TECHNICAL COMMENTS

Criteria for Testing Character Displacement

Dolph Schluter (1) purports to demon-
strate that competition among popula-
tions of the threespine stickleback leads
to character divergence, based on an ex-
periment in two divided ponds. Both
halves of each pond were stocked with
individuals from a benthic stickleback spe-
cies, and individuals of a second, limnetic
species were then added to a randomly
chosen side of each pond. Thus, the half-
pond is the experimental unit, and there
are two replications of the comparison
between treated and control halves. The
responses of interest are based on the
growth rates of individuals of the benthic
species, in the presence and absence of the
limnetic species.

A key part of Schluter’s evidence that
“the presence of the limnetic species altered
natural selection in the target species” is in
table 3 of his report, which shows “growth
differentials” (slopes of linear regressions of
log growth rate versus a morphological index
reflecting the continuum between benthic
and limnetic characteristics) in the four half-
ponds. If competition from the limnetic spe-
cies is most severe for individuals of the
target species having limnetic characteris-
tics, then the growth differentials in the
experimental half-ponds should be more
negative than those in the control half-
ponds. However, the difference between
slopes in the experimental and control
halves, accounting for the pairing within
pond, is not statistically significant (paired ¢
test on the four slopes in table 3 of the
report; t* = —2.826, df = 1, two-tailed test,
P = 0.22). Schluter reports an apparently
erroneous P value of 0.016 for a one-tailed
test (which implies that with a two-tailed
test, P = 0.032).

Schluter further reports a significant cor-
relation between growth differentials and
the final densities of limnetic fish in the
half-ponds. His method, involving regres-

sion of three independent contrasts of the.

four slopes in table 3 of his report against
the corresponding contrasts of the four
measured densities of limnetic fish, is
flawed because one of the response con-
trasts depends on the magnitude of the
pond effect and has a variance different
from that of the other two contrasts (2). In
any event, the most direct test of the asso-
ciation between the limnetic fish treatment
and the growth differentials in table 3 of the
report remains the nonsignificant paired t
test.

The same inappropriate methodology
(2) is used to support an association be-
tween mean growth rates and the total
numbers of fish in the four half-ponds (table

2 of the report by Schluter). A direct test of
the effect of the experimental manipulation
(which led to the different fish densities) on
mean growth rates shows no evidence for an
effect of the treatment (paired ¢ test on the
four rates in table 2; t* = —1.1951,df = 1,
two-tailed test, P = 0.44).

Another line of evidence that the pres-
ence of limnetic fish affects growth rates is
figure 1 in the report by Schluter, which is
a plot of transformations of log growth rate
versus morphological index. This plot ap-
pears to show a decreasing trend for fish in
the presence of the limnetic species and
no trend for fish in the absence of the
limnetic species. My statistical modeling
of the points shown in the graph does not
indicate different slopes for the experi-
mental and control groups (3), but, even if
it did, this would not justify the conclu-
sion that the presence of the limnetic
species was driving the difference. With-
out information on the pond-to-pond
variation in the slopes of such regression
lines, which is lost in the pooled data of
figure 1, we cannot judge whether or not
the limnetic fish treatment is causing ad-
ditional variability.

The trends in Schluter’s data are consis-
tent with effects of competition from the
limnetic species, but the key statisti-
cal comparisons of experimental units do
not support his conclusion that “resource
competition promotes morphological diver-
sification in a radiating lineage.” The lack
of statistical significance does not necessar-
ily mean that competition is unimportant,
as only large effects would be detectable in
an experiment with two replicates.
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2. Let Y represent the response (for example, growth
differential, or mean growth rate) and X represent the
explanatory variable (for example, density of limnetic
fish, or total fish density), with subscripts denoting
half-ponds as follows: 1 = experimental side of pond
1; 2 = control side of pond 1; 3 = experimental side
of pond 2; and 4 = control side of pond 2. Suppose
wis the mean response in pond 1 with X = 0; ais the
effect of pond 2; BX is the effect of X units of the
explanatory variable; and the €'s are random errors.
Then we can model the responses in the four half-
ponds as follows:

Yy = pntBX; + € Ys=p+a+ BXs+ e

Yo=p+ BXo + € Yo=p+a+BXy+e
The three independent contrasts used by Schiuter
(personal communuication) have expectations E(Y,
- Yz) = B(X1 - Xz); E(Yg - Y4) = B(Xa - X4); and
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When these response contrasts are regressed
against the corresponding contrasts in X (that is,
X3 + X, X+ X,

