlations, controlling for covari-
ation with all significant factors retained within the final
multiple regression models.

Modelling the potential for adaptive divergence between 
landscapes

We employed a simple, qualitative model in order to predict
how demographic processes and the general spatial charac-
teristics of the genetic landscapes may affect the potential
for adaptive divergence within the estuary. This approach
has been previously used to define the necessary conditions
leading to adaptive divergence between salmonid popula-
tions (Adkison 1995; Hansen et al. 2002), and seemed
amenable for use in the estuary. The model is based on a
numerical approximation of Slatkin’s (1973) characteristic
length scale of variation in gene frequency (lc), essentially
a metric defining a minimal cline distance under which
populations cannot respond to environmental variation.
Predictions of genetic homogeneity (H) vs. differentiation
due to random drift (R) or adaptive divergence (A) are
based on derived variables describing the ratio of migration
to drift (β), and k, the ratio of the geographical scale at

which selection favours a given allele relative to the
critical cline scale determined by gene flow and selection
(Nagylaki & Lucier 1980). Nagylaki & Lucier (1980) demon-
strated that β can be approximated as

and k can be defined as j/lc, where

and j is the number of local subpopulations, or geographical
scale, over which selection (s) is the same. Here, we took a
stringent view that each landscape represents a single popu-
lation with differential selection acting in each ( j = 1). To
parameterize the model, we used a variety of approaches
to obtain a range of estimates of effective population size (Ne)
and migration rate (m) likely to capture the actual demo-
graphic processes occurring within the estuary. These values
were used to infer the conditions likely to lead to adaptive
divergence (A: β > 1.1; k > 1.1), random differentiation (R: β
< 1), or genetic homogeneity (H: β > 1.1; k < 1).

Initially we assumed that an upper bound on m may
be estimated by dispersal between landscape groups. To
estimate contemporary rates of dispersal, we used multilocus
genotype data to assign each individual to a site of origin
using geneclass 2 (Piry et al. 2004). Individuals were initially
grouped according to their original sampling sites, with the
exception of certain pairs which were grouped together as
single sites due to their geographical proximity and extremely
low levels of genetic differentiation (FST < 0.0001). Pairs
grouped as single sites were: POF-PP, CR-LEV, IV-RIV and
STUL-CHAT (see Fig. 1). For each individual, the likelihood
of site membership was calculated based on Rannala &
Mountain’s (1997) Bayesian criterion. Probability of assign-
ment was based on Monte Carlo re-sampling employing
10 000 simulated individuals (Paetkau et al. 2004). Individuals
were identified as migrants, and assigned to their location of
origin, based on significant likelihood-ratio tests comparing
the likelihood of assignment to their location of capture with
the location yielding the maximum likelihood of assignment
(LHOME/LMAX). Dispersal rates among sites were then esti-
mated as the proportion of individuals assigned to a given
location, yet originally captured from a different site. Con-
fidence intervals (95% CI) were estimated from a bootstrap
distribution (1000 iterations) of mean dispersal rate for each
group. Finally, we repeated the same analysis, but grouping
individuals by landscape, rather than site.

We used genepop to estimate the number of effec-
tive migrants (Nem) based on the private allele method
(Raymond & Rousset 1995). For the subset of temporally
replicated data, thus, corresponding to one intergenerational
period (Picard et al. 1990), we estimated Ne and m jointly
under an approximation of the two finite demes model, as
implemented in the program mlne (Wang & Whitlock 2003).
We also used a coalescent approach to simultaneously

2 2N s me ,

l m sc = /( )2
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estimate Nem and m (Beerli & Felsenstein 2001). migrate
was parameterized following the author’s recommendations,
beginning with an initial model assuming mutation approx-
imated by Brownian motion, and initial parameters based
on FST estimates from the data (Beerli 2006). This model was
run over 10 short chains, with parameter estimates derived
from three long chains and 100 000 sampled genealogies.
The resultant estimates were then used to parameterize a
second series of runs based on increased short chains (n = 50),
with final parameter estimates averaged over three inde-
pendent runs from five long-chains. We estimated migration
rate from the migrate output assuming mutation rates
(μ = 10–4) corresponding to the average reported for micro-
satellite markers in fishes (Shimoda et al. 1999; Avise 2004;
Yue et al. 2007). Ne values were estimated iteratively by
dividing Nem estimates over the range of migration rate
estimates obtained.

