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SUMMARY
Piranhas are known to be sound-producing animals. Nevertheless, the biological significance of piranha calls remains unclear
because sounds have been recorded only when specimens were held by hand or trapped in a gili net. These sounds are generated
by rapid contractions of sonic muscles that insert on a broad tendon surrounding ventrally the cranial sac of the swimbladder.
The piranha swimbladder is thought to play an important role in sound production as an impedance-matching device and as a
resonator. However, the vibratory capacities of the cranial and caudal sacs and the exact role of both sacs in sound production
remain poorly understood. In this study, three sounds were each associated to a specific behaviour. The first sound (type 1) was
produced during frontal display; it had numerous pulses and lasted 140x17ms, with a fundamental frequency of 120*4Hz. It
corresponded to the sound made by hand-held fishes. The second sound (type 2) was produced during circling and fighting
behaviour; it was a single pulse lasting 36t8ms, with a fundamental frequency of 43t10Hz. The third sound (type 3) corresponded
to chasing behaviour and comprised three to four pulses, each lasting 3+1 ms, with a fundamental frequency of 1739+18Hz. Using
a laser vibrometer to study the swimbladder displacement when stimulated at different frequencies, it was demonstrated that the
first two sounds corresponded to the swimbladder mechanism. By contrast, the third sound was associated with the jaw
mechanism. The vibrometer indicated that the swimbladder is a highly damping structure, simply copying the sonic muscle
contraction rate. This study provides two interesting insights. First, it shows the relationships between three kinds of piranha
sound and three specific behaviours. Second, using muscle stimulation at different rates, it shows which simultaneous conditions
are required for production of sound in this species. Swimbladder calls were produced by a muscle contraction rate of
approximately 100Hz because this periodicity allowed the swimbladder to vibrate. At this frequency range, the
contraction-relaxation cycles of the swimbladder muscles engendered wall displacements that had short amplitudes and with

only a small variability between them.
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INTRODUCTION

Few species have attracted greater notoriety than the voracious red-
bellied piranha (Pygocentrus nattereri), a common predatory fish
of the Amazon and other South American rivers (Fowler, 1950;
Goulding, 1980). There have, however, been few investigations into
piranha behaviour, probably because of the perceived difficulties
involved in handling these animals. Nevertheless, Sazima and
Machado (Sazima and Machado, 1990) made direct underwater
observations of the feeding and social interactions of red-bellied
piranhas; Uetanabaro and colleagues examined breeding behaviour
(Uetanabaro et al,, 1993); Foxx (Foxx, 1972) described how
individual piranhas attack goldfish (Carassius auratus, Linnaeus);
and Magurran and Queiroz investigated piranha shoaling behaviour
in a controlled environment (Magurran and Queiroz, 2003). In
addition, Pauly summarised published information on foraging,
growth and related aspects of the species (Pauly, 1994).

Piranhas are also known to be sound-producing animals
(Meschkat, 1957; Marki, 1971; Kastberger, 1981a; Kastberger,
1981b). Nevertheless, the biological significance of piranha calls
remains unclear because sounds have been recorded only when
specimens were held by hand or trapped in a gili net. Marki (Marki,
1971) and Kastberger (Kastberger, 1981a) found that drumming calls

of hand-held specimens consisted of low-frequency harmonic
sounds with several pulses and with a period of 7-10ms. These
sounds are generated by rapid contractions of sonic muscles, which
originate on transverse expansions at the base of'the second rib and
insert on a broad tendon that ventrally surrounds the cranial sac of
the swimbladder (Ladich and Bass, 2005). The sonic muscles are
round in shape, extend between the first and third ribs (Ladich and
Bass, 2005) and are innervated by branches of the third, fourth and
fifth spinal nerves (Onuki et al., 2006). Sounds result from fast-
contracting sonic muscles, whose contraction rate determines the
pulse rate ofthe drumming sounds (Kastberger, 1981a), which also
showed harmonics (Kastberger, 1981b). The piranha swimbladder
is thought to play an important role in sound production as an
impedance-matching device and as a resonator (Tavolga, 1971;
Demski et al., 1973).

