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Abstract.—In the presence of predators, anuran tadpoles often exhibit behavioral plasticity, which in turn reduces predation
risk. We evaluated indirect effects of odonate larva predation on activity of Bufo arenarum tadpoles. We reared intact and
tail-damaged larvae in three different predator treatments: (1) caged predators fed tadpoles; (2) caged predators that were
starved; and (3) no predators. Both intact and damaged tadpoles were significantly less active when exposed to predator cues.
There were no differences in activity between tadpoles with damaged and intact tails, however significant differences were
observed between fed and starved predator treatments. Our results are consistent with other studies that have shown bufonid
tadpoles reduce activity when exposed to predator cues and address a novel contribution of southern-hemisphere bufonid,
expanding the knowledge of that family in ecological experiments.
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INTRODUCTION

It is well known that many species of anurans alter their
behavior and morphology in the presence of predators
(McCollum and Van Buskirk 1996; Relyea 2001a; Van Buskirk
2001; Moore et al. 2004) and that these responses increase the
probability of survival (Van Buskirk and McCollum 2000a,
2000b). Common responses of tadpoles when exposed to
predators are reduced activity, increased tail depths, and a
shorter head to body ratio (e.g., Relyea 2004 and references
therein; Miner et al. 2005). These responses can be induced
both by predator presence or chemical cues (Stauffer and
Semlitsch 1993; Adams and Claeson 1998).

Anuran tadpoles of the genus Bufo make good candidates for
predator-response studies for several reasons: (1) They are more
vulnerable to predators during intermediate stages of
development (i.e., Gosner stages 30-33; Gosner 1960) (Brodie
and Formanowicz 1987), (2) different degrees of tail damage
result from direct encounters with predators (McCollum and
Leimberger 1997; Hoff and Wassersug 2000; Van Buskirk and
McCollum 2000a), and (3) Bufo tadpoles can perceive presence
of predators by detecting chemical cues released from
conspecifics that were killed by predators (Hews 1988). The
alarm substance was described by Pfeiffer (1982) as a
pheromone that is secreted by one individual and received by a
second individual of the same species, eliciting specific
behavior. This type of alarm response is innate in Bufo tadpoles
(Semlitsch and Gavasso 1992), and indirect in the sense that
tadpoles can respond to chemical cues without directly
experiencing contact with a predator. Then tadpole responses
can be induced by chemical cues from predators (kairomones)
and injured prey (alarm cues) (Relyea 2001b; Schoeppner and
Relyea 2005).

Here we provide evidence for behavioral plasticity in Bufo
arenarum (Sapo Comun) when exposed to the predatory dragonfly
Pantala sp. B. arenarum is a common toad in Argentina that breeds
in ephemeral and permanent ponds. There are no data on predator
abundance in B. arenarum habitats, but it is well known that tadpole
predator abundance varies with hydroperiod and size of pools
(Skelly 1995; Wellborn et al. 1996). We have observed B.
arenarum living in ephemeral pools without predators and in
permanent pools that harbor invertebrate predators. Pantala sp. are
voracious tadpole predators that commonly occur with B. arenarum.
On several occasions we have observed B. arenarum tadpoles with
varying degrees of tail damage resulting from encounters with
predators, presumably Pantala sp. Because B. arenarum frequently
inhabit sites with high numbers of Pantala, we hypothesized that
tadpoles should elicit changes in behavior when reared with
predators. Furthermore, we wanted to examine whether behavioral
responses varied when tadpoles were exposed to different levels of
predator cues and tail damage.

We designed an experiment to manipulate the tadpole experience
in two treatments: "intact tadpoles" were tadpoles with no direct
predation experience, and "damaged tadpoles” were tadpoles that
experienced simulated encounters with predators by having a
portion of the tail excised. We hypothesized that damaged and
intact tadpoles may respond differently to the predatory
environment particularly, damaged tadpoles may have a strong
response in reducing activity to predator presence than intact
tadpoles do. Therefore we examined variation in activity between
intact and damaged tadpoles in the absence of predators (“no
predator”), in the presence of predators that had not eaten tadpoles
(“starved™), and in the presence of predators that were fed tadpoles
(“fed predator”) to determine what cues trigger changes in behavior
and whether or not these changes varied between treatments.
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MATERIALS AND METHODS

