SALAMANDRA 60(2): 147-152
15 May 2024 | ISSN 0036-3375

SALAMANDRA

German Journal of Herpetology

Behavioural responses of predator-naive, predator-experienced
and wild-caught Sphaerotheca breviceps tadpoles to kairomones
from the carnivorous tadpoles of Hoplobatrachus tigerinus

SANTOSH M. MOGALIL BHAGYASHRI A. SHANBHAG & SRINIVAS K. SAIDAPUR

Department of Zoology, Karnatak University, Dharwad-580 003, Karnataka State, India

Corresponding author: SANTOSH M. MOGALI, email: santoshmogali@rediffmail.com

Manuscript received: 16 July 2023

Accepted: 5 March by UMILAELA ARIFIN

Abstract. The behavioural responses of predator-naive (laboratory-born), predator-experienced (laboratory-born but with
short-term experience with predators), and wild-caught (with long-term experience with predators in natural settings) tad-
poles of Sphaerotheca breviceps to carnivorous predatory tadpoles of Hoplobatrachus tigerinus was studied in the laboratory.
The predator’s stimulus solution (kairomones) was used to simulate predation threat. All S. breviceps tadpoles (i.e., predator-
naive, predator-experienced and wild-caught) exhibited behavioural antipredator responses, i.e., reduced swimming activity
and time spent swimming, and had a higher burst speed in response to water-borne kairomonal cues of predators. Wild-
caught tadpoles showed stronger responses than predator-naive and predator-experienced tadpoles and the latter exhibited
stronger responses than predator-naive tadpoles. Our study thus suggests that antipredator behaviour in these tadpoles is ba-
sically innate. Furthermore, the enhanced antipredator behaviour of wild-caught tadpoles indicates that learning is involved.
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Introduction

Predator-prey interactions play a vital role in shaping the
life-history strategies of animals. Predation is a chief selec-
tion pressure forcing prey animals to maximize their fitness
by recognizing and avoiding predators also in aquatic sys-
tems (LimA & DiLL 1990). Thus, predators can impact on
behaviour, morphology and the life history of individuals
and populations of preyed species (LIMA & DILL 1990, LA-
FORSCH & TOLLRIAN 2004, FERRARI et al. 2010). For preda-
tor recognition, prey animals may use wide array of cues,
e.g., visual, acoustic, electric, tactile, disturbing, chemical
or a combination thereof (Amo et al. 2004, McCORMICK
& MANASSA 2007, FERRARI et al. 2010, MOGALI et al. 2012,
LANDEIRA-DABARCA et al. 2019). In aquatic predator-prey
systems, chemical cues are considered particularly impor-
tant, as these can usually be detected over larger distances
than, e.g., visual cues (CHIVERS et al. 1996).

Anuran tadpoles make for an excellent model system
for studying predator-prey interactions because they are
highly vulnerable to aquatic predators (HEYER et al. 1975,
GASCON 1992). Previous studies suggest that the tadpoles
of most species assess predation risks using chemosensory
mechanisms before responding with defence behaviours
(FERRARI et al. 2010, MOGALI et al. 2011a, 2012). In par-
ticular, they are attuned to alarm substances released by in-

