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PREDATORS COME AND PREDATORS GO: THE REVERSIBILITY

OF PREDATOR-INDUCED TRAITS

Rick A. RELYEA?
Department of Biological Sciences, University of Pittsburgh, Pittsburgh, PA 15260

Abstract. While numerous studies have been conducted on the ecology and evolution
of phenotypic plasticity, to really understand plasticity we need to expose organisms to
different environments over several ontogenetic stages. In thisway, we can examine whether
organisms change their phenotypic strategy over ontogeny, whether there are devel opmental
windows that constrain the development of plastic traits, and whether behavior is more
reversible than morphology if the environment reverts back to its original state. | addressed
these questions by examining predator-induced plasticity in gray treefrog tadpoles (Hyla
versicolor). Using aquatic mesocosms, | reared tadpoles with a constant absence of pred-
ators, a constant presence of predators, and the addition or removal of predators at three
different times during their larval period. Tadpoles changed their phenotypic strategy over
ontogeny; early in ontogeny they responded to predators by hiding, reducing their activity,
and developing relatively deep tail fins. Later in ontogeny the tadpoles no longer employed
behavioral defenses but relied on a combination of greater mass, deeper tails, and shorter
bodies. The phenotypic changes were inducible throughout most of ontogeny, suggesting
that there were few developmental windows. Activity, tail depth, and body depth were
highly reversible early in ontogeny but less reversible later in ontogeny; because hiding
was only used early in ontogeny, | could not assessitsreversibility. Thisreversibility should
affect not only the induced species, but will likely transmit the effects throughout the larger

ecological community.
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INTRODUCTION

The ability of individuals to alter their phenotype in
response to environmental changes is a pervasive phe-
nomenon. Over the past century, and especially during
the past two decades, we have accumulated a vast
amount of data on phenotypic plasticity. We have de-
termined which organisms are plastic (nearly all are,
Travis 1994), which traits have greater ranges of plas-
ticity (e.g., behavioral vs. morphological traits [Relyea
2001a]), whether there are costs and benefits of alter-
native phenotypes (Wimberger 1991, Kingsolver 1995,
Dudley and Schmitt 1996, Van Buskirk and Relyea
1998, Relyea 2002a), and whether environmental in-
duction can have larger, community level effects (Wer-
ner and Anholt 1996, Beckerman et al. 1997, Relyea
2000).

A substantial portion of what we know about phe-
notypic plasticity comes from studies of predator- and
herbivore-induced defenses (Lima and Dill 1990, Weis
1992, Karban and Baldwin 1997, Kats and Dill 1998,
Tollrian and Harvell 1999). However, in much of this
work our focus has largely been on the induction of
organisms at a single ontogenetic stage. In a recent
review, Schlichting and Pigliucci (1998) argued that to
really understand the ecology and evolution of phe-
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notypic plasticity we need to examine phenotypes over
multiple ontogenetic stages. This more extensive ap-
proach has two primary benefits. First, by examining
phenotypes over ontogeny, we can observe how an or-
ganism’s phenotypic strategy changes over time (Pig-
liucci 1997, Baldwin 1999, Huber et al. 1999, Kou-
moundouros et al. 1999, Thompson 1999, Relyea and
Werner 2000). Some phenotypic changes (e.g., behav-
ior) might only be effective early in ontogeny or serve
as a short-term solution to predation or herbivory,
whereas other phenotypic changes (e.g., morphology)
might be more effective later in ontogeny or serve as
along-term solution. While numerous studies have ex-
amined predator-induced behavior or morphology at a
particular ontogenetic stage (Limaand Dill 1990, Toll-
rian and Harvell 1999), few have examined how prey
change these traits at multiple ontogenetic stages.
Second, by examining multiple ontogenetic stages,
we can determine whether there are periods during on-
togeny that restrict plastic responses to particular de-
velopmental stages (i.e. ‘‘developmental windows”
[Krueger and Dodson 1981, Hensley 1993, Leips and
Travis 1994]) and determine whether induced pheno-
types can be subsequently reversed. Because predators
are often heterogeneous in distribution and predator-
induced phenotypes typically have lower fitness when
predators are absent (Lima and Dill 1990, Tollrian and
Harvell 1999), natural selection should favor inducible
phenotypes at all points in ontogeny (providing that
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the prey remain vulnerable). However, developmental
constraints could prevent prey from being induced later
in ontogeny. In most studies of predator-induced plas-
ticity (particularly those examining morphological
plasticity), prey are exposed to predators early in on-
togeny to ensure that the prey will respond (Bronmark
and Miner 1992, Arnqvist and Johansson 1998, Mateo
and Holmes 1999, Relyea and Werner 2000). There-
fore, we frequently do not know whether prey can be
induced by predators later in life (but see Krueger and
Dodson 1981).