We collected tadpoles of B. arenarum of similar size
corresponding to aggregations found in several ephemeral pools
in Anillaco, La Rioja, Argentina, on 28 January 2000. Tadpoles
were placed in the laboratory on 29 January, and maintained at
29°C on a 12-h light: 12-h dark cycle in plastic containers (20 x
18 x 40 cm) filled with 2 | of tap unclhorinated water. Tadpoles
in each tub were fed 5 mg TetraMin Fish flakes every day. A
supplement of 5 mg TetraMin Fish flakes per day provided an
ample amount of food, minimizing any potential competitive
effects. Feces of tadpoles were removed from the containers
and water was changed daily, prior to feeding the tadpoles.

Our experimental design consisted of a 2 x 3 full factorial
experiment with five tadpoles in each tub exposed to two levels
of tail damage, and three levels of predator stimuli. Pantala sp.
was one of the most voracious predators found at the study site
and it commonly co-occurs with Bufo arenarum tadpoles.
Predators were kept in cages inside the tubs. We used
cylindrical cages (10 cm diameter x 20 cm long) constructed of
plastic mesh to house predators with tadpoles. Cages allowed
for exchange of water while preventing predators from taking
tadpoles. On several occasions, the Pantala larva died; in these
instances it was replaced within 12 h. Pantala larvae were
randomly assigned to each cage. Predators were maintained in
the laboratory and fed with palatable B. arenarum, stages 30-31
(Gosner 1960) with weights ranging from 0.05 to 0.15 g. The
mass of tadpole used to feed the predator was held constant at
0.1 mg tadpole mass per predator. Predator treatments consisted
of: (1) “control” (empty cage); (2) “starved” (Pantala larvae that
were not fed at least two days prior to the experiment); and (3)
“fed” (caged Pantala larvae that were fed one Bufo tadpole each
day). To perform the “damage” treatments, we excised the
distal third of the tadpole subject’s tail (“damaged”), or left the
tail intact (“intact”). All the tadpoles (intact and damaged) were
anesthetized before the procedure with 0.2% chloretone.
Tadpoles used in experiments were matched for size, then
randomly selected and placed in one of the 6 treatments. Each
of the six treatments was replicated three times in a randomized
complete-block design, using laboratory tables as blocks. The
experiment began on 29 January and was terminated on 11
February when the first tadpoles reached Gosner stage 42; the
majority of individuals were in Gosner stage 41 (Gosner 1960).

We used ANOVA to test the hypotheses of no mean
difference in activity between treatments. There were no
significant block effects and no significant block x treatment
interaction effects; therefore, we did not include blocks in
subsequent analyses. Two observers (LM and MP) measured
tadpole activity by standing over the tubs and counting the
number of tadpoles in the tub that were moving (Skelly 1994).
Previous observations on activity indicated that observers do not
alter activity patterns. We quantified activity through scan
observations by counting the number of tadpoles moving in each
tub, every other day, totaling 18 activity data in four repeated
measurements (4th, 6th, 8", and 10th February). The proportion
of tadpoles that were active was arcsine-square root transformed
prior to analysis.

To test for differences in mean activity of tadpoles among
predator treatments, we used repeated measures ANOVA,
followed by Student-Newman-Keuls Post-hoc tests (Zar 1999).
Student-Newman-Keuls Post-hoc tests were not performed for
damage groups, because the number of replicates was less than
three.
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RESULTS

Tadpoles were significantly less active when exposed to
predators (F,;, = 21.45, P < 0.0001; Fig. 1) and there was no
significant difference in activity between damaged and intact
treatments (Fy1, = 1.081, P = 0.319) (starved intact tadpoles X =
0.40, SE = 0.03; starved damaged tadpoles X = 0.37, SE = 0.04; fed
intact tadpoles X = 0.28, SE = 0.06; fed damaged tadpoles X = 0.27,
SE = 0.04). Both damaged and intact tadpoles were significantly
less active in predator treatments than control treatments (Post Hoc
Student-Newman-Keuls, P < 0.05) (control intact tadpoles X = 0.58,
SE = 0.04; control damaged tadpoles X = 0.51, SE = 0.04). In
addition, tadpoles exposed to the fed-predator treatment were
significantly less active than tadpoles in starved predator treatment
(t=-2.92, P = 0.004; Fig. 1).

