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The ‘ecological opportunity’ hypothesis predicts that when interspecific competition or predation is reduced, popu-
lations will exhibit increases in phenotypic variance as a result of colonization and adaptation to vacant or underuti-
lized ecological niches (i.e. character release). We assessed this hypothesis by examining morphological diversity
within stickleback populations in 40 undisturbed lakes from six islands off the mid-coast of British Columbia, Can-
ada. Because larger lakes with well-developed littoral and limnetic zones will have greater trophic niche diversity
than smaller lakes with only littoral zones, we predicted a positive association between lake size and variation in
trophic morphology. Conversely, reduced vertebrate predation in small bog lakes allows increased variance in defen-
sive structures without costs to fitness. Consistent with both predictions, we observed that phenotypic variance in
two traits that are involved in feeding (gape width and pectoral fin length) increased with lake size while variability
in defence structures (lateral plate number and dorsal spine length) was inversely related to lake size. Moreover,
increased variance in defence morphology was accentuated in populations with severe armour reduction (spine loss,
decreased plate overlap), another strong indicator of reduced vertebrate predation. In the majority of cases, these
patterns were repeatable among islands, independent from the geographical distance between lakes, and arose from
a combination of high variance within each of the sexes and increases in sexual dimorphism. These findings suggest
that character release can be trait-specific and reflect the combined effects of competition, predation and habitat
heterogeneity. © 2005 The Linnean Society of London, 
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INTRODUCTION

 

The ecological causes of adaptive radiation are a
classical topic in evolutionary biology (Darwin, 1859;
Lack, 1947; Simpson, 1953; Mayr, 1963), and have
received renewed interest in recent years (Schluter,
2000). Numerous studies over the last century have
shown that divergent natural selection, stemming
from differences between environments or from com-
petition between closely related species, can cause
mean trait values to diverge between populations
(Schluter, 2000 for review). Likewise, studies of
intrapopulation variability have revealed that special-
ization on different resources is common among dif-
ferent age classes, sexes and individuals within

populations and that such specialization is often
associated with specific morphological or behavioural
adaptations (Reimchen, 1979, 1980, 1995; Schluter,
1993, 1995; Sinervo & Lively, 1996; Losos 

 

et al

 

., 1998;
Reimchen & Nosil, 2001a, 2002, 2004; Grant & Grant,
2002; Bolnick 

 

et al

 

., 2003; for review). However, both
the extent and ecological causes of geographical differ-
ences in the amount of intrapopulation variation are
poorly documented.

Genetic variation within populations of many
organisms is thought to correlate with environmental
heterogeneity (for review see Hedrick, 1986) and thus
‘ecological opportunity’ is predicted to influence levels
of intrapopulation variability. When interspecific com-
petition or predation is reduced, competition within a
population promotes diversification by favouring the
utilization of unexploited resources (i.e. the coloniza-
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tion of vacant or under-utilized ecological niches;
Simpson, 1953). Competition within a population
leads to diversifying selection because individuals
switching to new, under-exploited resources undergo
weaker competition, and thus exhibit higher fitness
(Slatkin, 1980; Wilson & Turelli, 1986; Doebeli, 1996;
Bolnick, 2001). Such niche-width expansion is often
associated with an increase in phenotypic variation
(i.e. character release; Van Valen, 1965; Grant, 1972;
Roughgarden, 1972; Lister, 1976; Taper & Case, 1985;
Doebeli, 1996).

Direct tests of the ‘ecological opportunity’ hypothe-
sis have generally taken two approaches. First, stud-
ies of natural populations have attempted to control
for differences between study sites or time periods in
niche availability and intraspecific competition and
have revealed elevated trait variance in populations
where and when competing species are known to be
absent (Lister, 1976; Robinson & Wilson, 1994; Ben-
ton, 1996a, b; Robinson & Schluter, 2000; Simberloff

 

et al

 

., 2000) or in geographical regions where interspe-
cific competition  is  thought  to  be  weak  (e.g.  islands
vs. mainlands, birds, Van Valen, 1965; 

 

Drosophila

 

,
Carson & Kaneshiro, 1976; finches, Schluter, 1988b;
Hawaiian silverswords and 

 

Bidens

 

, Schluter, 2000;
lake populations in northern latitudes, Robinson &
Schluter, 2000). Second, laboratory experiments
examining the factors facilitating diversification
strictly within environments lacking interspecific
competition have shown that habitat heterogeneity
(Rainey & Travisano, 1998) and intraspecific com-
petition (Rainey & Travisano, 1998; Bolnick, 2001;
Buckling & Rainey, 2002) are factors promoting niche
width expansion and subsequent character release.
Conversely, phage-induced reductions in population
density have been shown to result in decreased diver-
sification within laboratory populations of bacteria
(Buckling & Rainey, 2002).

There are few data on the effects of predator pres-
sure or habitat heterogeneity on the opportunity for
character release within natural populations. In this
study, we provide a test of the ecological opportunity
hypothesis by evaluating the influence of correlates of
both these factors on levels of trait variation in natu-
ral populations of freshwater threespine stickleback
(

 

Gasterosteus aculeatus

 

). Stickleback exhibit high
levels of both within-population and between-
population variation in morphology and the func-
tional significance of defence and trophic morphology
is well understood (Hoogland, Morris & Tinbergen,
1957; Reimchen, 1983, 1994; Schluter, 1993, 1995).
Increased gape width is an adaptation to foraging on
benthic macroinvertebrates while reduced gape is
associated with foraging on zooplankton in the lim-
netic zone (Schluter & McPhail, 1992; Schluter, 1993,
1995). For defence morphology, predatory fish pro-

duce selection favouring increased size of spines and
increased number of bony lateral plates (Moodie &
Reimchen, 1976; Gross, 1978; Reimchen, 1983, 1994,
1995). Avian piscivores may generate selection in
favour of lateral plate reduction (Reimchen, 1988,
1997; Bergstrom, 2002) while macroinvertebrate
piscivores may cause selection favouring reduced
number of plates and spines (Reimchen, 1980, 1994;
Ziuganov & Zotin, 1995; Reimchen & Nosil, 2002,
2004; Vamosi, 2002).