If the costs of antipredator phenotypes are substan-
tial, selection also should favor the reversal of anti-
predator phenotypes if the predators leave (Gabriel
1999). However, predator environments may place or-
ganisms on developmental trgjectories that cannot be
reversed even though there is selective pressure to do
so (Schlichting and Pigliucci 1998). Whereas some
types of environmentally induced traits can be re-
versed, suggesting an absence of constraints (Pfennig
1992, Piersma and Lindstrom 1997, Denver et al.
1998), few studies of predator-induced traits have as-
sessed the reversibility of behavior (Forward and Het-
tler 1992, DeMeester et al. 1994, L oose and Dawidow-
icz 1994, Yamada et al. 1998) and morphology (Kuhl-
mann and Heckmann 1994, Pettersson and Bronmark
1994, Tollrian and Dodson 1999).

Empirically testing predator-induced traits over on-
togeny requires a well-studied system, and larval an-
urans are an excellent choice. When predators are pre-
sent, tadpoles typically exhibit spatial avoidance, re-
duced activity, relatively large tails, and relatively
small bodies (Lawler 1989, Laurila et al. 1997, Van
Buskirk and Relyea 1998, Relyea 2001a, 2002b, d). In
this study, | exposed gray treefrog tadpoles to the con-
stant presence and absence of predators, as well as the
colonization and metamorphosis of predators at dif-
ferent pointsin time. | tested the following hypotheses:
(1) phenotypic strategies change over ontogeny, from
a dependence on behavioral defenses early in ontogeny
to a dependence on morphological defenses later in
ontogeny, (2) there are developmental windows that
restrict predator-induced responses to the early stages
of ontogeny, and (3) behavioral traits are reversible
while morphological traits are irreversible.

METHODS

I conducted the experiment using a completely ran-
domized design that simulated ponds with the follow-
ing conditions: (1) predators always absent, (2) pred-
ators always present, (3) predators initially absent but
subsequently colonizing at one of three times, or (4)
predators initially present but leaving the pond at one
of three times (i.e., metamorphosing). Thus, there were
eight treatments (each replicated four times) for atotal
of 32 experimental units. Predator colonization or
metamorphosis was simulated on days 6, 10, and 14,
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and the experiment was terminated after 18 d (the tad-
poles were approaching metamorphosis).

The experimental unitswere 100-L wading poolsthat
served as pond mesocosms. On 22 June, | filled the
pools with well water and added 100 g of leaves (pri-
marily Quercus spp.), an aliquot of pond water from a
nearby pond (a source of periphyton, phytoplankton,
and zooplankton), and 5 g of rabbit chow (to serve as
an initial nutrient source). On 26 June, | added 60 tad-
poles to each pool (60 tadpoles/m?, mean mass = 14
mg) from a mixture of four egg masses. Thisis on the
high end of natural densities (range = 1-90 tadpoles/
m?; R. A. Relyea, E. E. Werner, D. K. Skelly, and K.
L. Yurewicz, unpublished data), but newly hatched tad-
poles can be found at extremely high densities that
rapidly thin over time. Because | removed tadpolesover
time to quantify their morphology, my removal of tad-
poles simulated the natural condition.

Each pool was equipped with a single predator cage
(Relyea 2000), which permitted prey to detect the
chemical cues of the predators without being subjected
to actual predation (Petranka et al. 1987, Kats et al.
1988). Each cage contained either no predators or a
single dragonfly larva (Anax longipes) (see Plate 1).
Predators were fed ~1 g of treefrog tadpoles every two
days; in pools assigned the no-predator treatments, |
lifted the cages to equalize disturbance among all treat-
ments. To simulate predator metamorphosis and colo-
nization, | switched the predator and no-predator cages
between appropriate pools at the end of each time pe-
riod. This provided an efficient way of switching en-
vironments and reflected the natural situation of pred-
ators emerging from a pond and leaving their waste
products behind. Predators were fed after the cages
were switched.

| observed tadpole behavior (hiding behavior and
activity level) at the end of each time period by count-
ing the number of tadpoles that | could see in the pools
and the proportion of observed tadpoles that were ac-
tive (moving). | observed each pool 10 times and then
calculated the mean number of observed tadpoles and
the mean activity percentage for each pool. This has
proven to be avery effective protocol (Peacor and Wer-
ner 1997, Relyea 2002a, b).

| also collected 10 tadpoles from each pool at the
end of each time period and preserved them in 10%
formalin for subsequent morphological measurements.
The preserved tadpoles were placed under avideo cam-
era to project their image onto a computer monitor
using Optimas image analysis software (Bioscan, Both-
ell, Washington). Unlike past experiments in which |
have examined up to eight dimensions (Relyea 2000,
2001b, 2002c), in this experiment the results were rel-
atively complex (eight treatments sampled over four
time periods). Therefore, | restricted my analysisto the
two morphological traitsthat most consistently respond
to predators (tail depth and body length [Relyea 2000:
Fig. 1; also see Smith and Van Buskirk 1995, Mc-
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PLAaTE 1. An aeshnid dragonfly larva capturing an undefended tadpole (photo by Rick Relyea).

Collum and Van Buskirk 1996, Relyea 2000, 2001b,
Relyea and Werner 2000]).

