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Parallel (and convergent) phenotypic variation is most often studied in the
wild, where it is difficult to disentangle genetic vs. environmentally induced
effects. As a result, the potential contributions of phenotypic plasticity to
parallelism (and nonparallelism) are rarely evaluated in a formal sense.
Phenotypic parallelism could be enhanced by plasticity that causes stronger
parallelism across populations in the wild than would be expected from
genetic differences alone. Phenotypic parallelism could be dampened if sitespecific plasticity induced differences between otherwise genetically parallel
populations. We used a common-garden study of three independent lake–
stream stickleback population pairs to evaluate the extent to which adaptive
divergence has a genetic or plastic basis, and to investigate the enhancing
vs. dampening effects of plasticity on phenotypic parallelism. We found that
lake–stream differences in most traits had a genetic basis, but that several
traits also showed contributions from plasticity. Moreover, plasticity was
much more prevalent in one watershed than in the other two. In most
cases, plasticity enhanced phenotypic parallelism, whereas in a few cases,
plasticity had a dampening effect. Genetic and plastic contributions to divergence seem to play a complimentary, likely adaptive, role in phenotypic parallelism of lake–stream stickleback. These findings highlight the value of
formally comparing wild-caught and laboratory-reared individuals in the
study of phenotypic parallelism.

Introduction
Parallel/convergent phenotypic evolution – the
independent and repeated evolution of similar traits in
similar environments – provides strong evidence for a
deterministic role of natural selection (Langerhans &
DeWitt, 2004; Schluter et al., 2004; Arendt & Reznick,
2008; Losos, 2011; Wake et al., 2011). While recognizing that optimal use of the terms ‘parallel’ vs. ‘convergent’ is debatable (Arendt & Reznick, 2008), we
henceforth use ‘parallel’ as it is standard for our study
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system (see below) and because we focus on phenotypic patterns, rather than the underlying genetic/developmental pathways. Parallelism is frequently
reported in studies of natural populations, yet a growing number of studies have shown that ostensibly similar habitat divergence is often associated with
substantial nonparallel phenotypic divergence. For
example, adaptive divergence between contrasting
environments can vary dramatically in direction and
magnitude among independent evolutionary lineages
(e.g. Brinsmead & Fox, 2002; Matos et al., 2002;
Langerhans & DeWitt, 2004; Langerhans et al., 2006;
Eroukhmanoff et al., 2009; Prunier et al., 2012). These
deviations from parallelism are often attributed to
site-specific environmental differences within a given
‘habitat type’ (Brinsmead & Fox, 2002; Landry &
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Bernatchez, 2010; Ravinet et al., 2013), although other
factors, including plasticity, also could be important
(Teot
onio & Rose, 2000; Langerhans & DeWitt, 2004;
Nosil & Crespi, 2004; Langerhans et al., 2006; Kaeuffer
et al., 2012; Lucek et al., 2014a). Our goal in this study
was to explicitly consider the role of contemporary (i.e.
current) plasticity in phenotypic parallelism and nonparallelism, which we sometimes refer to jointly as
‘(non)parallelism’. To determine the relative contributions of plastic and genetic effects to (non)parallelism,
we consider the extent to which parallel phenotypic
divergence across pairs is retained in a common-garden
setting, as compared to patterns in the wild.
Plasticity could interact in several ways with genetic
differences to shape phenotypic divergence in nature
(Price et al., 2003; Ghalambor et al., 2007, 2015;
Paenke et al., 2007; Crispo, 2008; Pfennig et al., 2010;
Fitzpatrick, 2012; Wund, 2012). First, plasticity might
hinder genetic divergence because plastic responses can
shield genetic variation from selection (Price et al.,
2003; Thibert-Plante & Hendry, 2011). Second, plasticity might promote genetic divergence by (1) revealing
cryptic variation on which selection can act (WestEberhard, 2003; Moczek et al., 2011; Schlichting &
Wund, 2014), (2) allowing populations to persist in
novel habitats until selection can act on genetic variation (Price et al., 2003; Crispo, 2007; Ghalambor et al.,
2007; Pfennig & McGee, 2010; Pfennig et al., 2010) or
(3) by displacing phenotypes away from adaptive
optima (i.e. maladaptive plasticity) and thereby intensifying selection (Grether, 2005; Ghalambor et al., 2015).
Third, plasticity can influence the effects of gene flow
on adaptive divergence, depending on whether plasticity acts before or after dispersal (Thibert-Plante &
Hendry, 2011). Fourth, plasticity might cause nongenetic population divergence if different environments
induce plastic differences between genetically similar
populations. As a result of these effects, plasticity
might increase or decrease phenotypic divergence, a
contrast sometimes called cogradient vs. counter-gradient variation (Conover & Schultz, 1995; Conover et al.,
2009).
By extension, contemporary plasticity could alter patterns of phenotypic (non)parallelism. On the one hand,
plasticity might enhance parallelism by making habitatassociated divergence more similar across independent
lineages than would be the case in the absence of plasticity. On the other hand, plasticity might dampen parallelism by making such divergence less similar than
would be expected in its absence. One route to such
inferences is to compare phenotypic patterns between
in field-collected and laboratory-reared individuals, the
latter presumably lacking (or at least minimizing) differential environmental effects on phenotypes. (Of
course, genotype-by-environment (GxE) interactions
dictate that phenotypic patterns in the laboratory are
not, strictly speaking, the patterns that would be seen
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in nature in the absence of differential plasticity.) Many
previous studies have conducted common-garden
experiments to infer a genetic basis for phenotypic
divergence (e.g. Lavin & McPhail, 1993; O’Steen et al.,
2002; Langerhans et al., 2004; Nosil & Crespi, 2004;
Herczeg et al., 2009). Although some of these studies
involved multiple independent lineages (at the population or species levels) and were thus informative with
respect to (non)parallelism, few studies have formally
compared (non)parallelism in nature to (non)parallelism for the same populations reared in the laboratory
(Torres-Dowdall et al., 2012 provide a rare example). As
a result, insights into whether plasticity enhances or
dampens phenotypic parallelism are generally lacking.
In the present study, we explore this topic through a
study of threespine stickleback, Gasterosteus aculeatus.
Study system and specific questions
Threespine stickleback are widely distributed across the
Northern Hemisphere where they have repeatedly
invaded and adapted to diverse habitats, resulting in
the replicate parallel evolution of distinct ‘ecotypes’
(Bell & Foster, 1994; McKinnon & Rundle, 2002;
Hendry et al., 2009). In our study system (lake–stream
ecotype pairs in British Columbia, Canada), this evolutionary replication arose as different watersheds were
independently colonized by marine ancestors following
Pleistocene deglaciation (Thompson et al., 1997;
Hendry & Taylor, 2004; Berner et al., 2009; Roesti
et al., 2012). Lake–stream pairs show considerable parallel trait divergence driven by repeatable natural
selection (Moodie, 1972a,b; Reimchen et al., 1985;
Lavin & McPhail, 1993; Hendry & Taylor, 2004; Berner
et al., 2008, 2009; Kaeuffer et al., 2012; Lucek et al.,
2013; Ravinet et al., 2013). For example, lake fish
commonly forage on zooplankton in the open water,
which favours shallower bodies and numerous gill
rakers, whereas stream fish commonly forage on
macroinvertebrates in complex benthic habitats. Yet
these same traits also exhibit some nonparallelism in
that lake–stream divergence is much greater in some
watershed than in others. Moreover, other traits such
as armour and gill raker length also exhibit nonparallelism in form of different directions of divergence in
different
lake–stream
pairs
(Moodie,
1972a,b;
Reimchen et al., 1985; Lavin & McPhail, 1993; Hendry
et al., 2002; Kaeuffer et al., 2012). These deviations
from parallel evolution at least partly reflect variation
in divergent selection (Berner et al., 2008; Kaeuffer
et al., 2012; Hendry et al., 2013a) and gene flow
(Hendry & Taylor, 2004; Moore et al., 2007). They
could also reflect historical contingency resulting from
the particular marine genotypes that happened to colonize a given watershed. Here, we will consider to what
extent the above (non)parallelism also might reflect
phenotypic plasticity.
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Common-garden studies thus far have been performed for only two independent lake–stream lineages:
the Misty Lake-Inlet/Outlet pairs on northern Vancouver Island, British Columbia (Lavin & McPhail, 1993;
Hendry et al., 2002, 2011; Delcourt et al., 2008; Sharpe
et al., 2008; Raeymaekers et al., 2009, 2010; Berner
et al., 2011; Baker et al., 2013) and several lake–stream
pairs from Lake Constance, Switzerland (Lucek et al.,
2014a; Moser et al., 2015). In the Misty watershed, lake
and inlet stickleback differ genetically in a wide range
of traits, including gill raker length, body shape, swimming ability, nest construction and courtship behaviour
(see above references). At the same time, at least some
of these traits are known to be influenced by plasticity,
especially with respect to differences between Misty
Lake and Outlet stickleback (see above references).
However, with only a single watershed studied from
each of only two continents, generality is currently
lacking as to plastic vs. genetic contributions to lake–
stream divergence, as well as any (non)parallelism
therein.
In this study, we quantify and compare phenotypic
divergence for wild-caught and common-garden fish
from three Vancouver Island lake–stream pairs. First,
considering each of the three watersheds separately, we
ask, (1) what lake–stream differences persist in a common garden? and (2) does plasticity increase or
decrease lake–stream differences? If lake–stream differences are greater (vs. lesser) in the wild than in the
common garden, we conclude that plasticity increases
trait differences. If trait differences are greater in the
common garden, we conclude that plasticity decreases
lake–stream differences. Second, considering all three
watersheds together, we ask, (3) to what extent are
lake–stream differences parallel in common-garden conditions? We here quantify (non)parallelism of phenotypic evolutionary divergence – heritable differences
between the ecotypes seen in the common garden –
relative to phenotypic divergence in the wild that could
result from both genetic and plastic effects. Finally, we
ask the key question, (4) to what extent does plasticity
enhance or dampen parallelism? If lake–stream parallelism across the three watersheds is greater in the wild
than in a common garden, we conclude that plasticity
enhances phenotypic parallelism. If parallelism is
greater in the common garden, we conclude that plasticity dampens phenotypic parallelism.