Because both trophic niche availability and preda-
tory regime varies with lake size, we have analysed
the association between lake size and intrapopulation
variability in trophic and defence morphology in 40
stickleback populations on six islands from the west
coast of Canada. Habitat heterogeneity, and thus
trophic  niche  availability,  is  positively  correlated
with lake size (Barbour & Brown, 1974; Hildrew &
Townsend, 1987). Therefore the ecological opportunity
hypothesis predicts elevated levels of trait variation in
trophic structures within large lakes. Conversely,
populations  in  small  lakes  are  generally  subject
to reduced levels of vertebrate predation, resulting in
relaxed selection on lateral plates and spine morphol-
ogy (Moodie & Reimchen, 1976; Reimchen, 1994,
2000). Reduced importance of vertebrate predation in
small lakes results from an absolute decrease in levels
of vertebrate predation and a decrease in the relative
importance of vertebrate vs. invertebrate predation.
This release from vertebrate predation will allow
stickleback to exhibit morphologies that were previ-
ously selected against, resulting in an inverse associa-
tion between lake size and variability in defence
morphology. Moreover, this latter trend should be
accentuated in lakes with spine loss and decreased
plate overlap, both of which are strong indicators of
reduced selection from vertebrate predators (Reim-
chen, 1980, 1983; Reimchen & Nosil, 2002, 2004).
Finally, we assess whether increases in trait variance
result from elevated sexual dimorphism, from in-
creased trait variation within the each of the sexes, or
from a combination of these processes.

Stickleback are particularly ideal for studies of
character release because: (1) all the stringent criteria
required for linking geographical variation in trait
variability to character release are likely fulfilled (cf.
Schluter & McPhail, 1992); (2) populations in postgla-
cial lakes are species poor and recent in origin
(10 000 years BP), minimizing the effects of interspe-
cific competition and phylogenetic history on patterns
of trait variation (Robinson & Schluter, 2000), and (3)
studies of geographical differences in levels of within-
population variability can be interpreted in light of
detailed, long-term studies of variation within single
populations (e.g. Reimchen, 1994, 1995; Reimchen &
Nosil, 2002, 2004).
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STUDY AREA AND METHODS

 

Stickleback were sampled from small lakes located on
the Dewdney-Banks archipelago off the mid-coast of
British Columbia, Canada (52

 

°

 

59

 

′

 

N, 129

 

°

 

37

 

′

 

W). Lakes
were sampled on Banks, Barnard, Dewdney, Trutch,
Lotbiniere and Uni islands. The lakes on each of the
islands are all low-elevation (less than 100 m) and
found within several kilometres from marine waters.
Fish were captured from 40 freshwater stickleback
populations. Lake area was calculated from topo-
graphic maps and lake depth was estimated using bank
profiles and lake cover (Reimchen, 1989). Lake volume
was calculated as lake area 

 

×

 

 average lake depth.
We assessed morphological differentiation within

each population using linear measurements from 13
metric traits and counts from two meristic traits (

 

N

 

 

 

=

 

1754 individuals, mean sample size per population 

 

=

 

44.0,  SD 

 

=

 

 10.9,  min. 

 

=

 

 14,  max. 

 

=

 

 54).  Abbrevia-
tions are as follows: standard length of fish (LENGTH);
maximum body depth (DEPTH), width of gape
(GAPEW), length of gape (GAPEL), length of first dor-
sal spine (DORS1), length of left pelvic spine (LPELV),
length of ventral plate (VPLATEL), width of ventral
plate  (VPLATEW),  height  of  ascending  process
(APHGHT), maximum width of ascending process
(APWDTH), pectoral length (PECTLNGT), eye
diameter (EYEDIAM), length of 7th lateral plate
(PLATEL7), number of lateral plates on left side of
trunk (PLATENO) and number of gill rakers (RAK-
ERS). Due to low levels of variability in raker number,
only approximately half (

 

N

 

 

 

=

 

 879) of the fish were score
for RAKERS. The degree of overlap between plates and
incidence of spine number reduction was also recorded.

All morphological characters were log-transformed
prior to statistical analyses. For all the morphometric
characters examined, trait size increased linearly with
LENGTH (all 

 

P

 

 

 

<

 

 0.001, bivariate correlation). Conse-
quently, morphometric data were size-standardized by
taking the residual trait values from a regression of
trait values on standard length. The slopes of the trait
size vs. LENGTH regression differed among localities
for all the metric characters (all 

 

P

 

 

 

<

 

 0.001, trait–
LENGTH interaction, ANCOVA) and, consequently,
all size standardizations were calculated using sep-
arate, within-group slopes (Sokal & Rohlf, 1981).
Analyses using size-standardization with pooled,
between-groups slope yielded congruent results (not
shown). PLATENO did not increase with increasing
SL (

 

P

 

 

 

>

 

 0.05, bivariate correlation) and thus was not
size-standardized.

 

M

 

ORPHOLOGICAL

 

 

 

VARIABILITY

 

 

 

WITHIN

 

 

 

POPULATIONS

 

We used several different measure of trait variability
within populations, including: (1) the total sample

variance, (2) the sample variance within each of the
sexes, and (3) the degree of sexual dimorphism (calcu-
lated as the absolute difference in mean trait values
for males vs. females within each lake). To control for
the potential effects of associations between sample
variances and sample means, we also conducted
analyses using residual values from a regression of
sample variances against sample means (residual
variance hereafter). Analyses using residual variances
are analogous to using coefficients of variation
(variance : mean ratios) but correct more precisely for
associations between means and variances.

There was no correlation between levels of vari-
ance within a population and sample size (

 

r

 

 

 

<

 

 0.20,

 

P

 

 

 

>

 

 0.15 for all measures of trait variance; for 26
populations 

 

N

 

 

 

=

 

 50) and levels of variance within a
population did not tend to differ between the sexes
(all 

 

t

 

 

 

<

 

 1.60, all 

 

P

 

 

 

>

 

 0.10; paired 

 

t

 

-tests using levels
of trait variance in males vs. females for the 40
lakes).

 

A

 

SSOCIATIONS

 

 

 

BETWEEN

 

 

 

TRAIT

 

 

 

VARIANCE

AND

 

 

 

LAKE

 

 

 

VOLUME

 

We tested for linear relationships between trait vari-
ance and log-transformed lake volume (log-transfor-
mation normalized the distribution of lake volumes,
Z 

 

=

 

 0.68, 

 

P

 

 

 

=

 

 0.74, Kolmogorov

 

−

 

Smirnov test). Analy-
ses using raw variances and log-transformed vari-
ances yielded similar results. Consequently, we report
results using log-transformed variances because they
are conservative with respect to the potential effects of
outliers and resulted in normally distributed residuals
from all subsequent regression analyses (Kolmogorov

 

−

 

Smirnov tests on residuals, all 

 

P

 

 

 

>

 

 0.25). Analyses
using lake area or lake depth alone yielded results
similar to analyses using lake volume (results not
shown).

