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BEHAVIORAL AND LIFE-HISTORICAL RESPONSES OF
LARVAL AMERICAN TOADS TO AN ODONATE
PREDATOR!
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Abstract. This study examines the responses of larval American toads (Bufo ameri-
canus) to the non-lethal presence of an odonate predator (4nax junius). We performed a
laboratory experiment where toad larvae were raised at four food rations crossed with the
non-lethal presence (i.e., constrained Anax) and absence of the predator. Tadpoles facul-
tatively responded by metamorphosing at smaller sizes in the presence of the predator and
at lower food rations. Tadpoles also responded behaviorally to the presence of predators
by reducing activity and altering spatial distribution. These latter reactions appeared to
contribute to reduced growth rates in the presence of the predator at a given food level.
We attempted to separate the effect of the predator on size at metamorphosis into com-
ponents due to the effect on growth and to more direct effects of the predator, by comparing
size at metamorphosis for individuals growing at the same rate in the presence and absence
of the predator (i.e., at different food levels). Our data suggest that the metamorphic response
may be mediated primarily through the behavioral effects on growth, which then affect
size at metamorphosis. These results are consistent with theories of amphibian metamor-
phosis that predict that size at metamorphosis should depend on the relation between
growth opportunities and risk of mortality in the larval and adult habitats. We discuss the
importance of non-lethal effects of predators on prey performance, species interactions,

and the evolution of prey defenses.
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INTRODUCTION

It has recently become apparent that many prey re-
spond facultatively to the presence of their predators.
The reported responses have typically been of two sorts,
behavioral (e.g., Peckarsky 1980, Sih 1982, Werner et
al. 1983, Dill and Fraser 1984, Schmitt and Holbrook
1985, Holomuzki 1986, Morin 1986, Werner and Hall
1988) and morphological (e.g., Grant and Bayly 1981,
Krueger and Dodson 1981, Hebert and Grewe 1985,
Kuhlman and Heckmann 1985, Lively 1986, Stem-
berger and Gilbert 1987). In some cases investigators
have attempted to measure the costs involved in the
alteration of behavior or morphology in order to de-
termine if trade-offs exist and to test a growing body
of theory that predicts the appropriate response, given
specified costs and benefits (Gilliam and Fraser 1987,
Brown 1988). It is now clear that such facultative re-
sponses are widespread among different taxa, and often
represent an adaptive response to variation in space
and time of the presence of mortality risk imposed by
predators (see review by Sih [1987]).

Life history theoreticians have also explored the ef-
fects of predators on characteristics such as size at ma-
turity or reproductive effort (e.g., Gadgil and Bossert
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1970, Lynch 1980). A number of studies present evi-
dence that the mortality imposed by predators has had
an effect on the evolution of life history attributes (see
review by Lynch [1980]). However, it has rarely been
shown that prey respond in a facultative way to the
presence of predators by altering life history characters
(for exceptions see Minchella and Loverde 1981, Dod-
son and Havel 1988, Van Buskirk 1988, Wilbur and
Fauth 1990). If such plasticity exists, it provides an
important opportunity to test the predictions of life
history models in ecological time without recourse to
the usual comparative evolutionary studies.

In this study we explore the non-lethal effects of the
presence of a predator, larvae of the odonate Anax
Jjunius, on life history and behavioral characteristics of
the American toad, Bufo americanus. Size at meta-
morphosis is a critical life history attribute of am-
phibians (e.g., Berven and Gill 1983, Smith 1987), and
has long been known to be a phenotypically plastic
character that changes with resource levels or growth
rates in the larval stage (Wilbur and Collins 1973). We
experimentally demonstrate that size at metamorpho-
sis also changes in the non-lethal presence of Anax (see
also Van Buskirk 1988, Wilbur and Fauth 1990). We
further examine this response across a gradient of re-
source levels (growth rates), and discuss possible mech-
anisms leading to the changes in size at metamorpho-
sis. Some of these possible mechanisms involve
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Fic. 1. Hypothetical u/g curves as a function of body size

for aquatic (u,/g,) and terrestrial (1,/g,) phases of the toad life
history. Metamorphosis is predicted to occur at the intersec-
tion of the two heavy-lined curves (at y), so that individuals
always minimize u/g. Factors that degrade the quality of the
larval environment should increase u,/g, (upper thin-lined
curve) and lead to reduced metamorphic size (y to x). In-
creases in the quality of larval habitat should decrease p,/g,
(lower thin-lined curve) and thereby increase metamorphic
size (¥ to z). u = size-specific mortality rate; g = size-specific
growth rate.

behavioral responses to the presence of Anax, allowing
us to relate life history and behavioral responses to
each other, and to speculate on their joint consequences
to larval toads.