Materials and methods
We focused on three independent lake–stream pairs
from separate watersheds on Vancouver Island that currently contain phenotypically divergent populations of
lake and stream stickleback: the Misty, Boot and
Roberts pairs (Hendry & Taylor, 2004; Berner et al.,
2008; Kaeuffer et al., 2012; Hendry et al., 2013a). Collections for the analysis of morphology in wild-caught

(WC) fish were conducted in 2008 and correspond to
those described in Kaeuffer et al. (2011, 2012). Field
collections for common-garden (CG) studies took place
in 2011 and 2012 for Boot Lake and outlet stream and
Roberts Lake and outlet stream and in 2004 for the
Misty Lake and inlet stream (see Fig. S1 for map of
sampling sites, Table S1 for coordinates of sampling
locations and Table S2 for sample sizes). Thus, the
specific stream populations were a mixture of inlets and
outlets. Although outlets sometimes show low divergence from upstream lakes, our specific populations all
exhibit relatively high phenotypic, ecological and
genetic divergence (Table S3; Kaeuffer et al., 2012 estimated FST of 0.121, 0.178 and 0.045 for Misty Inlet–
Lake, Boot Outlet–Lake and Roberts Outlet–Lake,
respectively) and low gene flow from their respective
lake populations (Hendry & Taylor, 2004; Berner et al.,
2009; Kaeuffer et al., 2012; Hendry et al., 2013a).
Importantly, all three streams differ from their respective lake populations in environmental characteristics
driving lake–stream divergence: the streams are more
complex habitats and have fewer limnetic and more
benthic prey resources than their respective lakes. The
CG Misty collections and data correspond to those
described in Sharpe et al. (2008), but the fish were
redigitized and remeasured so as to match procedures
for Boot and Roberts.
For all collections, unbaited minnow traps were used
to collect stickleback. For the WC collections, fish were
haphazardly selected for preservation in 95% ethanol.
For the CG collections, fish collected from the wild
were checked for maturity based on gravidity in
females and eye colour in males. Gravid females were
then crossed by standard methods (Hatfield & Schluter,
1996) with mature males from the same population
(4–12 full-sibling families per population). The CG eggs
were shipped by air mail to McGill University, where
they were raised in glass aquaria according to established methods (Delcourt et al., 2008; Sharpe et al.,
2008), separated by family. At the start of exogenous
feeding, the fish were fed live brine shrimp nauplii
(Artemia sp) once daily to satiation. Once the fry had
grown large enough (about 20 mm), they also received
either frozen blood worms (Chironomid larvae, used in
2004 and 2011), live blackworms (Lumbriculus sp., used
in 2004) or frozen mysis shrimp (Hikari Sales USA,
Inc., Hayward, CA, USA, used in 2012), based on the
availability of these food products. Importantly, the different populations did not differ systematically in the
rearing and feeding conditions they experienced. Moreover, our previous work has shown that lake–stream
differences in a common garden are extremely consistent between experiments in different years and conducted under different conditions – as evidenced by
similar results for the Misty system in Lavin & McPhail
(1993), Hendry et al. (2002), Sharpe et al. (2008) and
Berner et al. (2011).
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After 8–9 months of rearing under ‘summer’ conditions (17 °C, 16 h of light and 8 h of dark), the F1 CG
fish were transferred to ‘winter’ conditions (12 °C, 8 h
of light and 16 h of dark), before being transferred back
to summer conditions. When mature (either reproductively ready or showing early signs of readiness, such as
blue eyes and red pelvic spines in males and swollen
abdomens in females), these fish were euthanized with
MS-222 (tricaine methanesulphonate), photographed
for geometric morphometric and univariate measurements and preserved in 95% ethanol for later measurement of gill rakers. The photographs were taken of the
left side of the fish, each including a standard scale,
with a digital camera mounted on a tripod. As in
Sharpe et al. (2008), Berner et al. (2009) and Hendry
et al. (2011, 2013b), fine pins were used to indicate
landmarks that are difficult to discern from photographs, as well as to spread the dorsal and anal fins.
Our common-garden experiment was conducted
through the first laboratory generation (F1), and maternal effects could thus theoretically persist. However,
maternal effects on morphological traits seem to be
minimal in threespine stickleback given that F1 and F2
common-garden generations have very similar phenotypes in the Misty lake–stream pair (Berner et al., 2011)
and in a benthic-limnetic stickleback pair (Hatfield,
1997). We therefore follow previous work on stickleback in interpreting lake–stream differences in F1 common-garden fish to reflect genetic divergence with
minimal (if any) maternal effects.
Morphological measurements
All photographs of WC and CG fish were analysed
using tpsDIG2 (life.bio.sunysb.edu/morph/) in haphazard order and blind with respect to sampling site. Fourteen reliable landmarks (Fig. 1) were chosen based on
previous studies of lake–stream stickleback (Berner
et al., 2008, 2009; Kaeuffer et al., 2012). Consensus
shape, centroid size and relative warps were calculated
using tpsRelw (life.bio.sunysb.edu/morph/).
Preliminary analyses suggested that our samples
showed sexual dimorphism in some traits, and so we
analysed males and females separately. Geometric

