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Abstract
Several catfish families possess an elastic spring apparatus (ESA) morphology that
is assumed to function as a swim bladder drumming sound production mechanism. Although they have an ESA, drumming sounds in the electric catfish
(Malapteruridae) have not been described. We have recorded several different
sound types in Malapterurus beninensis and we examined the morphology of the
swim bladder, the ESA and the ultrastructure of the protractor muscle. The
protractor muscle contains small rounded muscle fibers with abundant mitochondria, narrow myofibrils, elaborated sarcoplasmic reticula and sometimes
sarcoplasmic cores. Contractions of the protractor muscle should pull the
Müllerian ramus (MR) and attached swim bladder anteriorly. Further, the MR
possesses an anterior fulcrum that abuts upon the vertebral complex. Several
sound types were elicited during agonistic interactions in the laboratory. We
observed ratchet, click train and mouth sounds. Mouth sounds are single event,
low-frequency (mean dominant frequency 176 Hz) sounds that coincide with a
bite-like motion. Ratchet and click sounds are high-frequency (mean dominant
frequency 1568 and 3739 Hz, respectively) and occur in trains. Ratchet and click
train sound characteristics are not indicative of a muscle-driven drumming sound
predicted by ESA morphology. We propose several hypotheses for these sound
production mechanisms. Click sounds, in particular, could result from gas
movement through the neck between the anterior and posterior swim bladder
chambers.

Introduction
Several catfish families (Siluriformes) share an ‘elastic spring
apparatus’ (ESA) sound production mechanism used for communication. This morphological feature involves skeletal
modification of the transverse process of vertebra IV (part of
the complex vertebra of catfish), such that the caudoventral
face of the distal end of the anterior ramus (Müllerian ramus)
is attached to the rostral swim bladder (Müller, 1842), while
the anterodorsal face forms an insertion for a protractor
muscle that originates on the occiput, nuchal plate or both
(Bridge & Haddon, 1889, 1892, 1893; Alexander, 1965). The
whole musculoskeletal complex, for at least some families, is a
drumming sound production mechanism (Sörensen, 1895;
Alexander, 1965; Parmentier & Diogo, 2006) that likely
evolved several times among Siluriformes (Alexander, 1965;
Parmentier & Diogo, 2006). Drumming sounds are low frequency and were shown in several doradid catfish to correspond to the rate of synchronous bilateral contractions of the
ESA protractor muscle (Kastberger, 1977).
Journal of Zoology 296 (2015) 249–260 © 2015 The Zoological Society of London

Swim bladder drumming sounds of ESA-bearing catfish are
produced during intraspecific interactions (Kaatz, 1999;
Ladich & Myrberg Jr, 2006). Many documented swim bladder
sounds of ESA-bearing catfish tend to occur from species that
emit disturbance sounds (Ladich, 1997; Kaatz & Stewart,
2012). The propensity of these species to produce swim
bladder sounds when fish are held by an observer suggests that
these sounds have an adaptive function that is used along with
stridulation of pectoral spines to disrupt or disturb potential
predators (Ladich & Myrberg Jr, 2006).
The ESA morphology is found in eight siluriform families:
Doradidae, Auchenipteridae, Mochokidae, Malapteruridae,
Ariidae, Cranoglanididae, Pangasiidae and Pseudopimelodidae (Müller, 1842; Bridge & Haddon, 1889, 1893;
Parmentier & Diogo, 2006; Boyle, Colleye & Parmentier,
2014). Drumming sounds have been described in Doradidae
(Kastberger, 1977, 1978; Kaatz & Lobel, 2001; Papes &
Ladich, 2011; Kaatz & Stewart, 2012), Auchenipteridae
(Kastberger, 1978; Kaatz & Stewart, 2012), Ariidae (Tavolga,
1962) and Mochokidae (Kaatz & Stewart, 2012; Boyle
249

