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The effects of intense white noise~158 dBre 1 mPa for 12 and 24 h! on the hearing abilities of two
otophysine fish species—the nonvocal goldfishCarassius auratusand the vocalizing catfish
Pimelodus pictus—were investigated in relation to noise exposure duration. Hearing sensitivity was
determined utilizing the auditory brainstem response~ABR! recording technique. Measurements in
the frequency range between 0.2 and 4.0 kHz were conducted prior and directly after noise exposure
as well as after 3, 7, and 14 days of recovery. Both species showed a significant loss of sensitivity
~up to 26 dB inC. auratusand 32 dB inP. pictus! immediately after noise exposure, with the
greatest hearing loss in the range of their most sensitive frequencies. Hearing loss differed between
both species, and was more pronounced in the catfish. Exposure duration had no influence on
hearing loss. Hearing thresholds ofC. auratusrecovered within three days, whereas those ofP.
pictusonly returned to their initial values within 14 days after exposure in all but one frequency. The
results indicate that hearing specialists are affected differently by noise exposure and that acoustic
communication might be restricted in noisy habitats. ©2003 Acoustical Society of America.
@DOI: 10.1121/1.1557212#

PACS numbers: 43.80.Nd, 43.64.Ri, 43.64.Wn@WA#
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I. INTRODUCTION

In the aquatic environment, sound is one of the m
important signal carriers, for it is transported five times fas
than in air, is not attenuated as fast as light or chem
substances, and is propagated over large distances d
existing sound channels~Hawkins and Myrberg, 1983!.
There is a natural background noise due to currents, s
rain, seismic events and sounds of biological origin~e.g.,
snapping shrimps, vocalizing animals!. In the last decades
however, this has been augmented by an ever-increa
amount of anthropogenic noise, such as noise from shipp
hydroelectric power plants, drilling, or seismic surveys. F
example, Andrewet al. ~2002! compared ocean ambien
sound data off the Californian coast from the 1960s with d
from the 1990s and found an increase of up to 10 dB
tween 20 and 400 Hz.

There is growing concern that anthropogenic noise
fects aquatic animals, in particular whales. Certain wh
species change their vocalizing or migration behavior wh
vessels approach~Richardsonet al., 1986, 1995; Lesage
et al., 1999!, during the presence of low-frequency son
~Miller et al., 2000! or during acoustic thermometry of ocea
climate ~ATOC! transmissions~Frankel and Clark, 2000!.

Intense noise exposure can impair auditory abilities
causing elevated auditory thresholds or damage to ear
gans. In the last decades, the study of sound- or no
induced hearing loss~NIHL ! has concentrated on human
and mammals~humans: e.g., Hamerniket al., 1982; Bauer
et al., 1991; mammals: e.g., Clark, 1991; Griffithset al.,
1994!. Only a few studies have dealt with other taxa such

a!Author to whom correspondence should be addressed. Electronic
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birds ~Saunders and Dooling, 1975; Doolinget al., 1997!.
Fish, as other aquatic animals, are highly dependen

the auditory system. By simply listening to the sounds co
ing from different sources, they obtain the information re
evant for survival, finding mates and prey, or avoiding pre
tors ~Hawkins and Myrberg, 1983; Popper and Fay, 199
Ladich, 1999; Fay and Popper, 2000!. Based on current
knowledge, all fish are able to perceive low-frequen
sounds~‘‘hearing generalists’’!, whereas some groups hav
developed accessory hearing structures to enable them t
tect high frequencies up to 4 kHz~‘‘hearing specialists’’!.
Hearing enhancement is based on a connection betwee
air-filled cavity within the body and the inner ear. Withi
otophysans, vibrations of the swimbladder are transmit
via 1–4 bony ossicles~Weberian apparatus! to the inner ear.

Noise can lead to behavioral changes in fish. This w
investigated mainly in commercially important marine fi
species ~Blaxter and Hoss, 1981; Blaxteret al., 1981;
Schwarz and Greer, 1984!. Pearsonet al. ~1992! observed
alarm and startle responses of rockfish,Sebastesspp., in the
presence of air-gun sounds.

The effects of intense sound on the auditory epithe
have rarely been investigated. Enger~1981! observed dam-
ages to the sensory epithelia of the inner ear of the codGa-
dus morhuaafter exposure to intense noise. Hastingset al.
~1996! exposed the hearing generalistAstronotus ocellatusto
60- and 300-Hz pure tones at three different sound pres
levels~SPLs! to determine the effects on the sensory epith
lia of the inner ear and the lateral line.

The detection of a signal is frequently impaired by t
presence of another. Several studies described a decrea
the ability to detect a signal in the presence of a sec
~masking! sound for the goldfishC. auratusand the codG.
morhua. In both species, the masking effect of a sound~pure
il:
13(4)/2170/10/$19.00 © 2003 Acoustical Society of America
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tone or noise band! is confined to the frequency region of th
signal to be detected~Buerkle, 1968, 1969; Fay, 1974
Hawkins and Chapman, 1975; Fayet al., 1978!; threshold
shifts occurred during nonsimultaneous masking, as w
~Popper and Clarke, 1979!.

