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Abstract Auditory brainstem response (ABR) tech-
niques, an electrophysiological far-®eld recording
method widely used in clinical evaluation of human
hearing, were adapted for ®shes to overcome the major
limitations of traditional behavioral and electrophysio-
logical methods (e.g., invasive surgery, lengthy training
of ®shes, etc.) used for ®sh hearing research. Responses
to clicks and tone bursts of di�erent frequencies and
amplitudes were recorded with cutaneous electrodes. To
evaluate the e�ectiveness of this method, the auditory
sensitivity of a hearing specialist (gold®sh, Carassius
auratus) and a hearing generalist (oscar, Astronotus
ocellatus) was investigated and compared to audiograms
obtained through psychophysical methods. The ABRs
could be obtained between 100 Hz and 2000 Hz (oscar),
and up to 5000 Hz (gold®sh). The ABR audiograms are
similar to those obtained by behavioral methods in both
species. The ABR audiogram of curarized (i.e., Flaxedil-
treated) gold®sh did not di�er signi®cantly from two
previously published behavioral curves but was lower
than that obtained from uncurarized ®sh. In the oscar,
ABR audiometry resulted in lower thresholds and a
larger bandwidth than observed in behavioral tests.
Comparison between methods revealed the advantages
of this technique: rapid evaluation of hearing in un-
trained ®shes, and no limitations on repeated testing of
animals.
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Introduction

Hearing in ®shes was ®rst demonstrated at the beginning
of this century in cyprinids (Parker 1903; Bigelow 1904).
Quantitative work on the range of frequencies over
which ®sh hear and on representatives of several di�er-
ent families was later carried out by von Frisch and his
colleagues (see review by von Frisch 1936). Since then
numerous methods have been used to test auditory
sensitivity in ®shes which has resulted in audiograms of
more than 50 species (see review by Fay 1988). These
data reveal an enormous diversity of hearing abilities in
®shes, mostly owing to various peripheral modes of
coupling the ear to some internal structures. These
structures include the swimbladder (with or without
special hearing-related modi®cations such as diverticulae
and Weberian ossicles), and air-®lled bullae (Hawkins
and Myrberg 1983; Hawkins 1993). However, in the few
species that have been tested repeatedly using di�erent
methods, large intraspeci®c variations in auditory
thresholds appeared which may be due to di�erences in
testing conditions (Popper et al. 1973; Hawkins 1981) or
simply cannot be explained (Popper and Fay 1973). To
date, no standardized method has been established
which is su�ciently convenient to apply to a large
number of species in a short time. Consequently, the
general auditory capabilities of less than 0.2% of ®sh
species (Nelson 1984; Fay 1988) are known so far.

In the past, both behavioral and electrophysiological
methods have been used to investigate ®sh audition.
Behavioral methods usually involve training ®sh by
using electric shock or food rewards to respond upon
hearing a sound. In the classical conditioning procedure,
®sh respond with innate behavior such as stereotyped
defense responses (Myrberg and Spires 1980; Kenyon
1996), cardiac suppression (Chapman and Sand 1974;
Hawkins and Johnstone 1978; Jerkù et al. 1989; Kojima
et al. 1992) or ventilatory suppression (e.g., Banner
1967; Popper et al. 1973; Fay 1995). The classical con-
ditioning procedure has so far generated the majority of
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®sh behavioral audiogram data (see Fay 1988). How-
ever, this conditioning method is potentially stressful
due to electric shock and is not applicable to those
species that cannot be conditioned to shock ± for ex-
ample, a shark (Nelson 1967), and some cichlid species
(Tavolga 1974; Allen and Fernald 1985).

A second behavioral method is instrumental avoid-
ance conditioning in which ®sh learn to cross a barrier
in the tank upon hearing a sound to avoid electric shock
(e.g., Behrend and Bitterman 1962; Tavolga and
Wodinsky 1963; Popper 1971). The advantage of this
method is that the response is unambiguous. This par-
adigm, however, makes precise calibration of sound
perceived by ®sh di�cult and may require excessively
long training times in some species, e.g., 20±30 days for
the cichlid Tilapia macrocephala (Tavolga 1974), and 25
or more days for the cat®sh Ictalurus nebulosus (Weiss
et al. 1969). Operant conditioning methods involving
positive reinforcement have been infrequently applied to
the study of acoustic sensitivity in ®shes. A paradigm
where subjects were trained to peck paddles in response
to sound was used successfully in measuring audiograms
in gold®sh (Yan and Popper 1991; Yan 1995), the oscar
Astronotus ocellatus (Yan and Popper 1992; Yan 1995)
and even used for intensity discrimination study (Yan
and Popper 1993). Despite the advantages of using food
as reward, free movement of subjects and precise cali-
bration of sound pressure levels perceived by the sub-
ject, this method also su�ers some drawbacks including
long duration of conditioning, (gold®sh 1±2 days, oscar
10±14 day), and high degrees of variation among indi-
viduals of a species. In addition, the ®sh must also be
large and responsive enough to perform the paddle
pecking task. As with any operant method, the condi-
tioned response must closely approximate a part of the
animal's natural behavioral repertoires. Therefore, for
®sh not using striking mode for food (prey) capture, this
operant conditioning method may not work well (Yan
1995).

