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The threespine stickleback (Gasterosteus aculeatus) has emerged as an important
model organism in evolutionary ecology, largely due to the repeated, parallel
evolution of divergent morphotypes found in populations having colonized
freshwater habitats. However, morphological divergence following coloniza-
tion is not a universal phenomenon. We explore this in a large-scale estuarine
ecosystem inhabited by two parapatric stickleback demes, each physiologically
adapted to divergent osmoregulatory environments (fresh vs. saline waters).
Using geometric morphometric analyses of wild-caught individuals, we
detected significant differences between demes, in addition to sexual dimor-
phism, in body shape. However, rearing full-sib families from each deme
under controlled, reciprocal salinity conditions revealed no differences
between genotypes and highly significant environmental effects. It is also
noteworthy that fish from both demes were fully plated, whether found in the
wild or reared under reciprocal salinity conditions. Although we found
significant heritability for body shape, we also noted significant direct
environmental effects for many latent shape variables. Moreover, we found
little evidence for diversifying selection acting on body size and shape (Qsr)-
Nevertheless, uniform compressive variation did exceed neutral expectations,
yet despite evidence of both allometry and genetic correlation with body
length, we detected no correlated signatures of selection. Taken together,
these results suggest that much of the morphological divergence observed in
this system is the result of plastic responses to environmental variation rather
than adaptive differentiation.
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challenge fraught with potential misinterpretations, not

Introduction least of which is the confounding of evolutionarily

The study of adaptive phenotypic variation has contrib-
uted significantly to our understanding of contemporary
evolution and the rate at which natural selection can act.
One area of active interest is the quantification of
morphological variation across heterogeneous environ-
ments. Although studies of wild populations in relation
to their natural ecology can be invaluable in under-
standing the role of selection in promoting biological
diversity (Endler, 1986; Feder & Mitchell-Olds, 2003),
interpreting patterns of variation in the wild is a
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neutral differences for divergence induced by natural
selection. In this regard, environmental variation itself
may be particularly problematic. Covariation between
environmental and phenotypic gradients may reflect
changing selective pressures, but local adaptation cannot
be assumed: such patterns may also belie effectively
neutral variation resulting from direct environmental
inputs. Expression of all but the most canalized traits
will be subject to some degree of direct influence due
to myriad environmental effects, and environmental
inputs/perturbations during developmental can have
pronounced effects on phenotypic variation, often with
little affect on fitness (Ghalambor et al., 2007; Georga &
Koumoundouros, 2010). This is not to suggest that
plasticity cannot be advantageous; indeed, it is well

1097



1098 R. J. S. McCAIRNS AND L. BERNATCHEZ

established that plasticity can be an adaptive response to
environmental variation (Gotthard & Nylin, 1995; Gha-
lambor et al,, 2007; Beldade et al, 2011). Moreover,
developmental plasticity in particular has been hypoth-
esized to be a significant source of evolutionary novelty
(West-Eberhard, 2005; Moczek et al., 2011). Thus, dis-
secting phenotypic variation into its genetic and plastic
components represents an endeavour not only promot-
ing a greater understanding of the proximate mecha-
nisms underlying morphological diversity, but one with
potentially broader implications for evolutionary theory.
To this end, model systems that are amenable to both
experimental and observational approaches may be best-
positioned to yield the greatest insights. Such common
garden experiments have been used to demonstrate the
interaction between genetic and environmental effects
on morphology (Marcil et al., 2006; Parsons & Robinson,
2007). These studies are of considerable interest in that
they reveal the plastic nature of the phenotype; however,
the genetic component often remains implicit. Yet
models in which formalized genetic analyses can be
applied may be capable of producing even greater
insights, permitting a more quantitative comparison of
the relative contributions of environmental and genetic
sources of variance. Moreover, without evidence for
heritable variation underlying any focal trait, subsequent
inference regarding its adaptive potential will remain
suspect.

Heritability of form has been estimated based on a
number of complex shape descriptors ranging from linear
combinations of shape variables (Baumgartner, 1995),
distances in multivariate shape space (Monteiro et al.,
2002), scale-independent landmark coordinate vectors
(Klingenberg & Leamy, 2001) and even integrative
Fourier shape outlines (Currie et al., 2000). Moreover,
analyses of the genetic architecture of shape have
identified quantitative trait loci (QTL) for multivariate
shape descriptors (Zimmerman et al., 2000; Klingenberg
et al., 2001; Workman et al,, 2002; Albert et al., 2008).
However, although geometric morphometrics can be a
powerful and efficient means of describing variation in
shape, not all resultant latent variables may be appro-
priate for genetic analysis. This was highlighted by
Berner et al. (2011), who suggest that relative warp
scores are likely to yield problematic estimates arising
through artificial covariance induced by PCA during the
calculation of relative warps. Thus, although the central
challenge towards a full understanding of whole-body-
shape determinism lies in disentangling the relative role
of all salient sources of variation, there may be a
fundamental conflict between the most biologi-
cally/functionally meaningful representation of that
variance and its mathematical tractability. The solution
to this problem is not obvious, but the need to assess
‘shape’ within an evolutionary framework still remains.
One practical ‘work-around” would be to base estimates
on partial warp scores — the analytical precursors of

relative warps — as partial warp scores are amenable to
analysis via traditional statistical tests (Zelditch et al.,
2004). We reason that this should also extend to
quantitative genetic analyses, which are essentially an
exercise in linear mixed-effects modelling (Kruuk, 2004).

The threespine stickleback (Gasterosteus aculeatus) has
emerged as a premiere model in the study of evolution-
ary ecology, largely due to the species’ multiple, parallel
examples of adaptive morphological divergence (Bell &
Foster, 1994; Schluter, 1996, McKinnon & Rundle,
2002). Marine populations are ancestral, and this body
form has been highly conserved since the Miocene (Bell,
1994; Walker & Bell, 2000); however, colonization of
freshwater habitats has resulted in myriad changes in
body morphology (Reid & Peichel, 2010). Morphological
divergence in freshwater has been shown to have a
genetic basis (Schluter ef al., 2004; Berner et al., 2011),
although the degree of differentiation from the ancestral
form appears to be dependent upon how different novel
environments are from the marine milieu (Spoljaric &
Reimchen, 2007). Numerous studies have used geomet-
ric morphometrics to capture the divergence among
populations occupying unique habitats and trophic
niches (Baumgartner, 1995; Spoljaric & Reimchen,
2007; Sharpe et al., 2008; Aguirre, 2009). Many have
focused on variation in specific anatomical structures,
from which adaptive significance is argued on functional
grounds (Caldecutt & Adams, 1998; Kimmel ef al., 2008;
Arif et al., 2009), whereas others have associated whole-
body-shape variation with adaptive functionality under-
lying differentiation (Walker, 1997; Sharpe ef al., 2008;
Hendry et al., 2011). However, striking morphological
divergence between habitats is not ubiquitous (Berner
et al., 2008; Kaeuffer et al., 2012), and exploring more
subtle differences in form may be equally illuminating
regarding the conditions favouring and/or impeding
differentiation in body shape.

