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The ability of prey to detect predators directly affects their probability of survival. Chemical cues are known to be
important for predator detection in aquatic environments, but the role of other potential cues is controversial. We
tested for changes in behaviour of Rana temporaria tadpoles in response to chemical, visual, acoustic, and
hydraulic cues originating from dragonfly larvae (Aeshna cyanea) and fish (Gasterosteus aculeatus). The greatest
reduction in tadpole activity occurred when all cues were available, but activity was also significantly reduced by
visual cues only. We did not find evidence for tadpoles lowering their activity in response to acoustic and hydraulic
cues. There was no spatial avoidance of predators in our small experimental containers. The results show that
anuran larvae indeed use vision for predator detection, while acoustic and hydraulic cues may be less important.
Future studies of predator-induced responses of tadpoles should not only concentrate on chemical cues but also
consider visual stimuli. © 2012 The Linnean Society of London, Biological Journal of the Linnean Society, 2012,
106, 820–827.
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INTRODUCTION

Responding appropriately to predation threat is of
fundamental importance for individual fitness (Sih,
1980; Lima & Dill, 1990). The first stage of response
involves detecting risk accurately. In aquatic environ-
ments, the most important sensory modalities for
predator detection are olfaction and vision (Tollrian &
Harvell, 1999). Tactile cues, sensed by mechanorecep-
tors embedded in the skin, can also help detect imme-
diate threats. Further modalities in some taxa
include electric and hydraulic cues, sensed by electro-
and mechanoreceptors located in the lateral line
system. Acoustic cues (also referred to as sonic or
auditory cues) may also play a role in predator detec-
tion if sound is generated by the predator itself or by
prey under attack (e.g. Hoy, 1992; Natale et al., 2011;
Wilson et al., 2011).

In anuran larvae, chemical cues play a major role
in predator detection (e.g. Kiesecker, Chivers &
Blaustein, 1996; Laurila, 2000; Benard, 2006), but the
importance of other sensory modalities is poorly
known and controversial. Tadpoles are near-sighted
(Hoff et al., 1999) and their habitat often consists of
turbid water and dense vegetation; consequently,
vision has rarely been studied in the context of
predation and is often dismissed as unimportant
(Stauffer & Semlitsch, 1993; Kiesecker et al., 1996;
Jowers et al., 2006; Parris, Reese & Storfer, 2006;
Saidapur et al., 2009). Nonetheless, tadpoles do use
vision in other contexts, such as adjusting their swim-
ming movements to those of conspecifics (Wassersug,
Lum & Potel, 1981; Rot-Nikcevic, Denver & Wasser-
sug, 2005; Gouchie, Roberts & Wassersug, 2008).
Also, anuran larvae respond to tactile stimulation
(Rot-Nikcevic et al., 2005), and functional mechanore-
ceptors in the lateral line system allow them to sense
water movements (Lannoo, 1999; Simmons, Costa &*Corresponding author. E-mail: hettyeyattila@yahoo.de
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Gerstein, 2004; Schmidt, Knowles & Simmons, 2011).
One study suggests that hydraulic cues may help
tadpoles to detect predators (Stauffer & Semlitsch,
1993). Anurans are unable to sense electric cues
because they lack electroreceptors (Lannoo, 1999).
Whether tadpoles exploit acoustic cues in predator
detection is largely unexplored, although they do have
a functional inner ear (Lannoo, 1999) and some
species exhibit intraspecific acoustic communication
(Natale et al., 2011; Reeve et al., 2011).

The present study examines whether tadpoles use
visual, acoustic, and hydraulic cues for predator
detection. Acoustic and hydraulic cues are difficult to
separate from each other in practice, so we tested
their effects together. We predicted that tadpoles
sensing the presence of a predator, regardless of the
cue, would decrease activity and move away from
the predator (Skelly & Werner, 1990; Stauffer &
Semlitsch, 1993; Parris et al., 2006). Behavioural
responses can vary with the predator species (Van
Buskirk, 2001; Teplitsky et al., 2005; Hettyey et al.,
2011), so we included two different predators to
increase the likelihood of detecting what we antici-
pated to be relatively subtle responses to visual,
acoustic, and hydraulic cues.

