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Abstract

To what extent are patterns of biological diversification determined by natural
selection? We addressed this question by exploring divergence in foraging
morphology of threespine stickleback fish inhabiting lake and stream habitats
within eight independent watersheds. We found that lake fish generally
displayed more developed gill structures and had more streamlined bodies
than did stream fish. Diet analysis revealed that these morphological
differences were associated with limnetic vs. benthic foraging modes, and
that the extent of morphological divergence within watersheds reflected
differences in prey resources utilized by lake and stream fish. We also found
that patterns of divergence were unrelated to patterns of phenotypic trait
(co)variance within populations (i.e. the ‘line of least resistance’). Instead,
phenotypic (co)variances were more likely to have been shaped by adaptation
to lake vs. stream habitats. Our study thus implicates natural selection as a
strong deterministic force driving morphological diversification in lake-stream
stickleback. The strength of this inference was obtained by complementing a
standard analysis of parallel divergence in means between discrete habitat
categories (lake vs. stream) with quantitative estimates of selective forces and
information on trait (co)variances.

Introduction

Parallel evolution, i.e. the repeated evolution of similar
phenotypes under similar environmental circumstances,
is considered strong evidence for the operation of natural
selection (Endler, 1986; Schluter, 2000). Parallel evolu-
tion is typically explored by comparing two or more
replicate lineages (e.g. different species or conspecific
populations) with respect to their phenotypic divergence
between distinct habitat types. The deterministic role of
shared selective pressures relative to other evolutionary
forces (e.g. historical contingency and gene flow) is then
inferred from the concordance among lineages in
the nature of habitat-related divergence within those
lineages (McPeek, 1995; Losos et al, 1998; Rundle
et al., 2000; McGuigan et al., 2003; Jastrebski & Robin-
son, 2004; Langerhans & DeWitt, 2004; Langerhans
et al., 2004; McKinnon et al., 2004; Ostbye et al., 2006).
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We here wish to address three potential ambiguities in
this approach to inferring evolutionary process from
diversification patterns.

The first ambiguity arises because populations are
typically assigned to discrete habitat categories (e.g. ‘lake’
vs. ‘stream’ and ‘high predation” vs. ‘low predation’)
without quantification of the ecological conditions actu-
ally experienced by each population. The potential
concern of this approach is that local selective forces
may vary among replicate ‘habitats” and thereby cause
deviations from expected parallelism in patterns of
phenotypic divergence. Ignoring this variation may result
in an underestimation of natural selection’s deterministic
power. We address this issue by complementing a typical
analysis based on two discrete habitat categories (lake
and stream) with quantitative information on ecological
conditions within each habitat. This allows us to examine
how divergence between discrete habitats within repli-
cate lineages is modified by variation in divergent
selection.

The second ambiguity concerns an alternative expla-
nation for concordant patterns of phenotypic divergence
in mean trait values. Rather than being driven primarily
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by repeated patterns of divergent selection, trajectories of
divergence may be biased by the trait (co)variance
structure within populations. The reason is that evolu-
tion might be the easiest (or the most rapid) in the
direction where traits show the highest genetic variances
and covariances (Arnold, 1992; Bjorklund, 1996; Sch-
luter, 1996; Arnold et al., 2001). A specific prediction
derived from this idea and addressed in our study is that
the major axis of diversification in trait means among
populations should line up with the major axis of trait
(co)variation among individuals within those popula-
tions (the ‘genetic line of least resistance’, Schluter,
1996).

The third ambiguity, related to the second, concerns
whether trait (co)variances are shaped by habitat-related
selective conditions instead of simply influencing evolu-
tionary responses to selection (Schluter, 1996; Arnold
et al.,, 2001; McGuigan, 2006). For instance, if selection
tends to be more stabilizing within one habitat but more
disruptive within the other habitat, we expect to find
repeated differences in variances and possibly covari-
ances between the habitats. Empirical studies, however,
have usually focused only on responses in trait means,
and how both the phenotypic and genetic (co)variance
structure are influenced by selection remains little
understood (Roff, 2000; Steppan et al., 2002; McGuigan,
2006).

Our study

The goal of our study was to address the above ambigu-
ities by exploring patterns of phenotypic divergence in
the foraging morphology of threespine stickleback (Gast-
erosteus aculeatus) fish. Stickleback are particularly well
suited for this task because morphologically divergent
populations can be found in lakes and streams (habitats)
within multiple watersheds (replicate lineages). Previous
work has shown that stream-resident fish usually have
deeper bodies and fewer gill rakers than do lake fish,
differences that have an additive genetic basis (Lavin &
McPhail, 1993; Hendry et al, 2002). Several lines of
evidence also suggest that these differences are an
adaptive response to divergent selection. First, some
differentiation in these traits can be maintained despite
substantial gene flow (Hendry & Taylor, 2004; Moore
et al, 2007). Second, the differences have evolved
repeatedly in many watersheds independently colonized
by anadromous (sea-run) ancestors (Thompson ef al.,
1997; Hendry & Taylor, 2004). Third, the trait differences
match functional expectations related to different forag-
ing opportunities and swimming modes (details below).
Nevertheless, the consistency of multivariate divergence
has not been formally quantified in lake-stream stickle-
back. The importance of deterministic selection relative to
other evolutionary forces thus remains to be evaluated.
In a first step, we therefore quantify similarity
and dissimilarity in multivariate phenotypic divergence

between lake and stream stickleback in eight watersheds,
each representing an independent evolutionary lineage.
We then test for an association between habitat-related
divergence and quantitative estimates of ecological con-
ditions (diet) that probably influences the strength of
divergent selection between the habitats. In a second
step, we test whether morphological divergence between
lake and stream fish within watersheds is biased along
the line of least resistance within the resident popula-
tions (e.g. Schluter, 1996). In a third step, we test
whether adaptation to lake and stream environments is
associated with changes in trait (co)variances. As we will
show, the integration of these different analyses impli-
cates natural selection as a strong determinant of mor-
phological diversification in lake-stream stickleback.