Fig. 1 Position of the landmarks included in geometric
morphometric analyses to compare lake–stream shape differences
across watersheds and rearing environments. Figure modified from
Kaeuffer et al. (2012).
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morphometric analyses in tpsRelw were also performed
on each sex separately. Inspection of relative warps
(RWs) for females revealed that the majority of shape
variation was due to reproductive status. For example,
the first relative warp (RW1) explained 21.63% of
shape variation in females and corresponded to
whether the fish was gravid or had recently laid eggs.
A linear model performed on RWs that included the
reproductive status (gravid, recently spawned or neither) and rearing environment (CG or WC) as fixed factors revealed that all warps except RW4 were
influenced by reproductive status. Thus, females were
excluded from geometric morphometric analyses.
Additional morphometric traits not reliably captured
by geometric morphometrics were measured from the
photographs using IMAGEJ (imagej.nih.gov/ij/). All measurements were again carried out in haphazard order
and blind with respect to sampling site. Eleven traits
were measured: standard length, jaw length (from the
anterior tip of the upper lip to the end of the mouth),
eye width (horizontally from the most anterior to most
posterior edge of the eye), pectoral fin width (at the
base of the fin) and length (along the dorsal edge of
the fin), pelvic and dorsal spine lengths (from anterior
insertion to tip, both first and second dorsal spines were
measured), anal and dorsal fin lengths (at the base of
the fin), and caudal peduncle depth (at its narrowest
point). A linear model on females similar to that conducted above revealed that several traits were influenced by reproductive status: the lengths of the anal
and dorsal fins, the length and width of the pectoral fin
and the depth of the caudal peduncle. These traits were
excluded from further analyses on females.
Gill raker measurements for WC fish were taken
from Kaeuffer et al. (2011, 2012). Gill raker measurements for CG fish were performed using the same
methods, again in haphazard order and blind with
respect to sampling site, on preserved fish examined
under a stereomicroscope at 459 magnification. The
number of gill rakers on the ventral bone of the first
gill arch on the left side of the fish was counted, from
the base of the ceratobranchial to the epibranchial–
ceratobranchial joint. In addition, the lengths of the
second, third and fourth gill rakers (from the epibranchial–ceratobranchial joint on the ceratobranchial)
were each measured three times with the stage
micrometre. For subsequent analyses, we used the
mean (across the three rakers) of the median lengths
(of each gill raker) of each fish. We once again used
sex-specific analyses for both gill raker length and
number.
Statistical analyses
All analyses were performed in R version 3.0.2 (R
Development Core Team, 2012), using the packages
ggplot2 (Wickham, 2009), car (Fox & Weisberg, 2011),
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MASS (Venables & Ripley, 2002), lsmeans (Length,
2015), heplots (Fox et al., 2010), rms (Harrell, 2015)
and psych (Revelle, 2015). All models were analysed
using type III sums of squares, and inferences were
made at a = 0.05. Analyses for male geometric morphometric data were performed on relative warps (RWs)
extracted from tpsRelw. RW1 (33.62% of the variation)
was easily identifiable as being mostly due to variation
in body depth. RW2 (16.94%) appeared to be influenced by bending of the body caused by the placement
of the fish in the photographs, but was included in
analyses because bend could not clearly be separated
from potential biological variation (interpretations did
not change if RW2 was excluded). RW3 (10.80%),
RW4 (8.93%) and RW5 (5.18%) were all influenced by
variation in the relative length and shape of the head.
All other RWs accounted for <5% of overall shape variation. Due to sexual dimorphism, we analyse and present male and female data separately, except for
analyses from which females were excluded (RWs and
body depth).
1. Are lake–stream differences present within each
watershed in a common garden?
Here, we used three MANCOVAs (one for male RWs, one
for male univariate shape traits and one for female univariate shape traits) to analyse the fixed effect of habitat (lake or stream) for the CG fish within each
watershed. The logarithm of centroid size (RWs) or
standard length (univariate shape traits) was included
as a covariate in each model. We also individually analysed several traits of special interest (Hendry & Taylor,
2004; Berner et al., 2008, 2009; Kaeuffer et al., 2012):
male body depth (RW1), male and female gill raker
number, and male and female gill raker length. All
three traits were analysed with AN(C)OVA, using the
same model structure as in the above MANCOVAs, except
that no size covariate was necessary for analyses on gill
raker number.
2. Does plasticity increase or decrease lake–stream
differences within watersheds?
Here, we compared WC lake–stream differences to CG
lake–stream differences within each watershed. We first
analysed WC fish in the manner described in question
1 for CG fish and qualitatively compared results of the
two analyses. If phenotypic differences (effect size for
the habitat term) are greater in WC than CG fish, then
plasticity increases lake–stream differences (or vice
versa). We then analysed WC and CG fish together
using similar models as described above, but with an
added fixed factor for rearing environment (wild or
lab). A significant habitat-by-rearing environment
interaction would provide statistical support for the
above assessment of whether divergent phenotypic

