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ABSTRACT

Background: In 2009, anadromous threespine stickleback (Gasterosteus aculeatus) were
stocked in Cheney Lake, Alaska, following treatment with the ichthyocide rotenone to remove
invasive northern pike (Esox lucius), but which also extirpated native species. This introduction
provides an opportunity to directly observe the evolutionary transition of oceanic stickleback
to a freshwater-adapted population.

Objective: Rear offspring of F1 Cheney Lake stickleback under two common garden
treatments alongside fish from Rabbit Slough, their anadromous source population, to test for
rapid morphological evolution and contributions of phenotypic plasticity to morphological
divergence.

Methods: We reared 198 Cheney Lake and 209 Rabbit Slough stickleback under two
conditions designed to simulate the habitat structure and diets of complex, shallow lake and
simple, open-water habitats. We preserved stickleback at four time intervals to account for
allometric growth effects. We made linear measurements of several traits and used geometric
morphometrics to characterize variation in body shape.

Results: Both phenotypic plasticity between experimental treatments and evolutionary
divergence between populations accounted for variation in the sample, and these effects were
independent of one another. Morphological differences between treatments interacted with
stickleback age group, indicating an effect of rearing condition on allometric growth. Thus
stickleback morphology in Cheney Lake has evolved in a single generation, but phenotypic
plasticity is likely to strongly influence morphological variation.
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INTRODUCTION

A growing number of examples demonstrate that evolutionary change can be observed on
contemporary timescales (for reviews, see Thompson, 1998; Stockwell et al., 2003; Hendry et al., 2008).
Investigating instances of contemporary evolution provides direct insights into evolution-
ary processes and is particularly useful for determining whether and how initial conditions
bias evolutionary outcomes. For example, the nature of standing genetic variation in
a founding population dictates the range of possible adaptive outcomes unless novel
mutations arise (Colosimo et al., 2005; Barrett and Schluter, 2008; Hendry et al., 2008). In addition, there is
increasing empirical support for the theory that initial phenotypic plasticity in response to
novel conditions can also impact long-term evolutionary outcomes. Plastic responses to a
new environment can impact a population’s persistence in the face of new challenges, and
can also influence the expression of heritable phenotypic variation available to selection (for

reviews, see Waddington, 1942; West-Eberhard, 2003; Ghalambor et al., 2007; Pfennig et al., 2010; Moczek et al., 2011; Wund,

2012; Schlichting and Wund, 2014). Because of their transient nature, these early-stage processes are
often best understood through direct observation of contemporary evolution (Wund, 2012).

For decades, the adaptive radiation of the threespine stickleback fish (Gasterosteus
aculeatus) has been one of several important fish radiations to study evolution, ecology, and
behaviour (Bell and Foster, 1994; Hendry et al., 2013; Seehausen and Wagner, 2014). Recently, its emergence as a
powerful genetic and genomic model has allowed us to link our understanding of the
relationship between environmental and phenotypic variation to underlying changes in
genetic and developmental systems (Gibson, 2005; Cresko et al., 2007; Kingsley and Peichel, 2007; Moser et al.,

2016). Ancestrally, stickleback inhabit the North Atlantic and Pacific oceans, and exhibit
both fully marine and anadromous forms. Oceanic stickleback have repeatedly established
freshwater populations, with the latest flush of colonization beginning at the onset of the
last glacial recession about 20,000 years ago (Bell and Foster, 1994; McPhail, 1994). The derived,
freshwater populations have adapted to diverse environmental factors, including variation
in salinity, temperature, habitat, diet, pathogens, and predation. Typically, we test hypoth-
eses regarding stickleback evolution by comparing phenotypic and/or genetic divergence
among long-established (more than 5000 years) freshwater populations, or between fresh-
water populations and extant oceanic stickleback (e.g. Foster, 1994; Walker and Bell, 2000; Caldera and

Bolnick, 2008; Hohenlohe et al., 2010; Jones et al., 2012b; Wund et al., 2012, 2015). However, several cases of
contemporary evolution have been documented (for a review, see Bell and Aguirre, 2013). For example,
a founding population of fully armoured anadromous stickleback in Loberg Lake, Alaska,
took less than two decades to evolve the low plated phenotype and body shape typical
of freshwater populations (Bell et al., 2004; Aguirre and Bell, 2012), and already exhibits partial
pre-mating reproductive isolation from its ancestor (Furin et al., 2012). An oceanic population
established in experimental freshwater ponds in British Columbia evolved significantly
enhanced cold tolerance in only three generations (Barrett et al., 2011). Freshwater populations
on several islands off the southern coast of Alaska were established from oceanic ancestors
following sudden uplift of isolated terrain during a 9.2 magnitude earthquake in 1964. The
resulting uplift created several permanent ponds with resident freshwater populations. In
the ensuing decades, these populations diverged for many morphological features (Gelmond

et al., 2009). Despite population genetic evidence for recent marine ancestry, they have evolved
morphology similar to long-established freshwater populations in only 50 years (Lescak et al.,

2015). Human activity can also result in evolutionary responses. For example, following
increased lake productivity, a freshwater population in Lynne Lake, Alaska, experienced
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substantial shifts in life-history traits (Baker et al., 2011). Stickleback have evolved considerable
diversity since deglaciation, and these examples demonstrate that many of these changes in
morphology, behaviour, physiology, and life history can arise in only a few generations.

