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BEHAVIORAL INTERACTIONS BETWEEN THE
GIANT WATER BUG (BELOSTOMA LUTARIUM)
AND TADPOLES OF BUFO WOODHOUSII
CHARLESC. SWART1'*AND RYAN C. TAYLOR1

ABSTRACT - The relationship between predator and prey is dependent on

resource availability, the predators'hunting strategy, the prey's suite of
mechanisms,andthe complexityof the habitat.We conducteda
antipredatory
laboratoryexperimentto evaluatebackgroundpreferencesby tadpolesof Bufo
woodhousii Girard and the predaceous water bug Belostoma lutarium Sthl

(Hemiptera:Belostomatidae).Our results indicate that 1) tadpoles switched
preferenceaway from black backgroundswhen a chemical signal from B.
lutariumwas introduced,2) earlierstage tadpolesexhibiteda strongereffect
thanlaterstage tadpolesin the presenceof the predator'schemicalsignal, 3)
hemipteranswere observedrandomlyon both backgroundsbut were mostly
foundassociatedwith vegetativecover, and4) B. lutariumkilled significantly
moretadpoleson darkbackgroundscomparedto light backgrounds.
INTRODUCTION
Life history (Stearns 1992) and optimal foraging theories (Charnov
1976) share the central concept of tradeoffs between time spent foraging
and predationrisk. Both theories predict that prey species should evolve
mechanisms which allow them to respond in a manner that maximizes
overall lifetime fitness (Chase 1999; Werner and Anholt 1993, 1996).
Balancing the benefits of foraging against the risk of predationhas been
shown to be an importantdriving force in habitat selection (Storfer et al.
1999, Turneret al. 2000), growth rates (Chase 1999, Skelly 1992), size
at adulthood (Wilbur 1997), and fecundity (Chase 1999, Lima and Dill
1990, Sih 1987). This relationship holds for a diversity of taxa including
fishes (Dahlgreen and Eggleston 2000), amphibians (Babbit 2001,
Babbit and Jordan 1996, Kupferburg 1998), insects (McPeek and
Peckarsky 1998, McPeek et al. 2001), birds (Cresswell 1999), and
mammals (Kotler and Brown 1999).
Species at significant risk of predation mediate this pressure by
altering behavior, microhabitat selection, or morphology. These induced defenses (Tollrain and Harvell 1999) are effective at mediating
predation pressure, but they also lead to higher order effects, such as
increased or reduced growth rate, body size, fecundity, or population
growth rates (Chase 1999, Storfer et al. 1999, Werner 1992, Werner and
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Anholt 1993, Wilbur 1997). The size and direction of the higher order
effects depend on the particularcharacteristics of the predator and prey
species as well as the characteristics of the environment, including
habitat complexity, competition, and food availability (De Meester et al.
1994, Hopper 2001, McPeek 1998, McPeek and Peckarsky 1998,
McPeek et al. 2001). Thus the dynamics of predatorprey interactions of
one particular species pair may not apply to other species pairs, even
among closely related species or different populations of the same
species. A lack of empirical data on specific predatorand prey behaviors
during predation events hampersthe ability to predict these higher order
effects (Lima and Dill 1990, Luttbeg and Schmitz 2000).
Among amphibians, predation pressure is highest in the aquatic
juvenile stages, and a limited number of induced defenses have been
described, including motionlessness, crypticity, tail morphology alteration, and cover use (Babbitt and Jordan 1996, Kupferberg 1998, Skelly
1994, Van Buskirk et al. 1997). The most common response of larval
amphibians to predation pressure is motionlessness, often used in conjunction with other antipredatormechanisms. However, to our knowledge, the prediction that crypsis should reduce the reliance on motionlessness has not been tested (Lima and Dill 1990). Life history models
predict that motionlessness reduces growth rates and causes a shift in
the growth/predation response curve favoring metamorphosis at a
smaller size (Werner 1986, Werner and Anholt 1993). Vegetative cover
use is another important antipredator defense employed by tadpoles.
While vegetation is importantin reducing the predation rate of stalking
or benthic predators, it is not effective against belostomatids (Hemiptera, Belostoma) that are lie-in-wait predators and are always associated with emergent vegetation (Babbitt and Jordan 1996). Previous
studies on growth rate of larval amphibians have yielded conflicting
results, depending on resource availability or the presence of lie-in-wait