Electrophysiological methods do not have the limi-
tations associated with training subjects. One widely
used technique is the measurement of microphonics (a.c.
currents) from auditory end organs while presenting
acoustic stimuli to the tested subjects (Enger and An-
derson 1967; Furukawa et al. 1972; Fay and Popper
1974; Sand 1974; Saidel and Popper 1987). Data can
potentially be obtained more quickly than in behavioral
methods, but preparation can often be complex and
generally require invasive surgery, precluding use of the
same animal for repeated tests later. Furthermore,
placement of electrodes is restricted to speci®c endor-
gans and thus responses recorded do not necessarily
represent the whole auditory pathway including hearing
end organs, eighth nerves, auditory brainstem and the
midbrain. Even single-unit recordings where single nerve
®ber discharge patterns are measured (e.g., Enger and
Andersen 1967) experience similar limitations.

A third electrophysiological method widely used in
audition studies of many mammalian species, is the

auditory brainstem response (ABR). The ABR is a non-
invasive far-®eld recording of synchronous neural ac-
tivity in the eighth nerve and brainstem auditory nuclei
elicited by acoustic stimuli (Jewett 1970; Jewett and
Williston 1971; Jacobson 1985). ABR recording has
proven invaluable in clinical evaluations of human
hearing (Jacobson 1985; Hall 1992) and allows threshold
determinations from uncooperative or inattentive sub-
jects where behavioral methods generally fail. However,
the ABR techniques have been applied to only a few ®sh
species. Corwin et al. (1982) showed that ABRs can be
obtained from a variety of ®sh species, when using in-
tracranial as well as cutaneous electrodes. Waveforms
clearly indicated a similarity between ®sh and higher
vertebrates (Corwin 1981). Bullock (1981) also espoused
the great potential of ABR recording for the study of
®sh audition and its advantages over conventional
methods, including rapid whole-animal measurements
without time-consuming training, and the potential for
repeated use of the same animals. Nevertheless this
method has not been used to study the auditory capa-
bilities of ®shes.

The aim of the present paper is to demonstrate that
ABR techniques can be used to study hearing in ®shes,
and provide an e�cient method for obtaining audio-
grams. Comparison of ABR audiograms with those
obtained by psychophysical methods clearly demon-
strate the advantages and the e�ectiveness of this
method, and the great potential for its use in future
investigations of ®sh audition.

Materials and methods

Experimental animals

Eight specimens each of Carassius auratus [59±78 mm standard
length (SL); 6.1±18.2 g] and A. ocellatus (62.1±81 mm SL, 8.6±
18.9 g) were obtained from a local aquarium ®sh supplier. Animals
were maintained in ®ltered aquaria at 25�1 °C, and were fed
Artemia and commercially prepared foods (TetraMin, TetraWerke,
Germany). The animal-use protocol used in this study was
approved by the University of Kentucky IACUC (93005L).

ABR recording setup

Test subjects were secured inside a rectangular 15-l plastic tub
(38 cm ´ 24.5 cm ´ 14.5 cm) ®lled with water. Fine-mesh nylon
screen was wrapped around the animal and held in a metal clamp
attached to a glass rod that was ®xed in a micromanipulator
(M3301, World Precision Instruments, Sarasota, Fla., USA).
Respiration was achieved through a temperature-controlled
(25 � 1 °C) gravity-feed aerated water system to keep ®sh alive
during recording. In order to reduce myogenic noise levels, animals
were temporarily immobilized with an injection of gallamine
triethiodide (Flaxedil; Sigma G-8134, St. Louis, Mo., USA). Dos-
ages were adjusted so that animals were generally still capable of
slight opercular movements, but unable to initiate gross muscle
contractions. The dosage required to obtain this level of immobility
was species dependent, varying from 2 to 4 lg g)1 body weight for
gold®sh and 6±10 lg g)1 body weight for oscars. Tests were also
run on animals without Flaxedil, to determine if it had an e�ect on
threshold determinations.
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The test animal position was adjusted so that the nape of the
head was just 1 mm above the surface of the water, and a respi-
ration pipette was inserted into the subject's mouth (Fig. 1). The
plastic tub rested on a vibration-free air table (Kinetic Systems
model 1201), and the entire setup was enclosed in a walk-in sound-
proof room (2 m ´ 3 m ´ 2 m, Industrial Acoustics).