jured prey, kairomones of predators, and dietary cues to
alter their behaviour and so escape predation (SCHOEPP-
NER & RELYEA 2005, 2009, MOGALI et al. 2012, 2023a, b, ¢,
SCHERER & SMEE 2016). Previous studies have also revealed
that tadpoles exhibit a variety of antipredator behaviours to
chemical cues of predators, including reduced activity lev-
els (MoGaLI et al. 2011a), high swimming speed in order
to outrun predators (MOGALI et al. 2021), increased use of
hiding spots (HOSSIE & MURRAY 2010, MOGALI et al. 2022),
aggregation (SPIELER & LINSENMAIR 1999), and others.
The Indian Burrowing Frog, Sphaerotheca breviceps
(SCHNEIDER, 1799), is widely distributed in India. In south
India, during the early monsoon season, it generally breeds
in ephemeral water bodies in sympatry with other anuran
species (MOGALI et al. 2011b, 2023a). Offering the herbivo-
rous growth the tadpoles of S. breviceps require as food,
these ephemeral water bodies are also home to a variety of
predators, mainly insects, omnivorous predatory tadpoles
like those of Euphlyctis cyanophlyctis (SCHNEIDER, 1799),
and the carnivorous predatory tadpoles of Hoplobatrachus
tigerinus (DAUDIN, 1802) (pers. obs.). During our regular
field visits, we noticed that the tadpoles of S. breviceps are
preyed upon by a variety of predators, but mainly are ac-
tively hunted by the carnivorous tadpoles of H. tigerinus.
Most previous tadpole prey-predator interaction studies
have focused on aquatic insects, fishes, or salamanders as
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predators (CHIVERS & MIRZA 2001, MATHIS 2003, MOGALI
et al. 2022), and so far there seems to be a paucity of re-
search investigating the effects of predatory tadpoles on the
behavioural responses of herbivorous tadpoles. More im-
portantly, most previous studies looked at the behavioural
responses of prey tadpoles by using either only laborato-
ry-raised (predator-naive) or laboratory-raised ones with
short-term (few hours) experience with predators (pred-
ator-experienced), or tadpoles with long-term experience
with predators in natural settings (wild-caught) and the
role of chemical cues of predators.

In the present work, we studied systematically the be-
havioural responses of predator-naive, predator-experi-
enced and wild-caught S. breviceps tadpoles to the stimu-
lus solution (kairomones) of their natural predator, H. ti-
gerinus. We hypothesized that all three types of prey tad-
poles should principally exhibit behavioural antipreda-
tor responses to the kairomones of that predator. We also
hypothesized that both predator-experienced and wild-
caught tadpoles should display more enhanced behavioural
antipredator responses to predators than would predator-
naive tadpoles as they already have previously had some
experience with predators. Additionally, we hypothesized
that wild-caught tadpoles should exhibit the strongest be-
havioural antipredator responses, as they should draw
from their long-term experience with predators in natural
settings. Thus, the outcome of this study will provide novel
information in the field of behavioural ecology of anuran
tadpoles with especial reference to the prey—predator inter-
actions between the species involved.

Material and methods

Four egg clutches of Sphaerotheca breviceps were collected
from an ephemeral pond in the Karnatak University Cam-
pus, Dharwad, Karnataka State, India (latitude 15.44041° N,
longitude 74.98525° E), in the early monsoon period in May
of 2011 and immediately transported to the laboratory.
They were placed separately in plastic tubs (32 cm diam-
eter and 14 cm depth), each containing 5 1 of aged (dechlo-
rinated) tap water. The eggs from all four clutches hatched
synchronously at Gosner stage 19 (GOSNER 1960) the next
day. The tadpoles from all four clutches were then mixed
to normalize genetic differences between the groups and
were raised together (50 tadpoles from each clutch x 4 egg
clutches = 200 tadpoles) in a glass aquarium (90 x 30 X
15 cm, lwh) containing 20 1 of aged tap water. Two such
stocks were maintained (i.e., 400 tadpoles in total). Five
days prior to the experimental trials, predatory tadpoles of
H. tigerinus (Gosner stages 33-34; mean total length 38.15 +
117 mm, N = 20) and prey tadpoles of S. breviceps (Gos-
ner stages 31-32; mean total length 28.50 + 1.87 mm, N =
50) were collected from the same pond (a natural water
body) from which the eggs of S. breviceps had been ob-
tained. The tadpoles of H. tigerinus were raised individu-
ally to prevent cannibalism, housing them in plastic tubs
(19 cm diameter and 7 cm depth) containing o.5 1 of aged
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tap water. All tadpoles were kept at room temperature at
25°C and exposed to the natural photoperiod (12 h light,
12 h dark). The tadpoles of S. breviceps are herbivorous by
nature, hence they were fed with boiled spinach ad libitum.
Those of H. tigerinus are carnivorous by nature, hence they
were fed with surplus S. breviceps tadpoles. The tadpoles
of S. breviceps that developed or were raised in the labo-
ratory from egg stage are here termed predator-naive tad-
poles, whereas those that likewise developed in the labora-
tory but were then exposed to predators for a short period
(8 h) are termed predator-experienced tadpoles. Tadpoles
of S. breviceps that were obtained from their natural habi-
tat and therefore could be supposed to have had long-term
experience with predators for a minimum period of 15 days
are termed wild-caught here. The behavioural responses of
all these test tadpoles of S. breviceps were studied by ex-
posing them to a “stimulus solution” of kairomones of the
predatory tadpoles of H. tigerinus.

