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Abstract

Hearing specialist fishes investigated so far revealed excellent temporal resolution abilities, enabling them to accurately process

temporal patterns of sounds. Because noise is a growing environmental problem, we investigated how it affects the temporal reso-

lution ability of goldfish. Auditory evoked potentials (AEPs) in response to clicks and double clicks were recorded before exposing,

immediately after exposing the fish to white noise of 158 dB re 1 lPa for 24 h, and after 3, 7 and 14 days of recovery. Immediately

after noise exposure, hearing sensitivity to clicks was reduced on average by 21 dB and recovered within 1 week. Amplitudes of the

AEPs decreased by about 71% while latencies increased by 0.63 ms. Both AEP characteristics returned to baseline values within 2

weeks. Analysis of the response to double clicks showed that the minimum click period resolvable by the auditory system increased

significantly from 1.25 to 2.08 ms immediately after noise exposure. After a recovery period of 3 days, this minimum period returned

to pre-exposure values. The present study revealed that noise exposure affects the detection of short transient signals and the tem-

poral resolution ability. Because acoustic information is primarily encoded via temporal patterns of sounds in fishes, environmental

noise could severely impair acoustic orientation and communication.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Due to growing anthropogenic activities such as

shipping, drilling, seismic exploration or energy pro-

duction (hydroelectric or offshore wind power plants),

noise is an ever-increasing environmental factor in the

aquatic environment (Myrberg, 1990). A long-term

study (Andrew et al., 2002) has demonstrated that

the overall ocean ambient noise off the Californian

coast has increased by up to 10 dB (frequency range:
0378-5955/$ - see front matter � 2004 Elsevier B.V. All rights reserved.
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20–400 Hz) from the 1960s to the 1990s. Similar trends

have to be assumed for various other regions in the
world, including freshwaters, because recreational

activities and commercial boating are steadily

increasing.

The effects of noise on aquatic animals may be

manifold. Increased levels of noise (e.g. caused by ship

traffic) may impair the detection of sounds relevant for

acoustic orientation, intraspecific acoustic communica-

tion, prey capture or predator avoidance by simply
masking an animal�s hearing. High-intensity sound

can change the behavior of animals, cause severe dam-

age to inner organs and induce endocrinological stress

responses: Pearson et al. (1992) described startle re-

sponses of rockfish Sebastes spp. when exposed to

playbacks of intense (200–205 dB re 1 lPa) seismic
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air gun-like sounds. Behavioral responses (avoidance

reactions) of clupeids and cods have been observed

in the presence of different types of vessel noise both

in the lab (Schwarz and Greer, 1984) and in the field

(Sverdrup et al., 1994; Santulli et al., 1999; Vabø

et al., 2002; Mitson and Knudsen, 2003; Handegard
et al., 2003). Enger (1981) observed damage to the sen-

sory epithelia of the inner ear of the cod Gadus mor-

hua after exposure to intense noise. Hastings et al.

(1996) exposed the hearing generalist Astronotus ocell-

atus to 60 and 300 Hz pure tones at three different

sound pressure levels (SPLs) to determine the effects

on the sensory epithelia of the inner ear and the lateral

line: they found damage to hair cells within small re-
gions of the utricle and lagena (but not saccule) at

the highest sound pressure level (180 dB) applied,

whereas sensory cells of the lateral line were unaffected

by this noise. McCauley et al. (2003) reported severe

and long-term damage of the sensory epithelia of the

inner ears in pink snappers (Pagrus auratus) after

exposure to air gun detonations. Such morphological

damage may be one reason for the hearing losses
recorded by several researchers.

Temporal threshold shift (TTS) following noise

exposure is a well-studied phenomenon in humans

and other mammals (e.g. Hamernik et al., 1982;

Bauer et al., 1991; Clark, 1991) as well as in other

vertebrate taxa such as birds (Saunders and Dooling,

1975; Dooling et al., 1997). During the past few

years, growing attention has been paid to noise effects
on fish. In a behavioral study, Popper and Clarke

(1976) stimulated goldfish with intense pure tones

for 4 h and observed temporary threshold shifts

(TTS) and complete recovery within 24 h. Exposing

hearing specialists such as cyprinids and catfishes to

intense white noise bands resulted in a temporary de-

crease in auditory sensitivity at several or all frequen-

cies tested (Scholik and Yan, 2001; noise level 142
dB, Amoser and Ladich, 2003; noise level 158 dB,

Smith et al., 2004; noise level: 160–170 dB). On the

other hand, white noise bands of 142 dB re 1 lPa
SPL did not shift auditory thresholds of a hearing

generalist, the bluegill sunfish Lepomis macrochirus,

(Scholik and Yan, 2002).