plasticity (present in wild but not lab) increases or
decreases between-ecotype differences.
3. To what extent are lake–stream differences
parallel in common-garden conditions?
We here repeated the CG analyses from question 1, but
this time including all watersheds together, with watershed added as a fixed factor to allow inferences about
specific watersheds and also because watersheds were
specifically selected and not a random set. In this analysis, several terms, coupled with inspection of the direction of differences, are important (Langerhans &
DeWitt, 2004; Kaeuffer et al., 2012): (i) the habitat
term informs parallelism across watersheds in lake–
stream CG differences, (ii) the watershed term informs
variation across watersheds independent of habitat and
(iii) the habitat-by-watershed interaction informs lake–
stream differences that are nonparallel across watersheds.
Given our full-sib design for CG fish, family effects
would ideally have been included as a random effect in
the analyses. However, this was not possible because
families were unknown for WC fish and because the
generally low and unbalanced number of CG fish per
family preclude fitting multivariate mixed models.
Instead, as a simple and robust way to determine
whether family identity influenced the relative amount
of variation explained by the various model terms, we
compared ANCOVAs on RW1 and all univariate traits for
CG fish from the two largest families (2–11 individuals)
for each watershed-habitat combination. These models
had the same structures as those described above, but
family was either excluded or included as a random
effect. In most cases, both models resulted in the same
interpretations, and AIC was lower (ΔAIC>2) for models that did not include family. In the few cases with
differences, including family did not significantly
improve the model fit as judged by AIC and maximum
likelihood. Family effects thus had little influence on
these data.
4. To what extent does plasticity enhance or
dampen parallelism in the wild?
We here repeated the analyses from question 3, but this
time including both rearing environments (CG and
WC) as well as all watersheds. We first qualitatively
compared effect sizes in separate WC and CG models.
For a metric of parallelism (relative to nonparallelism),
we divided the effect size (partial g2) for parallelism
(the habitat term) by the effect size for nonparallelism
(the habitat-by-watershed interaction). If plasticity
enhances parallelism, we should see a greater relative
effect of parallelism in WC fish than CG fish. These
inferences based on effect size were complemented by
the examination of the directions of lake–stream
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divergence for univariate traits and for multivariate
traits along the eigenvector of divergence d for the
habitat term (dhabitat, Langerhans, 2009). We next analysed the CG and WC fish from all watersheds together.
In this analysis, (1) a habitat-by-rearing environment
interaction would inform the effect of plasticity on
parallelism, and (2) a significant three-way habitat-bywatershed-by-rearing environment interaction would
indicate that nonparallelism differed between WC and
CG fish.
Exchangeability analyses
Interpretations of parallelism can be strengthened using
the full distribution of observed phenotypes to ask how
easily individuals might be exchanged between populations based on their phenotypes (Hendry et al., 2013a).
If this ‘exchangeability’ is high within the same habitat
type but not between habitat types, parallelism is indicated, whereas the opposite pattern would indicate
nonparallelism. As exchangeability could be trait specific and context specific, we performed separate analysis
on WC and CG fish for each trait. We use the dapc
function from the adegenet package (Jombart, 2008;
Jombart et al., 2010; Jombart & Ahmed, 2011) to perform discriminant analysis on principle components as
explained in Jombart et al. (2010; see also Hendry et al.,
2013a). We select the lowest number of principle components that captured at least 90% of variation (1 for
traits investigated individually, 4 for RWs and 5 for univariate shape traits), and all discriminant functions that
represented more than about 2% of the variation (1 for
traits investigated individually, 4 for RWs and 5 for univariate shape traits). Because DAPC does not readily
allow for covariates and we wished to conduct
exchangeability analysis independent of size, for this
analysis, we used traits allometrically standardized to a
common body size (Reist, 1985; Lleonart et al., 2000;
see supplemental information for details).
To inform questions 3 and 4, fish were grouped
into four categories based on the population into
which they were classified: their population of origin
(home), the population from the same watershed but
the opposite habitat type (parapatric), a population
from a different watershed of the same habitat type
(allopatric same) or a population from a different
watershed of the opposite habitat type (allopatric
different). To standardize for random expectations,
the number of fish in each category was divided by
the number of sites in that category. After comparing
the correctly classified and misclassified fish (henceforth referred to as the misclassification analysis), we
performed cross-classification by classifying fish to
populations excluding the population of origin. Crossclassification is expected to be more powerful than
misclassification in informing exchangeability (Hendry
et al., 2013a).
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Results
Plastic and genetic differences both influenced lake–
stream stickleback phenotypes, and their relative effect
sizes varied across watersheds and traits. Consistent
with previous studies, we found parallelism for some
traits but also substantial nonparallelism.
1. Are lake–stream differences present within each
watershed in a common garden?
Lake–stream differences were evident in all multivariate
analyses on body shape in CG fish in all watersheds,
except female univariate shape traits in Misty (Table 1;
Fig. 2), indicating that shape differences are genetically
based. Unexpectedly, although lake–stream differences
were present in univariate shape traits in Roberts (except in WC females), the direction of this difference
was opposite to that in Misty and Boot, in both WC
and CG fish (Fig. 2). Univariate analyses of other key
traits in CG fish generally also showed genetically based
differences, but with some nuances. For example, body
depth (RW1) was greater in stream fish than in lake
fish in Misty and Boot, but not in Roberts (Table 1,
Fig. 3a). This suggests that lake–stream differences
observed in WC fish from Roberts are plastic. Lake–
stream differences in the length of gill rakers were variable in direction and magnitude in CG fish (Figs 3b and
S1a): in Boot, gill rakers were longer in stream fish; in
Misty, the reverse was true for females but not males;
and, in Roberts, no differences were detected. Finally,
divergence in gill raker number appears to be genetically based, as lake fish had more rakers than did
stream fish in all watersheds (Table 1; Figs 3c and S1b).
Thus, lake–stream differences usually had a genetic
basis, although not for all traits in all watersheds.
2. Does plasticity increase or decrease lake–stream
differences within watersheds?
Based on comparison of lake–stream differences in CG
and WC fish, it appears that plasticity usually does not
strongly influence the magnitude of divergence within
each watershed. Plasticity increased phenotypic differences (more variance explained by the habitat term in
WC than CG fish) in two cases (sex/trait/watershed
combinations), decreased it in seven cases and had no
influence in fifteen cases (Table 1, Table S4). For no
trait was the habitat effect uniformly greater or lesser
for CG than for WC fish in all three watersheds. Some
traits that showed genetically based differences in the
CG fish were also significantly increased or decreased
by plasticity (habitat-by-rearing environment interaction; Table 1, Table S4). Interestingly, CG lake–stream
differences were sometimes not seen in WC fish. This
was the case, for instance, for geometric morphometric
shape in Roberts males, and gill raker length in both
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Table 1 Results for the habitat term from analyses performed CG and WC fish for each watershed to determine lake–stream differences
are present in the common garden (question 1) and to compare CG lake–stream differences to those in WC fish (question 2).
Watershed
Misty
Trait type
Male geometric
morphometric shape

Partial g2
F
P-value

Univariate shape traits – males

Partial g2
F
P-value

Univariate shape traits – females

Partial g2
F
P-value

Body depth (RW1)

Partial g2
F
P-value

Gill raker length – males

Partial g2
F
P-value

Gill raker length – females

Partial g2
F
P-value

Gill raker number – males

Partial g2
F
P-value

Gill raker number – females

Partial g2
F
P-value

Boot

Roberts

WC

CG

WC

CG

WC

CG

0.976
F24,11 = 19.0
<0.0001
Increase
0.859
F9,21 = 14.2
<0.0001
Increase
0.192
F4,26 = 1.54
0.219
Increase
0.814
F1,34 = 149
<0.0001
Increase
0.0281
F1,33 = 0.954
0.34
Decrease§
0.163
F1,32 = 6.25
0.018
Decrease§*
0.325
F1,30 = 14.4
0.0007
Decrease
0.251
F1,29 = 9.75
0.004
Decrease

0.916
F24,14 = 6.32
0.0004

0.904
F24,19 = 7.42
<0.0001
Decrease*
0.692
F9,24 = 5.99
0.00021
Decrease
0.688
F4,21 = 11.6
<0.0001
Increase
0.4580
F1,42 = 35.5
<0.0001
Decrease*
0.0489
F1,44 = 2.26
0.14
Decrease§*
0.190
F1,27 = 6.35
0.018
Decrease§*
0.739
F1,45 = 128
<0.0001
Increase*
0.525
F1,27 = 29.9
<0.0001
Increase

0.979
F24,4 = 7.59
0.031

0.890
F24,8 = 2.70
0.074
Decrease
0.618
F9,17 = 3.05
0.023
Decrease
0.246
F4,22 = 1.79
0.17
Decrease*
0.204
F1,31 = 7.94
0.008
Increase*
0.00674
F1,32 = 0.217
0.64
Decrease
0.00570
F1,32 = 0.184
0.67
Decrease
0.089
F1,34 = 3.35
0.076
Decrease
0.005
F1,32 = 0.162
0.690
Decrease*

0.952
F24,8 = 6.59
0.005

0.621
F9,29 = 5.28
0.00028
0.178
F4,33 = 1.79
0.15
0.486
F1,37 = 35.1
<0.0001
0.101
F1,37=4.15
0.049
0.374
F1,36 = 21.5
<0.0001
0.487
F1,37 = 35.2
<0.0001
0.279
F1,37 = 14.3
0.0005