predators (Babbitt and Jordan 1996, Werner and Anholt 1996).
Melanic tadpoles of Woodhouse's toad Bufo woodhousii (Anura;
Bufonidae) forage on light-colored sand/silt substrates, dark-colored
leaf litter, or aroundsubmergentand emergent vegetative cover in ponds
or slow moving bayous across the southcentraland southwestern United
States. Their most common predators are adults and larval aquatic
insects (belostomatid water bugs, dytiscid beetles, odonate larvae; Roth
and Jackson 1987). Predaceous water bugs of the genus Belostoma
(Hemiptera) are typically found associated with vegetation or leaf litter
near the shore of aquatic habitats. Belostomatids are air-breathing insects that hold their respiratory siphons above the surface while using
vegetation as perches. At our field site, they are among the most common predacious insect encountered when collecting tadpoles, and they
readily feed on toad larvae in the laboratory (pers. obs.).
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We report the results of a study designed to determine how closely
the antipredatortactics of larval Bufo woodhousii are coupled with the
predation tactics of Belostoma lutarium. We designed two laboratory
experiments to determine the role of chemical signaling, antipredatory
behavior, and background matching in interactions between tadpoles
of B. woodhousii and their predator B. lutarium. In the first experiment, we tested the predictions that tadpoles would change their preference for background association or cover use in the presence of a
chemical signal from the hemipteran. In the second experiment, we
tested the prediction that tadpole chemical signals would affect background association in Belostoma.
While the identity of the chemical signals involved in this predator-prey relationship are not specifically identified, previous work
has identified four chemical signals produced in the cephalic glands
of the belostomatid, Abedus herberti(Lokensgard et al. 1993). These
21 carbon steroidal compounds are thought to deter fish predation on
A. herberti.
METHODS
Tadpoles of B. woodhousii and adults of B. lutarium were dipnetted from near-shore environments where they co-occur in a large
slow moving bayou (Little Wauksa Bayou, Saint Landry Parish, Louisiana). The tadpoles were dense at the site of capture (about 40/m2) in
near-shore environments. Belostomatids (about 3-5/m2) were associated mainly with near-shore submergent and emergent vegetation but
were also captured in the leaf litter at the bottom of the pond at lower
densities (< 1/m2). Adult B. lutarium and larval B. woodhousii were
captured between 5 and 15 July 2000, returnedto the laboratory at The
University of Louisiana at Lafayette, and maintained in separate containers (480 ml cups) under a 12:12 hour day:night light cycle until
testing. Tadpoles were identified with the key of Altig (1970) with
verification of species from metamorphosed specimens. Tadpoles were
partitioned into developmental stages immediately after each trial according to Gosner (1960) stages. All Belostoma lutarium were identified using the key characters of Lauck (1964). Voucher specimens of
B. lutarium are maintained at the Louisiana State Arthropod Museum,
Baton Rouge, Louisiana. Specimens of the emergent plant Eclipta
alba, commonly found at the field site, were collected from a nearby
cypress swamp. All specimens were housed and tested at room temperature (about 21?C).
Experiment 1
This experiment was designed to test the prediction that tadpoles of
B. woodhousii would adjust backgroundmatching or refuge usage in the
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presence of a predator's chemical cue. The effect of tadpole developmental stage and activity of the tadpole was also tested. Plastic translucent containers (15 x 25 x 12 cm) were filled with 1 L of dechlorinated
water and each housed a single tadpole. The containers were placed on
top of construction paper, black (7.5 x 12.5 cm) on one half and white
(7.5 x 12.5 cm) on the other half. The black and white sides were
randomly alternated between sides among replicates. No tadpole was
used in more than one test.
Two treatments were applied and each was replicated 32 times.
Treatment 1 included the addition of 20 ml of dechlorinated water
(control) to the center of the container and a piece of plant material
(Eclipta alba) for a refuge in the center of each background color.
Treatment 2 was identical to treatment 1 except that 20 ml of predator