A small piece of Kimwipes tissue paper (10 mm ´ 2 mm) was
placed on the exposed top of the head region to prevent skin from
drying. The recording electrode was placed on the midline of the
skull over the medulla region. The reference electrode was placed
5 mm anterior to the recording electrode. Both electrodes were
pressed ®rmly against the skin through the tissue paper. The elec-
trodes consisted of Te¯on-insulated silver wire (0.25 mm diameter)
with ca. 1 mm of exposed tip. Wires were ®xed with epoxy and were
housed inside plastic pipettes, and clamped in micromanipulators.
Shielded electrode leads (ca. 40 cm in length) were twisted together
to reduce potential noise, and attached to the di�erential inputs of
an a.c. preampli®er (Grass P-15, 40 dB gain, high-pass at 30 Hz,
low-pass at 3000 Hz). The ground terminal of the preampli®er was
connected via a wire to the water in the tub. A hydrophone (Cel-
esco LC-10), placed adjacent to the exterior of presumed inner ear
region of the test subject, was used to monitor stimulus sound
pressure. A second Grass P-15 preampli®er (40 dB gain, high-pass
at 10 Hz, low-pass at 10 kHz) was used to amplify the hydrophone
output. Speakers, suspended in air, were mounted 1 m above the
test subject. For frequencies less than 3000 Hz, a 30-cm ``woofer''
(Pioneer; frequency response 19±5 kHz) was used, while for higher
frequencies (>3000 Hz) a 12-cm midrange speaker (Pyle MR 516;
frequency response 500±11 kHz) was used. Output terminals of the
preampli®ers were hooked to shielded leads that passed through a
port in the wall of the chamber. Speaker leads also passed through
this port.

ABR recording apparatus and stimulus presentation

Both sound stimuli presentation and ABR waveform recording
were accomplished via a Tucker-Davis Technologies (Gainesville,
Fla., USA) modular rack-mount system controlled by an optical
cable-linked 66-MHz 486 PC containing a TDT AP2 Digital Signal
Process board and running TDT ``Bio-Sig'' software. Sound stimuli
waveforms were generated using TDT ``Sig-Gen'' software, and fed
through a DA1 digital-analog converter, a PA4 programmable
attenuator, and a power ampli®er (QSC Audio Products, Model
USA 370) which drove the speaker. The hydrophone preampli®er
output cable was fed to one channel of an AD1 analog-digital
converter, while the electrode preampli®er output was ®rst passed
through a PC1 spike conditioner (which provided an additional
60 dB gain and 3000 Hz low-pass ®lter) before reaching the AD1.
Both preampli®er outputs were also fed to an oscilloscope for real-
time assessment of electrode noise levels. A TG6 timing generator
was used to synchronize A/D and D/A conversion (see Fig. 1 for
details).

Both tone bursts and clicks were presented to test subjects.
Clicks were 0.1 ms in duration, and presented at a rate of 38.2 s)1