In general, auditory sensitivity of hearing specialists

decreased immediately after noise exposure, particu-
larly in the most sensitive frequency range. Differences

between species were found insofar as those which

have limited hearing sensitivity were less or barely af-

fected by noise, whereas hearing specialists suffered a

pronounced hearing loss. However, fishes are able to

recover from noise-induced threshold shifts within a

few days, probably due to hair cell recovery or regen-

eration capabilities (Lombarte et al., 1993; Scholik and
Yan, 2001; Amoser and Ladich, 2003; Smith et al.,

2004).
To date, physiological investigations have primarily

focused on the effects of noise on the sensitivity to

pure tones. How are other hearing parameters af-

fected? New data have shown that the auditory system

of hearing specialists possesses temporal resolution

abilities down to a few milliseconds or even less (Mar-
vit and Crawford, 2000; Wysocki and Ladich, 2002)

and can accurately encode the temporal patterns of

conspecific sounds (Wysocki and Ladich, 2003). Tem-

poral coding in goldfish has been assessed using sev-

eral different paradigms: Behavioral and neural

temporal modulation transfer functions for noise and

tones based on sinusoidal amplitude modulations sug-

gested an integration time of less than 0.4 ms in the
goldfish (Fay, 1980). In another study, Fay et al.

(1983) revealed that goldfish are able to detect changes

of about 6–7% in echo delays of noise between 1.25

and 10 ms. The authors suggested a limitation of

about 1 ms for detecting such echo delays due to the

refractory period of saccular units, which is compara-

ble to the minimum resolvable pulse period of about

1.25 ms found in goldfish using auditory evoked pot-
entials (Wysocki and Ladich, 2002). For a detailed re-

view on temporal processing in fishes, see Fay (1985).

Temporal characteristics of sounds are important

carriers of information during acoustic communication

of fishes. Sounds of closely related species often differ

mainly in their temporal patterning (e.g., Gerald, 1971;

Hawkins and Rasmussen, 1978; Spanier, 1979; Ladich

et al., 1992; Marvit and Crawford, 2000). Pomacentrids,
for example, can distinguish conspecific sounds based

mainly on pulse number and period (Myrberg and

Spires, 1972), and the sounds produced by haddock

(Melanogrammus aeglefinus) in various behavioral con-

texts differ in their temporal structure (Hawkins and

Rasmussen, 1978). In addition, temporal patterns of

sounds are more reliably propagated over distance than

their frequency content, which is distorted depending on
the physical characteristics of the medium and its

boundaries (Mann and Lobel, 1997). Temporal patterns

can also play a role in acoustic orientation, which is

based on the ability to differentiate between separate

acoustic events, termed auditory streams. Auditory

stream segregation and the perception of sound com-

plexes rely mainly on generalizations of temporal cues

like the repetition rate (Fay, 1995, 1998).
Because noise is a growing environmental problem,

we wanted to determine whether temporal resolution

capabilities of fishes are affected by intense noise. We

investigated the auditory evoked potentials (AEPs) of

the goldfish, Carassius auratus, in response to short tran-

sient signals (clicks and double clicks) after exposure to

intense white noise. The goldfish was chosen because it is

a good model to study hearing abilities in hearing spe-
cialists and because prior noise-exposure data are

available.
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2. Materials and methods

2.1. Animals

Test subjects were obtained from local pet suppliers.

They were kept in planted aquaria whose bottoms were
covered with sand, equipped with half flower pots, fil-

tered by external filters, and maintained at a 12L:12D

cycle. The fish were fed live Tubifex sp. or commercially

prepared food (Tetrapond) daily. Efforts were made to

provide a quiet environment (e.g., no submerged filters

or air stones). Sound pressure levels in holding tanks

ranged from 113 to 116 dB re 1 lPa (for a sound power

spectrum see Fig. 1(a), lower trace). Test subjects were
six goldfish C. auratus (79–90 mm standard length;

14.5–21.1 g body mass). All experiments were performed

with the permission of the Austrian Commission on

Experiments in Animals (GZ 68.210/50-Pr/4/2002).
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Fig. 1. (a) Averaged cepstrum-smoothed sound power spectra of the

white noise (upper trace) recorded in the center of the noise-exposure

bucket and of the average background noise in holding tanks (lower

trace). (b) Averaged cepstrum-smoothed sound power spectra of a

series of double clicks with a click period of 6 ms. The trace below

shows the corresponding oscillogram of the double-click stimulus, the

double-headed arrow indicating the click period measured for the

control of the stimulus characteristics.
2.2. Noise exposure

The animals were exposed to unfiltered white noise at

160 dB re 1 lPa (equivalent to a power spectral density

of 118 dB re 1 lPa2/Hz; for a sound power spectrum see

Fig. 1(a), upper trace) for 24 h in a plastic bucket (20 cm
height, 24 cm diameter, 17 cm water depth). White noise

was generated by a noise generator (IVIE Electronics IE

20B), sent to a 30-band equalizer (Alesis MEQ 230) to

obtain a flat noise spectrum, and fed to a power ampli-

fier (Brüel & Kjaer 2713) that drove an underwater loud-

speaker (University Sound UW 30) situated on the

bottom of the bucket.

