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ECOLOGY AND GENETICS OF PHENOTYPIC PLASTICITY:[J
A COMPARISON OF TWO STICKLEBACKS
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Abstract.—We present results of an experiment designed to address fundamental issues in the
ecology and evolution of plastic trophic morphology: (1) Is observed plasticity adaptive? (2) How
much interspecific morphological variation is the result of plasticity? (3) Have different selective
regimes resulted in the evolution of different degrees of plasticity? (4) Is genetic variation for
phenotypic plasticity present in contemporary populations? We raised fish from two recently
diverged species of freshwater threespine sticklebacks on two different diets representative of the
natural prey of the two species. Both species exhibited morphological plasticity in an adaptive
direction: each species more closely resembled the other when raised on the latter’s diet. Diet-
reversal reduced the natural morphological gap between these two species, — 1% to 58%, depending
on the trait. One species is known to have a more variable diet in the wild than the other species,
and we found that it also exhibited the greater amount of morphological plasticity. Given that the
two species have recently diverged, this result is compelling evidence that diet variability is im-
portant in the evolution of plastic trophic morphology. Finally, by using a full-sib experimental
design, we demonstrated that genetic variation for morphological plasticity exists in contemporary
populations, thus confirming that plasticity has evolutionary potential.
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Phenotypic plasticity is environmentally in-
duced phenotypic change that occurs within an
organism’s lifetime (Bradshaw 1965; Stearns
1989). A resurgence of empirical and theoretical
interest in this phenomenon has brought about
a reevaluation of its ecological and evolutionary
significance (West Eberhard 1989). Whereas phe-
notypic plasticity was once thought to result pri-
marily from developmental accidents (West
Eberhard 1989), new evidence suggests that much
environmentally induced phenotypic variation
exhibited by organisms is selectively advanta-
geous (Stearns 1983; Bernays 1986; Greene 1989;
Spitze 1992; Thompson 1992). This hasled some
to view plasticity as a trait subject to evolution-
ary pressures, just like any other phenotypic
character (Schlicting and Levin 1986; Scheiner
1993). The discovery of prevalent genotype-by-
environment interaction in many natural pop-
ulations (genetic variation for phenotypic plas-
ticity) further reveals that phenotypic plasticity
is a character that is evolutionarily labile.

Here we present an empirical study that ad-
dresses four fundamental questions concerning
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the ecological and evolutionary significance of
phenotypic plasticity. (1) Does our study organ-
ism exhibit plasticity in an adaptive direction?
(2) How much of the match between the mor-
phology of a species and its environment is a
result of plasticity, and in particular, how much
of the morphological difference between species
inhabiting different environments is the result of
plasticity? (3) Have different selective regimes
resulted in the evolution of different degrees of
plasticity? and (4) Is genetic variation for phe-
notypic plasticity present in contemporary pop-
ulations? While a variety of studies have ad-
dressed (1) and (4) (Lindsey 1962; Bernays 1986;
Thompson 1992), few have determined the de-
gree to which species differences in morphology
are the result of plasticity (i.e., [2]). Additionally,
few studies have compared the degree of plas-
ticity across species for which selection on plas-
ticity is likely to differ (but see Wimberger 1991,
1992).

We studied two sympatric species of three-
spine sticklebacks (Gasterosteus spp.) from Pax-
ton Lake, British Columbia, Canada (McPhail
1992; Schluter and McPhail 1992). These species
have yet to be formally described and are referred
to as the “benthic” species and the “limnetic”
species, after the regions of the lake in which they
usually forage (University of British Columbia
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Fic. 1. The benthic species (left) and the limnetic

species (right). Also the expected pattern of diet-in-
duced morphological change. The four points represent
the mean value of a trait for the four species-by-diet
combinations. The diet-induced change of the limnetic
species (L) is predicted to be greater than the diet-
induced change of the benthic species (B) if diet vari-
ability has driven the evolution of morphological plas-
ticity. The difference between the two species when
raised on their natural diets (y1) is expected to be great-
er than the difference between the two species when
their diets are reversed (y2), if morphological plasticity
is adaptive.