Materials and methods

Stickleback samples

Our study is based on fish collected from eight water-
sheds on Vancouver Island, BC, Canada. The stickleback
in these different watersheds almost certainly derive
from independent post-glacial colonization by anadro-
mous ancestors (Thompson et al., 1997; Hendry & Taylor,
2004), and they therefore serve as evolutionary repli-
cates. Within each watershed, fish were sampled from
the lake and from the outlet stream, yielding 16 samples
in total (Table 1). Water distances between the lake and
stream sites varied from 1540 to 4400 m in the different
watersheds.

The stickleback for morphological analysis were
collected with unbaited minnow traps or dip nets in
the spring of 2006, except for the Misty watershed where
collections were made in the spring of 2003. Of the
captured fish, we haphazardly selected and retained

Table 1 Description of the sites sampled for the analysis of stickle-
back foraging morphology.

Watershed Code Habitat Latitude (N) Longitude (W) Sample size
Beaver Be Lake 50°35'69.9” 127°19'11.6” 28
Stream 50°35'16.2” 127°22'43.8” 28
Boot Bo Lake 50°03'00.2” 125°3227.4” 30
Stream 50°02'25.3” 125°33'53.8” 30
Joe’s Jo Lake 50°37°32.2” 127°29'06.8” 28
Stream 50°37°29.6” 127°31'06.9” 27
McCreight  Mc Lake 50°19'18.0” 125°3806.2” 30
Stream 50°19'57.2” 125°39'10.2” 29
Misty Mi Lake 50°36'34.9” 127°1555.4” 30
Stream  50°36'59.1” 127°17°04.1” 30
Morton Mo Lake 50°07"19.2” 125°2824.7” 27
Stream 50°07°01.2” 125°26°18.1” 28
Pye Py Lake 50°18'09.3” 125°3527.5” 29
Stream  50°18’53.0” 125°33'37.6” 29
Robert’s Ro Lake 50°13'37.5” 125°33'13.1” 28
Stream  50°14’17.4” 125°34’55.2” 30
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27-30 per site (461 fish in total), excluding those less
than a year old and those showing any signs of gravidity.
The retained fish were killed with an overdose of MS222
and preserved in 95% ethanol, which was replaced at
least twice. After 7 months of preservation, we deter-
mined individual fresh mass, took morphological mea-
surements and dissected the fish to determine sex.
Including sex as a statistical factor (results not shown)
did not materially influence any of our conclusions, and
so we here present analyses with the sexes pooled.

The above samples were not processed in a way that
allowed the optimal preservation of stomach contents.
We therefore collected an additional 20 fish at each of the
16 sites in the spring of 2007. The sampling protocol was
the same as above, except that we always inspected the
traps less than 4.5 h after they were set. In addition, after
the fish were killed, we opened their abdominal cavity
before transfer to ethanol. These procedures ensured that
the stomach contents were preserved in good condition.

Foraging traits and measurement

We studied six morphological traits: three related to gill
structure and three related to body depth (Fig. 1). Gill
traits were measured (or counted) on each fish’s left side
at 15-45x magnification under a stereomicroscope
fitted with an ocular micrometer (maximal precision
0.01 mm). Gill ‘arch length” was the length of the ventral
bone of the first gill arch from its base to its joint with the
dorsal arch bone. Gill ‘raker number’ (the number of

Fig. 1 Stickleback gill raker structure (a) and body depth traits (b).
The gill traits are raker length (RL), arch length (AL) and raker
number (RN). The body depth traits are head depth (HD), anterior
body depth (AD) and posterior body depth (PD).
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bony protuberances) was counted on the same ventral
arch bone. Gill ‘raker length” was the average length of
rakers two to four, as counted from the joint with the
dorsal arch bone. Body depth traits were measured on
the preserved specimens with a digital caliper (precision
0.01 mm). ‘Head depth’ was the distance from the
posterior edge of the cranium to the anterior tip of the
ectocoracoid (see Walker, 1997 for details). ‘Anterior
depth” was the distance from the insertion of the first
dorsal spine to the insertion of the pelvic spine (ventral).
‘Posterior depth” was the distance from the insertion of
the third dorsal spine to immediately posterior to the
insertion of the anal spine.

These specific gill traits were chosen because they are
clearly under divergent selection between limnetic (zoo-
plankton) and benthic (macro-invertebrate) foraging
modes. In particular, previous studies have shown that
individuals with more numerous and longer gill rakers
feed preferentially and more efficiently on zooplankton,
whereas those with fewer and shorter gill rakers feed
preferentially and more efficiently on macro-inverte-
brates (Bentzen & McPhail, 1984; Schluter & McPhail,
1992; Robinson, 2000; Bolnick, 2004). These specific
associations have not been tested directly for our study
system, but it nevertheless seems very likely that selec-
tion favours a more developed gill structure in lake fish
than in stream fish. The reason is that lake fish feed more
often on zooplankton than do stream fish (present
study), and lake and stream fish show the expected
phenotypic and additive genetic divergence in gill raker
number (Gross & Anderson, 1984; Lavin & McPhail,
1993; Hendry et al.,, 2002). Both gill raker number and
length generally display high heritabilities in stickleback
populations (0.34-0.58) (Hagen, 1973; Schluter, 1996;
Hermida et al., 2002; Aguirre et al., 2004). Gill arch
length has not been studied previously in stickleback but
was included here because it influences spacing between
the gill rakers, and so presumably impacts the efficiency
of capturing small prey (Gerking, 1994).

