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Abstract. Understanding the factors responsible for generating size variation in cohorts of
organisms is important for predicting their population and evolutionary dynamics. We group
these factors into two broad classes: those due to scaling relationships between growth and size
(size-dependent factors), and those due to individual trait differences other than size (size-
independent factors; e.g., morphology, behavior, etc.). We develop a framework predicting
that the nonlethal presence of predators can have a strong effect on size variation, the
magnitude and sign of which depend on the relative influence of both factors. We present
experimental results showing that size-independent factors can strongly contribute to size
variation in anuran larvae, and that the presence of a larval dragonfly predator reduced
expression of these size-independent factors. Further, a review of a number of experiments
shows that the effect of this predator on relative size variation of a cohort ranged from
negative at low growth rates to positive at high growth rates. At high growth rates, effects of
size-dependent factors predominate, and predator presence causes an increase in the scaling of
growth rate with size (larger individuals respond less strongly to predator presence than small
individuals). Thus predator presence led to an increase in size variation. In contrast, at low
growth rates, size-independent factors were relatively more important, and predator presence
reduced expression of these size-independent factors. Consequently, predator presence led to a
decrease in size variation. Our results therefore indicate a further mechanism whereby
nonlethal predator effects can be manifest on prey species performance. These results have
strong implications for both ecological and evolutionary processes. Theoretical studies
indicate that changes in cohort size variation can have profound effects on population
dynamics and stability, and therefore the mere presence of a predator could have important
ecological consequences. Further, changes in cohort size variation can have important

evolutionary implications through changes in trait heritability.
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INTRODUCTION

Ecological and evolutionary biologists have long
recognized that body size influences virtually every
aspect of the relations between an organism and its
internal and external environments. For example, size
constrains or influences physiological rates, demograph-
ic parameters, the resources available or profitable, and
vulnerability to predators (Peters 1983, Sebens 1987). In
essence, size is a critical trait determining a species’ niche
(Hutchinson 1959, Werner and Gilliam 1984, Bonner
2006). As a consequence of the large import of size on
the ecology of an organism, size changes that occur over
ontogeny and the associated development of cohort size
variation have important implications to species’ per-
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formance and natural selection. For example, there is
considerable evidence that individual variation in size
can affect population density and dynamics (e.g.,
Lomnicki 1988, DeAngelis et al. 1993, Uchmanski and
Grimm 1996, Wilson 1998, Uchmanski 1999, De Roos
et al. 2003). Variation in size may also reflect genetic
differences that underlie selection (Van Valen 1965,
Whitlock 1995, Conover and Munch 2002, Gardmark et
al. 2003). Therefore factors that affect cohort size
variation are implicated in exposing different traits to
selection, or masking this variation from selection by
preventing expression of trait characters.

Despite the critical importance of variation in cohort
size structure to both ecological and evolutionary
phenomena, we have little understanding of how size
variation is generated (Uchmanski 1985, Lomnicki 1988,
Pfister and Stevens 2002). In particular, we know little
about the relative contribution of two fundamentally
different mechanisms that affect size variation. First,
variation in genetic makeup or experience of organisms
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can cause and amplify size variation during growth over
ontogeny. Second, variation in size, initially caused by
trait differences or stochastic environmental effects, can
be amplified or reduced due to the scaling effects of size
on the growth process (see Predictions: Background ).
This distinction is important for conceptualizing and
modeling the influences of size variation and determin-
ing how the environment affects size variation. Further,
factors such as resource availability or environmental
stress could modify the relative importance of size-
dependent and size-independent processes, causing the
predicted impact of a single factor to depend on context.

In this paper we explore the mechanisms responsible for
the development of size variation in larval anuran cohorts.
Specifically, we develop a verbal model based on the two
broad processes that can affect size variation (trait
variation or scaling effects), which predicts that predator
presence can have a positive or negative effect on size
variation, depending on mean growth rate of the cohort. In
order to test these predictions, we first ask whether
inherent among-individual trait differences that affect
growth are large enough to strongly influence the
development of size variation. Further, we address
whether the presence of a common environmental stressor,
risk of predation (i.e., “nonlethal” or “nonconsumptive”
effects due to induced changes in prey phenotype),
influences the expression of these individual trait differ-
ences. We then test these predictions using an array of
experiments on different species of anuran larvae growing
at different rates in the presence and absence of predators.
Last, we discuss ecological and evolutionary implications
of our findings.

PREDICTIONS
Background

Because growth rate typically scales with body size
(Peters 1983), changes in size variation are inherent to
the growth process. In this case, changes in size variation
result strictly from effects due to size alone; we term this
first class of factors “size-dependent” factors (Peacor
and Pfister 2006, Peacor et al. 2007). For example, if the
growth rate of larger individuals exceeds that of smaller
individuals, then size variation will increase (termed
“growth depensation”; Ricker 1958). The reverse will be
the case if growth of smaller individuals exceeds that of
larger. A simple rule predicts that the relative size
variation (e.g., as measured by the coefficient of
variation) will change in proportion to the change in
mean growth rate of the population (Peacor et al. 2007).