DiscussioN

Our results suggest that the presence of dragonfly larvae induces
changes in the behavior of Bufo arenarum tadpoles and non-contact
cues associated with predation are sufficient to induce those
changes.  Antipredator responses among amphibians may be
influenced by the predator’s recent diet (Wilson and Letcort 1993)
particularly when predators have recently fed on prey conspecifics
(e.g., Kats et al. 1988; Semlitsch and Gavasso 1992; Schoeppner
and Relyea 2005). Several studies have shown that Bufo species
reduce activity when they are exposed to predators fed with
conspecifics (Skelly and Werner 1990; Semlitsch and Gavasso
1992; Anholt et al. 1996; Kiesecker et al. 1996; Summey and
Mathis 1998). Our results show that B. arenarum tadpoles respond
not only to the simple presence-absence of predator cues, but also to
additional cues provided by predators when feeding with
conspecifics.

Thus, our observations confirm the hypothesis that responses in
amphibian larvae are mediated by water-borne cues and particularly
Bufo arenarum tadpoles could also respond to the presence of
excretions related to consumption of conspecifics in addition to the
presence of the predator. In addition, this study expand the
coverage of the Bufonidae family in ecological experiments,
particularly improving the knowledge for southern-hemisphere
species and providing further evidence that behavioral plasticity of
tadpoles in the genus Bufo is widespread and may be deeply rooted
within the family.

Acknowledgments.—Animals for this study were collected with
the permission of Secretaria de Fauna de La Rioja province,
Argentina. The study was conducted with the approval of the
National University of La Rioja (UNLaR) and Consejo Nacional de
Investigaciones  Cientificas y Tecnologicas of Argentina
(CONICET). Thanks to M. Archangelsky for help in collecting and
identification of the dragonfly larvae. Centro Regional de
Investigaciones de La Rioja (CRILAR) and CONICET dispensed
laboratory facilities. We are especially grateful to G. Dayton, A.
Kehr, and F. Cruz for constructive comments on the manuscript.
Experiments and the equipment used in were part supported by the
UNLaR, and Photobiology laboratory, B940 Universidad Nacional

del Comahue (UNCOMA), Argentina to M. G. Perotti.
LITERATURE CITED

Adams, M.J., and S. Claeson. 1998. Field response of tadpoles to
conspecific and heterospecific alarm. Ethology 104:955-961.

Anholt, B.R., D.K. Skelly, and E.E. Werner. 1996. Factors
modifying antipredator behaviour in larval toads. Herpetologica
52:301-313.



Herpetological Conservation and Biology 1(2):117-120

Brodie, E.D., Jr., and D.R. Formanowicz, Jr. 1987. Antipredator
mechanisms of larval anurans: protection of palatable
individuals. Herpetologica 43: 369-373.

Gosner, K.L. 1960. A simplified table for staging anuran
embryos and larvae with notes on identification.
Herpetologica 16:183-190.

Griffiths, R.A., L. Schley, and P.E. Sharp. 1998. Behavioural
responses of Mallorcan Midwife Toad tadpoles to natural and
unnatural snake predators. Animal Behavior 55:207-214.

Hoff, K., and R.J. Wassersug. 2000. Tadpole locomotion: Axial
movement and tail functions in a largely vertebraeless
vertebrate. American Zoologist 40:62-76.

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

Kiesecker, J.M., J.M. Chivers, and A.R. Blaustein. 1996. The
use of chemical cues in predator recognition by western toad
tadpoles. Animal Behavior 52:1237-1245.

McCollum, S.A., and J.D. Leimberger. 1997. Predator-induced
morphological changes in an amphibian: predation by
dragonflies affects tadpole shape and color. Oecologia
109:615-621.

, and J. Van Buskirk. 1996. Costs and benefits of a
predator-induced polyphenism in the gray treefrog Hyla
crysoscelis. Evolution 50:583-593.

Miner, B.G., S.E. Sultan, S.G. Morgan, D.K. Padilla, and R.A.
Relyea. 2005. Ecological consequences of phenotypic
plasticity. Trends in Ecology and Evolution 20:685-692.

Moore, R.D., R.A. Griffiths, C.M. O'Brien, A. Murphy, and D.
Jay. 2004. Induced defenses in an endangered amphibian in
response to an introduced snake predator. Oecologia 141:139-
147.