The St Lawrence River estuary represents an ideal
system in which to explore the genetic and environ-
mental components of phenotypic variation. One of the
principal environmental features of the estuary is its
gradation into three hydrological zones, each character-
ized by unique biological, physiochemical and tidal
properties (Vincent & Dodson, 1999). The fluvial estuary
(aka upper estuary), although tidal in nature, is a
uniquely freshwater zone extending upstream approxi-
mately 160 km from the eastern end of fle d’Orléans. The
middle estuary, located between the eastern tip of ile
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 (aka lower estuary) is a 230-
km stretch ultimately discharging into the Gulf of
St Lawrence. Hydraulic dynamics shift from tide-
dominated to wave-dominated, and the biological and
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physiochemical properties more closely resemble those of
the marine environment. Extant stickleback are parti-
tioned into two demes whose geographical ranges corre-
spond to the freshwater/saltwater division of the estuary
(McCairns & Bernatchez, 2008). Genetic differentiation is
weak (Fst = 0.006; P < 0.001) yet temporally stable, and
ecological factors independent of geographical distance,
particularly salinity, explain the greatest proportion of
genetic variance. Moreover, these salinity differences
represent unique selective pressures that appear to be
driving a nascent adaptive, physiological divergence
between demes (McCairns & Bernatchez, 2010). Yet, in
contrast to the diversity of forms seen in populations
inhabiting similar environmental gradients, stickleback
in the St Lawrence exhibit no strikingly obvious mor-
phological differences across the range of environmental
conditions encountered. Thus, any morphological diver-
gence between demes — whether plastic or adaptive —
must be subtle and as such will require more
sophisticated analytical means for its detection.

In this study, we quantify shape variation in stickle-
backs originating from each deme inhabiting the
St Lawrence estuary. Additionally, we compare differ-
ences in the number of lateral plates, an important and
well-studied meristic trait frequently associated with
freshwater adaptation (Colosimo et al., 2005; Barrett
et al., 2008). We use geometric morphometric analyses
to define latent variables for shape in samples of mature
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stickleback captured on their spawning grounds and for
laboratory crosses from these same demes reared under
controlled environmental conditions. Using artificial
crosses of known pedigree raised under reciprocal envi-
ronmental conditions, we are able to quantify both the
additive genetic and environmental components of phe-
notypic variation in shape. Consequently, we are able to
better interpret the evolutionary significance and poten-
tial of shape ditferences observed in the wild.

Materials and methods

We sampled mature sticklebacks from spawning sites
using a combination of seine nets, dip nets and minnow
traps. Eleven sites were sampled (Fig. 1), each belonging
to one of two adaptively divergent demes endemic to the
St Lawrence River estuary (McCairns & Bernatchez,
2008, 2010). Each sample contained a random selection
of 25 males and 25 females from each site.

Common garden experiment

Broodstock were obtained from two sites (CR and FOR),
each belonging to one of the two aforementioned demes.
Mature ova were stripped from females in situ and
transported to wet laboratory facilities, on ice, in sterile
Holtfreter’s solution. Testes were also dissected in situ and
transported in sterile Ginzburg’s Fish Ringers solution.

Fig. 1 Location of samples from stickleback spawning sites in the St Lawrence estuary. Sites containing individuals from the maritime
deme are indicated with mid-grey asterisks (green online), whereas freshwater sites are in dark grey (blue online). Sites mentioned specifically
in the text are labelled on the map, including sources of broodstock for the common garden experiment (CR and FOR). The dark grey line (red
online) corresponds to the approximate location of the 80% isocline delimiting the extent of deme ranges (McCairns & Bernatchez, 2008).
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First generation families (F;) were produced following
modifications of zebrafish in vitro fertilization techniques
adapted for stickleback research (University of Oregon
Stickleback Research Site, 2008). Crosses were estab-
lished following a blocked factorial breeding design in
which each female was mated with two males, one
originating from her deme of origin (purebred crosses)
and the other from the reciprocal group (hybrid crosses) —
a more detailed description of the breeding design can be
found in the methods and supplementary material of the
study of McCairns & Bernatchez (2010). A testis from
each male was divided into half, and each half macerated
in a separate 100-mm-diameter Petri dish. Ova were
initially divided into four lots of approximately 50 eggs,
and each lot mixed gently with one of the macerated
testes and 59, embryo medium. Fertilized eggs were
incubated at 16 °C, with media changed twice daily.

Experimental conditions consisted of all full-sib fam-
ilies divided into two groups raised under salinity regimes
representative of the natal freshwater (< 19,,) and mar-
itime (209,) environments (McCairns & Bernatchez,
2008). Upon hatch, fry from 59, salinity embryo medium
were gradually acclimated to alternative salinity condi-
tions. In one group, salinity was increased by 59, per day
to final experimental conditions (20%,). The second
group was immediately transferred to freshwater med-
ium (< 1%,). Upon absorption of yolk sac and beginning
of exogenous feeding, each full-sib family was transferred
to an individual 2-L container. Fry were fed ad libitum
twice daily with freshly hatched Artemia nauplii. At
45 days post-hatch, all larval fish were photographed for
length measurement. Eight factorial blocks, comprising
32 full-sib families with individuals in both salinity
treatments, were selected for transfer to experimental
aquaria. Experimental tanks consisted of individual
aquaria connected to one of two 1600-L recirculating
systems, one maintained at 209, salinity and the other
with dechlorinated tap water (< 19, salinity). Water
quality was maintained with a biofiltration system and
through daily siphoning of waste materials in individual
aquaria. Fish were fed ad libitum twice daily a mixture of
flake food and commercial salmonid fry ration, in
addition to once-daily supplements of freeze-dried Mysis
relicta, frozen chironomid larvae and live Artemia nauplii.
Families were photographed an additional three times
throughout the experiment (120, 180 and 230 days post-
hatch), from which size-at-age data were extracted.
Experiments continued until 230 days post-hatch, at
which time surviving individuals were killed.

Sample preparations

The sex of wild-caught individuals was verified by
carefully opening the right lateral side and removing
the gonads. Females were stripped of eggs prior to
preparation to ensure that morphological comparisons
with males were not atfected by abdominal inflation due

to gravidity. Samples were prepared following Potthoff’s
(1984) protocols, which included the following: fixation
in 5% buftfered formalin, bleaching in a 0.5% hydrogen
peroxide solution, clearing with trypsin and staining with
alizarin red dissolved in potassium hydroxide. Staining
facilitated an accurate count of total lateral plate number
(left side, including keel plates) and identification of
subsequent corporal landmarks. Lateral plate counts
were performed for all wild-caught samples (n = 550)
and all laboratory crosses (7 = 615). Additionally, we
measured standard length (SL) for all these individuals.