Electric catfish sounds and swim bladder morphology

et al., 2014). The ESA morphology of electric catfish
(Malapteruridae) was appreciated in early investigations of
siluriform swim bladder morphology (Müller, 1842; Bridge &
Haddon, 1889, 1893). Sounds in these fish, however, are essentially unknown. Other than an account of hissing sounds
(Sörensen, 1895), no reports or formal descriptions of sounds
exist for this family, despite several attempts to record
sounds during agonistic (Rankin & Moller, 1986) and disturbance contexts (Kaatz, 1999). Electric catfish lack a dorsal fin
and defensive pectoral spines (Alexander, 1965; Bosher,
Newton & Fine, 2006; Sismour et al., 2013) and thus cannot
produce pectoral spine stridulations that are prevalent in a
variety of other catfish families (Pfeiffer & Eisenberg, 1965;
Tavolga, 1971; Ladich, 1997; Ladich & Fine, 2006; Parmentier
et al., 2010). Electric catfish, however, can produce strong
(>100 V) electrical discharges (EODs) (Bauer, 1968; Bennett,
1971; Rankin & Moller, 1986) which may reduce the need to
produce defensive drumming sounds. Thus the question
remains, what is the evolutionary function of the ESA morphology in Malapteruridae?
In this study, we describe three sound types from
Malapterurus beninensis Murray that occur during agonistic
interactions between conspecifics recorded in the laboratory.
In particular, broadband click trains are unlike drumming
sounds or stridulations reported from other catfish families. In
addition, we examine swim bladder and Müllerian ramus morphology and ultrastructural features of the ESA protractor
muscle. We outline several hypotheses for the mechanism
of different sound types and the function of the ESA in
Malapteruridae.

Materials and methods
Fish
Malapterurus beninensis (n = 11), c. 7–20 cm total length (TL),
were obtained from commercial sources and housed with
multiple individuals in several aquaria that were maintained
with tap water under an approximate 12-h light-dark cycle,
24–25°C. Fish were fed frozen blood worms and mussels ad
libitum every other day. Experiments were approved by the
ethics committee of Liège, file no. 1226.
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Sound and electrical activity were recorded simultaneously
in a subset of experiments. Two insulated stainless steel wire
electrodes with the last 0.5 cm exposed were placed with 50 cm
of separation at opposite ends of the aquarium. A voltage
divider circuit (Macesic & Kajiura, 2009) with a 2.4 MΩ and
100 Ω resistor in series was used to limit EOD amplitudes to
the sound card dynamic range (<±1 V after amplification).
Electrodes were connected to an A-M Systems 3000 amplifier
(differential amplification, 50 Hz notch filter, band pass 10 Hz
to 20 kHz, 50–100 X gain; A-M Systems, Sequim, WA, USA)
and recorded on a laptop (44.1 kHz sampling rate) with an
external USB sound card (Creative model SB0270; Creative
Labs, Singapore, Singapore) and Adobe Audition 2.1 software (Adobe, San Jose, CA, USA). The Tascam audio line out
was fed into a second sound card channel before and after
each experiment to allow manual synchronization in Adobe
Audition.
Experimental conditions varied in an attempt to elicit
sounds in several behavioral contexts: distress when handled
and agonistic interactions in the light and dark. In daytime
trials, video was recorded with a Casio Ex-F1 camera
(640 × 480 pixels, 30 frames per seconds; Casio, Tokyo,
Japan). Five fish were held at a distance of 10–30 cm from the
hydrophone. Fish were held gently in a hand net or with
wooden tongs by a researcher wearing rubber gloves to
prevent electric shock. Repeated trials (2–30 seconds at a time)
were attempted 35 total times among five fish. In addition,
longer attempts in which fish were held for 1–2.5 min were
conducted five times among three fish. In order to elicit
agonistic behaviors, two to four fish were kept in the aquarium
during recording trials. In addition, the lights were turned off
for periods of c. 20 min in an attempt to increase activity
among nocturnally active fish. Fish (two to four at a time)
were also recorded over the first 2 h at night in darkness except
for a 14 W xenon flashlight (Underwater Kinetics, Poway,
CA, USA) shined through an infrared filter and the infrared
spot light of a Sony HDD camcorder (Sony, Tokyo, Japan)
that recorded in night vision mode. Tascam recorder audio
output was connected to the camera and video and audio were
synchronized manually in Adobe Audition. Lastly, fish kept in
pairs were recorded overnight for 10-min periods hourly with
Loggerhead software.