Because of substantive departures from linearity,
we also used quadratic and cubic regression. For all
analyses, we assess the significance of 

 

r

 

2

 

 using the F-
ratio. We assessed the overall importance of quadratic
and cubic components using two methods. First, we
tested the significance of quadratic and cubic regres-
sion coefficients, in regression models including both
linear and quadratic terms or linear, quadratic and
cubic terms, respectively (cf. Lande & Arnold, 1983).
Second, we used partial 

 

F

 

-tests to compare the fit of
models including only a linear term to the fit of models
including higher-order terms (i.e. we assessed the sig-
nificance of increases in 

 

r

 

2

 

 when quadratic or cubic
terms were added to the regression model; Norusis,
1993).

We examined eight trophic traits and seven defen-
sive traits and thus applied sequential Bonferroni cor-
rections to significance levels within each type of trait
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(for the significance of 

 

r

 

2

 

 in overall regression analy-
ses; Rice, 1989). This approach is highly conservative
because levels of variance for different traits were
often not correlated with each other (trophic traits: 11
of 55 pairwise comparisons where 

 

P

 

 

 

<

 

 0.05; defensive
traits: 13 of 28 pairwise comparisons where 

 

P

 

 

 

<

 

 0.05;
bivariate correlations).

Departures from linearity were also examined by
plotting associations between trait variance and lake
size using the non-parametric cubic spline (Schluter,
1988a). Finally, we used multiple regression analyses
to test for associations between trait variance and lake
size when partial associations among traits were con-
trolled for statistically.

 

R

 

EPLICATION

 

 

 

OF

 

 

 

TRENDS

 

 

 

AMONG

 

 

 

AND

 

 

 

WITHIN

 

 

 

ISLANDS

 

Replication of associations between trait variance
and lake volume was assessed by testing whether
such associations were dependent upon island of ori-
gin (i.e. testing for significant interactions between
‘island’ and linear, quadratic and cubic lake volume
terms in ANCOVA analyses, island treated as a fac-
tor). Second, we used Mantel randomization tests
(10 000 randomizations; Manly, 1997) to test whether

interpopulation differences in levels of trait variance
were correlated with the geographical distance
between lakes. This analysis was conducted using all
the study populations and for each island separately
(for the four islands with more than two lakes per
island).

 

RESULTS

A

 

SSOCIATIONS

 

 

 

BETWEEN

 

 

 

TRAIT

 

 

 

VARIABILITY

AND

 

 

 

LAKE

 

 

 

VOLUME

 

We detected significant associations between overall
trait variance and lake volume for standard length
and four additional traits (Table 1, Fig. 1). The rela-
tionship was positive for GAPEW and PECTLNGT
but negative for DORS1 and PLATENO, with sub-
stantial departures from linearity in each case
(Table 1; all other traits 

 

P

 

 

 

>

 

 0.05 in linear regression
analyses). When variance within each of the sexes
was considered separately, within-population vari-
ance increased with lake size for the two trophic
traits in males but not females and decreased with
lake size for the two defensive traits within each of
the sexes (Table 2).

A substantial proportion of the elevated variance in

 

Table 1.

 

Linear (lin.), quadratic (quad.) and cubic (cub.) regression analyses of the relationship between measures of trait
variance [Overall Variance (OV) and sexual dimorphism (SexDi)] and lake volume for 40 populations of threespine
stickleback. 

 

r

 

2

 

 refers to the fit of the overall regression model, F-change to the F-ratio from a partial 

 

F

 

-test assessing
whether adding a quadratic term to a linear model improves the overall fit of the model, 

 

β

 

1 to the linear regression
coefficient, 

 

β

 

2 to the quadratic regression coefficient and 

 

β

 

3 to the cubic regression. In general, adding a quadratic term
improved the fit of the regression model and quadratic regression coefficients were often statistically significant. Sequential
Bonferroni corrections were also applied to the significance of overall regression analyses (i.e. 

 

r

 

2

 

 values), with separate
adjustments for trophic (GAPEW, PECTLENG) vs. defensive traits (DORS1, PLATENO), see methods for details.
LENGTH, standard length of fish. Analyses where 

 

r

 

2

 

 retains significance at 

 

P

 

 

 

<

 

 0.05 after this correction are in bold

Trait

 

r

 

2

 

OV 
F-change

 

β

 

1

 

β

 

2

 

β

 

3

 

r

 

2

 

SexDi 
F-change

 

β

 

1

 

β

 

2

 

β

 

3 

LENGTH (lin.) 0.29*** 0.23*** – – 0.11* 0.08* – –
LENGTH (quad.) 0.34** 2.32 0.10 0.09 – 0.14 1.48 0.002 0.005 –
LENGTH (cub.) 0.35** 0.78 0.11

 

−

 

0.03 0.06 0.16 0.58 0.002

 

−

 

0.002 0.003
GAPEW (lin.) 0.10* 0.08* – – 0.03 0.002 – –
GAPEW (quad.) 0.22** 6.52*

 

−

 

0.06 0.10* – 0.30** 14.16** −0.007* 0.007** –
GAPEW (cub.) 0.30** 3.95* −0.05 −0.07 0.08* 0.34** 2.36 −0.007 0.001 0.003
PECTLNGT (lin.) 0.12* 0.06* – – 0.11* 0.004* – –
PECTLNGT (quad.) 0.26** 6.92* −0.04 0.08* – 0.17* 2.70 −0.003 0.003 –
PECTLNGT (cub.) 0.41*** 9.33** −0.03 −0.11 0.08** 0.38** 12.06** 0.001 −0.010* 0.007**
DORS1 (lin.) 0.15* −0.17* – – 0.01 −0.003 – –
DORS1 (quad.) 0.17* 0.93 −0.08 −0.07 – 0.03 0.78 −0.010 −0.005 –
DORS1 (cub.) 0.37** 11.40** −0.06 −0.56** 0.22** 0.31** 14.27** −0.008 −0.002** 0.002**
PLATENO (lin.) 0.15* −0.16* – 0.17** −0.015** – –
PLATENO (quad.) 0.26** 5.37* −0.35 0.14* 0.18* 0.40 −0.020* 0.004 –
PLATENO (cub.) 0.35** 4.80* −0.33** −0.16 0.14* 0.22* 1.60 −0.020* −0.010 0.008

*P < 0.05, **P < 0.01, ***P < 0.001.
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trophic and defensive traits in large and small lakes,
respectively, could be attributed to increases in the
degree of sexual dimorphism. Thus the relationship
between sexual dimorphism and lake size was positive
for GAPEW and PECTLNGT and negative for DORS1
and PLATENO (Table 1).