The data were analyzed using a nested multivariate
analysis of variance (MANOVA). For most of the re-
sponses (i.e., mass, tail depth, and body length), a nest-
ed analysis was more appropriate than a repeated-mea-
sures analysis because sampled animals were not re-
placed. There was a significant multivariate interaction
of treatment and time, so | examined the univariate
responses within each time period. The most powerful
way to compare the predator and no-predator pheno-
types at each time period (for questions related to on-
togeny) was to use planned comparisons of all treat-
ments that possessed a constant presence or absence of
predators from the start of the experiment (e.g., during
the first time period four treatments had predators con-
stantly present and four treatments had predators con-
stantly absent). To compare the final phenotypes of the
treatments (for questionsrelated to developmental win-
dows and phenotypic reversibility) | used Fisher’s exact

TaBLE 1. Results of a nested multivariate analyses of var-
iance that examined the impact of switching predator and
no-predator treatments on the mass, behavior, and mor-
phology of gray treefrog tadpoles over time.

A) Multivariate tests

Source df F P
Treatment 35, 86 2.8 0.0001
Time 15, 188 48.3 <0.0001
Treatment X Time 105, 337 4.1 <0.0001
B) Univariate tests

Treatment

Trait Treatment Time X Time
Mass 0.113 <0.0001 0.303
Activity 0.011 <0.0001  <0.0001
Number observed 0.039 <0.0001 <0.0001
Tail depth <0.0001 <0.0001 <0.0001
Body length 0.001 <0.0001 0.023

test. Because survival was only quantified at the end,
| conducted a separate ANOVA on survival.

REsuULTS

Tadpole survival was relatively high (mean = 1 se
= 82 = 1%) and did not differ among treatments (F;.,
= 0.7, P = 0.656). There were significant multivariate
effects of both treatment and time as well as their in-
teraction (Table 1, Figs. 1 and 2). Univariate tests in-
dicated that tadpole mass increased over time but was
unaffected by the predator treatments, whereas the four
behavioral and morphological traits were affected by
treatment, time, and the interaction. (Unless stated oth-
erwise, P values listed below are from planned com-
parisons or final mean comparisons.)

During the first time period, | observed fewer tad-
poles with predators constantly present than with pred-
ators constantly absent (P < 0.00001; Table 1, Fig. 1).
However, in the subsequent three time periods, the tad-
poles were equally observable among all eight predator
treatments (three univariate tests, P > 0.25). Thus, hid-
ing behavior was used only early in ontogeny, pre-
venting any assessment of its reversibility.

Tadpoles constantly reared with predators were less
active than tadpoles constantly reared without preda-
tors during the first three time periods (P < 0.04), but
not by the end of the experiment (univariate test, P =
0.578; Table 1, Fig. 1). When predators colonized on
day 6, the tadpoles continued to maintain higher ac-
tivity than tadpoles raised with constant predators (day
10, P = 0.032) but converged by day 14 (P = 0.307).
When predators colonized on day 10, tadpole activity
converged with tadpoles raised with constant predators
by day 14 (P = 0.134). When predators metamorphosed
on day 6, the tadpoles rapidly increased their activity
to be similar to predator-free tadpoles by day 10 (P =
0.726) and day 14 (P = 0.798). When predators meta-
morphosed on day 10, tadpole activity was not different
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Fic. 1. The number of gray treefrog tadpoles observed (top panels) and the percentage of tadpoles observed that were
active (bottom panels) when tadpoles were reared in one of eight treatments. The treatments simulated either the constant
presence or absence of a predator (all panels), colonization by a predator into a pond (center panels), or metamorphosis of
a predator out of a pond (right panels). The number of tadpoles observed over time generally declines because 10 tadpoles
are removed at the end of each time period. Data are means + 1 sE.

from predator-free tadpoles on day 14 (P = 0.134). At
the end of the experiment, there were no differences
in activity among the eight treatments (univariate test,
P = 0.578). Thus, activity reduction was used only
early and midway through the larval period; during
these times, activity was completely reversible by the
end of the third time period (day 14).

During all time periods, predator tadpol es had deeper
tails than predator-free tadpoles (P = 0.00001; Table
1, Fig. 2). When | simulated predator colonization, tad-
pole tails converged to be similar to predator tadpoles
by the end of the experiment (for the three coloniza-
tions, P = 0.21, P = 0.07, and P = 0.27, respectively).
In some cases, this reversal occurred within four days.
When | simulated predator metamorphosis, tadpole
tails converged to be similar to predator-free tadpoles,
providing that metamorphosis occurred by the end of
the first or second time period (P = 0.79 and P = 0.34,
respectively). Again, this reversal was possible within
four days. If metamorphosis occurred by the end of the
third time period, tadpole tails did not converge (P <

0.00001). In summary, increased tail depth was used
as an antipredator strategy throughout the larval period.
When | colonized the mesocosms with predators, tail
depth was reversible. When predators metamorphosed,
tail depth also wasreversible, but only if predator meta-
morphosis occurred early to midway through the larval
period.