0.933
F9,15 = 23.1
<0.0001
0.557
F4,30 = 0.42
<0.0001
0.512
F1,27 = 28.4
<0.0001
0.409
F1,25=17.3
0.00033
0.295
F1,35 = 14.7
0.00051
0.190
F1,26 = 6.11
0.020
0.369
F1,36 = 21.1
<0.0001

0.649
F9,21 = 4.31
0.0028
0.687
F4,19 = 10.4
0.00012
0.019
F1,31 = 0.601
0.44
0.0111
F1,32 = 0.359
0.55
0.0734
F1,22 = 1.74
0.20
0.243
F1,33 = 10.6
0.003
0.447
F1,23 = 18.6
0.0003

Significant values, in bold, represent genetically based divergence. Traits for which plasticity significantly increases or decreases lake–stream
differences are in bold with an asterisk(*) (question 2). The symbol § represents cases in which divergence is in the opposite direction in
the lab. Females were excluded from geometric morphometric analyses (see Materials and methods).

sexes in Roberts. For the latter trait, genetic differences
were countered by plastic effects in nature, and countergradient variation was evident in Boot and Misty:
the ecotype with longer rakers in the wild had shorter
rakers in the laboratory (Figs 3b and S1a). Overall,
plasticity sometimes increased, sometimes decreased
and more often had no influence on lake–stream differences.
3. To what extent are lake–stream differences
parallel in common-garden conditions?
Analyses on CG fish provided evidence for both genetically based parallelism (habitat term) and nonparallelism (habitat-by-watershed interaction) (Table 2). In

multivariate analyses on shape, parallelism was always
greater than nonparallelism, although the difference
was not always large (Table 2). For body depth, the
effect size was somewhat larger for nonparallelism (partial g2 = 0.42) than parallelism (partial g2 = 0.32), primarily because lake–stream differences were evident in
CG fish for Misty and Boot but not for Roberts
(Fig. 3a). For gill raker length, nonparallelism was
stronger than parallelism (Table 2) owing to variation
across watersheds in the magnitude and direction of
divergence (Figs 3b and S1a). Gill raker number was
highly parallel across watersheds (Table 2; Figs 3c and
S1b) and was not significantly influenced by nonparallelism. Thus, genetically based lake–stream differences
include both parallel and nonparallel components, with
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Fig. 2 Lake–stream differences in geometric (a) and univariate shape (b and c) in common-garden (CG) and wild-caught (WC) fish.
Similarity in the angle of CG and WC lines within a watershed (within each panel) indicates a genetic basis for shape differences between
lake and stream fish. Similarity in the angle of lines within rearing environments (CG or WC) across watersheds (across panels) indicates
parallelism. (a) Left: mean scores along the habitat divergence vector (dhabitat, following Langerhans, 2009) for the main model (question 4)
based on geometric morphometric shape for male CG (solid lines) and WC (dashed lines) fish (females were excluded from geometric
morphometric analyses). Right: shape deforms primarily in body depth between lake and stream fish. Here, the shape deformations are
shown for the most extreme group mean scores along the dhabitat, the shallowest (top, CG Boot lake, indicated on the dhabitat plot by ‘i’)
and deepest (bottom, CG Misty stream, indicated on the dhabitat plot by ‘ii’) bodied groups. (b) Mean dhabitat scores based on male
univariate shape traits. (c) Mean dhabitat scores based on female univariate shape traits. CG and WC dhabitat values for a given trait type
were estimated from the same models (question 4).

some traits (gill raker length) and some watersheds
(Roberts) being especially nonparallel.
Exchangeability analyses supported these inferences.
For shape traits, CG fish were overwhelmingly most
likely to be classified back to their population of origin
(Figs 5 and S3), suggesting that body shape includes
substantial components unique to each population.
Exclusion of the home population as a classification
option for univariate shape traits revealed high ‘crossclassification’ to the parapatric population of the other
habitat type, indicating watershed-specific variation
independent of habitat type. Other traits showed
higher parallelism. For RWs, cross-classification was
much more likely to the allopatric population of the
same habitat type. For gill raker number and body
depth, fish were again most likely to be classified to
their home population, but cross-classified to the allopatric population of the same habitat type. By contrast,
cross-classification based on gill raker length was most
likely to the parapatric population in the opposing

habitat, confirming the lack of genetically based parallel lake–stream differences for this trait.
4. To what extent does plasticity enhance or
dampen parallelism in the wild?
Parallelism was qualitatively greater for WC fish than
for CG fish for shape traits, including body depth (Fig. 4,
Table 2), and this inference was statistically confirmed
in almost all cases through a significant habitat-bywatershed-by-rearing environment interaction (Table 3).
That is, environmentally induced effects in nature generally enhanced phenotypic parallelism in shape traits
relative to that seen for genetic differences manifest in a
common environment. However, the opposite was true
for gill raker measurements for two keys reasons. First,
for gill raker length, plasticity appeared to dampen
parallelism – but this effect is misleading because this
trait is highly nonparallel and thus even modestly more
similar phenotypes seem more parallel despite overall
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phenotypic parallelism in shape in the wild, but not in
gill raker traits.
In exchangeability analyses, classification was most
common to the population of origin for both WC and
CG fish (Figs 5 and S3). However, results differed for
‘cross-classification’ analyses that excluded the population of origin. Most strikingly, geometric morphometric
(and to a lesser extent univariate shape) cross-classification to allopatric populations in similar habitats was
much more likely for WC fish than for CG fish. This
result confirms the above assertions that plasticity generally enhances lake–stream parallelism. By contrast,
cross-classification results were similar for WC and CG
fish for body depth and gill raker number (because parallelism was high in both cases) and gill raker length
(because parallelism was low in both cases).

Discussion

Fig. 3 Lake–stream parallelism in body depth and gill raker traits
in males. (a) Stream fish had significantly deeper bodies than lake
fish in both common-garden (CG, solid lines) and wild-caught
(WC, dashed lines) fish in the Boot and Misty watersheds, but
only in WC fish in the Roberts watershed. Thus, body depth
divergence has a genetic basis in Boot and Misty, but a plastic
basis in Roberts. Here, we show least squares mean body depth
(RW1, no units) obtained from the main model including all male
fish (see Materials and methods for question 4; females were
excluded from geometric morphometric analyses). (b) In males,
divergence in gill raker length differed across watersheds.
Moreover, divergence reversed direction in the CG fish compared
to WC fish in Boot and Misty. Plasticity entirely overwhelmed
genetically based divergence in this trait. Here, we show least
squares mean gill raker length (mm) obtained from the main
model including all fish (see Materials and methods for question
4). (c) Male lake fish had more gill rakers than stream fish in all
watersheds and both rearing environments, suggesting that this
trait has a genetic basis. Despite differences in the magnitude of
divergence in Boot and Roberts, no significant plasticity was
detected in this trait. Here, we show least squares mean gill raker
number obtained from the main model including all fish (see
Materials and methods for question 4). Error bars represent 95%
confidence intervals. Panels with * indicate that lake–stream
differences are only significant in CG fish, panels with § indicate
that lake–stream differences are only significant in WC fish, and
those with ‘NS’ indicate that lake–stream differences were not
significant in either CG or WC fish.