2.3. Auditory evoked potential recordings

Fish were measured at least 1 week prior to noise

exposure to obtain baseline values for click thresholds,

minimum resolvable pulse periods and AEP characteris-

tics. The same tests were repeated on each individual

immediately after the end of the noise exposure and

after recovery times of 3 days, 1 week and 2 weeks. Each
AEP recording session was completed within about 3 h.

The AEP method was originally described as ABR

(auditory brainstem response) technique. Ablation

experiments on an elasmobranch, the thornback ray

Platyrhinoides triseriata, revealed that these potentials

arise from several centers in the auditory pathway,

including the auditory receptor end-organ, the eighth

nerve and primary auditory centers in the medulla and
midbrain (Corwin, 1981), and thus not only in the

‘‘brainstem’’. Therefore, we now apply the more general

term ‘‘auditory evoked potentials’’. The AEP recording

protocol as well as test procedures used in this study fol-

lowed those recently described in Wysocki and Ladich

(2002) and Kenyon et al. (1998). A brief summary of

the basic technique is given here. Details on the tempo-

ral measurements will be given separately. During all
experiments, each fish was mildly immobilized with

Flaxedil (gallamine triethiodide, Sigma). The dosage

used was 0.45–1.1 lg g�1 body mass. This dosage was

adjusted so that the fish were still capable of slight oper-

cular movements during the experiment but spontane-

ous body movements and myogenic electrical noise

potentially interfering with the recording were reduced.

All results therefore refer to fish which were immobi-
lized. Test subjects were secured in a half-bowl shaped

plastic tub (37 cm diameter, 8 cm water depth, 2 cm

layer of fine sand) lined with acoustically absorbent

material (closed cell bubble wrap), which proved in a

previous study using the same stimuli to efficiently re-

duce resonances and reflections and thus to preserve

the temporal structure of the stimuli (Wysocki and

Ladich, 2002).
Fish were adjusted below the water surface and a res-

piration pipette was inserted into the subject�s mouth.
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Fig. 2. AEPs of a goldfish to single-click stimuli at 100 dB re 1 lPa
before noise exposure (B), immediately after 24 h of noise exposure (N)

and after recovery periods of 3 days (D3) and 1 week (W1). The

double-headed arrow indicates the amplitude measured for analysis.

The arrow indicates the moment of stimulation. N1 and P1–P3 are

peaks used for latency and amplitude analyses (for further details see

text).
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Respiration was achieved through a simple temperature-

controlled (24 ± 1 �C), gravity-fed water circulation

system. The AEPs were recorded using silver wire elec-

trodes (0.25 mm diameter) which were pressed firmly

against the skin using micromanipulators (Narishige

M152) to ensure proper electrical contact during record-
ings. The contacting points of both electrodes with the

head were positioned about 1 mm above the water sur-

face. The portion of the head above the water surface

was covered by a small piece of Kimwipes tissue paper

to keep it moist and in order to ensure proper contact

during experiments. The recording electrode was placed

in the midline of the skull over the region of the medulla.

Shielded electrode leads were attached to the differential
input of an a.c. preamplifier (Grass P-55, gain 100·,
high-pass at 30 Hz, low-pass at 1 kHz). The reference

electrode was placed cranially between the nares. The

plastic tub was positioned on an air table (TMC Mi-

cro-g 63-540) which rested on a vibration-isolated con-

crete plate. The entire setup was enclosed in a walk-in

sound proof room, which was constructed as a Faraday

cage (interior dimensions: 3.2 m · 3.2 m · 2.4 m).
Both sound stimuli presentation and AEP waveform

recording were accomplished using a Tucker-Davis

Technologies (Gainesville, FL, USA) modular rack-

mount system controlled by an optically linked Pentium

PC containing a TDT digital processing board and run-

ning TDT ‘‘Bio-Sig’’ 2.2 software.

2.4. Stimuli

Sound stimuli consisted of repeated clicks and double

clicks (click periods tested were 0.3, 0.5, 1, 1.5, 2, 2.5, 3,

3.5, 4, 5, 6, 7, 8, 9, and 10 ms) as described in Wysocki

and Ladich (2002). For the stimulus spectrum and wave-

form, see the example illustrated in Fig. 1(b). Stimuli

were generated by TDT ‘‘Sig-Gen’’ software and fed

through a DA1 digital–analog converter, a PA4
programmable attenuator, and a power amplifier

(Denon PMA 715R). A dual-cone speaker (Tannoy

System 600, frequency response 50 Hz–15 kHz ± 3

dB), mounted 1 m above test subjects in the air, was

used to present the stimuli during testing. Each type of

stimulus (single clicks and click pairs) was presented to

the animals at a repetition rate of 35 per second. A

hydrophone (Brüel & Kjaer 8101, frequency range:
1 Hz–80 kHz ± 2 dB; voltage sensitivity: �184 dB re

1 V/lPa) was placed close to the right side of the animals

(2 cm apart) in order to control for stimulus character-

istics (such as sound pressure level (SPL) and temporal

structure) underwater in close vicinity of the subjects.