Sound and EOD analysis
Sound and EOD recordings
Experiments were conducted in a small aquarium
(60 L × 29 W cm) with an approximate water depth of 20 cm
and an estimated minimum resonance frequency of 4.6 kHz
(Akamatsu et al., 2002). A hydrophone (HTI Min-96,
−164.4 dB re: 1 V μPa−1; High-Tech Industries, Long Beach,
MS, USA) was placed in the center of the aquarium and
sounds were recorded with a Tascam DR-05 recorder
(44.1 kHz sampling rate; TEAC, Wiesbaden, Germany). In
addition, sounds were recorded with Loggerhead software
(Loggerhead Instruments, Sarasota, FL, USA) through the
sound card (44.1 kHz sampling rate) of a laptop (Compaq
615, Hewlett-Packard Company, Palo Alto, CA, USA).
250

Digital filtering and initial aural and visual sound and EOD
analyses were carried out with Adobe Audition. Frequency
peaks <100 Hz were not observed for two sound types (click
trains and ratchets, see Results section). Thus recordings of
these two sound types were filtered in Adobe Audition with a
100 Hz high-pass filter (Butterworth, 66th order, 5 Hz transition bandwidth) to minimize background noise. Low-pass
(<4.4 kHz) filtering in Adobe Audition was used to remove
potential aquarium resonance effects (Chybachev 1 filter and
downsampled at 9 kHz for higher frequency sounds and
4 kHz for lower frequency sounds).
Visual analysis of sound waveforms was used to determine
pulse duration and sound duration (duration of an overall
Journal of Zoology 296 (2015) 249–260 © 2015 The Zoological Society of London
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sound event, which often involved pulse trains). For each
train, the following variables were determined: pulse number,
pulse rate (Hz), average pulse period (time between successive
pulse onsets), average pulse interval (duration of silence
between pulses) and pulse period coefficient of variation
(standard deviation of pulse period divided by the average).
Matlab 7.0 (MathWorks, Natwick, MA, USA) was used to
analyze sound spectral features. Power spectra were generated
with 1024-point fast Fourier transforms (FFTs) on Hanning
windowed data. Because click train sounds had silent pulse
intervals (see Results section), separate FFTs were run for
each click and averaged for each sound train. FFTs were run
on entire ratchet sounds because successive pulses were contiguous (no pulse intervals, see Results section). The following
features were determined from FFTs: dominant frequency
(frequency with the highest peak); peak two, peak three, and
peak four (second, third and fourth highest frequency peaks);
and 3-dB bandwidth (percentage of the 512 frequency bins
within 3 dB from peak). Spectrograms for figures were generated with Avisoft 5.2 (Avisoft Bioacoustics, Glienicke,
Germany).

Sound summary data
Because sounds were emitted only in the presence of other
individuals and in most cases no visible external movement
was associated with sounds, it was not possible to determine
which fish produced each sound. Thus we present an average,
standard deviation, minimum and maximum of all sound
characters. In addition, we provide the minimum and
maximum possible number of vocalizing fish observed based
on the number and identity of fish present in each recording.

Morphology of the ESA, swim bladder and
protractor muscle
Skeletal terminology in this study follows Bridge & Haddon
(1893). In order to visualize swim bladder shape and position,
a live, anesthetized fish (200 mg L−1 tricaine methanesulfonate, MS-222) was scanned with computerized tomography (CT) at the Veterinary Institute of the University of Liège.
The fish was scanned (Siemens Somatom Sensation 16-slices,
Siemens AG, Munich, Germany) with an isotropic voxel size
of 600 μm. Amira 5.4.0 (VSG, FEI Company, Mérignac,
France) was used for segmentation and three-dimensional
reconstruction of the swim bladder and body from CT scan
data.
ESA morphology was examined in preserved specimens
(fixed in 7% formalin and stored in 70% ethanol). Fish were
dissected and examined with a stereo dissection microscope
(Wild M10, Leica, Wetzlar, Germany) coupled with a camera
lucida.
For histological and ultrastructural examinations, two fish
were killed with an overdose of MS-222. The intact swim
bladder of one fish was quickly dissected and placed in Bouin
solution for fixation. Histological sections were taken from
the anterior swim bladder chamber, the neck-like connection
between chambers, and the posterior chamber.
Journal of Zoology 296 (2015) 249–260 © 2015 The Zoological Society of London
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A second fish was quickly dissected to sample ESA protractor muscle (Bridge & Haddon, 1893) and epaxial muscle
caudal to the head. Small muscle samples (2–3 mm3) were
immediately fixed in glutaraldehyde 2.5%. All muscle samples
were post-fixed in 1% osmium tetroxide, dehydrated through a
graded ethanol-propylene oxide series and embedded in epoxy
resin (SPI-PON 812, SPI-CHEM). Semithin (1 μm) and
ultrathin sections (60–80 nm) were cut using a diamond knife
on a Reichert Ultracut E ultramicrotome (Leica). Toluidine
blue-stained semithin sections were used for general histology
and for orientation to target the area of further ultrathin
sections. Ultrathin sections were classically stained with
uranyl acetate and lead citrate, then viewed in a JEOL JEM
100SX transmission electron microscope (JEOL Ltd., Tokyo,
Japan) at 80 kV accelerating voltage.