X, — X5, X3 — X,, and - ,
1 20 A3 40 AN 5 2)

the resulting slope will provide a biased estimate of 8
because of the dependence of the third response
contrast on the pond effect, a. Furthermore, the vari-
ance of the third response contrast is different from
that of the other two contrasts, violating an assump-
tion of the regression model. If Var €, = o for all/, and
we assume a non-zero correlation, p, between error
terms from the same pond [that is, Cor (e, €,) = Cor
(e5, €,) = p), then Var (Y, — Y,) = Var (Y — Y,) =
202(1 — p), and

Ya+VYs Yi+Y,
Var( : 4—1——2‘>=0'2(1+p)

2 2

A possible modification of Schluter’s test is to fit a
regression line through the origin using just the first
two contrasts, which have equal variance, and ex-
pectations not involving «. This approach does not
find a significant association between Y contrasts
and X contrasts for either the analysis of growth dif-
ferentials by limnetic fish density (3 = —0.0001, df =
1, two-taled P = 0.13) or the analysis of mean
growth rate by total fish density (3 = —0.0054, df =
1, two-tailed P = 0.20).

3. Let GROWTH = log growth rate, Ml = morphological
index, and COMP = indicator for presence (1) or ab-
sence (0) of limnetic fish. Then the “full”” regression
model fit to 88 points read off figure 1 in the report by
Schiuter is: GROWTH = 3.8887 — 0.0406 COMP —
0.0013 MI — 0.0307 COMP-MI. The coefficient for the
interaction term, COMP-MI, is nonsignificant (P =
0.087), which indicates that we cannot reject the hy-
pothesis that the slope of GROWTH versus Ml is the
same in the presence and in the absence of limnetic
fish. As each symbol in figure 1 of the report is an
“average of three adjacent points,” and ‘“‘growth
rates within each treatment were pooled to the same
mean,” we cannot be sure how an analysis of the full
set of untransformed data would come out.
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The study by Schluter (1) has problems in
its design, conduct, and analysis; at the
request of the editors, we limit our com-
ment to the first two areas. The first prob-
lem concerns experimental design. The
treatment in which the putative competitor
was introduced confounds two factors: pres-
ence of “heterospecific” individuals and a
1.7-fold increase in total fish density. Both
additive and replacement designs are appro-
priate for competition experiments, but
each is used to test distinct hypotheses (2,
3). The additive design used by Schluter
would be appropriate were he simply at-
tempting to detect competition between his
two “species,” that is, to determine whether
the two “species” have a joint carrying ca-
pacity (or density function). Evidence of
character displacement requires a distinct
effect: that heterospecific competitors dif-
ferentially affect some subset of the popula-
tion relative to intraspecific competition. If
addition of heterospecifics produces an
identical effect to that of adding the same
number of conspecifics, then character dis-
placement, as classically defined, should not
be invoked.
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Given this criterion, experimental tests
for character displacement require treat-
ments in which total densities are held
constant to determine whether inter- and
intraspecific competition are equivalent
from the perspective of the focal “species.”
Lacking such controls, treatment effects
cannot be attributed uniquely and unam-
biguously to interspecific competition as
distinct from increased fish density (4).
The appropriate null hypothesis that must
be rejected here is that the two “species”
are equal competitors with regard to all
phenotypes of the focal “species.” The
appropriate minimal test is a replacement
design holding densities in the control
(single “species”) and competition (two
“species”) treatments constant, and test-
ing for competitive equivalence (3) be-
tween the limnetic and different segments
of the phenotypic distribution of the focal
“species.” Confounding is a serious, com-
mon error in ecological experiments (5),
and while the specific type of confounding
present in this study is appropriate in test-
ing certain hypotheses regarding competi-
tion, it constitutes a fatal flaw in a test for
character displacement. Thus, Schluter
has not unambiguously established inter-
specific competition as the cause of the
purported differential effect on pheno-
types of the focal “species” because the
appropriate  hypothesis-specific control
was not included.