nonparallelism across watersheds. Second, for gill raker
number, plasticity dampened parallelism – simply
because some (minor) nonparallelism was evident for
WC fish but none was evident for CG fish. Thus, plasticity usually (although not always) enhances lake–stream

Our results (summarized in Table 4) indicate that lake–
stream phenotypic divergence in threespine stickleback
is often genetically based, as is lake–stream parallelism
across watersheds. At the same time, phenotypic divergence in nature is also influenced by plasticity, as seen
in different patterns for common-garden (CG) fish vs.
wild-caught (WC) fish. Although this plasticity had
variable effects on within-watershed lake–stream divergence, it generally enhanced phenotypic parallelism in
shape in nature. We now consider these outcomes and
their implications in more detail.
1. Are lake–stream differences present within each
watershed in a common garden?
The genetic vs. plastic basis for lake–stream differences
varied among traits, with the importance of genetic
effects being greatest for body shape and gill raker
number but the importance of plastic effects being
greatest for gill raker length (Table 1, Figs 2 and 3).
These differences among traits could be shaped by
different patterns of inheritance (Berner et al., 2011;
Hangartner et al., 2012). For instance, our results are
consistent with previous studies on stickleback demonstrating a strong genetic basis for body shape (McPhail,
1992; Cresko et al., 2004; Schluter et al., 2004; Albert
et al., 2008; Berner et al., 2011; Leinonen et al., 2011;
Rogers et al., 2012; Arnegard et al., 2014) and gill raker
number (Hagen, 1973; McPhail, 1992; Peichel et al.,
2001; Aguirre et al., 2004; Berner et al., 2011; Arnegard
et al., 2014; Glazer et al., 2014). By contrast, although
some studies have detected a genetic basis for differences in gill raker length (Lavin & McPhail, 1987;
Schluter, 1996; Hatfield, 1997), other studies have
reported a strong plastic effect in stickleback (Day et al.,
1994; Svanb€
ack & Schluter, 2012; Wund et al., 2012;
Lucek et al., 2014b) and in many other fishes
(Robinson & Parsons, 2002). In our study, lake–stream
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Table 2 Results for wild-caught (WC) and common-garden (CG) fish analysed separately, with all watersheds included in the analyses to
determine whether CG fish show parallelism (question 3) and to compare the extent of parallelism in WC and CG fish (question 4).
Wild caught
Males
Geometric morphometrics

Habitat

Site

Habitat-by-watershed

Univariate shape traits

Habitat

Watershed

Habitat-by-watershed

Body depth (RW1)

Habitat

Watershed

Habitat-by-watershed

Gill raker length

Habitat

Watershed

Habitat-by-watershed

Gill raker number

Habitat

Watershed

Habitat-by-watershed

Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P

g2

g2

g2

g2

g2

g2

g2

g2

g2

g2

g2

g2

g2

g2

g2

0.736
F24,86 = 9.98
<0.0001
0.623
F48,174 = 5.98
<0.0001
0.561
F48,174 = 4.64
<0.0001
0.615
F9,80 = 14.2
<0.0001
0.342
F18,162 = 4.68
<0.0001
0.284
F18,162 = 3.56
<0.0001
0.423
F1,109 = 79.8
<0.0001
0.244
F2,109 = 17.6
<0.0001
0.220
F2,109 = 15.4
<0.0001
0.0211
F1,113 = 2.43
0.12
0.06700
F2,113 = 4.09
0.019
–
–
–
0.487
F1,109 = 103
<0.0001
0.154
F2,109 = 9.91
0.0001
0.214
F2,109 = 14.8
<0.0001

Common garden
Females

0.421
F4,77 = 14.0
<0.0001
0.171
F8,156 = 4.02
0.00023
0.147
F8,156 = 3.37
0.0014

0.0433
F1,93 = 4.21
0.043
0.0058
F2,93 = 0.269
0.76
0.124
F2,93 = 6.55
0.0022
0.244
F1,88 = 28.4
<0.0001
0.059
F2,88 = 2.76
0.07
0.121
F2,88 = 6.07
0.003

Males
0.718
F24,74 = 7.85
<0.0001
0.632
F48,150 = 5.36
<0.0001
0.568
F48,150 = 4.11
<0.0001
0.568
F9,83 = 12.1
<0.0001
0.414
F18,168 = 6.58
<0.0001
0.345
F18,168 = 4.91
<0.0001
0.317
F1,97 = 44.9
<0.0001
0.379
F2,97 = 29.5
<0.0001
0.418
F2,97 = 34.8
<0.0001
0.137
F1,96 = 15.2
0.00018
0.291
F2,96 = 19.7
<0.0001
0.168
F2,96 = 9.67
0.00015
0.285
F1,98 = 39.0
<0.0001
0.0464
F2,98 = 2.39
0.1
–
–
–

Females

0.332
F4,90 = 11.2
<0.0001
0.335
F8,182 = 11.5
<0.0001
0.281
F8,182 = 8.90
<0.0001

0.149
F1,95 = 16.6
<0.0001
0.303
F2,95 = 20.6
<0.0001
0.289
F2,95 = 19.3
<0.0001
0.349
F1,98 = 52.6
<0.0001
0.0352
F2,98 = 1.77
0.2
–
–
–

The habitat term represents parallelism, and the habitat-by-watershed environment interaction represents nonparallelism. Nonsignificant
interactions were removed from the models, shown here with a ‘–’. Females were excluded from geometric morphometric analyses (see
Materials and methods).

divergence in gill raker length often differed in direction between WC and CG fish, suggesting that plastic
effects act in opposition to genetic effects: that is, counter-gradient variation (sensu Conover & Schultz, 1995).
The genetic vs. plastic basis for lake–stream
differences also varied among watersheds, with the

importance of genetic effects being greatest for Misty
and Boot but the importance of plastic effects being
greatest for Roberts (Table 1). Several potential explanations can be advanced for these differences. First,
divergence in Roberts could be more recent than in the
other watersheds, yet all of our watersheds are of
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Fig. 4 Parallelism is greater in the wild than in the common garden,
thus plasticity enhances parallelism in most shape traits but not gill
raker traits. The relative effect of parallelism is shown here as the
partial g2 of the habitat term (parallelism) divided by the partial g2 of
the habitat-by-watershed term (nonparallelism) from models of
wild-caught (WC) and common-garden (CG) fish (see Materials and
methods, questions 3 and 4). Values falling on the 1:1 line would
represent traits that show no influence of plasticity on parallelism
(no difference between CG and WC fish). Above the 1:1 line,
parallelism is greater in WC fish than CG fish, thus plasticity
enhances parallelism. Below it, the opposite is true, and plasticity
dampens parallelism. Geometric morphometric is abbreviated to
GM. Gill raker length and number are abbreviated to GRL and GRN,
respectively. The influence of plasticity was significant in all cases
(marked with an asterisk) except male univariate shape traits and
female gill raker number. The relative effect of parallelism was
much higher for gill raker number in CG fish than any other results,
so gill raker number is shown shifted towards zero along the x-axis
to allow all points to be shown together. The true values for the
x-axis are shown above (males) or below (female) the arrows.