Larvae of American toads occur in a wide range of
habitat types from small ephemeral pools to the mar-
gins of permanent lakes (Beiswinger 1975, Collins and
Wilbur 1979). Larval Bufo co-occur with Anax pri-
marily in fishless ponds of sufficient duration to allow
completion of the odonate’s larval stage (Brockelman
1969, Formanowicz and Brodie 1982, Van Buskirk
1988, E. E. Werner, S. A. Cortwright and D. K. Skelly,
personal observation). Anax larvae are large (reaching
60 mm body length) sit-and-wait predators that use a
protrusible labium to capture prey across a wide range
ofinvertebrate and vertebrate taxa (Caldwell et al. 1980,
Brodie and Formanowicz 1983). Anax is a voracious
predator on larval anurans, and appears to be an im-
portant predator on Bufo where they co-occur; Brock-
elman (1969) reported that mortality rates of larval
Bufo caged in a natural pond were directly correlated
with the density of larval odonates, including Anax.
Though some Bufo tadpoles are unpalatable to some
predator types (Brodie et al. 1978, Kruse and Stone
1984), virtually all Anax brought into the laboratory
attacked Bufo, and two-thirds of the Anax consumed
all individual tadpoles completely (D. K. Skelly and
E. E. Werner, personal observation).
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THE HYPOTHESIS

Size at metamorphosis in amphibians should reflect
the balance of growth potentials and mortality risks
experienced in the aquatic and terrestrial stages (Wil-
bur and Collins 1973, Werner 1986, 1988). Gilliam
(1982) showed that when vital rates are size dependent
and time invariant, pre-reproductive individuals for-
aging under predation risk maximize fitness () by min-
imizing the ratio of size-specific mortality (x) and growth
(g) rates. Thus, the optimal size to shift habitats during
the ontogeny is when the quantity u/g in the current
habitat first exceeds u/g in the prospective habitat.
Plausible u/g curves for the aquatic (larval) and ter-
restrial (adult) life history stages of an amphibian are
presented in Fig. 1 (see Werner [1986] and references
cited therein for justification of the shapes of the curves).
Addition of a predator to the larval habitat would in-
crease mortality in the aquatic habitat (z,) and thereby
elevate the aquatic u/g curve, predicting a decrease in
metamorphic size (Fig. 1). Similarly, an increase in
larval resources would increase larval growth rate g,
lowering the u,/g, curve and predicting an increase in
metamorphic size. In general, if a larva can in some
fashion estimate p and g and facultatively respond,
factors that increase the quality of the larval environ-
ment, either by increasing growth rate or decreasing
mortality rate, should lead to a larger size at meta-
morphosis. Conversely, factors decreasing the quality
of the larval environment should lead to a decrease in
size at metamorphosis.

Perception of predation risk may also induce be-
havioral responses, such as changes in activity level or
habitat use, that reduce g, as well (e.g., Werner et al.
1983). In this case any reduction in metamorphic size
could be due to the combination of a response directly
to the presence of the predator (perception of increased
i) and a response to the behaviorally mediated re-
duction in growth rate (perception of decreased g,). In
order to isolate the “direct” effect of the predator it is
necessary to compare larvae at identical growth rates
in the presence and absence of the predator. We em-
ployed a series of food rations crossed with the presence
and absence of predators in an attempt to isolate this
“direct” effect. The relationship between food level
(growth rate) and size at metamorphosis has been
demonstrated many times (e.g., Wilbur 1977, Travis
1984, Alford and Harris 1988); our interest in manip-
ulating food concerned possible interactions with the
effects of the presence of predators.