Muscle fiber size and myofibril density
Muscle fiber cross-sectional area and myofibril density were
estimated from transmission electron micrograph images
(1000 × magnification). The cross-sectional areas of 29 fibers
were measured with ImageJ software (NIH, Bethesda, MD,
USA). Adobe Photoshop CS5 software (Adobe) was used to
calculate myofibril area from 18 fibers. Myofibril area was
estimated from the percentage of pixels occupied by myofibrils
relative to the total muscle fiber cross section.

Results
Fish produced strong EODs when handled (n = 4 individuals,
n = 430 EODs, mean ± se = 7 Vpk-pk ± 3.5, maximum 160 Vpkpk) spontaneously or in agonistic interactions (between two
and four individuals, n = 40 EODs, average ± sd = 17 Vpkpk ± 38, maximum 243 Vpk-pk). EODs never coincided with
sound emission. Sounds were never emitted while fish were
held.
Sounds were only observed during social interactions and
overnight recordings of multiple fish. Sounds often followed
agonistic interactions, such as biting and chasing. Three sound
types were observed: ratchets, click trains and mouth sounds.
Bubble sounds were observed when fish were at the water-air
interface or immediately after descending to release air.
Bubble sounds did not coincide with behavioral interactions
and appeared to be by-products of air release from the
orobranchial chamber or swim bladder. Bubble sounds were
not examined in detail.

Ratchet sounds
Ratchet sounds (Fig. 1a and b) consisted of broadband, highfrequency pulses that were emitted rapidly (>100 Hz). Pulse
periods were brief, such that subsequent pulses occurred
without silent separation (no pulse interval) (Table 1). The
four main frequency peaks were typically greater than
1000 Hz (Table 2).
Ratchet sounds were observed under low-light conditions.
Night vision camera observations indicated that ratchets often
occurred at the bottom of the aquarium shortly after fish
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swam to the surface. In some cases, bubbles were released
before or after, but never during a ratchet sound. Twelve
ratchet sounds were observed during the study. One sound
was not included in the analysis because most of the sound
amplitude was removed after low-pass filtering to remove
potential aquarium resonance effects. Most (seven) of the
observed ratchet sounds occurred among smaller fish in the
aquarium (7–12 cm TL). Four sounds (three analyzed) were
produced when the largest 20-cm fish was present in the aquarium, however, it was not possible to ascribe these sounds with
certainty to the largest fish and thus it is not known if size is
related to sound features. Most of the observed ratchet sounds
(67%) were observed when pairs of fish were present in the
aquarium. Most ratchet sounds (67%) were observed during
evening recording trials with night vision video and 25% of
observed ratchet sounds occurred during daytime recording
trials while the laboratory lights were off.

Click train sounds
Click trains (Fig. 1c–j) were characterized by high-frequency
pulses and pulse intervals that were variable between and
within trains. Click trains included examples with high pulse
rates and steady pulse intervals (Fig. 1c and d), intermediate
pulse rates with variable pulse intervals (Fig. 1e and f) and low
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Figure 1 Ratchet and click train sounds of
Malapterurus beninensis. Left: oscillograms
and spectrograms show the temporal patterning and frequency bandwidth of (a) ratchet
and (c, e, g) click train sounds. Note the relatively high-frequency bandwidth of ratchet
sounds and very high-frequency spectra of
clicks. Right: detail of individual pulses and
power spectra from the (b) ratchet sound and
(d, f, h) click trains. Boxes in (b, d, f, and h)
indicate which pulse was used to produce the
representative power spectra for that sound.
Note the ratchet sound lacks a silent pulse
interval and click trains have highly variable
pulse intervals and the power spectrum was
produced from the entire ratchet sound
shown. Spectrogram parameters: sampling
rate 9 kHz, 256-point fast Fourier transforms
(FFT), Hann window, frame size 100%,
overlap 75%. Power spectrum produced from
a 1024-point FFT on zero-padded data with a
Hanning window.