The body depth traits were chosen because they too
are expected to be under divergent selection between
lakes and streams. Stream stickleback feed mainly on
benthic prey in complex environments, which should
select for high manoeuvrability and therefore deeper
bodies (Webb, 1984; Blake, 2004). Lake stickleback feed
more often on limnetic prey in the open water, which
should select for sustained swimming ability and there-
fore shallower bodies with lower drag. These functional
predictions match observations of greater body depth for
stickleback in streams when compared with lakes
(Reimchen et al., 1985; Lavin & McPhail, 1993; Caldecutt
& Adams, 1998; Hendry et al., 2002; Hendry & Taylor,
2004), in benthic when compared with limnetic habitats
within lakes (Schluter & McPhail, 1992; Schluter, 1993;
Robinson, 2000) and in lakes with complex substrates
when compared with lakes with simple substrates
(Walker, 1997). Moreover, these body depth differences
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have a strong additive genetic basis in lake-stream
stickleback (Lavin & McPhail, 1993; Hendry et al.,
2002) and in other stickleback populations (Schluter
et al., 2004; Albert et al., 2008).

All of the measured traits, except for gill raker number,
are correlated with body size, which necessitated size
standardization. We first In-transformed all measure-
ments and counts so as to decouple (co)variances from
trait means and measurement scales (Bookstein et al.,
1985). We next conducted principal components analysis
(PCA) with all individuals pooled and retained each
individual’s score on the first principal component (PC1).
This PC1 vector accounted for 77% of the total variance
and showed positive loadings for all traits (0.42-0.47)
except for raker number (-0.03). Moreover, the PC1l
scores were highly correlated with individual fresh mass
within all populations (Pearson’s r = 0.90-0.99, mean
0.96), confirming the suitability of these scores as a
generalized body size index (Jolicoeur, 1963). We then
regressed each trait against the PC1 scores (all individuals
pooled) and used the residuals as new size-standardized
morphological traits for all subsequent analyses except
for the comparison of (co)variances (see below). Two
alternative approaches to control for body size (using
PC2-PC6 as size-free morphology, and using PC1 scores
as size covariate) produced highly consistent results
throughout. We therefore preferred working with PC1
residuals because this greatly facilitated the resampling
procedures (see below), and because it allowed express-
ing all results in terms of the original six traits.

Measurement error was estimated by measuring each
trait on two separate occasions for 20 haphazardly
selected individuals. Correlations between the first and
second measurements were excellent for all traits (all
r 2 0.978). For the three body depth traits, we addition-
ally examined how well caliper measurements from 20
haphazardly selected ethanol-preserved specimens
agreed with corresponding measurements taken from
digital photographs of the same individuals taken at
capture. Again, the correlation was very high (all
r>0.992).

Analysing multivariate divergence

We first subjected our morphological data set to multi-
variate analysis of variance (manova) with habitat (lake
or stream), watershed and their interaction as factors.
This analysis indicated a significant interaction, but did
not allow us to examine how the magnitude and
orientation of lake-stream divergence differed among
particular watersheds. For this, we used phenotypic
change vector analysis (PCVA) (Adams & Collyer, 2007;
Collyer & Adams, 2007). For each watershed, we first
used a general linear model to calculate the lake and
stream population centroids (multivariate least-squares
means). Connecting the lake and stream centroids within
a watershed then yielded the habitat-related PCV within

that watershed. We then compared PCVs for each of the
28 possible watershed pairings with respect to vector
magnitude (length difference between the vectors) and
orientation (angle between the vectors). Statistical sig-
nificance for the differences in these vector attributes was
determined by comparing the observed values to corre-
sponding random distributions. These distributions were
generated by applying the residual randomization proto-
col described in detail in the statistical appendices of
Adams & Collyer (2007) and Collyer & Adams (2007).
Residual randomization (and all resampling tests below)
was carried out with R 2.6.1 (R Development Core Team
2006).

Patterns of multivariate divergence among populations
were visualized by first performing PCA on the 16
observed centroids (i.e. using the multivariate population
means as data points). We then plotted population means
along PC1 and PC2, with standard errors calculated by
projecting individuals onto these axes. Finally, we used
eigenvalues and trait loadings to assess the importance
and orientation in trait space of PC1 and PC2. Visuali-
zation using canonical variate axes (CVs) yielded qual-
itatively similar patterns, but these are not presented
here because the distortion of trait space in CV analyses
makes interpretation more difficult.

The above multivariate analysis of morphology was
supplemented by a univariate test for ditferences in gill
raker spacing. For this, we expressed raker spacing for
each individual as the length of the arch bone divided by
the number of gill rakers, and used aNxova with habitat,
watershed and the interaction as factors.

Estimating the strength of divergent selection

We used information on limnetic vs. benthic prey types
found in the stomachs of stickleback to quantify the
strength of divergent selection on foraging morphology
between lake and stream habitats. This indirect approach
was chosen because attempts to quantitatively compare
food availability would be compromised by the neces-
sarily different sampling procedures (plankton tows are
not possible in many streams and benthic sampling
proceeds very differently in flowing vs. static water).
Conveniently, however, previous work on stickleback
has documented a strong correlation between foraging
morphology (raker traits and body depth) and the
exploitation of limnetic vs. benthic prey resources, both
among and within populations (Gross & Anderson, 1984;
Schluter & McPhail, 1992; Robinson, 2000). Further-
more, the functional link between morphology and
foraging performance on limnetic vs. benthic prey has
been substantiated by the identification of foraging trade-
offs in laboratory experiments (Bentzen & McPhail, 1984;
Robinson, 2000). As these studies strongly suggest, prey-
mediated selection is the primary driver of foraging traits
in stickleback (and fish in general, see Robinson &
Wilson, 1994; Skulason & Smith, 1995). Hence, even
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though we do not expect that stomach content data
provide a precise description of local prey availability,
they should nevertheless encapsulate a key selective
factor acting on foraging morphology. We further assume
that stomach content, representing only a snapshot of an
individual’s foraging habits, provides reliable information
on individual long-term foraging. Indeed, recent work on
stickleback indicates repeatability across years and strong
agreement with inferences from stable isotope analysis
(Bolnick et al., 2008).