METHODS
EXPERIMENTAL PROCEDURES

The prey in our experiment were tadpoles of the
European common frog (Rana temporaria Linnaeus,
1758), which are known to show strong behavioural
responses to many aquatic predators (Laurila,
Kujasalo & Ranta, 1997; Van Buskirk, 2001). The
predators were larval dragonflies (Aeshna cyanea
Müller, 1764) and fish (three-spined sticklebacks, Gas-
terosteus aculeatus Linnaeus, 1758), chosen because
they are important predators of amphibian larvae, and
because they differ in their hunting behaviour: Aeshna
is a sit-and-wait predator and Gasterosteus is an active
forager. We collected six freshly laid clutches of R. tem-
poraria from a pond in eastern Switzerland (47°02′N,
9°21′E), and held them separately in 10-litre aquaria
until hatching. After hatching, we fed tadpoles ad
libitum with rabbit chow and changed water every
other day. The predators came from ponds near Zurich,
Switzerland. We held 45 dragonfly larvae individually
in 200-mL plastic cups, and 45 fish in groups of 15
individuals within 80-litre tubs. Predators were fed
twice a week with R. temporaria tadpoles, but were
unfed for 48 h before an experimental trial. We kept all
animals in an unheated room with open windows
under natural light conditions and water temperatures
between 13 and 28 °C.

The experiment had a 3 ¥ 3 complete factorial design
with three combinations of cue crossed with the two

species of predator and a predator-free control. Cues
were controlled by manipulating a divider that
bisected the experimental chambers (polypropylene
boxes; 1.0 litre; 20 ¥ 12 ¥ 7 cm) into two parts of equal
size (10 ¥ 12 cm). The divider was either a net with
1.4-mm mesh (assumed to transmit all cues to focal
tadpoles), 5-mm-thick transparent Plexiglas (trans-
mitting visual cues but blocking chemical, hydraulic,
and possibly acoustic cues), or 0.12-mm opaque and
freely vibrating polyethylene foil (assumed to transmit
acoustic and hydraulic cues, but blocking chemical and
visual cues). Our assumptions about the transmission
properties of barriers are untested, but it is reasonable
to suppose that a net transmits hydraulic and acoustic
cues, Plexiglas blocks both cues, and thin foil transmits
these cues to some degree. Experimental chambers
were lined with a 0.3-mm polyester filter-paper on the
inner surface to minimize sound reflection from the
walls or interference from adjacent chambers. Lines
drawn on the bottom of each chamber created six
equal-sized sectors (1.67 cm wide) at increasing dis-
tance from the divider.

Trials were conducted on ten days between 9 and 20
May 2011, 16–27 days after hatching. On each day, we
conducted two replicates of the predator-free control
for each cue treatment and four replicates of the six
combinations of predator species and cue type. These
30 chambers were arranged under two video cameras
on a bed of Styrofoam, with treatments assigned at
random within each group. The walls of the room
were covered with high-frequency-absorbing foam.
Animals were acclimatized to the experimental con-
ditions under a dim lamp simulating night for 15 h
prior to the trial: tadpoles were in the experimental
chambers themselves, and predators were in similar
chambers containing a divider of 4-mm opaque Plexi-
glas. At 09:00 h, we switched on broad-spectrum fluo-
rescent lights, and 5 min later transferred predators
to the experimental chambers and turned on the
video cameras for 15 min. After each day, we washed
experimental and acclimatization chambers and dis-
carded the filter paper. Tadpoles were tested individu-
ally and only once, whereas the 45 individual
predators of each species were used 2–3 times each,
and assigned to treatments haphazardly.

We measured activity and location of both the
tadpole and predator at 1-min intervals during the
15 min of trials using the video-recordings. Activity
was an appropriate response for this study because
much evidence suggests that amphibian larvae react to
predation risk by decreasing movement (Lawler, 1989;
Skelly, 1994; Van Buskirk & Arioli, 2002). An indi-
vidual was scored as active if it was visibly feeding or
swimming and as inactive if it was motionless. Loca-
tion was defined as the sector that the animal occupied,
with higher values corresponding to increasing dis-
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tances from the barrier. Several replicates were lost,
for various reasons. One chamber with acoustic and
hydraulic cues developed a leak and was excluded from
all dates. Visual obstructions required us to discard
five replicates of tadpole activity, 24 replicates of
tadpole location, and five replicates of predator behav-
iour. In three cases we mistakenly did not add a
predator to the chamber, which lowered sample size in
the predator treatments and increased the number of
trials in the control. In the end, 263 trials were
available for analyses of the effects of cue treatment
and predator treatment on tadpole behaviour, and 198
trials for analyses of the effects of predator behaviour
on tadpoles (details in Table 1).