Our sound-pressure sensitive hydrophone responded ex-

actly to any attenuation in SPL generated by the BioSig

software and played back via the air loudspeaker. For
each test condition, one thousand stimuli were presented

at opposite polarities (180� phase-shifted) and averaged
by the Bio-Sig software in order to eliminate stimulus

artefacts. Sound pressure levels of single-click stimuli

were reduced in 4 dB steps until the AEP waveform

was no longer apparent. The lowest SPL for which a

repeatable AEP trace could be obtained, as determined

by overlaying replicate traces, was considered the
threshold. This method of visual inspection correlation

is the traditional means of determining thresholds in

AEP audiometry (Kenyon et al., 1998). In order to

determine whether the hearing threshold depends on

the position of the fish within the tank (below the sur-

face versus 3 cm submerged), we measured and com-

pared click thresholds in four individuals. A paired T

test showed no significant differences (p > 0.05) between
the absolute hearing thresholds determined in the fishes

suspended in different water depths.

Double-click stimuli were presented at 35 dB above

the mean normal single click hearing threshold of the

individuals tested (100 dB re 1 lPa), either before or

after the click session used for hearing threshold deter-

mination. At the end of each experiment, recordings

from the very beginning were repeated in order to test
whether recordings were still reliably repeatable. No rel-

evant changes in AEP characteristics between the begin-

ning and end of each test day were observed.

2.5. AEP analysis and statistics

The peak-to-peak amplitudes of the responses to the

click stimulus at 35 dB above threshold of the animals
before noise exposure were measured between peaks

N1 (the first negative deflection) and P2 (the second pos-

itive deflection) and compared to the amplitudes after

noise exposure and during recovery (see Fig. 2). These

two peaks were used because according to a previous

study (Wysocki and Ladich, 2002) they are the most
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constant peaks close to the hearing threshold in this spe-

cies and thus allowed direct comparisons. Similarly, the

latency of the first negative peak (N1) of the responses to

the onset of the click stimuli was compared between the

different experimental stages (see Fig. 2).

The minimum resolvable click period was defined as
the shortest click period at which a response to the sec-

ond click of a pair was still detectable. Because at shorter

click periods the responses to the first and the second

click of a pair were partially superimposed, a point-

to-point subtraction procedure was performed in order

to isolate the second response from that to the first: The

response to a single click (occurring at equal time and

SPL as that to the first click of the pair) was subtracted
from the response to a double click (see Fig. 3). Hearing

thresholds of clicks and minimum resolvable pulse peri-

ods were compared between the different test conditions

(before noise exposure, immediately afterwards and after

the different recovery periods) using one-way ANOVAs.

All statistical tests were run using SPSS 10.0.
3. Results

3.1. AEPs in response to single-click stimuli

Mean hearing thresholds to click stimuli in unex-

posed fish were 65 ± 0.84 dB (x ± SE) (Table 1). A
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Fig. 3. AEPs of a goldfish to double-click stimuli of varying click

periods at 35 dB above hearing thresholds before noise exposure (bold

traces) and after a point-to-point subtraction of the AEP to a single

click from that to a double click, showing the remaining response, if

present, to the second click of a pair. The arrows indicate the moments

of stimulation. Asterisks indicate the two reference peaks for analysis.
one-way ANOVA followed by Bonferroni�s post hoc

tests showed significant differences in hearing thresholds

between treatments (F4,29 = 44.231, p < 0.001). Immedi-

ately after the 24-h noise exposure, hearing sensitivity

decreased significantly (Bonferroni�s post hoc test:

p < 0.001) by 21 ± 1.33 dB on the average. After 3 days
of recovery, sensitivity significantly improved compared

to the immediate post-exposure measurements

(p < 0.001) but was still significantly elevated by an aver-

age of 9.33 ± 1.33 dB (p = 0.001) relative to baseline val-

ues. Even 1 week after noise exposure, three out of six

animals showed still elevated thresholds (of 4, 4 and 8

dB, respectively). However, mean threshold elevations

were not significant after 1 week and 2 weeks of
recovery.