to moderate pulse rates with steady pulse intervals (Fig. 1g
and h). Most pulse intervals were less than 50 ms and 95% of
all pulse intervals were less than 263 ms (Fig. 2a). Based on
this observation, we considered clicks with pulse intervals of
263 ms or longer to be from separate trains (Fig. 2b). Click
trains were of long duration (up to 2.8 s) and variable pulse
rate (up to 59 Hz) (Table 1). Coefficients of variation provide
further support that click trains exhibit a greater pulse period
range than ratchet sounds (Table 1). All four frequency peaks
were typically in the 1–4 kHz range (Table 2).
Clicks were observed after agonistic behaviors during daylight hours and during video of night-time activity. These
agonistic behaviors consisted of chasing, biting at the tail fins
and pushing a fish out of a polyvinyl chloride shelter. No
visible movement of external features was observed and no
bubbles from the orobranchial cavity were seen during or
immediately after sound emission. Most click sounds (67 out
of 69 observed) occurred when smaller fish (7–12 cm TL) were
present in the aquarium. Thirteen click sounds, including two
click sounds that occurred when the largest 20-cm fish was
present in the aquarium, were not included in the analysis
because very little of the sound amplitude was present after
low-pass filtering of the recording. Most of the observed click
sounds (88% of cases) occurred when two fish were present in
the aquarium. Click sounds occurred most often (91% of
Journal of Zoology 296 (2015) 249–260 © 2015 The Zoological Society of London
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events) during overnight periodic recordings, and of these
cases, all were observed in the first 5 h (18:00–23:00 h) with
67% in the first hour.

Low-frequency mouth sounds
Mouth sounds were single, short duration events. Waveforms
were characterized by peak amplitudes that occurred after a
few half cycles and an exponential decay (Fig. 3). Mouth
sounds were low frequency, with all four peaks below 200 Hz
(Table 2).
Mouth sounds were only observed at night and occurred
before and after bouts of biting and chasing between
conspecifics. Sounds occurred as fish rapidly lifted their heads
and made a bite-like motion with the oral jaws. These sounds
were emitted while fish were in the water column, not while
biting another fish or the substrate. Some mouth sounds were
observed in response to mouth sounds from another individual.
All mouth sounds were observed when four fish of a narrow size
range (10–12 cm TL) were present in the aquarium during
evening recording trials observed with a night vision camera.

Swim bladder morphology and
associated structures
The swim bladder consists of two chambers connected by a
small neck (Fig. 4). The anterior chamber is cardiform and
expands dorsally. Dorsally, it is covered by the large, posterior
254

2.5

Figure 2 Variation in click train pulse intervals. (a) Frequency distribution of pulse intervals of click trains indicates that 95% of all
observed pulse intervals are <263 ms (dotted
gray line). Pulse intervals ≥263 ms were considered separate sounds for the analysis
based on this observation. (b) Pulse intervals
can be variable even within individual pulse
trains. Three consecutive pulse trains are indicated by gray boxes.

transverse process of the vertebra IV and narrow processes of
vertebrae V and VI (Fig. 5). The anterior transverse process of
vertebra IV (Müllerian ramus) is placed against the tunica
externa of the rostral swim bladder (Fig. 5). This bone shows
two distinctive arms. First, a horizontal process allows for
insertion of the protractor muscle (Fig. 5). Second, the
Müllerian ramus fulcrum is placed just against the vertebral
complex but is not attached to it (Fig. 5): pulling the protractor muscles allows for rostral displacement of the Müllerian
rami because the fulcrum glides along the vertebral complex.
Internally, the anterior chamber has no septal division. The
tunica externa is thin around the entire anterior chamber
except for two thickened ventral ridges (Fig. 6a and b). The
neck between the anterior and posterior chambers (Fig. 6a
and c) is divided by a thick longitudinal septum that forms two
tubes. Within the neck, the ventral surface and longitudinal
septum are thickened and reinforced with connective tissue
fibers (Fig. 6c). Moreover, the longitudinal septum is continuous from the neck to the caudal end of the oblong posterior
chamber (Fig. 6a and d). In addition, the posterior chamber
has incomplete perpendicular septa and folds that are not
laterally symmetrical (Fig. 6a). The tunica externa and longitudinal septum of the posterior chamber are thick relative to
the anterior chamber (Fig. 6b and d).