Prey items were identified using a stereomicroscope at
15-45x magnification. Following Schluter & McPhail
(1992), prey were classified as limnetic (open water),
benthic (in or on the substrate) or ‘other” (potentially in
the open water or on the substrate). The identification
and assignment of individual prey items to these catego-
ries were based on Pennak (1989) and Thorp & Covich
(2001). The most frequently encountered benthic prey
included diptera larvae (Chironomidae and Ceratopog-
onidea), chydorid cladocera, mayfly and caddis fly larvae
and ostracoda. The most frequently encountered limnetic
prey included nonchydorid cladocera, calanoid copepods
and emerging mayflies and diptera. ‘Other’ prey included
mainly cyclopoid copepods.

All statistical analyses of stomach content data are
based on the number of limnetic prey relative to the
number of limnetic and benthic prey combined (here-
after ‘proportion of limentic prey’ or PLP). This was
carried out for simplicity, for ease of biological interpre-
tation and for agreement with previous work (Schluter &
McPhail, 1992). We first tested PLP differences among
sites by using aNnova with habitat, watershed and the
interaction as factors. We next calculated the difference
in average PLP between lake and stream fish within each
watershed. We then constructed an 8 x 8 distance matrix
describing the difference between each pair of water-
sheds in the difference in PLP between lake and stream
fish within those watersheds. Response matrices were
created analogously for the angle between PCVs (simi-
larity among watersheds in the orientation of diver-
gence), for the absolute length of PCVs (similarity among
watersheds in the overall magnitude of divergence) and
for the magnitude of divergence along PC1 extracted
from the population centroids. The latter response matrix
was included because PC1 was found to capture mor-
phological variation most probably associated with
foraging performance. The association between the
predictor (PLP) matrix and each of the three morpho-
logical response matrices was then tested in separate
Mantel tests based on 1999 matrix permutations (Manly,
2007).

Lines of least resistance

The line of least resistance was originally defined as the
major axis of the additive genetic trait (co)variance
matrix (Schluter, 1996). Estimates of genetic (co)vari-
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ances, however, are notoriously difficult to obtain (Lynch
& Walsh, 1998) and are unavailable for our lake-stream
populations. Our study therefore uses the phenotypic
line of least resistance as a surrogate for its genetic
counterpart. Even though a perfect correspondence
between the phenotypic and genetic (co)variance struc-
ture is unlikely, the former generally approximates the
latter quite well (Cheverud, 1988; Roff, 1995, 1996;
Schluter, 1996; Roff et al., 1999; Badyaev & Hill, 2000;
Bégin & Roff, 2004). This holds particularly for traits with
substantial heritability (Lande, 1979), which is the case
in our stickleback system (see above). Hence, the
phenotype line of least resistance should be useful to
explore the hypothesis of variational bias to phenotypic
diversification.

To obtain estimates of the phenotypic line of least
resistance, we extracted the major axis (PCl) of (size-
standardized) trait (co)variance for each population
separately using PCA. These vectors were scaled to unit
length and their trait loadings averaged across the lake
and stream population within each watershed. This
yielded watershed-specific estimates of the average phe-
notypic line of least resistance. We preferred to use these
average values rather than estimates from the stream
populations only, because it is uncertain whether the
stream fish represent the true ancestors of the lake
populations studied. This decision, however, did not
influence our conclusions in any way because both
approaches yielded almost identical results (details not
presented). We next tested whether the line of least
resistance within each watershed was associated with the
direction of divergence between lake and stream cent-
roids within that watershed. We did so by calculating the
smaller angle between the average line of least resistance
and the PCV for a watershed, and then evaluated the
significance of this angle by comparison with a random
distribution.

The random distributions were generated by separately
bootstrapping (resampling with replacement) lake and
stream samples 2000 times. For each resampling iteration,
we calculated the watershed-specific average line of least
resistance and the PCV, as well as the angle between them
(as described above). The two-tailed (hence conservative)
lower 95% confidence limit for the angle was then
estimated by the empirical lower 2.5 percentile of the
random angle distribution (Manly, 2007). The null
hypothesis of directional concordance of the PCV with
the line of least resistance within a watershed was rejected
when the lower confidence limit of the random angle
distribution was greater than zero. Parametric confidence
limits produced similar results and are not reported here.

Habitat-related divergence in (co)variances

For the accurate estimation of phenotypic (co)variance
matrices, size standardization was performed within each
population separately. For this, we applied PCA directly
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to In-transformed measurements, regressed each trait
against the resulting PC1 scores (body size) and used the
residuals to calculate the (co)variance matrix. We then
investigated habitat-related differences in (co)variances
with the jackknife manova approach (Roff, 2002; Bégin
et al., 2004). Briefly, this approach converts population-
level (co)variances to individual (co)variance pseudo-
values by sequentially deleting single individuals from a
population and recalculating (co)variances according to
the jackknife procedure (Manly, 2007). The resulting
pseudovalues represent approximate random variables
that can be organized as data columns and analysed in
factorial designs. For significance testing, we performed
maNova on the pseudovalues with habitat, watershed
and the interaction as factors. This was followed by an
inspection of univariate significances to identify (co)vari-
ances that contributed most strongly to variation associ-
ated with the habitat factor (Roff, 2002).

Results

Divergence in foraging morphology

The major axis of morphological diversification among
our stickleback populations (PC1 based on population
centroids) explained 69% of the variation and showed
that stream fish usually had reduced gill raker structures
(especially raker length and number) and increased body
depth (head, anterior and posterior) relative to their lake
counterparts (Fig. 2; univariate descriptive statistics are
given in Appendix 1). The second axis of morphological

0.2

0.1+

0.0+

PC2 + SE

-0.2 ‘ ‘ :
03 -02 -01 00 0 0.1 0.3

PC1 + SE

Fig. 2 Phenotypic change vectors connecting lake (black symbols)
and stream (white symbols) population centroids within each of the
eight watersheds (full watershed names in Table 1). The centroids
are plotted along their first two principal components (PCs) and
error bars are standard errors calculated from individuals projected
on those axes. PC1 accounts for 69% (eigenvalue) of the total
variance among sample means and has the following trait loadings:
raker number —0.52, raker length —0.70, arch length —0.17, head
depth 0.21, anterior body depth 0.29, posterior body depth 0.29. PC2
accounts for 24% of total variance and has the following loadings
(same order): —0.39, 0.50, —0.65, —0.26, 0.03 and 0.31.

divergence among populations (PC2, 24% of the vari-
ance) was most strongly associated with opposing
changes in gill arch length and raker length. Morpho-
logical variation along this second axis, however, showed
no obvious association with habitat.