Another approach is to assess the influence of inte
noise on auditory thresholds after exposure. In a behavi
study, Popper and Clarke~1976! stimulated goldfish with
intense pure tones~0.3, 0.5, 0.8 and 1.0 kHz! for 4 h and
observed temporary threshold shifts~TTS! and complete re-
covery within 24 h. Scholik and Yan~2001, 2002a! exposed
the fathead minnowPimephales promelasto intense white
noise or boat noise for 2 to 24 hours. White noise ba
~0.3–4 kHz! increased the auditory thresholds at five out
eight frequencies, whereas boat noise only affected three
quencies. Recovery was dependent on the frequency an
posure duration. In a subsequent study, Scholik and
~2002b! could not observe any significant changes in
auditory sensitivity of the bluegill sunfishLepomis macrochi-
rus, a hearing generalist.

The goal of our present study was threefold:~1! to in-
vestigate the immediate effects of unfiltered white noise
the hearing thresholds of two hearing specialists,~2! to as-
sess the course of recovery and~3! to clarify any exposure
duration effects. We chose two otophysan species, the g
fish C. auratusand the catfishP. pictus. The latter produces
two types of sound: low-frequency drumming sounds
muscular vibrations of the swimbladder and broad-ba
pulsed sounds by stridulating the pectoral spines~Ladich
1999, 2001!. C. auratusand P. pictuswere chosen to com
pare a nonvocal and a vocal fish species and to asses
influence of the hearing loss on acoustic communication

II. MATERIAL AND METHODS

A. Animals

Twelve specimens ofC. auratus~78–92 mm standard
length; 14.5–20.9 g body mass! and 19 ofP. pictus~43–79
mm; 2.8–7.1 g! were obtained from local aquarium fish su
pliers. Animals were maintained in externally filtered aqua
and a 12:12 h light:dark cycle was maintained. All aqua
were planted, equipped with half flowerpots as hiding plac
and the bottom was covered with sand. Fish were fed
Tubifex and commercially prepared food~TetraMin®!. Ef-
forts were made to provide a quiet environment~125.461.4
dB, no submerged pumps or air stones!. The animal-use pro-
tocol used in this study was approved by the Austrian Co
mission on Experiments in Animals~GZ 68.210/30-Pr/4/
2001!.

B. Noise exposure

The animals were exposed singly to unfiltered wh
noise at 157.861.6 dB~x6S.D.! re 1 mPa for 12 and 24 h in
a plastic bucket~20 cm height, 24 cm diameter, 15 cm wat
depth!. Fish could move freely within the bucket. Whit
noise was generated by a noise generator~IVIE Electronics
IE 20B!, sent to a 24-band equalizer~Alesis MEQ 230! to
obtain a flat noise spectrum, and fed to a power ampli
J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003
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~Brüel & Kjaer 2713! that drove an underwater loudspeak
~University Sound UW 30! situated on the bottom of the
bucket.

C. Auditory sensitivity measurements

The auditory sensitivity was measured utilizing the a
ditory brainstem response~ABR! recording technique, fol-
lowing the ABR recording protocol recently described
Ladich ~1999! and Wysocki and Ladich~2001!. Therefore,
only a brief summary of the basic technique will be giv
here.

All fish were measured at least 6 days prior to no
exposure to obtain a baseline audiogram. Control tests k
ing goldfish ~N56! in the noise exposure bucket withou
presenting noise revealed that manipulationsper sedid not
lower auditory sensitivity at any frequency. After the end
the 12- or 24-h noise exposure period, hearing thresho
were tested immediately~day 0!. This measurement wa
completed within 3 h. Both species were remeasured 3 an
days following the exposure to obtain the recovery hear
thresholds~day 3, day 7!. In additionP. pictuswas measured
after 14 days of recovery~day 14!.

1. Experimental setup

Test subjects were secured in a half-bowl shaped 1
plastic tub~33 cm diameter, 13 cm height, 1 cm layer of fin
sand! filled with water and adjusted so that the head w
approximately 1 mm above the water surface; a respira
pipette was inserted into the subject’s mouth. Respirat
was achieved through a simple temperature-contro
~24 °C!, gravity-fed water circulation system. In order to im
mobilize animals and to reduce the myogenic noise le
they were injected with a curariform agent~galamine
triethiodide—Flaxedil!, with a required dosage of 1–2mg
g21 for C. auratusand 7–10mg g21 for P. pictus. The plas-
tic tub was positioned on an air table~TMC Micro g-63-
450!, which rested on a vibration-isolated concrete plate. T
entire setup was enclosed in a walk-in soundproof roo
which was constructed as a Faraday cage~interior dimen-
sions: 3.233.23 2.4 m!.

The recording of ABRs was performed using silver wi
electrodes~0.25 mm diameter!, which were pressed firmly
against the skin. The portion of the skin above the wa
surface was covered by a small piece of Kimwipes tiss
paper to keep it moist in order to ensure proper contact
tween the skin and electrodes during the experiment.
recording electrode was placed on the midline of the sk
over the region of the medulla. The reference electrode
placed cranially between the nares.