treated water was added in place of the dechlorinated water. A stock
solution of predator treated water was made by mixing water from
several containers that had housed a Belostoma for at least 24 hr immediately prior to the test.
Test chambers were placed on a covered shelf with dimensions 1 m
wide by 3 m long. The observer was shielded from the test chamberby a
wall of black plastic. Observations were made through 5 cm slits in the
plastic. Flourescent lights were mounted within the enclosure but the
room lights were turned off during testing. Four replicates of each
treatment were run simultaneously in eight trials over a 5-day period.
One tadpole was introduced to the middle of the container and allowed
to acclimate for 0.5 hr before an experimental treatment was added.
Thereafter, a reading of tadpole position was taken every 5 min for 20
readings (100 min). The developmental stage of each tadpole was recorded after each trial.
To control for acclimation to the presence of the chemical signal, a
chi-square test was used to compare the mode of the first 10 observations to the mode of the last 10 observations. For both treatments, each
tadpole's choice of background was taken to be the mode of the 20
observations.
Experiment 2
This experiment was designed to test the prediction that
belostomatid water bugs would shift their use of background color or
use of refuge sites in response to a chemical signal from prey. The same
apparatusused in experiment 1 was used in this experiment, except in
this case a single belostomatid was housed in the experimental container. Three treatments were applied. Treatment 1 was identical to
treatment 1 in experiment 1. Treatment2 was identical to treatment2 in
experiment 1 except that 20 ml of water from a cup in which a tadpole
had been living for 24 hours was used (tadpole treatedwater). Treatment
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3 was identical to treatment2 except that a tadpole was introducedto the
middle of the chamber instead of 20 ml of tadpole treated water. Each
treatmentwas replicated 28 times. A total of 65 hemipterans were used.
Some bugs were used in two treatments,but none that were exposed to a
chemical signal or to a live tadpole in the first trial was used again. Our
field observations indicated that Belostoma lutarium is always associated with emergent vegetation or leaf litter debris.
RESULTS
Experiment 1
To test for habituation to the chamber over time, we tested
whether the use of background color by tadpoles (in treatments 1
and 2) in the first 10 observations was significantly different from
the final 10 observations. A paired t-test indicated that there was no
significant difference in background choice (t(2,62) = -0.719, P =
0.477). We used a log-linear model to analyze the data on tadpole
responses to hemipteran chemical cues. A log-linear model is a contingency table used to analyze binomially distributed data. We
chose a log-linear model because we could not satisfactorily transform the data to meet the assumptions of ANOVA. In addition, loglinear models test explicitly for interactions among factors, something that is not possible with an aligned rank ANOVA. Two factors were used in the analysis, chemical cue (presence or absence:
treatment 2 versus 1) and tadpole stage. The response variables examined were cover use and background choice. We initially constructed a full log-linear model where we examined the effects of
chemical cue and tadpole stage on background choice and cover use
by tadpoles. We then systematically decomposed the full model to
find which factors yielded the most parsimonious explanation of the
data (Feinberg 1980).
The analysis revealed that hemipteran chemical cues had a significant effect on background use by tadpoles (X21 = 7.92, P = 0.0049).
Tadpoles chose black backgrounds significantly more often in the absence of hemipteranchemical cues than in the presence of such cues. In
the presence of hemipteran chemical cues, tadpoles increased their use
of white backgrounds such that they used black and white backgrounds
with nearly equal frequency (Fig. 1A).
The use of background color by tadpoles was significantly different
among stages (X21 = 3.99, P = 0.046). In the absence of hemipteran
chemical cues, early Gosner stage tadpoles (< stage 34) spent the majority of their time on black backgrounds. However, in the presence of
hemipteran chemical cues they spent nearly equal amounts of time on