Fish Museum Catalogue #83-351). The benthic
species is specialized for littoral foraging and pos-
sesses a suite of traits suited to this. Individuals
are deep-bodied, possess a small number of short
gill rakers, and have a wide and terminal gape
(fig. 1). The limnetic species is more slender bod-
ied, with numerous, long gill rakers, and a nar-
row, upturned gape (fig. 1). It is more plankti-
vorous, but it also exhibits a seasonal shift in
habitat use. Individuals forage in the littoral zone
in spring during the breeding season, and then
switch to foraging in the water column in sum-
mer and fall (Schluter 1993). Morphological dif-
ferences between species are largely heritable
(McPhail 1992; Schluter unpubl. data) and
strongly affect feeding efficiency and growth rates
in different habitats (Bentzen and McPhail 1984,
Lavin and McPhail 1986; Schluter 1993, unpubl.
data).

The benthic and limnetic species are extremely
closely related (Nei’s genetic distance 0.018;
MCcPhail 1992), and they are probably both de-
scended from the marine threespine stickleback
that colonized the lake on two separate occasions
(Schluter and McPhail 1992). Comparative ev-
idence suggests that their present morphological
and habitat differences are the result of compe-
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tition-induced character displacement but the
exact sequence of morphological stages that oc-
curred during their evolution is not resolved.
Schluter and McPhail (1992) provide the evi-
dence for character displacement and a discus-
sion of the two main competing phylogenetic hy-
potheses. The postglacial history of this region
of British Columbia indicates that these species
have coexisted for no more than 13,000 yr (Ma-
thews et al. 1970; Clague et al. 1982; Clague
1983). Thus, they are exceptionally well suited
for study because many aspects of their histories
are shared, their differences have evolved ex-
tremely recently, and this evolution has most
likely taken place under ecological conditions still
experienced by the two species.

We addressed the above-mentioned four ques-
tions in the following way. First, we examined
whether plasticity of trophic morphology is
adaptive by reversing the natural diets of the two
species and asking whether they become mor-
phologically more similar. We conclude that
phenotypic plasticity is adaptive for either or both
species if the morphological distinction between
them is reduced when their diets are reversed
(fig. 1). Such inference is reasonable because of
the effect of trophic morphology on efficiency of
prey capture in the two habitats (Bentzen and
McPhail 1984; Lavin and McPhail 1986; Schlu-
ter 1993). Thus, an individual whose morphol-
ogy grew to resemble that of the other species
when raised on a diet that is characteristic of the
other species would likely enjoy an increase in
foraging efficiency. An explicit test of the adap-
tive significance of this morphological plasticity
is currently underway.

Second, by comparing morphological differ-
ences of the species observed during diet reversal
with the differences exhibited when they were
fed their natural diets, we determined how much
of the natural morphological difference between
these two species is a direct result of diet. There
has been considerable debate over how much of
the morphological variation among some pop-
ulations is a result of plasticity, especially in sys-
tems where large-scale adaptive radiation has oc-
curred (Witte 1984; Meyer 1987; Wimberger
1991,1992). Cichlid radiation in the African rift
lakes is probably the most frequently cited ex-
ample, but other impressive examples exist (Sku-
lason et al. 1989; Snorrason et al. 1989). Signif-
icant adaptive radiation of the Gasterosteus
species complex has occurred through coloni-
zation of fresh water. The freshwater species have
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adapted to a variety of conditions throughout the
northern hemisphere (Hagen and McPhail 1970;
Bell 1976; Lavin and McPhail 1985; McPhail
1993). Our study lends insight into the possible
importance of morphological plasticity in these
instances.

Third, we compared the degree of plasticity
between the two species, one specialized for feed-
ing in the littoral zone (the benthic), and the other
which exploits both habitats seasonally (the lim-
netic). The limnetic species exploits the littoral
habitat in the spring during reproduction (April-
June). Limnetic males build and defend nests in
the littoral habitat, and gravid limnetic females
use the habitat when searching for prospective
mates. Stomach samples indicate that littoral and
planktonic prey items are nearly equally repre-
sented in the diet of limnetic fish during this life-
history stage (Schluter and McPhail 1992; Schlu-
ter 1993). After reproduction, surviving limnetic
fish move back into the water column, where
they feed on zooplankton during the summer and
fall (Schluter 1993). In contrast, fish of the ben-
thic species forage in the littoral habitat year
round.

The conventional wisdom is that plastic tro-
phic morphology would be beneficial if organ-
isms are faced with significant variability of re-
source use on the appropriate temporal scale
(Gomulkiewicz and Kirkpatrick 1992). Wim-
berger (1991, 1992) compared two congeneric
species of cichlids (Geophagus brasiliensis and
G. steindachneri) and predicted that differences
of diet variability would select for different de-
grees of morphological plasticity. His results did
not bear out this prediction of an interspecific
difference. Our study addresses the same issue
by using a similar type of interspecific compar-
ison. Because individuals of the limnetic species
experience significantly greater variability of re-
source use over the course of their lifetime than
individuals of the benthic species, we predicted
that limnetics would be more plastic than benth-
ics.