Protractor muscle histology
Protractor muscle fibers are small in cross section. The
average ± sd area observed was 342 ± 276 μm2 (range
Journal of Zoology 296 (2015) 249–260 © 2015 The Zoological Society of London
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Figure 3 Malapterurus beninensis mouth sound. Representative
waveform (top), spectrogram (middle) and power spectrum (bottom).
Mouth sounds occur during agonistic interactions between individuals.
Note the peak amplitude in the sound occurs soon after the onset (∼2
cycles) and decays more slowly. Most of the energy in these sounds is
concentrated below 200 Hz. Spectrogram parameters: sampling rate
4 kHz, 256-point fast Fourier transforms (FFT), Hanning window, frame
size 100%, overlap 75%. Power spectrum produced from a 1024-point
FFT on zero-padded data with a Hanning window.

39–1337) and this average area corresponds to a diameter of
20.9 μm estimated from the formula of a circle. Myofibrils are
thin, ribbon-like and radially arranged, especially in the
muscle fiber periphery (Fig. 7). Mitochondria were abundant
in a large band of sarcoplasm in the fiber periphery (Fig. 7).
Myofibrils composed on average 60% (sd = 16%) of muscle
fiber cross-sectional area and ranged from 40 to 80%. Abundant sarcoplasmic reticulum was found between myofibrils.
In addition, several smaller muscle fibers with cores of
sarcoplasm were observed (Fig. 7c).

Discussion
The ESA was described previously in Malapteruridae, yet this
is the first study to describe sounds from this taxon. ESA
protractor muscle observed in this study possessed features
Journal of Zoology 296 (2015) 249–260 © 2015 The Zoological Society of London

Figure 4 Three-dimensional volume rendered images obtained from a
computerized tomography scan from a live fish. (a) Lateral, (b) dorsal
and (c) ventral views. Swim bladder (pink) shape and position relative to
the body (translucent) in Malapterurus beninensis. Note the relatively
small swim bladder size compared with the body and the thin neck
between the anterior and posterior chambers.

similar to the drumming muscles of other fish. No electrocytelike features were observed in protractor muscle fibers, in
contrast to recent observations from weakly electric mochokid
species (Boyle et al., 2014). The malapterurid electric organ is
superficial to body musculature and is derived from obliquus
inferioris hypaxial musculature (Howes, 1985). Surprisingly,
the three call types observed did not bear similarity to ESA
muscle-driven sounds of other catfish (Tavolga, 1962;
Kastberger, 1977, 1978; Ladich, 1997; Tellechea et al., 2011;
Kaatz & Stewart, 2012; Boyle et al., 2014). The mechanism for
these sounds and role of the unusual swim bladder morphology is not understood. Properties of each sound type were
examined and possible mechanisms of sound production are
hypothesized in the succeeding text.