A subset of wild-caught sticklebacks and all laboratory-
reared individuals aged > 150 days post-hatch were also
photographed for geometric morphometric analyses.
Four sites from both banks of the river were selected,
two corresponding to the freshwater deme (CR and LEV)
and two representing the maritime deme (BAC and
RIKI). We also selected a site from each deme’s range,
which represented atypical environmental conditions.
These included a site occupied by the freshwater deme,
but with pronounced diurnal salinity fluctuations due to
tidal processes (BP), and a largely freshwater site (39,
mean salinity) inhabited by maritime individuals
(CHAT): this site was an oxbow of a large tributary near
its confluence with the St Lawrence that experienced
only infrequent tidal flooding. All samples contained
25 males and 25 females, yielding a total sample size of
300 wild-caught individuals. Purebred F; crosses were
approximately evenly distributed by cross type (FW-FW
and SW-SW) and salinity treatment (freshwater: < 19,
and saltwater: 209,,), yielding a total sample size of 199
individuals for comparative analyses. Samples for sub-
sequent quantitative genetic analyses also included
hybrid families, yielding a total sample size of 364
individuals.

Individuals were pinned in place against a Styrofoam
form, providing a level view of the left lateral side. Pins
were also placed flush against the body at 14 corporal
landmarks, previously identified by Walker (1997).
Walker’s 15th landmark, located at the posterior edge
of the angular, however, was removed from this data set
due to inconsistent placement among specimens. All
specimens were photographed next to a common scale
and at a set focal distance. Landmark coordinates were
obtained from digital photographs using the image
analysis software IMAGeJ (Abramoff et al., 2004).

Defining latent variables of shape

The most commonly used geometric morphometric
analyses involve the translation of homologous corporal
locations (landmarks) onto a Cartesian coordinate sys-
tem, followed by multivariate scaling and rotation of
similarly measured individuals onto a common plane or
sphere (Bookstein, 1989; Goodall, 1991). One of the
major advantages of this approach over traditional truss-
based measurements is that the projections represent a
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comparison of shapes free of simple isometric size
differences. Among biologists, the thin-plate spine (TPS)
has gained considerable popularity, largely due to its
utility in providing easily interpretable visual represen-
tations of shape differences (Parsons et al., 2003; Zelditch
et al., 2004). The TPS is a function that can be used to
interpolate change between landmarks when a given
shape is deformed onto a common or reference shape
space. Analytically, this is achieved through eigenanal-
ysis of the matrix of bending energies required to perform
such a deformation, yielding vectors of coefficients,
known as partial warps, which can be used to calculate
individualized scores etfectively summarizing variation in
form (see Chapter 6 in the study of Zelditch et al., 2004
for a complete derivation). Although partial warp scores
themselves have no specific functional/biological mean-
ing, they provide a means of capturing variation in shape.
Moreover, partial warp scores can be used in statistical
tests without adjusting the degrees of freedom (Zelditch
et al., 2004), thus lending themselves to a myriad of
analytical techniques capable of detecting extremely
subtle differences in form between groups, as well as
traditional partitioning of variance components.

Geometric morphometrics were performed using the
package ‘shapes’ (Dryden, 2007), and r functions devel-
oped by Claude (2008). Intuitive, visual interpretation of
shape variation was facilitated by thin-plate spline (TPS)
deformation grids and by Procrustes superimposition of
landmark data (Bookstein, 1989; Zelditch et al,, 2004).
We defined ditferences between Procrustes superimposi-
tions as the Riemannian (p) shape distance (Dryden et al.,
2009) and statistically evaluated these differences
employing an unbiased test statistic (Zmi,) and pivotal
bootstrap procedure, based on 1000 iterations (Amaral
et al., 2007). General shape variation was determined
both for affine/uniform deformations requiring zero
bending energy (i.e. shearing and compression, the so-
called zeroth partial warps) and for nonuniform defor-
mations to a unified shape space (Zelditch et al., 2004).
Landmark coordinates from both wild-caught and labo-
ratory-reared fish were analysed simultaneously, as a
single data set, to facilitate comparison and interpretation
of results. Individual partial warp scores corresponding to
each eigenvector capable of describing > 5% of shape
variation (i.e. uniform deformation vectors and the first
five partial warps) were used as latent variables describ-
ing overall shape in subsequent analyses.

Data analysis

All analyses were performed in the r computing lan-
guage (R Development Core Team, 2007). For all fish
sampled from the wild (7 = 550) and for all purebred
laboratory individuals (n = 615), lateral plates were
analysed via generalized mixed-effects models imple-
mented in the ‘MCMCcLMmM’ package (Hadfield, 2010),
employing a log link function and Poisson-distributed
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error. For wild-caught fish, deme origin, sex and their
interaction were treated as fixed effects, and site as a
random term. For purebred crosses, genotype (i.e. cross),
rearing environment (E) and genotype-by-environment
interaction (G x E) were considered fixed effects, and
family treated as a random effect. We estimated group
means and significance of fixed effects via Markov chain
Monte Carlo (MCMC) sampling of their posterior distri-
butions, conditioned on random effects.

Size distributions of wild-caught fish were plotted
separately for males and females. We tested for differ-
ences in size-at-age in laboratory-reared fish using the
aforementioned fixed and random effects in a linear
mixed-effects model (LME), implemented in the ‘LmE4’
package (Bates et al., 2007). To test for differences in
deme-specific growth, we fit size-at-age data obtained
over the course of the experiment to a reparameterized
version of the ‘von Bertalanffy’ growth function (eqn 1)
in which asymptotic size does not appear as an explicit
parameter, but is rather a reflection of the metabolic
parameters first used to derive the model (Stamps et al.,
1998; Essington et al., 2001).

L) =T(1-e™) (1)

In metabolic terms, ¢ and k are constants of anabolism
and catabolism, respectively (Bertalanffy, 1957). In more
general terms, k can also be interpreted as a rate
parameter describing the trajectory to a theoretical
asymptotic size, whereas g specifies the maximal growth
rate, occurring during early development (Stamps et al.,
1998). Data comprised SL measurements obtained from
scaled, digital photographs taken at four time periods (45,
120, 180 and 230 days post-hatch). These were con-
verted to dates post-fertilization so that the model
intercept could pass through the origin (i.e. null size at
t=0). SL (L) at time (f) was estimated via nonlinear
mixed-effects modelling using the ‘NLmEe’ package (Pin-
heiro & Bates, 2000). Fixed effects included differences
between crosses (G), rearing environments (E) and their
interaction (G X E); variation among families in both
model parameters was treated as random.

Overall differences in shape were formally evaluated
by mixed-effects multiresponse models using the
‘MCMCcLmM’ package. Simple, ‘manova-like’ models
testing for aforementioned main effects were contrasted
with ‘Mmancova-like’ models including centroid size as a
covariate to control for potential allometric effects.
Random effects included variation among sampling sites
within each deme (for wild-caught fish) or variation
among full-sib families (for laboratory-reared fish).
Model selection was based on the deviance information
criterion (DIC), and significance of fixed effects was
determined from the posterior distribution of a full
‘pseudo-parsimony’” model (i.e. with or without allome-
try effects). Multivariate discrimination among groups in
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latent shape variables was also determined by canonical
variate analysis (CVA), thereby facilitating a visual
representation of overall differences and similarities
among groups in multivariate shape space. Additionally,
this permitted the evaluation of the relative contribu-
tions of partial warps to the respective CVA axes
describing divergence among groups (analogous to a
traditional relative warps analysis). Degree of differen-
tiation was further evaluated by the proportion of
correct assignments of individuals to their respective
groups, based on a jackknifed classification procedure,
our rationale being that greater group divergence should
be reflected in more individuals correctly reclassified to
their cluster of origin. This is particularly germane to the
case of samples from sites for which environmental
salinity was essentially the opposite of the deme-specific
norm (BP and CHAT): ‘misclassifications” should reflect
a means of identifying strong environmental effects on
shape in the wild.