Fig. 1 Schematic diagram of the ABR-recording setup. (AD1 analog
to digital converter; DA1 digital to analog converter; DSP digital
signal processor; mic microphone; MA1 microphone ampli®er; MS1
monitor speaker with ampli®er; PA4 programmable attenuator; PC1
spike pre-conditioner; power amp power ampli®er for speaker; preamp
Grass P-15 preampli®er; sump sump pump; TG6 six-channel timing
generator)
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(to prevent phase locking with any 60-Hz noise). Clicks exhibited a
nearly ¯at power spectrum between 1 and 4000 Hz (Fig. 2). The
number of cycles in a tone burst was adjusted according to fre-
quency in order to get the best compromise between stimulus ra-
pidity (i.e., greater rapidity of onset � greater e�cacy at generating
ABRs) and peak-frequency bandwidth (longer duration � sharper
spectral peak; Silman and Silverman 1991). All bursts were gated
using a Blackman window to reduce spectral ``side lobes'', and to
provide a ramped onset/decay, thereby preventing speaker tran-
sients (Silman and Silverman 1991). See Fig. 2 for spectra of broad-
band clicks and tone bursts of di�erent frequencies. The ABR
traces of opposing polarities (one thousand sweeps each) were av-
eraged together forming a 2000-sweep trace to eliminate any
stimulus artifact. At each tested frequency, this was done twice and
overlaid to examine if traces were repeatable. The lowest sound
pressure level where a repeatable ABR trace could be obtained, as
determined by overlaying replicate traces, was considered the
threshold. Sound pressure level was attenuated in 5-dB steps until
recognizable and repeatable ABR waveforms could no longer be
produced. Smaller steps of 3 dB were used at frequencies above
2000 Hz, as ®ner threshold resolution was needed at the high sound
levels required at these frequencies. This method of visual inspec-
tion/correlation is the traditional means of determining threshold
in ABR audiometry (Jacobson 1985; Kileny and Shea 1986; Gorga
et al. 1988; Hall 1992; Song and Schacht 1996). Some ABR systems
employ an automatic threshold-seeking algorithm (OÈ zdamar et al.
1994) with accuracy similar to that of human examiners, but this
option was not available in TDT BioSig system. Once the threshold
level was determined, the hydrophone recording was analyzed to
determine root mean square (RMS) sound pressure level, based on
the method of Burkard (1984). Using the capabilities of the Bio-Sig
software, cursors were placed one cycle apart on either side of the
largest (i.e., center) sinusoid of a particular tone-burst recording
from the hydrophone. The software then calculated the RMS of the
waveform between the cursors, and calibration factors were applied
to determine actual sound pressure level in dB re 1 lPa. No onset
transients were evident in any of the hydrophone traces. Animals
were tested at frequencies of 100 Hz (the lowest frequency where an
ABR-like waveform was obtained), 200, 300, 400, 500, 600, 800,
1000, 1200 (oscar), 1500, 2000, 3000, 4000, and 5000 Hz (the
highest frequency where consistent results were obtained under the
acoustic conditions present in the chamber). Animals typically

regained full mobility within 12 h of completion of testing after
Flaxedil was metabolized.

Ambient noise levels in the test tank were also measured using
the hydrophone and preampli®er. Samples of full-spectrum am-
bient noise were recorded into the TDT system and ®ltered with
digital band-pass ®lters. Filtered noise RMS levels were measured
using the BioSig software, and spectrum levels were calculated by
applying appropriate ®lter corrections and calibration factors.

Data analysis

Threshold values from all individuals were averaged to produce
audiograms for each species. Mean threshold values of entire au-
diograms were compared using one-way ANOVA. Flaxedil-treated
®sh were compared with animals without Flaxedil treatment and
with previously published behavioral data.

Results

ABR waveform characteristics

ABR waveforms were obtained in all animals tested, and
showed almost identical characteristics at suprathresh-
old levels in both species. The ABR traces of signals
presented at di�erent polarities do not cancel out each
other when averaged. This is contrary to sound pressure
waveforms when averaged (Fig. 3). A typical supra-
threshold ABR consisted of a series of four to nine rapid
downward peaks superimposed over a slow negative
de¯ection lasting approximately 8 ms at low frequencies,
to around 2.5 ms in response to clicks and high-fre-
quency tone bursts (Fig. 4). The series of rapid peaks
was generally followed by a slow positive de¯ection. The
onset latency of the ABR varied with frequency, ranging
from 7.5 ms after stimulus onset at 100 Hz to as little as
0.3 ms with clicks and 5000-Hz tone bursts. Onset la-

Fig. 2 Power spectra of a
broad-band click and two
tone bursts (500 Hz and
1000 Hz) of acoustic signals
presented to tested subjects
as recorded from hydro-
phone. dB in relative scale
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tency also increased as sound pressure decreased, at a
rate of approximately 0.05±0.10 ms per 5-dB decrease in
sound level.

Waveforms were clear at levels 20±30 dB above
threshold, and could be observed with less than 100
averages (sweeps). As sound pressure levels approached
threshold, 2000 sweeps were required to distinguish
ABRs from background noise. Threshold was de®ned as
the lowest sound pressure level that elicited an observ-
able, repeatable ABR waveform (Jacobson 1985; Kileny
and Shea 1986; Gorga et al. 1988; Warren 1989; Hall
1992; Hall 1992; Song and Schacht 1996). Superimpos-
ing at least two replicate runs, each one representing
averaged traces at a particular level, and comparing
them to clear responses at higher sound pressure levels
facilitated recognition of near-threshold ABRs (Fig. 5).

The number of cycles in the tone-burst stimuli af-
fected the clarity of the elicited ABR waveform. Thus,
cycle number was adjusted to provide the best ABR
response while still providing acceptable power spectra
(i.e., sharp peaks at the dominant frequency, as veri®ed
by FFT analysis using the BioSig software; see Fig. 2).
Results indicated that shorter duration tone bursts
elicited the clearest ABRs, especially at low frequencies,
so bursts of only two cycles in duration were used at
100±300 Hz. Middle frequencies (400±2000 Hz) were
presented using ®ve cycle tone bursts, with two-cycle rise
and fall. High frequency (3000±5000 Hz) tone bursts
were eight cycles long, also with two-cycle rise and fall
(see Silman and Silverman 1991 for technical details).