Duration of the aquatic stage is another life history
attribute of amphibians that has often been examined
in relation to metamorphic size (e.g., Wilbur 1984).
The u/g model makes no simple prediction about
changes in larval period; larvae experiencing an in-
crease in predation risk are expected to reduce meta-
morphic size (Fig. 1), but larval period may be shorter,
the same, or longer, depending on the relative growth
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rates in the safer and more predator-rich environ-
ments. For instance, if behavioral response to increased
mortality risk from predators results in a greatly de-
creased growth rate, it may actually take longer to reach
the smaller metamorphic size predicted by the u/g
model. However, if larvae experience similar growth
rates in both safer and more dangerous environments,
the decrease in larval size predicted in the presence of
the predator necessarily must be associated with a
shorter larval period.

METHODS

The experimental design was a 2 X 4 randomized
complete block design with treatments being the pres-
ence (P) or absence (NP) of the predator (4nax) crossed
with four food levels (I-1V) replicated three times in
separate blocks (A, B, and €). Twenty four experimental
units (14 x 25 x 11 cm plastic containers each filled
with 2.4 L of water) were established in three biocks
of eight containers each on a single laboratory bench.
Within each block, treatments were assigned at random
to a location within the 2 X 4 grid. All containers were
fitted with a cylindrical predator cage (7.5 x 2.8 cm)
constructed of aluminum wire and plastic mesh cov-
ered with a sleeve of fiberglass window screening. This
assembly was suspended from a dowel in one end of
the container. Cages were placed in the containers on
day 3 of the experiment. A single fluorescent lamp
suspended above the containers provided a 14:10 light :
dark cycle. Temperature was 20.4 + 0.4°C (mean =
1 sg, n = 42) and ranged from 15.5 to 26.0° over a
period of the experiment. At no point in time did mea-
sured temperatures in the containers differ by >0.6°C.

Recently hatched Bufo larvae were collected on 21
May 1988 from a marshy habitat adjacent to Dreadful
Hollow (Collins and Wilbur 1979) on the Edwin S.
George Reserve near Pinckney, Livingston County,
Michigan. Larvae were collected from a single aggre-
gation of similar-sized individuals probably repre-
senting a single clutch. Two hundred and forty larvae
were selected by eye to be uniform in size, and indi-
viduals were haphazardly assigned to an experimental
container at a density of 10 individuals per container.
Size of the larvae (snout-vent length, mean + 1 sp =
0.36 + 0.02 mm; n = 20) and knowledge of chorusing
dates of toads in this habitat suggested that the tadpoles
had hatched =4 or 5 d prior to initiation of the ex-
periment. Three tadpoles that died before day 9 were
immediately replaced with comparably sized individ-
uals; we did not replace individuals that died subse-
quently.

Late-instar Anax were collected periodically from a
local lake, and were fed either Pseudacris spp. or Bufo
tadpoles prior to being placed in P-treatment cages
(each Anax was fed the same type of tadpole on a given
date). Since Anax were fed prior to introduction into
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the containers we cannot and do not attempt to make
any distinction between the effect of the presence of
Anax itself, and the effect of the presence of alarm
substances associated with predation on tadpoles (sen-
su Hews 1988; see also Petranka 1989). Anax were
placed in P-treatment cages on day 3 of the experiment
and were replaced = every 3 d. Of 122 Anax rotated
through the experiment (some individuals were used
more than once) only 7 died before being removed
from the cage. During one 24-h period (on days 23 and
24) the fiberglass screen sleeves were removed from
the predator cages in the three highest food treatments
in order to reduce surface area for bacterial growth
(tadpoles were too large to fit through the mesh of the
cages at these food levels). However, sleeves were im-
mediately replaced when it was discovered that Anax
could kill the tadpoles through the mesh (see Results:
Survivorship).