To infer signatures of selection on latent shape
variables, we calculated the standard index of quantita-
tive genetic differentiation (Qsy; eqn 2) from purebred,
laboratory-reared crosses (Spitze, 1993). Quantitative
genetic variance between crosses (og;) and among
families within cross (o%,,) was estimated by LME
variance components analysis, with differences between
rearing environments treated as fixed effects. Confidence
intervals of Qgr estimates were obtained by nonparamet-
ric bootstrapping (5000 iterations; stratification by family
in each environment). To facilitate comparisons with
other studies, we also computed Psr, the ‘phenotypic’
equivalent of Qst, based on partial warp scores of wild-
caught individuals. In these analyses, differences
between sexes were partitioned out as fixed effects, with
random variation between demes and among popula-
tions within demes serving as proxies for ¢Z; and o2,
respectively. Both indices were compared to an index of
putatively neutral genetic differentiation (Fst) based on
nine microsatellite loci described in a previous paper
(McCairns & Bernatchez, 2008). We re-evaluated this
marker data set, restricting analyses only to those
sites/years used in the present study, by performing a
hierarchical analysis of molecular variance (Yang, 1998).
Ninety-five percent confidence limits were estimated
from 10 000 bootstrap iterations using the ‘HIERESTAT’
package (Goudet, 2005).

2

g
Qr=—5—2L5— (2)
0&p + 2(08w)

Finally, we used the ‘'MCMCcLmMm’ package to perform
Bayesian implementations of the ‘animal model” to
decompose phenotypic variation into additive genetic
(Vo) and direct environmental (salinity, Vg) effects.
Variance components were estimated by MCMC sam-
pling of their posterior distributions after first removing
effects of fixed model terms. All models were run with an

initial burn-in of 100 000 iterations, followed by an
additional 100 000 iterations from which each 100th
point on the Markov chain were sampled, to reduce
autocorrelation between successive estimates. Parameter
estimates were based on the posterior mode and bounded
by the 95% posterior density interval. V, was estimated
as variation attributable to the individual (i.e. animal)
level, weighted by the half-sib pedigree structure among
all F; crosses. Effects attributable to experimental salinity
and cross type, because half-sib families included both
maternal and paternal hybrids, were removed as fixed
model terms. Significance of V4, was determined by
comparison with a simpler model including only fixed
effects and using the DIC as a model selection criterion.
Vi was estimated as cross-environment trait covariance
(Falconer & Mackay, 1996). This was achieved by first
imputing ‘missing’ environment-specific data for each
individual on the basis of full-sib family means in the
respective salinity treatments. We next ran a series of
bivariate model on individualized trait values in both
rearing environments. Only cross type was included as a
fixed effect in these models, and significance of covari-
ance (i.e. V) was assigned on the basis of whether a given
trait’s 95% PDI excluded zero. Lastly, we estimated the
genetic correlation matrix (G) from an iterative series of
bivariate models between traits. Reported narrow-sense
heritabilities (4%, diagonal elements) were estimated as
the ratio of V, to total phenotypic variance from afore-
mentioned animal models; significance of off-diagonal
elements (correlations) was based on 95% PDI estimates.

Results

The vast majority of individuals, both wild-caught and
laboratory-reared, could be classified as fully plated.
Although there was some variation in plate number
among individuals, nearly all fish possessed between 27
and 33 lateral plates. Only 1/550 mature sticklebacks
sampled from spawning sites in the St Lawrence estuary
had a reduced number of lateral plates (n = 14). Overall,
we detected no significant differences in plate number
between sexes or between demes (Table 1). Similar
results were also obtained under common environmental
conditions, with no significant differences between
crosses or experimental salinities (Table 1). However,
laboratory-reared fish did exhibit somewhat more vari-
ation in plate number. Although the majority of these
individuals also possessed between 27 and 33 plates, a
greater proportion had reduced plate numbers (11-26
plates; 40/615 individuals). This variability was more
prevalent in purebred families (FW-FW = 11/16; SW-
SW = 16/16) than in hybrid crosses (13/32) and could
not be attributable to specific progenitors (12/16 dams
and 14/16 sires). Moreover, most of these families
contained fewer than three individuals with reduced
plate numbers; only three families had 5-6 offspring with
this phenotype.
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Table 1 Analyses of the conditional mean number of lateral plates
(Cond. Mean). Estimates are based on the posterior distributions of
GLMM models, conditional on random variation among sampling
sites for mature individuals from the freshwater (FW) and maritime
(SW) demes (Wild), or among full-sib families of purebred F, crosses
raised in reciprocal salinity conditions (Lab).

Cond. Mean
Deme (D) Sex (S) No. of Plates Fixed effects P-value
Wild
FW Female 30.5 D 0.782
Male 30.9 S 0.672
SW Female 30.7 DxS 0.892
Male 30.9
Cond. Mean
Cross (G) Env. (E) No. of Plates Fixed effects P-value
Lab
FW-FW Freshwater 29.7 G 0.589
Saltwater 28.9 E 0.502
SW-SW Freshwater 30.4 GxE 0.143
Saltwater 29.7

Estimates of size frequencies of sticklebacks taken
from spawning sites suggested that two age classes were
likely sampled (Fig. 2). These data were also suggestive
of size differences between sexes and demes: displace-
ment of distributions suggested maritime fish are gen-
erally larger than freshwater sticklebacks and that
females of the same age class are larger than males.
Comparison of size-at-age data for fish reared under
experimental conditions revealed no significant differ-
ences between demes (P = 0.360; Table 2), but a signif-
icant effect of salinity (P = 0.005). However, growth
trajectories did differ significantly between demes
(Fig. 2¢): both parameters of the von Bertalanfty growth
function differed significantly between crosses (i.e. deme
genotypes) — parameter estimates were higher for the
maritime demes — and the parameter describing initial
growth rate (g) also exhibited significant salinity-related
variation (Table 2).

Morphological variation

Affine (i.e. uniform) deformations accounted for only
11% of global shape variation. Nonuniform deformations
accounted for the remaining 89% of shape variation;
however, only the first five partial warps explained at
least 5% of total shape variation, respectively. Cumula-
tively, the combination of these scores captured 81.9% of
total shape variation in wild-caught and laboratory-
reared sticklebacks (Fig. S1). Significant correlations
between centroid size and most latent shape variables,
partial warps 4 and 5 excluded, were indicative of
potential allometry effects (Fig. S2).