Audiograms

Audiograms of gold®sh were obtained from eight
gold®sh treated with Flaxedil, and from three untreated

specimens. Auditory thresholds were signi®cantly lower
(Table 1) in treated animals (Fig. 6), hence further
comparisons will deal with audiograms from Flaxedil-
treated individuals only. The overall shape of the au-
diogram, as well as the individual sound pressure
thresholds were quite similar to those obtained using
behavioral methods (Table 1, Fig. 7). There was no
signi®cant di�erence between the ABR audiogram and
the behavioral audiograms obtained by Jacobs and
Tavolga (1967) and Popper (1971). However, the ABR
thresholds were generally higher than behavioral
thresholds below 1500 Hz, and lower than behavioral
values above 1500 Hz. Ambient noise levels were at
least 13 dB below threshold at all frequencies tested
(Fig. 6).

Audiograms were also examined for eight oscars.
Three of the animals were treated with Flaxedil, but
because there was no signi®cant di�erence between these
and untreated animals, data were pooled. As observed in
gold®sh, the ABR audiogram had a similar shape to the
only available behavioral data (Fig. 7: Yan and Popper
1992). However, it was signi®cantly di�erent, with all
thresholds well below behavioral limens (Table 2).

Discussion

ABR recording is a proven method of assessing auditory
function in a wide range of human clinical applications
(for reviews see Jacobson 1985; Hall 1992). It has also
gained acceptance among many animal researchers, and
has been applied in a variety of studies with mammals
(e.g., cetaceans, Ridgeway et al. 1981; Supin et al. 1993;
Dolphin 1996; cats, Gorga et al. 1983; Mair and Laukli
1985; rats, Overbeck and Church 1992; guinea pigs,
Song and Schacht 1996 ), and birds (e.g., chickens, Tucci

Fig. 3 ABR waveforms of
gold®sh, Carassius auratus
(upper two traces) and oscar,
Astronotus ocellatus (middle
two traces), obtained in re-
sponse to tone bursts
(300 Hz) of opposite polari-
ties, 90° and 270° (lower two
traces). Light traces: ABR
waveforms from tone bursts
presented at 90°. Dark trac-
es: ABR waveforms from
tone bursts presented at
270°. Note that despite the
changes of polarities of
stimuli, the polarities of
ABR waveforms remain the
same
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and Rubel 1990). Furthermore, Corwin (1981) and
Corwin et al. (1982) demonstrated that it was possible to
obtain ABRs from poikilothermic vertebrates, including
reptiles, amphibians, osteichthyes (bony ®shes) and elas-
mobranchs (cartilaginous ®shes). The ABR waveform
exhibits remarkable similarity across vertebrate groups,
which indicates a general consistency in the ascending
auditory pathways of all vertebrates (Corwin et al.
1982).

The general features of the ABR as recorded from
gold®sh and oscars are in agreement with those de-
scribed for other lower vertebrates (Corwin et al. 1982),
and hence amniotes as well. Besides having similar
waveform characteristics, the response of the evoked

potential to varying stimulus parameters is also consis-
tent. The polarity of the ABR waveform is independent
of the polarity of the sound stimulus (Fig. 3), and
increases in latency as the stimulus level decreases. There
is also a frequency-dependent delay in the onset and
duration of the ABR. The present study shows that ®sh
ABRs can be recorded in response to stimulus
frequencies ranging from at least 100 Hz to 5 kHz.
Ongoing experiments in our laboratory have also
demonstrated that such responses can be obtained from
a variety of ®sh species (e.g., cichlids, centrarchids,
minnows, gouramis, cat®sh) and are e�ective means of
obtaining complete audiograms within a short time
frame.