Multivariate analysis of variance indicated significant
differences in morphology between lake and stream
habitats (Fs44; = 112.5, P < 0.0001) and among water-
sheds (Fss 1858 = 26.6, P < 0.0001), with a significant
interaction (Fss,1858 = 20.0, P < 0.0001). All six mor-
phological traits contributed significantly to the diversi-
fication between habitats, among watersheds and to the
interaction, as indicated by the univariate significances
(all P < 0.0001, details not presented). aANova revealed,
however, that raker spacing did not differ among habitats
(F,7=0.84, P=0.39) or watersheds (F,;=1.63, P=
0.27; interaction: Fy 445 = 2.24, P = 0.03), indicating that
changes in raker number were associated with changes of
similar magnitude in gill arch length.

Phenotypic change vector analysis indicated that vec-
tors of lake-stream divergence sometimes differed
(P < 0.05) among watersheds either in magnitude only
(five of 28 pairwise comparisons), in orientation only (six
of 28) or in both magnitude and orientation (15 of 28)
(Table 2). The only nonsignificant contrasts for both
magnitude and angle were those between Robert’s and
Boot watersheds, and between Robert’s and Joe’s. The
vector-based analysis thus made clear that the strength
and orientation of habitat-related change in foraging
morphology differed greatly among watersheds.

Stomach contents

Analysis of variance revealed that the proportion of
limnetic prey (PLP) in stickleback stomachs was much
lower (often close to zero) for stream stickleback than for
lake stickleback (F; 596 = 97.2, P < 0.0001; Fig. 3). This
proportion also differed among watersheds (F; ;96 =
19.5, P < 0.0001) and showed a significant interaction
between habitat and watershed (F;,96 =21.1, P<
0.0001). The interaction occurred mainly because two
watersheds (McCreight and Morton) did not show
differences in diet between lake and stream habitats.

Mantel tests indicated a strong association between
divergence in stomach contents and the magnitude of
divergence along PC1 (r = 0.442, P = 0.026) (Fig. 4). A
similar relationship was suggested for the overall magni-
tude of divergence in PCVs (r = 0.423, P = 0.072). By
contrast, divergence in stomach contents was not related
to differences in the orientation of phenotypic divergence
(angle between PCVs, r = —=0.159, P = 0.701).

The phenotypic line of least resistance and
habitat-related (co)variances

The phenotypic line of least resistance within each
individual population (PC1 extracted from the [co]var-
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Table 2 Results from the phenotypic change

vector analysis (PCVA). The upper right Watershed  Be Bo Jo Mo Mi Mo Py Ro
semi-matrix gives for each pairwise Be - 0065 0019 0246 0223 0135 0211 0015
watershed contrast the observed difference 509 91.7 40.2 37.8 94.1 83.6 713
in the magnitude of divergence (lengths of g, 0191 - 0084 0310 0288 0200 0147  0.049
PCVs, first row) and the observed difference 0.001 39.4 645 795 45.0 331 256
in orientation of divergence (angle between Jo 0.700 0.087 - 0.226 0.204 0.116 0.231 0.035
PCVs, second row). The lower semi-matrix < 0.001 0.007 92.0 1122 13.0 13.8 243
gives the corresponding P-values for magni- ;g <0001 <0001 <0.001 - 0022 0411 0457  0.261
tude and orientation (P < 0.05 in bold), 0.008 <0.001 < 0.001 55.9 93.0 875 766
based on 1999 randomizations. A significant <0001 <0001 <0001 0639 - 0088 0435 0239
P-value indicates that two PCVs differ statis- 0.011 <0001 <0.001 <0.001 109.9 109.8 90.8
tically in the corresponding vector attribute, Mo 0.005 < 0.001 0.021 0.023 0070 - 0.346 0.151
which is mostly the case in the watersheds < 0.001 0.003 0511 <0.001 < 0.001 213 209
studied. For full watershed names see Py <0001 0003 <0001 <0001 <0001 <0001 - 0.196
Table 1. <0001 0021 0449 <0.001 <0001  0.152 21.8
Ro 0.746 0.310 0.478 < 0.001 < 0.001 0.004 <0.001 -
< 0.001 0.082 0.099 < 0.001 < 0.001 0.116 0.139
1.00 - Table 3 The phenotypic line of least resistance (PC1 of the
% phenotypic [co]variance matrix) averaged over all 16 populations.
é 075, This axis was consistently driven very strongly by variance in
5 o raker length, as illustrated by the comparatively very high loading of
5 g 050l this trait and by the low standard error (in parenthesis).
§_ 0,_>f Trait Loading on PC1
oa
g 0.25 Raker number —0.024 (0.015)
% Raker length 0.966 (0.005)
0.00 Arch length 0.062 (0.022)
Be Bo Jo Mc Mi Mo Py Ro Head depth 0.058 (0.009)
Anterior depth —0.002 (0.004)
Fig. 3 The mean proportion of limnetic prey is greater for lake Posterior depth ~0.056 (0.007)

(black bars) than for stream (white bars) stickleback in all water-
sheds except McCreight (Mc) and Morton (Mo). Error bars are one
standard error.