Overall shape differed significantly between demes and
sexes, irrespective of random variation among sites and
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any potential effects of allometry (Table 3). Multivariate
discrimination on the first two CVA axes captured 94%
of variation in partial warp scores (ca. 77% total shape
variation) and suggested a greater degree of differentia-
tion between sexes (Fig. 3a). Interdeme differences were
captured by the secondary CVA axis; moreover, these
exhibited a significant degree of overlap (Fig. 3a,b).
Compression and partial warp 1 contributed most to this
axis, with lesser contributions from eigenvectors for
shear and warps 2 and 4 (Fig. 3b). The dominant CVA
axis (CV1) defined a region of shape space with no
significant overlap between sexes, driven largely by a
contribution from partial warp 2 and to lesser extent by
partial warps 1, 3 and 4 (Fig. 3¢). Procrustes superimpo-
sitions also reflected greater sexual dimorphism than
differences between demes, revealing smaller interdeme
differences between females (p = 0.026) and males
(p = 0.019), compared to distances between sexes within
each deme (ppw = 0.041; psw = 0.042). Jackknife classi-
fications were also informative in this regard, with 100%
of specimens correctly separated by sex. Deme classifica-
tion was less robust, with only 76% of freshwater
individuals correctly assigned to their deme of origin
and 75% of maritime individuals classified to their proper
deme. Interestingly, females showed a greater tendency
to be correctly classified by deme of origin (fresh-
water = 84%; maritime = 78%), compared to males
(freshwater = 68%; maritime = 72%).

We detected no significant differences between geno-
types of purebred F, crosses. (P = 0.336; Table 3). Two
CVA axes captured 91 % of variation in partial warp scores
(ca. 74% of total shape variation) and suggested that
cross-specific shape differences (Fig. 3d, CV1) were
driven almost exclusively by compressive deformations
(Fig. 3e). The second axis captured shape variation
principally associated with salinity differences and was
largely defined by variation in partial warp 1 scores, with
lesser contributions from shear deformation and warps
3 and 5. Trends in the degree of overlap of confidence
ellipses suggested that shape differences were more
pronounced when fish were reared in freshwater com-
pared to saltwater (Fig. 3d). Group classification based on
morphological score also reflected this overlap, with only
freshwater crosses reared in their native salinity (< 19%,)
exhibiting a reasonably high degree of correct identifica-
tion (78.7%); for the remaining groups, individuals were
correctly classified in < 60% of cases (range 52.2-59.3%).
Classification by cross type, irrespective of rearing envi-
ronment (freshwater = 77.4%; maritime = 79.2%), and
classification by rearing environment, irrespective of cross
(freshwater = 78.7%; saltwater = 79.0%), suggested sim-
ilar levels of morphological overlap due to genotypic and
salinity effects. This was supported by analyses of partial
warp scores, which revealed no significant genotype-
environment interaction in overall morphological
variation (P = 0.192; Table 3). Yet, despite considerable
overlap among groups in multivariate space (Fig. 3d),
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Fig. 2 Frequency distributions of standard length estimated from samples of male (a) and female (b) sticklebacks collected from spawning
grounds of the St Lawrence River estuary. Samples from sites within the range of the freshwater deme are plotted as broken, black lines;
solid grey lines denote samples corresponding to the maritime deme. (c) Mean growth trajectories for fish with a freshwater (black lines)

or maritime (grey lines) genetic background. Individuals sampled randomly from full-sib families were reared in freshwater (< 19,
broken lines) or saltwater (209, solid lines). Growth trajectories were determined by fitting size-at-age data to von Bertalanffy growth
curves via nonlinear mixed-effects modelling (see Materials and Methods for model parameterization).

shape vectors differed significantly between rearing
environments (P = 0.008; Table 3).

Individuals from sites with salinities atypical of
their respective demes also exhibited significant shape
differences from both deme means, and trends in distance
data suggested most samples were closer in Procrustes
shape space to that of the alternate deme with similar
native salinities (Table 4; see also Fig. S4). In contrast,
all laboratory-reared crosses appeared closer to the FW
deme average, irrespective of their genetic background
(Table 4). For wild fish, Riemannian shape distances
between the focal groups (BP and CHAT) and the
reference samples were relatively uniform, suggesting
that these individuals were not significantly closer in
shape space to that of their proper demes. This same

pattern was observed in classification results. Globally,
31.3% of BP fish were correctly grouped with the
freshwater deme, and 25.6% of CHAT samples were
correctly classified as maritime in shape space. Only
58.3% of BP females were classified as freshwater females,
and the others were misidentified as maritime females.
Results were far worse for BP males wherein 95.8% were
improperly classified as maritime males; only 4.2% were
correctly classified. Aberrant classifications were also
typical for CHAT fish in which only 26.7% of females
and 25.0% of males were correctly classified. Neverthe-
less, sexual dimorphism was largely evident, with 100% of
BP individuals grouped by their correct sex. All CHAT
females were also correctly identified as females, and
91.7% this site’s males were correctly classified.
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Table 2 anova of mixed-effects models for standard length (SL) at
230 days, and for parameters of the von Bertalanffy growth model
(9 and k; eqn 1) of purebred F; crosses raised under reciprocal
salinities. Fixed factors describe the effects of cross (i.e. genotype, G),
environmental salinity (E) and genotype—environment interaction
(G x E). Random variation among full-sib families is reported in
square brackets. For SL data, significance of F ratios (P-value) is
evaluated against a distribution of F ratios simulated under a null
model (10 000 simulations). For growth model parameters, F ratios
are evaluated on the basis of Wald’s F-test. Note that sum of square
variation for this model (SS*) is not provided by the ‘NLME’ package,
so they have been approximated from the reported F ratio and
within-group variance.

d.f. SS F P-value
SL
Cross (G) 1 24.818 0.922 0.360
Env. (E) 1 216.830 8.055 0.005
GxE 1 5.766 0.214 0.645
[Family] 13.381
Residual 26.919
d.f. Ss* F P-value
q
Cross (G) 2 2.959 845.225 < 0.001
Env. (E) 1 0.041 23.533 < 0.001
GxE 1 48x 107 0.272 0.602
[Family] 1.8x 107°
k
Cross (G) 2 2.3x107° 210.754 < 0.001
Env. (E) 1 6.5x 1077 0.118 0.731
GxE 1 1.3x1078 0.002 0.961
[Family] 55x 107°
Residual 9.71

Quantitative genetics and differentiation

In general, differentiation in partial warp scores did not
exceed neutral expectations, except for uniform com-
pressive deformation (Compr), which was significantly
> Fsr (Fig. S6). Psr estimates largely mirrored those of
Fsr, except for that of partial warp 1 scores that exceed
neutral expectation in wild-caught fish, but not in the
laboratory. With the exception of lateral plate number
and two latent shape variables (warp 2 and warp 5), all
traits exhibited significant additive genetic variance
(Table 5). Phenotypic variation in plate number and
body size exhibited significant effects of environmental
salinity; however, for latent shape variables, significant
Vg was detected only in uniform shape scores and the
first partial warp (Table 5). We detected significant
genetic correlations between SL and all shape variables,
excluding partial warp 3 scores (Table 6). Components of
uniform variation were uncorrelated, but both shear
(warp 1 and warp 4) and Compr (warp 3) were
significantly correlated with at least one nonuniform
component of variation. Most partial warp scores exhib-
ited no significant genetic correlations, with the excep-
tion of warp 3 and warp 4 (Table 6).
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Table 3 Model selection criteria for mixed-effects multiresponse
models of total shape variation among mature individuals sampled
from the freshwater and maritime demes (Wild) and for purebred F;
crosses (Lab). Simple models testing for significant effects of

deme (D) and sex (S), or cross (i.e. genotype, G) and environmental
salinity (E), are contrasted with more complex models including
centroid size as a covariate to control for potential allometric effects.
Random effects includes variation among sampling sites within each
deme or variation among full-sib families. Model selection is based
on the deviance information criterion (DIC, parsimony model in
bold) and P-values of effects determined from the posterior distri-
bution of the parsimony models.