Click sounds
The lack of external movement during click trains indicates an
internal mechanism, but high spectral frequency (most energy
≥1.5 kHz) is not indicative of direct ESA involvement. Sound
dominant frequency of other ESA-bearing catfish corresponds
to the protractor muscle contraction rate: for example,
Ariidae, Ariopsis (formerly Galeichthys) felis c. 150 Hz, Bagre
marinus c. 400 Hz (Tavolga, 1962); Doradidae, Doras sp. and
255
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Figure 5 Dorsal view of the anterior transverse process of vertebra IV (Müllerian
ramus),
anterior
vertebrae
(complex
centrum), anterior swim bladder chamber and
pectoral girdle of Malapterurus beninensis.
Note that the swim bladder is covered dorsally by the large, posterior transverse
process of vertebra IV and narrow processes
of vertebrae V and VI. The anterior transverse
process of vertebra IV is placed against the
tunica externa of the rostral swim bladder and
a horizontal process allows for insertion of the
protractor muscle. Note that the Müllerian
ramus fulcrum is placed just against the vertebral complex but is not attached to it.
Abbreviations: ant. tr. proc. vert. IV, anterior
transverse process of vertebra IV; fulcrum IV,
fulcrum of the Müllerian ramus; post. tr. proc.
vert. IV, posterior transverse process of vertebra IV.
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Figure 6 Internal swim bladder features and
membrane of Malapterurus beninensis. (a)
Illustration of the frontal plane of the swim
bladder, ventral view of the dorsal half viewed
from inside the swim bladder lumen. Dotted
lines illustrate the approximate location of
light micrograph cross sections (right, b–d).
(b) Cross section through the anterior swim
bladder chamber and compound centrum. (c)
Cross section through the swim bladder
neck. (d) Cross section through the posterior
swim bladder chamber. Note the thin tunica
externa around the anterior chamber (a)
except for two thickened ventral ridges (a, b).
A neck connects the anterior and posterior
chambers and a thick longitudinal septum
divides the neck into to two tubes (a, c).
Within the neck, the ventral surface and longitudinal septum are thickened and
reinforced with connective tissue fibers (c).
The longitudinal septum is continuous from
the neck to the caudal end of the oblong
posterior chamber (a, d). The posterior
chamber has incomplete perpendicular septa
and folds that are not laterally symmetrical
(a). The tunica externa and longitudinal
septum of the posterior chamber are thick
relative to the anterior chamber (b, d). LS,
longitudinal septum; NC, notochord; SWB,
swim bladder; TE, tunica externa; TN, tube
neck. Scale bars (1 cm).
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Figure 7 Malapterurus beninensis protractor muscle cross-sectional
ultrastructure from transmission electron micrograph images
(1000 × magnification). (a–c) Protractor muscle fibers have small
rounded fibers, thin myofibrils, a well-developed sarcoplasmic reticulum and myofibrils concentrated in the sarcoplasm around the periphery of the fibers. Some fibers (c) possessed cores of sarcoplasm at the
center of the fiber. Scale bars 10 μm. Abbreviations: m, mitochondrion;
n, nucleus; *, myofibrils.

Oxydoras sp. c. 60–90 Hz, Acanthodoras sp. c. 250 Hz
(Kastberger, 1978); Auchenipteridae, Trachycorystes sp. c.
120 Hz (Kastberger, 1978) and Mochokidae, Synodontis
grandiops c. 120 Hz (Boyle et al., 2014). Fish sonic muscles are
fastest among vertebrate skeletal muscles, however, for
physiological reasons, contraction rates cannot exceed 500 Hz
(Rome et al., 1999; Fine et al., 2001; Rome, 2006). Thus contraction rate cannot be responsible for high-frequency content
of clicks.
Click frequency spectra are similar to pectoral spine stridulation sounds of other catfish (Pfeiffer & Eisenberg, 1965; Fine
Journal of Zoology 296 (2015) 249–260 © 2015 The Zoological Society of London

et al., 1997; Ladich, 1997; Kaatz et al., 2010; Parmentier et al.,
2010; Tellechea et al., 2011). Pectoral spines, however, are
absent in Malapteruridae and no pectoral fin movements were
observed during clicks. Another stridulatory mechanism,
perhaps involving contact between the Müllerian ramus, pectoral girdle and occiput, could be used to produce clicks. The
anterior fulcrum of the Müllerian ramus could be involved in
this process.
The ESA muscle appears capable of contraction rates that
match the click rate of trains (average 20 Hz, maximum
59 Hz). Small muscle fibers, thin myofibrils, abundant mitochondria and elaborate sarcoplasmic reticulum are indicative
of fast contraction ability (Parmentier & Diogo, 2006).
However, if ESA activity is responsible for click trains,
then irregular pulse rates would require unusually large
variation in firing pattern of sonic motor and premotor
neurons. An additional stridulatory mechanism, as mentioned earlier, would be necessary to produce high-frequency
content.
An alternative hypothesis involves the two-chambered
swim bladder morphology. Two-chambered swim bladders
are known in another group of sonic fish, piranhas
(Serrasalmidae). Piranha’s sounds, however, are produced by
fast muscular vibrations of the swim bladder that result in
low-frequency sounds (Millot, Vandewalle & Parmentier,
2011). Clicks, on the other hand, resemble sounds of fish that
expel gas from the swim bladder. Mimiagonates (formerly
Glandulocauda) inequalis, a characiform fish, produces broadband, variable pulse period sounds after gulping air (Nelson,
1964). Similar sounds are produced by the clupeids Clupea
pallasii and C. harengus when gas is released from the swim
bladder (Wilson, Batty & Dill, 2004). Presumably, sounds in
these species are produced as gas moves through narrow
ducts: the pneumatic duct for M. inequalis and anal duct of
Clupea spp. In this study, however, clicks did not accompany
bubble release and thus the pneumatic duct is probably not
involved. The narrow ducts of the swim bladder neck (Fig. 6),
however, could be responsible. Teleost swim bladders contain
different tissues, including epithelia, smooth muscle, collagenous and elastic fibers (Parmentier, Vanderwalle & Lagardère,
2003; Parmentier et al., 2006; Mok et al., 2011; Zaccone et al.,
2012). The neck ducts are reinforced by numerous collagen
fibers, especially along the ventral surface and are likely less
subject to deformation than the thin anterior chamber wall.
Protractor muscle contraction could be used to expand the
anterior chamber, thereby reducing internal pressure relative
to the posterior chamber. Our hypothesis is that back and
forth Müllerian ramus movements could induce rapid air flow
through the neck to produce tissue vibrations, generating
sounds.