approximately the same age (Caldera & Bolnick, 2008;
Berner et al., 2009). Second, temporal and/or spatial
variation could be higher in Roberts than in the other
watersheds, which would favour plasticity over genetic
divergence (reviewed by Scheiner, 1993; Sultan &
Spencer, 2002), yet spatial variation in prey is actually
lower in Roberts than in Boot (Berner et al., 2009).
Third, lake–stream gene flow could be higher in
Roberts than in the other watersheds, which also could
promote plasticity over genetic divergence (Sultan &
Spencer, 2002; Crispo, 2008; Thibert-Plante & Hendry,
2011). We favour this last explanation because neutral
genetic divergence is much lower in Roberts
(FST = 0.045) than in either Misty (FST = 0.121) or Boot
(FST = 0.178) (Kaeuffer et al., 2012). Moreover, the
lower genetic divergence in Roberts than Boot is
known to be genomewide (Misty Inlet has yet to be
sequenced) and thus likely also applies to genes under
selection (Roesti et al., 2012).
2. Does plasticity increase or decrease lake–stream
differences within watersheds?
The increasing (cogradient) vs. decreasing (countergradient) effects of plasticity on lake–stream differences

varied among watersheds and traits. For example, in
Roberts, plasticity strongly increased lake–stream differences in body depth in the wild relative to the
common-garden environment, whereas it strongly
decreased wild lake–stream differences in gill raker
number (Table 1, Figs 3 and S2). This variation has
important implications for assumptions about the
genetic vs. plastic basis of trait differences in nature
because common-garden results obtained from one
instance of an environmental contrast might not
extrapolate to other instances of the same contrast.
Thus, studies attempting general inferences about
habitat-associated phenotypic divergence require common-garden studies conducted for multiple independent instances of population divergence between those
habitat types.
Our findings further suggest that seeking a general
effect of plasticity could be misguided. For instance,
many studies find that fish growth shows strong
counter-gradient variation, such that phenotypic
trends along environmental gradients are much lower
in nature than they are in a common-garden environment (Conover et al., 2009). The generality of this
pattern for growth might imply a similarly general
effect for other traits (e.g. always counter-gradient or
cogradient), yet our results show that such an
assumption would be incorrect. Instead, trait variation
along environmental gradients is likely to show different patterns in different locations. Such variation
might be especially likely when testing for parallel
evolution because independent lineages likely vary in
evolutionary histories, genetic variation and plasticity.
Moreover, our finding suggests an interesting analogy
to studies on the genetic basis of parallelism: just as
one cannot assume that phenotypic parallelism
reflects shared genetic changes (Arendt & Reznick,
2008; Chan et al., 2010; Westram et al., 2014), one
also cannot assume it reflects shared plastic effects.
3. To what extent are lake–stream differences
parallel in common-garden conditions?
Most studies of parallel evolution rely on field-collected samples, perhaps supplemented by commongarden results from only one or a few populations.
To confirm this assertion, we scrutinized 75 studies
of parallel evolution in fishes and found that only
15 included common-garden experiments (K.B. Oke,
C. LeBlond & A.P. Hendry, unpublished). For the
lake–stream stickleback system, many studies of phenotypic parallelism have been conducted, yet common-garden experiments are rare (see Introduction).
The problem with this state of affairs is that detecting parallel evolution requires an assessment of phenotypes while eliminating, or at least minimizing,
differential environmental effects that might cause
plastic differences.
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Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
Partial
F
P
g2

g2

g2

g2

g2

g2

g
2

0.517
F24,184 =
<0.0001
0.499
F48,370 =
<0.0001
0.317
F24,184 =
<0.0001
0.397
F48,370 =
<0.0001
0.273
F24,184 =
<0.0001
0.263
F48,370 =
<0.0001
0.205
F48,370 =
0.00024
1.98

2.75

2.88

5.07

3.56

7.68

8.22

0.659
F9,176 = 37.7
<0.0001
0.514
F18,354 = 20.8
<0.0001
0.112
F9,176 = 2.46
0.012
0.272
F18,354 = 7.34
<0.0001
–
–
–
0.263
F18,354 = 7.00
<0.0001
–
–
–

Males
0.102
F4,172 = 4.90
0.00091
0.299
F8,346 = 18.4
<0.0001
0.022
F4,172 = 0.94
0.44
0.141
F8,346 = 7.11
<0.0001
–
–
–
0.0848
F8,346 = 4.01
0.00015
0.0576
F12,522 = 2.66
0.0018

Females

Univariate shape traits

0.246
F1,207 = 67.7
<0.0001
0.268
F2,207 = 38.0
<0.0001
0.000
F1,207 = 0.00
1.0
0.301
F2,207 = 44.5
<0.0001
–
–
–
0.0355
F2,207 = 3.81
0.024
0.0421
F3,207 = 3.03
0.030

Body depth (RW1)
Males
0.0390
F1,208 = 8.44
0.004
0.108
F2,208 = 12.6
<0.0001
0.126
F1,208 = 30.1
<0.0001
0.0514
F2,208 = 5.63
0.0041
0.0558
F1,208 = 12.3
0.00055
0.0501
F2,208 = 5.48
0.0048
0.0643
F2,208 = 7.15
0.0010

Males

Gill raker length

0.0669
F1,189 = 13.6
0.00030
0.179
F2,189 = 20.6
<0.0001
0.0583
F1,189 = 11.7
0.00076
0.163
F2,189 = 18.4
<0.0001
0.0761
F1,189 = 15.6
0.00011
0.0863
F2,189 = 8.93
0.00020
0.197
F2,189 = 23.2
<0.0001

Females

0.046
F1,205 = 10.0
0.002
0.012
F2,205 = 1.24
0.291
0.029
F1,205 = 6.14
0.014
–
–
–
0.052
F1,205 = 11.2
0.001
0.038
F2,250 = 4.06
0.019
0.114
F4,205 = 6.62
<0.0001

Males

Gill raker number

0.225
F1,189 = 54.8
<0.0001
0.031
F2,189 = 3.02
0.051
0.006
F1,189 = 1.08
0.301
0.047
F2,189 = 4.67
0.010
–
–
–
–
–
–
–
–
–

Females

Nonsignificant interactions were removed from the models, shown here with a ‘–’. Females were excluded from geometric morphometric analyses (see Materials and methods).

Habitat-by-Watershed-by-Rearing
environment

Watershed-by-Rearing
environment

Habitat-by-Rearing environment

Habitat-by-watershed

Rearing environment

Watershed

Habitat

Term

Geometric morphometric
shape
Males

Table 3 Results for main models (question 4), all fish analysed together. The habitat term represents parallelism, and the habitat-by-watershed-by-rearing environment interaction
represents nonparallelism.
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Table 4 Summary of results.
Question 1: Are lake–stream
differences present within
each watershed in a
common garden?

Question 2: Does plasticity
increase or decrease lake–stream
differences within watersheds?

Question 3: To what
extent are lake–stream
differences parallel in
common-garden conditions?

Question 4: To what
extent does plasticity
enhance or dampen
parallelism in the wild?