Fig. 4 ABR waveforms of
C. auratus (solid lines) and
A. ocellatus (dotted lines)
obtained in response to tone
bursts and clicks of di�erent
frequencies presented at
sound pressure levels 30 dB
above hearing threshold
(3 kHz not tested in the
oscar). Averaged traces of
two di�erent polarities (1000
sweeps each, a total of 2000
sweeps) are shown. Note
decreasing onset latency
with increase of frequency
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Fig. 5 ABR waveforms of
C. auratus in response to
600 Hz tone bursts attenu-
ated in 5-dB steps. Averaged
traces of two di�erent runs
(2000 sweeps each) for each
level are overlaid. Hydro-
phone recording of 600 Hz
toneburst is also shown. dB
in relative scale

Table 1 Comparison of Carassius auratus audiograms obtained by
di�erent methods and treatments. P values give the signi®cance
level of the di�erence between ABR Flaxedil data, and ABR no

Flaxedil data as well as behavioral data from Jacobs and Tavolga
(1967) and Popper (1971), tested by one-way ANOVA

Frequency ABR
Flaxedil

ABR
no Flaxedil

Jacobs and
Tavolga (1967)

Popper (1971)

Mean SD n Mean SD n Mean SD n Mean SD n

100 85.8 3.3 8 88 1 3 71.6 6.1 4 73.8 5.9 4
200 73.3 4.3 8 79.3 2.1 3 58.7 6 4
300 68.8 3.3 8 75.3 2.1 3 53.8 7.2 3
400 63.9 2.9 8 74 3.5 3
500 64 4 8 73.7 4.9 3 54.4 7.7 4 51.8 6.1 3
600 64.1 4.2 8 71.3 3.8 3
800 64 2.7 8 70 1 3 55.5 5.9 4
1000 64.6 3 8 66 3 3 54.9 7.6 4 60.1 7.4 3
1500 71.5 3.1 8 78.7 3.5 3 72.1 6.9 4 73.6 5.8 3
2000 80 2 8 84.3 4 3 98.2 6 4 94.6 6.7 3
3000 96.4 4.5 8 102.3 4.9 3 122.3 5.7 4
4000 107.4 4.3 8 113.3 4.9 3
5000 119.5 3.4 8 122.7 5.1 3

One-way ANOVA F = 66.33 F = 0.02 F = 0.36
P < 0.001 P = 0.87 P = 0.56
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Auditory thresholds and comparisons
with behavioral audiograms

Work with humans has demonstrated that auditory
thresholds determined using tone-burst ABR audiome-
try (e.g., frequency-speci®c measurements) are generally
higher, by 10±20 dB or more, than those obtained using
behavioral methods (Gorga et al. 1988). However, ABR
thresholds in response to click (i.e., broad-band) stimuli
can approach behavioral levels in a limited frequency
range between 2000 and 4000 Hz (Warren 1989). As
with any electrophysiological technique, the minimum
detectable response is limited by the level of the ever-
present ``noise ¯oor''. In order to reduce background
noise (general brainwaves and myogenic signals) and
hence increase the sensitivity of measurements, ABRs

are generally recorded from humans while the subjects
are in a resting or sedated state. Our data indicates that
use of a curariform agent (e.g., Flaxedil) with some
gold®sh also lowers its ABR thresholds which certainly
indicates the e�ect of reduced background noise on
lowering thresholds.

Although generally accepted as the most sensitive
techniques for determining sensory limens, behavioral
methods do not always provide consistent results, and
are not universally applicable. Behavioral testing can
provide varying results caused by di�erent experimental
setups, changes in subject motivation, etc. In addition,
some subjects are even impossible to test behaviorally.
Furthermore, in the two species of ®shes where multiple
behavioral audiograms have been performed, thresholds
vary greatly between studies. As reviewed by Hawkins
(1981), the three audiograms available for the Atlantic
cod, Gadus morhua, show discrepancies of as much as
30 dB or more at some frequencies. These di�erences
could be clearly attributed to varying ambient noise
levels during testing. Such environmental variability
would a�ect thresholds regardless of the method used to
evaluate them. On the other hand, it is not so easy to
explain the extreme variability (greater than 60 dB at
some frequencies) among gold®sh audiograms. A variety
of causes have been suggested (Popper et al. 1973;
Popper and Fay 1973; Hawkins 1981), including near-
®eld e�ects, strain di�erences, ambient noise, and dif-
ferent conditioning techniques. It should be noted that
no statistical comparisons between these audiograms
have been made (except Popper 1971, for two di�erent
size groups), and thus it is di�cult to draw any con-
clusions from simple observations of the curves. Clearly,
the closest agreement among gold®sh audiograms are
between those of Jacobs and Tavolga (1967) and Popper
(1971). Both studies were conducted using the same

Fig. 6 Comparison (mean�SD) of ABR audiograms of the cichlid
A. ocellatus (closed circles) and the cyprinid C. auratus, the latter
showing in¯uence of Flaxedil treatment (open and closed triangles). No
di�erences resulting from Flaxedil treatment were found in As-
tronotus. Ambient noise level is indicated by the dashed line