Size-specific food rations were modeled after those
of Alford and Harris (1988), and the four levels (I
through IV) were 1/20, 1.66/20, 2.33/20, and 3/20 of
tadpole mass per day. Food levels I and IV correspond
to low- and high-food treatments of Alford and Harris
(1988). Tadpole mass was estimated by measuring tad-
pole volume (density measured at several sizes was
indistinguishable from 1.00 g/mL, D. K. Skelly and E.
E. Werner, personal observation). Estimating mass from
volume allowed rapid processing of animals, mini-
mizing disturbance- and handling-induced mortality.
Food consisted of a 3:1 mixture of Purina Rabbit Chow
to TetraMin Fish Flakes (Alford and Harris 1988),
finely ground with a mortar and pestle. Rations were
weighed to the nearest milligram.

Tadpoles across all treatments were initially given
0.5 mg of food per tadpole per day for days O and 1.
Food treatments were established on day 2 based on
average tadpole mass (20 mg) calculated from a sample
of tadpoles collected simultaneously with the experi-
mental animals. A subsample of tadpoles from across
treatments was used to obtain a mass estimate (26 mg)
on day 8 to generate size-specific rations. Mass esti-
mates from day 14 on were made separately for each
food treatment by measuring the total volume of tad-
poles in each of the containers (both P and NP) at a
food level, and determining the mean volume per tad-
pole. Thus, all containers within a food level received
the same ration (scaled to the number of individuals
present) regardless of predator treatment. Feeding in-
tervals were initially 6 d, but were reduced to 3 d on
day 20 and finally to 1 d on day 25 to counteract fouling
of the water at higher food levels. Estimates of tadpole
mass were made on days 14, 20, 26, 32, and 44. Well
water (aged at least 8 h prior to introduction) in ex-
perimental containers was changed on days 8, 14, 20,
23, 24, 26, 29, 30, 32, 38, 44, 50, 52, 54, and 58 of
the experiment.

The effects of treatments on activity and spatial dis-
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TaBLE 1. Responses of larval Bufo americana to four dif-
ferent food levels in the presence (P) or absence (NP) of a
caged dragonfly (4nax) predator. n = the number of sur-
vivors (i.e., metamorphs) from that container.

Response
(container mean * 1 SE)
* Mass at
Treatment forelimb
Pred- Food emergence Larval period
ator level Block n (mg) @)
NP I A 8 1433 x159 454 33
B 10 83.5+6.3 40.1 £ 1.2
c 10 108.1 £ 12.3 40.7 £ 23
I A 10 181.6 + 10.8 33.8 £0.5
B 10 156.2 £ 11.5 350=x0.5
c 10 173.7 £ 94 350 £ 0.7
1 A 10 2129 + 9.8 325 +0.2
B 10 200.4 = 8.9 33502
c 9 2148 + 12.1 33.8 + 04
v A 3 2003x127 33.0=x03
B 7 2457+ 192 33.6 £ 0.7
c 2 2625+495 323 +0.8
P I A 9 920+175 393+ 21
B 9 949 94 422+ 1.9
c 10 977+ 43 40.9 = 2.2
I A 8 1444+ 58 327 £ 04
B 8 1388 +124 358+ 13
c 10 170.8 =+ 13.8 348 = 0.6
I A 8 2128+ 7.0 328+ 0.3
B 9 1843 + 34 329 +0.3
C 10 1966 + 11.8 327 £0.2
v A 3 163.0+ 330 36.7+35
B 4 2490+ 194 321 0.1
C 7 233.6 + 8.5 326 £ 0.3

*] = lowest, IV = highest. Blocks and other aspects of
experimental design are described in Methods.

tribution of tadpoles were quantified during the ex-
periment. Activity was measured by counting the num-
ber of tadpoles in a container swimming at a given
point in time. Spatial distribution was measured by
counting the number of tadpoles in the half of the
container opposite the predator cage. Counts were con-
verted to percentages for purposes of comparison. Dis-
tribution was measured from days 5 through 20. Tad-
pole activity was measured from days 15 through 20.
Distribution measurements were made on 32 occa-
sions (range: 0 to 3 times daily) and activity measure-
ments on 16 occasions (range: 1 to 3 times daily). Mea-
surements made beyond day 20 were not included in
analyses because tadpoles noticeably altered their be-
havior in the presence of the observer later in their
ontogeny.