Differences in traits other than size (e.g., behavior,
morphology, physiology) (Fuiman and Cowan 2003)
that have a genetic basis (Conover and Munch 2002,
Sanford et al. 2003) or are learned (Dukas and Bernays
2000) can also generate differences in growth rate and
hence affect size variation. We denote this broad group
of factors as “size-independent” factors to distinguish
them from the size-dependent (scaling) factors. For
example, traits associated with foraging ability or
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“boldness” (Coleman and Wilson 1998, Sih et al. 2004)
can lead to differential performance of individuals and
thereby influence cohort size variation. Size-independent
traits that are persistent within individuals through time
have been described quantitatively as “growth autocor-
relation” (Pfister and Stevens 2002), “residual autocor-
relation” (Fujiwara et al. 2004), and ‘“memory”
(DeAngelis et al. 1993).

This division of factors that affect growth into size-
dependent and size-independent components is analo-
gous to the division of density-dependent and density-
independent factors in population growth equations.
For example, in the general per capita population

growth equation
1\dN
(v)% =7 n

the population growth rate is described by a density-
independent coefficient, r, and density-dependent con-
tributions, f{N). Similar distinctions can be made in the
growth equations for individuals. It should be noted that
there will be a positive feedback between size-indepen-
dent and size-dependent factors in the growth model; an
individual that grows faster due to size-independent
factors will be larger, and this in turn could confer an
additional size-dependent (i.e., scaling) advantage. The
fundamental difference in these two broad classes of
factors is explicit when represented in growth-rate
equations; to describe size-independent factors, the
magnitude of parameters in growth-rate equations
varies among individuals, whereas they do not for size-
dependent factors (Peacor et al. 2007).

In addition, stochastic effects could cause variation in
conditional states (i.e., energy level or disease load) that
could affect individual growth over long periods of time
and therefore cohort size variation (Ludsin and DeVries
1997). Or, resources or other factors that affect growth
may be heterogeneous, which could lead to persistent
unequal resource use or assimilation among individuals,
and therefore affect size variation (Pfister and Peacor
2003). Whereas these factors also could be categorized in
the broad class of size-independent factors, we focus on
size-independent factors that arise from individual trait
differences.

It is important to note that both size-dependent and
size-independent factors influence variation by affecting
the relative performance of different individuals. This is
in contrast to an environmental factor that affects
growth of all individuals by the same proportionality
constant. Such a factor simply affects the rate at which
mean size and variation in size change, but not their
relationship to each other (Fig. 1). An experiment may
show that a factor affects size variation, but if there was
also a large effect on mean size, it is difficult to
determine if the change in size variation is indicative
of relative performance differences (Fig. 1). In this
paper, we focus on size variation that arises from
modifications in the relative performance of individuals.
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Prediction of context-dependent predator effect

Predator presence can potentially affect size variation
through both size-dependent and size-independent
factors. First, although the scaling of growth rate with
size is typically thought of in terms of physiological
processes (with growth scaling in the range of the 0.75
power of mass [Peters 1983]), predators can affect this
scaling if predation risk is size-dependent. For example,
in anuran larvae, predation risk due to larval dragonflies
decreases with size, and the behavioral modifications
that reduce predation rate (e.g., reduction in activity
level) correspondingly decrease with prey size (EkI6v
and Werner 2000; M. E. Fraker and S. D. Peacor,
unpublished data). Thus predators can cause an increase
in the effective scaling of growth rate with size, and this
will act to increase cohort size variation (larger, more
active individuals will grow proportionately more than
smaller, less active individuals). Conversely, if predation
risk increases as a function of size, predators may cause
a decrease in the scaling of growth rate with size, which
will cause a decrease in size variation.

The effect of predator presence on size variation
mediated through size-independent factors is less clear.
At first glance, we might assume that predator presence
would lead to an increase in individual differences, with
some individuals responding more strongly to the
presence of the predator than others. But an equally
plausible hypothesis is that signals of predator presence
provide reliable information on risk that causes all
individuals to behave more uniformly. For example,
some individuals may be bolder than others at very low
predation risk, but when predation risk is greater, all
individuals may respond strongly and forage at a more
similar (reduced) rate. Thus the effect of predators on
individual differences that affect growth could be
positive or negative. Unfortunately, there is virtually
no information in the literature on how predators affect
expression of individual differences in prey phenotype.
Consequently, we first performed an experiment to
evaluate this question in order to refine our predictions.