Although sound production apparently evolved independently
among several distantly related groups, many species have a sonic
mechanism dependent on fast-contracting sonic muscles that vibrate
the gas-filled swim bladder (e.g. Osteoglossomorpha,
Batrachoidiformes, Scorpaeniformes). However, species exhibit a
wide range of variation in the origin and insertion of the sonic
muscles. In this kind of mechanism, sound production stops after
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Fig. 1. Velocity of swimbladder wall displacement (twitch): A corresponds to
the start of the movement, B to the maximal velocity and the half of
swimbladder displacement, C to maximal velocity through the return of the
swimbladder to its resting position, and D to the end of the movement. The
A-B segment represents the velocity increase that corresponds to the main
peak sound energy, and the C-D segment represents the recovery phase.

deflation or removal ofthe swimbladder (Tower, 1908). Moreover,
as the swimbladder can undergo volume changes, the organ has
been considered as an efficient radiator of sound. Consequently, the
swimbladder has been modeled as an underwater resonant bubble,
an acoustic monopole that radiates sound omnidirectionally
(Bergeijk, 1964; Harris, 1964). However, few studies have directly
studied the mechanism by which movement of the swimbladder
could produce sound. The role ofthe swimbladder has been directly
studied in only one Batrachoidiform species (Opsanus tau), which
is non-related to the piranha. In the toadfish Opsanus tau, the bladder
is a low-Q resonator, which follows muscle contraction rates
independently of its natural frequency (Fine et al., 2009).

Here, our goals were to record sounds in a free-swimming group
of piranhas and to be able to associate their sounds with given
behaviours (e.g. aggression, intimidation, food competition,
chasing). Moreover, different methods (vibrometer laser, muscle
stimulation, etc.) were used to identify precisely the role of the
cranial and caudal sacs of the swimbladder in the sound-producing
mechanism.

MATERIALS AND METHODS
Piranhas (Pygocentrus nattereri Kner) were purchased from a
specialised store (Aqua Garden Centre, Liege, Belgium) and kept
in two 300 litre tanks. The water temperature was maintained at
26+2°C, and the oxygenation level kept above 90%. The fish were
fed three times a week with mussels and smelts.

Recording and analysis of sounds and behaviour

The experiment was performed on three groups of 10 fish [18+5g;
9+1 cm standard length (SL)]. Each group of fish was transferred to
a 160litre experimental tank (90cm length, 35cm breadth, 50cm
depth) 12h before the recording of sounds and behaviour in order to
avoid any stress to the fish. The characteristics of the water in the
experimental tank (physicochemical composition, temperature and
oxygen level) were similar to those in the rearing tank. A hydrophone
(HT1-96-Min Series; High Tech, MS, USA) was positioned in the
middle of'the tank and coupled to a camera (Canon Legria FS19) in
order to record sounds and behaviours simultaneously. Each recording
lasted 2h. A mussel was placed in the experimental tank, 90min after
the start of recording, in order to analyse fish sound production and
behaviour during food competition.

Each sound was analysed using Avisoft-SASLab pro software
(Avisoft Bioacoustics, Berlin, Germany) and associated with fish
behaviour by video observation. Only sounds with a good signal-
to-noise ratio were analysed. Temporal features were measured from
oscillograms, and frequency parameters were obtained from power
spectra transformed with a fast Fourier transformation (Hamming
window). The following temporal and spectral characteristics ofthe
sound waves were measured: (1) pulse and call duration (ms): time
between the onset of one pulse or call and its end; (2) pulse period
(ms): time between the main peaks of two successive pulses; (3)
number ofpulses within a sound; (4) dominant frequency (Hz) with
the highest energy in the whole sound.

The types of behaviour observed were classified as: (1) frontal
display: two individuals moving rapidly towards each other and
staying face to face. This action can be followed by direct contact
between the two protagonists but is rarely associated with biting.
(2) Circling and fighting: two or more individuals presenting
aggressive behaviour with direct contact between fish and biting.
This behaviour was generally preceded by the ‘Karrusel’ (head-to-
tail rounds), as described by Marki (Marki, 1971). Fighting was
often observed during food competition. (3) Chasing: one piranha
pursuing another individual rapidly.