Model DIC Fixed Effects P-value
Wild
Null -11869.29 D 0.002
Deme (D) + Sex (S) -11911.00 S < 0.001
DxS -11911.23 DxS 0.106
Centroid Size (C) + D + S —11908.65
C+DxS -11908.87
CxDx$S -11906.33
Lab
Null —-7211.00 G 0.336
Cross (G) + Env. (E) -7219.80 E 0.008
GxE -7218.20 GxE 0.192
Centroid Size (C) + G + E -7219.79
C+GxE -7215.36
CxGxE —7217.51
Discussion

Shape variation described by geometric morphometric
analyses of wild-caught fish suggests that stickleback
demes endemic to the St Lawrence River estuary differ
significantly in overall body form. Yet results of the
common garden experiment were not concordant with
this view, with multivariate analyses of ‘total’ shape
revealing no significant differences between genotypes,
but a significant effect of rearing environment. This
highlights a potential pitfall of such powertul, multivar-
iate techniques: taken on their own, comparative anal-
yses between samples of wild-caught individuals could
easily lead to the type of adaptationist storytelling against
which Gould & Lewontin (1979) cautioned. However, by
comparing results from wild-caught groups with those
reared under controlled environments, we can begin to
address underlying proximate causes of shape variation
and generate hypotheses of their potential utility and
ultimate origins.

Is shape variation plastic or genetic?

Although environmental (plastic) and genetic sources of
phenotypic variation are not mutually exclusive, in an
evolutionary context greater emphasis is generally placed
on heritable variation as this is a necessary condition for a
response to selection. This point is certainly reflected in
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the debate surrounding the most appropriate method of
estimating heritability of shape, wherein the crux of the
argument hinges on the ability to predict a response to
selection (Monteiro et al., 2002; Klingenberg, 2003). One
position holds that shape should be defined by the matrix
of genetic covariation, because this is the only known
method of predicting a multivariate response to selection
(Klingenberg & Leamy, 2001; Klingenberg, 2003). The
alternate view suggests that univariate measures of
compound variables can sufficiently capture this aspect
of evolution (Monteiro et al, 2003), likely due to
observations from explicit factor analytic modelling of
G matrices showing that (co) heritable variation in
phenotypic space can be reduced to fewer dimensions
than numbers of component traits (McGuigan & Blows,
2007). Although this data set may be insufficient to
meaningfully address this debate, we contend that there
is at least sufficient evidence for heritable variation of
shape within this system, given that both univariate and
multivariate decompositions of variance for latent shape
variables revealed significant estimates.

Indices of quantitative differentiation were equally
informative, allowing for inference into the roles of
diversifying selection or drift in shaping phenotypic
divergence. In contrast to other freshwater stickleback
populations for which strong signals of selective diver-
gence in both standard morphometric and geometric
measures of body form are prevalent (Leinonen et al.,
2006; Raeymaekers ef al, 2007; Berner etal, 2011;
Hendry et al, 2011) and despite significant heritable
variation upon which selection could act, only one trait
index exhibited a signal of differentiation that might be

.y E he- TN L
WW@QAL(,QF\’{QL'{Q 89
W

Fig. 3 Multivariate discriminant analysis
(CVA) of shape vectors defining affine and
: . partial warp scores of mature sticklebacks
I sampled from spawning grounds (a). Solid
grey symbols denote individuals of the
maritime deme, whereas open black symbols
‘ denote freshwater individuals. Females are
indicated by circles and males by triangles.
Respective groupings are bound by approxi-
mate 90% confidence ellipses. Mean differ-
entiation between demes (b) and sexes (c) is
also shown, with relative contributions
(loadings; arrow lengths) of each shape score’s
contribution to group discrimination. CVA of
purebred, laboratory-reared fish is plotted in
(d). Grey symbols denote individuals with a
maritime genetic background (SW-SW),
whereas black symbols denote freshwater
crosses (FW-FW). Individuals reared in FW
(< 19,) are plotted as open symbols, with
approximate confidence ellipses as broken
lines; individuals reared in SW (209,,) are
denoted with solid symbols and lines.
Discrimination between crosses (e) and
rearing environments (f) is as above.

interpreted as evidence of diversifying selection: uniform
compressive variation (Compr). Interestingly, this was
also the only shape variable to exhibit significant
genotypic differences between crosses reared in the
laboratory and had the highest point estimate for
heritability of all latent variables. Thus, it could be
argued that uniform compressive difference between
demes has evolved under directional selection. However,
this interpretation should also be tempered by the fact
that this accounts for only 6.6% of variation of total
morphology. Additionally, Qs indices for all other latent
shape variables fell within the range of neutral diver-
gence. Although most of these shape descriptors
exhibited significant additive genetic variance, trait
heritability does not preclude the contribution of envi-
ronment as an important source of phenotypic variation.
Indeed, we have demonstrated significant salinity effects
on size, uniform shape scores and the partial warp score
with the greatest contribution of shape variation (warp
1, 28% of total shape), which suggests a strong potential
for direct environmental influences on body form. It is
perhaps equally telling that partial warp 1 scores also
gave conflicting signals in comparisons of Qsr and Psr
estimates (Fig. S6). This ‘trait’ also made the greatest
contribution to the CVA axis capturing salinity-related
variation among laboratory crosses (Fig. 3f) while
exhibiting relatively similar contributions of additive
genetic and environmental variance to its expression
(Table 5). Taken together, these observations lead us to
conclude that overall differences between demes in
general body morphology are predominantly plastic in
nature.
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Table 4 Differences in Procrustes superimpositions of landmark
data. Focal groups are contrasted with mean shape data corre-
sponding to mature individuals sampled from the freshwater (FW)
and maritime (SW) demes inhabiting sites with salinities typical of
the respective environments (FW: CR and LEV; SW: BAC and RIKI).
Fish sampled from sites with atypical environmental conditions
(Wild) were contrasted only with individuals of the same sex.
Purebred F; crosses (Lab) from reciprocal salinity conditions (indi-
cated in parentheses) were contrasted with mean shape data
averaged over sexes. p is the Riemannian shape distance between
Procrustes superimpositions, and A, represents an unbiased
difference statistic, evaluated via bootstrapping (see Materials and
Methods for details). Visualizations of superimpositions are available
as online supplementary material (Figs S4 and S5).