Tadpoles reared with and without predators had sim-
ilar body lengths at the end of the first time period
(univariate test, P = 0.299; Table 1), but predators
induced shorter bodies in subsequent time periods (P
< 0.03; Fig. 2). When | simulated predator coloniza-
tion, tadpole bodies converged to be similar to predator
tadpoles (P > 0.2), providing that the colonization oc-
curred by the end of the first or second time periods.
These reversals occurred within eight days. When col-
onization occurred at the end of the third period, tad-
pole bodies did not converge (P = 0.042). When |
simulated predator metamorphosis at any time period,
tadpole bodies converged to be similar to predator-free
tadpoles (P > 0.3) In summary, body length changes
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Fic. 2. The change in relative tail depth (top panels) and body length (bottom panels) when tadpoles were reared in one
of eight treatments. The treatments simulated either the constant presence or absence of a predator (all panels), colonization
by a predator into a pond (center panels), or metamorphosis of a predator out of a pond (right panels). Measurements were
made size independent by regressing the tail depth and body length of all individuals against mass and then saving the
residuals. Data are means + 1 st (see Fig. 1 for explanation of the dashed lines).

occurred midway to late in the larval period. The body
length changes were reversible when predators colo-
nized, but only if colonization occurred early or mid-
way through the larval period. Body length changes
also were reversible when predators metamorphosed
throughout the entire larval period.

DiscussioN

The experiment demonstrated that the tadpoles re-
sponded to predator cues over ontogeny by changing
their phenotypic strategies, and that the phenotypic re-
sponses were frequently reversible. Tadpoles initially
responded to predators by hiding, reducing their activ-
ity, and increasing their relative tail depth. Midway
through ontogeny, tadpoles no longer hid but continued
to reduce their activity, exhibited deeper tails, and be-
gan to exhibit shorter bodies. Later in ontogeny, tad-
poles responded to predators by altering only their mor-
phology. Increased hiding and reduced activity allow
prey to reduce their probability of encountering pred-
ators; however, this benefit comes at the cost of slower
growth and development when predators are absent

(Gerritsen and Strickler 1977, Juliano and Reminger
1992, Short and Holomuzki 1992, Semlitsch 1993,
Werner and Anholt 1993, Grill and Juliano 1996, Re-
lyea and Werner 1999, Relyea 2001c). Similarly, tad-
poles with relatively deep tail fins and short bodies are
better able to avoid predatory strikes, but this mor-
phological phenotype is slower growing when preda-
tors are absent (Van Buskirk et al. 1997, Van Buskirk
and Relyea 1998, Relyea 2001c, 2002a). In this study,
the predator treatments never affected tadpole growth,
which is a common result when there are no other
competitors in the system to consume the food left
behind (Relyea and Werner 2000, Relyea 2001a). In
studies of nonpredatory environments, phenotypically
plastic strategies commonly change over ontogeny
(Werner and Hall 1974, Arnquist and Johansson 1998,
Baldwin 1999, Persson and Christenson 2000).
Previous studies of predator-induced tadpoles over
ontogeny have been limited to morphological traits.
Like the gray treefrog larvae in this study, larval wood
frogs (Rana sylvatica) and leopard frogs (R. pipiens)
exhibit changes in tail depth and body Iength relatively
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early in ontogeny, and these changes are maintained
throughout the larval period (Relyeaand Werner 2000).
However, the inclusion of behavioral traits in the cur-
rent study demonstrates that gray treefrog tadpoles use
several defenses (both behavioral and morphological)
against predators early in ontogeny. As they increase
in mass, which further reduces prey vulnerability, (Van
Buskirk et al. 1997, Van Buskirk and Relyea 1998),
the morphological defenses and large size apparently
defend the tadpoles sufficiently to make the behavioral
responses no longer necessary. This same pattern also
has been observed in predator-induced fish (Carassius
carassius; Pettersson et al. 2000). Given that predator-
induced behavior and morphology both have growth
costs, this pattern suggests that the more rapid behav-
ioral responses may be more costly than the slower
morphological responses. This supports arguments that
tadpol e species from temporary ponds use greater mor-
phological defenses and weaker behavioral defenses,
because large behavioral defenses may reduce growth
to a point that would prevent timely metamorphosis
(Relyea 20014, c).

There were few developmental windows in the pred-
ator-induced traits of the tadpoles. Activity and mor-
phology were inducible at the beginning of the exper-
iment, when predators colonized on day 6, and when
predators colonized on day 10. After day 14, therewere
no behavioral responses to predators, so the presence
of developmental windows for behavioral defenses
could not be assessed. However, morphological de-
fenses continued after day 14; when predators colo-
nized late on day 14, the tadpoles were not able to
induce the full suite of morphological changes. Tad-
poles are vulnerable to predation from aeshnid drag-
onflies throughout a wide range of body sizes (Travis
et al. 1985, Richards and Bull 1990, Van Buskirk et al.
1997, Van Buskirk and Relyea 1998, Van Buskirk and
McCollum 1999), suggesting that there may be selec-
tive pressures to remove developmental constraints
and allow predator-induced responses throughout
much of ontogeny. The lack of developmental win-
dows throughout much of the larval period isin con-
trast to the predator-induced morphology of cladoc-
erans and bryozoans, which produce defensive spines
only when they are exposed to predatory cues in the
earliest ontogenetic stages (Krueger and Dodson 1981,
Harvell 1991). Similar developmental windows exist
for diet-induced tiger salamander larvae (Ambystoma
tigrinumy); younger larvae are more likely to be induced
than older larvae (Hoffman and Pfennig 1999).