Latencies of the first negative peak (N1) of the AEP

waveform at 35 dB above normal hearing level were

also significantly different between groups (one-way

ANOVA: F4,29 = 26.272, p < 0.001). Mean latencies of

N1 (at 100 dB re 1 lPa) rose significantly by 0.62

ms (Bonferroni�s post hoc test: p < 0.001) from 1.13

to 1.75 ms after noise exposure (Table 1). After 3 days
of recovery, the latencies were still significantly higher

by 0.28 ms (p = 0.003), and after 1 week a significant

difference of 0.07 ms still remained (p = 0.005). No sig-

nificant latency shifts with regard to pre-exposure val-

ues were observed after 2 weeks of recovery. Closer

examination of the latencies of the other prominent

AEP peaks showed that the most pronounced increase

in latency occurred for N1, the first deflection of the
brainwaves (Table 2).

AEP amplitudes (measured from N1 to P2,

Fig. 1) at 35 dB above mean normal hearing thresh-

old were 1.48 lV and decreased by about

70.9 ± 1.8% immediately after noise exposure (Table

1). After a recovery of 3 days, 1 week and 2 weeks,

amplitudes increased again. Amplitudes differed sig-

nificantly between groups (one-way ANOVA:
F4,29 = 12.33, p < 0.001). A post hoc Bonferroni�s test

revealed that this difference was due only to changes

in hearing thresholds measured immediately after

noise exposure, differing significantly from all the

other groups (p < 0.001).

Control measurements were performed in order to

test the reliability of hearing determination in the same

individuals at different days and to determine whether
changes of thresholds and AEP characteristics meas-

ured in noise-exposed individuals could be explained

by stress due to the unfamiliar environment. Three

individuals underwent the same test procedures as de-

scribed for baseline measurements. After a period of 1

week during which the animals were kept under nor-

mal conditions in their aquaria, they were placed for

24 h in the plastic bucket without exposing them to
noise. After 24 h in this bucket, the same measure-

ments were performed as described before. The control



Table 1

Mean (±SE) single-click hearing thresholds (in dB re 1 lPa), latencies of N1, AEP amplitudes (N1-P2) and minimum resolvable click periods of the

goldfish before noise exposure (before), immediately after 24 h noise exposure (after) and after recovery periods of 3 days, 1 week and 2 weeks

Time Threshold (dB) Latency (ms) Amplitude (lV) Period (ms)

Before 65.33 ± 0.84 1.13 ± 0.04 1.48 ± 0.18 1.25 ± 0.11

After 86.67 ± 1.98 1.75 ± 0.03 0.44 ± 0.07 2.08 ± 0.30

3 Days 74.67 ± 1.33 1.41 ± 0.06 1.46 ± 0.14 1.42 ± 0.08

1 Week 68.00 ± 1.46 1.21 ± 0.03 1.51 ± 0.14 1.33 ± 0.11

2 Weeks 65.33 ± 0.84 1.17 ± 0.03 1.52 ± 0.12 1.17 ± 0.11

Control 1 62.67 ± 2.67 1.10 ± 0.03 1.22 ± 0.09 1 ± 0

Control 2 63.33 ± 1.76 1.08 ± 0.03 1.09 ± 0.11 1 ± 0

Control data refer to three animals measured before (control 1) and after (control 2) being kept in the noise-exposure bucket without being exposed

to noise. For further details see text.

Table 2

Latencies (in ms ± SE) for the main AEP peaks before noise exposure (before), immediately after 24 h of noise exposure (after) and after recovery

periods of 3 days, 1 week and 2 weeks, and mean differences to baseline values (D)

Time N1 P1 Diff. N1-P1 P2 Diff. N1-P2 P3 Diff. N1-P3

Before 1.13 ± 0.04 2.04 ± 0.08 0.91 2.76 ± 0.1 1.63 3.57 ± 0.06 2.44

After 1.75 ± 0.03 2.3 ± 0.03 0.55 3.07 ± 0.03 1.32 3.8 ± 0.03 2.05

D 0.62 0.26 0.31 0.23

3 Days 1.41 ± 0.06 2.28 ± 0.02 0.87 2.9 ± 0.06 1.49 3.46 ± 0.09 2.05

D 0.28 0.24 0.14 �0.11

1 Week 1.21 ± 0.03 2.24 ± 0.06 1.03 2.87 ± 0.05 1.66 3.52 ± 0.05 2.31

D 0.08 0.2 0.11 �0.05

2 Weeks 1.17 ± 0.03 2.18 ± 0.06 1.01 2.87 ± 0.06 1.7 3.53 ± 0.06 3.36

D 0.04 0.14 0.11 �0.04
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measurements revealed that this manipulation per se

neither lowered auditory sensitivity nor altered AEP

waveform characteristics.

3.2. AEPs in response to double-click stimuli

The amplitudes of the AEP responses to double

clicks decreased similarly to the responses to single
clicks after noise exposure (Fig. 4). The minimum

resolvable click periods (determined as described above

and illustrated in Fig. 2) were compared at 35 dB

above mean normal hearing thresholds because, at this

level, fish showed clear AEPs under all test conditions.