Resource level also can affect size variation (Jobling
1983, Uchmanski 1985). Indeed, we have shown that size
variation of wood frog tadpoles increases with reduced
resource levels, causing slower growth (Peacor and
Pfister 2006; see also Wilbur and Collins 1973). Model
analyses, in which mean growth and size variation were
simulated, showed that at high resource levels (high
growth rate) size-variation decreased. Models based on
size-dependent factors explained the pattern between
mean size and size variation well, whereas even small
contributions from size-independent factors caused
model results to deviate from observed patterns (Peacor
and Pfister 2006). In contrast, at low resource levels (low
growth rate), size variation was much higher at the same
mean size than with high resource levels. In fact, size
variation increased as a function of mean size. There-
fore, at low resource levels, variation in individual
growth rates increased. Model analyses indicated that a
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Fic. 1. Illustration of treatment effects that lead to a
change in size variation with and without a change in relative
individual performance. The relative size variation (e.g., as
measured by the coefficient of variation) is plotted as a function
of mean size (note that units are arbitrary). In the base case
(solid circles), size variation decreases with growth. Two cases
are presented that lead to an increase in size variation relative to
the base case: reduced size variation with unmodified perfor-
mance (open squares) and reduced size variation with modified
performance (solid triangles). The curved arrow indicates a
putative treatment that reduced growth rate and size variation
such that the variation—mean size trajectory overlaps that of the
unmanipulated base case, whereas the straight arrow indicates a
treatment in which size variation changes and is a very different
value at the same mean size as the base case. This is an
important distinction when making inferences from size
variation. In the former, the manipulation changed the rates
of change in size and size variation but did not change how
individuals perform relative to each other, whereas in the latter
case both the rates of change and relative performance of
individuals were affected.

reduction in resource level could cause this effect by
influencing either size-dependent or size-independent
factors. These results suggest that if size-independent
factors are important, they will have a relatively larger
influence on size variation at low resource levels. This is
consistent with previous studies arguing that trait
variation in the ability to acquire (find and garner)
resources will have little effect on variation in growth if
resources are not limiting (since all individuals will
acquire sufficient resources), but will influence variation
in growth when resources are scarce (Uchmanski 1985,
Lomnicki 1988).

Integrating the ideas that resource level will affect the
relative contribution of size-dependent and size-inde-
pendent factors, and that predator presence may affect
each factor differently, we predict that a predator’s
effect on size variation may vary as a function of
resource level (i.e., context-dependent predator effect;
Fig. 2). At high growth rates (high resource levels) we
predict that the effects of predator presence on size
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Conceptual diagram of the nonlethal effect of a larval dragonfly predator on tadpole cohort size variation. Both size-

dependent and size-independent factors can affect size variation. The former will dominate at fast growth rates (high resource
levels), and therefore variation in growth is largely a function of size. The latter will dominate at slow growth rates (low resource
levels), and therefore variation is largely a function of trait differences (other than size). The predator influence on size-dependent
factors will be positive (note that this sign could be negative for other predator—prey interactions). Our experiment indicates that
the predator’s influence on size-independent factors is negative. Therefore, the larval dragonfly predator’s effect on size variation is

a function of tadpole growth rate.

variation will be positive due to the positive influence of
the predator on size-dependent factors (Fig. 2). At low
growth rates (low resource levels), we predict that the
effects of size-independent factors will be more pro-
nounced. Predator presence could increase or suppress
the expression of size-independent factors, which would
either augment or oppose the positive effect of the
predator due to size-dependent factors. In the latter
case, the predator could have a net negative effect on
relative size variation. Thus effects of the presence of a
predator on size variation could be positive or negative
depending on growth rate (resource level). The predic-
tions at low growth rates turn on both whether the
presence of predators affects size-independent factors
and in which direction.

PrREDATOR EFFECTS ON Si1ZE-INDEPENDENT FACTORS
Experimental methods

We designed the following experiment to determine if
among-individual differences in traits (other than size)
affect the development of size variation in bullfrog
tadpoles (Rana catesbeiana), and if predator presence
influences expression of these trait differences. The basic
approach was to quantify the intermixing (i.e., overlap
in distributions) of two initially distinct size classes
raised together, and determine how predator presence
affected this intermixing (Fig. 3). We expect that some

degree of intermixing will occur due to stochastic
processes or resource heterogeneity (see Predictions:
Prediction of context-dependent predator effect). Howev-
er, if growth is strictly a size-dependent process, then the
predator will have little or no effect on the degree of
intermixing of the two size classes. That is, the fraction
of overlap in the distributions of the size classes will
remain unchanged because the predator will not affect
the rank order of individuals. However, if individual
trait differences cause significantly differential growth
rates, this could lead to intermixing of the two classes, as
faster-growing individuals from the smaller size class
could achieve larger sizes than slower-growing individ-
uals from the larger size class. If the predator affects
expression of these trait differences, it will consequently
have an effect on the degree of intermixing due to size-
independent factors. This design tests for an effect of
size-independent factors above and beyond any effect
they may have had on the initial distribution. That is,
size-independent factors, and/or size-dependent effects
in combination with stochastic effects, may be respon-
sible for the initial generation of size variation. We
examine whether size-independent factors have any
additional effects after further growth.