Male geometric
morphometric shape
Male univariate shape
Female univariate shape
Male body depth (RW1)

Yes (M,B,R)

Decreases (B) or neither (M,R)

Parallel > nonparallel

Enhances

Yes (M,B,R)
Yes (B,R) or no (M)
Yes (M,B) or no (R)

Parallel > nonparallel
Parallel > nonparallel
Parallel < nonparallel

Neither
Enhances
Enhances

Male gill raker length
Female gill raker length
Male gill raker number
Female gill raker number

Yes
Yes
Yes
Yes

Neither (M,B,R)
Decreases (R) or neither (M,B)
Increases (R), decreases (B),
or neither (M)
Decreases (B) or neither (M,R)
Decreases (M,B) or neither (R)
Increases (B) or neither (M,R)
Decreases (R) or neither (M,B)

< nonparallel
< nonparallel
> nonparallel
> nonparallel

Dampens
Dampens
Dampens
Neither

(M,B) or no (R)
(M,B) or no (R)
(M,B,R)
(M,B,R)

Parallel
Parallel
Parallel
Parallel

We asked four questions, 1) are lake–stream differences present within each watershed in a common garden? 2) does plasticity increase or
decrease lake–stream differences within watersheds? 3) to what extent are lake–stream differences parallel in common-garden conditions?
4) to what extent does plasticity enhance or dampen parallelism in the wild? We found that 1) for the majority of traits and watersheds,
lake–stream differences were maintained in CG fish, indicating that they have a genetic basis, 2) plasticity varied greatly in its increasing or
decreasing influence on lake–stream differences within watersheds, 3) for most traits, CG fish are parallel across watersheds, and 4) plasticity more often enhances parallelism, but sometimes also dampens it. Results are provided by watershed (Misty [B], Boot [B] and Roberts
[R]) for questions 1 and 2. For question 3, the greater than sign denotes the term of stronger effect size.

Our examination of this problem yielded several
insights. In particular, previous studies of lake–stream
stickleback were generally safe in asserting/assuming
that phenotypic parallelism was genetically based. That
is, we here found a strong parallel signature for most
traits when analysing common-garden fish: that is, the
‘habitat’ term was highly significant in statistical models. However, this same assumption would not be safe
for some specific traits/populations. For instance, the
genetically based parallelism evident in a common garden for Misty and Boot stickleback was weak or absent
for Roberts. However, Robert’s stickleback showed low
parallelism even in the wild, which suggests a reasonable qualifier: lake–stream parallelism tends to be
genetically based for populations/traits that show strong
phenotypic parallelism in nature. These results highlight
the importance of conducting common-garden studies
across multiple populations showing varying degrees of
(non)parallelism in nature.
4. To what extent does plasticity enhance or
dampen parallelism in the wild?
We found that plasticity typically enhanced (as opposed
to dampened) phenotypic parallelism. We expect that
this enhancement is adaptive because (1) its effects on
divergence closely match well-established adaptive
interpretations (Lavin & McPhail, 1993; Walker, 1997;
Berner et al., 2008; Hendry et al., 2011) and environmental differences (Berner et al., 2008; Kaeuffer et al.,
2012; Hendry et al., 2013a), (2) plasticity acting in the
same direction as genetically based divergence (and

thus selection) implies that natural selection has
shaped both (Crispo, 2007; Ghalambor et al., 2007;
Handelsman et al., 2013), and (3) adaptive plasticity has
been detected in other stickleback systems (Day et al.,
1994; Day & McPhail, 1996; Wund et al., 2008, 2012;
Svanb€
ack & Schluter, 2012; Lucek et al., 2014b;
Mazzarella et al., 2015). Thus, genetic divergence and
plasticity appear to work in concert to shape parallel
adaptive phenotypic divergence in lake–stream stickleback, suggesting a deterministic role for selection in
shaping both aspects of trait expression.
Although plasticity usually enhanced parallelism, this
outcome was not due to a consistent effect of plasticity
across watersheds or traits (see the above question).
Instead, plastic contributions to trait divergence were
stronger in systems where genetic contributions were
weaker. Thus, it seems that phenotypic parallelism
reflects a complementary interaction between genetic
divergence and plasticity, with the two working
together to achieve adaptive trait differences. This suggestion echoes and amplifies the common argument
that plasticity aids the initial colonization of (and persistence in) novel environments, which can then allow
(and provide the initial variation) for subsequent adaptive genetic divergence (Price et al., 2003; Crispo, 2007;
Ghalambor et al., 2007; Moczek et al., 2011). In particular, our results suggest that this sort of interaction persists even in well-established populations, such that
plasticity continues to contribute to adaptive phenotypic differences, especially when genetic variation is
insufficient (or gene flow too strong) to allow complete
adaptive difference.
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Fig. 5 Cross-classification of commongarden (CG) and wild-caught (WC) fish
to populations other than their
population of origin shows support for
both parallelism and nonparallelism.
Here, the number of fish cross-classified
into each category is divided by the
number of fish that would be expected
to be classified to each population in
that category at random and by the
number of populations in that category.
The parapatric category includes the
population from the same watershed as
their population of origin, but from the
other habitat type. The allopatric same
category includes populations of the
same habitat type from different
watersheds, and the allopatric different
category includes populations from the
different habitat type and different
watersheds. GM and GR stand for
geometric morphometric and gill raker,
respectively.

Cross−classification (Observed/expected)

Plasticity’s influence on phenotypic parallelism

Parapatric

Allopatric same

Allopatric different

Habitat category
Rearing environment

Caveats and general conclusions
Our study is attended by several caveats. First, we
focused on the role of contemporary plasticity; yet, as
hinted to above, ancestral plasticity also could have an
important role in shaping patterns of trait divergence
(West-Eberhard, 2003; Wund et al., 2008; Wund, 2012;
Ghalambor et al., 2015; reviewed by Pfennig et al.,
2010). Second, we studied only three population pairs,
and the variation among them, especially Roberts,
implies that additional differences could emerge for
other population pairs. Third, GxE dictates that different outcomes might have been obtained under different
common-garden conditions, such as in flowing water or
with different diets. However, single-population and
single-environment common-garden studies have been
used to great effect in demonstrating genetically based
morphological differences in fishes (e.g. McPhail, 1992;
Lavin & McPhail, 1993; Robinson & Parsons, 2002;
McGuigan et al., 2003; Langerhans et al., 2004; Burns

Common garden

Wild caught

et al., 2009; Herczeg et al., 2009). Moreover, phenotypic
differences in our study were very similar in the laboratory and the wild at least for both Misty and Boot, suggesting that our CG environment revealed at least some
biologically relevant patterns. Nevertheless, additional
common-garden experiments would be informative for
establishing the context dependency (among pairs and
environments and for the ancestral state) of trait
expression, as well as to explore the potential contributions of maternal effects.
Contributions from phenotypic plasticity are often
overlooked in studies of parallel evolution: indeed,
most such studies are performed on only wild-caught
individuals. Our results indicate that plasticity can contribute in important, and apparently adaptive, ways to
parallelism in nature. In particular, plasticity often
enhanced parallelism across watersheds and thereby
seemingly aided adaptive phenotypic divergence.
Importantly, the specific contributions of plasticity differed among traits and watersheds in ways that
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appeared to be ‘correcting for’ variability in genetic
divergence, which might arise owing to gene flow, limited genetic variation or other factors. Of course, the
generality of our result awaits additional studies comparing parallelism in the wild to that in common-garden conditions. In addition, an important next step
would be to determine whether the phenotypic parallelism we see in lake–stream stickleback has a parallel
(or convergent) genetic basis, either at the quantitative
genetic level or at the level of genes, alleles, developmental pathways, mutations and nucleotides.
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Figure S1 Map of sampling locations (red circles).
Figure S2 Gill raker traits in females (a) No consistent
trends were detected in female gill raker length divergence across watersheds, as in males.
Figure S3 Misclassification analyses of common garden
(CG) and wild-caught (WC) individuals show support
for both parallelism and non-parallelism.
Table S1 Location (latitude and longitude) of sampling
sites on Vancouver Island, British Columbia, Canada,
and minimum distance from the stream site to the lake
measured along the stream.
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Table S3 Mean ecological data for wild-caught (WC)
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