2. ABR-recording apparatus and stimulus
presentation

Both sound stimuli presentation and ABR waveform r
cording were accomplished using a Tucker-Davis Techno
gies~Gainesville, FL! modular rack-mount system controlle
by an optically-linked Pentium PC containing a TDT digit
processing board and running TDT Bio-Sig 2.2 Software

Sound stimuli consisted of tone bursts. The number
cycles in a tone burst~2–8! was adjusted according to th
2171S. Amoser and F. Ladich: Noise-induced hearing loss in fishes
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frequency in order to obtain the best combination of stimu
rise time ~shorter rise time5greater efficacy at generatin
ABRs! and peak frequency bandwidth~longer duration
5sharper spectral peak! ~Silman and Silverman, 1991!.
Sound stimuli waveforms were constructed using TDT S
Gen software and fed through a DA1 digital-analog co
verter, a PA4 programmable attenuator, and a power am
fier ~Denon PMA 715R!. A dual-cone speaker~Tannoy
System 600, frequency response 50 Hz to 15 kHz63 dB!,
suspended in air, was mounted 1 m above the test subject.
hydrophone~Brüel & Kjaer 8101, frequency range: 1 Hz t
80 kHz62 dB; voltage sensitivity:2184 dB re 1 V/mPa!
was placed close to the right side of the animals~2 cm apart!
in order to determine absolute stimulus SPLs underwate
close vicinity of the subjects.

For each test condition, 1000 stimuli at opposing pola
ties ~90° and 270°! were presented and averaged by the B
Sig software. The ABR traces of signals presented at dif
ent polarities do not cancel out each other when avera
This is contrary to sound pressure waveforms when avera
~see Fig. 3 in Kenyonet al., 1998! and efficiently eliminates
artifacts. SPL was reduced in 4-dB steps until the AB
waveform was no longer apparent. The lowest SPL,
which a repeatable ABR trace could be obtained, as de
mined by overlaying replicate traces, was considered
threshold. This method of visual inspection correlation is
traditional means of determining thresholds in ABR audio
etry ~Kileny and Shea, 1986; Gorgaet al., 1988; Hall, 1992!
and proved also to agree well with the correlation coeffici
method developed by Yan~1998!.

Animals were tested at frequencies of 0.2, 0.3, 0.5, 0
1.0, 2.0, and 4.0 kHz presented in random order.

D. ABR waveform analysis and statistics

ABR waveform characteristics~peak-to-peak amplitude
and latency of first negative peak! were analyzed in three to
six individuals of each species before and immediately a
exposure to white noise at 20 dB above hearing level~20 dB
HL, baseline! and tested with an unpairedT-test.

Hearing thresholds of six individuals of each spec
were determined at both exposure durations~12 and 24 h!.
Contrary to goldfish, catfish had to be measured five tim
due to longer recovery periods. In order to avoid morta
seven catfish were only measured twice, four thrice, five f
times and three five times. Threshold values from all in
viduals of one group as measured at seven different freq
cies were compared between pre- and all postexposure
surements by a two-way analysis of variance~ANOVA !
using a general linear model where one factor was expo
and the other was frequency. The exposure factor should
dicate overall differences between the pre- and postexpo
measurements; in combination with the frequency facto
should indicate if different tendencies exist at different f
quencies of the audiograms. This was followed by Schef
multiple comparison procedure. Significant differences
tween measurements indicate that noise- and recovery ef
outweigh interindividual differences.

One-way ANOVAs, followed by Scheffe’s multiple
comparison procedure, were applied to evaluate the diffe
2172 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003
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effects of noise exposure at different frequencies~P-value
adjusted to 0.007, due to the seven frequencies tested! and to
analyze possible exposure duration effects. Baseline aud
thresholds measured prior to noise exposure were pooled
cause a one-way ANOVA did not reveal any significant d
ferences between the 12 and the 24 h group, either inC.
auratus (F1, 9050.55, n.s.! or in P. pictus (F1, 11153.01,
n.s.!. All statistical tests were run using SPSS version 10

III. RESULTS

A. ABR waveforms

ABR waveforms were obtained from all individuals o
the two species, both before and after noise exposure. A

FIG. 1. Averaged ABR waveforms ofC. auratus~n55–6! and P. pictus
~n53–6! before~bold traces! and immediately after~thin traces! 12-h noise
exposure, obtained in response to tone bursts of three representativ
quencies 20 dB above baseline hearing levels~20 dB HL!. Averaged traces
of two different polarities are shown.
S. Amoser and F. Ladich: Noise-induced hearing loss in fishes
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TABLE I. Mean latencies, change of latencies~D Lat5Lat 2-Lat 1!, mean amplitudes and decrease of amp
tudes~D Ampl5Ampl 22Ampl 1! of auditory brainstem responses~ABRs! measured before~Lat 1, Ampl 1!
and immediately after exposure~Lat 2, Ampl 2!. Latencies were defined as the distance between the begin
of the stimulus and the first negative peak of the ABR response. Amplitudes were measured from the
negative to the highest positive peak of the waveform. All measurements were performed at 20 dB HL

kHz n

Lat 1 ~ms! Lat 2 ~ms! D Lat ~ms! Ampl 1 ~nV! Ampl 2 ~nV! DAmpl ~nV!