FW Deme SW Deme
Focal group p Ammin P-value p Ammin P-value
Wild
BP (females) 0.035 617.4 0001  0.035 592.6 0.001
BP (males) 0.035 1122.0 0.001  0.030 716.1 0.001
CHAT (females) 0.032 4143 0.001  0.030 3259 0.001
CHAT (males) ~ 0.029  307.8 0.001  0.030 394.7 0.001
Lab
FW-FW (< 1%,,) 0.049 11219 0.001  0.052 1692.2 0.001
FW-FW (20%,)  0.025 4409 0.001  0.085 646.8 0.001
SW-SW (< 19%,) 0.041 5554 0.001  0.041 6952 0.001
SW-SW (20%,) 0.026 687.6 0.001  0.034 830.2 0.001

Plasticity in stickleback morphology is not unique to
the St Lawrence system. Indeed, early experiments into
the nature of trophic dimorphism in freshwater stickle-
backs demonstrated how morphological variation in the
direction of specialized morphotypes could be induced by
diet (Day et al., 1994; Day & McPhail, 1996). Interest-
ingly, seeming ‘preadaptive’ morphological plasticity has
been observed in ancestral sticklebacks reared on derived
diets (Wund et al., 2008, 2012), although more recent
observations suggest that genetic variation masked in the
ancestral population/environment may also be released

Morphological variation in sticklebacks 1107

in a novel environment, (McGuigan et al.,, 2011). Nev-
ertheless, plastic morphological responses have been
associated with habitat shifts, likely induced by develop-
mental plasticity (Spoljaric & Reimchen, 2011). More-
over, similar growth-related morphological changes have
also been observed in response to olfactory predator cues
(Frommen et al., 2011). Although conditions simulated
in our microcosms do not reflect the full suite of
environmental variation potentially affecting body
shape, environmental salinity has been shown to influ-
ence morphological variation in pupfish species (Collyer
et al., 2007). Similarly, significant shape differences have
been observed in transplanted marine sticklebacks after a
single generation in freshwater ponds (Kristjansson,
2005). Both the similarity of shape between genotypes
reared in a shared salinity and the observation that wild-
caught individuals from sites with atypical salinities
exhibited trends in Procrustes superimposition distance
metrics placing them ‘closer” in shape space to hetero-
demic individuals (Table 4; Fig. S4) seem to underscore a
common sensitivity of St Lawrence demes to environ-
mental inputs. An exception, however, can be found in
compressive variation, which displayed the lowest
proportional contribution of direct environmental effects,
relative to total phenotypic variation. Interestingly, this
was also the one latent shape variable to show a
signature of divergent selection between demes.
Although the confluence of relatively high vV, and low
Ve in a trait flagged as significantly divergent may speak
to the utility of the Qsr index as a tool to infer signatures
of selection, the apparent absence of correlated signals of
selection is puzzling.

Sexual dimorphism and allometry revisited

Shape differences between the sexes, even within
demes, were two-fold greater than those estimated
between demes. Such strong sexual dimorphism in
body shape has been observed in other stickleback

Table 5 Partitioning of phenotypic variance into additive genetic effects (V,), direct effects of environmental salinity (Vi) and residual error
(Vresidual)- Parameter estimates are based on the posterior mode of 1000 MCMC samples; 95% posterior density interval estimates are in
parentheses. Nonsignificant parameter estimates are italicized and are assumed to include zero (lower PDI).

Trait DICnul  DIC Va Va (95% PDI) Ve (95% PDI) Viesigual (95% PDI)

No. plates 3408.0 3945.5 0.033 (0-0.037) 0.002 (1.4 x 107*-0.005) 0.021 (0.014-0.027)

SL (45 days) 8012.9 6145.5 5.623 (3.456-6.812) 1.404 (1.013-1.631) 0.217 (0.001-1.032)

SL (230 days) 2345.6 2266.9 14.552 (4.545-35.736) 6.94 (1.845-10.159) 18.097 (1.925-31.153)

Shear —21265 -2153.2 34x107°(12x10°-88x107°) 1.9x10°(1.3x107-42x107%) 12x107*(6.5x 107°-1.7 x 1079
Compr —2024.0 -2071.8 6.4x10°(24x10°-15x10™% 1.0x107° (6.5 % 107°-5.0 x 107°) 15xwo-4(60x1o- 2.1 x 1079
Warp 1 -1587.0  -1604.9 1.4x107*(4.3x10°-37x10% 1.1 x107*(4.8x10°1.8x 107 50x107* (2.6 x 1074-7.4 x 1079
Warp 2 -1790.2  -1786.6  4.3x 107° (0-1.0 x 107 4.2x107°(0-1.1 x 107 3.6 x 107 (2.2 x 107-4.6 x 107%
Warp 3 -1898.4  -1956.6 1.1x107*(32x10°23x10™%) 1.5x107° (0-6.0 x 107 20x107* (8.1 x 107°-2.8 x 107%
Warp 4 -1951.6  -19725 4.8x107*(1.2x10°-1.4x10%  1.3x107°(0-6.0 x 1079 2.0x 107 (1.0 x 107-2.7 x 107%
Warp 5 —2051.0 -2048.2 2.1x107°(0-4.9x 107°) 59x 1076 (0-4.4 x 1079 1.8 x 107 (1.2 x 1074-2.2 x 107

DIC, deviance information criterion; MCMC, Markov chain Monte Carlo; SL, standard length.
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Table 6 G matrix of size and shape variables. Narrow-sense heritability estimates (/%) and their 95% PDIs are boldfaced on the diagonal. Point estimates of the genetic correlation (G)

between traits are in the lower triangle. Nonsignificant estimates are presumed to be zero; however, point estimates are presented in italics. 95% PDI estimates are in the

parentheses in the upper triangle, with nonsignificant estimates italicized.

Warp 5

Warp 4

Warp 3

Warp 2

Warp 1

Compr

Shear

SL

(0.314 t0 0.853) (~0.986 to —0.867) (~0.983 to —0.832) (=0.776 0 0.071) (0.210 to 0.911) (~0.936 to —0.353)

(0.419 to 0.954)

0.404
(0.149 t0 0.760)

SL

0.195 (~0.575 t0 0.574) (~0.930 to —0.236) (~0.807 to0 0.209) (~0.844 to0 0.209) (0.144 t0 0.935) (-0.428 t0 0.782)

0.791

Shear

(0.066 t0 0.444)

-0.159

(~0.833 to0 0.280) (-0.952 to —0.593) (~0.642 t0 0.547) (~0.974 10 0.128)

(~0.877 t0 0.189)

0.245
(0.116 10 0.571)

—-0.509

0.638

Compr

(—0.649 to 0.550) (-0.888 to 0.107) (—-0.595 to 0.662)

(-0.362 to0 0.815)

0.179

-0.764

—-0.958

Warp 1

(0.059 to 0.439)

0.265

(~0.769 t0 0.413) (-0.751 t0 0.379)

(~0.779 t0 0.342)

0.108

—-0.664 —-0.460

—-0.969

Warp 2

(0.041 to 0.229)