We see two difficulties in the conduct of
the experiment concerning extrapolation
back to nature. The first concerns the use of
hybrids. Schluter argues (I, p. 799), “Hy-
bridization is a valid manipulation because
all previous crosses between closely related
freshwater sticklebacks have not revealed
any intrinsic reduction in offspring viabili-
ty.” This may be true, but other problems
arise from the use of hybrids. First, the pool
of fish on which effects of interspecific
competition was assayed was assembled us-
ing equal numbers of offspring from three
experimental crosses (1), and hybrid fish
were created using the limnetic species (the
species used as a putative competitor), as
one parental type. Because the limnetic
species contributed half the genes to the L
X C hybrids in which the greatest effect of
competition was expected, the question es-
sentially asked is: Do the limnetics have a
greater effect on their own hybrid-genetic
progeny than on genetically unrelated indi-
viduals? This is not an illuminating ques-
tion in the context of character displace-
ment: Because of this relatedness, Schluter
is not studying an interspecific competitive
interaction, which is fundamental to the
hypothesis that interspecific competition
drives character displacement. Second,
there is both morphological and genetic
correspondence between these L X C hy-
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brids and the limnetic competitor, that is,
genotypes and morphology are confounded.
Hence, the particular hybrids (L X C) most
likely to compete with the limnetics are
also most genetically similar to limnetics.
Further, the use of hybrids introduces the
potential for heterotic genetic effects (6) in
responses of hybrids to the limnetic morph
that are not genetically accessible to indi-
viduals of a single species in nature. Hence,
one cannot argue that any effect observed
in the experiment would be evidenced by
fish in nature. Although the experiment is
internally consistent in that the putative
control also consisted of hybrids, the re-
sponses of the experimental fish cannot be
unambiguously attributed to either their
morphological phenotypes or to their arti-
ficial hybrid genetic constitution. That is,
any resulting selection differential may
have little to do with morphological simi-
larity. Experimental expansion of a pheno-
typic distribution for the purpose of analyz-
ing selection is creative, but is interpretable
only if the novel phenotypes so produced
are not confounded with other, unmanipu-
lated parts of the phenotype, or with chang-
es in genetic constitution (7).

The second difficulty arises from the
relationship of experimental to natural
densities and the background conditions
of the experimental ponds. Densities in
the experiment were not matched to
natural densities. Rather, “Densities were
set such that growth rate of pond fish
would equal that in the wild, as judged
from an earlier pilot experiment . ..” (I,
p. 800). This seems reasonable, except
that experimental ponds were fish-free for
2 years before the experiment, thus accu-
mulating far greater invertebrate biomass
and attaining far different species compo-
sition (8) than would be expected in nat-
ural ponds containing sticklebacks. Exper-
imental densities far above natural densi-
ties would be required to achieve natural
growth rates, thus increasing encounter
rates and the potential for interference
competition. Also, resource competition
(the presumed mechanism driving charac-
ter displacement) would have occurred
against an artificial resource background.

It is tempting to accept the results of
provocative, high-profile experiments at
face value (9). Although we strongly sup-
port using experiments to validate mecha-
nisms hypothesized from comparitive data
(10), such experiments must comply with
rigorous standards of design, conduct, and
analysis. Because of deficiencies on all three
points, this is not a landmark demonstra-
tion of character displacement.
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Response: Murtaugh mentions three con-
cerns about my statistical analyses (1),
which I address in turn.

1) The paired comparison of growth dif-
ferentials was incorrect.

This criticism is accurate. The growth
differentials were properly listed, but the
results of the paired ¢ test should have read
as follows: t = —2.826, df = 1, P = 0.11;
one-tailed test. Complementary analyses
suggest that the treatment effect was nev-
ertheless real. Growth differentials in the
presence of the competitor were significant-
ly negative in both ponds, but were near
zero in the competitor’s absence (1). The
slopes differed significantly between treat-
ment and control sides [Fisher combined
probability test (2); x> = 9.49,df = 4, P =
0.050]. The steepness of the growth differ-
ential increased with increasing competitor
density. Spearman rank correlations be-
tween growth rate and morphological index
also differed between treatments (one-
tailed paired ¢ test; t = —6.708,df = 1, P =
0.047). Two ponds (replicates) can with-
stand only so much statistical analysis; but
the important point is that the growth pat-
terns are in the predicted direction and that



despite low power most analyses detect a
difference.

2) The regressions based on indepen-
dent contrasts were flawed.

This concern is unwarranted, as all pos-
sible corrections lead to the same answer.
The criticism is based on the fact that the
variance of the between-pond contrast is
not the same as that of the two within-pond
contrasts. However, adjusting for heteroge-
neity in variance by standardizing the con-
trasts (3) has no effect on the results, which
is why [ neither standardized nor elaborated
on the method in my report. At one ex-
treme is the possibility that ponds do not
differ (except in ways caused by the exper-
iment), in which case the between-pond
contrast has one-half the variance of the
other contrasts. When the contrasts were
standardized accordingly, the correlation
between growth differential and competitor
density (r = 0.97, P = 0.018; one-tailed
test) was nearly identical to that originally
reported (I1). At the other extreme is the
possibility of a large pond effect. For exam-
ple, if the variance of the between-pond
contrast is 10 times that of the other two
contrasts, standardizing yields a result not
much different from the first (r = 0.98; P =
0.012; one-tailed test). The same was true
when the method of independent contrasts
was used to compare growth rate with total
fish density (r = 0.94, P = 0.029 and r =
0.95, P = 0.024; one-tailed tests). Conse-
quently, the method is justified and the
original results hold.