Before noise exposure, the mean minimum resolvable

click period was 1.25 ± 0.11 ms; it rose to 2.08 ± 0.3

ms immediately after exposure (Table 1). A one-way
ANOVA showed significant differences between the

test conditions in the minimum resolvable click periods

(F4,29 = 5.079, p = 0.04). A Bonferroni post hoc test

showed that this difference was mainly based on the

test condition immediately after noise exposure, which

differed from all other test conditions except 3 days of

recovery (p = 0.013 to pre-exposure values, p = 0.076

to 3 days of recovery, p = 0.032 to 1 week of recovery,
p = 0.005 to 2 weeks of recovery). No other pairs of

test conditions were significantly different from each

other.
4. Discussion

4.1. Comparison of AEP waveforms

An increase of AEP latencies with decreasing SPL

and a dependency of AEP amplitudes on the stimulus le-

vel are common phenomena in AEP audiometry and

have been described in dolphins (Popov and Supin,
1990; Supin and Popov, 1995) as well as in fishes (e.g,

Kenyon et al., 1998; Kratochvil and Ladich, 2000; Wy-

socki and Ladich, 2002). In general, decreased response

amplitudes and increased latencies at a given stimulus le-

vel concur with reduced auditory sensitivity. This can

occur during ontogeny but can also accompany changes

in auditory sensitivity caused by manipulations of the

auditory periphery. During ontogenic development,
AEP amplitudes increased and response latencies de-

creased in the croaking gourami Trichopsis vittata (Wy-

socki and Ladich, 2001). Kratochvil and Ladich (2000)

showed that blocking the lateral trunk channels (special

channels filled with fat and lymph which stretch laterally

from the swimbladder to the outer body wall) of Botia

modesta resulted in a 14–18 dB loss of auditory sensitiv-

ity: maximum AEP amplitudes decreased by 59–91%
and latencies increased by 0.05–0.71 ms. Ladich and

Wysocki (2003), investigating the contribution of Webe-

rian ossicles to auditory sensitivity of the goldfish, found
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Fig. 4. AEPs of a goldfish to double-click stimuli of different click

periods at 100 dB re 1 lPa before noise exposure (before), immediately

after 24 h of noise exposure (after) and after recovery periods of 3 days

and 1 week. The arrows indicate the moments of stimulation. For

abbreviations see Fig. 2.
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decreases of AEP amplitudes by 76–93% after extirpa-

tion of the tripus (sensitivity loss from 17 to 33 dB).

Consequently, decreases in the maximum AEP ampli-

tudes as well as increases in response latencies to a given

stimulus level following noise exposure indicate impacts
on auditory sensitivity. Scholik and Yan (2001) briefly

mentioned (without giving details) a decrease of AEP

amplitudes and an increase of latencies in the fathead

minnow Pimephales promelas following exposure to

white noise (frequency range: 300 Hz to 4 kHz) of 142

dB re 1 lPa for 1 to 24 h. Amoser and Ladich (2003) ob-

served 70–72% lower AEP amplitudes in response to

tone bursts after 24 h noise exposures (same type and le-
vel of noise as applied in the present study) and 0.3–2.55

ms increases of onset latencies in the catfish Pimelodus

pictus, whereas AEP amplitudes in goldfish decreased

by 60–75% and latencies increased by 0.7–1.2 ms. This

corresponds well with our present click stimuli results

(about 71% decrease in AEP amplitudes, 0.63 ms in-

crease in latency).

All amplitude and latency shifts were reversible and
auditory thresholds recovered to pre-exposure values.

Similar effects of noise have been observed in mammals.

Griffiths et al. (1994) found small latency increases in

sheep fetuses exposed to 120 dB (re 20 lPa) broadband
noise for 16 h in utero. They also observed recovery of

the latencies to pre-exposure values after recovery of

hearing thresholds. Similar effects of noise on AEP

amplitudes and latencies have also been observed in
other mammals (e.g., Church and Kaltenbach, 1993;

Fraenkel et al., 2003).
4.2. Noise effects on auditory thresholds and temporal

resolution

Noise exposure lasting 24 h temporarily elevated

auditory thresholds to click stimuli by an average of

21 dB. Amoser and Ladich (2003) reported elevated
auditory thresholds to tone bursts after noise exposure

(up to 24 dB in C. auratus and up to 27 dB in P. pictus).