Although trait means and trait variances were cor-
related for the two armour traits (DORS1, PLATENO:
Table 3), associations between trait variance and lake
size were not driven entirely by this correlation. Spe-
cifically, the relationship between lake size and trait
variability persisted using residual variances (i.e.
controlling for differences among populations in trait

means, PECTLNGT, DORS1, PLATENO, P < 0.05,
GAPEW, P = 0.08; Table 3). Second, associations
among variances for the different traits were weak
(DORS1 by PLATENO, r = 0.37, P < 0.05, all other
bivariate correlations, r < 0.35, P > 0.05) and account-
ing for them in a multiple regression analysis resulted
in pronounced partial associations between trait
variance and lake size (overall r2 = 0.41, P < 0.01;
Table 3 for partial associations).

Graphical analyses using the non-parametric cubic
spline were consistent with the statistical analyses;
the relationship between trait variance and lake vol-
ume increased with lake size for GAPEW and PECT-

Figure 1. The relationship between total trait variance within populations of Gasterosteus and lake volume. The associ-
ation was positive for two traits involved in feeding (A, B, gape width; pectoral fin length) and negative for two defensive
traits (C, D, dorsal spine length; number of lateral plates). Substantial departures from linearity were detected in all cases
(Table 1 for statistics). The form of the relationship is depicted by solid lines derived using nonparametric cubic spline
analysis (Schluter, 1988a). Symbols denote the island a population originates from: �, Uni; , Trutch; �, Lotbiniere; �,
Dewdney; , Banks; , Barnard.
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LNGT but decreased with lake size for DORS1 and
PlateNO (Fig. 1).

REPLICATION OF TRENDS AMONG AND WITHIN ISLANDS

Levels of trait variance did not vary among islands (all
F1,35 < 1.50, all P > 0.25, ANOVA analyses on popula-
tion variance, with island as the factor; Fig. 1) and
interpopulation differences in levels of phenotypic
variance were positively correlated with the geograph-
ical distance between lakes only in one case (vari-
ance in PLATENO within Lotbiniere island, r = 0.80,
P < 0.01; all other positive correlations among islands,
within  islands  and  within  watersheds  on  Dewdney,
r <0.27, P > 0.05, Mantel tests).

Associations between trait variance and lake size
were comparable among islands as the slope of the
relationship between trait variance and lake size
differed among islands for only a single trait
(PECTLNGT, F3,40 = 6.87, P < 0.01; other traits, all
F3,40 < 2.10, all P > 0.10, island–lake size interac-
tions, ANCOVA). For PECTLNGT, the relationship
between trait variance and lake size was strong and
positive for Barnard and Banks island (r2 = 0.98,
0.80, β = 0.43, 0.68, P = 0.001, 0.10, respectively) but
much weaker for Dewdney and Lotbiniere island

(r2 = 0.02, 0.49, β = 0.03, 0.05, P = 0.49, 0.12, res-
pectively).

ASSOCIATIONS BETWEEN VARIANCE AND MEANS

FOR FUNCTIONAL TRAITS

For the four traits where variance was correlated with
lake size, we examined their relationship with defen-
sive traits that have known functional significance.
Spine loss is a proxy for reduced vertebrate predation
and  did  not  affect  the  relationship  between  variance
in the two trophic traits and lake size (GAPEW,
F1,40 = 0.00, 0.33, P = 0.98, 0.57 for interaction term
and main effects, respectively; PECTLNGT, F1,40 =
1.69, 0.31,  P = 0.21,  0.58  for  interaction  term  and
main effects, respectively). Conversely, the incidence
of spine loss was associated with levels of trait vari-
ability in defensive structures. For DORS1, popula-
tions with spine loss exhibited greater trait variance
for a given lake size than populations without spine
loss (F1,40 = 0.00, P = 0.98, spine loss–lake size interac-
tion term; F1,40 = 8.63, P < 0.01, main effects; Fig. 2).
Conversely, the negative association between trait
variance in PLATENO and lake size was driven
almost entirely by populations with spine loss
(F1,40 = 11.65, P < 0.01, spine loss–lake size interac-

Table 2. Linear (lin.), quadratic (quad.), and cubic (cub.) regression analyses of the relationship between measures of trait
variance and lake volume for each sex for 40 populations of threespine stickleback. r2 refers to the fit of the overall
regression model, F-change to the F-ratio from a partial F-test assessing whether adding a quadratic term to a linear
model improves the overall fit of the model, β1 to the linear regression coefficient, β2 to the quadratic regression coefficient
and β3 to the cubic regression. In general, adding a quadratic term improved the fit of the regression model and quadratic
regression coefficients were often statistically significant. Sequential Bonferroni corrections were also applied to the
significance of overall regression analyses (i.e. r2 values), with separate adjustments for trophic (GAPEW, PECTLENG)
vs. defensive traits (DORS1, PLATENO), see methods for details. LENGTH, standard length of fish. Analyses where r2

retains significance at P < 0.05 after this correction are in bold

Trait r2
males 
F-change β1 β2 β3 r2

females
F-change β1 β2 β3 

LENGTH (lin.) 0.13* – 0.18* – – 0.27** 0.28** – –
LENGTH (quad.) 0.15 0.56 0.10 0.06 – 0.37*** 6.06* 0.03 0.19* –
LENGTH (cub.) 0.15 0.20 0.09 0.15 −0.04 0.45*** 4.81* 0.04 −0.18 0.17*
GAPEW (lin.) 0.07 – 0.07 – – 0.00 −0.02 – –
GAPEW (quad.) 0.16* 4.03* −0.05 0.09* – 0.02 0.51 0.06 −0.06 –
GAPEW (cub.) 0.22* 2.52 −0.04 −0.07 −0.08 0.03 0.39 0.06 −0.18 0.06
PECTLNGT (lin.) 0.07 – 0.06 – – 0.03 0.03 – –
PECTLNGT (quad.) 0.17* 4.80* −0.05 0.08* – 0.11 3.35 −0.05 0.07 –
PECTLNGT (cub.) 0.22* 1.98 −0.05 −0.04 −0.06 0.13 0.99 −0.05 −0.02 0.04
DORS1 (lin.) 0.13* – −0.16* – – 0.19** −0.20** – –
DORS1 (quad.) 0.13 0.18 −0.12 −0.03 – 0.23** 2.02 −0.06 −0.11 –
DORS1 (cub.) 0.24* 5.08* −0.10 −0.41* 0.17* 0.37*** 7.36* −0.04 −0.54** 0.20*
PLATENO (lin.) 0.11* – −0.13* – – 0.10* −0.14* – –
PLATENO (quad.) 0.28** 8.48** −0.38** 0.18** – 0.16* 2.06 −0.28 0.11 –
PLATENO (cub.) 0.34** 3.37 −0.36** −0.07 0.12 0.21* 2.70 −0.27* −0.17 0.12

*P < 0.05, **P < 0.01, ***P < 0.001.
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tion; r2 = 0.01, 0.56, β = −0.01, 0.40, P = 0.88, 0.001,
relationship between trait variance and lake size for
populations without and with spine loss, respectively).