Our experiment takes advantage of a recent opportunity to study contemporary
evolution in a freshwater population that was intentionally established from anadromous
ancestors (Bell et al., 2016). The northern pike, Esox lucius, is a destructive invasive species in
south-central Alaska. A large, voracious predator, pike decimate native fish populations
(Patankar et al., 2006; Haught and von Hippel, 2011). In 2009, the Alaska Department of Fish and Game
(ADF&G) used the ichthyocide rotenone to treat Cheney Lake, a shallow (mean depth
1.7 m), 3.3 ha lake within Anchorage Municipality, Alaska. Although Alaska blackfish
(Dalia pectoralis) persisted, both pike and threespine stickleback were extirpated, and
stickleback, rainbow trout (Oncorhynchus mykiss), chinook salmon (Oncorhynchus
tshawytscha), and coho salmon (O. kisutch) were restocked once rotenone was no longer
detectable. With the goal of intensively studying the early stages of freshwater adaptation,
2964 anadromous stickleback were stocked in the spring of 2009 (for more detail, see Bell et al., 2016).
The Cheney Lake population allows us to directly observe this transition from its inception.

In this experiment, we reared offspring of the first generation of threespine stickleback
born in Cheney Lake after it was treated with rotenone, along with individuals from their
anadromous source population, in two common laboratory treatments. One treatment
simulated an ancestral, open-water habitat and a planktonic diet, and the other simulated a
derived, shallow lake habitat and a macroinvertebrate diet. These specific treatments were
chosen because they represent major ecological differences between the marine and lake
environments. Salinity, a third ecological difference, is considered by Divino et al. (2016).
Habitat and diet effects have also been considered extensively (either individually or
in combination) in numerous experiments on morphological plasticity in fish (e.g. Wimberger,

1993; Day et al., 1994; Wund et al., 2008, 2012; Garduño-Paz et al., 2010; Parsons et al., 2010; Wund, 2012; Lucek et al.,

2014b). We used this design to characterize evolved differences in morphology between the
populations, differences due to phenotypic plasticity across treatments, and any possible
population × treatment interaction whereby evolutionary divergence might only be detect-
able in the environment in which Cheney Lake now experiences divergent selection.
We predicted that patterns of plasticity between treatments would match those observed
previously using anadromous stickleback reared under these two experimental conditions,
specifically that fish reared in the open-water treatment would have longer heads and
narrower bodies than those reared in the shallow lake conditions (Wund et al., 2012). We
expected differences between populations to resemble those typically observed between
anadromous and shallow, freshwater lake populations with native predatory fish in the
Cook Inlet region of Alaska: lake fish would have deeper bodies and caudal peduncles
relative to their marine ancestor (Walker and Bell, 2000) while armour traits would be reduced
to some degree in the freshwater population (Bell, 2001; Bell et al., 2004; Colosimo et al., 2005; Indjeian

et al., 2016).

METHODS

Field collection, generation of laboratory-reared families (crosses), and fish maintenance

Adult stickleback fish were collected in June 2010 using unbaited minnow traps.
Anadromous stickleback were sampled from Rabbit Slough, Alaska (61�32�9.87″N,
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149�15�13.78″W), the source of the Cheney Lake founders the previous year. The first
generation of the newly colonized population was represented by samples from Cheney
Lake (61�12�4.65″N, 149�45�32.91″W). Crosses were made by extruding eggs from
gravid females that were subsequently euthanized with an overdose of MS-222 (tricaine
methanesulfonate). Testes were removed from euthanized males and macerated to release
sperm, which was pipetted over the extruded eggs to fertilize them. Embryos were washed
each day with clean embryo medium (0.5 ppt Instant Ocean in distilled water). Within 2–3
days post-fertilization, clutches were disinfected in a 1% iodine solution and shipped
overnight to Clark University in Worcester, MA. Fry were kept in Petri dishes until they
absorbed their yolk sacs, after which they were fed Platinum brine shrimp nauplii (Artemia
franciscana, Argent Chemical Co., Redmond, WA) twice daily and moved to 0.45-litre jars.
As they grew, they were transferred to 0.9-litre jars and transported by car to The College
of New Jersey at two months of age. At The College of New Jersey, they were transferred
to 37-litre aquaria in a recirculating aquarium system, and maintained on an 8/16 hour
light/dark cycle at 17.5�C. All tanks contained gravel substrate and a plastic plant. Fish were
fed brine shrimp nauplii until they were 2½ months old and had grown to ∼1 cm, when they
could eat chopped bloodworms (chironomid larvae). At this point, fish were placed in their
respective experimental aquaria and the contrasting treatments began.

Experimental set-up

The experiment was conducted in 37-litre aquaria in a recirculating system. In total, 18
crosses were used: nine Cheney Lake full-sib families and nine Rabbit Slough full-sib
families. Individuals from each family were divided equally into two adjacent tanks with the
alternative benthic or limnetic treatments. Overall, there were 36 experimental aquaria, each
containing 8–12 full siblings.