Metamorphosis was defined as the point when at
least one forelimb had emerged (Gosner Stage 42, Gos-
ner 1960). Forelimb emergence represents an unam-
biguous mark of metamorphic climax among anurans
(e.g., Wilbur 1977, Smith 1983, Alford and Harris
1988), and it is the stage at which Bufo ceases feeding
until metamorphosis is completed (Beiswinger 1972).
In addition, mass at forelimb emergence is highly cor-
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related (r = 0.90) with mass at tail resorption in this
species (D. K. Skelly and E. E. Werner, personal ob-
servation). Containers were checked twice daily during
the period when tadpoles metamorphosed, and indi-
viduals with erupted forelimbs were immediately re-
moved and weighed to the nearest milligram.

Except where noted, container means were used as
response variables in all statistical analyses. Mass at
forelimb emergence and larval period were log-trans-
formed to homogenize variances among replicate
means. In both cases Pearson correlation coefficients
indicated that the log transformation greatly reduced
correlation between treatment means and standard de-
viations calculated across blocks. Activity and distri-
bution (reported as proportions) were angularly trans-
formed for statistical analyses.

RESULTS
Survivorship

Overall survivorship until forelimb emergence was
80.8%. The majority of deaths occurred at the highest
food level (IV), apparently due to fouling of the water
(Table 1). Eight tadpoles in five different containers
were killed by Anax through the cage mesh during the
24-h period when the fiberglass screen sleeves were
removed in an effort to reduce surface area for bacterial
growth.

Metamorphic responses

Tadpoles in the presence of Anax metamorphosed
at significantly smaller sizes, as did those receiving

TABLE 2. Results from three-way ANOVAs without repli-
cation of treatment effects on log-transformed values of two
response variables.

a. Mass at forelimb emergence (mg)

(Model
Sum of R?*=0.98)

Source of variation df squares F P
Predator treatment 1 0.0124 6.33 0455
Food treatment 3 04357 7381 <.0001
Block 2 0.0064 1.65 .2693
Predator x Food 3 0.0006 0.16 9186
Predator x Block 2 0.0088 2.25 .1866
Food x Block 6 0.0403 3.41 .0803
Error 6 0.0118

Total 23 0.5166
b. Larval Period (days)

(Model
Sum of R?2=0.94)

Source of variation df squares F P
Predator treatment 1 0.0001 0.02 .9002
Food treatment 3 0.0320 30.53 .0005
Block 2 0.0001 0.09 9168
Predator x Food 3 0.0002 0.24 .8681
Predator x Block 2 0.0001 0.02 9786
Food x Block 6 0.0017 0.83 .5881
Error 6 0.0021

Total 23 0.0362
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TaAsLE 3. Results from 3-way ANOVA without replication
of treatment effects on arcsine-transformed tadpole distri-
bution measurements over days 5-20 (model R? = 0.82).*

ANTIPREDATOR RESPONSE IN TOADS

Sum of
Source of variation df  squares F P
Predator treatment 1 417.83 18.39 .0052
Food treatment 3 14.26 0.21 .8864
Block 2 84.25 1.85 .2360
Predator x Food 3 20.78 0.30 .8213
Predator x Block 2 20.41 0.45 6579
Food x Block 6 69.86 0.51 7820
Error 6 136.30
Total 23 763.69

* Spatial distribution is measured as % of tadpoles in the
half of the container opposite the predator cage.

lower food rations (Table 2a). There was no interaction
between predator and food treatments. Overall, pres-
ence of Anax resulted in a 9.1% decrease in individual
mass at forelimb emergence, while food-level 1 tad-
poles were 54.2% smaller than level IV tadpoles when
they metamorphosed. Tadpoles in block A of food level
1V actually metamorphosed smaller than their coun-
terparts in food level III, contributing to the near sig-
nificance of the food x block interaction (Table 2a).
Death of the majority of the tadpoles in both of the
food-level IV containers in block A may have led to
this pattern (Table 1).

Presence of Anax did not affect larval period, but
food level had a highly significant effect (Table 2b).
Tadpoles from food-level I had 23.2% longer larval
periods than tadpoles in the other three food levels (see
Table 1).