We also examined the relationship between
PLATENO variance and lateral plate overlap (which
is inversely related to vertebrate predation). For the
association  between  PLATENO  variance  and  lake
size (for populations without spine loss), populations
with positive residuals (i.e. greater trait variances
than predicted by the least-squares regression line)
exhibited  significantly  lower  mean  plate  overlap
than populations with negative residuals (mean
overlap = 4.34, 6.16, respectively, t1, 21 = 3.90, P < 0.01;
Fig. 2), resulting in an inverse relation between resid-
ual variance and plate overlap (r = –0.76, P < 0.001).
Moreover, the three populations without spine loss
that exhibited much greater PLATENO variance than
expected also exhibited exceptionally low plate over-
lap (2.54, 3.56, and 3.88, respectively; Fig. 2B). Speci-
fically, mean overlap for these three populations (3.32)
was significantly lower than mean overlap for all pop-

ulations without spine loss (t1, 22 = 6.58, P < 0.001, one-
sample t-test against 3.32).

We also examined associations between PLATENO
variance, mean PLATENO, and plate overlap. Trait
variance in PLATENO was inversely related to both
mean PLATENO (Table 3) and to plate overlap
(r2 = 0.42,  β = −0.13, P < 0.001). Thus the greatest
PLATENO variances were observed when both mean
PLATENO and plate overlap were low (Fig. 3). How-
ever, the negative relationship between PLATENO
variance and lake size persisted once these associa-
tions among PLATENO characteristics were statisti-
cally accounted for (partial r2 = 0.13, β = −1.89,
P < 0.05; multiple regression of plate variance, num-
ber and overlap against lake size).

DISCUSSION

The  ecological  opportunity  hypothesis  predicts
that when interspecific competition or predation is
reduced, populations will exhibit increases in pheno-

Figure 2. The effects of spine loss on the relationship between trait variance in defensive traits within Gasterosteus
populations and lake volume. A, variance in dorsal spine length. B, variance in lateral plate number.
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Table 3. Results of regression analyses testing for associations between residual variance and lake size (residual vari-
ance), between trait variances and trait means (correlation with trait means) and between trait variance and lake size
once partial association among traits were statistically accounted for (variance in four traits) for 40 Gasterosteus popula-
tions from the mid-coast of British Columbia, Canada

Trait

Residual variance Correlation with trait means Variance in four traits

r2 β P r2 β P partial r2 β P

GAPEW 0.08 0.07 0.08 0.01 −1.05 0.49 0.10 1.12 0.05
PECTLNGT 0.11 0.06 0.04 0.03 −1.69 0.33 0.10 1.47 0.05
DORS1 0.12 −0.12 0.03 0.41 −2.02 <0.001 0.10 −0.65 0.05
PLATENO 0.11 −0.06 0.04 0.81 −2.51 <0.001 0.14 −0.84 0.02
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typic variance as the result of the invasion and adap-
tation to vacant niches (Simpson, 1953; Van Valen,
1965; Roughgarden, 1972; Schluter, 2000; for review).
Under this hypothesis high niche availability faci-
litates diversification. We suggest that the positive
association between variance in gape width and pec-
toral fin length and lake size detected in the current
study reflects the effects of greater trophic niche avail-
ability in large lakes (Barbour & Brown, 1974; Hil-
drew & Townsend, 1987), and is consistent with the
ecological opportunity hypothesis.

Conversely, stickleback populations in small bog
lakes that experience low levels of vertebrate preda-
tion are predicted to experience reduced selection for
well-developed body armature (Reimchen, 1994). This
release from strong vertebrate predation will allow
stickleback to exhibit morphologies that were pre-
viously selected against, resulting in elevated vari-
ability in defence morphology within small lakes.
Consistent with the prediction, variability in dorsal
spine length and lateral plate number within the
study populations was inversely related to lake size.
These increases in trait variance were associated with
armour reduction (spine loss and reduced plate over-
lap), another reliable proxy for reduced exposure to
vertebrate predation (Reimchen, 1994, 1995). Fur-
thermore, trait variance decreased with lake size even

when the effects of armour reduction were statistically
accounted for.

Collectively, our results are consistent with studies
of laboratory populations that have documented
elevated levels of phenotypic variance when vacant
niches are available (Rainey & Travisano, 1998; Buck-
ling & Rainey, 2002). However, Robinson, Wilson &
Margosian (2000) report no association between lake
size and ecological diversification within sunfish pop-
ulations. Notably, we also did not detect associations
between trait variance and lake size for numerous
characters. These findings suggest that predation
regime and niche availability do not always vary with
lake size, or that they are sometimes unrelated to
diversification.

CRITERIA FOR CHARACTER RELEASE

Previous authors have outlined the criteria required
to implicate character release or displacement as an
explanation for patterns of trait variation (Schluter &
McPhail, 1992; Schluter, 2000). Freshwater stickle-
back populations likely fulfil all six criteria. Most of
the evidence that these criteria are fulfilled is pre-
sented elsewhere (Schluter & McPhail, 1992; Schluter,
1994, 2000). As such, we provide only a brief summary
of the previous evidence and focus on evidence that
applies specifically to the populations examined in the
current study.

First, phenotypic differences among populations
should reflect differences in resource use such that
functional  relationships  among  diet,  habitat  use
and morphology have been clearly demonstrated. In
threespine stickleback, variation in trophic morphol-
ogy has been linked to differences in resource use via
both observation (Schluter & McPhail, 1992; Walker,
1997; Walker & Bell, 2000) and experiment (Schluter,
1993, 1994, 1995). Similarly, the functional signifi-
cance of defence morphology in stickleback is well
established (Hoogland et al., 1957; Reimchen, 1983,
1994) and intrapopulation variation in defence mor-
phology has been linked to differences in both habitat
use (Reimchen, 1980, 1994) and diet (Reimchen &
Nosil, 2001a, b, c). Moreover, evolutionary shifts in
defence morphology can be driven by temporal and
spatial shifts in divergent predation regimes (Reim-
chen, 1980, 1994, 1995; Reimchen & Nosil, 2002,
2004).