Mean SE Mean SE Mean SE Mean SE Mean SE Mean S

C. auratus
12 h
1.0 6 1.0 0.12 1.6 0.17 0.6 0.20 305 18.7 62 07.12243 24.5
2.0 5 1.8 0.16 2.4 0.91 0.7 0.11 555 130.4 90 24.42464 125
4.0 5 1.4 0.10 1.7 0.08 0.4 0.11 469 124.6 227 104.92242 75.7

24 h
1.0 6 1.7 0.11 2.9 0.23 1.2 0.26 362 45.2 46 12.92316 38.6
2.0 6 1.6 0.04 2.3 0.21 0.7 0.23 354 28.6 79 17.62275 20.3
4.0 6 1.4 0.09 2.2 0.20 0.8 0.19 303 40.0 119 16.02184 50.6

P. pictus
12 h
1.0 6 2.4 0.13 2.68 0.17 0.29 0.11 716.8 104.2 162.1 41.42554.7 112.8
2.0 6 2.5 0.31 3.30 0.32 0.85 0.27 741.0 151.5 167.0 68.32574.0 118.6
4.0 6 1.1 0.14 1.70 0.15 0.59 0.16 657.2 127.3 103.3 08.42553.9 128.4

24 h
1.0 3 2.2 0.15 2.50 0.09 0.27 0.15 1026.7 141.2 283.3 161.12743.6 299.4
2.0 3 0.9 0.18 3.35 ••• 2.55 ••• 591.3 277.5 179.7 ••• 2172.9 •••
4.0 3 1.0 0.04 2.42 0.44 1.40 0.41 438.0 117.0 89.2 40.22348.8 156.5
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example, Fig. 1 shows the averaged ABR traces ofC. aura-
tus andP. pictusfollowing 12-h noise exposure. After expo
sure, the ABRs clearly diminished at all frequencies.

Noise exposure lowered the maximum ABR amplitud
by 240 to 320 nV inC. auratusand by 170 to 740 nV inP.
pictus ~Table I!. In contrast, latencies increased after exp
sure by 0.6 ms to 1.2 ms inC. auratusand by 0.3 ms to 2.6
ms in P. pictus~Table I!. The increase in latencies and th
decrease of peak-to-peak amplitude did not differ betw
both exposure durations in either of the two species.

B. Auditory thresholds

1. Carassius auratus

The auditory thresholds ofC. auratusshifted upwards
after 12 h and after 24 h exposure~Fig. 2, Table II!. Com-
parison between audiograms revealed significant overall
ferences between thresholds before and after both expo
durations ~two-way ANOVA: 12 h: F3,1805202.28,
P,0.001; 24-h:F3, 1685240.52,P,0.001!. A significant in-
teraction between noise exposure and frequencies could
be found after 24-h exposure~two-way ANOVA:
F18, 16853.43, P,0.001!, but not after 12-h exposure~two-
way ANOVA: F18, 18051.43, n.s.!, indicating that only for
the 24-h exposure were the changes of the auditory sens
ity different at different frequencies. There were no sign
cant differences of overall threshold shift between the t
exposure durations~one-way ANOVA:F1, 8850.001, n.s.!.

Thresholds at all seven frequencies tested were sig
cantly elevated after noise exposure compared to base
values, tested by a one-way ANOVA for each frequen
separately~Fig. 2, Table III!. After three days of recovery
, Vol. 113, No. 4, Pt. 1, April 2003
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auditory thresholds ofC. auratuswere not significantly el-
evated compared to baseline values~Fig. 3, Table III!, sug-
gesting that hearing abilities recovered fully. Similar to d
0, no differences between the two exposure durations co
be found after 3 days of recovery~one-way ANOVA:
F1, 9050.27, n.s.!.

2. Pimelodus pictus

In P. pictusa significant elevation of the audiogram wa
observed~Fig. 4, Table IV!, tested by a two-way ANOVA,
after both 12 h (F4, 2525127.01,P,0.001! and 24-h expo-
sure (F4, 2455113.44,P,0.001!. In contrast toC. auratusa
significant interaction between noise exposure and frequ
cies was found after both exposure durations~two-way
ANOVA: 12 h: F24, 252510.01, P,0.001; 24 h:
F24, 24557.81, P,0.001!. Again, there were no significan
differences of overall threshold shift between the two exp
sure durations~one-way ANOVA:F1, 9050.83, n.s.!.

Contrary to the goldfish, where all seven frequenc
tested were significantly elevated after both exposure d
tions, this was not the case forP. pictus.After 12-h exposure,
six out of seven frequencies~except 0.3 kHz! were signifi-
cantly elevated compared to preexposure values, which
tested with one-way ANOVA for each frequency. After 24
exposure, only four frequencies~0.8–4.0 kHz! were signifi-
cantly different from the baseline thresholds~Fig. 4, Table
V!.

In contrast toC. auratusthe audiogram ofP. pictushad
not fully recovered at all seven frequencies within three d
following exposure~Fig. 5, Table V!. On day three, two out
of seven frequencies had not returned to the baseline l
following 12- and 24-h exposure. Even on day 7, one f
2173S. Amoser and F. Ladich: Noise-induced hearing loss in fishes



u-
w
a
r-
am
p

l a
is
o

or

-

3
p
m
fu

nds

ov-

pe-
en

t ef-
itive
ely
re-
-
ring
ists

1
ft

ur
-
-

st
ed
n
.3

ys

60
48
20
55
73
40
.33

60
33
00
20
51
15
.33

r
s

quency~4.0 kHz! was still elevated after both exposure d
rations. Another seven days later the same frequency
still significantly elevated following the 24-h exposure dur
tion ~Table V!, but there were no significant overall diffe
ences on that day when comparing the whole audiogr
Comparison of recovery audiograms between the two ex
sure durations did not reveal any significant differences~one-
way ANOVA: day 3: F1, 8353.58, n.s.; day 7:F1, 8351.99,
n.s.; day 14:F1, 8350.00, n.s.!.