Past authors have hypothesized that behavioral plas-
ticity isadistinct type of plasticity because it is highly
reversible, in contrast to morphological plasticity,
which is generally irreversible (West-Eberhard 1989).
In my study, the behavioral responses were completely
reversible. The morphological traits also were com-
pletely reversible as long as the environments changed
before the final time period. Thus, in gray treefrog tad-
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poles, there were only small differences in the revers-
ibility of behavioral and morphological traits. The re-
versibility of predator-induced behavior has been ob-
served frequently (Forward and Hettler 1992, De-
Meester et al. 1994, L oose and Dawidowicz 1994, Wibe
et al. 2001). In contrast, the reversibility of predator-
induced morphology has rarely been studied; it is com-
pletely reversible in three species of protists and one
species of cladoceran, and partially reversible in one
species of fish (Kuhlmann and Heckmann 1994, Pet-
tersson and Bronmark 1994, Tollrian and Dodson
1999). Studies of nonpredatory trait induction have
found that behavioral traits are generally easy to re-
verse, particularly those behaviors that simply involve
doing a repetitive behavior more or less frequently
(e.g., feeding, mating, scanning for predators; Krebs
and Davies 1997). While many nonpredatory morpho-
logical traits are irreversible (e.g., Day and McPhail
1996), a substantial number are rapidly reversible, in-
cluding changes in snail foot size (Littorina obtusata)
and shell shape (Nodilittorina australis) in habitats of
different tidal flow, seasonal fat loads in birds and
mammals, and changes in internal organ size in a va-
riety of vertebrate animals during migration, repro-
duction, or changesin diet (Powers 1907, Piersma and
Lindstrom 1997, Trussell 1997, Yeap et al. 2001).
When there are substantial costs of possessing a par-
ticular phenotype in the ““wrong’’ environment, selec-
tion should favor the evolution of reversibility (Gabriel
1999). However, at least three factors could determine
whether environmentally induced traits will be revers-
ible. First, reversibility should be favored when there
is a high probability that current environmental con-
ditions will revert back to previous environmental con-
ditions. For example, some prey experience relatively
constant predators (e.g., fish in alake) such that if the
predators are present early in ontogeny, then they are
likely to be present throughout ontogeny. In contrast,
other prey experience changing predator communities
over ontogeny (e.g., aquatic insect predators that meta-
morphose and leave ponds). When prey experience
predators that colonize the environment and then leave,
natural selection should favor phenotypic reversibility.
Second, morphological changes that involve simple
changes in relative shape as the organism grows may
be easier to reverse than changes that involve the re-
moval of complex structures. For example, tadpoles
develop relatively larger tails with predators present.
When predators leave the environment, the tadpoles
continue to grow over time and can revert to the no-
predator phenotype by preferentially shunting energy
for growth to the body, which makes the tail relatively
smaller. These options are likely not available to prey
species such as Daphnia, which develop predator-in-
duced spines; reversibility would require including re-
sorption of the spiny exoskeleton or an abscission of
the spines. Whileit is not clear whether these processes
require a more complex physiology, it is clear that we
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need more experiments in other taxa to begin to draw
generalities.

Third, organisms that are built modularly should
have less reversible morphology than organisms that
are not built modularly. For example, plants typically
grow modularly by committing tissues to specific func-
tions in response to environmental cues (e.g., stem
elongation) and then continue to build upon those tis-
sues with further stem, leaf, and flower growth. In this
case, the plant cannot go back and alter tissues that are
already committed to another functional role. Thus, a
plant that has grown tall cannot become short, and a
stem that terminatesin aflower (dueto day Iength cues)
cannot revert back to a terminal bud for future vege-
tative growth (Raven et al. 1986). In summary, while
there may be selective pressures to reverse environ-
mentally induced traits, frequencies of environmental
switching and underlying physiological mechanisms
may prevent the reversal from occurring.

While variable environments should favor pheno-
typic reversibility in a species, the effects of reversible
phenotypes may not be restricted to that species. En-
vironments that alter the phenotype of a species fre-
quently alter the competitive ability and predator re-
sistance of that species (Van Buskirk and Relyea 1998,
Relyea 2002a). As a result, per capita interactions be-
tween the induced species and the predators and com-
petitors in the community can change (i.e., trait-me-
diated indirect effects; Werner 1992, Wootton 1993,
Beckerman et al. 1997, Peacor and Werner 1997, Re-
lyea 2000, Relyea and Yurewicz 2002). When the en-
vironment changes but the induced phenotype is irre-
versible, the trait-mediated indirect effects should con-
tinue to operate. In contrast, when the environment
changes but the induced phenotype is reversible, the
trait-mediated effect should also reverse, causing the
community structure to move back toward its original
state. Whether the community moves completely back
to its original state will depend on the details of the
study system. This hypothesized community effect of
reversibility has yet to be tested.

CONCLUSIONS

This study demonstrated that the phenotypic strate-
gies can change over ontogeny and that these changes
are highly reversible in tadpoles. While we need many
more studies before we can draw any strong general-
izations about developmental windows and the revers-
ibility of predator-induced traits, the current work casts
doubt upon the commonly held assumption that plastic
behavioral traits are much more reversible than plastic
morphological traits. Future studies should investigate
the developmental biology underlying these phenotypic
reversals as well as the predicted impacts that revers-
ible traits have on the larger ecological community.