black and white backgrounds. Later Gosner stage tadpoles (> stage 35)
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spent nearly twice as much time on black backgrounds regardless of
whether or not hemipteran chemical cues were present (Fig. IB). Despite differing backgroundchoices by younger and older stage tadpoles,
there were no significant interaction effects among chemical cue and
tadpole stage on background choice (X21 = 0.05, P = 0.8280).
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Figure 1. (A) Background preference of (left) Belostoma lutarium and (right)
tadpoles of Bufo woodhousii. Left portion shows the hemipterans' choice of
background (black or white) with chemical cues from tadpoles present and
absent (X21= 3.87, P = 0.052). Right portion shows tadpoles' backgroundchoice
with chemical cues from hemipteranspresent and absent (X21 = 5.76, P = 0.023).
(B) Background preference of early stage (< Gosner stage 35) versus late stage
(> Gosner stage 34) tadpoles of Bufo woodhousii (X21= 3.99, P = 0.046). Left
portion shows the early stage tadpoles choice and right portion shows late stage
tadpoles choice of background (black or white) with chemical cues from water
bugs present and absent.
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Tadpoles spent significantly more time away from cover objects
than they did under cover objects (X21= 57.83, P <0.0001; treatments 1
and 2). This occurred regardless of whether hemipteran chemical cues
were present or absent. Only two tadpoles used cover objects during
the experiment.
As a measure of movement by tadpoles under different treatments,
we compared number of changes between background colors by tadpoles in treatment 1 (control) and treatment 2 (hemipteran chemical).
Results of a t-test indicate no significant difference in movement between the two treatments (t(2,62) = -0.637, P = 0.527). Likewise a t-test
revealed no difference in movement between early stage tadpoles
(< Gosner stage 34) and late stage tadpoles (> Gosner stage 35; t(2,62) =
-0.973, P = 0.334).
Experiment 2
As in the first experiment, we tested for habituation effects. We
tested whether the use of backgroundcolor by hemipterans(treatments 1
and 2) in the first 10 observations was significantly different from the
last 10 observations. A paired t-test indicated that there was no significant difference in backgroundchoice (t(2,54) = 1.357, P = 0.186).
A log-linear model was used to determine if hemipterans changed
their use of cover and background color when encountering the
chemical signal of tadpoles. They did not change their use of background color in response to chemical cues from tadpoles (X21 = 3.87,
P = 0.052). In the absence of tadpole chemical cues (treatment 1),
hemiterans chose black backgrounds in 58% of observations and
white backgrounds in 42% of the observations. In the presence of
tadpole chemical cues (treatment 2), they shifted their use of black
backgrounds to 69% of observations versus 31% on white backgrounds. Likewise, there was no significant difference between the
use of cover by hemipterans in the presence or absence of tadpole
chemical stimuli (X21 = 0.16, P = 0.685). The presence or absence of
chemical cues from tadpoles also did not make a significant difference in the number of times hemipterans changed position between
black and white backgrounds (t(2,54) = 1.599, P = 0.116).
In our predation treatment 3, we tested whether the number of
successful captures by hemipterans differed by background. A Chisquare analysis revealed that they captured significantly more tadpoles on black backgrounds than on white backgrounds (X21 = 4.765,
P = 0.029).
DISCUSSION
Motionlessness, or reduced activity, is employed by numerous anuran larvae as an antipredator defense (Babbitt and Jordan 1996,
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Kupferberg 1998, Skelly 1994). However, we failed to detect a difference in activity between our experimental and control treatments for
experiment 1, but larval Bufo woodhousii did alter background choice
from black to white in the presence of belostomatid chemical cues.
Furthermore,younger tadpoles accounted for most of this effect. From
the second experiment, tadpoles were killed more on dark backgrounds,
but we do not have data on the stages of these tadpoles. Currentdata on
the ontogentic effect of size as a refugium from predation suggest that
older, larger larvae are less vulnerable to predation (Werner and Gilliam