The study was performed at the University of
Michigan’s E. S. George Reserve experimental pond
site in southern Michigan. Experiments were conducted
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Hypothetical distributions of the small- and large-group size classes in the experiment: (a) initial size distributions, and

(b) expected final size distributions due to size-dependent factors; and (c) expected distributions due to size-independent factors. If
variation in growth is influenced by size-dependent factors, then relative size variation (e.g., as measured by CV) of both groups
may decrease, remain unchanged, or increase, depending on size—growth scaling relationships. In all cases, however, there will be no
change in the rank order of individuals, and therefore the level of intermixing (IM) will be unaffected. In contrast, if variation in
growth is influenced by size-independent factors, there will be changes in rank order of individual within and between groups,
which will increase intermixing in addition to relative size variation within groups. Therefore the level of intermixing is an index of
the influence of size-independent effects. Note that this is idealized for clarity; we also expect stochastic effects to lead to
intermixing, and therefore size-independent effects would be expressed as an increase in intermixing above this effect.

in cylindrical 300-L wading pools filled with well water
and covered with 60% shade cloth to deter colonization
by aquatic insects and other frogs. Each pool contained
three predator cages constructed from slotted plastic
drainpipe (11 cm diameter X 10.5 cm length) with ends
enclosed by fiberglass window screening. On 1 August
2003, we added 100 g of dry oak leaves (Quercus sp.) to
each pool to provide physical complexity, 2 g of rabbit
chow to provide initial nutrients for tadpoles and
periphyton growth, and aliquots of phytoplankton and
periphyton collected from a nearby pond.

Tadpoles for the experiment originated from four egg
masses, collected from ponds at the Saline Michigan
Department of Natural Resources site. Hatchling
tadpoles were mixed and raised in three separate wading
pools and were fed rabbit chow. On 11 August, all
tadpoles were combined and sorted into “small group”
and “large group” size classes. In order to differentiate
the small- and large-group tadpoles, tadpoles from the
large group were anesthetized (using diluted clove oil)
and marked subcutaneously with red fluorescent elasto-
mer dye (Northwest Marine Technology, Shaw Island,
Washington, USA) on 12 August and 13 August. Large
tadpoles were chosen because they were easier to mark.
On 14 August we again scanned the populations and
removed the largest tadpoles from the small group, and
the smallest tadpoles from the large group to assure that
there was little overlap in size between the two groups. A

sample from these groups (N = 150) was weighed, and
the results indicated that there was very little overlap
between the two groups.

From these two groups of tadpoles, 30 small-group
unmarked tadpoles (mass =77.8 £ 8.6 mg; mean * SD)
and 30 large-group marked tadpoles (mass = 118.1 =
18.3 mg) were added to each wading pool on 14 August.
Resources were added through the experiment by
adding 6.7 g ground rabbit chow per pool per week
(divided into three equal rations per week). In half of the
pools, one larval Anax (dragonfly) predator was added
to each of the three cages. Each Anax was fed 3-5
bullfrog tadpoles (totaling 250-300 mg), three times per
week (as in, e.g., Peacor [2002]). We did not quantify the
effect of the predator on tadpole behavior, but
observations during feeding indicated that tadpoles
responded by reducing activity and spending more time
on pool bottoms in the presence of a predator, as
observed in numerous other experiments (e.g., Peacor
2002). There were five replicates for both treatments
(i.e., predator and no predator).

On 3 September, 19 days after initiation of the
experiment, tadpoles were dipnetted out of the pools,
sorted into marked and unmarked groups, and weighed
individually. If a large-group tadpole was unaccounted
for (i.e., when they were not all recovered), it was not
possible to know if it died or lost its mark. It would
therefore be possible to assign a large-group tadpole
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(with a missing mark) to the small-group. In order to be
conservative, if X large tadpoles were unaccounted for in
a pool, we discarded the largest X individuals from the
small group in the analysis (except when analyzing total
tadpole survival). The total number of tadpoles discard-
ed in this manner was 12 (6 in both predator
treatments), or on average 1.2 per pool (ranging from
0 to 3), and this procedure had little effect on the results.
We quantified the magnitude of the intermixing of the
small- and large-group tadpoles for each pool using a
“fraction intermixed” (FI) metric; i.e., the average
degree to which small-group individuals merged into
the large-group distribution. FI was computed as the
average proportion of large-group individuals that
small-group individuals were larger than as follows:

1 &

nsm 4=

FI =

N; (2)
1
where ng and n; are the final number of small- and large-
group individuals, respectively. N; is the number of
large-group individuals that were smaller than a
particular small-group individual, i. Thus FI is comput-
ed as follows: (1) for each small-group individual, count
the number of large-group individuals that are smaller,
(2) sum this value over all small-group individuals, and
(3) divide this sum by the product ngs, which is the total
number of combinations of small-group and large-group
individuals. The FI metric provides an intuitive picture
of the degree of intermixing; it is equivalent to the
average proportion of large (small) group individuals
that average small-group individuals are larger (smaller)
than. If there is no intermixing, FI is zero, whereas if
there is complete intermixing, FI is 0.5 (i.e., small-group
individuals are on average larger than half the large-
group individuals). Note that FI is the probability that a
small-group individual is larger than a large-group
individual. The initial intermixing was nearly absent,
as intended, with a value of FI = 0.002

We used Hotelling’s 77 test to examine the effect of
the predator on tadpole growth (mass increase), using
the small- and large-group tadpoles as two dependent
variables. Where significant, we examined each group
separately with a ¢ test. The same procedure was used to
examine the effect of the predator on CV in size. We also
used a ¢ test to examine the effect of predator presence
on survival (of all tadpoles in a mesocosm), the ratio of
growth of small- and large-group tadpoles, and the
degree of intermixing (FT).

One method to distinguish size-dependent and size-
independent effects is to mark and follow the growth of
individuals (Pfister and Stevens 2003). Although a
powerful approach, it is not always practical to collect
data repeatedly on the same individual. In our case, time
and resource constraints did not permit distinctive
markings of individuals. However, our methodology
allowed us to determine if size-independent factors were
important.

PREDATOR EFFECT ON COHORT SIZE VARIATION
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Results and interpretation

Survival of the tadpoles was very high, with only 11
(out of 600) tadpoles unaccounted for. Predator
presence did not affect tadpole survival (P = 0.59).
Therefore mortality did not confound predator effects
on the mean and on variation in size.

Small-group and large-group tadpoles grew to 192 =
54 g (mean = SD) and 266 * 72 g, respectively (Fig. 4a).
There was no effect of predator presence on mean
growth (Hotelling’s 7> test, F,7=10.94, P=0.44). The
fact that predator presence in this experiment had no
effect on mean tadpole growth (while still affecting
behavior) indicates that resource levels were relatively
low and limited growth. We have shown both theoret-
ically, and empirically in a number of experiments, that
a predator-induced reduction in tadpole foraging effort
will have a strong negative effect on prey growth at high
resource levels, grading to no effect at low resources
(Peacor and Werner 2000, 2004).

The predator had a strong negative effect on the
relative size variation (CV) within size groups (Fig. 4b,
Hotelling’s 77 test, F,7=29.0, P <0.001). This negative
effect was significant for both the small- and large-group
tadpoles (P < 0.001 for both groups). There also was a
substantial amount of intermixing (Fig. 4c), with FI
higher in the absence (0.30 = 0.013) than in the presence
(0.13 = 0.013) of the predator (P = 0.0012). The
predator effect on variation was further realized in the
ratio of the largest to smallest tadpole in a pool (Fig.
4d), which was 2.4-fold smaller in the presence of a
predator (P = 0.01).

The predator effect on size distributions and inter-
mixing are clearly evident in a histogram of the size
distributions (Fig. 5). In the presence of a predator, the
distribution is much narrower, with fewer unusually
large individuals for both the small- and large-group
tadpoles, and there is a marked decrease in intermixing
between small- and large group size classes. Note that the
median size of the small- and large-group distributions
are nearly identical in predator presence and absence
(0.822 and 0.829 for small-group tadpoles in predator
presence and absence, respectively, and 1.177 and 1.174
for large-group tadpoles in predator presence and
absence, respectively; Fig. 5). This indicates that whereas
predator presence had a large effect on the relative
performance of tadpoles (variation), it had no effect on
the mean performance of the two groups as a whole.

Two lines of evidence indicate that the predator
affected size variation by suppressing size-independent
factors. First, if predator presence reduced size variation
via size-dependent factors, then predator presence would
also reduce the difference in mean sizes between the
small and large groups, which was not observed.
Further, predator presence is predicted to increase, not
suppress, size variation resulting from size-dependent
factors (see Predictions.: Prediction of context-dependent
predator effect). In contrast, if predator presence led to
the observed reduction in size variation via size-
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FiG. 4. Effect (mean * SE) of caged Anax predators on bullfrog tadpoles: (a) average mass, (b) relative size variation (CV), (c)
fraction intermixing metric (FI), and (d) ratio of the largest and smallest tadpoles. In (a) and (b) the responses of small-group
(white) and large-group (gray) tadpoles are both shown, whereas responses in (c) and (d) are based on tadpoles from both groups.

independent effects alone, differential effects on individ-
ual growth within the groups responsible for the
decreased size variation should cancel out and not affect
the mean growth of each group, as observed.