IV. DISCUSSION

A. ABR waveforms

The decrease in the maximum ABR amplitude as wel
the increase in latency of the first negative peak after no
exposure clearly indicates that the auditory sensitivity
both species diminished. This resulted in higher audit
thresholds.

Scholik and Yan~2001, 2002a! exposed fathead min
nowsPimephales promelasto white noise~0.3–4.0 kHz! and
to boat engine noise~0.3–6.0 kHz with a major peak at 1.
kHz! and revealed a decrease of ABR amplitudes after ex
sure. Unfortunately, they did not quantify the amount of a
plitude shift or report whether the latencies shifted, so a
ther comparison with our data was not possible.

FIG. 2. Audiograms ofC. auratusbefore~baseline! and immediately after
~day 0! white noise exposure~upper figure: 12-h noise exposure; lowe
figure: 24-h exposure!. Asterisks indicate statistically significant difference
following adjustment to the number of frequencies tested~P<0.007!.
2174 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003
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In a mammalian study on the effects of intense sou
on hearing, Griffithset al. ~1994! found small latency in-
creases in sheep fetuses exposed to 120 dB~re 20 mPa!
broadband noise for 16 h in utero. They also observed rec
ery of the latencies to preexposure values.

B. Noise effects on auditory thresholds

Exposing the two otophysan speciesC. auratusand P.
pictusto white noise at 158 dB SPL~re 1mPa! for 12 and 24
h significantly elevated the auditory thresholds in both s
cies. The amount of threshold shift clearly differed betwe
both species, being more pronounced in the catfish~5–32 dB
versus 10–24 dB in the goldfish!. In C. auratusthe greatest
threshold shift was observed at 0.8 and 1.0 kHz, while inP.
pictus the higher frequencies~2.0 and 4.0 kHz! were most
affected by noise exposure. For both species the greates
fects of noise exposure were seen in their most sens
hearing range. The larger effect in the catfish was most lik
due to the larger sensitivity at higher frequencies. As
viewed by Ladich and Bass~2003! catfishes in general pos
sess very flat hearing curves and a high frequency hea
sensitivity, which is even unusual among hearing special
such as cyprinids

Similar to our data Scholik and Yan~2001! observed in
the cyprinidP. promelasafter exposure to white noise for
to 24 h at 142 dB SPL~re 1 mPa!, the greatest threshold shi
in the fish’s most sensitive frequency range~0.8–2.0 kHz!.
The amount of threshold shift inP. promelasranged from 11
to 20 dB, which is comparable to the shift observed in o
study in C. auratus.Contrary to our results, where all fre
quencies ofC. auratuswere significantly elevated immedi
ately after noise exposure, inP. promelas0.5, 2.5, and 4.0
kHz were not significantly affected. This difference is mo
likely due to different noise bandwidths applied. We expos
the fish to unfiltered white noise, while Scholik and Ya
~2001! used white noise with a bandwidth ranging from 0

TABLE II. Hearing threshold values~dB re 1 mPa! of C. auratusbefore
~baseline!, immediately after~day 0! noise exposure and after 3 and 7 da
of recovery~day 3, day 7!.

kHz

Baseline Day 0 Day 3 Day 7

Mean SE Mean SE Mean SE Mean SE

12-h exposure
0.2 74.75 1.39 88.83 1.35 72.17 2.50 68.67 2.
0.3 68.33 1.46 83.67 1.50 70.33 1.89 68.33 4.
0.5 62.83 1.17 79.83 2.30 64.33 1.05 65.33 1.
0.8 64.67 1.23 87.17 1.01 66.50 1.77 64.00 1.
1.0 66.08 1.28 87.67 2.26 68.33 1.31 63.00 1.
2.0 81.25 1.27 99.33 2.20 81.67 2.16 77.33 2.
4.0 111.75 0.90 125.67 1.36 112.17 1.62 109.67 0

24-h exposure
0.2 74.75 1.39 84.67 2.39 71.67 1.56 69.33 2.
0.3 68.33 1.46 81.83 1.30 68.33 1.56 63.33 0.
0.5 62.83 1.17 81.50 0.85 61.83 1.05 62.00 1.
0.8 64.67 1.23 88.83 1.70 65.17 0.17 59.33 1.
1.0 66.08 1.28 91.67 0.80 68.33 1.89 63.00 3.
2.0 81.25 1.27 102.00 1.37 80.17 1.60 81.00 1.
4.0 111.75 0.90 125.33 1.09 109.50 1.88 109.67 3
S. Amoser and F. Ladich: Noise-induced hearing loss in fishes
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TABLE III. Differences of mean hearing thresholds~dB! of C. auratusat the seven frequencies tested calc
lated by one-way ANOVA for each frequency followed by pair wise multiple comparison procedure~Scheffé!.