The experimental aquaria and associated diet treatments were established as in a
previous experiment (Wund et al., 2012). To simulate the structural complexity of a shallow lake,
‘benthic’ environment, benthic aquaria contained gravel bottoms, two inverted, plastic
strawberry storage baskets, and nine small, plastic plants. Four plants were anchored to the
tops of each basket, and one additional plant was anchored in the gravel substrate.
The arrangement of these structures was identical for all benthic tanks. Fish were fed
bloodworms [chironomid larvae, a typical prey item for stickleback (Hart and Gill, 1994; Wootton,

1994)] once a day distributed within the gravel, plants, and baskets, requiring fish to
manoeuvre through the complex habitat in search of food. Bloodworms were blended
for the first 50 days of the experiment and subsequently the fish were large enough to eat
full-sized, unblended worms. Benthic fish were fed nutrient-rich Cyclop-eeze flakes
(Argent Chemical Co., Redmond, WA) three times per week.

Limnetic aquaria lacked structures and substrate to simulate an open-water environment.
Fish in this treatment were fed Platinum brine shrimp nauplii daily for the duration of the
experiment [zooplanktonic crustaceans are also typical of the stickleback diet (Wootton, 1994)].
This diet was also supplemented three times a week with Cyclop-eeze, but as whole freeze-
dried crustaceans, a neutral-buoyancy planktonic food. Thus, fish in each treatment were
supplemented with a nutritionally equivalent diet, but which was size-appropriate to reflect
the type of diet found in each environment. This strategy was employed to minimize
morphological differences due to diet quality between the two treatments (Wimberger, 1993; Wund

et al., 2012).
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A subset of fish was collected and preserved after 7, 17, 27, and 37 weeks to track
ontogenetic shape change. Fish were chosen arbitrarily from each tank, euthanized with
MS-222 and preserved in buffered 10% formalin. At the first two collection times at weeks 7
and 17, three fish were preserved from each tank. At 27 weeks, between zero and three fish
were taken from each tank to ensure that two or three fish remained for the final collection
at 37 weeks. After preservation, fish were stained with Alizarin Red S to visualize bony
structures, and stored individually in 50% isopropyl alcohol. In total, 407 fish were
preserved and analysed (Rabbit Slough: benthic, N = 103; limnetic, N = 106; Cheney Lake:
benthic, N = 101; limnetic: N = 97).

GEOMETRIC MORPHOMETRIC ANALYSES

The 407 specimens were photographed with a 10 megapixel Canon Digital Rebel XTi
under identical lighting and exposure conditions. Specimens were pinned in place to ensure
that all photos were taken from an identical lateral view without paralax. Geometric
morphometrics (Zelditch et al., 2004) was used to characterize shape variation among specimens.
Twenty-one landmarks were placed on each specimen using TPSdig v.2.10 (Rohlf, 2010a). The
landmarks chosen (Fig. 1) have been used in previous morphological studies of stickleback
(Baumgartner et al., 1988; Walker, 1997; Wund et al., 2008, 2012). A single observer placed all landmarks,
and was blind to treatment and population. In order to remove potential variation from
dorso-ventral bending, the ‘unbend specimens’ algorithm of TPSutil v.1.53 (Rohlf, 2010d) was
used such that landmarks 1, 19, and 8 were placed in line and surrounding landmarks were
adjusted accordingly.

Fig. 1. Landmarks used in geometric morphometrics: (1) anterior tip of premaxilla, (2) supra-
occipital notch immediately lateral to the dorsal midline (DML), (3) anterior junction of first dorsal
spine with DML, (4) anterior junction of second dorsal spine with DML, (5) origin of dorsal fin at
DML, (6) insertion of dorsal fin membrane on DML, (7) origin of caudal fin membrane on DML,
(8) posterior border of hypural plate at lateral midline, (9) origin of caudal fin membrane on ventral
midline (VML), (10) insertion of anal fin membrane on VML, (11) origin of first anal fin ray on
VML, (12) caudal tip of posterior process of pelvic girdle on VML, (13) origin of pelvic spine on
pelvic girdle, (14) posterior tip of ectocoracoid, (15) anterior border of ectocoracoid on VML,
(16) posterior edge of angular, (17) posterior end of mouth, (18) centre of eye, (19) anterior margin of
eye, (20) posteriad point of operculum, (21) dorsal origin of pectoral fin.
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Generalized Procrustes analysis superimposition was used to obtain shape coordinates
that were independent of size, rotation, and translation (Rohlf, 1990; Walker, 1997; Zelditch et al., 2004).
Prior to unbending, centroid size [CS, the square root of the sum of squared distances
between each landmark and the centroid, and thus a measure of size that is independent of
shape (Zelditch et al., 2004)] was compared between populations and between treatments with a
two-tailed t-test. Principal components analysis (PCA) was performed in TPSrelw v.1.49
(Rohlf, 2010c) to characterize major axes of shape variation. Analysis of variance (ANOVA)
was used to determine whether scores along the first four PC axes differed among
populations, rearing treatments, and age groups (all fixed effects), and all two- and three-
way interactions. Centroid size was not included as a covariate because it was highly
correlated with age group (Pearson r = 0.900, P < 0.0001), and including both terms in the
model would have resulted in collinearity.