The amount of threshold shift was frequency-dependent

and greatest in the most sensitive hearing range in both

species. The catfish exhibited a larger hearing loss than

the goldfish, especially in the higher frequency range,

where catfish are more sensitive. Scholik and Yan

(2001, 2002) observed similar effects when comparing
the minnow P. promelas with the sunfish L. macrochirus

after exposure to white noise at 142 dB SPL (re 1 lPa).
While auditory thresholds of P. promelas were elevated

by up to 20 dB (Scholik and Yan, 2001), no change in

auditory sensitivity occurred in the sunfish following

exposure to the same type of noise. Thus, the amount

of threshold shift mostly depends on baseline hearing

sensitivity as well as on the noise level. This is supported
by the finding that in goldfish whose Weberian ossicle

chain has been experimentally interrupted by bilateral

extirpation of both tripodes and whose hearing abilities

are therefore reduced, the TTS is smaller than in intact

and sham-operated conspecifics with normal hearing

abilities when exposed to the same type and level of

noise (Ladich and Wysocki, 2003).

Goldfish proved to be quite sensitive to short broad-
band clicks, with the mean auditory sensitivity to clicks

(65 dB on the average) being comparable to tone-burst

thresholds in the best frequency range. The course of

recovery apparently differs between species and depends

on exposure duration and on the amount of threshold

shift. Amoser and Ladich (2003) reported complete

recovery of tone burst thresholds in C. auratus 3 days

after 24 h noise exposure, whereas in the present study,
thresholds to click stimuli did not recover within this

period. The present results therefore more closely resem-

ble those reported for P. pictus, where recovery of audi-

tory thresholds was completed only after a period of up

to 14 days and thresholds at the highest frequency tested

(4 kHz) were still elevated after this time. This could be

due to the sharp onsets of short stimuli (like clicks or

high frequency tone bursts), to which AEPs tend to re-
cover more slowly than to lower frequency tone bursts

(see below). Smith et al. (2004) found tone burst thresh-

olds still elevated 18 days after 24 h exposure to white

noise of 160–170 dB re 1 lPa in goldfish, whereas fol-

lowing a long-term noise exposure for 21 days, full

recovery occurred after 14 days. Scholik and Yan

(2001) reported recovery periods ranging from 6 to 14

days depending on exposure duration in P. promelas.
Therefore, the recovery process following noise-induced

temporary hearing loss seems to be rather complex and
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variable in fishes, depending strongly on noise type,

noise level, exposure duration and test stimuli.

The significant increase we found in the minimum

resolvable click period might be simply related to the

fact that, after noise exposure, the double-click stimuli

were closer to the animals� auditory thresholds; thus,
the effects on thresholds have implications for the tem-

poral resolution performance of the auditory system.

Wysocki and Ladich (2002) reported that, in three out

of four species investigated, minimum resolvable click

periods were shorter the greater the stimulus levels were

above hearing thresholds. In the goldfish, the minimum

resolvable click period increased on the average from

1.25 ms at a stimulus level 32 dB above hearing thresh-
olds to 1.40 ms at a stimulus level 12 dB above hearing

thresholds. However, this increase is smaller than that

determined in the present study, where the level of the

double-click stimulus was on the average 14 dB above

hearing thresholds after exposing fish to intense noise.

Thus, there is an additional increase in the minimum

resolvable click period of about 0.6 ms. This cannot be

explained alone by the fact that double-click stimuli
were closer to hearing thresholds after TTS. Another

explanation is that noise damage somehow also interfers

with the neural mechanisms responsible for temporal

processing.

In summary, noise seems to damage absolute hearing

sensitivity and impair temporal resolution. This may re-

flect different steps of auditory processing. One can spec-

ulate that hearing sensitivity depends mainly on the
amount of stimulation of the receptors (the hair cells

in the inner ear end organs) that is conducted to more

central auditory pathways, while further processing of

stimuli characteristics (such as temporal representation)

is accomplished at higher levels of the central nervous

system. AEP waves only reflect the first steps of auditory

processing from the auditory receptors to the primary

auditory centers in the medulla and midbrain (Corwin,
1981). It is known that various response parameters

change along the auditory pathway in fishes and that a

significant amount of fine processing is accomplished

at higher levels of the brain (Feng and Schellart,

1999); such fine processing might additionally improve

auditory performance. Note that physiological studies

only inform us about how stimulus information and fea-

tures are represented in neural activity but not how the
animals actually make decisions with respect to stimulus

detection and resolution using the whole brain. A series

of experiments (Fay, 1982; Fay and Passow, 1982) have

demonstrated correlations between behavioral and neu-

rophysiological results, thus elucidating some of the

neural basis for behavioral decision making. The error

in psychophysically detecting changes in modulation

rates (Fay, 1982) or burst repetition rates (Fay and Pas-
sow, 1982) was highly correlated to the error with which

interspike intervals in saccular fibers represent these
periodicities. This indicates that behavioral discrimina-

tion tasks are based on measurements of the time inter-

val (duration) between spikes in auditory neurons.

Nonetheless, only those signal characteristics that are

detected by the primary auditory receptors can be fur-

ther processed and the information then be used for
decision making.