Finally, we employed a full-sib design in our
experiment in order to estimate quantitative-ge-
netic parameters of phenotypic plasticity. The-
oretical results demonstrate that optimal levels
of phenotypic plasticity can evolve, given the
appropriate type of genotype-by-environment
interaction (Via 1987). While some studies were
able to quantify additive genetic variance for
phenotypic plasticity (Via 1984a), our design only
characterized family-by-diet interaction, a mea-
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sure of broad-sense heritability of phenotypic
plasticity. This parameter is still useful, however,
because it reveals whether genetic variation for
phenotypic plasticity exists. Such a crude parti-
tioning of genetic variance is usually the norm
when dealing with organisms that require exten-
sive laboratory facilities for rearing.

MATERIALS AND METHODS
Crossing Technique and Rearing Program

Fish of both species were raised from artifi-
cially fertilized eggs. Eggs from gravid females
were squeezed into a petri dish by applying gentle
pressure to the abdomen in an anterior to pos-
terior direction. Males were sacrificed in MS-
222, rinsed, and their testes were removed and
minced with forceps in a sterile saline solution
(15% salt water by volume). This solution was
poured over the egg mass and then left for 3-5
min until fertilization had taken place. The egg
mass was then rinsed, and 30 fertilized eggs were
selected randomly. This procedure was repeated
to yield 12 full-sib broods of 30 eggs from both
the benthic and limnetic species.

Each 30-egg brood was split into a pair of 15-
egg half-broods, one fed live brine-shrimp (Ar-
temia salina), and the other fed live blackworms
(Tubifex) and frozen bloodworms (Diptera spp.).
These two diet treatments were representative of
the planktonic and littoral habitats, respectively.
Consequently, our experiment compared the two
species raised on their natural diets and on the
other species’ diet.

Fertilized eggs were placed in plastic cups with
mesh bottoms suspended in an aquarium of con-
tinuously aerated water. After approximately 7
d, the eggs hatched and all 15 fish of each half-
brood were released into one side of a partitioned
102-liter aquarium. There were a total of 24 par-
titioned aquariums, and each aquarium con-
tained a half-brood of both species. Thus, the
half-broods of each family were raised in differ-
ent and randomly determined aquariums. Diet
treatment was assigned randomly to each aquar-
ium, with all aquariums having the same diet
treatment on each side of the partition.

Not all fertilizations were performed at the
same time because of the sporadic availability
of adult fish. The time span between the first and
last fertilizations was approximately 1 mo. The
experiment was initiated in the spring of 1992
and terminated in the fall of 1992.

During their first month, fish in the littoral
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treatment were too small to eat blackworms.
Consequently, all fish were fed brine-shrimp
nauplii during this period. After the first month,
the two experimental diet treatments were used.
Fish assigned to the littoral treatment were fed
chopped frozen bloodworms for an additional 3
wk and then were fed live blackworms for the
remainder of the experiment. All fish were fed
to satiation on their assigned diet treatment each
day. Blackworms (the littoral prey) were admin-
istered by depositing the worms into a sand-filled
petri dish at the bottom of the aquariums. Brine
shrimp (the planktonic prey) were released into
the water column. These two methods of prey
deployment mimic the natural feeding habitats
of the two species. Brine shrimp were cultured
in the laboratory, and blackworms were pur-
chased weekly from a local pet store. Photope-
riod was held at a constant 16 h light:8 h dark
cycle, and temperature was maintained between
17°C and 20°C.

Measurements

The experiment was terminated in November
1992, when fish had been fed the different diet
treatments for approximately 4 mo. By this time,
both species had reached a mean size of approx-
imately 40 mm. This is the adult body size of
the limnetic species, but the benthic species typ-
ically attains sexual maturity at 50 mm or larger.
All fish were sacrificed in MS-222 and fixed in
a solution of 10% formalin for 1 wk. After fix-
ation, fish were stained in a solution of Alizarin
Red and 10% KOH in order to render calcified
tissue more visible. The fish were then perma-
nently stored in a solution of 37% isopropyl al-
cohol.