—0.494

(—-0.895 to —-0.181) (-0.732 to 0.521)

0.272
(0.135 t0 0.619)

-0.749

—-0.531 —-0.845 -0.014

-0.301

Warp 3

(~0.374 0 0.795)

0.172

0.723 -0.113 -0.728 -0.147

0.721

Warp 4

(0.065 to 0.461)

—0.494

0.105

-0.055

—-0.485

0.126

—-0.564

0.133

—-0.806

Warp 5

(0.035 to 0.220)

SL, standard length.

populations (Kitano et al., 2007; Aguirre et al., 2008).
Further, the degree of sexual dimorphism has been
shown to vary among populations and habitats (Spolj-
aric & Reimchen, 2008; Leinonen efal, 201la),
although many of these populations also exhibit
potentially confounding relationships between partial
warp scores and centroid size. Moreover, as female-
specific differences in body form, independent of
gravidity, may only be apparent after the initial
diversion of bioenergetic resources from growth to
sexual reproduction, size-related differences may be an
important determinant of sexual dimorphism (Kitano
et al., 2007). Conversely, QTL mapping has suggested a
strong genetic component to these differences:
although many QTL for morphological landmarks are
common between sexes, QTL with the greatest effect
sizes are located within a sex-determining chromo-
somal region (Albert er al., 2008). As no size QTL were
detected in the same region, it was presumed that
sexual dimorphism could not be attributable to allo-
metric differences. Likewise, we have concluded that
allometric effects are unlikely to be driving patterns of
sexual dimorphism in this system (Table 3), despite
observed size differences between males and females.
Both ontogenetic allometric effects and sexual differ-
ences have been reported to explain shape variation in
marine shiner perch over a broad latitudinal cline
(Woods, 2007). Thus, it is conceivable that relation-
ships between size and shape could influence func-
tional morphology independent of sexual dimorphism,
although Reid & Peichel (2010) hypothesize an inter-
esting counterpoint if antagonistic interactions between
sexual and natural selection were to differ between
males and females. Observations of greater divergence
between sexes than between demes may also pose the
question of whether sexual dimorphism is potentially
mitigating diversifying selection between habitats. For
instance, Bolnick & Lau (2008) observed that sexual
dimorphism in sticklebacks was strongest in habitats
where disruptive selection should have been predom-
inant and that dimorphism and disruptive selection
were negatively correlated. Certainly disentangling
sexual dimorphism from other putatively adaptive
functional polymorphisms may be complicated by a
tendency for many sexually based dimorphisms to
reflect ecologically based differences between trophic
specialists (Reimchen & Nosil, 2006). Further difficul-
ties of interpretation are likely inevitable in the face of
size-based differences between focal groups, in as much
as size can be an ultimate target of selection, but also a
potential mechanistic link between plastic and genetic
determinants of phenotypic expression (Schaefer &
Bookstein, 2009; although see McGuigan et al., 2011).
And although McGuigan et al. (2010) have shown that
evidence of allometry alone does not predict a corre-
lated response to selection between growth/size and
body form, it is generally assumed that allometry is
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ultimately pleiotropic in nature (Klingenberg, 2010).
Given genotypically based differences in growth trajec-
tories (Table 2), in addition to significant genetic
correlations between SL and compression, it was
surprising that we observed no correlated signatures
of selection on body size. We cannot fully explain this
result, although such body shape/size coevolution may
be tempered by constraints found in the G matrix of
ancestral/colonizing  populations  (Leinonen et al.,
2011b).

Lateral plate homogeneity: does an exception help
prove an emerging rule?

The existence of three distinct morphotypes defined by
the number and corporal location of protective lateral
plates is a polymorphism common throughout the
stickleback’s global distribution (Bell & Foster, 1994;
Bell, 2001). The ancestral marine form is fully plated,
and certain estuarine populations may exhibit varying
numbers of plates (Klepaker, 1996; Bell, 2001). How-
ever, the colonization of freshwater has typically
favoured morphs lacking the full complement of lateral
plates (Bell efal, 2004; Raeymaekers et al., 2005;
Aguirre et al., 2008). Yet, this distribution of morpho-
types was not observed in the St Lawrence; in fact, all
sticklebacks within freshwater are fully plated. Given
the Mendelian architecture of the lateral plate poly-
morphism (Cresko et al., 2004; Colosimo et al., 2005), it
was perhaps not surprising that common garden exper-
iments revealed no significant additive variance for plate
number. Interestingly, we did detect a significant
environmental component to phenotypic variance;
however, the magnitude of this effect was substantially
smaller than total phenotypic variance (Table 5). Thus,
it is unlikely that early hypotheses proposed to explain
the distribution of plate morph focusing on environ-
mental effects, such as differential survival and plate
genesis as a function of ion concentration (Heuts, 1947),
or climatic effects (Hagen & Moodie, 1982), can explain
the apparent monomorphism of St Lawrence stickle-
backs. We contend, based upon our observations, in
addition to independent experimental tests of morph-
specific salinity-dependant mortality (Marchinko &
Schluter, 2007), that Heuts (1947) hypothesis may be
put to rest in favour of alterative explanations, namely
differential predation by vertebrate or macroinverte-
brate enemies (Reimchen, 1994, 2000; Bergstrom &
Reimchen, 2003; Patankar efal, 2006). Important
piscine stickleback predators are common throughout
the estuary, although the species compositions do vary
with environmental salinity. The homogeneity of plate
morphs within the St Lawrence estuary most likely
reflects the complexity of this ecosystem, rather than a
fundamentally divergent genetic architecture from other
stickleback systems.
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Conclusions

Geometric morphometric analyses of wild-caught indi-
viduals suggest that stickleback demes endemic to the
St Lawrence River estuary differ in body form; however,
purebred crosses reared under controlled environmental
conditions indicate that variation within this system is
most likely plastic. Although multivariate descriptors of
shape are heritable, many are equally influenced by direct
environmental contributions. Additionally, we show evi-
dence of both allometry and genetic correlations, but no
concomitant correlated signatures of selection on mor-
phological variation, despite evidence of adaptive diver-
gence between demes—previous work in this system has
demonstrated weak population structure linked to
environmental (i.e. salinity) heterogeneity, and adap-
tive differences in osmoregulatory physiology. Taken in
their entirety, observations on stickleback demes of the
St Lawrence estuary would seem to validate the
perspective that inherently ‘plastic’ traits (e.g. behav-
iour and physiology) may be among the first to diverge
among populations. Yet, one must also consider that
the most divergent trait within this relatively young
system, differential osmoregulatory capacity, retains a
pattern of environmental sensitivity found within the
ancestral phenotype. Thus, a predominant role of
plasticity reiterated for morphology serves also as an
important reminder for the unique capacity of the
threespine stickleback to cope with heterogeneous
environments over the species” broad geographical
range. In more general terms, these observations may
speak to the fundamental importance of trait plasticity
in modulating the evolutionary process, given that a
species contemporary distribution may rely as much
and perhaps more on plasticity than local adaptation.
This may be particularly the case for G. aculeatus in
many of its freshwater forms and localities.
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