Results

Analysis of replicate samples suggested a strong signal of
temporal stability in genetic composition within sites. No
pairwise differences between replicate temporal samples
were evaluated as significant (all FST < 0.001; all P > 0.184).
Furthermore, results of the amova revealed no significant
differences between temporal replicates within each
site (FSC < 0.001; P = 0.996), although differentiation among
sampling sites was significant (FCT = 0.006; P < 0.001). With
the exception of one site (RIKI), all temporal replicates tended
to cluster together, with the majority of nodes exhibiting

bootstrap support greater than 50% majority rule (Fig. 2a).
In the case of RIKI, temporal samples tended to cluster with
other sites in close geographical proximity (< 50 km), although
bootstrap support for this group was generally weak (221/
1000 replicates; data not presented). The two sites sampled
within the fluvial estuary (LEV, CR) not only exhibited a
high degree of temporal stability, but also formed a branch
apart from the other samples from the middle and maritime
estuaries (847/1000 replicates), thus, providing the first hint
of population divergence within the estuary. Subsequent
phenetic analysis, including all sampling sites with temporal
replicates pooled, further suggested population division
along the transitional boundary between the freshwater and
saltwater estuarine zones. Sites within the fluvial estuary
formed a distinct group apart from sites of the middle and
maritime estuaries, with a highly significant degree of
bootstrap support for this node (981/1000 replicates; Fig. 2b).
Moreover, the general order of branching further suggested
a division of sites between the middle and maritime estuaries,
although with the exception of sites RIV and TAD, and with
a much weaker level of significance (576/1000 replicates).

Estimates from five separate MCMC model runs with no
error in spatial coordinates consistently identified two genetic
clusters, with each run incorporating the same sites into the
respective clusters: sites POF, PP, CR, LEV and BP comprised
one group, herein referred to as the freshwater landscape
(FW), whereas the remaining populations grouped into the
second cluster, the maritime landscape (SW). When an error
in spatial coordinates of 0.5 degrees was introduced into
the model, three of the independent runs identified the

Fig. 2 Unrooted neighbour-joining trees comparing sites with temporal replication (a) and all sampling sites (b). Inter-site divergence was
calculated based on Cavali-Sforza and Edwards’ chord distance (DC). Numbers correspond to the consensus value of the adjacent node,
based on 1000 bootstrap matrices. In Fig. 2 (b), sites within the fluvial estuary are labelled with plain text (e.g. POF), middle estuary sites
with bold text (e.g. IV), and sites from the maritime estuary are in italics (e.g. BAC).



8 R .  J .  S C O T T  M C C A I R N S  and L .  B E R N AT C H E Z

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

same groups, whereas a third genetic cluster was initially
identified in two runs. However, postprocessing revealed
the potential third clusters were artefacts as no sampled
sites, nor individuals, were assigned to these populations
with a significant level of probability (< 0.01). Moreover,
individuals were consistently assigned to the same clusters
across all independent MCMC runs with the same level of
probability (± 0.04). As was the case for models without
error in spatial coordinates, sites POF, PP, CR, LEV and BP
formed a distinct genetic cluster (Fig. 3). Individuals from
the four sites within the fluvial estuary were assigned to this
cluster with high probability (≥ 0.99); however, probability of
assignment of individuals from the middle estuary site (BP)
was lower, although still within a reasonable level of signif-
icance (0.87 averaged over 5 MCMC runs). The remaining
sites consistently formed the second cluster, with all indi-
vidual assignment probabilities greater than 0.99 (Fig. 3).

Results of the nested amova provided weak, but statis-
tically significant, evidence for population subdivision by
genetic landscapes (Table 2: FLT = 0.005; P < 0.001). Popula-
tion structuring by estuarine zones was similarly supported
(Table 2: FET = 0.004; P = 0.012). Although genetic variation
due to site differences, both total (FST) and nested within
groups (FSL = 0.004; FSE = 0.003), appeared to increase when
sites were clustered into genetic landscapes rather than
estuarine zones, so too did the level of differentiation between
groups (FLT = 0.005 vs. FET = 0.004). Moreover, sites clustered
into genetic landscapes captured a slightly greater propor-
tion of genetic variance than groupings by estuary zones
(15.2% vs. 12.1%, respectively). Similar patterns were
observed in the Mantel correlations between genetic distance
and grouping distances (Table 3): grouping by genetic
landscapes accounted for up to 35.7% of genetic differences
among sites, whereas grouping by estuary zones captured

Fig. 3 Probability isoclines denoting the
extent of the maritime (SW) genetic land-
scape. For ease of interpretation, geneland
output has been cropped, re-scaled, and
superimposed over the original site map
(Fig. 1). Regions with the greatest probability
of inclusion are indicated by white,
whereas diminishing probability of inclusion
is proportional to the degree of shading.
The inverse is true for sites comprising
the freshwater landscape (FW). Original
geneland output denoting isoclines of
the FW landscape are presented as an
insert in the bottom right corner.