STATISTICAL ANALYSES

The behaviour of individual tadpoles and predators
did not change over the 15-min observation period (all
P � 0.29 in repeated-measures analyses), so analyses
were done on averages for each individual. Tadpole
activity and location were not highly correlated, and
were therefore analysed independently (rs = 0.017,
N = 263, P = 0.78).

First, we investigated whether the two predators
differed in their behaviour and whether behaviour
depended on cue treatment or date. Predator activity
and location were dependent variables in a multivari-
ate linear model with predator species and cue treat-
ment as categorical factors and date as a continuous
covariate. Date was included as a covariate to account
for potential directional trends in behaviour due to
growth and development of tadpoles and predators.
Second, we used two separate linear models to test for
the effects of predator treatment, cue treatment, and
date on tadpole activity and location. Activity and
location were the dependent variables, predator treat-
ment and cue treatment were categorical factors, and
date was a continuous covariate. Activity was recip-
rocally transformed to normalize residuals and equal-

ize error variances. To facilitate interpretation, we
reversed the sign of the transformed values of tadpole
activity in the analyses. Third, we assessed the rela-
tionship between predator behaviour and tadpole
activity and location in separate analyses in which
predator species and cue treatment were factors, and
date and residual activity and location of the predator
were covariates. The residuals came from a multivari-
ate model with predator species and cue treatment as
factors, and date as a covariate. The second analysis
did not include covariates representing predator
behaviour because the control treatment contained no
predator.

We included all two-way interactions into initial
models and performed model simplification by apply-
ing a backward stepwise removal procedure to avoid
problems because of the inclusion of non-significant
terms (Engqvist, 2005). Removed variables were
re-entered one by one to the final model to obtain
relevant statistics. Wherever necessary for the
interpretation of results, we performed Bonferroni-
corrected pair-wise comparisons. Statistical models
were implemented in SPSS 19.0.

RESULTS
PREDATOR BEHAVIOUR

Predator behaviour depended on predator species,
cue treatment, and the interaction between species
and cue (multivariate model; species: F2,191 = 594.5,
P < 0.001; cue: F4,382 = 9.61, P < 0.001; species ¥ cue:
F4,382 = 3.16, P < 0.001). Fish were more active than
dragonfly larvae (univariate model; F1,192 = 1004,
P < 0.001) and remained further from the divider
(F1,192 = 306.7, P < 0.001; Fig. 1). Date and its interac-
tions did not have an effect on predator behaviour (all
P > 0.2). Subsequent separate analyses for the two
predators revealed that the activity of both predators
varied among cue treatments (dragonfly larvae:
F2,96 = 13.47, P < 0.001; fish: F2,96 = 5.91, P = 0.004):

Table 1. The number of trials for each combination of cue treatment and predator treatment available for analyses
excluding or including data on predator behaviour

Cue treatment

Predator treatment

Without predator behaviour With predator behaviour

Control Dragonfly Fish Dragonfly Fish

All cues 19 37 34 34 34
Visual cues only 22 39 33 39 32
Acoustic and hydraulic cues 19 27 33 26 33
Total 60 103 100 99 99

The depicted sample sizes represent the number of trials where data on both tadpole activity and tadpole location could
be used. Hence, sample sizes in the separate analyses on tadpole activity and on tadpole location were somewhat higher.
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dragonflies were least active when all cues could
pass through the divider, and both predator species
were most active with only visual cues (Fig. 1A).
The location of fish was unrelated to cue treatment
(F2,96 = 0.55, P = 0.58), whereas that of dragonfly
larvae varied among treatments (F2,96 = 22.58,
P < 0.001): the latter were closer to the divider in the
all-cues treatment (Fig. 1B).

TADPOLE BEHAVIOUR

Tadpole activity was significantly affected by predator
treatment, cue treatment, and their interaction
(Table 2; Fig. 2A). When all types of cue were avail-
able, activity declined sharply in the presence of
either predator (Fig. 2A; control vs. dragonfly larva:

Figure 1. Behaviour of the two predators in the three cue
treatments: A, predator activity; B, predator location.
Larger values on the y-axis indicate higher activity and
locations further from the divider. The figure is based on
averages calculated for each individual from observations
made once every minute over a 15-min period. Means ± SE
are indicated.