Because of mortality, not all half-aquariums
contained the same number of fish when the ex-
periment was terminated. This could potentially
confound the comparison between diet treat-
ments if mortality was nonrandom with respect
to diet (Lindsey and Harrington 1972). Unfor-
tunately, a comparison between the morphology
of surviving and dying fish was not possible, be-
cause most of the mortality occurred within a
few weeks of hatching. Therefore, in order to rule
out natural selection as a cause of morphological
differences between groups, we performed a two-
way ANOVA, with diet and species as factors,
and mortality level as the dependent variable.
Neither factor alone, nor their interaction, was
significant (diet, 0.2 < P < 0.3; species, 0.05 <
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P < 0.1; interaction, 0.7 < P < 0.8), and there
were no obvious trends in the data to suggest
that mortality was biased with respect to mor-
phology. Consequently, we concluded that mor-
tality was random with respect to the experi-
mental treatments.

Three fish from each half-aquarium were se-
lected randomly for measurement, in order to
balance the design for analysis. This yielded a
total of 6 fish per family per species (69 limnetic
fish and 70 benthic fish). The number of fish of
each species was slightly lower than 72 because
five half-aquariums had only 2 surviving fish.

Six characters were measured on each fish, (1)
standard length, (2) gape width, (3) gill-raker
length, (4) gill-raker number, (5) head depth, and
(6) snout length. Traits (2) through (6) were cho-
sen a priori, since they are correlates of foraging
efficiency (Bentzen and McPhail 1984; Lavin and
McPhail 1986; Schluter 1993). Standard length
was used as an overall size measure of each fish.
These six traits are also among the most variable
between sympatric benthic and limnetic species,
as well as among allopatric populations of three-
spine sticklebacks (Hagen and Gilbertson 1972;
Gross and Anderson 1984; Schluter and McPhail
1992; McPhail 1993).

All dimensions were measured using an ocular
micrometer on a Wild M3C dissecting micro-
scope, except standard length, which was mea-
sured using Vernier calipers.

Analysis

All traits except gill-raker number were cor-
related with body size, and consequently, a co-
variate was needed in order to examine diet-
induced morphological changes. We used stan-
dard length as a covariate rather than a com-
posite variable, such as a pooled first-principal
component (PC1), in order to simplify interpre-
tation. However, results were unchanged when
PC1 was used instead. Additionally, we used un-
transformed data in all our analyses, because this
resulted in homogeneous variances between spe-
cies.

We examined all traits for size-by-diet inter-
action by using analysis of covariance. No in-
teraction was evident in either species, implying
the effect of diet was independent of an indivi-
dual’s size (limnetics, 0.05 < P < 0.6 for all
traits; benthics, 0.1 < P < 0.9 for all traits).
Consequently, we size-corrected all traits by least-
squares regression against standard length, using
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a common slope between treatments for each
species. These size-corrected variables are used
in all subsequent analyses.

Multiple Significance Tests. — Because five traits
were examined for phenotypic plasticity, and a
variety of comparisons were carried out using
these traits, there was a danger that type-I error
rates would escalate. We attempted to minimize
the number of statistical tests by first carrying
outa multivariate test of a given hypothesis using
all five traits simultaneously. If the result was
statistically significant (P < 0.05), we then at-
tempted to decompose the multivariate result
into univariate measures to determine the rela-
tive role of each trait in the significant multi-
variate result. There is no single established pro-
cedure for performing such a test, and Wilkinson
(1975) suggests four alternatives. We used uni-
variate tests and employed a sequential Bonfer-
roni procedure (at a« = 0.05) to guard against type
I error (Rice 1989). It should be noted, however,
that it is primarily the relative magnitude of the
P values for each trait that are of interest in such
an analysis, rather than their absolute values,
because the multivariate test establishes an a
priori tablewide significance level of a = 0.05.

Effect of Diet.—If diet-induced phenotypic
plasticity is adaptive, then we expected that the
benthic and limnetic species would become more
similar to one another when their diets were re-
versed (y2 < yl in fig.1). Testing this is equiv-
alent to testing whether the sum of effects L and
B in figure 1 is greater than zero. An individual
fish does not represent the experimental unit in
our breeding design because full sibs are not sta-
tistically independent. Consequently, we calcu-
lated a mean diet-induced change for each of the
12 families of both species for each of the five
traits.