Anatomical studies have shown that noise can se-

verely damage hair cells in the inner ear. Enger (1981)

exposed Atlantic cod G. morhua to high intensity sounds

(50–400 Hz, 180 dB re 1 lPa) for 1–5 h and observed

destroyed regions with missing sensory cilia on the sac-

cular macula. McCauley et al. (2003), on the other

hand, found dense patches of holes and ‘‘blebbing’’ or
‘‘blistering’’ on the surface of the sensory epithelia coin-

cident with the normal location of hair cells in the pink

snapper P. auratus even 58 days after exposure to air

gun detonations (source levels of 203.6 dB re 1 lPa
RMS at 1m). The nature of these holes indicated either

immediate mechanical damage or physiological damage

associated with hair cell death. Lombarte et al. (1993)

revealed hair cell regeneration in damaged regions of
the utricle and lagena after treatment with the ototoxic

drug gentamicin within just a few days in A. ocellatus.

This suggests that fish sensory hair cells might be able

to recover from noise or be regenerated and replaced

within a short period, explaining why the fish regain

their auditory functions. Currently, no other detailed

information is available about functional aspects of

noise impacts on hair cells in fishes. However, hair cell
function seems to be comparable in all vertebrate

groups (Popper and Fay, 1999). Studies on mammals

have shown that hair cell stereocilia are particularly

prone to damage by overstimulation. Fishes have at

least seven distinct hair cell bundle types based upon

the lengths and relative sizes of kinocilia and stereocilia

(Platt and Popper, 1981). These types might fatigue dif-

ferentially after sonic injury, potentially explaining the
stimulus-dependent differences during the recovering

period.
5. Conclusions

In aquatic environments, sound is a key signal car-

rier: sound speed is five times faster than in air, attenu-
ation is slower than for light or chemical substances, and

existing sound channels promote propagation over large

distances (Hawkins and Myrberg, 1983). In shallow

waters, however, sound propagation is limited to fre-

quencies above the cutoff frequency, which depends on

water depth and bottom sediment (Ladich and Bass,

2003). Encoding information in the time rather than in

the frequency domain therefore provides the most relia-
ble basis for conserving the information within a signal.

This explains why many fishes produce broad-band
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pulsed sounds with varying pulse periods (Ladich,

1997). Every natural aquatic environment has a certain

amount of background noise of biotic and abiotic ori-

gin. Any impairment of a fish�s hearing abilities – such

as observed after exposure to intense noise – may endan-

ger its survival by compromising information about
predators and prey, competitors and potential mates:

the distances over which such information could be ob-

tained would decrease, and the quality of the obtained

information would deteriorate. The present study shows

that noise reduces absolute auditory sensitivity. It also

indirectly influences the processing of temporal signal

characteristics by altering the signal/threshold ratio on

which this auditory processing relies. Because other
hearing specialists such as the vocal catfish show similar

temporal resolution ability of their auditory system and

exhibit similar or even more pronounced temporal hear-

ing losses due to noise exposure than goldfish (Amoser

and Ladich, 2003), their temporal resolution ability is

probably also affected by noise. This has important

implications for acoustic communication because tem-

poral characteristics of sounds are important carriers
of information in teleost fishes, i.e. they often distinguish

closely related species (e.g., Spanier, 1979; Ladich et al.,

1992; Marvit and Crawford, 2000). They are also the

sound characteristic most reliably conserved during

sound propagation (Mann and Lobel, 1997). Besides

species recognition, temporal patterns might also medi-

ate individual recognition. In behavioral tests, the mor-

myrid Pollimyrus adspersus was able to detect differences
in interclick intervals that were as small as 0.3 ms (Mar-

vit and Crawford, 2000). The mean interclick interval of

P. adspersus grunts is 17.9 ms compared to 22.7 ms in

the sympatric, closely related P. isidori (Crawford,

1997). The authors concluded that this temporal dis-

crimination ability is sufficient for species recognition,

and might even provide the basis for acoustic individual

recognition because individual interclick interval differ-
ences ranged from less than 0.5 ms to over 2.5 ms.

Hence, a comparably small reduction of their temporal

discrimination ability in the range of 1 ms could already

severely reduce their ability to recognize individual calls

produced by males that advertise to and court potential

mates, and defend their territorials (Crawford, 1997).

Prolonged response latencies could potentially be re-

flected by longer reaction times; this would be especially
critical in the presence of predators. Most fish species

investigated so far can accurately code the fine temporal

structure of sounds in the nervous system (Marvit and

Crawford, 2000; Wysocki and Ladich, 2002, 2003).

The noise-related impacts on this ability may therefore

influence acoustic orientation and communication, thus

reducing fitness by altering the fish�s possibility to detect

predators, recognize conspecifics (Myrberg et al., 1978)
or assess an opponent�s quality acoustically (Ladich,

1998).
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