© o
> o
—

o = v ow
‘

Divergence along PC1
O o o o o o

000 025 050 025 050

Difference in proportion of limnetic prey

—0.1~
-0.25

Fig. 4 Lake and stream stickleback within watersheds are more
divergent morphologically (PC1 from Fig. 2) when they are also
more different in the proportion of limnetic prey utilized (from
Fig. 3).

iance matrix) was very strongly driven by variance in
raker length (Table 3). (Full phenotypic [co]variance and
correlation matrices averaged over all populations are
provided in Appendix 2.) The angle between the average
line of least resistance and the PCV within a watershed

© 2008 THE AUTHORS. J. EVOL. BIOL. 21 (2008) 1653-1665

was usually substantial (mean: 50.4 °, range: 13-83 °;
Table 4), and the lower 95% confidence limit for the
angle was always greater than zero. Hence, the orienta-
tion of lake-stream divergence was consistently unre-
lated to the phenotypic line of least resistance.

Multiple analyses of variance performed on jackknife
pseudovalues for trait (co)variances indicated significant
differences associated with habitat (Fj 435 = 2.19, P =
0.002), watershed (Fj47,2848 = 2.49, P < 0.0001) and
their interaction (Fj47284s = 1.79, P < 0.0001). Three
(co)variances displayed significant univariate differences
between the habitats. Variances in raker length (F; 445 =
4.72, P =0.030) and in posterior depth (Fj 445 = 4.51,
P =0.034) were greater in stream stickleback than in
lake stickleback, as was the (negative) covariance
between these two traits (Fj44s5 = 7.33, P =0.007)
(Fig. 5). However, there was also considerable variation
among watersheds in the extent of lake-stream diver-
gence in trait (co)variances. Differences in the (co)var-
iance structure due to watershed and the interaction
were primarily associated with variances and covariance
in the gill structure and head depth (details not shown).
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Table 4 Observed angle (degrees) for each watershed between the
PCV and the average line of least resistance. The angles can range
from 0° (vectors parallel) to 90° (vectors orthogonal). Associated
lower 95% confidence limits were estimated by the lower empirical
2.5 percentiles of the random distribution of angles. Confidence
limits are greater than zero for all watersheds, indicating that PCVs
do not align with the line of least resistance.

Watershed Observed angle Lower confidence limit
Beaver 82.6 66.9

Boot 55.3 45.3

Joe’s 23.7 16.4

McCreight 82.7 17.3

Misty 711 24.8

Morton 13.2 9.2

Pye 47.3 33.9

Robert’s 26.9 17.0
Discussion

General patterns of lake-stream divergence

The basic outcome of our analysis was that the main axis
of variation among the 16 stickleback populations tended
to polarize lake and stream fish. In particular, stream fish
usually had fewer and shorter gill rakers than lake fish, as
well as deeper bodies (head, anterior and posterior). The
results for gill raker number and anterior body depth
parallel those obtained in previous analyses of lake-
stream populations (Reimchen et al, 1985; Lavin &
McPhail, 1993; Hendry ef al., 2002; Hendry & Taylor,
2004), whereas the other traits have not been examined
before. These differences probably have a strong genetic

—
O
-

0.05 |-
0.04 -

Variance (+SE)

1 T

basis (as opposed to reflecting phenotypic plasticity), as
has been found in previous work on lake-stream stick-
leback (Gross & Anderson, 1984; Lavin & McPhail, 1993;
Hendry ef al, 2002) and in other stickleback systems
(Hatfield, 1997; Peichel et al., 2001; Schluter et al., 2004;
Albert et al., 2008).

The features of lake—stream divergence that are shared
across watersheds strongly suggest that habitat-related
divergent selection has influenced morphology. The
standard approach of using parallel evolution in discrete
habitat classes as a means of inferring the role of
deterministic selection therefore works in a general sense
for lake-stream stickleback (see also Hendry & Taylor,
2004). We here contend, however, that the above simple
analysis and inference is incomplete because it still
suffers from the ambiguities described in the Introduction
and elaborated in the next sections.

Causes of diversification

Our vector-based approach showed that despite similar-
ities in phenotypic responses, lake-stream divergence
differed substantially in magnitude and orientation
among watersheds (Table 2, Fig. 2). This result empha-
sizes the need to scrutinize the potential causes of
watershed-specific patterns. As a first ambiguity, we
have suggested that local selection pressures may not be
adequately captured by the ‘lake’ vs. ‘stream’ dichot-
omy. Our approach to investigating this possibility was
to incorporate quantitative information on prey-medi-
ated divergent selection on foraging-related traits, as
inferred from stomach content analysis. In this regard,

—
(2)
~

0.003 |-

0.002

Variance (+SE)

Fig. 5 Lake stickleback (black bars) exhibit
greater (co)variances in foraging traits than
stream stickleback (white bars). Displayed
are the (co)variances that showed a univar-
iate P < 0.05 for the habitat factor in
mANOVA. These are: (a) raker length —
posterior body depth covariance, (b) raker
length variance, (c) posterior body depth

ﬁﬁﬁﬂhhhhh

variance. Error bars are jackknife standard
€rrors.
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we identified striking variation among watersheds in the
degree to which lake and stream stickleback ditfered
in foraging on benthic vs. limnetic food types. This
variation among watersheds was strongly correlated
with the magnitude of morphological divergence within
watersheds. For example, the watersheds with the least
lake-stream difference in diet (McCreight and Morton)
also showed low morphological divergence between
lake and stream fish (Fig. 4). At the opposite extreme,
the watershed with the greatest lake—stream difference
in diet (Pye) also showed the greatest phenotypic
response. As described above, previous work strongly
suggests that prey resources drive morphology (rather
than morphology determining foraging independently
of local prey availability) in stickleback (Bentzen &
McPhail, 1984; Gross & Anderson, 1984; Schluter &
McPhail, 1992; Robinson, 2000) and in fish generally
(Robinson & Wilson, 1994; Skulason & Smith, 1995).
Our results thus indicate that divergence in foraging
morphology is driven by the strength of divergent
selection.