We let B and L represent two matrices where
b, (or [,) is the mean diet-induced difference for
the ith family and the jth trait of the benthic and
limnetic species, respectively. We denote the five-
dimensional (co)variance matrices for B and L
by Sg and S;, and the five-dimensional vectors
of mean diet-induced differences among family
means by b and 1. We let the vector t = b + 1,
whose (co)variance matrix is then S, = Sg + S;,
and then tested whether t > 0, using Hotelling’s
T? statistic, T2 = n(t — 0)TS;!(t —0), where 0 is
the five-dimensional zero vector and n = 12 is
the sample size. This statistic is distributed as
[(n — 1)p/(n — p)IF,,._,, where p is the number
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of dependent variables, and F,,,_, denotes the
distribution, with p and n — p degrees of freedom
(Johnson and Wichern 1982).

The above multivariate analysis revealed
whether or not the overall morphological gap
between the two species was narrowed. Subse-
quently, we carried out univariate t tests to de-
termine if the sum of L and B in figure 1 was
greater than zero using the sequential Bonferroni
procedure described above. This revealed the na-
ture of the multivariate difference.

Interspecific Comparison.—The above analy-
sis does not reveal whether diet-induced changes
were exhibited equally by both species or if one
species was primarily responsible for the nar-
rowing of the gap when both were diet reversed.
We expected the gap would be narrowed pri-
marily by diet-induced change in the limnetic
species (i.e., L > Bin fig. 1), thus reflecting greater
adaptive phenotypic plasticity in the species with
the more variable natural diet.

To test this expectation, we performed a one-
way multivariate analysis of variance (MANO-
VA) (Johnson and Wichern 1982) comparing the
mean diet-induced change of the 12 benthic fam-
ilies with the mean diet-induced change of the
12 limnetic families for all five traits. A signifi-
cant Wilks’ lambda indicates that there is a sig-
nificant overall difference between species in
phenotypic plasticity. The multivariate result was
then decomposed using a sequential Bonferroni
procedure (Rice 1989) on univariate ANOVA
results for each trait.

Family-by-Diet Interaction. —For optimal
levels of phenotypic plasticity to evolve, genetic
variation for plasticity must exist in the popu-
lation (Via 1987). Here we estimated family-by-
diet interaction. This is a measure of broad-sense
genetic variation for phenotypic plasticity and
thus reflects whether plasticity has a genetic com-
ponent. We estimated the significance of this in-
teraction using a two-way mixed-model MAN-
OVA (Johnson and Wichern 1982). Separate
MANOVAs were carried out for each species.
Family was considered a random factor here, and
diet was considered a fixed factor.

A potential complication in calculating family-
by-diet interaction arises from the confounding
effects of microenvironment. Each of the 15 fish
from a half-brood raised on the same diet was
also raised in the same half-aquarium, and thus,
they are not strictly independent. All of these fish
experienced the same microenvironmental
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(aquarium) effects during their growth. Because
we assumed that sibs are independent when cal-
culating the family-by-diet interaction term, our
findings must be regarded as tentative. However,
a previous quantitative-genetic analysis of stick-
lebacks by Lavin and McPhail (1987) demon-
strated that aquarium effects on size-corrected
measurements are negligible, lending support to
our assumption.

There is considerable difficulty in interpreting
the relationship between the dependent variables
and the factors in a two-way MANOVA when
there is a significant interaction effect (Morrison
1976; Johnson and Wichern 1982). Our purpose
with this test was mainly to determine whether
there was significant overall genetic variation for
plasticity, and consequently, we did not attempt
to examine the effect of diet or family in each
species using this procedure. To probe the nature
of the genetic variation for plasticity, we calcu-
lated two-way univariate ANOVAs for each trait
of both species.

All analyses were carried out using Systat 5.01
on an IBM-compatible microcomputer (Wilkin-
son et al. 1992).

RESULTS
Effect of Diet

All diet-induced changes were in a direction
that is suggestive of adaptive phenotypic plas-
ticity. Limnetic fish raised on a littoral diet de-
veloped a morphology that was displaced toward
that of the benthic species, relative to control fish
raised on a planktonic diet. Benthic fish raised
on a planktonic diet developed a morphology
that was displaced toward that of the limnetic
species, relative to control fish raised on a littoral
diet. This trend was exhibited by all morpho-
logical characters examined except gill-raker
number, which displayed no trend in change (fig.
2).

The results of the multivariate analysis reveal
that the morphological gap between the benthic
and limnetic species was significantly reduced by
diet reversal (Hotelling’s T2 = 45.14; df = 5, 7;
0.01 < P < 0.05). Thus, when considering all
traits simultaneously, diet affects the degree to
which these species differ morphologically. This
suggests that differences in diet may contribute
to the morphological difference between the two
species in the wild.