Table 2 Hierarchical amovas partitioning genetic variance into the main effects of genetic landscapes identified by geneland analysis
(Fig. 3), or estuarine zones (fluvial, middle and maritime; Fig. 1). Effects nested within each main effect are offset and listed in square
brackets. Variance components are presented for each main effect. P values for each F-statistic are derived from permutation tests based
on 10 000 randomizations

Genetic landscapes Estuarine zones

Effect Var. comp. F-statistic P value Effect Var. comp. F-statistic P value

Landscape 0.031 FLT = 0.0051 < 0.001 Estuary 0.025 FET = 0.0042 0.012
[site] — FSL = 0.0036 < 0.001 [site] — FSE = 0.0029 < 0.001
[ind.] — FIL = 0.0288 — [ind.] — FIE = 0.0284 —

Site 0.022 FST = 0.0088 < 0.001 Site 0.022 FST = 0.0071 < 0.001
[ind.] — FIS = 0.0253 — [ind.] — FIS = 0.0253 —

Individual 0.149 FIT = 0.0338 — Individual 0.150 FIT = 0.0321 —



S T I C K L E B A C K  L A N D S C A P E  GE N E T I C S 9

© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

only 16.1% of this variation. Differences between groupings
were even more pronounced when controlling for covariance
with geographical distance (partial R = 0.530 vs. 0.254). In
comparison, the isolation-by-distance model alone did not
explain a significantly greater proportion of variance than
either grouping, accounting for only 11.9% of genetic

differentiation among sites (Table 3: Mantel R = 0.344).
Moreover, the effect of geographical distance was not
significant when covariance with either landscape or
estuary groupings were included in the test (Table 3).

Environmental variation and its relationship with genetic 
differentiation

manova results suggested that the two identified genetic
landscapes exhibited only weak, marginally nonsignificant,
differences between environmental characteristics of their
juvenile/spawning habitats (Wilk’s Λ = 0.259; P = 0.070).
In contrast, the estuary conditions within these regions were
significantly different (Wilk’s Λ = 0.001; P < 0.001). Subsequent
canonical analyses indicated that salinity was the principal
variable associated with any differentiation between juvenile/
spawning habitats; however, CV1 loadings for variables
within the estuary suggested that temperature differences
were also significant. Data reduction by PCA indicated that
61% of variation in environmental data could be explained
by one eigenvector (PC1), loading differentially between
salinity variables and estuary temperatures (Fig. 4b).
Moreover, based on environmental data, sampling sites
independently clustered into the same two groups identified
by geneland (Fig. 4a). The majority of sites’ centroid
differences with their respective clusters were sufficiently
small to suggest membership between 0.83 and 0.93
probability. In contrast, the membership coefficient for site
BP clustering with other sites belonging to the FW landscape
was significantly less (0.55).

Simple Mantel correlations indicated significant corre-
spondence between matrices of genetic distances and

Table 3 Matrix correlations describing the relative strength of
associations between genetic distance and geographical distance,
or site groupings within the genetic landscapes identified by
geneland analysis (Fig. 3) vs. estuary zones. Grouping distances
were coded as dummy variables in which pairwise comparisons
between sites are coded as ‘0’ if they belong to the same
landscape/estuary zone, and ‘1’ if the sites correspond to different
groups. Partial Mantel correlations are taken to test the proportion
of variance in genetic distances among sites explained by
geographical distance, controlling for covariation with group
membership vs. the proportion of genetic variance explained by
landscape/estuary zone independent of geographical distance.
Covariates for each partial Mantel test are listed in square
brackets. All P values are based on 10 000 permutations

Association Mantel R P Value

FST/(1 − FST) ~ Geographical distance 0.344 0.010
FST/(1 − FST) ~ Landscape grouping 0.597 0.001
FST/(1 − FST) ~ Estuary zone 0.401 < 0.001

Partial R P value

FST/(1 − FST) ~ Geo. dist. [landscape] – 0.124 0.774
FST/(1 − FST) ~ Geo. dist. [estuary] 0.131 0.189
FST/(1 − FST) ~ Landscape [geo. dist.] 0.530 < 0.001
FST/(1-FST) ~ Estuary [geo. dist.] 0.254 0.020