kHz

Differences

F3,23 P
Baseline2day 0 Baseline2day 3 Baseline2day 7
Mean SE Mean SE Mean SE

12-h exposure
0.2 14.1a 2.20 22.6 2.63 26.1 3.08 17.73 ,0.001
0.3 15.3a 2.34 2.0 2.47 0.0 3.60 13.72 ,0.001
0.5 17.0a 2.31 1.5 1.83 2.5 2.47 24.98 ,0.001
0.8 22.5a 1.89 1.8 2.14 20.67 2.57 53.06 ,0.001
1.0 21.6a 2.40 2.3 2.04 23.1 2.73 38.39 ,0.001
2.0 18.1a 2.37 0.4 2.35 23.9 2.82 23.63 ,0.001
4.0 13.9a 1.59 0.4 1.70 22.1 1.85 29.91 ,0.001

24-h exposure
0.2 9.9a 2.58 23.1 2.27 5.4 3.08 10.09 ,0.001
0.3 13.5a 2.28 0.0 2.36 5.0 3.01 18.95 ,0.001
0.5 18.7a 1.78 21.0 1.83 20.8 2.45 53.92 ,0.001
0.8 24.2a 2.11 0.5 1.77 25.3 2.58 76.55 ,0.001
1.0 25.6a 1.91 2.3 2.24 23.1 3.04 56.53 ,0.001
2.0 20.8a 2.05 21.1 2.13 20.3 2.67 44.94 ,0.001
4.0 13.6a 1.49 22.3 1.82 22.1 2.35 24.66 ,0.001

aStatistically significant differences following adjustment to the number of frequencies tested~P,0.007!. Posi-
tive threshold differences mean a higher auditory threshold of the second group of a pairing at this pa
frequency.
ow-

FIG. 3. Amount of threshold shift inC. auratusimmediately after exposure
~day 0! and after three~day 3! and seven~day 7! days of recovery. The
dashed line at zero indicates baseline values.
, Vol. 113, No. 4, Pt. 1, April 2003
FIG. 4. Audiograms ofP. pictusbefore~baseline! and after~day 0! white
noise exposure. Asterisks indicate statistically significant differences foll
ing adjustment to the number of frequencies tested~P<0.007!.
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TABLE IV. Hearing threshold values~dB re 1 mPa! of P. pictusbefore~baseline!, immediately after~day 0!
noise exposure and after 3, 7, and 14 days of recovery~day 3, day 7, day 14!.

Frequency
~kHz!

Baseline Day 0 Day 3 Day 7 Day 14

Mean SE Mean SE Mean SE Mean SE Mean SE

12-h exposure
0.2 91.13 0.55 98.14 1.16 92.00 0.97 91.33 1.54 89.67 1.
0.3 89.88 0.80 95.29 1.55 89.17 1.05 93.17 1.05 89.00 1.
0.5 78.19 1.67 89.29 1.15 79.00 2.19 80.67 0.99 79.33 0.
0.8 79.13 0.87 91.71 0.61 81.50 1.61 82.33 1.61 81.00 1.
1.0 78.25 1.40 89.86 0.94 81.00 1.41 82.50 0.99 79.33 0.
2.0 73.19 1.47 101.29 2.03 87.33 2.35 80.50 1.78 75.83 1.
4.0 76.44 0.94 108.14 1.55 95.33 2.54 87.33 1.89 77.83 0.

24-h exposure
0.2 91.13 0.55 98.00 2.05 93.17 1.40 90.33 2.20 87.83 1.
0.3 89.88 0.80 84.50 1.18 93.83 1.14 88.67 0.92 86.33 1.
0.5 78.19 1.67 87.50 1.38 80.50 1.06 78.67 1.99 78.00 0.
0.8 79.13 0.87 88.67 1.15 84.17 0.70 82.00 1.90 80.00 0.
1.0 78.25 1.40 92.83 1.35 85.83 1.56 79.50 0.99 80.67 2.
2.0 73.19 1.47 99.17 1.72 92.17 0.75 80.17 1.38 76.00 1.
4.0 76.44 0.94 103.83 1.11 94.50 1.48 86.00 1.37 83.17 1.
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to 4.0 kHz. This yields less noise energy at the lower a
higher frequencies of the hearing range and thus result
smaller threshold shifts.

In another approach, Popper and Clarke~1976! exposed
goldfish to pure tones~0.3, 0.5, 0.8, and 1.0 kHz; SPL of 14
dB re 1 mPa! for 4 h and tested the auditory thresholds at 0
and 0.8 kHz behaviorally. They observed shifts ranging fr
6 to 26 dB at 0.5 kHz and from 4 to 29 dB at 0.8 kH
Threshold shifts were similar for 0.3 and 0.5 kHz and for 0
and 1.0 kHz, respectively.

A subsequent study using the bluegill sunfishLepomis
macrochirus, a hearing generalist of the family Cen
trarchidae, revealed no significant changes in auditory se
oc. Am., Vol. 113, No. 4, Pt. 1, April 2003
d
in

5

si-

tivity ~Scholik and Yan, 2002b!. This could be due to the low
noise level in relation to the hearing threshold of the gen
alist, which was approximately 20 dB above HL. To ass
the effects on hearing, noise levels of at least 60 dB ab
HL need to be applied.