Fig. 7 Comparison of ABR
audiograms (solid lines;
closed circles: Astronotus;
closed triangles: Carassius)
and audiograms obtained
through di�erent behavioral
methods (dotted lines). E
Enger 1966 (n� 6), F Fay
1969 (n� 4), J Jacobs and
Tavolga 1967 (n� 4), P
Popper 1971 (n� 6), Y Yan
and Popper 1992 (n� 3).
ABR: Astronotus (n� 8),
Carassius (n� 8)
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method of instrumental shock-avoidance conditioning
in a small tank with a speaker in air. A well-known
problem in underwater acoustic experiments is the
complexity and high particle motion of sound ®elds
generated by an underwater speaker inside small tanks
surrounded by air (Parvulescu 1967). Although not a
perfect solution, placing the sound source in air and
using a small container of water helps to reduce these
e�ects. The similar acoustic conditions of our setup and
those of Popper (1971), and Jacobs and Tavolga (1967),
allowed us to use these audiograms as benchmarks for a
comparison of ABR and behavioral thresholds. It is
important to note that the behavioral or electrophysio-
logical responses are not only caused by the pressure
component of the sounds, but also can be caused by the
particle component. However, this should not detract
from the merit of comparing di�erent methods.

Our gold®sh ABR audiograms show shape and
bandwidth characteristics similar to those of behavioral
curves, and were not signi®cantly di�erent on a whole-
audiogram basis. However, at lower frequencies
thresholds were generally higher, while at higher fre-
quencies they were lower. Unlike that observed in hu-
mans (Gorga et al. 1988), there was no simple upward
shift of the ABR audiogram versus behavioral data. One
could argue that the lower thresholds at high frequencies
might have been caused by broad power spectrums of
the tone bursts, i.e., a particular threshold was a re-
sponse to a broad band of frequencies. However, fast-
Fourier transformation analysis of the tone-burst stimuli
(Fig. 2) presented indicated that this is unlikely, as en-
ergy on either side of the spectral peak dropped o�
rapidly enough (owing to the Blackman gating) to pre-
clude such a possibility.

In contrast to the gold®sh, little hearing data are
available for the oscar. Cichlids are hearing generalists
and in general are di�cult or impossible to train in some
behavioral paradigms, especially when electric shock is
used as the stimulus (Tavolga 1974; H.Y. Yan, unpub-
lished observations). Hence, the only audiogram data
available for the oscar is a sound pressure audiogram
which was obtained through positive reward operant

conditioning (Yan and Popper 1992), and even this op-
erant conditioning method proved quite di�cult and
time consuming. Our oscar ABR audiogram, while
similar in shape and slope to this behavioral curve, is
below it at all frequencies, and hence signi®cantly dif-
ferent. Therefore, in a species like the oscar which is
di�cult to train, ABR threshold determination may well
be superior to behavioral methods. The unusual ramp-
like shape of the audiogram, combined with the poor
sensitivity at frequencies above 100 Hz, suggests that
this animal probably has a best frequency below 100 Hz.
Testing frequencies below 100 Hz turned out to be dif-
®cult with the ABR technique due to the di�culty cre-
ating short tone bursts at lower frequencies (Silman and
Silverman 1991; Hall 1992). Another cichlid, T. macro-
cephala (Tavolga 1974) showed a similar audiogram
pro®le like that of the oscar when tested behaviorally. In
hearing generalists which are known to be especially
sensitive to particle motion at low frequencies (Popper
and Fay 1973; Hawkins 1993), the kinetic component of
sound may additionally be measured in order to get a
particle displacement hearing curve. Our intention was
to evaluate our methods and results by comparing them
with previously established techniques. Because the
majority of investigators published sound pressure au-
diograms (see Fay 1988), we compared only sound
pressure thresholds. In addition, testing of frequencies
below 100 Hz is di�cult in the laboratory due to po-
tential lateral line stimulation (MuÈ nz 1989). However,
we ruled out a lateral line contribution at 100 Hz and
above, at least in the gold®sh. A gold®sh treated for 24 h
with 0.1 mmol l)1 cobalt chloride (a lateral line function
blocker, Karlsen and Sand 1987) showed no changes in
ABR thresholds (T. N. Kenyon et al., unpublished ob-
servations).