Morphofunctional study

The experiment was performed on 12 fish(86+16g; 14+1 cm SL).
Measurements of swimbladder vibration were made with a
Polytec laser Doppler vibrometer (LDV), including a vibrometer
controller (OFV 5000) and a vibrometer sensor head (OFV 505;
Polytec GmbH, Waldbronn, Germany). Piranhas were
anaesthetised by immersion in a 200mgL1 tricaine
methanesulfonate salt (MS-222) solution. Water containing
100mgL1ofthe anaesthetic was recirculated into the mouth and
across the gills. The sonic muscles and swimbladder were
completely exposed on one side by incision of the body
musculature. The laser beam was focused on reflective discs
placed on the cranial or caudal sac of'the swimbladder. The sonic
muscles were stimulated using hook electrodes (stimulation
voltage: 6 V; stimuli duration: 1ms) at different frequencies - for
example, 1, 20, 50, 100, 150, 200 and 300 Hz.

The following variables were analysed: (1) twitch duration (ms):
interval between the onset of one swimbladder wall displacement
and its end; (2) twitch period (ms): time interval between the main
peaks of two consecutive twitches; (3) dominant frequency (Hz)
with the highest energy in the entire swimbladder wall movement.

Each twitch was arbitrarily divided into different parts (Fig. 1)
in which duration (ms) and velocity (mms-1) were analysed: A-B:
velocity increase of swimbladder displacement (with a focus on
variability of peak amplitude); B-C: velocity decrease of
swimbladder displacement; C-D: return of the swimbladder to its
initial position (recovery phase).

Data analysis

Data were checked for normality with the Shapiro-Wilk test and
for homogeneity of variances with the Bartlett test; the data all
complied with the parametric tests to be used. A factorial
ANOVA was used to compare the average differences in
swimbladder displacement (A-B) between stimulation frequencies
and the swimbladder sac. Homogeneous groups were determined
with an a posteriori Newman and Keuls test (Dagnélie, 1975).
For all tests, the threshold for significance was P<0.05, and
analyses were performed using Statistica software (StatSoft,
Tulsa, OK, USA).
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Fig. 2. Oscillograms and sonograms of recorded sounds in Pygocentrus
nattereri. (A) Sound type 1, or bark (1, initial; 2, main; 3, terminative
sequence of sound); (B) sound type 2 (black arrow indicates the first part
of the sound); (C) sound type 3. The dotted lines indicate the beginning
and the end of each sound.

RESULTS
Sounds emitted and associated behaviour
Three types of sounds were recorded in piranhas living in the
aquarium. In each case, the dominant frequency corresponded to
the fundamental frequency. The first call was a harmonic sound
(type 1), which lasted approximately 140ms, and the main energies
were found in the fundamental frequency of approximately 120 Hz
(Fig. 2A, Table 1). This sound comprised 12 to 21 pulses, each lasting
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Fig. 3. Maximum displacement (A-B; see Fig. 1) amplitude of cranial (black)
and caudal (white) swimbladder sac at different sonic muscle stimulation
rates. NS, not significant difference; * significant differences (P<0.05)
between swimbladder sacs (factorial ANOVA, Newman and Keuls test).

4+1 ms and with a pulse period of 8+1 ms. During the first part of
the call (1), sound pressure increased gradually from pulse to pulse,
and the pulse period decreased from 12ms to 7ms. During the main
sequence (2), amplitude and pulse period were relatively constant.
At the end of the call (3), signal amplitude returned to its initial
level in 10-30 ms. This sound was produced in 80% of cases during
frontal display between two fish, but the remaining 20% of cases
could not be associated with a given behaviour.

The second sound (type 2) lasted 3648 ms and had a fundamental
frequency of approximately 40Hz (Fig. 2B, Table 1). It was
characterised by a single pulse that seemed to comprise two parts.
On the first part of the cycle, the positive peak possessed smaller
peaks that lasted 1142 ms (black arrow on Fig. 2B). The second part
was more regular. This sound was produced in 70% ofcases during
circling and fighting behaviour, mostly associated with food
competition. Fish producing this sound were usually among the
largest in the group.

The third sound (type 3) was characterised by a single pulse
lasting 3ms, with a fundamental frequency of approximately
1740 Hz (Fig. 2C, Table 1). These sounds generally comprised three
to four pulses, but the unpredictability of the pulse period meant
that they could not be considered to be part of a single call. This
sound was associated in 90% of cases with a chasing behaviour
towards a conspecific. Video analysis revealed that this sound was
produced when a fish snapped itsjaws in order to bite a conspecific.