Second, ecological release in the classic sense
implies that phenotypic differences have a genetic
basis. However, an environmentally induced or plastic
response to elevated ecological opportunity can also
generate increased morphological variation that has a
functional role (Meyer, 1987). In the case of stickle-
back, morphological differences among populations
likely involve a partial genetic component because

Figure 3. The relationship between lateral plate number,
lateral plate overlap and lateral plate trait variance among
40 freshwater Gasterosteus populations. Low plate number
and low plate overlap are indicators of reduced vertebrate
predation and was associated with high levels of trait vari-
ability for lateral plate number.
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they persist when individuals from different popula-
tions are raised in the laboratory on the same diet
(McPhail, 1984; Lavin & McPhail, 1987; Hendry, Tay-
lor & McPhail, 2002). Additionally, within-population
variation in morphology has a strong genetic compo-
nent (Lavin & McPhail, 1987; Peichel et al., 2001).
While differences in levels of trait variance among the
lakes examined in this study thus likely reflect, at
least in part, genetic differences among them it is pos-
sible that some of the variance reflects environmental
differences. For example, both genetics and plasticity
are known to contribute to morphological differences
among stickleback species (Day, Pritchard & Schluter,
1994) and genetic data are unavailable for the popu-
lations examined in this study. Potentially, small
ponds might exhibit more abiotic sources of variance
(e.g. temperature fluctuations) or lower variance in
food variability, thereby influencing observed levels of
trait variability.

Third, when addressing the effects of niche avail-
ability on levels of trait variability the populations
being compared should experience similar amounts of
interspecific competition. Other species of fish were
rarely captured while sampling our study populations
(Reimchen, unpubl. data) but would be expected to
occur primarily in large lakes. The resulting increase
in interspecific competition in large lakes would pro-
duce reduced, rather than elevated, variance in
trophic traits.

Fourth, stochastic processes such as founder effects,
random population fluctuations or genetic drift in
allopatry, which most likely occur in small popu-
lations, need to be excluded as explanations for the
patterns observed. Such processes are exceedingly
unlikely to account for our particular results as the
patterns detected represent parallel divergence across
evolutionary independent populations as (1) they
were replicated over multiple populations found on
several islands, and (2) interpopulation differences in
levels of phenotypic variance were independent of the
geographical distance between lakes. Moreover, sto-
chastic processes are not likely to account for the
results with defensive traits as greater variance was
detected in smaller lakes where bottlenecks are more
likely.

Fifth, differences among populations should reflect
evolutionary shifts and not some other process, such
as a biased extinction or colonization process. This cri-
terion applies more readily to comparisons involving
multiple, highly differentiated lineages than to stud-
ies of intrapopulation variation (Schluter & McPhail,
1992). Moreover, there is no reason to suspect that
more divergent lineages would come into contact in
small vs. large sized lakes.

Finally, to infer that intraspecific competition is the
mechanism facilitating the use of vacant niches, inde-

pendent evidence of resource competition between
similar phenotypes is required. This final criterion is
likely to be met for our study populations because pre-
vious work on stickleback has revealed disproportion-
ately severe competition between similar phenotypes
(Schluter, 1994, 2003; Pritchard & Schluter, 2001;
Gray & Robinson, 2002) and stronger disruptive selec-
tion when intraspecific competition was increased
(Bolnick, 2004).

Although some of the evidence that the criteria for
character release are fulfilled is indirect, the collective
results strongly suggest that all the criteria are ful-
filled. Notably, very few other studies of character dis-
placement or release have fulfilled all these criteria
(Schluter, 2000).

PARALLELS WITH PREVIOUS TESTS OF ECOLOGICAL 
OPPORTUNITY

Previous studies on natural populations of birds,
lizards, fish and mammals have provided support for
the ecological opportunity hypothesis by documenting
increased levels of trait variance or greater niche
width when populations are released from interspe-
cific competition  (see  Introduction  for  examples).
In freshwater fishes in particular, a comprehensive
review of the evidence for character displacement and
release (Robinson & Wilson, 1994) revealed that phe-
notypic variation within populations is often elevated
in the absence vs. presence of competitors. More
recently, Robinson & Schluter (2000) showed that fish
populations in depauperate environments (few com-
petitors and predators) tend to exhibit elevated levels
of niche-based phenotypic variation, often in the form
of trophic or resource polymorphisms (see also Robin-
son et al., 2000). Our results complement and expand
previous work on character release by showing that
once interspecific competitors are removed, niche
availability and predatory regime are both factors
influencing diversification.

Previous work on sticklebacks has revealed evi-
dence of niche partitioning between the sexes in terms
of habitat, diet and parasite load (Reimchen, 1980;
Reimchen & Nosil, 2001a); ecological correlates of
sexual dimorphism are common in nature (Selander,
1966; Slatkin, 1984; Shine, 1989; for review; Reimchen
& Nosil, 2004). In the current study, increased sexual
dimorphism was associated with variation in lake
size, providing evidence that site-specific ecological
pressures can affect the evolution of sexual dimor-
phism. Differences in sexual dimorphism in context of
ecological release are also reported by Simberloff et al.
(2000), who found greater dimorphism in a mongoose
species where congeners were absent. In contrast, Van
Valen’s (1965) classic study of character release found
no evidence for greater difference between the sexes in
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mainland vs. island birds. The role of ecology in driv-
ing geographical variation in sexual dimorphism
remains unclear, but offers a promising avenue of fur-
ther research.

Finally, numerous studies have detected no
evidence  for  character  release  in  the  absence of
interspecific competition (e.g. Soule & Stewart, 1970;
Patterson, 1983; Rising, 1987; Werner & Sherry,
1987). Conceivably, these may represent cases where
the availability of vacant niches (i.e. habitat heteroge-
neity) was low, where intraspecific competition was
weak (see also Roughgarden, 1972; Slatkin, 1980 for
theoretical treatments) or where genetic variation was
lacking and thus niche width expansion was not
favoured or possible.

CONCLUSIONS

Our results provide correlative evidence that in-
creased niche availability and reduced predation pre-
ssure can promote evolutionary diversification, but
also indicate that these effects are trait-specific. This
finding is consistent with the ecological opportunity
hypothesis and complements field studies demonstrat-
ing that variation within populations is linked to
specialization on different resources or habitats (e.g.
Reimchen, 1980, 1995; Grant & Grant, 2002; Reim-
chen & Nosil, 2002, 2004; Bolnick et al., 2003; for re-
view). Field experiments testing the effects of shifts in
predation pressure and niche availability on patterns
of trait variability are now required to provide further
evidence that these factors facilitate diversification
within natural populations.

ACKNOWLEDGEMENTS

We  thank  J.  Joy,  S.  Gray,  A.  Mooers,  and  especially
D. Bolnick for discussion and Sheila Douglas for
assistance in the field. We thank the Natural Sciences
and Engineering Council of Canada (NSERC) for sup-
port (operating grant NRC2354 to TER and a post-
graduate Fellowship PGSB to PN). The paper was
motivated by a graduate course on adaptive radiation
taught by A. Mooers.