Figure 2. Tadpole behaviour as affected by predator
treatment and cue treatment: A, tadpole activity; B,
tadpole location. Larger values on the y-axis indicate
higher activity and locations further from the divider. The
figure is based on averages calculated for each individual
from observations made once every minute during the
15-min time period of the experiment. For the ease of
interpretation, we present untransformed data on tadpole
activity. Means ± SE are indicated.
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P < 0.001; control vs. fish: P < 0.001; dragonfly larva
vs. fish: P = 1). When only visual cues were available,
activity again declined in the presence of dragonfly
larvae compared with the control, whereas tadpole
activity was intermediate in the presence of fish
(Fig. 2A; control vs. dragonfly larva: P = 0.025; control
vs. fish: P = 0.28; dragonfly larva vs. fish: P = 0.73).
When only acoustic and hydraulic cues were present,
there were no effects of predator treatment on tadpole
activity (Table 2; Fig. 2A). The significant effect of
date was caused by a general decline in activity over
time (Table 2).

Tadpole location was significantly influenced by
predator treatment and cue treatment, but not by
their interaction (predator: F2,261 = 5.71, P = 0.004;
cue: F2,261 = 18.75, P < 0.001; predator ¥ cue: F4,257 =
0.42, P = 0.79; Fig. 2B). Tadpoles moved closer to the
divider in the presence of fish (control vs. dragonfly
larva: P = 1; control vs. fish: P = 0.035; dragonfly larva
vs. fish: P = 0.006; Fig. 2B), and when only visual cues
were available (all cues vs. visual cues: P < 0.001;
all cues vs. acoustic and hydraulic cues: P = 0.68;
visual cues vs. acoustic and hydraulic cues: P < 0.001;
Fig. 2B). Tadpoles tended to move closer to the divider
during later experiments, although this was not
significant (F1,260 = 3.54, B = –0.047, SE = 0.025,
P = 0.061). All interactions involving date were non-
significant (P > 0.1).

Residual predator activity was positively related to
tadpole activity (F1,188 = 5.4, B = 0.153, SE = 0.066,

P = 0.021). The main effect of residual predator loca-
tion (F1,188 = 0.5, P = 0.48) and the interaction terms
were non-significant (all P > 0.09), except for the
interaction between predator type and residual
predator location (F1,188 = 4.95, P = 0.027). In the
presence of dragonfly larvae, tadpole activity was
positively related to residual predator activity
(F1,91 = 7.58, B = 0.217, SE = 0.079, P = 0.007; Fig. 3)
and negatively to residual predator location
(F1,91 = 4.29, B = –0.047, SE = 0.023, P = 0.041). In the
presence of fish, tadpole activity was not related to
residual predator activity or location (both P > 0.24).
Tadpole location was unrelated to residual predator
activity or location (P > 0.15).

DISCUSSION

Tadpoles of R. temporaria reduced activity when they
detected predators, as reported in many other anuran
species (Lawler, 1989; Van Buskirk, 2002; Laurila,
Pakkasmaa & Merilä, 2006). The strongest anti-
predator responses have been found when chemical
cues are available to tadpoles (Stauffer & Semlitsch,
1993; Kiesecker et al., 1996; Parris et al., 2006). Our
results agree with this, because the greatest decline
in activity occurred in the treatment with chemical
cues, in addition to visual, acoustic, and hydraulic
cues. The strength of the response to fish and drag-
onfly larvae was similar, perhaps because both
are important predators of R. temporaria (Relyea,

Table 2. Effects of predator treatment, cue treatment, and date on tadpole activity

Effect d.f. B SE F P

Overall
Predator treatment 2, 275 -0.011 0.003 15.436 < 0.001
Cue treatment 2, 275 10.645 < 0.001
Date 1, 275 15.027 < 0.001
Predator treatment ¥ Cue treatment 4, 275 3.871 0.004
Predator treatment ¥ Date 2, 273 0.586 0.557
Cue treatment ¥ Date 2, 273 2.448 0.088

All cues
Predator treatment 2, 93 -0.002 0.005 20.138 < 0.001
Date 1, 92 0.279 0.599

Visual cues
Predator treatment 2, 96 -0.017 0.005 3.642 0.030
Date 1, 96 12.363 0.001

Acoustic and hydraulic cues
Predator treatment 2, 85 -0.013 0.005 1.299 0.278
Date 1, 87 6.536 0.012

Because the interaction between predator treatment and cue treatment was significant, we also present results of three
linear models testing the effect of predator treatment and date on tadpole activity in the three cue treatments separately.
Significant results are shown in bold type.
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2001a; Teplitsky, Plénet & Joly, 2004; Hettyey et al.,
2011).