ACKNOWLEDGMENTS

I thank Keith Wittkopp for his assistance with the exper-
iment and Jason Hoverman for measuring the tadpoles.

RICK A. RELYEA

Ecology, Vol. 84, No. 7

Thanks also go to Ronald Nussbaum and Richard Alexander
for providing access to the E. S. George Reserve. Jason Hov-
erman, Laura Howell, April Randle, and Nancy Schoeppner
provided many helpful comments on the manuscript. This
work was supported by NSF grants DEB-9701111 and DEB-
9903761.

LITERATURE CITED

Arngvist, G., AND F Johansson. 1998. Ontogenetic reaction
norms of predator-induced defensive morphology in drag-
onfly larvae. Ecology 79:1847-1858.

Baldwin, I. T. 1999. Inducible nicotine production in native
Nicotiana as an example of adaptive phenotypic plasticity.
Journal of Chemical Ecology 25:3-30.

Beckerman, A. P, M. Uriarte, and O. J. Schmitz. 1997. Ex-
perimental evidence for a behavior-mediated trophic cas-
cadein aterrestrial food chain. Proceedings of the National
Academy of Sciences (USA) 94:10735-10738.

Bronmark, C., and J. G. Miner. 1992. Predator-induced phe-
notypical changein body morphology in Crucian carp. Sci-
ence 258:1348-1350.

Day, T., and J. D. McPhail. 1996. The effect of behavioral
and morphological plasticity on foraging efficiency in the
threespine stickleback (Gasterosteus sp.). Oecologia 108:
380-388.

DeMeester, L., J. Vandenberghe, K. Desender, and H. J. Du-
mont. 1994. Genotype-dependent daytime vertical distri-
bution of Daphnia magna in a shallow pond. Belgian Jour-
nal of Zoology 124:3-9.

Denver, R. J., N. Mirhadi, and M. Phillips. 1998. Adaptive
plasticity in amphibian metamorphosis: response of Sca-
phiopus hammondii tadpoles to habitat desiccation. Ecol-
ogy 19:1859-1872.

Dudley, S. A., and J. Schmitt. 1996. Testing the adaptive
plasticity hypothesis: density-dependent selection on ma-
nipulated stem length in Impatiens capensis. American Nat-
uralist 147:445-465.

Forward, R. B., and W. F. Hettler. 1992. Effects of feeding
and predator exposure on photoresponses during diel ver-
tical migration of brine shrimp larvae. Limnology and
Oceanography 37:1261-1270.

Gabriel, W. 1999. Evolution of reversible plastic responses:
inducible defenses and environmental tolerance. Pages
286-305inR. Tollrian and D. Harvell, editors. The ecology
and evolution of inducible defenses. Princeton University
Press, Princeton, New Jersey, USA.

Gerritsen, J., and J. R. Strickler. 1977. Encounter probabil-
ities, and the community structure in zooplankton: a math-
ematical model. Journal of the Fisheries Research Board
of Canada 34:73-82.

Grill, C. P, and S. A. Juliano. 1996. Predicting species in-
teractions based on behaviour: predation and competition
in container-dwelling mosquitoes. Journal of Animal Ecol-
ogy 65:63-76.

Harvell, C. D. 1991. Coloniality and inducible polymor-
phism. American Naturalist 138:1-14.

Hensley, F R. 1993. Ontogenetic loss of phenotypic plasticity
of age at metamorphosis in tadpoles. Ecology 74:2405—
2412.

Hoffman, E. A., and D. W. Pfennig. 1999. Proximate causes
of cannibalistic polyphenism in larval tiger salamanders.
Ecology 80:1076-1080.

Huber, H., S. Lukacs, and M. A. Watson. 1999. Spatial struc-
ture of stoloniferous herbs: an interplay between structural
blue-print, ontogeny and phenotypic plasticity. Plant Ecol-
ogy 141:107-115.

Juliano, S. A., and L. Reminger. 1992. The relationship be-
tween vulnerability to predation and behavior of larval tree-
hole mosquitoes: geographic and ontogenetic differences.
Oikos 63:465-476.



July 2003

Karban, R., and I. T. Baldwin. 1997. Induced responses to
herbivory. University of Chicago Press, Chicago, Illinos,
USA.

Kats, L. B., and L. M. Dill. 1998. The scent of death: che-
mosensory assessment of predation risk by prey animals.
Ecoscience 5:361-394.

Kats, L. B., J. W. Petranka, and A. Sih. 1988. Antipredator
defenses and the persistence of amphibian larvae with fish-
es. Ecology 69:1865-1870.

Kingsolver, J. G. 1995. Fitness consequences of seasonal
polyphenism in western white butterflies. Evolution 49:
942-954.

Koumoundouros, G., P. Divanach, and M. Kentouri. 1999.
Ontogeny and allometric plasticity of Dentex dentex (Os-
teichthyes: Sparidae) in rearing conditions. Marine Biology
135:561-572.