Behavioral responses

Spatial distribution of tadpoles was significantly af-
fected by predators (Table 3). During days 5 through
20 an average of 70.2% of the tadpoles were on the
opposite side of the container from the predator cage
in the presence of Anax compared to 56.2% in its ab-
sence. There was no evidence of any relationship be-
tween food level and tadpole distribution. However,
distributional patterns exhibited a definite temporal
trend that was apparently related to the feeding regime
(Fig. 2). During the period when we observed tadpole
distributions, there were two consecutive 6-d food ra-
tions presented (on days 8 and 14). In both instances
food addition was associated with an increase in use
of the side of the container opposite the predator cage
by tadpoles with Anax. This effect gradually dimin-
ished over time, and by the fourth day tadpoles were
distributed similarly in both P and NP treatments.

Tadpole activity was decreased 41% in the presence
of Anax compared to when Anax was absent (mean %
active: 17.8% vs. 30.1%) from day 15 through 20 (Table
3). Food effects on activity were not significant (P =
.1122, Table 4), but there was a suggestion that tadpoles
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Fi6. 2. Distribution of tadpoles within containers with
caged predator present (P) and absent (NP) over days 5-20.
Presentation of 6-d rations is indicated by hollow bars along
the x axis at days 8 and 14. Each point represents the mean
of all 12 containers within that predator treatment at that
observation time. Standard error bars are not included for
clarity of presentation.
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were less active at the lowest food level (I) than at the
other three (Fig. 3).

Correlations between tadpole activity and growth
rate were explored by relating activity over days 15—
20 to mean daily growth rate over days 14-20. The
model for this analysis should use growth rate as re-
sponse, activity as covariate, and food and predator
treatments as class variabies. However, predator treat-
ment had a strong effect on activity (the covariate), and
as a result the effect of predator treatment on growth
and the interaction between predator and food treat-
ments on growth would be underestimated (Neter et
al. 1985). In order to avoid this problem, analyses of
covariance were performed separately on P and NP
treatments to examine the effects of activity on growth
rate. P tadpoles that were more active grew faster, as
did those at higher food levels (Table 5a, Fig. 4a). In
contrast, NP tadpoles grew faster at higher food levels

TABLE 4. Results from three-way ANOVAs without repli-
cation of treatment effects on arcsine-transformed tadpole
activity measurements over days 15-20 (model R? =(.82).*

Sum of
Source of variation df squares F P
Predator treatment 1 411.01 9.77 .0205
Food treatment 3 388.20 3.07 1122
Block 2 125.29 1.49 .2986
Predator x Food 3 28.43 0.23 8756
Predator x Block 2 37.33 0.44 6612
Food x Block 6 194.69 0.77 6199
Error 6 252.53
Total 23 1437.50

* Tadpole activity was measured as the % of tadpoles in a
container that were swimming at a given point in time. Num-
ber and frequency of these observation times are described
in Methods.
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Fic. 3. Mean % tadpole activity over days 15-20. Each
bar represents the mean of three container means, + SE for
each food-predator treatment combination. P = caged Anax
predator present; NP = predator absent.

but activity was not significantly related to growth rate
(Table 5b, Fig. 4b).

DISCUSSION

Our experiment indicated that Bufo alters size at
metamorphosis in response to both availability of food
and the presence of a predator in the larval environ-
ment. Increases in metamorphic size with increases in
food level (or decreased density) have been reported
in American toads (Brockelman 1969, Wilbur 1977)
along with myriad other amphibian species (reviewed
in Wilbur 1980, 1984). However, few studies have re-
ported such responses to predators (see Introduction).
Recently Van Buskirk (1988) and Wilbur and Fauth
(1990) found that larval American toads emerged at
smaller sized in artificial ponds (cattle tanks) that con-
tained Anax. Our results confirm this pattern, and per-
mit us to relate the life-historical and behavioral re-
sponses to presence of the predator. In so doing we can
make inferences about the mechanisms by which Bufo
are assessing their environment and responding to
predators and food.

Toad tadpoles responded to the presence of Anax by
reducing activity 41%, which may reasonably be in-
terpreted as a mechanism to reduce mortality risk (4nax
is primarily a sit-and-wait predator that requires prey
movement to elicit a strike; Pritchard 1965, Oakley
and Palka 1967). However, this reduction occurred at
the expense of a 28% decrease in growth rate. More-
over, activity and growth were correlated in the P treat-
ment but independent in the NP treatment, suggesting
that NP tadpoles may have adjusted activity to max-
imize growth rate while P tadpoles were forced to trade
off activity (risk) and growth rate.