Second, only size-independent factors, not size-depen-
dent factors, can account for the simultaneous increase
in CV of both the small- and large-group tadpoles and
the decreased level of intermixing seen when predators
are present (Fig. 3; see Predictions: Prediction of context-
dependent predator effects). We cannot envision how the
absence of the predator would increase the contribution
of stochastic or history effects on intermixing. In
addition an increase in history effects (e.g., large
tadpoles were placed in clove oil and marked, and then
placed in different pools the day before the experiment)
would not be associated with an increase in CV in both
small and large groups. Therefore this experiment
indicates a strong contribution of size-independent
factors on size variation, and that predator presence
reduces this contribution.

TESTS OF PREDICTIONS

These experimental results inform our predictions of
the influence of the predator on size variation. Recall
that we predicted that predator presence will have a
positive effect on size variation through size-dependent
effects at high growth rates. As growth rates decrease,
however, we predicted size-independent effects would
become increasingly important, and the experiment
indicated that predator presence suppresses variation
due to this factor. Consequently, we predicted that at
fast growth rates, the predator would have a positive
effect on the CV, and as growth rate decreases, the
positive effect will be reduced and potentially even be
reversed.

In order to test these predictions, we reviewed a
number of our experiments (most published) where we
could quantify cohort size variation. Some of these
experiments were not designed specifically to explore the
effect of predators on individual variation per se (see
Appendix for methods), but rather were conducted to
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examine the nonlethal effect of predators on tadpole
behavior, growth, and community organization. How-
ever, taken as a whole, these experiments present a
coherent pattern of the influence of predator presence on
individual variation for two additional species of anuran
larvae over a range of different growth rates. In order to
insure that patterns in variation were due to changes in
individual performance (for the reasons laid out in Fig.
1), we included only data from experiments where mean
mass in predator presence and absence was approxi-
mately equal (predator effect on mean mass <10%, with
two exceptions in which inclusion is conservative; see
Appendix). This constraint does not indicate that the
predator had little effect on tadpole behavior. Rather, in
all cases, the predator induced a reduction in the
foraging rate of the tadpoles. As noted earlier, if the
predator induces a reduction in the foraging rate of all
tadpoles in a population, theory and empirical research
indicate that the effect on mean tadpole growth rate can
be negative, small, or even positive, depending on
resource supply rates and the duration of the experiment
(Peacor and Werner 2000, 2004, Peacor 2002).
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We have data on two species of ranid anurans (the
wood frog, Rana sylvatica, and the green frog, R.
clamitans) encompassing a range of growth conditions
that can be used to test these predictions. Experiments
were all performed in either 300-L or 1100-L meso-
cosms. To mimic conditions of natural ponds, the
mesocosms were inoculated with phytoplankton, pe-
riphyton, and zooplankton. Dry leaves (predominantly
Quercus sp.) were added to provide physical complexity,
serve as a resource (detritus), and act as a substrate for
periphyton. In all cases, the predators were caged
dragonfly larvae (Anax spp.) that were fed the target
tadpole species (see Appendix for methods). To quantify
the predator effect on size variation, we calculated the
relative change in CV of tadpoles in predator presence
(i.e., [CV with predator absent — CV with predator
present]/CV with predator absent). We examined this
effect as a function of mean growth rate, calculated as
In(final mass/initial mass)/number of days, in predator
presence and absence.

First, consider the wood frog data taken from three
experiments (Appendix). In each of the experiments,
there was a trend of increasingly positive effects of the
predator on CV in treatments with higher growth rates
(Fig. 6a). Moreover, when all experiments were com-
bined, the overall relationship was strong and significant
(Fig. 6a; linear regression, F ; =19.0, P =0.003). Note
that the negative effects of the predator on the CV at the
lowest growth rate, and the positive effects at the higher
growth rates, were significantly different from zero (see
Appendix for statistics).

Data from two experiments using green frog tadpoles
illustrated the same pattern observed with wood frogs;
means of the relative change in CV again ranged from
negative to positive, and at increasing growth rates, the
predator effect on the CV was increasingly positive (Fig.
6b; linear regression, Fy s = 12.4, P =0.017). The range
of growth rates explored in these experiments was
narrower than those with the wood frog, which may be
responsible for the fact that the positive effects of the
predator at the highest growth rates and the negative
effects at the lowest growth rates were not significantly
different from zero (P > 0.1; Appendix). However, the
overall trend is significant and consistent with that of the
wood frog, even with the reduced range of growth rates.