Fig. 4 Site clustering based on minimized centroid distances of environmental variables comprising the reduced data set (a). The plotting
coordinate system corresponds to a principal component analysis in which the abscissa describes a vector based primarily on salinity
differences and estuary temperature, and the ordinate captures variation in dissolved oxygen. Sites belonging to the FW landscape are
labelled with closed circles (●), whereas triangles (▲) denote sites within the SW landscape. Ellipses encompass the sites clustered by
minimized centroid distances. A bi-plot summarizing the variables comprising the first two principal components is also presented (b).
Positions of sites based on their respective PC1 and PC2 scores is the same as in A; however, additional axes (upper and right) describe
the vector loadings of the respective variables.
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differences in PC1 scores among sites (Mantel R = 0.625;
P < 0.001). However, neither PC2 (Mantel R = –0.124;
P = 0.829), nor PC3 (Mantel R = 0.035; P = 0.404), were
significantly correlated with genetic divergence. Conse-
quently, we modelled general ecological score as a function
of PC1 only. Overall model fit incorporating the effects of
geographical distance and general environmental differences,
based on data reduction by PCA, suggested a strong rela-
tionship between spatio-ecological and genetic divergence,
potentially explaining up to 43.4% of total genetic variance
(Table 4). Moreover, the unique effect of geographical
distance was only marginally significant (part r2 = 0.043;
P = 0.048), whereas the unique effect of ecological differences
accounted for 31.5% of variation in genetic divergence (part
r2 = 0.315; P < 0.001). Subsequent analyses within the
juvenile/spawning and estuarine habitats, respectively,
suggested that salinity differences were significantly asso-
ciated with genetic differentiation, whereas temperature
variation was not (summarized in Table 4).

Modelling adaptive divergence

Contemporary rates of dispersal, based on proportions of
first-generation migrants identified using geneclass from

individuals classified by their respective genetic landscapes
(i.e. FW or SW), were estimated to be 0.042 into FW and 0.058
into SW. Estimates from which individuals were grouped
according to site of origin were significantly lower: dispersal
into the FW landscape was estimated to be 0.027 (95% CI =
0.020–0.033), whereas dispersal from FW into SW was 0.032
(95% CI = 0.016–0.048). genepop analysis of the multilocus
data set yielded an overall Nem value of 20.6, whereas the
averaged estimates obtained from migrate suggested 14.2
and 74 effective migrants from the FW and SW landscapes,
respectively. Additionally, migration estimates (m) calculated
from the migrate output were 0.001 for migrants from FW
into SW, and 0.004 into the FW landscape. Based on the
subset of temporally replicated data analysed with mlne,
the overall maximum likelihood estimate of m was 0.046
(95% CI = 0.008–0.107), and effective population size (Ne)
was estimated to be 371 (95% CI = 190–1861). Given varying
m estimates, from 0.001 to 0.05, Ne values calculated from
the genepop Nem estimate ranged from 412 to approximately
20 000. When based strictly on their respective values of
Nem and m obtained via migrate, indirect estimates of Ne
were calculated as 9892 for the FW landscape and 19 566 for
SW. Consequently, we parameterized the model of adaptive
vs. plastic divergence to include scenarios of Ne ranging

Table 4 Modelling pairwise genetic dis-
tance as a function of both geographical and
ecological distances among sites. Models
presented include an overall ecological
score for each site, based on the first prin-
cipal component of the total data set, in
addition to models exploring variables
within both the juvenile/spawning and
estuarine habitats, and overall effects of
salinity and coldwater temperature. Model
building follows a forward stepwise mul-
tiple regression procedure in which variables
are added at each step, with step numbers
indicated in parentheses. The significance
of variable addition is evaluated based on its
slope (β), and the resultant change in
the overall model’s multiple correlation (R2).
Model building is continued until further
variable addition yields no significant
improvement in model fit. Nonsignificant
model steps are enumerated in paren-
theses, with the step number followed
by a letter (e.g. 3a). The unique effect size
of each variable is defined by the squared
semipartial correlation (part r2). All P
values are based on 5000 permutations,
as calculated using fstat (Goudet 1995)

Model Model evaluation Effect size

Term β (P value) R2 (P value) Part r2 (P value)

Reduced data set (PC1)
(1) distance –0.000019 (0.045) 0.119 (0.001) 0.043 (0.048)
(2) ecological score 0.001618 (< 0.001) 0.434 (< 0.001) 0.315 (< 0.001)