Ratchet sounds
Ratchet sounds are broadband and high frequency (most
spectral energy >1 kHz). Pulses of these sounds occur at a high
rate (up to 202 Hz) and blend together. These features are
consistent with an internal swim bladder gas sound. Further,
bubble release was observed before and after sound emission
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and ratchets tended to occur after forays to the surface.
Physostomous and larval physoclistous fish can inflate their
swim bladders by gulping air at the surface and forcing air
through the esophagus and pneumatic duct (Rieger &
Summerfelt, 1998; Smith & Croll, 2011). Gas in physostomes
is expelled when internal pressure exceeds ambient pressure
and this may be aided by a pneumatic duct sphincter for
control of gas release and smooth muscle of the swim bladder
wall to increase internal pressure (Smith & Croll, 2011).
Ratchet sounds could result from air passing through the
pneumatic duct in either direction or from air passing rapidly
through the swim bladder neck after an increase in anterior
chamber pressure following addition of air through the pneumatic duct.

Mouth sounds
Mouth sounds were made during rapid motion of the oral
jaws and head. This motion co-occurred with a single lowfrequency sound for each action pattern. These observations
suggest that the action pattern is related to sound generation,
possibly by a rapid change in buccal cavity pressure. This
hypothesis warrants further investigation. The low-frequency
peaks (<200 Hz) are within the range of most muscle-driven
swim bladder sounds (Ladich & Fine, 2006). Thus it is possible
that the ESA could be involved in such sounds. However, the
short duration and rapid decay in sound amplitude are suggestive of a single contraction and no mouth sound pulse
trains were observed.

Conclusions
The ESA morphology of Malapterurus sp. has been known for
over 150 years, yet descriptions of sounds are lacking.
Behavioral and physiological interest in bioelectrogenesis in
this genus and the apparent lack of disturbance calling behavior may explain why these sounds were not reported previously. Malapterurus has a broad range of hearing with
measurable thresholds from 0.05 to 5 kHz, a best sensitivity of
2 kHz, and thresholds from 0.1 to 2 kHz are <6 dB of the best
sensitivity (Lechner & Ladich, 2008). Based on their dominant
frequency, mouth sounds (120 Hz) and ratchet sounds
(1.6 kHz) are predicted to match the area of best hearing
sensitivity. Sensitivity in the 4–5 kHz range may permit these
fish to use click sounds which are quite high frequency. Other
catfish with ESA mechanisms are purported to produce
sounds during distress contexts and during agonistic interactions among conspecifics. In this study, sounds were not
observed during distress contexts. Sounds were observed
during agonistic interactions among individuals; however,
these sounds were not typical of an ESA drumming mechanism. It is possible that M. beninensis produces drumming
sounds but that such sounds were not elicited by the
behavioral paradigm of these laboratory experiments. Of the
three social sounds observed in the present study, the most
conspicuous sounds, high-frequency click trains, are not
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indicative of a typical ESA sound. Future research should
examine whether the swim bladder neck is responsible for
click sounds.
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