Table 1 presents the percentage of reduction
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of the morphological gap between the two species
caused by diet reversal for each of the five traits.
The percentage of reductions ranged from —1%
for gill-raker number, to 58% for head depth.
Also presented in table 1 are the results of the
univariate t tests for each trait. Gill-raker length
was the only trait that was significant using the
sequential Bonferroni procedure. It is informa-
tive, however, that all traits except gill-raker
number exhibited a diet-induced change in the
same direction. Additionally, head depth had a
P value less than 0.05, which suggests that it also
contributed to the multivariate significance.

Interspecific Comparison

Figure 2 and table 2 suggest that the limnetic
species tends to be more plastic than the benthic
species in all traits except snout length and gill-
raker number (which showed virtually no plas-
ticity). A MANOVA confirmed that the two spe-
cies differed in their amount of plasticity, al-
though statistical significance is marginal (P =
0.05). Univariate ANOVAs (table 2) revealed
that only gill-raker length displayed a significant
difference in the magnitude of plasticity between
the two species. All other traits had P values at
least an order of magnitude larger than gill-raker
length. Thus, the degree of plasticity of the two
species appears more distinct in some traits than
in others, suggesting the benthic and the limnetic
species differ not only in the magnitude of plas-
ticity but in the pattern of plasticity among these
morphological characters as well.

Family-by-Diet Interaction

Multivariate analysis revealed the presence of
significant family-by-diet interaction in both
species (P < 0.001), indicating differences among
families in the extent, or direction, or both, of
diet-induced change. This is a measure of broad-
sense heritability of phenotypic plasticity. Thus,
there is genetic variability for morphological
plasticity present in both species’ populations.

Results of the univariate analysis are presented
in table 3. Family-by-diet interaction in the ben-
thic species is exhibited primarily by gape width,
although gill-raker length and snout length had
relatively small P values as well. Family-by-diet
interaction in the limnetic species is exhibited
primarily by gape width. This suggests that mor-
phological plasticity has evolutionary potential
and could respond to natural selection in both
species of sticklebacks.
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FiG. 2. Plots of the four species-by-diet combinations for all traits except gill-raker number (which exhibited
no plasticity). Plots are the mean of the 12 family means in each combination (i.e., N = 12 for each of the means
for each trait) and the 95% confidence intervals. Units are in millimeters.

DISCUSSION

The ecology of morphological plasticity is not
well understood and is just beginning to receive
empirical attention (Meyer 1990; Witte et al.
1990; Wimberger 1991, 1992). The ecological
conditions that select for morphological plastic-
ity are still unclear. Yet this knowledge is nec-
essary to understand the interplay between se-
lective regimes, plasticity, and morphological

evolution. The wider effects of morphological
plasticity on niche partitioning, speciation, and
adaptive radiation are also poorly understood.
The extent to which plasticity accounts for mor-
phological variation within and between popu-
lations would lend some insight into this prob-
lem.

Our study addressed four important issues of
morphological plasticity using two sympatric
species of sticklebacks. First, we demonstrated
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TABLE 1. Absolute magnitude of the “morphological
gap”’ between species raised on their “natural” diets
and reversed diets. Values are calculated using the mean
of the 12 family means from each species for each trait.
Units are in millimeters except for gill-raker number.
Asterisks indicate the results of univariate ¢ tests for a
reduction of the morphological gap between species.

Natural Reversed
Trait diet diet % Reduction
Gape width 0.585 0.339 42
Gill-raker length 0.456 0.283 3@xk
Gill-raker number 5.291 5.319 -1
Head depth 0.477 0.201 58*
Snout length 0.665 0.469 29

*0.01 < P <0.05; *** P < 0.001.

that when the diets of the two species are re-
versed, their morphologies become more similar
overall. This suggests that either or both species
exhibit adaptive morphological plasticity. The
individual traits that contributed most to this
overall morphological change were gill-raker
length and perhaps head depth. Both of these
traits are probably important with respect to
feeding efficiency (Bentzen and McPhail 1984,
Lavin and McPhail 1986; Schluter 1993).

Second, we considered how much of the in-
terspecific difference in morphology of these spe-
cies can be attributed to plasticity. The percent-
age of the morphological gap between the two
species that was closed by diet reversal ranged
from — 1% for gill-raker number, to 58% for head
depth. Thus a considerable amount of the mor-
phological difference between the two species in
the wild might be attributable to diet-induced
morphological change.