Utilizing a different method, some authors observed
evation of auditory thresholds in the presence of another
nal. Buerkle~1968! reported that varying background nois
levels resulted in thresholds shifts up to 25 dB in the c
Gadus morhua. Hawkins and Chapman~1975! revealed that
thresholds were elevated up to 14 dB in the presence
broad-band noise~0.03–1.0 kHz; 20–30 dB above ambie
sea noise level!. The signal and second tone need not
ted

rticular
TABLE V. Differences of mean hearing thresholds~dB! of P. pictusat the seven frequencies tested calcula
by one-way ANOVA for each frequency followed by pair wise multiple comparison procedure~Scheffé!.

kHz

Differences

F4,40 P

Baseline2day 0 Baseline2day 3 Baseline2day 7 Baseline2day 14

Mean SE Mean SE Mean SE Mean SE

12-h exposure
0.2 7.0a 1.21 0.9 1.07 0.2 1.28 21.5 1.13 10.40 ,0.001
0.3 5.4 1.57 20.7 1.45 3.3 1.45 20.9 1.64 4.96 ,0.005
0.5 11.1a 2.66 0.8 3.05 2.5 2.83 1.1 2.82 6.31,0.005
0.8 12.6a 1.39 2.4 1.72 3.2 1.72 1.9 1.76 16.20,0.001
1.0 11.6a 2.22 2.8 2.46 4.3 2.39 1.1 2.38 10.02,0.001
2.0 28.1a 2.60 14.1a 2.80 7.3 2.66 2.6 2.56 37.95,0.001
4.0 31.7a 1.74 18.9a 2.15 10.9a 1.91 1.4 1.62 83.13 ,0.001

24-h exposure
0.2 6.9 1.51 2.0 1.22 20.8 1.58 23.3 1.14 7.04 ,0.001
0.3 4.6 1.49 4.0 1.48 21.2 1.42 23.5 1.50 8.47 ,0.001
0.5 9.3 2.89 2.3 2.84 0.5 3.01 20.2 2.83 4.10 ,0.005
0.8 9.5a 1.59 5.0 1.50 2.9 1.82 0.9 1.50 11.01,0.001
1.0 14.6a 2.45 7.6 2.49 1.3 2.39 2.4 2.69 11.83,0.001
2.0 26.0a 2.64 19.0a 2.48 7.0 2.57 2.8 2.56 45.99,0.001
4.0 27.4a 1.68 18.1a 1.78 9.6a 1.75 6.7a 1.67 83.97 ,0.001

aStatistically significant differences following adjustment to the number of frequencies tested~P,0.007!. Posi-
tive threshold differences mean a higher auditory threshold of the second group of a pairing at this pa
frequency.
S. Amoser and F. Ladich: Noise-induced hearing loss in fishes
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presented simultaneously to change hearing thresholds.
per and Clarke~1979! investigated nonsimultaneous maski
in the goldfish and revealed threshold shifts of up to 35
for pure tone pulses of different durations~15–50 ms!, re-
gardless of whether these were presented before or af
250 ms white noise pulse. Fay~1974! noted that a 10-dB
noise increment produced an approximately 10-dB mask
increment, independent of frequency. In natural envir
ments thresholds may often be elevated due to the pres
of background noise.

A comparison of the effects of the two noise exposu
durations applied in our study did not reveal any signific
differences in either species. In contrast, Scholik and Y
~2001! did observe duration-dependent effects on thresh
shifts inP. promelas.Threshold elevation was smaller after
h compared to 2–24 h of duration. They termed t
asymptotic threshold shift~ATS!, which is a well-known
phenomenon in mammalian auditory studies. These res
indicate that auditory sensitivity diminishes quickly~1–2 h!
following noise exposure.

The course of recovery varied between species
seems to depend on exposure duration and amount of th
old shift. In C. auratusall frequencies returned to baselin
values within 3 days and no effect of exposure duration
recovery was observed. InP. pictus, on the other hand, i
took 14 days until thresholds returned to baseline values
lowing 12 h noise exposure. After 24 h exposure, one~4.0
kHz! out of seven frequencies tested had not returned
baseline values even after 14 days. Scholik and Yan~2001!
also revealed that longer exposure durations seem to in
ence recovery: at the highest frequencies the thresholds
not fully recovered to baseline values even 14 days after 2
exposure, while at the same frequencies following 2-h ex
sure, recovery was observed within 6 days. This could
because the responses to higher frequencies tend to re
more slowly than those to lower frequencies or becaus
frequencies where large threshold changes occurred, su
in P. pictus, recovery of the responses takes more tha
weeks.