Juvenile and spawning habitat (J/S)
(1) distance 0.000014 (0.030) 0.119 (0.001) 0.051 (0.031)
(2) salinity 0.000151 (0.002) 0.229 (0.002) 0.110 (0.002)
(3a) min. DO –0.000055 (0.806) 0.229 (0.806) < 0.001 (0.806)
(3b) min. temp. –0.000012 (0.964) 0.229 (0.963) < 0.001 (0.963)
(3c) max. temp. –0.000148 (0.364) 0.238 (0.364) 0.009 (0.364)

Estuarine environment (E)
(1) distance –0.000023 (0.027) 0.119 (0.001) 0.053 (0.030)
(2) salinity 0.000404 (< 0.001) 0.382 (< 0.001) 0.263 (< 0.001)
(3a) September temp. 0.000134 (0.715) 0.383 (0.714) 0.002 (0.714)
(3b) October temp. 0.000674 (0.079) 0.417 (0.079) 0.035 (0.079)
(3c) November temp. 0.000244 (0.876) 0.382 (0.876) < 0.001 (0.876)
(3d) December temp. 0.001522 (0.097) 0.412 (0.097) 0.030 (0.097)
(3e) winter temp. 0.003096 (0.113) 0.409 (0.113) 0.028 (0.113)
(3f) March temp. –0.000847 (0.620) 0.384 (0.620) 0.003 (0.620)
(3g) April temp. –0.000167 (0.781) 0.382 (0.781) < 0.001 (0.781)

Salinity and temperature
(1) distance –0.000024 (0.031) 0.119 (0.001) 0.053 (0.027)
(2) salinity (J/S) 0.000105 (0.034) 0.229 (0.001) 0.050 (0.030)
(3) salinity (E) 0.000364 (< 0.001) 0.432 (< 0.001) 0.203 (< 0.001)
(4a) October temp. 0.000475 (0.239) 0.448 (0.239) 0.016 (0.239)
(4b) December temp. 0.001380 (0.135) 0.457 (0.135) 0.025 (0.135)
(4c) winter temp. 0.003191 (0.100) 0.461 (0.100) 0.030 (0.100)
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from 500 to 20 000 (Table 5). Model parameterization also
included migration rates spanning the range of estimates
obtained.

Predictions of adaptive divergence appeared most heavily
influenced by migration rate and intensity of selection (s).
In contrast, model predictions were not influenced by effective
population size. At the lowest predicted rate of migration
(m = 0.001), adaptive divergence was predicted regardless
of selection intensity. Conversely, at the highest level of
selection (s = 0.1), equivalent to a 10% fitness advantage to
favoured genotypes, adaptive divergence was predicted at
all levels of gene flow (Table 5). However, at intermediate
combinations of migration rate and/or selection intensities,
genetic homogeneity remained a possibility. Interestingly,
random differentiation was not predicted, based on the given
demographic parameterization.

Discussion

We have identified two distinct genetic groups of three-
spined sticklebacks within the Saint Lawrence River estuary.
Although the low level of genetic divergence between these
groups may warrant a cautious interpretation regarding
the significance of this division (FSL = 0.005), we suggest
that there is sufficient evidence, both based on our results
and observation from other systems, to conclude that some
degree of true population structuring is inherent within
the estuary. First, we analysed microsatellite data using
both difference-based and individual multilocus genotype
approaches, each providing mutually corroborating lines
of evidence of population structuring. Moreover, these
separate lines of evidence converge upon the same conclusion
of two distinct genetic clusters within the estuary. The
temporal stability revealed in Fig. 2a may be indicative
of either intergenerational spawning site fidelity and/or
minimal movement within the estuary, both conditions

likely to promote divergence at neutral molecular markers.
When considering the neighbour-joining tree comparing
chord distances among all localities (Fig. 2b), the node with
the greatest level of bootstrap support (981/1000 iterations)
also clearly separated the four most upstream sites from
the others. These were also the sites with the highest level
of assignment (P > 0.99) to the FW genetic cluster identified
by geneland (Fig. 3). Moreover, the other site assigned to
this group (BP) also formed a contiguous node with the
aforementioned sites. Finally, although we reported some
evidence for isolation by distance (IBD), this result is best
explained by overall divergence between genetic groups
(Table 3). Indeed, when pairwise comparisons were con-
ducted using only sites within each of the respective
clusters, we detected no significant relationship between
genetic and geographical distance (data not shown). Inter-
estingly, this appears to be in contrast with many recent
studies which have demonstrated stronger patterns of IBD
at localized scales, but weaker or nonexistent evidence at
larger spatial scales (Poissant et al. 2005; Bradbury et al. 2006;
Crispo et al. 2006).