While variation along the PC axes did vary among these groups, no PC axis substantially
captured variation due to populations, treatments, or age groups (see below). Thus, we
employed multivariate analysis of variance (MANOVA) to directly test the hypothesis that
body shape diverged between populations, treatments, and among age groups. TPSrelw
v.1.49 (Rohlf, 2010c) was used to generate a consensus configuration of all specimens, specimen
CS, as well as principal and partial warps from a thin plate spline bending energy matrix.
The partial warps of the bending energy matrix were used as dependent variables in the
MANOVA (Zelditch et al., 2004). Thirty-eight partial warps were generated for each fish.
Population, rearing treatment, and age group were modelled as fixed effects, along with all
two- and three-way interactions. Centroid size was excluded for the reasons described above.
MANOVA was performed in Statistica v.12 (Statsoft, Inc.) and TPSregr v.1.43 (Rohlf, 2010b)

was used to visualize significant shape differences among groups identified with MANOVA.
In all ANOVA/MANOVA, effect sizes are calculated as partial eta-squared (SSeffect/SSerror).

Analysis of linear measurements

Nine linear measurements (Fig. 2) that are similar to those used previously in stickleback
morphometrics (Aguirre et al., 2008) were taken on all specimens. Standard length (SL), head
length, and the lengths of the first two dorsal spines (measurements 1–4) were measured
using photographs of the lateral view of the fish using ImageJ v.1.43r (Rasband, 2010).
The lateral plates and pelvic armour (measurements 5 through 9) were measured using
a digital caliper with the specimens under a dissecting microscope. A single observer
undertook measurements 1–6 from the first three preservation sets. A second observer
took measurements 1–6 on fish from the final preservation set, and measurements 7–9 on all
fish. All measurements were made twice and the values were averaged prior to statistical
analysis. Measurements 2–4 were repeated by both individuals on 16 specimens, and average
differences between the observers ranged from 2.1 to 3.7%. Only head length differed
statistically between observers (2.1% difference or 0.21 mm; t15 = 4.36, P = 0.001). The
difference in average head length between age groups 3 and 4 was an order of magnitude
greater than the measurement difference between the observers (1.99 mm vs. 0.21 mm,
respectively).

Prior to analysis, all linear measurements were size-standardized using the mean CS of
5.09, following the allometric size adjustment described in Reist (1986) and employed by
other studies of variation in fishes (e.g. Hendry and Taylor, 2004; Paterson et al., 2010; Kaeuffer et al., 2012).
Adjustments using CS were more effective to remove variation due to size than those using
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SL. All linear traits (except SL) and CS were log (base 10) transformed, and then regression
was used to compute either the pooled slope or common-within-groups slope coefficient for
each linear trait, as appropriate (Reist, 1986). Log trait was used as each dependent variable,
population and rearing treatment were fixed effects, and log CS was a covariate. The initial
models included population × log CS and treatment × log CS interaction terms. Non-
significant interactions were removed, and the regression was re-computed to obtain the
pooled slope coefficient. In all cases, at least one interaction term was non-significant and
was removed. If one interaction term remained significant, the analysis was repeated with
this term, and then the pooled-within-group coefficient was obtained. This coefficient (b)
was then used in the following standardization equation: Tadj = Tobs*(CSav/CSobs)

∧b, where
Tobs = the observed trait value (not log-transformed), and CSav = 5.09 and CSobs = the
observed CS (not log-transformed) of each specimen.

The analytical strategy for size-adjusted linear measurements matched that for body
shape. PCA with a correlation matrix was used to generate linear combinations of
measurements 2–9, which described orthogonal axes of variation among all specimens.

Fig. 2. Linear measurements. (A) Lateral view: (1) SL, from the anterior tip of the snout (mouth
closed) to the posterior end of the vertebral column; (2) head length, from the tip of the snout to the
posterior edge of the operculum; (3) first dorsal spine, measured along anterior edge; (4) second
dorsal spine, measured along anterior edge; (5) height of tenth lateral plate; and (6) height of lateral
plate ventral to third dorsal spine. (B) Ventral view: length of the left (7) and right (8) pelvic spines
along their anterior edge; and (9) length of the pelvic girdle.
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ANOVAs on PC1 and PC2 scores were used to determine whether these major axes of
variation differed between populations, rearing treatments, age groups, and their inter-
actions. In addition, MANOVA was used to determine whether linear traits differed
between populations, rearing treatments, age groups, and interactions. Measurements 2–9
were included as dependent variables.

RESULTS

A factorial ANOVA comparing CS between populations and rearing treatments indicated
that size did not differ between populations (F1,403 = 0.002, P = 0.965), between treatments
(F1,403 = 0.500, P = 0.4805), or due to their interaction (F1,403 = 0.255, P = 0.873).

Geometric morphometric data

The first four PC axes described 50.7% of the total variance in body shape (Fig. 3), and were
considered for further analysis. Age groups differed significantly along all four PC axes
(Table 1) and experienced complex changes in shape through ontogeny, but heads generally
became relatively larger, with the bottom of the skull enlarging and bodies becoming
relatively deeper (Fig. 3A, B). The two populations differed significantly along PCs 1 and 3
(Table 1). The back of the head was extended more posteriorly in Cheney Lake fish relative
to those from Rabbit Slough. Cheney Lake fish also had shorter lower jaws and deeper
bodies than Rabbit Slough fish (Fig. 3C). Rearing treatments differed along PCs 1 and 4
(Table 1), with limnetic treatment fish having more narrow, elongate bodies and caudal
peduncles than benthic treatment fish, as well as more upturned mouths (longer lower jaws
and shorter upper jaws) than benthic treatment fish (Fig. 3D). The only significant inter-
action observed was between age groups and rearing treatments along PCs 1 and 3 (Table 1,
Fig. 3E). In general, age group was associated with the largest effect sizes, followed by
rearing treatment, then population (Table 1).