The effects of noise exposure on the microanatomy
physiology of fish hair cells are less clear. Enger~1981! ex-
posed the codG. morhuato high-level sounds~50–400 Hz,
180 dBre 1 mPa! for 1–5 h and observed destroyed regio
with missing sensory cilia on the saccular macula. Hasti
et al. ~1996! found only damage to the sensory hair cells
the oscarAstronotus ocellatusafter stimulation with 300 Hz
continuous tones at 180 dB~re 1 mPa! and allowed to survive
for 4 days. Damage was limited to small regions of t
utricle and lagena, but not the saccule. Fish are able to
place or regenerate hair cells in the ear after treatment
ototoxic drugs after several days~Lombarte et al., 1993!.
The recovery of auditory sensitivity in our goldfish with
three days indicates that threshold changes were most li
due to hair cell fatigue. The much longer recovery time
our catfish~14 days! might additionally be explained by mi
croanatomical injuries and hair cell replacement. In all ca
loss of sensitivity in our animals was temporary and paral
temporary thresholds shifts~TTS! in other animal taxa
~Clark, 1991!.
J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003
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C. Behavior and acoustic communication

The observed threshold elevations following noise ex
sure may be crucial for the survival of the examined spec
because fish obtain information about predators and p
competitors and potential mates by listening to their acou
environment. If the hearing abilities of fishes were impair
by exposure to noise, the distances over which such infor
tion could be obtained would decrease, and the quality of
obtained information would deteriorate.

One of the target species, the pimelodid catfishP. pictus,
is known to produce two types of sound: low-frequen
drumming sounds and high-pitched stridulatory soun
which are used during agonistic encounters. Comparison
tween the audiograms and sound spectra inP. pictusrevealed
that, before the exposure to intense noise, drumming so
energies were up to 20 dB above hearing thresholds
stridulatory sound energies were up to 31 dB above hea
thresholds@sound spectra after Ladich~1999!#. Immediately
after noise exposure the differences between drumm
sound energies and the audiogram were maximally 9 dB~12
h! and 11 dB~24 h!, and between stridulatory sound energi
and the audiogram maximally 11 dB~12 h! and 6 dB~24 h!
~Fig. 6!. Hearing impairment could alter a fish’s possibility

FIG. 5. Threshold shift inP. pictusimmediately after noise exposure~day 0!
and after 3, 7, and 14 days of recovery~day 3, day 7, day 14!. The dashed
line at zero indicates baseline values.
2177S. Amoser and F. Ladich: Noise-induced hearing loss in fishes
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assess the opponent’s quality acoustically and therefore
fluence the outcome of a fight~Ladich et al., 1992!.

Despite the lack of data about effects on acoustic co
munication, existing data show behavioral changes of fis
exposed to intense sounds. Pearsonet al. ~1992! observed
startle responses of rockfishSebastesspp. during playback of
air-gun-like sounds at 200–205 dB SPL~re 1 mPa!, indicat-
ing that alarm as well as startle responses could be elic
by sound from actual survey operations. In contrast, Klim
and Beavers~1998! were unable to observe significant b
havioral changes of rockfish exposed to ATOC-like signa
but this may be due to the relatively low SPL of 145 d
~re 1 mPa at 1 m!. Schwarz and Greer~1984! observed be-
havioral responses of Pacific HerringC. harengus pallasi
during playback of vessel noise and certain electronic
synthesized sounds. Blaxteret al. ~1981! observed startle re
sponses~sharp bends to one side and subsequent escap! in
shoaling herringC. harenguswhen the stimulus was abov
threshold.

More data exist for behavioral changes in several wh
species due to anthropogenic noise. Lesageet al. ~1999!
monitored the vocal behavior of belugasDelphinapterus leu-
casbefore, during, and after exposure to two different ves
types and revealed reduced calling rates, brief increase
the emission of certain call types and a shift in frequen
bands from a mean of 3.6 kHz to 5.2–8.8 kHz when vess
were approaching. Frankel and Clark~2000! observed subtle
short-term behavioral changes in humpback wha
Megaptera novaeangliaein the presence of ATOC transmis
sion ~received SPL 98–109 dBre 1 mPa!.

V. CONCLUSIONS

Our experiments show that exposure to intense w
noise affects the hearing abilities of two otophysan fish
This is expressed by a decrease in amplitudes and an inc
in latency of the auditory evoked responses and subsequ
by an upward shift of hearing thresholds in both species

FIG. 6. Audiogram ofP. pictusbefore and directly after 12-h noise exposu
compared with spectra of conspecific drumming~open triangle! and stridu-
lation ~closed triangle! sounds. Audiogram: solid lines. Sound spectra: d
ted lines. Sound spectra data after Ladich~1999!.
2178 J. Acoust. Soc. Am., Vol. 113, No. 4, Pt. 1, April 2003
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Differences in hearing loss and recovery between b
species, the goldfishC. auratusand the catfishP. pictus,
were remarkable: the threshold shift was more pronounce
P. pictus, particularly at higher frequencies~32 vs 14 dB!,
and hearing thresholds recovered more slowly than inC.
auratus. We suggest two possible explanations for this o
servation:~1! the auditory system of the catfish could b
more susceptible to auditory fatigue and therefore may n
more time to fully recover or~2! the higher auditory sensi
tivity in the catfish resulted in a greater threshold shift
higher frequencies which simply needed more time to ret
to baseline values in comparison to the goldfish.

The shift in auditory thresholds in the vocalizing catfi
and a comparison with the spectra of conspecific sounds
vealed that acoustic communication is severely impai
when fish live in noisy environments. Although it is assum
that hearing thresholds are always masked under natural
ditions, high noise levels such as those applied here wo
reduce the effective communication distance to a few ce
meters at most. Besides impacting intraspecific commun
tion, elevated hearing thresholds would also limit the det
tion of predators or prey, thus reducing fitness.
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