Another possible contributor to variation in lake—
stream divergence is gene flow (Hendry et al., 2002;
Hendry & Taylor, 2004; Moore et al., 2007). In partic-
ular, the Misty watershed showed by far the greatest
deviation between the observed magnitude of lake—
stream morphological divergence and that expected
based on the difference in diet (Fig. 4). This result
agrees perfectly with evidence for strong maladaptation
in the Misty outlet stream owing to very high gene
flow from Misty Lake (Hendry et al., 2002; Moore et al.,
2007). Repeating the PC1 Mantel test with the Misty
watershed excluded produced a very strong correlation
between morphological divergence and the expected
magnitude of diet-based divergent selection (matrix
correlation r = 0.769, P = 0.007; standard correlation
r = 0.92). The stream populations in the other water-
sheds may have been less susceptible to gene flow
(as opposed to some of these studied by Hendry &
Taylor, 2004) because we here selected stream sites
that were farther from the lakes. Our data from the
Misty watershed further support the view that stomach
content reflects local prey availability, rather than
reflecting phenotype-specific foraging independent of
local prey availability. Because morphological lake—
stream divergence in the Misty watershed is negligible
(Fig. 2; Appendix 1), both populations should use
similar prey resources if foraging was determined
primarily by the phenotype. Instead, stomach content
differed dramatically, indicating that the lake and
stream populations indeed experience contrasting prey
resources but have not strongly adapted to them.

In summary, our study makes clear that divergent
selection mediated by limnetic vs. benthic foraging
conditions strongly determines morphological differences
among stickleback populations inhabiting lake and
stream environments. Some of this effect could be seen
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by grouping populations into the simple ‘lake’ and
‘stream’ habitat categories. However, quantitative mea-
surements of a key selective factor (diet) within those
habitats substantially improved the habitat-morphology
association and thus revealed an even stronger effect of
selection in driving morphological diversification. The
reason is that local foraging conditions accounted for both
similarities and differences among watersheds in the
magnitude of lake-stream divergence. Additional
improvements could be made by incorporating informa-
tion on gene flow. In short, studies of the causes of
morphological diversification greatly benefit from the
quantitative measurement of multiple evolutionary
forces.

Lake—stream divergence and the line of least
resistance

The second ambiguity we raised in the Introduction
relates to another potential contributor to similarity
among multiple evolutionary responses: phenotypic
divergence may be biased along the ‘lines of least
resistance’ (Schluter, 1996). Such constraints were not
evident in our study given that the main axis of lake—
stream divergence within each watershed was consis-
tently different in orientation from the phenotypic line
of least resistance for populations within that
watershed. Although Schluter’s (1996) original predic-
tion was related to genetic (co)variances, a reasonable
correspondence between the genetic and phenotypic
line of least resistance is likely for our study. A first
reason is that phenotypic (co)variances generally
approximate underlying genetic (co)variances quite well
(Cheverud, 1988; Roff, 1996; Schluter, 1996; Roff et al.,
1999; Badyaev & Hill, 2000; Bégin & Roff, 2004) and
may sometimes even provide a more accurate estimate
of the latter (Roff, 1995; Shaw et al, 1995). Further-
more, in our study the phenotypic line of least
resistance was particularly strongly driven by variance
in gill raker length. The same trait also exhibited the
highest genetic variance and heritability among five
morphological traits in the lake population examined by
Schluter (1996, table 1). Taken together, it is very likely
that our phenotypic analysis provides insight into
evolutionary bias associated with the genetic trait
(co)variance structure.

Our result indicates that patterns of adaptive diversi-
fication are not easily predicted based on knowledge
about trait (co)variation, a conclusion also reached in a
number of other recent studies (Merild & Bjorklund,
1999; Badyaev & Hill, 2000; McGuigan et al., 2005;
Berner & Blanckenhorn, 2006; Brakefield & Roskam,
2006). Our conclusion thus conflicts with Schluter’s
(1996) report of persistent evolutionary bias to diversi-
fication in stickleback. The two studies, however, are not
directly comparable because different sets of traits and
different stickleback populations were considered.
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Although we provide strong evidence against persistent
constraints to diversification, it nevertheless remains
possible that the early stages of divergence do proceed
along the lines of least resistance, but that this bias is
lost over time. However, as divergence among our
stickleback populations has evolved in less than
12 000-15 000 years (Clague & James, 2002), any such
initial constraints, if present, were lost rapidly.

Habitat-related changes in (co)variances

The third ambiguity relates to whether phenotypic
(co)variances are the product of selection, rather than
historical legacies (Schluter, 1996; Arnold et al., 2001;
McGuigan, 2006). Our analysis suggests that this might
well be the case for lake—stream stickleback. In particular,
when variances for gill raker length and posterior depth
(and covariances between these traits) differed between
habitats, they were generally lower for stream popula-
tions. Again, a contribution of phenotypic plasticity to
these changes cannot be ruled out entirely but is unlikely
to be substantial. For instance, even though a modest
plastic response in foraging traits to limnetic vs. benthic
food treatments in the laboratory was observed by Day
et al. (1994), this result could not be reproduced in later
studies (Day & McPhail, 1996; D. Berner, unpublished
data). A genetic basis to the observed changes in
(co)variances is therefore probable. Moreover, we will
now explain how previous work on lake stickleback,
combined with our stomach content data, provides a
strong hypothesis for how divergent selective conditions
have shaped trait (co)variances.

Lake stickleback can show substantial within-popula-
tion variation in resource use along a continuum ranging
from limnetic to benthic foraging modes (Schluter &
McPhail, 1992; Robinson, 2000; Bolnick, 2004). This
variation coincides with marked differences in foraging
morphology: limnetic specialists have more numerous
and longer gill rakers and shallower bodies than do
benthic specialists. This individual specialization appears
maintained by persistent disruptive selection owing to
frequency-dependent competition for shared resources
(Bolnick, 2004; Svanback & Bolnick, 2007). A likely
consequence of individual specialization on limnetic vs.
benthic prey is elevated phenotypic variance in foraging
traits. Specialization should also maintain positive
covariances between synergistically selected traits (e.g.
raker number and raker length) and negative covariances
between antagonistically selected traits (e.g. raker length
and body depth).