Preparation of predator stimulus solution
(kairomones)

The H. tigerinus tadpoles were placed individually in sepa-
rate plastic tubs (N = 10 tubs; 19 cm diameter and 7 cm
depth) containing 200 ml of aged tap water without food
for 96 h to eliminate diet-derived excretory metabolites
from the stimulus solution, resulting in a stimulus solution
with only kairomones (MOGALI et al. 2012). After 96 h of
starving, the tadpoles were removed from the tub and the
water containing the stimulus solution was filtered to re-
move completely any faecal matter possibly present in it
and used immediately for experimental trials.

Test subjects (predator-naive and
predator-experienced tadpoles)

A total of 25 tadpoles (Gosner stages 31-32; mean total
length 28.65 + 1.53 mm) that had been raised in the absence
of any predators from the time of hatching were placed in
plastic tubs (32 cm diameter and 14 cm depth) containing
5 1 of aged tap water. Eight such tubs were maintained. A
single H. tigerinus (Gosner stages 33-34) tadpole that had
been starved for 1 day was then introduced to four of these
tubs from 09.00 to 17.00 h. On average, the predator con-
sumed 6 * 0.4 and injured 3 * 0.3 naive tadpoles during
this 8-h period. The predator and injured tadpoles were
then removed. The uninjured but now predator-experi-
enced tadpoles were used for trials on the subsequent day.
The test tadpoles of the remaining four tubs (without pred-
ators) served as predator-naive subjects.

Test subjects (wild-caught tadpoles)

Tadpoles of S. breviceps (Gosner stages 31-32; mean total
length 28.50 + 1.87 mm, N = 50) were collected from their
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natural water body from which the eggs of S. breviceps and
tadpoles of H. tigerinus were also obtained. They had lived
there for more than 15 days in the company of many aquat-
ic predators including H. tigerinus tadpoles. A total of 25 of
these wild-caught tadpoles were likewise placed in plastic
tubs (32 cm diameter and 14 cm depth) containing 51 of
aged tap water. Two such tubs were maintained.

Behavioural responses

The behavioural responses of S. breviceps tadpoles to pred-
ator kairomones were recorded by placing a single tadpole
of S. breviceps (either of predator-naive or predator-ex-
perienced or wild-caught; Gosner stages 31-32) in a glass
tank (28 x 15 x 15 cm, Iwh) containing 600 ml of chemi-
cally pure water. A Sony handycam (DCR-SR300/E) was
mounted above the tank so that it recorded the entire area.
The handycam was then connected to a computer with the
Ethovision Video Tracking System (Noldus Information
Technology, The Netherlands) to track the movements of
the tadpole before and after stimulus solution was added to
the test tank and record some important behavioral param-
eters such as maximum swimming speed (V__ ), distance
traversed by the tadpole, number of swimming spurts, and
time spent swimming during an entire trial. For each trial,
a new test tadpole, either predator-naive or predator-ex-
perienced or wild-caught, was introduced to the tank first
and left undisturbed for 5 min. A burette was placed ~1 cm
above the water level and 50 ml of chemically pure water
was then added at a rate of ~1 ml/s to emulate the distur-
bance that the later chemical cue would make. The burette
was then inconspicuously removed. Movement of the tad-
pole was then recorded for 5 min on the Ethovision system
to obtain a reference baseline of its activity in the absence
of any cues. After that period, 50 ml of stimulus solution
(kairomones) were added with a burette in the manner de-
scribed above. Movement of the tadpole was recorded for
another 5 min to identify its activity pattern after exposure
to kairomones.

Twenty-five trials were carried out for each group (75
trials in total). For each trial, a new healthy test tadpole
was used. The glass tank was cleaned and replenished with
chemically pure water between trials.