TABLE 2. Percentage of difference in each morpho-
logical character under diet reversal. Each value was
calculated by dividing the absolute value of mean diet-
induced change by the mean value of that character
when the species was raised on its “natural” diet. As-
terisks indicate a significant difference between species
as tested using univariate ANOVAs.

Benthic Limnetic
difference difference
Character % %

Gape width 1.8 7.1
Gill-raker length** 5.1 11.0
Gill-raker number 1.4 1.0
Head depth 0.8 2.5
Snout length 2.6 2.8

**p <00l
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TABLE 3. Fratios from univariate ANOVAs for fam-
ily-times-diet interaction (F x D df = 11, Error df =
46 for all values).

Species
Trait Benthic Limnetic
Gape width 7.34%** 13.76***
Gill-raker length 2.29% 0.68
Gill-raker number 1.58 1.99
Head depth 1.55 1.44
Snout length 2.18* 1.52

*0.01 < P < 0.05; ** P < 0.001.

Third, we compared the degree of plasticity
between the two species, on the expectation that
greater natural diet variability in the limnetic
species would drive the evolution of greater plas-
ticity in that species. The two species did exhibit
a significant difference in overall level of phe-
notypic plasticity, and this difference was pri-
marily attributable to a greater plasticity of gill-
raker length in the limnetic than in the benthic
species. Gill-raker length has been strongly im-
plicated as a determinant of foraging efficiency
in sticklebacks (Bentzen and McPhail 1984; Lav-
in and McPhail 1986; Schluter 1993), and there-
fore, these results lend support to the hypothesis
that diet variability can select for morphological
plasticity. Head depth and gape width also tend-
ed to be more plastic in the limnetic than in the
benthic species, but these differences were not
statistically significant (fig. 2).

Lastly, we addressed whether contemporary
populations of benthics and limnetics maintain
genetic variation for morphological plasticity.
Theoretical work suggests that optimal levels of
phenotypic plasticity can evolve, given appro-
priate genotype-by-environment interaction (Via
and Lande 1985; Via 1987). The family-by-diet
interaction we demonstrate reveals a broad-sense
heritability of plasticity (Via 1984a, 1984b). This
heritability includes variation resulting from
dominance and epistatic interactions, as well as
additive genetic variance (Falconer 1989). Al-
though this does not completely satisfy the con-
ditions required for the evolution of phenotypic
plasticity, it does reveal that plasticity is genet-
ically determined to some extent.

When making comparisons between species,
it is often difficult to distinguish the effect of
phylogeny from the effect of recent natural se-
lection (Lauder 1982). Because the benthic and
limnetic species have both recently evolved from
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a common marine ancestor (McPhail 1993), and
because both are relatively young species, phy-
logenetic effects are not responsible for their dif-
ferences in plasticity.

Additionally, the wealth of natural-history in-
formation on these two species of sticklebacks
and the well documented glacial history of this
region make us confident that the ecological con-
ditions under which these two species have
evolved are relatively well understood. Conse-
quently, the adaptive nature of all diet-induced
morphological changes, the greater degree of
plasticity in the limnetic species, and the pres-
ence of genetic variation for plasticity, together
provide compelling evidence to support the hy-
pothesis that morphological plasticity has evolved
as a result of diet variability. It has often been
suggested that diet variability might drive the
evolution of trophic morphological plasticity.

At this point, however, two other hypotheses
for the observed results deserve mention. One
involves the possibility of differences between
the two species in their ability to ingest prey.
Because benthic fish are generally larger than
limnetic fish in most dimensions, it may be easier
for a benthic fish to ingest a planktonic prey than
for a limnetic fish to ingest a littoral prey. As-
suming that diet-induced morphological change
results from mechanical stress (as discussed be-
low), limnetic fish would probably exhibit greater
morphological plasticity than benthic fish. How-
ever, if this were the case, an overall effect of
body size on the degree of plasticity would also
be expected. No interaction between size and the
effect of diet was evident in the data, and con-
sequently, we do not believe this to be the ex-
planation for our results.