DiscussioN

Understanding the mechanisms responsible for gen-
erating size variation in cohorts of organisms is critical
to understanding their population and evolutionary
dynamics. We have argued that these mechanisms can
be grouped into two broad classes, those that are size-
dependent (i.e., scale with body size), and those that are
size-independent (i.e., are a function of individual traits
largely unrelated to size). It is useful to distinguish these
two broad classes of mechanism because they can have
different effects on size variation in a cohort. Further,
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these factors can interact in ways that cause the effect of
a given factor on size variation to be context dependent.

We have shown that the presence of predators, which
have a wide range of important effects on mean prey
phenotypes (Lima 1998, Tollrain and Harvell 1999), can
lead to context-dependent effects on size variation. Our
experiment indicated that the presence of predators
suppressed the expression of variation in individual
traits. Based on this result, we predicted that the relative
effect of the predator on the CV in size of a cohort
would range from negative at low growth rates to
positive at high growth rates. These predictions were
borne out in examining results of a series of experiments
on two species of anuran larvae. We interpret this trend
as due to the different factors dominating at the different
growth rates. At high growth rates, size-dependent
factors dominate the effects on size variation. Because
vulnerability of the tadpoles declines with size (e.g.,
Eklov and Werner 2000), the predator acts to increase
size-dependent differences in growth (the scaling factor)
and therefore leads to an increase in the CV at high
growth rates. In contrast, at low growth rates when the
tadpoles are stressed due to resource limitation, size-
independent factors (based on traits such as activity,
assimilation rates, etc.) become relatively more impor-
tant. Because predator presence suppresses individual
variation in these traits, it suppresses cohort size
variation at low resource levels. Thus the relative
magnitude of size-independent and size-dependent
effects due to the predator can change with environ-
mental context and, in cases, reverse the effect of the
predator on cohort size variation relative to controls.
These effects are important as they have implications for
the development of cohort size variation and the
transparency of traits to natural selection.

Our results are likely quite general. Given the wide
range of systems where predators exhibit size selection of
prey, it is likely that size-dependent effects (that
influence the scaling factor) will have a strong impact
on cohort CV in many systems. For example, if
predators select larger individuals, then larger individ-
uals will exhibit stronger antipredator responses, which
come at the cost of reduced growth rate. Predator
presence will therefore act to decrease size variation by
reducing the relative scaling advantages of larger sizes.
However, if predators select smaller individuals, which
then exhibit stronger antipredator responses (e.g., as
with anuran larvae), this will increase the relative scaling
advantage of larger individuals. Ziemba et al. (2000)
have demonstrated this effect in cannibalistic tiger
salamander larvae, in which small larvae become less
active (forage less) in the presence of larger individuals,
thus increasing cohort size variation. Note that the net
predator effect on size variation will be a function of
both these nonlethal effects and size-selective predation.

Predators, however, also have a wide range of effects
on phenotypic traits of prey that are largely size
independent, e.g., activity levels, boldness, body form,
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guide. Note the difference in scale in the two figures.

and metabolic efficiencies (McPeek et al. 2001, Relyea
and Auld 2005; reviewed in Lima 1998, Tollrain and
Harvell 1999). Although there is a large body of
literature indicating the strong effect of predators on
the mean value of these traits, little is known about how
predators affect individual variation in expression of
these traits. We are aware of only one study that
indicates that predators affect variation in traits (i.e., in
traits other than size). Coleman and Wilson (1998)
showed that variation in time spent alone and time spent
in open water in pumpkinseed sunfish was higher in the
presence of bass predators. As we have shown here, the
presence of a predator also can suppress variation in
expression of phenotypic traits, which has a very
important impact on the CV in prey size, especially at
low resource levels. This in turn can have large effects on
population dynamics and the potential for selection.
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It is unclear from our experiment which phenotypic
trait or traits were responsible for the individual size
variation. It is possible that resource specialization is
responsible (e.g., Bolnick et al. 2003); for example
individuals may have different preferences for periphy-
ton growing on pool walls relative to the artificial
resources that primarily settle to the pool floor.
Alternatively, individual differences in activity level,
which have been shown to be positively related to
resource acquisition and growth across species (e.g.,
Relyea and Werner 1999), may be the trait responsible.
In a laboratory study, we have observed that individual
differences in activity level persisted in bullfrog tadpoles
for the duration of a two-week experiment (S. D.
Peacor, unpublished data). Similarly, a large and growing
literature documents individual “personality” differenc-
es (behavioral syndromes) in animals (Wilson 1998, Sih
et al. 2004). Often the behavioral traits examined in such
studies are associated with risk taking or boldness.
These traits have clear parallels with activity level, which
affects both resource acquisition rate and predation risk.