Swimbladder vibrations
A comparison ofthe swimbladder wall displacement (A-B) for the
cranial and caudal sac (Fig.3) showed that the vibrations of the
cranial part were significantly higher than those of'the caudal part,
except at 200Hz and 300Hz (7-4171=421.89, .P<0.001). The
displacement amplitude of the cranial sac of the swimbladder
decreased significantly fora muscle stimulation from 1Hz to 150 Hz.
Thereafter, the swimbladder displacement amplitude remained
stable until 300Hz (Fbj2i=457.41, .PO.OOl). According to
Kastberger (Kastberger, 1981a; Kastberger, 1981b), temporal

Table 1. Characteristics of three types of sounds made by red-bellied piranha

Sound type 1 (N=30)

Sound duration (ms) 140+17
Pulse duration (ms) 4+1
Number of pulses 12-21
Pulse period (ms) 8+1
Peak frequency (Hz) 120+4

Values are means £ s.e.m.

Sound type 2 (N=23) Sound type 3 (N=30)

36+8 3+1
1 1

43+10 1739+18
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Fig. 4. Oscillograms of cranial swimbladder movement for a sonic muscle
stimulation at 20 Hz (A), 100 Hz (B) and 150 Hz (C).

summation begins at 150Hz, and the muscle exhibits an unfused
tetanus at 300Hz. In line with Kastberger’s findings, the weak
displacement of the swimbladder from 150 to 300 Hz found here
was obviously due to the tetanised condition, meaning that the rest
of the data analysis was best focused only on the cranial sac
vibrations at 1, 20, 50 and 100 Hz.

Sonic muscle stimulation of 1Hz led to a single swimbladder
twitch, which lasted 76+1 ms and had a peak frequency ranging from
20 to 40Hz. Muscle stimulation at 20 Hz led to a succession of
twitches lasting 43+lms, with a period of 50+Ilms (Fig. 4A). At
50Hz, the twitches lasted 14+Ims, with a period of 20+lms
(Fig.4B). Finally, at 100 Hz, the twitches lasted 8+1 ms, with a period
of 10£1 ms (Fig. 4C). At this frequency, the swimbladder vibration
was uninterrupted during the entire sonic muscle contraction period.
When the muscle stimulation was stopped, the swimbladder
vibration ceased immediately (Fig. 5).

The swimbladder recovery time (C-D) decreased as simulation
frequency increased (7-385=3430.6, .PO.OOI; Fig.6). The peak
amplitude of the swimbladder movement showed a variability of
between 2% and 7% for muscle stimulation between 1Hz and 100 Hz
and a high variability (21-25%) for stimulation between 150Hz and
300 Hz (Fig. 6).

0 20 40 60 80
Time (ms)

Fig. 5. Oscillogram of cranial swimbladder movement at 100 Hz. The arrow
corresponds to the end of sonic muscle stimulation.

DISCUSSION
Behaviour and sounds

To date, only sounds produced by hand-held fish have been
described for various piranha species (Marki, 1971; Kastberger,
1981a; Kastberger, 1981b). Under those conditions, piranhas were
found to produce low-frequency, harmonic sounds ofapproximately
100-150ms in duration, with a fundamental frequency varying
between 100Hz and 150 Hz (Kastberger, 1981a; Kastberger, 1981b).
The temporal and spectral characteristics of the first kind of
drumming sound observed in the present study (Fig.2A)
corresponded to the ‘barks’ emitted when a piranha was hand-held
in previous studies (Marki, 1971; Kastberger, 1981a). From these
previous studies focusing on the sound-producing mechanism, we
can conclude that the type 1 sounds recorded here were emitted
through movement ofthe swimbladder. This could also be the case
for sound type 2 (Fig. 2B) because, first, the fish did not make any
movement during sound production, meaning that there must have
been an internal mechanism causing the sound to be produced and,
second, the spectral frequency (40 Hz) and sound duration (36 ms)
recorded are more typical of swimbladder sounds than of stridulatory
sounds. Finally, sound type 3 (Fig.2C) had a high frequency
(1700Hz) and consisted of short pulses (3ms). Here, the piranha
visibly snapped its jaws during sound production, highlighting the
fact that the sound-producing mechanism relies on the jaws.