Weak, yet significant, genetic differentiation is typical for
many populations of marine fish species (Ward et al. 1994;
Waples 1998). More recent work employing microsatellite
markers suggests that this trend is evident over a range of
spatial scales. For example, Atlantic cod have been reported
to exhibit weak, fine-scale population structuring (FST = 0.001;
P = 0.021) between groups inhabiting neighbouring fjords
(Jorde et al. 2007). Hierarchical analysis of pollack along
the western coast of France demonstrated significant
differentiation from populations of the western English
Channel and the Bay of Biscay (FST = 0.004; P = 0.049);
furthermore, even pairwise differences with a reference
population from southern Norway ranged only from 0.001
to 0.008 (Charrier et al. 2006). Even at greater spatial scales,
fixation indices ranging from 0.005 to 0.03 have been reported
for tropical reef species inhabiting sites over 500 km apart
(Fauvelot et al. 2007). Thus, the levels of divergence between
groups of sticklebacks in the Saint Lawrence estuary are not
atypical for a variety of marine species; however, they do
appear substantially less divergent than other stickleback
systems.

Globally, genetic differentiation among continental
populations of sticklebacks based on microsatellites is
relatively low (FST = 0.08), with twice as much variation
among populations within continents (McKinnon et al. 2004).
Similarly weak divergence is observed across the species’
western European distribution, with significant structuring
defined by drainage basin (Mäkinen et al. 2006). However,
interpopulation divergence appears to be greatest at finer
spatial scales. In Western Europe, genetic differentiation
among studied lake, river and estuarine populations (FCT =
0.11) was reported to be twice as great as that between their
respective drainage basins (Reusch et al. 2001). Yet by far the

Table 5 Predicted values of effective population size (Ne),
migration rate (m), and strength of selection (s) likely to lead to
adaptive divergence (A) or genetic homogenization (H) between
FW and SW landscapes. Predictions are based on the model of
Nagylaki & Lucier (1980)

Ne m s = 0.001 s = 0.01 s = 0.1

500 0.001 A A A
1 000 0.001 A A A
20 000 0.001 A A A
500 0.002–0.01 H A A
1 000 0.002–0.01 H A A
20 000 0.002–0.01 H A A
500 0.02–0.1 H H A
1 000 0.02–0.1 H H A
20 000 0.02–0.1 H H A
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greatest reported divergence between stickleback popula-
tions occurs over a spatial scale of only 3 km (Hendry et al.
2002). Divergence between lake and inlet stream populations
from the Misty Lake system in western Canada have been
reported up to 70 times greater than that observed between
freshwater and maritime landscapes within the Saint
Lawrence estuary. However, nearly all research to date has
focused on populations with clearly defined adaptive
differentiation in morphology. As such, strong genetic diver-
gence between locally adapted populations is expected. In
contrast, based on preliminary morphological analyses (R.
J. S. McCairns, unpublished data), we had no a priori evidence
to suggest adaptive phenotypic divergence between stick-
leback populations within the estuary. Consequently, the
question emerging from these results is whether the level
of genetic differentiation exhibited in the Saint Lawrence
estuary is indicative of nascent adaptation to the freshwa-
ter environment, or typical of weak divergence that might
be predicted to accompany differentiation due to pheno-
typic plasticity or random drift.

Concordance between ecological and genetic landscapes

The geographical location of the genetic breakpoint between
populations is indicative of a division into freshwater and
saltwater habitats. The four sampling sites with the highest
probability of FW cluster membership are found within
the exclusively freshwater, fluvial portion of the estuary.
Moreover, the 90% isocline of this cluster coincides with the
downstream freshwater limits, whereas gradual isoclinic
declines extend into the brackish water transition zone
(Fig. 3). Interestingly, the same sites comprising the FW genetic
landscape also group together based upon independent
analyses of environmental data. Analyses employing gene-
land assumed no a priori population division. As such, the
two genetic clusters identified may be viewed as an unbiased
division of the genetic landscape. In contrast, clustering of
sites based on environmental data was performed using a
k-means technique specifying division into two clusters.
The specification of two groups was based on the observation
of two genetic landscapes, thus, defining the general condi-
tions for a qualitative test of clustering similarity, and not
suggestive of a dichotomous environment. Environmental
clustering itself was defined strictly by minimized centroid
differences of environmental data and was not influenced by
results of the genetic clustering. Consequently, the similarity
in site groupings based on environmental and genetic data
provides the first hint of genetic differentiation as a function
of environmental differences. This conjecture is further streng-
thened considering that environmental differences, inde-
pendent of geographical distance, may account for up to 31.5%
of the variance in genetic differentiation among sites (Table 4).