MANOVA identified similar patterns of differences, as well as effect sizes, as ANOVAs on
PC scores. Age groups, rearing treatments, and populations all differed significantly, and
there was also a significant age group × rearing treatment interaction (Table 2). Similar to
the shape differences along separate PC axes, Cheney Lake fish had slightly longer heads,
shorter caudal peduncles, and deeper bodies than Rabbit Slough fish (Fig. 4A). Benthic
treatment fish tended to have smaller heads, deeper bodies, and wider caudal peduncles than
limnetic treatment fish (Fig. 4B).

Linear measurements

Unstandardized means of all traits for both populations and rearing treatments are shown
in Table 3. All size-standardized linear traits loaded heavily and positively on PC1 (47.0% of
total variance; Table 4), reflecting an overall strong correlation in residual size among all
linear traits. ANOVA identified significant differences in PC1 scores between populations,
rearing treatments, and among ages (Table 5). Cheney Lake had more positive scores along
PC1 than Rabbit Slough (Fig. 5A, B), as did fish in the limnetic rearing treatment (Fig. 5A).
Fish in the youngest and oldest age groups also had significantly higher PC1 scores than fish
in the middle two age groups (Fig. 5B), indicating that these linear measurements were
larger relative to overall body size both early and late in life. Positive values of PC2 (22.8%
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Table 1. Results of ANOVA of scores from a PCA considering shape variables

Dependent variable Effect d.f. F P Partial η2

PC1 Population 1, 389 13.63 0.0002 0.034
Rearing treatment 1, 389 32.97 0.0000 0.078
Age group 3, 389 61.84 0.0000 0.323
Population × Treatment 1, 389 1.44 0.2314 0.004
Population × Age group 3, 389 1.15 0.3295 0.009
Treatment × Age group 3, 389 2.84 0.0379 0.021
Population × Treatment × Age group 3, 389 0.65 0.5847 0.005

PC2 Population 1, 389 1.59 0.2078 0.004
Rearing treatment 1, 389 0.33 0.5652 0.001
Age group 3, 389 17.04 0.0000 0.116
Population × Treatment 1, 389 1.46 0.2269 0.004
Population × Age group 3, 389 0.28 0.8385 0.002
Treatment × Age group 3, 389 0.55 0.6495 0.004
Population × Treatment × Age group 3, 389 0.54 0.6560 0.004

PC3 Population 1, 389 5.01 0.0257 0.013
Rearing treatment 1, 389 3.33 0.0689 0.008
Age group 3, 389 49.10 0.0000 0.275
Population × Treatment 1, 389 0.51 0.4755 0.001
Population × Age group 3, 389 0.07 0.9749 0.001
Treatment × Age group 3, 389 2.89 0.0355 0.022
Population × Treatment × Age group 3, 389 0.09 0.9654 0.001

PC4 Population 1, 389 0.34 0.5622 0.001
Rearing treatment 1, 389 94.64 0.0000 0.196
Age group 3, 389 27.10 0.0000 0.173
Population × Treatment 1, 389 0.24 0.6253 0.001
Population × Age group 3, 389 1.52 0.2095 0.012
Treatment × Age group 3, 389 0.45 0.7185 0.003
Population × Treatment × Age group 3, 389 0.37 0.7773 0.003

Table 2. Results of MANOVA of shape variables

Effect Wilks’ λ d.f. F P Partial η2

Population 0.7750 38, 354 2.70 0.0000 0.225
Rearing treatment 0.5445 38, 354 7.79 0.0000 0.455
Age group 0.0544 114, 1061.3 15.29 0.0000 0.622
Population × Treatment 0.9226 38, 354 0.78 0.8208 0.077
Population × Age group 0.7578 114, 1061.3 0.90 0.7533 0.088
Treatment × Age group 0.5025 114, 1061.3 2.40 0.0000 0.205
Population × Treatment × Age group 0.7945 114, 1061.3 0.74 0.9776 0.074
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Fig. 3. Scatterplots of PC scores for body shape along the first four principal components, together
with the shapes associated with specific groups on each plot. Percentages of variance explained by
each PC are listed on each axis. Ellipses are 90% confidence intervals for the prediction of a single new
observation in each respective group. (A) PC1 vs. PC2 and (B) PC3 vs. PC4, highlighting differences
among the four age groups. Individual specimens of each age group represented by numbers 1–4, and
the shapes represent twice the mean differences among age groups. Black ellipse: age 1, grey ellipse:
age 2, dashed ellipse: age 3, dotted ellipse: age 4. (C) PC1 vs. PC3, highlighting differences between the
two populations. Shapes represent 6× the mean differences between the two populations. (D) PC1 vs.
PC4, highlighting differences between rearing treatments. Shapes represent 3× the mean difference
between treatments. (E) PC1 vs. PC3, highlighting the unique age × treatment groups. Shapes shown
are those at the specific coordinates indicated. Despite exaggerating group means, all shapes shown in
each panel fall within the range of observed phenotypes for their respective groups (depicted by ends
of grey lines).
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of total variance) were associated with smaller lateral plates and to a lesser extent smaller
heads and larger dorsal and pelvic spines (Table 5). ANOVA identified differences among
age groups, between populations, and owing to a rearing treatment × age group interaction
(Table 5). Rabbit Slough fish had more positive values along PC2, indicating smaller lateral
plates, smaller heads, and larger spines than Cheney Lake fish (Fig. 5C). As with PC1, age
groups 1 and 4 were similar to each other, as were age groups 2 and 3, indicating a non-
linear change in these features throughout ontogeny (Fig. 5D). Results of MANOVA using
size-adjusted linear measurements 2–9 were similar to ANOVA on PC scores: linear traits
differed between populations and rearing treatments. They also differed among age groups
and due to a rearing treatment × age group interaction (Table 6). As with analyses of shape,
age group had the largest effect size in the MANOVA, followed by rearing treatment and
population.