Statistical analysis

After checking for normality, the data on the behavioural
responses of S. breviceps (either predator-naive, predator-
experienced or wild-caught) tadpoles before and after the
addition of the stimulus solution containing kairomones of
a predator were compared separately by using the paired
t-test. The data were analyzed using a general linear mod-
el for testing the overall effects of tadpole type (predator-
naive, predator-experienced, wild-caught), treatment type
(chemically pure water, with stimulus solution) and their
interactions. Also, the data on the behavioural respons-

es between different (i.e., predator-naive, predator-expe-
rienced and wild-caught) S. breviceps tadpoles to kairo-
mones of a predator were analyzed by a one-way ANOVA
followed by a Tukey’s HSD post-hoc test. All these statisti-
cal tests were performed using SPSS ver. 16.0.

Results
Behavioural responses of predator-naive
S. breviceps tadpoles to kairomones of
H. tigerinus tadpoles

Upon exposure to predator kairomones, predator-naive
S. breviceps tadpoles displayed a significant increase in
V__ and a significant decrease in the number of swimming
spurts, time spent swimming , and total distance moved
when compared to their baseline activities in chemically
pure water (Table 1A).

Behavioural responses of predator-experienced
S. breviceps tadpoles to kairomones of
H. tigerinus tadpoles

Upon exposure to predator kairomones, predator-experi-
enced S. breviceps tadpoles showed a significant increase in
V__.andasignificant decrease in the number of swimming
spurts , time spent swimming, and total distance moved
when compared to their baseline activities in chemically
pure water (Table 1B).

Behavioural responses of wild-caught
S. breviceps tadpoles to kairomones of
H. tigerinus tadpoles

Upon exposure to predator kairomones, wild-caught
S. breviceps tadpoles showed a significant increase in V_,
and a significant decrease in the number of swimming
spurts , time spent swimming, and total distance moved
when compared to their baseline activities in chemically
pure water (Table 1C).

Intensity of defence behaviours in S. breviceps tadpoles
to kairomones of H. tigerinus tadpoles

The results of a general linear model showed that both tad-
pole type and treatment type influenced the swimming
activities in S. breviceps tadpoles independently and also
their interactions (Table 2). Results of the ANOVA indicat-
ed that there were significant differences in the V__, num-
ber of swimming spurts, time spent swimming, and total
distance moved between the prey tadpoles of the different
treatment groups (Table 3). The intensity of defence behav-
iours varied significantly with the prey’s experience with
the cue. The wild-caught tadpoles exhibited significantly
higher V_ (P = 0.000), spent significantly less time swim-

max
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Table 1. Behavioural responses of predator-naive, predator-experienced, and wild-caught Sphaerotheca breviceps tadpoles to chemi-
cally pure water (aged tap water) or stimulus solution (kairomones) of their predator, the larvae of Hoplobatrachus tigerinus. Data are
represented as means + SE and analyzed with a Paired-Sample t-test.

A) Predator-naive tadpoles (N = 25 trials)

Treatment Maximum swimming  Frequency of swimming Time spent swimming Distance travelled
speed (V__; cm/s) spurts (s) (cm)
Chemically pure water 13.40 + 0.12 91.80 + 2.55 82.12 £ 1.65 541.08 + 8.51
Stimulus solution 21.12 +£0.33 22.76 + 0.88 19.32 + 0.67 194.62 + 7.62
t-values t=21.521,df = 24 t=26.749, df = 24 t=33.791, df = 24 t=31.694, df = 24
P-values P =0.000 P =0.000 P =0.000 P =0.000

B) Predator-experienced tadpoles (N = 25 trials)

Treatment Maximum swimming  Frequency of swimming Time spent swimming Distance travelled
speed (V__; cm/s) spurts (s) (cm)
Chemically pure water 13.17 £ 0.13 87.52 +2.21 80.11 + 1.88 535.85 + 10.77
Stimulus solution 23.51 £0.25 13.68 + 0.40 12.04 £ 0.41 140.63 + 5.87
t-values t =-38.902, df = 24 t=32.884, df = 24 t=35.273,df =24 t=31.701, df = 24
P-values P =0.000 P =0.000 P =0.000 P =0.000