1984) as demonstrated with Bufo americanus and the predatory Anax
junius (Anholt et al. 1996)
Our test chambers were constructed to mimic the dark and light
substrates available to these animals in their natural habitat.
Belostomatids are nearly always associated with dark-colored substrates in near-shore environments and in vegetation and leaf litter.
Tadpoles can be found in these dark-colored substrates (leaf litter,
vegetation, algal mats) where presumably foraging is most productive, and they are also present in light-colored sand, silt substrates,
where they are visually conspicuous. Few tests of background choice
among amphibians are available, but larval salamanders (Ambystoma
barbouri) prefer backgrounds that most closely match their own
color, especially in the presence of a predator (Storfer et al. 1999).
Furthermore, tadpoles of Xenopus laevis exhibit a shift in preference
from light to dark background during ontogeny (Moriya et al. 1996).
In larval Xenopus laevis, the ontogenetic change in preference for
background color changed from dark to light as the larvae developed
melanocytes (Moriya et al. 1996). No ecological relationship was
suggested for Xenopus, and all larval Bufo that we used had well
developed melanic coloration.
Our results indicate that younger tadpoles may escape predation
pressure from Belostoma by shifting habitats when a chemical signal of
the predatoris detected. Bufo may reach a size refugium as seen in other
anurans (Kehr and Schnack 1991, Werner and Gilliam 1984) or may
develop toxic skin glands that limit their risk of predation (Crossland
1998). Crossland showed that older tadpoles of B. marinus (with well
developed skin glands) are toxic to Lethocerus indicus (Belostomatidae)
in Australia, although no mortality was observed in our animals. It has
been suggested that predators with piercing mouthpartsmay overcome
this defense (Wassersug 1973).
Several previous studies have shown an advantage to use of vegetation by tadpoles under predation pressure (Lima and Dill 1990). Our
results indicate that the opposite may be true when lie-in-wait predators
commonly occur in vegetation. If food resources are found primarily on
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the dark substrates, belostomatids may limit growth rate of young tadpoles through habitat shifts rather than through reduced activity of
tadpoles as seen in other anuran studies with different predators (e.g.,
dytiscids and odonate naiads: Roth and Jackson 1987, Van Buskirk et al.
1997). Similar results were found by Babbitt and Jordan (1996) with
tadpoles of Bufo terrestris and Belostoma flumineum and by results of
Figiel and Semlitsch (1991) with crayfish (Procambarus acutus) and
tadpoles of Hyla chrysoscelis.
Whereas the time lost in foraging is a cost commonly associated
with the use of motionlessness as an anuran anti-predator defense,
the cost to larval Bufo woodhousii could be both time lost foraging
while on light (less vegetation) backgrounds, as well as susceptibility to other predators caused by increased visual conspicuousness
when on light-colored backgrounds. Belostomatids killed more tadpoles on black than on white backgrounds, and larval Bufo apparently shifted to a white background in response to this predatory
effect in our experiment. Previous work with tadpoles of Rana
temporaria suggest that plasticity in antipredatory behavioral responses are effective defenses against predators with different hunting tactics (Laurila 2000). R. temporaria larvae avoided the fast
swimming European perch, Perca fluciatilis, using motionlessness,
but avoided the slower predatory dragonfly larvae, Aeshna juncea
by maintaining a long distance between itself and the source of
chemical signals from the predator.
The tradeoff between time spent foraging and anti-predatorbehavior, in most systems studied to date, would predict increased survival of
tadpoles in areas with adequate vegetative cover. Lie-in-wait predators
such as Belostoma may alter this prediction, particularly if they are
present in large numbers as seen in our field site (and generally in all
vegetated ponds across the southeastern United States). One possible
antipredatordefense against this type of predator is switching to nonvegetated areas, as suggested by our data. The potential costs incurred
are time lost from foraging in richer habitats and, in the case of melanic
bufonid tadpoles, potential conspicuousness to other predators in nonvegetative, light-substrate areas.
ACKNOWLEDGMENTS