The spatial response of Bufo larvae to Anax would
also likely reduce mortality risk (e.g., Holomuzki 1986,
Morin 1986, Petranka et al. 1987, Semlitsch 1987,
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TABLE 5. Results from ANCOVAs using mean daily growth
rate of tadpoles from days 14-20 as the response variable,
tadpole activity from days 15-20 as covariate, and the four
food levels as treatments, for each of the predator treat-
ments separately.*

a. Caged predator present (P tadpoles).

Source of Sum of
variation df squares F P
Food treatment 3 45.86 8.20 .0108
Tadpole activity 1 15.95 8.56 .0222
Full model 4 84.42 11.30 .0030
Error 7 13.05
Total 11 97.48
b. Caged predator not present (NP tadpoles).
Source of Sum of
variation df squares F P
Food treatment 3 83.59 5.06 .0356
Tadpole activity 1 7.46 1.36 2822
Full modet 4 194.72 8.85 .0070
Error 7 38.51
Total 11 233.24

* Slopes across food levels were not significantly different
from each other (P = .3022 for P tadpoles, P = .1036 for NP
tadpoles).

Hews 1988). However, predator avoidance was strong-
ly related to feeding regime (Fig. 2). Tadpoles avoided
Anax to the greatest extent immediately after food was
introduced to the containers, and the response grad-
ually diminished over time. If density and/or quality
of food declined over the 6 d between feedings, the
temporal pattern of habitat use was consistent with
risk balancing behavior. Bufo should exhibit maximal
avoidance of Anax when returns initially are equivalent
in all areas of the experimental containers. However,
as food is depleted in distant regions a tradeoff devel-
ops, and tadpoles should increasingly use riskier areas
near the predator as the difference in food levels be-
comes increasingly disparate. We do not know the de-
gree to which this spatial response contributed to the
difference in growth rate between predator treatments.

Because toads presumably sacrificed growth rate in
behaviorally responding to Anax, the metamorphic re-
sponse to predator presence could have been mediated
entirely through these changes in growth rates (e.g.,
Wilbur and Collins 1973, Alford and Harris 1988). If,
however, P and NP tadpoles growing at the same rate
(e.g., from different food levels) metamorphosed at dif-
ferent sizes, then perception of predation risk must
have a more direct effect on metamorphic size. Res-
olution of this question from our experiment is difficult
because growth rates of P and NP tadpoles exhibited
different patterns over time (Fig. 5). Analyses of co-
variance using two different growth-rate estimates to
predict metamorphic size yielded conflicting results. If
estimates of growth rates over the entire larval period
are employed, P and NP tadpoles growing at the same
rate (i.e., comparing P tadpoles at higher food levels
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FiG. 4. Mean daily growth rate from days 14-20 plotted
as a function of mean tadpole activity (% of tadpoles active)
from days 15-20. The two predator treatments are plotted
separately: P = caged Anax predator present; NP = predator
absent. Each point represents a single container. Slopes of
linear relationships were generated from analysis of covari-
ance (see Table 5). Intercepts were calculated so that the line
passes through the point of mean activity and mean growth
rate for a given food level.

to NP tadpoles at lower food levels) metamorphosed
at the same size (ANCOVA: F, ,; = 0.42, P = .5218).
However, if growth rates from day 20 until metamor-
phosis are used instead, it appears that P tadpoles may
have metamorphosed at a smaller size when growing
at the same rate as NP tadpoles (ANCOVA: F,| ,; =
3.37, P = .0805). The latter may be the more appro-
priate estimate, as alterations in growth rate during the
larval period can eliminate the effect of prior growth
history on metamorphic size (Alford and Harris 1988);
but even in this case the magnitude of the metamorphic
response attributable directly to predator presence is
small. Our results suggest that the metamorphic re-
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sponse to predators was largely mediated through be-
havioral effects on growth.