C) Wild-caught tadpoles (N = 25 trials)

Treatment Maximum swimming

Frequency of swimming

Time spent swimming Distance travelled

speed (V,__; cm/s) spurts (s) (cm)
Chemically pure water 13.28 £ 0.13 90.60 + 2.29 81.73 + 1.98 538.68 £ 10.13
Stimulus solution 27.33 £ 0.59 5.52 + 0.32 4.95 +0.32 72.27 + 4.14
t-values t =-25.655, df = 24 t =36.356, df = 24 t=36.087, df = 24 t=42.919,df =24
P-values P =0.000 P =0.000 P =0.000 P =0.000

Table 2. Results of a general linear model for overall effects of
tadpole type (predator-naive, predator-experienced, wild-caught),
treatment type (chemically pure water, stimulus solution) and
their interactions. The response variables are the various swim-
ming activities (maximum swimming speed, frequency of swim-
ming spurts, time spent swimming, and total distances travelled) of
Sphaerotheca breviceps tadpoles. Significant values are in boldface.

Source Wilks’ F P
lambda

Tadpole type 0.416 19.373  0.000

Treatment type 0.014  2556.0 0.000

Tadpole type x treatment type 0.431 18.442  0.000

ming (P = 0.000), a reduced number of swimming spurts
(P = 0.000), and moved for shorter distances (P = 0.000)
compared to all other groups (Table 3). The predator-ex-
perienced tadpoles also exhibited significantly higher V_
(P = 0.000), spent significantly less time swimming (P =
0.000), reduced number of swimming spurts (P = 0.000),
and moved only over short distances (P = 0.000) compared
to the predator-naive and control (chemically pure water)
groups (Table 3). The predator-naive tadpoles exhibited sig-
nificant higher V__ (P = 0.000), spent less time swimming
(P = 0.000), engaged in a reduced number of swimming
spurts (P = 0.000), and moved only over short distances
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(P = 0.000) compared to their conspecifics in chemically
pure water (Table 3). The hierarchy of the intensity of de-
fence behaviours thus is wild-caught (highest) > predator-
experienced (moderate) > predator-naive tadpoles (lowest)
> chemically pure water (control group, Tables 1 and 3).

Discussion

In aquatic systems, many organisms including larval an-
urans are at a high risk of predation, but the level of their
risk is dependent on the effectiveness of their defences,
which have evolved to promote their escape from preda-
tors and ultimately promote their survival (SCHMIDT &
AMEZQUITA 2001, RELYEA 2007). In such systems, vari-
ous types of chemical cues, e.g., alarm substances of dam-
aged conspecifics, dietary metabolites of predators, distur-
bances and kairomones of predators affect the behavioural
responses of many prey animals including anuran larvae
(SCHOEPPNER & RELYEA 2005, MOGALI et al. 20113, 2012).
The existence of kairomones (predator odour) that elicit
antipredator behaviour in prey has been reported for a wide
array of animals (KATs & DILL 1998, FERRARI et al. 2010,
Mogall et al. 2011a). Kairomones are generally considered
the chemical signatures of predators. A few experimental
studies involving starved predators have demonstrated that
kairomones will not elicit antipredator behaviour in cer-
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Table 3. Behavioural responses of Sphaerotheca breviceps tadpoles to chemically pure water and to stimulus solution (kairomones) of
its predator, the larvae of Hoplobatrachus tigerinus. Data are represented as means + SE and analyzed by a one-way ANOVA followed
by a Tukey’s HSD post-hoc test. Dissimilar letters indicate significant differences between treatment groups. Twenty-five trials were

conducted with each treatment group.