We thankR. Jaegerand V. Townsend,Jr. for advice on the experimental
design,G. MecheandV. Townsend,Jr. for help in collectinganimals,and G.
Landry for identification of the plant species. CCS was funded by Louisiana
Board of Regents Doctoral Fellowship [LEQSF (1998-03)-GF-28] through R.
G. Jaeger. Additional funding was received from the Graduate Student Organization at The University of Louisiana at Lafayette.

This content downloaded from 136.160.117.136 on Thu, 11 Apr 2013 13:45:51 PM
All use subject to JSTOR Terms and Conditions

22

Naturalist
Southeastern

Vol. 3, No. 1

LITERATURE CITED
Altig, R. 1970. A key to the tadpoles of the continental United States and
Canada. Herpetologica 26:180-207.
Anholt, B., D. Skelly, and E. Werner. 1996. Factors modifying antipredator
behavior in larval toads. Herpetologica 52:301-313.
Babbitt, K.J. 2001. Behavior and growth of southern leopard frog (Rana
sphenocephala) tadpoles: Effects of food and predationrisk. CanadianJournal of Zoology 79:809-814.
Babbitt, K., and F. Jordan. 1996. Predation on Bufo terrestris tadpoles: Effects
of cover and predatoridentity. Copeia 1996:485-488.
Charnov, E.L. 1976. Optimal foraging: The marginal value theorem. Theoretical Population Biology 9:129-136.
Chase, J. 1999. To grow or reproduce? The role of life-history plasticity in food
web dynamics. American Naturalist 154:571-586.
Cresswell, W. 1999. Travel distance and mass gain in wintering blackbirds.
Animal Behavior 58:1109-1116.
Crossland, M. 1998. Ontogenetic variation in toxicity of tadpoles of the introduced toad Bufo marinus to native Australian aquatic invertebratepredators.
Herpetologica 54:364-369.
Dahlgreen, C., and D. Eggleston. 2000. Ecological processes underlying ontogenetic habitat shifts in a coral reef fish. Ecology 81:2227-2240.
De Meester, L., P. Dawidowicz, E. VanGool, and C.J. Loose. 1994. Ecology
and evolution of predatorinduced behavior of zooplankton: Depth selection
behavior and diel vertical migration. Pp. 160-176, In R. Tollrain and C. D.
Harvell (Eds). The Ecology and Evolution of Induced Defenses. Princeton
University Press, Princeton, NJ. 395 pp.
Feinberg, S.E. 1980. The analysis of cross-classified categorical data. 2nd Ed.
MIT Press, Cambridge, MA. 224 pp.
Figiel, C.R., Jr., and R.D. Semlitsch. 1991. Effects of nonlethal injury and
habitat complexity on predationin tadpole populations. CanadianJournalof
Zoology 69:830-834.
Gosner, N. 1960. A simplified table for staging anuranembryos and larvae with
notes on identification. Herpetologica 16:183-190.
Hopper, K. 2001. Flexible antipredator behavior in a dragonfly species that
coexists with different predatortypes. Oikos 93:470-476.
Kehr, A., and J. Schnack. 1991. Predatorprey relationship between giant water
bugs (Belostoma oxyurum) and larval anurans (Bufo arenarum). AlytesParis 9:61-69.
Kotler, B., and J. Brown. 1999. Mechanisms of coexistence of optimal foragers
as determinants of local abundances and distributions of desert granivores.
Journal of Mammalogy 80:361-374.
Kupferberg, S.J. 1998. Predatormediated patch use by tadpoles (Hyla regilla):
Risk balancing on consequences of motionlessness. Journal of Herpetology
32:84-92.
Lauck, D. 1964. A monograph of the genus Belostoma (Hemiptera). Part III. B.
triangulum, bergi, minor, bifoveolatum, andflumineum groups. Bulletin of
the Chicago Academy of Sciences 11:102-154.

This content downloaded from 136.160.117.136 on Thu, 11 Apr 2013 13:45:51 PM
All use subject to JSTOR Terms and Conditions