Pfeiffer, W. 1982. Chemical signals in communication. Pp. 307-
326 In Chemoreception in Fishes. Hara T.J. (Ed.). Elsevier
Sciences Publishers, Ltd., Amsterdam, Holland.

Relyea, R.A. 2001a. Morphological and behavioral plasticity of
larval anurans in response to different predators. Ecology
82:523-540.

Relyea, R.A. 2001h. The relationship between predation risk and
antipredator responses in larval anurans. Ecology 82:541-554.

. 2003. Predators come and predators go: The reversibility
of predator-induced traits. Ecology 84:1840-1848.

. 2004. Fine-tuned phenotypes: Tadpole plasticity under
16 combinations of predators and competitors. Ecology
85:172-179.

Schoeppner, N.M., and R.A. Relyea. 2005. Damage, digestion, and

defence: the roles of alarm cues and kairomones for inducing
prey defences. Ecology letters 8:505-512.

Semlitsch, R.D., and S. Gavasso. 1992. Behavioral responses of

Bufo bufo and Bufo calamita to chemical cues of vertebrate and
invertebrate predators. Ethology, Ecology and Evolution 4:165-
173.

Skelly, D.K. 1992. Field evidence for a cost of behavioral

antipredator response in a larval amphibian. Ecology 73:704-708.
. 1994. Activity level and the susceptibility of anuran larvae

to predation. Animal Behavior 47:465-468.

. 1995. A behavioral trade-off and its consequences for the
distribution of Pseudacris treefrog larvae. Ecology 76:150-164.

, and E.E. Werner. 1990. Behavioral and life-historical

responses of larval American toads to an odonate predator.
Ecology 71:2313-2322.

Stauffer, H.P., and R.D. Semlitsch. 1993. Effects of visual,

chemical and tactical cues of fish on the behavioral responses of
tadpoles. Animal Behavior 46:355-364.

Summey, M.R., and A. Mathis. 1998. Alarm responses to chemical

stimuli from damaged conspecifics by larval anurans: Test of
three Neotropical species. Herpetologica 54:402-408.

Van Buskirk, J. 2001. Specific induced responses to different

predator species in anuran larvae. Journal of Evolutionary
Biology 14:482-489.

, and A. McCollum. 2000a. Influence of tail shape on tadpole

swimming performance. Journal

203:2149-2158.

of Experimental Biology

, and A. McCollum. 2000b. Functional mechanisms of an

inducible defense in tadpoles: Morphology and behavior
influence mortality risk from predation. Journal of Evolutionary
Biology 13:336-347.

, and R.A. Relyea. 1998. Selection for phenotypic plasticity in

Rana sylvatica tadpoles. Biological Journal of the Linnean
Society 65:301-328.

Wellborn, G.A., D.K. Skelly, and E.E. Werner. 1996. Mechanisms

creating community structure across a freshwater habitat
gradient. Annual Review of Ecology and Evolution 27:337-363.

Wilson, D.J., and H. Lefcort. 1993. The effect of predator diet on

the alarm response of Red-legged Frog (Rana aurora) tadpoles.
Animal Behavior 46:1017-1019.

Zar, J.H. 1999. Biostatistical. 4™ Ed. Prentice Hall, Upper Saddle

River, New Jersey, USA.

119



Perotti et al.—Bufo arenarum response to naiad predation

MARIA GABRIELA PEROTTI is Associate Researcher of the Consejo
Nacional de Investigaciones Cientificas y Técnicas at Centro Regional

Universitario  Bariloche, Universidad Nacional del Comahue,
Argentina. She received her doctoral degree from the Universidad
Nacional de Tucumén. Her research focuses on the ecology and
conservation biology of South American amphibians. Some of the
research includes the study of anuran responses to climatic changes at
high altitudes and latitudes (UVR, temperature), and responses to some
biological interactions (predation).

120

LEE A. FITZGERALD is Associate Professor and Curator of
Amphibians and Reptiles, Texas Cooperative Wildlife Collections,
Department of Wildlife and Fisheries Sciences, Texas A&M
University. He received his Ph.D. in 1993 from the University of New
Mexico. His research on evolutionary ecology and conservation
biology of amphibians and reptiles has included studies of lizards,
snakes, caimans, turtles and frogs. His conservation work in North and
South America focuses on endangered species, biodiversity, and
sustainable use of wildlife in developing countries.