Fig. 4. Shape differences between (A) populations (6× the mean difference) and (B) rearing treatments
(3× the mean differences), as determined by MANOVA.

Table 3. Values for all linear traits (unstandardized), grouped by population and rearing treatment
(mean ± standard deviation)

Character Rabbit Slough Cheney Lake Limnetic Benthic

Head length (mm) 10.42 ± 2.14 10.61 ± 2.23 10.60 ± 2.06 10.42 ± 2.30
Dorsal spine 1 length (mm) 3.57 ± 0.89 3.79 ± 0.90 3.78 ± 0.79 3.57 ± 0.98
Dorsal spine 2 length (mm) 4.21 ± 0.88 4.37 ± 0.94 4.38 ± 0.84 4.20 ± 0.97
10th lateral plate height (mm) 3.55 ± 1.12 3.55 ± 1.17 3.53 ± 0.96 3.57 ± 1.30
Lateral plate height (ventral to DS3) (mm) 3.06 ± 0.97 3.05 ± 1.00 3.06 ± 0.82 3.05 ± 1.13
Right pelvic spine length (mm) 5.87 ± 1.05 6.10 ± 1.28 6.11 ± 1.01 5.85 ± 1.15
Left pelvic spine length (mm) 5.93 ± 0.98 6.14 ± 1.14 6.17 ± 0.99 5.90 ± 1.12
Pelvic girdle length (mm) 6.88 ± 1.43 6.91 ± 1.48 6.91 ± 1.24 6.88 ± 1.64
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Table 4. Factor loadings, eigenvalues, and percent variance
explained from a PCA of linear traits

Variable Factor 1 Factor 2

Head length 0.430 0.450
Dorsal spine 1 length 0.783 −0.300
Dorsal spine 2 length 0.776 −0.333
10th lateral plate height 0.583 0.691
Lateral plate height (ventral to DS3) 0.598 0.682
Right pelvic spine length 0.784 −0.467
Left pelvic spine length 0.814 −0.408
Pelvic girdle length 0.618 0.304

Eigenvalue 3.76 1.83
Percent total variance 47.0 22.8

Table 5. Results of ANOVA of scores from a PCA considering linear measurements

Dependent variable Effect d.f. F P Partial η2

PC1 Population 1, 390 19.70 0.0000 0.048
Rearing treatment 1, 390 65.30 0.0000 0.143
Age group 3, 390 7.77 0.0000 0.056
Population × Treatment 1, 390 0.78 0.3763 0.002
Population × Age group 3, 390 0.11 0.9522 0.001
Treatment × Age group 3, 390 0.59 0.6240 0.004
Population × Treatment × Age group 3, 390 0.41 0.7460 0.003

PC2 Population 1, 390 11.92 0.0006 0.030
Rearing treatment 1, 390 0.52 0.4718 0.001
Age group 3, 390 54.14 0.0000 0.294
Population × Treatment 1, 390 0.48 0.4872 0.001
Population × Age group 3, 390 0.74 0.5269 0.006
Treatment × Age group 3, 390 6.73 0.0002 0.049
Population × Treatment × Age group 3, 390 0.37 0.7720 0.003

Table 6. Results of MANOVA of linear measurements

Effect Wilks’ λ d.f. F P Partial η2

Population 0.8787 8, 383 6.61 0.0000 0.121
Rearing treatment 0.8103 8, 383 11.20 0.0000 0.190
Age group 0.5183 24, 1111.4 11.78 0.0000 0.203
Population × Treatment 0.9830 8, 383 0.83 0.5781 0.017
Population × Age group 0.9428 24, 1111.4 0.95 0.5311 0.020
Treatment × Age group 0.7665 24, 1111.4 4.45 0.0000 0.088
Population × Treatment × Age group 0.9543 24, 1111.4 0.75 0.7982 0.016
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DISCUSSION

In 2009, a new population of threespine stickleback was intentionally established in Cheney
Lake using 2964 anadromous founders from Rabbit Slough (Bell et al., 2016). The goal of this
transplant was not only to re-establish a native species following the application of an
ichthyocide, but also to simulate the type of marine-to-freshwater founding event that has
given rise to the diverse freshwater populations that comprise the adaptive radiation. To
infer the causal mechanisms driving this radiation, we typically compare long-established