Krebs, J. R., and N. B. Davies. 1997. Behavioural ecology:
an evolutionary approach. Blackwell Science, Oxford, UK.

Krueger, D. A., and S. |I. Dodson. 1981. Embryological in-
duction and predation ecology in Daphnia pulex. Limnol-
ogy and Oceanography 26:219-223.

Kuhlmann, H.-W., and K. Heckmann. 1994. Predation risk
of typical ovoid and ‘winged’ morphs of Euplotes. Hydro-
biologica 284:219-227.

Laurila, A., J. Kujasalo, and E. Ranta. 1997. Different an-
tipredator behaviour in two anuran tadpoles: effects of
predator diet. Behavioral Ecology and Sociobiology 40:
329-336.

Lawler, S. P 1989. Behavioral responses to predators and
predation risk in four species of larval anurans. Animal
Behaviour 38:1039-1047.

Leips, J.,, and J. Travis. 1994. Metamorphic responses to
changing food levelsin two species of hylid frogs. Ecology
75:1345-1356.

Lima, S.L.,and L. M. Dill. 1990. Behavioral decisionsmade
under the risk of predation: a review and prospectus. Ca-
nadian Journal of Zoology 68:619—-640.

Loose, C. J.,, and P Dawidowicz. 1994. Trade-offs in diel
vertical migration by zooplankton: the costs of predator
avoidance. Ecology 75:2255-2263.

Mateo, J. M., and W. G. Holmes. 1999. Plasticity of alarm-
call response development in Belding's ground squirrels
(Spermophilus beldingi, Sciuridae). Ethology 105:193—206.

McCollum, S. A., and J. Van Buskirk. 1996. Costs and ben-
efits of a predator-induced polyphenism in the gray tree
frog Hyla chrysocelis. Evolution 50:583-593.

Peacor, S. D., and E. E. Werner. 1997. Trait-mediatedindirect
interactions in a simple aquatic food web. Ecology 78:
1146-1156.

Persson, H. J., and B. Christensen. 2000. Growth, morpho-
logical variation and ontogenetic niche shiftsin perch (Per-
ca fluviatilis) in relation to resource availability. Oecologia
122:190-199.

Petranka, J. W., L. B. Kats, and A. Sih. 1987. Predator—prey
interactions among fish and larval amphibians: use of
chemical cues to detect predatory fish. Animal Behaviour
35:420-425.

Pettersson, L. B., and C. Bronmark. 1994. Chemical cues
from piscivores induce a change in morphology in crucian
carp. Oikos 70:396—-402.

Pettersson, L. B., P A. Nilsson, and C. Bronmark. 2000.
Predator recognition and defence strategiesin crucian carp,
Carassius carassius. Oikos 88:200-212.

Pfennig, D. W. 1992. Proximate and functional causes of
polyphenism in an anuran tadpole. Functional Ecology 6:
167-174.

Piersma, T., and A. Lindstrom. 1997. Rapid reversible chang-
es in organ size as a component of adaptive behavior.
Trends in Ecology and Evolution 12:134-138.

REVERSIBILITY OF PHENOTYPIC PLASTICITY

1847

Pigliucci, M. 1997. Ontogenetic phenotypic plasticity during
the reproductive phase in Arabidopsis thaliana (Brassica-
ceae). American Journal of Botany 84:887—-895.

Powers, J. H. 1907. Morphological variation and its causes
in Ambystoma tigrinum. Studies from the University of Ne-
braska 7:197-270.

Raven, P H., R. F Evert, and S. E. Eichhorn. 1986. Biology
of plants. Worth, New York, New York, USA.

Relyea, R. A. 2000. Trait-mediated indirect effectsin larval
anurans: reversing competitive outcomes with the threat of
predation. Ecology 81:2278-2289.

Relyea, R. A. 2001a. Morphological and behavioral plasticity
of larval anuransin responseto different predators. Ecology
82:523-540.

Relyea, R. A. 2001b. The lasting effects of adaptive plastic-
ity: predator-induced tadpoles become long-legged frogs.
Ecology 82:1947-1955.

Relyea, R. A. 2001c. The relationship between predation risk
of different predators and the predator-induced, phenotypic
plasticity of their prey. Ecology 82:541-554.

Relyea, R. A. 2002a. Competitor-induced plasticity in tad-
poles: consequences, cues, and connections to predator-
induced plasticity. Ecological Monographs 72:523-540.

Relyea, R. A. 2002b. Costs of phenotypic plasticity. Amer-
ican Naturalist 159:272—-282.

Relyea, R. A. 2002c. Local population differences in phe-
notypic plasticity: predator-induced changes in wood frog
tadpoles. Ecological Monographs 72:77-93.

Relyea, R. A. 2002d. The many faces of predation: how
selection, induction, and thinning combine to alter prey
phenotypes. Ecology 83:1953—-1964.

Relyea, R. A., and E. E. Werner. 1999. Quantifying the re-
lation between predator-induced behavior and growth per-
formance in larval anurans. Ecology 80:2117-2124.

Relyea, R. A., and E. E. Werner. 2000. Morphological plas-
ticity of four larval anurans distributed along an environ-
mental gradient. Copeia 2000:178-190.