The second alternative basis for the interspe-
cific difference in plasticity may lie in differences
in the way benthic fish and limnetic fish are con-
structed. Since their divergence from a common
ancestor, the limnetic species has evolved a less
robust morphology than the benthic species. For
example, gill rakers of the limnetic species are
not only longer and more numerous than those
of the benthic species, but they are more slender
as well. Thus, if slender-built morphology is more
susceptible to stress-induced change, this would
explain how the difference in plasticity between
the two species is determined. Conceivably, such
differences in robustness have evolved merely as
an incidental by-product of evolutionary diver-
gence in body form, in which case interspecific

1731

differences in plasticity are simply a (nonadap-
tive) correlated response to selection on the mean
value of each trait. However, if robustness of
morphology can evolve independent of the mean
values of morphological traits, then such struc-
tural differences may be the proximate mecha-
nism by which adaptive evolution of plasticity
is realized. An experiment designed to distin-
guish between these alternatives is underway.

Diet-induced morphological plasticity could
result from either nutritional differences between
diets, or from differences in the mechanics of
prey ingestion. Nutritional effects are confound-
ed with mechanical effects in our experiment.
Nutrition can be an important determinant of
fish morphology (Halver 1984; Wimberger 1993).
However, we feel that differences in the me-
chanics of prey ingestion are most important in
our study. If nutritional differences were impor-
tant, diet-induced morphological changes would
likely have exhibited a more random pattern
(Wimberger 1993). The pattern of diet-induced
change demonstrated is consistent with the dif-
ference in morphology observed between many
littoral-foraging and plankton-foraging species
(Lavin and McPhail 1985, 1986; Schluter and
McPhail 1993). Littoral and planktonic eco-
morphs likely result from the mechanical re-
quirements of foraging in these habitats, rather
than from nutritional effects.

We suspect that mechanical stress is the cause
of observed morphological plasticity in the traits
we examined, because these traits are composed
of either cartilage or bone. It has long been re-
alized that structures made of bone remodel and
change shape depending on the stresses imposed
upon them (Lanyon 1984; Lanyon and Rubin
1985). The lack of diet-induced change in gill-
raker number supports this hypothesis, because
whereas mechanical stress can change the shape
of particular structures, it cannot easily alter their
number.

Behavioral plasticity also most likely plays an
important role in adaptation to resource vari-
ability. Changes in foraging behavior have large
effects on foraging efficiency (Dill 1983; Ehlinger
1989), and behavior is probably amenable to
more rapid change than morphology. For ex-
ample, very different modes of foraging are used
to exploit plankton and benthos, and individual
fish switch rapidly between them when moving
between habitats (Schluter 1993). An experiment
that tests the adaptive significance of behavioral
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plasticity versus morphological plasticity is also
currently underway.

Evolutionary Implications

Whether phenotypic plasticity retards or en-
hances evolution is still a matter of some debate
(Stearns 1989; West Eberhard 1989). The dis-
tinction may be particularly important when
considering the Gasterosteus species complex.
Invasion of fresh water by marine G. aculeatus
is pervasive throughout the holarctic region
(Wootton 1976). Colonization of fresh water oc-
curred as the Pleistocene glaciation ended and
dramatic adaptive radiation ensued (Hagen and
McPhail 1970; Bell 1976; McPhail 1993). Even
slight differences among bodies of fresh water in
the same drainage basin have led to fine-scale
adaptation in resident sticklebacks (Lavin and
McPhail 1985). Trophic morphology maps re-
markably well onto lake ecology in all popula-
tions examined (Lavin and McPhail 1985; Schlu-
ter and McPhail 1992). Heritability of trophic
morphology also provides compelling evidence
that this diversity is the result of evolutionary
change.

What has not been known is the extent to which
this radiation owes its diversity to phenotypic
plasticity. A comparison of several populations
of sticklebacks in British Columbia (Schluter and
McPhail 1992) has shown that gill-raker length,
gape width, and gill-raker number are among the
most variable traits among stickleback popula-
tions. Given that gill-raker length has exhibited
considerable phenotypic plasticity, it is possible
that some of this interpopulation variability is
environmentally induced. However, there is no
general relationship between trophic plasticity
within populations and diet variability between
populations. For example, gill-raker number was
not affected by diet, though it differs markedly
between populations (Schluter and McPhail
1992).

The effects of phenotypic plasticity on adap-
tive radiation and speciation in Gasterosteus
fishes are not clear. It is evident that not all stick-
lebacks are equally phenotypically plastic, but
the extent to which plasticity plays a role in the
evolution of species pairs, such as the benthic
and the limnetic, is unknown. Given that trophic
character displacement is an important compo-
nent of evolution and speciation in sticklebacks
(Schluter and McPhail 1992), it is possible that
plasticity of trophic traits plays a very important
role as well.
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