Fig. 5. Mean (± 95%CI) PC scores from a PCA of linear traits. (A) Differences in mean PC1 scores
between populations across rearing treatments. (B) Differences in mean PC1 scores between popula-
tions across age groups. Identical letters above the means indicate statistically similar (P < 0.05) age
groups (the two populations pooled) based upon Tukey’s HSD. (C) Differences in mean PC2 scores
between populations across rearing treatments. (D) Differences in mean PC2 scores between rearing
treatments across age groups. Identical letters above the means indicate statistically similar (P < 0.05)
age groups (the two treatments pooled) based upon Tukey’s HSD. 
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freshwater populations with extant oceanic stickleback (e.g. Foster, 1994; Walker and Bell, 2000; Caldera

and Bolnick, 2008; Hohenlohe et al., 2010; Jones et al., 2012b; Wund et al., 2015). This approach has proven
enormously successful, but limits our ability to determine how quickly the transition
to fresh water takes place, or whether conditions in the early stages of adaptation
constrain evolutionary outcomes (e.g. available standing genetic variation, the role of
initial phenotypic plasticity, initial biotic and abiotic conditions). In rare cases, we identify
populations relatively soon after an environmental change and opportunistically document
subsequent contemporary evolutionary responses (for a review, see Bell and Aguirre, 2013; for a more

recent example, see Lescak et al., 2015). With the transplant into Cheney Lake, we have the added
benefit of knowing at least some conditions of the initial invasion (specific source
population, number of colonists, initial lake characteristics) and the ability to document
evolutionary responses at every stage of adaptation.

Using two common garden treatments, we demonstrated that stickleback in Cheney Lake
have evolved both divergent body shape and linear traits in only a single generation,
although allometric growth trajectories and patterns of phenotypic plasticity had larger
effect sizes than population divergence. We assume that these differences result from genetic
evolution but differences due to maternal effects carried through from wild-caught parents
are also possible (Mousseau and Fox, 1998). To our knowledge, maternal effects on morphology
have not been observed in stickleback, and when explicitly considered, have been discounted
in the context of morphological divergence in lake–stream stickleback pairs (Berner et al., 2011;

Lucek et al., 2014b). Transgerational plasticity is known to impact stickleback growth rate (Shama

and Wegner, 2014), stress physiology (Mommer and Bell, 2013), and anti-predator behaviour (McGhee

et al., 2012), however, so the potential for maternal/paternal effects in our system warrants
investigation.

Relative to their immediate ancestor, Cheney Lake fish had deeper bodies, longer heads,
and a less upturned orientation of the mouth. These results are qualitatively consistent with
patterns of variation among stickleback populations in the Cook Inlet region of Alaska,
which includes Cheney Lake (Walker, 1997; Walker and Bell, 2000). Walker (1997) found that relative to
oceanic stickleback, freshwater stickleback tend to have deeper bodies in shallow lakes with
native predatory fish, and larger heads in shallow lakes that lack native predatory fish.
Given that rainbow trout were stocked along with stickleback, we would expect the stickle-
back in Cheney Lake to eventually mirror the pattern of divergence typically seen in shallow
lakes containing native predatory fish. We can test this prediction by continuing to observe
the Cheney Lake population.

Linear measures of morphology also diverged between populations. Given that PC1 was
composed mainly of armour elements and that oceanic stickleback typically have more
robust armour than their freshwater descendants, it is surprising that the Cheney Lake fish
had larger size-adjusted values than Rabbit Slough fish (Bell and Foster, 1994; Bell and Ortí, 1994;

Bell, 2001). There is extensive linkage of genetic loci with contrasting alleles in oceanic and
marine G. aculeatus (Hohenlohe et al., 2012). Thus, it is difficult to infer whether direct selection on
armour, correlated responses to selection on other traits, or drift is responsible for this
unexpected difference. This caveat applies to the observed differences in body shape as well.
By stocking Cheney Lake with a relatively large number of individuals from Rabbit Slough
[N = 2964 (Bell et al., 2016)], we tried to minimize the impacts of drift and founder effects.
Heterozygosity across the oceanic genome has been estimated to be approximately 20% (Jones

et al., 2012a), so the founding population was likely diverse. A fraction of that overall diversity
includes at least 242 loci known to be associated with marine–freshwater divergence
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(Hohenlohe et al., 2010, 2012; Jones et al., 2012a, 2012b), although many of these freshwater-adapted
alleles are probably carried at low frequencies (< 10%) in oceanic stickleback populations
(Colosimo et al., 2005; Jones et al., 2012a). Thus, even with nearly 3000 founders, a single generation
might not have allowed sufficient time for beneficial alleles to spread to the subset of F1 fish
that we bred for this experiment. While traits like body shape are under polygenic control in
stickleback (Albert et al., 2008), lateral plate number and size are under the control of relatively
few loci of large effect (Colosimo et al., 2004, 2005; Indjeian et al., 2016), and therefore may have been
less likely to be captured in our experimental fish. In fact, samples from Cheney Lake in
2010 and 2011 produced all complete lateral plate morphs (N = 343) and only three
(N = 1128) non-complete morphs, respectively (Bell et al., 2016).

Regardless of the mechanisms driving the observed divergence, our experiment clearly
demonstrates that divergence has occurred in a single generation, and these results form
the baseline for comparison in future experiments. Such immediate evolutionary changes
following experimental manipulations have been observed previously in stickleback. For
example, stickleback transplanted from a lake to nearby streams resulted in strong selection
against migrants after 29 weeks, and intermediate levels of selection against lake–stream
hybrids (Moser et al., 2016). In another case, marine stickleback transplanted into experimental
ponds evolved enhanced cold tolerance in only three generations (a 2.5�C reduction, at
a rate of 0.63 haldanes) (Barrett et al., 2011). Across a longer timescale (but still rapid from
an evolutionary perspective), two lake–stream population pairs in Switzerland diverged
substantially in approximately 140 years since invading their respective watersheds.
A common garden experiment using alternative diets available in lakes and streams
demonstrated that this divergence was explained by both genetic and plastic differences, and
in the case of a few traits, divergence in reaction norms (Lucek et al., 2014b).