3) The data plotted in figure 1 of my
report do not show a significant treatment
effect.

The purpose of this figure was solely to
depict the shape of the relationship be-
tween growth rate and the morphological
index. The figure does not contain data
that would allow a valid statistical test of
treatment effect. The points in the figure
were averages of trios of observations, and
combine data from both ponds. Murtaugh’s
analysis is pseudoreplicated because it as-
sumes that individual observations within
ponds are independent, an unlikely situa-
tion. However, were independence a valid
assumption, the actual data would still sup-
port a significant treatment effect on
growth differentials [one-tailed test of het-
erogeneous slopes; F(1,260) = 2.916, P =
0.044].

Bernardo et al. list two general design
concerns. Both were raised in my report (1)
where little space was available for details.

1) A different experimental design
should have been used.

My design, hereafter called (A), had two
treatments: a control, in which the target
species occurred alone; and an experimen-
tal, in which the target and a competitor
species (the limnetic) were present. The
starting density of the target was constant.
The advantage of (A) is that any change in
natural selection on the target species can
be traced to the presence of the competitor
species. Its weakness is that (A) cannot rule
out the possibility that changes in selection
were solely the result of an increased den-
sity of fish. A reasonable expectation is that
increased density alone would effect all
phenotypes of the target equally, which did
not happen. Moreover, details of habitat
use corroborate the frequency-dependent
prediction: limnetics specialized on plank-
ton, and the more planktivorous pheno-
types of the target population suffered the
brunt of their presence. In contrast, the
“density-only” hypothesis predicts that the
planktivorous phenotypes would suffer dis-
proportionately even if the competitor spe-
cies avoids plankton. A mechanism for this
is difficult to envision.

Bernardo et al. suggest a second design
(B) in which the total density of fish in
both treatments is constant. This is accom-
plished by replacing individuals of the tar-
get species by the same number of compet-
itors (limnetics) in the experimental treat-
ment. The strength of this design is that any
difference between treatments in natural
selection can be attributed to a change in
the frequency of different phenotypes over-
all. Its weakness is that the effects may be a
result of a lower population density of the
target species rather than of the presence of
the competitor species. Design (B) there-
fore does not test whether presence of the
competitor species is the cause of a treat-
ment effect. Hence it is an inferior design.

A third two-treatment design (C) uses
two competitor species. A plankton special-
ist (the limnetic) is added to one treatment,
and a specialist on benthos (the benthic
species) is added to the other. This has the
advantage of varying phenotype frequency
while keeping constant both the total den-
sity of fish and the density of the target
species. I used (A) rather than (C) for two
reasons. First, | wanted a baseline measure-
ment of selection on the target species
alone (that is, a control). Second, I wished
to test specifically whether the differences
between the modern limnetic and benthic
species are the result of ecological character
displacement (4). This was best achieved by
using the phenotypes most likely to have
been those present in lakes when sympatry
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between their ancestors was first established
(1).

2) The experimental conditions were
not natural.

A concern was that the limnetic com-
petitor was genetically related (through hy-
bridization) to one component of the target
population. However, genetic similarity be-
tween limnetics and part of the target pop-
ulation was intentional (I am interested to
hear how similarity in a heritable suite of
ecologically relevant traits might be
achieved without genes in common). In
figure 1 of my report, I looked for visual
evidence that effects of the added compet-
itor were limited to the limnetic-hybrid
component, but found none. Other possible
effects of hybridization are common to both
treatments and are therefore controlled for.
Additional design concerns are minor, but
surround a deeper question: Are ponds
identical to natural lakes? They are not.
Nevertheless, ponds are similar to lakes in
enough ways that have allowed many im-
portant ideas in ecology to be tested using
them. But it is essential that a hypothesis
such as character displacement be tested
with a combination of methods that in-
cludes comparisons of wild populations (4).

In sum, the experimental results greatly
bolster earlier conclusions based on com-
parative studies (4) that competition was an
important force in the diversification of
sticklebacks. They do not constitute final
proof of the evolutionary significance of
competition in general, which awaits fur-
ther experimental study especially of other
systems.

A final correction: In the summary of
my report in that issue’s “This Week in
Science” (p. 709), the phrase “and the first
generation of offspring clearly showed an
increased divergence between the two
types” was incorrect. My experiment was
conducted wholly within a generation and
involved no evolutionary change between
generations.
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