REFERENCES

Barbour CD, Brown JH. 1974. Fish species diversity in
lakes. American Naturalist 108: 473–489.

Benton MJ. 1996a. Testing the roles of competition and
expansion in tetrapod evolution. Proceedings of the Royal
Society of London B 263: 641–646.

Benton MJ. 1996b. On the nonprevalence of competitive
replacement in the evolution of tetrapods. In: Jablonski D,
Erwin DH, Lipps JH, eds. Evolutionary paleobiology. Chi-
cago, IL: Chicago University Press, 185–210.

Bergstrom CA. 2002. Fast-start swimming performance and
reduction in lateral plate number in threespine stickleback.
Canadian Journal of Zoology 80: 207–213.

Bolnick D. 2001. Intraspecific competition favours niche
width expansion in Drosophila melanogaster. Nature 410:
463–466.

Bolnick D. 2004. Does intraspecific competition generate
disruptive selection? An experimental test in natural pop-
ulations of three-spined stickleback. Evolution 58: 608–
618.

Bolnick DI, Svanback R, Fordyce JA, Yang LH, Davis JM,
Husley CD, Forister ML. 2003. The ecology of individuals:
incidence and implications of individual specialization.
American Naturalist 161: 1–28.

Buckling A, Rainey PB. 2002. The role of parasites in sym-
patric and allopatric host diversification. Nature 420: 496–
499.

Carson HL, Kaneshiro KY. 1976. Drosophila of Hawaii: sys-
tematics and ecological genetics. Annual Review of Ecology
and Systematics 7: 311–345.

Darwin C. 1859. On the origin of species by means of natural
selection. London: John Murray.

Day T, Pritchard J, Schluter D. 1994. A comparison of two
sticklebacks. Evolution 48: 1723–1734.

Doebeli M. 1996. An explicit genetic model for ecological char-
acter displacement. Ecology 77: 510–520.

Grant PR. 1972. Convergent and divergent character dis-
placement. Biological Journal of the Linnean Society 4: 39–
68.

Grant PR, Grant BR. 2002. Unpredictable evolution in a 30-
year study of Darwin’s finches. Science 296: 707–711.

Gray SM, Robinson BW. 2002. Experimental evidence that
competition between stickleback species favours adaptive
character divergence. Ecology Letters 5: 264–272.

Gross HP. 1978. Natural selection by predators on the defen-
sive apparatus of the three-spined stickleback, Gasterosteus
aculeatus L. Canadian Journal of Zoology 56: 398–413.

Hedrick PW. 1986. Genetic polymorphism in heterogeneous
environments: a decade later. Annual Review of Ecology and
Systematics 17: 535–566.

Hendry AP, Taylor EB, McPhail JD. 2002. Adaptive diver-
gence and the balance between selection and gene flow: lake
and stream stickleback in the Misty system. Evolution 56:
1199–1216.

Hildrew AG, Townsend GR. 1987. Organization in freshwa-
ter benthic communities. In: Gee JHR, Giller PS, eds. Orga-
nization of communities past and present. Oxford: Blackwell
Scientific, 347–371.

Hoogland  RD,  Morris  D,  Tinbergen  B.  1957.  The  spines
of sticklebacks (Gasterosteus and Pygosteus) as means of
defence against predators. Behaviour 10: 205–237.

Lack D. 1947. Darwin’s finches. Cambridge: Cambridge Uni-
versity Press.

Lande R, Arnold SJ. 1983. The measurement of selection on
correlated characters. Evolution 37: 1210–1226.

Lavin PA, McPhail JD. 1987. Morphological divergence and
the organization of trophic characters among lacustrine
populations of the threespine stickleback (Gasterosteus



CHARACTER RELEASE IN STICKLEBACK 307

© 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 86, 297–308

aculeatus). Canadian Journal of Fisheries and Aquatic Sci-
ences 44: 1820–1829.

Lister BC. 1976. The nature of niche expansion in West Indian
Anolis lizards. I. Ecological consequences of reduced compe-
tition. Evolution 30: 659–676.

Losos JB, Jackman TR, Larson A, de Queiroz K, Rod-
riguez-Schettino L. 1998. Contingency and determinism
in replicated adaptive radiations of island lizards. Science
279: 2115–2118.

Manly BFJ. 1997. Randomization, bootstrap and Monte Carlo
methods in biology. London: Chapman & Hall.

Mayr E. 1963. Animal species and evolution. Cambridge, MA:
Harvard University Press.

McPhail JD. 1984. Ecology and evolution of sympatric stick-
lebacks (Gasterosteus): morphological and genetic evidence
for a species pair in Enos lake, British Columbia. Canadian
Journal of Zoology 62: 1402–1408.

Meyer A. 1987. Phenotypic plasticity and heterochrony in
Cichlasoma managuense (Pisces, Cichlidae) and their impli-
cations for speciation in cichlid fishes. Evolution 41: 1357–
1369.

Moodie GEE, Reimchen TE. 1976. Phenetic variation and
habitat differences in Gasterosteus populations of the Queen
Charlotte Islands. Systematic Zoology 25: 49–61.

Norusis MN. 1993. SPSS for Windows. Advanced statistics.
Chicago, IL: SPSS Inc.

Patterson BD. 1983. Grasshopper mandibles and the niche
variation hypothesis. Evolution 37: 375–388.

Peichel CL, Nereng KS, Ohgi KA, Cole BLE, Colosimo
PF, Buerkle CA, Schluter D, Kingsley DM. 2001. The
genetic architecture of divergence between threespine stick-
leback species. Nature 414: 901–905.

Pritchard JR, Schluter D. 2001. Declining interspecific
competition during character displacement: Summoning the
ghost of competition past. Evolutionary Ecology Research 3:
209–220.

Rainey PB, Travisano M. 1998. Adaptive radiation in a het-
erogeneous environment. Nature 394: 69–72.

Reimchen TE. 1979. Substratum heterogeneity, crypsis, and
colour polymorphism in an intertidal snail. Canadian Jour-
nal of Zoology 57: 1070–1085.

Reimchen TE. 1980. Spine deficiency and polymorphism
in a population of Gasterosteus aculeatus: an adaptation
to predators? Canadian Journal of Zoology 68: 1232–
1244.

Reimchen TE. 1983. Structural relationships between spines
and lateral plates in threespine stickleback (Gasterosteus
aculeatus). Evolution 37: 931–946.

Reimchen TE. 1988. Inefficient predators and prey injuries in
a population of giant stickleback. Canadian Journal of Zool-
ogy 66: 2036–2044.