2004

C.C.SwartandR.C.Taylor

23

Laurila, Anssi. 2000. Behavioural responses to predator chemical cues and
local variation in antipredatorperformance in Rana temporaria tadpoles.
Oikos 88:159-168.
Lima, S., and L. Dill. 1990. Behavioral decisions made under the risk of
predation: A review and prospectus. Canadian Journal of Zoology 68:619640.
Lokensgard, J., R.L. Smith, T. Eisner, and J. Meinwald. 1993. Pregnanes from
defensive glands of a belostomatid bug. Experientia 49:175-176.
Luttbeg, B., and 0. Schmitz. 2000. Predator and prey models with flexible
individual behaviors and imperfect information. American Naturalist
155:669-683.
McPeek, M. 1998. The consequences of changing the top predatorin a food web:
A comparativeexperimentalapproach.Ecological Monographs68:1-23.
McPeek, M., M. Grace, and J. Richardson. 2001. Physiological and behavioral
responses to predators shape the growth/predation risk trade-off in
damselflies. Ecology 82:1535-1545.
McPeek, M., and B. Peckarsky. 1998. Life histories and the strengthsof species
interactions: Combining mortality, growth, and fecundity effects. Ecology
79:867-879.
Moriya, T., K. Kito, Y. Miuashita, and K. Asami. 1996. Preference for background color of the Xenopus laevis tadpole. Journal of Experimental Zoology 276:335-344.
Roth, A., and J. Jackson. 1987. The effect of pool size on recruitment of
predatoryinsects and on mortality in a larval anuran.Herpetologica 43:224232.
Sih, A. 1987. Predators and prey lifestyles: An evolutionary and ecological
overview. Pp 203-224, In W. C. Kerfoot and A. Sih. (Eds.). Predation:
Direct and Indirect Impacts on Aquatic Communities. University of New
England Press, Hanover, NH. 165 pp.
Skelly, D.K. 1992. Field evidence for a cost of behavioral antipredatorresponse
in a larval amphibian. Ecology 73:704-708.
Skelly, D.K. 1994. Activity level and the susceptibility of anuran larvae to
predation. Animal Behavior 47:465-468.
Stearns, S. 1992. The Evolution of Life Histories. Oxford University Press,
Oxford, UK. 249 pp.
Storfer, A., J. Cross, V. Rush, and J. Caruso. 1999. Adaptive coloration and
gene flow as a constraint to local adaptation in the streamside salamander,
Ambystoma barbouri. Evolution 53:889-898.
Tollrain, R., and Harvell, C. 1999. The Ecology and Evolution of Inducible
Defenses. Princeton University Press, Princeton, NJ. 395 pp.
Turner, A., R. Bernot, and C. Boes. 2000. Chemical cues modify species
interactions: The ecological consequences of predator avoidance by freshwater snails. Oikos 88:148-158.
Van Buskirk, J., A. McCollum, and E.E. Werner. 1997. Natural selection for
environmentally induced phenotypes in tadpoles. Evolution 51:1983-1992.
Wassersug, R.1973. Aspects of social behavior in anuranlarvae. Pp. 273-297,
In J. L. Vial (Ed.). Evolutionary Biology of the Anurans. University of
Missouri Press Columbia, MS. 470 pp.

This content downloaded from 136.160.117.136 on Thu, 11 Apr 2013 13:45:51 PM
All use subject to JSTOR Terms and Conditions

24

SoutheasternNaturalist

Vol. 3, No. 1

Werner, E.E. 1986. Amphibian metamorphosis:Growth rate, predationrisk, and
the optimal size at transformation.American Naturalist 128:319-341.
Werner, E.E. 1992. Individual behavior and higher-order species interactions.
American Naturalist. 140S:S5-S32.
Werner, E.E., and B. Anholt. 1993. Ecological consequences of the trade-off
between growth and mortality rates mediated by foraging activity. American
Naturalist 142:242-272.
Werner, E.E., and B. Anholt. 1996. Predatorinduced behavioral indirect effects:
Consequences to competitive interactions in anuran larvae. Ecology
77:157-169.
Werner, E.E., and J. Gilliam. 1984. The ontogenetic niche and species interactions in size-structured populations. Annual Review of Ecology and Systematics. 15:393-425.
Wilbur, H.M. 1997. Experimental ecology of food webs: Complex systems in
temporary ponds. In The Robert H. MacArthur Award Lecture. Ecology
78:2279-2302.

This content downloaded from 136.160.117.136 on Thu, 11 Apr 2013 13:45:51 PM
All use subject to JSTOR Terms and Conditions