The great majority of sounds emitted by fish are produced within
a social context and involve interactions between individuals (Amorim
et al., 2003; Malavasi et al., 2009). Previous studies have failed to
determine the biological context of sound emission in piranhas (Marki,
1971). In this study, the sound made by each piranha was emitted in
conjunction with a specific behaviour. The bark sound was mostly
produced during frontal display between two fish. This sound could
therefore be interpreted as a warning signal during an intimidation
phase between two individuals. According to this interpretation,
sounds made by hand-held fish cannot definitively be considered as
alarm sounds. Sound type 2 was principally produced during circling
and fighting behaviour, generally associated with food competition.
This sound could thus be interpreted as a signal ofthreat and of strong
aggression between fish. Sound type 3 was emitted only during
chasing behaviour during a bite attempt on a conspecific or a prey.
These behaviours are analogous to those observed in juvenile
schooling tigerfish Tlteraponjarbua, where ‘drumming sounds’ are
usually produced during moderate attacks, whereas ‘threatened
sounds’ are produced mainly during vigorous attacks (Schneider,
1964). Furthermore, sound type 2 was often emitted when fish were
competing for food in the tank, confirming that aggression is often
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associated with competition for limited and unevenly distributed conditions for the production of this type of sound. Around the
resources such as food (Archer, 1988). If food is presented in a way frequency of 100Hz, three factors were observed and seemed
that enables one or a few animals in a group to monopolise the resource required to make sounds: (1) no recovery time, meaning that the
(contest competition), feeding success will be proportional to the swimbladder is continuously in movement; (2) small peak amplitude
fighting ability ofan individual (McCarthy et al., 1992; Grant, 1993). variability (6%); and (3) short but sufficient displacement amplitude.
This observation was confirmed here in P. nattereri as the fish  Thus, the muscle contraction rate at approximately 100 Hz forced
producing the sound was also the most aggressive and the largest and a steady and constant displacement of the swimbladder.
consequently could be characterised by the best fighting ability and In Opsanus tau, Fine and colleagues showed the relationships
the greatest feeding success. between the sound waveform, swimbladder displacement and
muscle action potential of a single twitch (Fine et al., 2001). The

Swimbladder vibrations oscillogram of sound type 2 and the response of the swimbladder
This study revealed that only the cranial part of the piranha evoked by a muscle stimulation of 1Hz in the piranha are strikingly
swimbladder plays a role in sound production, as previously similar to the results of Fine and colleagues. Consequently, sound
hypothesised by Marki (Marki, 1971). Fine and colleagues found that, type 2 could be due to only one contraction of the sonic muscles
for toadfish, the swimbladder wall displacement was maximal in time and reflect the complete recovery time of the swimbladder when it
and amplitude at low frequency, but with no clear peak frequency is being driven at one single twitch.
(Fine et al., 2001). They found also that the peak sound energy occurs
in the middle ofdisplacement (muscle contraction) when swimbladder Conclusions
velocity is maximal and acceleration is zero. In the present study, the This study has shown that: (1) eachkind ofsound emitted by piranhas
characteristics of swimbladder displacements were the same. This is associated with a specific behaviour; (2) the caudal swimbladder

shows an interesting case of evolutionary convergence in which the
same kinds ofproblems are solved in an analogous way. In these two
phylogenetically distant fishes, muscle insertions, swimbladder shape
and muscle orientations are completely different. However, in both
cases, rapid muscle evolved to generate sound from an inefficient
highly damped system. The perfect correspondence between the
stimulation rate and the movements ofthe swimbladder indicates that
the dominant frequency was determined by the velocity of the
swimbladder, as driven by the sonic muscle ra?her th'an by }ts natural ACKNOWLEDGEMENTS
frequency. In P. nattereri, stopping the electrical stimulation of the

does not play a role in sound production; (3) the vibration frequency
of the cranial swimbladder corresponds exactly to the sonic muscle
contraction rate; (4) bark (sound type 1) is produced by sonic muscle
contraction at 100 Hz because this frequency brings together the
conditions necessary to produce this type of sound; (5) sound type 2
might be produced by only one sonic muscle contraction; and (6)
sound type 3 is the result of the jaws snapping.
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