The presence of Anax had no measurable influence
on larval period in our experiment. Van Buskirk (1988)
and Wilbur and Fauth (1990) reported larval period
reductions of 5 and 2 d respectively in Bufo raised with
Anax in small artificial ponds. Their results suggest
that under different experimental conditions (e.g., Anax
actively preying on larvae) we might have seen a larval
period response.

Recent studies suggest that toads respond both be-
haviorally and life historically to predators in more
natural environments in ways similar to those we ob-
served in the laboratory. Ponds are much larger than
our experimental containers and may have very dif-
ferent concentrations and gradients of chemicals that
tadpoles apparently use in sensing the presence of pred-
ators (e.g., Petranka et al. 1987, Hews 1988, Kats et
al. 1988). Nevertheless, Petranka (1989) found that
American toad larvae in a natural pond responded
behaviorally to both food concentration and a conspe-
cific alarm substance associated with predation in a
manner similar to our observations. Van Buskirk (1988)
and Wilbur and Fauth (1990) also found that toads
altered size at metamorphosis in artificial ponds (=1
m?®) that are within the size range of natural habitats.

These responses likely have important consequences
beyond the larval stage, and must be considered within
the context of the entire life history. Recent studies
have demonstrated that an increase in size at meta-
morphosis in amphibians is correlated with reduced
time to maturity (Smith 1987, Semlitsch et al. 1988),
increased survival to maturity (Berven and Gill 1983),
and increased size at maturity (Berven and Gill 1983,
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FiG. 5. Daily growth rates for P (predator present) and
NP (predator absent) tadpoles over the period prior to the
emergence of any metamorphs (means + sg). Each point was
calculated as the mean growth rate for the four food levels
within each predator treatment shown at the midpoint of the
6-d period over which the growth took place (data points are
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Smith 1987, Semlitsch et al. 1988), which in turn is
correlated with larger clutch size and egg size in females
(Tilley 1968, Salthe 1969, Collins 1975, Semlitsch 1985)
and increased male breeding success (Wells 1977, 1978,
Howard 1980, Berven 1981). Therefore, resources gar-
nered during the larval stage have important impli-
cations for adult fitness. Available evidence suggests
that ability to garner resources and predation risk are
positively associated in tadpoles (e.g., Morin 1981,
1983); our results suggest that larval activity may be a
behavioral attribute that contributes to this correlation
(see also Woodward 1983). Because metamorphic size
is enhanced by rapid growth (e.g., Wilbur and Collins
1973, this study) and is positively associated with adult
fitness (see Introduction, above), to what extent should
tadpoles improve larval survivorship (by reducing ac-
tivity) at the expense of adult survivorship and repro-
duction? Selection in this situation depends on the shape
and strength of the relationships between larval be-
havior and larval survival, and between metamorphic
size and adult reproduction and survival. If decreased
activity significantly reduces risk of larval predation
and if metamorphic size is only weakly related to adult
fitness, then toads should strongly alter activity in re-
sponse to predator presence. If metamorphic size is
strongly related to fitness, then larval activity may be
a relatively inflexible trait. That is, when prospects for
adult reproduction are small in the absence of rapid
larval growth, the risk of predation while a larva be-
comes relatively less important. In either case, ecolog-
ical relationships within the adult environment will
affect larval behavioral responses.

The results of our experiment emphasize the im-
portance of predator presence in structuring behavioral
and life-historical attributes of prey even when the le-
thal impact of the predator is removed, or is relatively
unimportant. Such prey responses potentially affect prey
population dynamics (e.g., Abrams 1987) as well as
community-level interactions (e.g., Mittelbach and
Chesson 1987). Predators may restrict prey to common
refuges and thereby locally intensify interspecific com-
petition among prey species (e.g., Mittelbach and Ches-
son 1987) or cause prey species to spatially segregate,
decreasing the intensity of interspecific competition (E.
E. Werner and M. A. McPeek, unpublished manu-
script). Differential activity or spatial responses to
predators by competing prey species could alter both
relative competitive ability and susceptibility to pre-
dation (E. E. Werner, unpublished manuscript). Tad-
poles that do not respond to predators behaviorally
may be superior competitors, but at the cost of higher
risk of predation.
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