A number of studies documenting phenotypic change in recent freshwater stickleback
populations indicate that divergence from the source (whether freshwater or marine) can be
initially rapid (e.g. Leaver and Reimchen, 2012; Lucek et al., 2014a; Lescak et al., 2015). The results from a
study of contemporary evolution in a lacustrine population that was probably also founded
by fish from Rabbit Slough, provide us with perhaps the clearest predictions about what
morphological changes we might observe in the Cheney Lake population over the next few
decades. The stickleback population in Loberg Lake, Alaska, was extirpated in 1982, and by
1989 anadromous stickleback had re-colonized the lake. Rainbow trout and silver (coho)
salmon have been planted in this lake annually for all but eight years since 1982. Within
twenty years, the population had diverged 68% away from its putative anadromous ancestor
towards the body shape of the original Loberg Lake population. The initial change
observed in 1992 involved an increase in body depth (consistent with our results), and
in subsequent years the population exhibited considerable shifts in nearly all landmark
positions (Aguirre and Bell, 2012). The Loberg Lake study used field-caught specimens,
whereas our experiment used laboratory-reared individuals, and neither the initial year of
colonization nor the founding population size in Loberg Lake are known. However, given
that the changes observed by Aguirre and Bell (2012) continued year after year despite no
consistent change in the environment, the differences they observed likely resulted from
continuous evolution rather than individual phenotypic plasticity. Therefore, the Loberg
study presents concrete predictions for the changes we can expect in Cheney Lake over the
next few decades, as we repeat this experiment using subsequent generations. Characterizing
variation in field collections of Cheney Lake stickleback will also help bridge the gap
between the results of our common garden experiments and field studies.
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In addition to evolved differences, phenotypic plasticity explained a significant propor-
tion of morphological variation among individuals, consistent with other common garden
experiments using stickleback (e.g. Day et al., 1994; McCairns and Bernatchez, 2012; Wund et al., 2012; Lucek

et al., 2014b; Oke et al., 2016) and teleost fishes more generally (e.g. Adams and Huntingford, 2004; Parsons et al.,

2010; Lundsgaard-Hansen et al., 2012; Yavno and Fox, 2013). We reared stickleback under conditions meant
to mimic littoral (‘benthic’ treatment) and open-water (‘limnetic’ treatment) habitats. We
chose these treatments for several reasons. First, diet and habitat complexity are two of the
main ecological differences between the marine and lake environments [a third is salinity,
which is being considered in a separate set of experiments (Divino et al., 2016)]. Second,
differences in diet (pelagic vs. benthic prey) are commonly varied among treatments
in studies on plasticity in fish, including stickleback (e.g. Wimberger, 1992; Day et al., 1994; Parsons and

Robinson, 2006; Wund et al., 2008; Parsons et al., 2010; Küttner et al., 2014; Lucek et al., 2014b), as are
differences in habitat complexity (Garduño-Paz et al., 2010), and the two in combination
(Olsson and Eklöv, 2005; Wund, 2012). Our results matched patterns of plasticity found in a
previous experiment using the same rearing conditions: anadromous fish reared in the
simulated open-water condition had narrower bodies and longer heads than those reared
under simulated shallow lake conditions (Wund et al., 2012). While we did not find divergence in
reaction norms between populations, rearing environment interacted with allometric
changes in both body shape and linear measurements (along PC2). While fish in the benthic
treatment had deeper bodies and shorter heads overall, these differences were most
pronounced in the intermediate age groups. Size-standardized linear traits followed a
non-linear trajectory through development, with the youngest and oldest age groups being
more similar than the two middle age groups for both PCs 1 and 2. One of our goals
in assessing phenotypic plasticity was to evaluate the possibility that population-level
divergence would only manifest in the littoral environment, reflecting the natural
environment in which Cheney Lake stickleback now experience divergent selection. This
outcome would be possible if selection were acting to change the magnitude of phenotypic
plasticity between ancestral and derived environments [i.e. selection for altered slopes of
reaction norms (David et al., 2004)]. However, the lack of significant population × treatment
interactions indicates that morphological plasticity has not diverged, at least given the
limited set of environmental variables we included in our design and the limited sample size
used. Freshwater and oceanic stickleback not only encounter different habitats and diets,
but also differences in salinity, predators, and flow regimes, so it is possible that reaction
norms have shifted along some other, unmeasured environmental gradient.

As we continue to document changes in the Cheney Lake population [and a similar
population established in Scout Lake, Alaska (Bell et al., 2016)], we expect to gain many insights
into the early stages of freshwater adaptation, including whether and how phenotypic
plasticity influences evolutionary dynamics (West-Eberhard, 2003; Pfennig et al., 2010; Ghalambor et al.,

2015; Hendry, 2016; Waples, 2016). In addition to this work on morphology, there are ongoing
projects to investigate changes in osmoregulation (Divino et al., 2016), life history and parasite
infection (Bell et al., 2016; Heins et al., 2016), and the genetic and genomic basis of adaptation. The
changes that have already taken place, and which we will continue to document over the
next few decades, will provide a finely resolved temporal context to much of what we
already know about stickleback evolution.
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