Relyea, R. A., and K. L. Yurewicz. 2002. Predicting com-
munity outcomes from pairwise interactions: integrating
density- and trait-mediated effects. Oecologia 131:569—
579.

Richards, S. J., and C. M. Bull. 1990. Size-limited predation
on tadpoles of three Australian frogs. Copeia 1990:1041—
1046.

Schlichting, C. D., and M. Pigliucci. 1998. Phenotypic evo-
lution: a reaction norm perspective. Sinauer, Sunderland,
Masschusetts, USA.

Semlitsch, R. D. 1993. Effects of different predators on the
survival and development of tadpoles from the hybrido-
genetic Rana esculenta complex. Oikos 647:40—-46.

Short, T. M., and J. R. Holomuzki. 1992. Indirect effects of
fish on foraging behaviour and leaf processing by the iso-
pod Lirceus fontinalis. Freshwater Biology 27:91-97.

Smith, D. C., and J. Van Buskirk. 1995. Phenotypic design,
plasticity, and ecological performance in two tadpole spe-
cies. American Naturalist 145:211-233.

Thompson, D. B. 1999. Genotype—environment interaction
and the ontogeny of diet-induced phenotypic plasticity in
size and shape of Melanoplus femurrubrum (Orthoptera:
Acrididae). Journal of Evolutionary Biology 12:38-48.

Tollrian, R., and S. |. Dodson. 1999. Inducible defenses in
Cladocera: constraints, costs, and multipredator environ-
ments. Pages 177-202 in R. Tollrian and D. Harvell, edi-
tors. The ecology and evolution of inducible defenses.
Princeton University Press, Princeton, New Jersey, USA.

Tollrian, R., and D. Harvell. 1999. The ecology and evolution
of inducible defenses. Princeton University Press, Prince-
ton, New Jersey, USA.

Travis, J. 1994. Evaluating the adaptiverole of morphological
plasticity. Pages 99-122 in P C. Wainwright, and S. M.



1848

Reilly, editors. Ecological morphology. University of Chi-
cago Press, Chicago, Illinois, USA.

Travis, J., W. H. Keen, and J. Julianna. 1985. The role of
relative body size in a predator—prey relationship between
dragonfly naiads and larval anurans. Oikos 45:59—65.

Trussell, G. C. 1997. Phenotypic plasticity in the foot size
of an intertidal snail. Ecology 78:1033-1048.

Van Buskirk, J.,, and S. A. McCollum. 1999. Plasticity and
selection explain variation in tadpole phenotype between
ponds with different predator composition. Oikos 85:31—
39.

Van Buskirk, J., S. A. McCollum, and E. E. Werner. 1997.
Natural selection for environmentally-induced phenotypes
in tadpoles. Evolution 52:1983—-1992.

Van Buskirk, J., and R. A. Relyea. 1998. Natural selection
for phenotypic plasticity: predator-induced morphological
responses in tadpoles. Biological Journal of the Linnean
Society 65:301-328.

Weis, A. E. 1992. Plant variation and the evolution of phe-
notypic plasticity in herbivore performance. Pages 140—
171inR. S. Fritz and E. L. Simms, editors. Plant resistance
to herbivores and pathogens. University of Chicago Press,
Chicago, Illinois, USA.

Werner, E. E. 1992. Individual behavior and higher-order
species interactions. American Naturalist 140:P5-P32.

Werner, E. E., and B. R. Anholt. 1993. Ecological conse-
quences of the trade-off between growth and mortality rates
mediated by foraging activity. American Naturalist 142:
242-272.

RICK A. RELYEA

Ecology, Vol. 84, No. 7

Werner, E. E., and B. R. Anholt. 1996. Predator-induced be-
havioral indirect effects: consequences to competitive in-
teractions in anuran larvae. Ecology 77:157-169.

Werner, E. E., and D. J. Hall. 1974. Optimal foraging and
the size selection of prey by the bluegill sunfish (Lepomis
macrochirus). Ecology 55:1042-1052.

West-Eberhard, M. J. 1989. Phenotypic plasticity and the
origins of diversity. Annual Review of Ecology and Sys-
tematics 20:249-278.

Wibe, A. E., T. Nordtug, and B. M. Jenssen. 2001. Effects
of bis(tributyltin)oxide on antipredator behavior in three-
spine stickleback Gasterosteus aculeatus L. Chemosphere
44:475-481.

Wimberger, P H. 1991. Plasticity of jaw and skull mor-
phology in the Neotropical cichlids Geophagusbrasiliensis
and G. Steindachneri. Evolution 45:1545-1563.

Wootton, J. T. 1993. Indirect effects and habitat use in an
intertidal community: interaction chains and interaction
modifications. American Naturalist 141:71-89.

Yamada, S. B., S. A. Navarrette, and C. Needham. 1998.
Predation induced changes in behavior and growth rate in
three populations of the intertidal snail, Littorina sitkana
(Philippi). Journal of Experimental Marine Biology and
Ecology 220:213-226.

Yeap, K. L., R. Black, and M. S. Johnson. 2001. The com-
plexity of phenotypic plasticity in the intertidal snail No-
dilittorina australis. Biological Journal of the Linnean So-
ciety 72:63-76.