The present data clearly show that ABR audiometry
provides results comparable to those obtained behav-
iorally. An obvious and important advantage is the ra-
pidity with which a complete audiogram can be
obtained. Instead of requiring days or weeks to obtain
audiograms by behavioral methods, an ABR audiogram
can be completed in as little as a few hours. For exam-

Table 2 Comparison of
Astronotus ocellatus audio-
grams obtained by di�erent
methods. P value gives the sig-
ni®cance level of the di�erence
between ABR data and beha-
vioral data from Yan and Pop-
per (1992) tested by one-way
ANOVA

Frequency ABR Yan and Popper 1992

Mean SD n Mean SD n

100 100.5 4.6 8
200 105.9 5.8 8 118.4 2.8 3
300 106.4 1.9 8 120.5 3 3
400 112.3 1.8 8 120.7 3.9 3
500 116.3 1.8 8 125.1 3.5 3
600 116.4 3.2 8 129.6 1.8 3
700 131.4 2.1 3
800 117.8 2.6 8 134 1.9 3
1000 118.3 2.9 8
1200 124.8 2.0 8
1500 130.3 3.5 8
2000 134.8 4.9 8

One-way ANOVA F = 13.84 P < 0.001
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ple, we were able to measure the temporary threshold
shift in a few gold®sh caused by overnight exposure to
loud pump/air stone noise, over the entire hearing range
within 3 h of removing the animals from the noisy tank.
Slower methods such as behavioral training may not be
able to measure such a relatively short-lived phenome-
non. As pointed out above, ABR techniques may pro-
vide a way to study hearing in previously untestable
species. Because it does not rely on the motivational
state of the subject, it could well be employed in exper-
imental situations where behavioral testing would be
impossible or di�cult. We are currently using ABR
audiometry to measure hearing impairment caused by
aminoglycoside antibiotic (e.g., gentamicin)-induced
ototoxicity in oscars. It would be impossible to use be-
havioral methods with these animals, since the drug
treatments render them lethargic, induce loss of vestib-
ular function and make them unsuitable for behavioral
testing. Several advantages are also apparent when
comparing ABR audiometry to other electrophysiolog-
ical methods: (1) no invasive surgery is required, saving
time and animals, (2) individuals can easily be subjected
to repeated testing with no apparent ill e�ects, (3) the
preparation is far easier than with invasive methods in-
volving surgical operation, allowing de®nite results to be
obtained within minutes of removing the subject from its
holding tank. Unlike microphonic or single-unit re-
cording techniques, the sensitivity of the entire ascend-
ing auditory pathway is measured, giving a good
representation of the sensitivity of the entire system in-
cluding the brainstem and higher brain regions (Corwin
1981; Jacobson 1985; Silman and Silverman 1991; Hall
1992). However, one should be aware of the potential
disadvantage of subjectivity of threshold determination
in ABR audiometry. ABR is frequently viewed as an
objective procedure because acquisition of the test result
is not dependent upon the subject's conscious coopera-
tion. Interpretation of the results, however, is highly
subjective. The examiner must look at pairs of wavy
lines and make a number of very subjective decisions
regarding the presence of or absence of a response.
Though the ABR is highly repeatable and easily recog-
nized in high-quality recording conditions, the response
can be very illusive when a hearing-impaired subject
is being evaluated (see Weber 1983, 1985; Silman and
Silverman 1991 for details). In order to overcome
subjective pitfall, many automated threshold-seeking
algorithms have been developed for more objective
determination of ABR thresholds (Weber and Fletcher
1980; Salvi et al. 1987; OÈ zdamar et al. 1994). With the
availability of more sophisticated computers and auto-
mated threshold-seeking software, the problem of sub-
jective determination of ABR should be solved in the
near future.

Clearly, ABR recording is a viable and e�ective
method for studying audition in ®shes. Its advantages ±
rapidity and repeated use of animals ± might help to
increase the small number of ®sh species in which
hearing sensitivity is known so far. To date, audiograms

of about 50 species are published which is barely ade-
quate to describe the diversity of hearing abilities arising
from numerous morphological adaptations, e.g., We-
berian ossicles in ostariophysans (von Frisch 1936),
swimbladder diverticulae in holocentrids (Coombs and
Popper 1979), or gas-®lled bullae in mormyrids (Stipetic
1939; McCormick and Popper 1984). ABR techniques
could be useful in systematic studies when a large
number of species has to be analyzed, e.g., for investi-
gating di�erent adaptations for hearing or correlations
between hearing sensitivity and sounds produced. Based
on our ongoing experiments, and according to Corwin
et al. (1982), there are no systematic limitations or major
size limitations for this method. We have successfully
tested a few juvenile bluegill (Lepomis macrochirus; av-
erage SL 18 mm, mean body weight 0.09 g). Therefore,
this method should be applicable to studies of ontoge-
netic changes of hearing in ®shes, an area poorly studied
to date (Kenyon 1996), largely owing to the di�culty of
employing behavioral methods with juveniles. Addition
of ABR audiometry to the traditional repertoire of
methods available for studying hearing in ®shes should
provide a tool that expedites the answers to many of the
remaining questions in ®sh audition.
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