Use of semipartial correlations permitted us to estimate
the unique effects of each variable, simultaneously control-

ling for covariation with all other explanatory variables,
including geographical distance. Inter-site differences in
salinity exhibited the highest degree of correlation with
pairwise genetic divergence compared to other variables
comprising PC1 (Table 4). Moreover, no other variables,
regardless of their importance in defining PC1, significantly
improved model fit. These results all imply a strong rela-
tionship between environmental salinity and population
divergence of sticklebacks within the Saint Lawrence estuary.
Interestingly, similar observations have been reported in
relation to population subdivision of Atlantic herring in the
North Sea–Baltic Sea transition zone: although overall
population divergence was weak, genetic differentiation
correlated more with salinity differences than with geo-
graphical distance (Bekkevold et al. 2005). This population
division in herring was also interpreted in the context of
adaptive divergence in light of previously studied differences
in fertilization success and larval development vis-à-vis
salinity gradients. Although less is known about the rela-
tionship between salinity and early development in
sticklebacks, recent evidence does suggest that salinity
concentration may play an important role in fertilization
success (Le Comber et al. 2004; Elofsson et al. 2006). Addi-
tionally, salinity gradients have been associated with both
divergent morphological variation (Heuts 1947; Kristjánsson
2005; Leinonen et al. 2006), as well as population subdivision
(Jones et al. 2006; Kitano et al. 2007; Ólafsdóttir et al. 2007).
These studies, however, focused on stickleback populations
with known, and substantial, morphological differentiation.
Moreover, little attempt was made to quantify the relation-
ship between environmental and genetic variation, nor, apart
from Heuts’s (1947) hypotheses regarding lateral plate pol-
ymorphism, to interpret the role of salinity as a selection
gradient or as a source of environmental variation driving
phenotypic plasticity.

Correspondence between ecological and genetic land-
scapes may be informative regarding the environmental
variables potentially driving adaptive population diver-
gence. Although stickleback range expansion into the
freshwater environment may also have favoured increased
genetic drift, thus, neutral divergence from the ancestral
marine population (Excoffier & Ray 2008), we believe that
this does not preclude a role for adaptive processes. First,
modelling results precluded random differentiation as a
likely scenario (Table 5). Moreover, genetic distance was best
explained as a function of environmental differences, rather
than geographical distance, suggesting population diver-
gence is unlikely to be driven by strictly neutral processes.
Thus, the emerging conclusion from our analyses is that
any potentially adaptive divergence between stickleback
populations of the Saint Lawrence estuary is most likely
associated with the salinity gradient. However, landscape
genetics results alone are merely correlative, not de facto
evidence of adaptive differentiation. Nevertheless, the goal
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of our analyses was hypothesis generation, not testing.
The tentative hypothesis emerging from our observations
is that of physiological adaptation to either the freshwater
or the saltwater environment. However, at present we cannot
discount the possibility of multicollinearity between salinity
and another variable. Moreover, there is no a priori reason
to suggest that colonization of freshwater necessitates phys-
iological adaptation. Many species of euryhaline and ana-
dromous fishes are able to switch between freshwater and
saltwater environments following an acclimation period
(Wootton 1990). It is, thus, possible that freshwater residency
is facilitated by a plastic response, although under certain
environmental conditions, plasticity itself may be adaptive
(Gotthard & Nylin 1995; Ghalambor et al. 2007). Although
recent hypotheses suggest a role for phenotypic plasticity
in initiating evolutionary change (West-Eberhard 2005), at
this time, any putative genetic divergence ultimately resulting
from plastic phenotypic differentiation remains to be con-
firmed empirically. These considerations all underline the
necessity for formal testing in studies of local adaptation
(Kawecki & Ebert 2004). The power of the landscape genetics
approach lies in its exploratory capacity to tease apart the
most likely candidate populations and selective gradients,
under natural conditions, to facilitate such formal testing.