As the stomach content data indicate, most of our
lakes indeed provided both limnetic and benthic prey,
and hence ample opportunity for individual specializa-
tion on these different resources. This was not true for
most stream sites, which were instead characterized by
more uniform benthic diets. We would therefore expect
reduced individual specialization and hence lower

(co)variances in foraging-related traits in stream than
lake populations. This prediction is supported by our
analysis, and we therefore suggest that different selec-
tive conditions between lake and stream habitats have
not only shaped foraging trait means (see above), but
also their (co)variances. It is further possible that gill
raker length, a key trait in individual specialization
(Robinson, 2000; Bolnick, 2004), is subject to particu-
larly strong disruptive selection in lakes, thus maintain-
ing a particularly high variance relative to other traits.
Addressing these hypotheses more directly with larger
samples and information on selective conditions acting
within local populations is a promising avenue for
future research.

Conclusions

Stickleback inhabiting lake and stream habitats in multi-
ple watersheds have primarily diversified along the
limnetic vs. benthic foraging axis. This pattern was
certainly evident when grouping populations into dis-
crete lake and stream categories, but was made much
clearer by incorporating quantitative estimates of varia-
tion in a key selective factor, and information on gene
flow. In addition, patterns of lake-stream divergence
within watersheds were unrelated to the phenotypic line
of least resistance within those watersheds. This result
adds to the chorus of studies arguing against major
constraints to diversification over moderate and long
time frames. Instead, it appears that (co)variances among
morphological traits are themselves shaped by local
selective conditions. Our analyses thus highlight the
power of natural selection in shaping the morphological
diversification of threespine stickleback inhabiting lakes
and streams.
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Appendix 1

Divergence in stickleback ecomorphology 1665

Size-standardized trait means and standard errors (in parentheses) for all stickleback populations, based on In-
transformed measurements. Sample sizes are given in Table 1.

Watershed Habitat Gill raker number Gill raker length Gill arch length Head depth Anterior body depth Posterior body depth
Beaver Lake —0.032 (0.010) —0.039 (0.029) 0.086 (0.011) 0.044 (0.007) —0.036 (0.008) —0.049 (0.010)
Stream —-0.120 (0.012) 0.006 (0.017) —-0.122 (0.008) 0.004 (0.004) 0.030 (0.008) 0.065 (0.010)
Boot Lake 0.127 (0.015) 0.013 (0.032) 0.100 (0.009) 0.006 (0.007) —0.031 (0.008) —-0.071 (0.013)
Stream —-0.070 (0.011) —-0.162 (0.023) —-0.015 (0.010) 0.037 (0.006) 0.053 (0.006) 0.073 (0.010)
Joe’s Lake -0.018 (0.012) 0.042 (0.014) —0.062 (0.009) —0.009 (0.004) 0.019 (0.005) 0.005 (0.008)
Stream —-0.116 (0.011) -0.165 (0.017) —0.023 (0.008) 0.045 (0.006) 0.070 (0.007) 0.055 (0.010)
McCreight Lake 0.010 (0.013) 0.056 (0.023) —0.050 (0.009) —0.018 (0.007) —0.009 (0.009) 0.019 (0.012)
Stream 0.002 (0.014) 0.060 (0.030) —-0.059 (0.011) —0.031 (0.008) 0.004 (0.008) 0.023 (0.010)
Misty Lake 0.028 (0.011) 0.050 (0.028) 0.062 (0.010) —0.009 (0.007) —0.015 (0.007) —0.076 (0.009)
Stream 0.035 (0.011) 0.064 (0.022) 0.034 (0.007) —0.025 (0.006) —0.015 (0.007) —0.049 (0.008)
Morton Lake 0.123 (0.011) 0.045 (0.022) 0.043 (0.007) 0.008 (0.007) —0.035 (0.008) —0.046 (0.011)
Stream 0.097 (0.012) —-0.073 (0.017) 0.063 (0.007) 0.035 (0.005) 0.002 (0.007) —-0.019 (0.007)
Pye Lake 0.100 (0.012) 0.191 (0.017) -0.012 (0.012) —0.104 (0.006) —0.066 (0.006) 0.003 (0.008)
Stream —-0.124 (0.011) —-0.177 (0.023) -0.019 (0.012) 0.047 (0.006) 0.066 (0.007) 0.064 (0.009)
Robert’s Lake 0.018 (0.014) 0.152 (0.022) 0.010 (0.011) —0.033 (0.007) —0.070 (0.006) —0.049 (0.011)
Stream —-0.066 (0.013) —0.068 (0.019) —0.039 (0.009) 0.010 (0.005) 0.032 (0.007) 0.053 (0.010)
Appendix 2

Phenotypic variances and covariances (multiplied by 1000, upper semi-matrix) and correlations (lower semi-matrix, in
bold) among the six morphological traits. The values are averages across the 16 populations, with associated standard
errors in parentheses.

Trait Gill raker number Gill raker length Gill arch length Head depth Anterior body depth Posterior body depth
Gill raker number 4.220 (0.290) —-0.478 (0.358) 0.792 (0.192) 0.085 (0.149) —0.001 (0.066) 0.002 (0.120)
Gill raker length —0.058 (0.041) 20.245 (2.356) 0.921 (0.579) 0.734 (0.231) —-0.013 (0.138) —-1.167 (0.356)
Gill arch length 0.202 (0.053) 0.117 (0.072) 3.337 (0.321) 1.086 (0.139) 0.111 (0.079) —-0.010 (0.128)
Head depth 0.050 (0.064) 0.163 (0.053) 0.570 (0.041) 1.108 (0.120) 0.216 (0.058) 0.012 (0.087)
Anterior body depth 0.009 (0.043) —0.010 (0.042) 0.092 (0.054) 0.267 (0.062) 0.623 (0.044) 0.336 (0.052)
Posterior body depth 0.005 (0.051) —0.197 (0.053) 0.020 (0.067) 0.001 (0.057) 0.370 (0.055) 1.495 (0.108)
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