Our most noteworthy result was that when only
visual cues were available, tadpole activity was lower
in the presence of both predators than in the control
(Fig. 2A). Previous studies have found either weak
evidence for use of visual cues in anuran predator
detection (Stauffer & Semlitsch, 1993; Kiesecker
et al., 1996; Jowers et al., 2006; Parris et al., 2006) or
no support at all (e.g. Saidapur et al., 2009). Improve-
ments in study design may account for our results.
For example, we used smaller experimental chambers
to accommodate the near-sightedness of tadpoles
(McDiarmid & Altig, 1999), and we used somewhat
older animals than had been used previously because
tadpole vision improves throughout the larval stage
(Lannoo, 1999). Young tadpoles may not use visual
cues, but our results suggest that as they become
larger they can recognize predators visually.

When only acoustic and hydraulic cues were avail-
able, activity was no different from that observed in
the control treatment. This agrees with the single
previous study that has tested for the use of acoustic
and hydraulic cues (Stauffer & Semlitsch, 1993).
Stauffer & Semlitsch (1993) argued that water move-
ments may provide information on predator location
that augments chemical information on predator

presence. In our study, as well, we cannot exclude the
possibility that these cues function in combination
with other types of cues during predator recognition
and localization. It is also possible that the foil divider
in our study weakened or otherwise altered acoustic
or hydraulic cues such that they could not be recog-
nized by tadpoles. Thus, further experiments may be
necessary to validate our conclusion that acoustic and
hydraulic cues are not important.

The relationship between activity of dragonfly
larvae and tadpole activity did not differ between cue
treatments, as indicated by a lack of a significant
interaction between residual predator activity and
cue treatment (Fig. 3). A possible interpretation of
this result is that tadpoles are able to sense the
movements of predators when only visual and when
only acoustic and hydraulic cues are available to
them, but they recognize predators only using chemi-
cal and visual cues but not from acoustic or hydraulic
cues. Alternative interpretations are that predators
adjust their behaviour to that of tadpoles or that both
predators and prey react to other unknown variables.
Direct manipulation of predator activity would be
required to verify a causal relationship.

We observed no spatial predator avoidance, and in
fact tadpoles moved closer to the divider in the pres-
ence of fish. Previous studies, conducted in larger
arenas, almost always report spatial avoidance of
predators (Skelly & Werner, 1990; Relyea, 2001b;
Parris et al., 2006). We can only speculate that the
small size of the experimental chambers used in the
present experiment did not leave much space for
tadpoles to express spatial avoidance (also see Parris
et al., 2006). The observation that tadpoles were sig-
nificantly closer to the divider when only visual cues
were available might indicate that they misjudged the
size of the container in the presence of the completely
transparent Plexiglas divider, and attempted to
explore and use all of the apparently available space.

Vision may be important for tadpoles living in oli-
gotrophic habitats with little vegetation and clear
water, or at very close range in meso- and eutrophic
habitats with dense vegetation and murky water. On
a longer timescale, chemical cues may provide infor-
mation on the types of predators present, and on their
abundance and dangerousness. Prey clearly adjust
their phenotypic responses according to chemical
signals from different densities and species of preda-
tor (e.g. Van Buskirk & Arioli, 2002; Teplitsky et al.,
2005; Hettyey et al., 2011). However, when a predator
approaches and an immediate threat develops, the
concentration of chemical cues in the water is less
relevant than the visual cues immediately available
to the prey. Our results suggest that vision does
indeed play an important role in eliciting anti-
predator behaviour in anuran larvae, at least when

Figure 3. Relationships between tadpole activity and
residual predator activity in the presence of dragonfly
larvae. Residual values of predator activity originate from
the analysis of predator behaviour, whereas residual
values of tadpole activity originate from a regression of
tadpole activity on date.
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the predator is at close range. Thus, future studies on
predator-induced defences of tadpoles should not con-
centrate solely on chemical stimuli, but also take
visual cues into consideration. After all, while chemi-
cal cues alone can induce defensive responses in tad-
poles (Petranka & Hayes, 1998; Schoeppner & Relyea,
2005, 2009; Fraker et al., 2009), both chemical and
visual cues may be required to develop the full suite
and magnitude of defences.
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