Migration and the potential for adaptive divergence

Consideration of the degree of dispersal and gene flow
between demes is fundamental to any discussion regarding
the potential for local adaptation in an open system such
as the Saint Lawrence estuary. Indeed, qualitative predictions
regarding the conditions most likely to promote adaptive
divergence were highly dependent on the effective migration
rate (Table 5). Consequently, determining a critical rate of
migration between groups is essential for any meaningful
interpretation of evolutionary processes within the estuary.
The highest estimate (m = 0.11), based on the upper 95%
confidence limits obtained via mlne, seemed an obvious
upper boundary. However, this may be excessive given
that it is nearly two times greater than even the highest
dispersal estimate based on first-generation migrants
identified with geneclass. Moreover, dispersal rate itself
may represent an overestimate of the effective migration rate.
For example, in the Misty Lake watershed, in which adaptive
differentiation to fluvial and lacustrine environments has
been well documented, approximately 37% of sticklebacks
captured in the outlet stream were identified as probable
migrants from the lake population, which in turn corres-
ponded to estimates of actual effective migration rate
ranging from 0.0002 to 0.02, depending on the estimator
used (Hendry & Taylor 2004). In the same system, m-values
into the inlet stream ranged only from 0.0001 to 0.0004,
despite 4–7% of individuals being identified as probable
lake migrants. As such, effective migration between land-

scapes is likely less than the rate of dispersal. Unfortunately,
dispersal rate itself must be interpreted with extreme caution.
Given the low levels of differentiation between FW and SW
groups, the power of the assignment method was estimated
to be only 0.2, thus, suggesting a high probability of type
II error (Paetkau et al. 1997; Paetkau et al. 2004). Consequently,
dispersal may be under estimated. Additionally, the actual
number of first-generation migrants is similar to that expected
by chance alone, assuming 0.5 for a critical alpha value.
However, the average likelihood-ratio scores for comparisons
(LHOME/LMAX) identifying first-generation migrants were
over 15 times greater than those in which dispersal was
rejected (LR = 0.008). As such, we may safely assume some
level of gene flow within the estuary.

Most germane to the issue of gene flow impeding local
adaptation is the rate of migration from SW into the FW
landscape. Given that freshwater habitats have been colon-
ized by ancestral marine populations (Bell & Foster 1994;
Ortí et al. 1994), the FW landscape can be viewed as the
novel environment, and that migration from the ancestral
marine environment (SW) would impede any adaptations
evolved in the novel habitat. Consequently, we may posit
that the critical migration rate is 0.004, based on the
migrate estimate of m from SW to FW, with a possible
upper bound of 0.01, as determined by the lower confidence
limits of the mlne derived estimate. At these levels of
migration, we have qualitatively predicted the potential for
adaptive differentiation between freshwater and saltwater
landscapes, even under a moderate level of selection (s =
0.01); however, we cannot estimate the selection differential
at this time. If selection is in fact weak (s = 0.001), the FW
and SW demes may be relatively, genetically homogenous.
Notwithstanding the caveats regarding estimated dispersal
rates, if migration into the FW landscape is comparable to
even the lowest estimate (0.02), then relative genetic homo-
geneity is predicted for all but the highest levels of selection.
Moreover, at comparable levels of migration (0.0002–0.02)
within the Misty Lake system, in which selection is presumed
to be relatively strong, gene flow downstream from the
lake population may have constrained adaptation in the
outlet stream by 80–86% (Moore et al. 2007). As such, we can-
not rule out a role for plasticity in explaining any putative
interlandscape phenotypic differentiation to cope with these
two contrasting environments. Common garden experiments
to test these two alternative scenarios (adaptive differenti-
ation vs. plasticity) are ongoing.

Conclusions

We have highlighted the utility of landscape genetic analyses
to identify subtle population structure and concomitant
environmental variation representative of a potential selection
gradient. In the case of three-spined sticklebacks of the Saint
Lawrence estuary, we found that genetic differentiation is
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best explained by covariation with environmental salinity,
suggesting that phenotypic variation may be at the level of
environmental physiology. Until laboratory experiments are
completed, we cannot rule out either alternative scenario, that
this may represent cryptic adaptive variation to a hetero-
geneous environment, or a classic example of phenotypic
plasticity. Although a landscape genetics analysis may repre-
sent but a first step in the study of local adaptation, it should
be viewed as an efficient method of refining hypotheses
reflective of actual environmental conditions experienced
by focal populations. Moreover, this approach may be inde-
pendent of the nature or magnitude of phenotypic differen-
tiation between populations. As such, this may represent
a powerful exploratory tool to identify natural populations
amenable for research into the conditions favouring
phenotypic plasticity, local adaptation or adaptive plasticity,
an area of continued interest in evolutionary ecology.
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