Reimchen TE. 1989. Loss of nuptial color in threespine
sticklebacks (Gasterosteus aculeatus). Evolution 43: 450–
460.

Reimchen TE. 1994. Predators and morphological evolution
in  the  threespine  stickleback.  In:  Bell  MA,  Foster  SA,
eds. The evolutionary biology of the threespine stickleback.
Oxford: Oxford University Press, 240–276.

Reimchen TE. 1995. Predator-induced cyclical changes in lat-
eral plate frequencies of Gasterosteus. Behaviour 132: 1079–
1094.

Reimchen TE. 1997. Parasitism of asymmetric pelvic pheno-
types in stickleback. Canadian Journal of Zoology 75: 2084–
2094.

Reimchen TE. 2000. Predator handling failures of lateral
plate morphs in Gasterosteus aculeatus: implications for sta-
sis and distribution of the ancestral plate condition. Behav-
iour 137: 1081–1096.

Reimchen TE, Nosil P. 2001a. Ecological causes of sex-
biased parasitism in threespine stickleback. Biological Jour-
nal of the Linnean Society 75: 51–63.

Reimchen TE, Nosil P. 2001b. Dietary differences between
symmetrical and asymmetrical pelvic phenotypes in stickle-
back. Canadian Journal of Zoology 79: 533–539.

Reimchen TE, Nosil P. 2001c. Lateral plate asymmetry, diet
and parasitism in threespine stickleback. Journal of Evolu-
tionary Biology 14: 632–645.

Reimchen TE, Nosil P. 2002. Temporal variation in diver-
gent selection on spine number in a population of threespine
stickleback. Evolution 56: 2472–2483.

Reimchen TE, Nosil P. 2004. Variable predation regimes
predict the evolution of sexual dimorphism in a population of
threespine stickleback. Evolution 58: 1274–1281.

Rice WR. 1989. Analyzing tables of statistical tests. Evolution
43: 223–225.

Rising JD. 1987. Geographic variation of sexual dimorphism
in size of Savannah sparrows (Passerculus sandwichensis): a
test of hypotheses. Evolution 41: 514–524.

Robinson BW, Schluter D. 2000. Natural selection and the
evolution of adaptive genetic variation in northern freshwa-
ter fishes. In: Mousseau TA, Sinervo B, Endler JA, eds.
Adaptive genetic variation in the wild. Oxford: Oxford Uni-
versity Press, 65–94.

Robinson BW, Wilson DL. 1994. Character release and dis-
placement in fishes: a neglected literature. American Natu-
ralist 144: 596–627.

Robinson BW, Wilson DL, Margosian AS. 2000. A plural-
istic analysis of character release in pumpkinseed sunfish
(Lepomis gibbosus). Ecology 81: 2799–2812.

Roughgarden J. 1972. Evolution of niche width. American
Naturalist 106: 683–718.

Schluter D. 1988a. Estimating the form of natural selection
on a quantitative trait. Evolution 42: 849–861.

Schluter D. 1988b. Character displacement and the adaptive
divergence of finches on islands and continents. American
Naturalist 131: 799–824.

Schluter D. 1993. Adaptive radiation in sticklebacks: size,
shape, and habitat use efficiency. Ecology 74: 699–709.

Schluter D. 1994. Experimental evidence that competition
promotes divergence in adaptive radiation. Science 266:
798–800.

Schluter D. 1995. Adaptive radiation in sticklebacks: trade-
offs in feeding performance and growth. Ecology 76: 82–
90.

Schluter D. 2000. The ecology of adaptive radiation. Oxford:
Oxford University Press.



308 P. NOSIL and T. E. REIMCHEN 

© 2005 The Linnean Society of London, Biological Journal of the Linnean Society, 2005, 86, 297–308

Schluter D. 2003. Frequency-dependent natural selection
during character displacement in sticklebacks. Evolution 57:
1142–1150.

Schluter D, McPhail JD. 1992. Ecological character dis-
placement and speciation in sticklebacks. American Natural-
ist 140: 85–108.

Selander RK. 1966. Sexual dimorphism and differential niche
utlilization in birds. Condor 68: 113–151.

Shine R. 1989. Ecological causes for the evolution of sexual
dimorphism: a review of the evidence. Quarterly Review of
Biology 64: 419–464.

Simberloff D, Dayan T, Jones C, Ogura G. 2000. Character
displacement and release in the small Indian mongoose,
Herpestes javanicus. Ecology 81: 2086–2099.

Simpson GG. 1953. The major features of evolution. New
York: Columbia University Press.

Sinervo B, Lively CM. 1996. The rock-scissors-paper game
and the evolution of alternative male strategies. Nature 340:
240–246.

Slatkin M. 1980. Ecological character displacement. Ecology
61: 163–177.

Slatkin M. 1984. Ecological causes of sexual dimorphism. Evo-
lution 38: 622–630.

Sokal RR, Rohlf FJ. 1981. Biometry, 2nd edn. San Francisco,
CA: WH Freeman.

Soule M, Stewart BR. 1970. The niche variation hypothesis:
a test and alternatives. American Naturalist 104: 85–97.

Taper ML, Case TJ. 1985. Quantitative genetic models for
the coevolution of character displacement. Ecology 66: 355–
371.

Vamosi S. 2002. Predation sharpens the adaptive peaks: sur-
vival trade-offs in sympatric sticklebacks. Annales Zoologici
Fennici 39: 1–28.

Van Valen L. 1965. Morphological variation and width of the
ecological niche. American Naturalist 99: 377–390.

Walker JA. 1997. Ecological morphology of lacustrine
threespine stickleback Gasterosteus aculeatus L. (Gasteros-
tidae) body shape. Biological Journal of the Linnean Society
61: 3–50.

Walker JA, Bell MA. 2000. Net evolutionary trajectories of
body shape evolution within a microgeographic radiation of
threespine  sticklebacks  (Gasterosteus  aculeatus).  Journal
of Zoology 252: 293–302.

Werner TK, Sherry TW. 1987. Behavioral feeding specializa-
tion in Pinaroloxiasinornata, the ‘Darwin’s finch’ of Cocos
Island, Costa Rica. Proceedings of the National Academy of
Sciences, USA 84: 5506–5510.

Wilson DS, Turelli M. 1986. Stable underdominance and the
evolutionary invasion of empty niches. American Naturalist
127: 835–850.

Ziuganov VV, Zotin AA. 1995. Pelvic girdle polymorphism
and reproductive barriers in the ninespine stickleback Pun-
gitius pungitius (L.) from northwest Russia. Behaviour 132:
1095–1105.