A number of theoretical studies show that incorpo-
rating individual variation in population models can
impact population dynamics (Lomnicki 1988, Conner
and White 1999, Pfister and Stevens 2003). Using an
individually based model, Grimm and Uchmanski
(2002; see also Uchmanski 1999) found that the stability
of the model population was strongly influenced by
variation in size and growth rate. Fox (2005) showed
that individual variation in demographic variables such
as size can be as important in reducing extinction risk of
small populations as increasing population density itself.
De Roos et al. (2003) found that incorporating size-
dependent predation and growth had profound effects in
size-structured models. Increased variation also can
have dynamical consequences by expanding resource
axes that mediate cannibalistic and competitive interac-
tions (Van Valen 1965, Roughgarden 1974, Bolnick et
al. 2003). Taken as a whole, these studies indicate that
incorporating individual variation can have substantial
effects on population dynamics, and therefore factors
such as predator presence that affect this variation could
be very important in influencing dynamics.

More specifically, our results indicate that the
presence of a predator could have large population
consequences to larval anurans through effects on
individual variation in size. It is well known that
threshold sizes are required to initiate metamorphosis
in anurans (Wilbur and Collins 1973), and that pond
drying can intercede during development and cause
wholesale mortality of anuran cohorts. Consider the
potentially strong effects on both population dynamics
and evolution in these anurans if drying intercedes when
cohort size structure is such that some fraction of the
population can metamorphose and escape the pond.
Our results indicate that even if the presence of a
predator had no effect on mean growth rate, it could
have an enormous effect on the fraction of the
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population that achieves the threshold required for
metamorphosis when drying occurred. This effect then
could influence population dynamics and selection,
possibly more strongly than the effects of mortality
due to predation.

Individual variation, of course, is the grist of the
evolutionary mill, and the fact that predators can have
important effects on expression of this variation has
potentially important implications for evolutionary
dynamics. The response of a trait to selection is a
function of its heritability, and phenotypic responses to
the presence of a predator can change this heritability by
altering the proportion of phenotypic variation ex-
plained by genetic variation (e.g., Fordyce 2006). For
example, if a trait such as boldness or activity level
exhibits large variation in the absence of a predator, and
one extreme is favored by local conditions, we would
expect rapid evolutionary change for the selected
phenotype. However, if the presence of the predator
suppresses such variation, we would expect much
weaker responses to selection on that trait. That is,
predators can affect the penetrance of alleles by
weakening the relationship between genetic variation
in behavioral type and growth, and therefore the
effectiveness of selection on the trait. Presence and
absence of the predator thus can cause temporal
variation in the heritability of traits (Fordyce 2006).
Alternatively, if the predator suppresses variation that is
strictly environmentally induced, this could increase
exposure of existing genetic variation and accelerate the
response to evolution. Effectively, the predator can
mask (or expose) variation to natural selection as well as
be a strong agent of natural selection itself.

The responses to predators also can have important
consequences for evolutionary responses to interactions
with other species. For example, high activity rates or
other traits enhancing growth rates can be important in
competitive interactions among species of anuran larvae
(Werner 1992). If a competing species is not as
vulnerable to the predator (e.g., is toxic or larger) or
does not respond in a parallel fashion, then plasticity in
responses by the focal species to a predator presents a
“moving target” to natural selection of adaptive
responses of the competing species. As Fordyce (2006)
points out, such plasticity in the focal species creates a
variable biotic environment for the competitor, which in
turn may favor the evolution of plasticity in the
competitor. This variable biotic environment reduces
the potential for trait-by-trait pairwise coevolution
between interacting species. Predator-induced changes
in individual variation also may have evolutionary
implications through effects on frequency-dependent
interactions. For example, variation in traits leading to
size variation can affect intraspecific competition, with
higher competitive effects on phenotypically intermedi-
ate individuals. This variation has implications for a
suite of evolutionary processes, including disruptive
selection, niche expansion, and adaptive radiation
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(Bolnick 2001). Clearly, if predator presence affects the
level of individual variation, it will in turn affect such
evolutionary processes.

In conclusion, we have shown that the presence of
predators interacting with resource levels can cause
context-dependent effects on variation in size among
cohorts of anuran larvae. By separating the effects into
those that scale with size vs. those that are independent of
size, we were able to understand how this context
dependence develops and predict the direction of the
effects. This perspective should help in understanding the
net consequences of the presence of predators on prey
populations. The history of predator—prey theory has
focused on the numerical impact of the predator on prey
populations through direct consumption of prey. More
recently it has become apparent that the nonlethal effects
of a predator (via predator-induced changes in prey
phenotype) can in many cases have equivalently strong
effects on the prey (or indirectly on species with which the
prey interacts; e.g., Werner and Peacor 2003). Our results
indicate a further mechanism whereby this nonlethal effect
of predators can be manifest and suggest that the mere
presence of predators can have important effects on
population dynamics and evolution of their prey. Given
the critical importance of variation in size in cohorts during
their ontogeny to both population dynamics and natural
selection, these mechanisms deserve further scrutiny.
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