Treatment

Maximum swimming Frequency of swimming Time spent swimming

Distance travelled

speed (V_; cm/s) spurts (s) (cm)
Chemically pure water (pooled) 13.28 £ 0.74* 89.97 £ 1.35° 81.32 + 1.05* 538.53 £ 5.61°
Stimulus solution (kairomones)
Predator-naive tadpoles 21.12 £ 0.33° 22.76 + 0.88° 19.32 + 0.67° 194.62 + 7.62°
Predator-experienced tadpoles 23.51 £ 0.25° 13.68 + 0.40° 12.04 + 0.41¢ 140.63 + 5.87¢
Wild-caught tadpoles 27.33 + 0.59¢ 5.52 +0.32¢ 4.95 +0.32¢ 72.27 + 4.14¢
F-values F =662.70, df = 3,146 F =985.50, df = 3,146 F =1337.0, df = 3,146 F=1266.0, df = 3,146
P-values P =0.000 P =0.000 P =0.000 P =0.000

tain prey taxa, though (CrowL & COVICH 1990, STIRLING
1995, MOGALI et al. 2012), whereas a few others, including
those on larval anurans, have shown that kairomones in-
duce strong antipredator behaviour (HAZLETT & SCHOOL-
MASTER 1998, PETRANKA & HAYES 1998, VAN BUSKIRK &
ARIOLI 2002, SCHOEPPNER & RELYEA 2005, 2009, MOGALI
2018, MOGALI et al. 2011a, 2023b, GYSSELS & STOKS 2006).
The results of the present study indicates that all three
types of tadpoles of S. breviceps, i.e., predator-naive, preda-
tor-experienced and wild-caught ones, basically sensed the
kairomones of hunting H. tigerinus tadpoles and responded
by decreasing their activity levels (less time spent in swim-
ming, less distance traversed, and fewer swimming spurts)
during the trial period. Furthermore, it is interesting to
note that whenever the S. breviceps tadpoles moved in the
stimulus solution (kairomones) their spurt speed (V_ )
was higher than in chemically pure water, indicating their
efforts to escape the perceived threat of a nearby predator
as was implied by the presence of kairomones. Our results
conform with earlier studies on Bufo melanostictus (MoGA-
L1 et al. 2011a) and Polypedates maculatus tadpoles (MoGA-
LI 2018, MOGALI et al. 2023b). In contrast, tadpoles of
Rana temporalis (MOGALI et al. 2012) and B. melanostictus
(MOGALI et al. 2020) apparently do not alter their behav-
iour in response to kairomones from insect predators, such
as the larvae of the dragonfly Pantala flavescens. This might
be because dragonfly larvae are sit-and-wait predators that
move slowly and usually wait for prey to come within strik-
ing range (MILLER et al. 2014). They seem to be perceived as
a lower predation threat by the prey. There is intense selec-
tion pressure on sit-and-wait predators to suppress chemi-
cal evidence (e.g., kairomones) of their presence, because
they need the prey to approach them (MILLER et al. 2015).
The tadpoles of S. breviceps exhibited strong behavioural
antipredator responses to H. tigerinus tadpoles, because the
latter actively hunt syntopic anuran tadpoles (MOGALI et
al. 2011, 2023b). H. tigerinus tadpoles therefore pose a seri-
ous predation threat to S. breviceps tadpoles. The long eco-
logical co-existence of S. breviceps tadpoles with sympatric
carnivorous tadpoles such as those of H. tigerinus may have

driven the evolution of antipredator defence strategies in
response to the kairomones of these predators.

The results of the present study also clearly demonstrate
that wild-caught tadpoles have the strongest behavioural
antipredator responses compared to those by predator-ex-
perienced and even more so compared to predator-naive
tadpoles. Our experimental study thus indicates that tad-
poles of all types basically react to the predator kairomones,
suggesting that their antipredator behaviour is innate. The
differences between these groups also suggests that some
learning is involved — the longer the tadpoles (wild-caught)
were in contact with predators or its cues, the stronger they
react. Hence, there clearly is a combination of both innate
and learned behaviours. Our results are in agreement with
earlier studies (CHIVERS & FERRARI 2013, CRANE et al. 2017,
MOGALI et al. 2023¢).

In summary, the present study demonstrates that all
S. breviceps tadpoles, be they predator-naive, predator-ex-
perienced or wild-caught, exhibit behavioural antipreda-
tor responses to kairomones of the predatory tadpoles of
H. tigerinus.The enhanced antipredator behaviour of wild-
caught tadpoles may suggest their long-term experience
with predators in natural water bodies.
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