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Summary

Fishes are often exposed to environmental sounds such long-term physiological stress responses in goldfish, but a
as those associated with shipping, seismic experiments, transient spike in plasma cortisol did occur within 10min
sonar and/or aquaculture pump systems. While efforts of the noise onset. Goldfish had significant threshold shifts
have been made to document the effects of such in hearing after only 10min of noise exposure, and these
anthropogenic (human-generated) sounds on marine shifts increased linearly up to approximately 28B after
mammals, the effects of excess noise on fishes are poorly24h of noise exposure. Further noise exposure did not
understood. We examined the short- and long-term effects increase threshold shifts, suggesting an asymptote of
of increased ambient sound on the stress and hearing of maximal hearing loss within 24h. After 21 days of noise
goldfish (Carassius auratus a hearing specialist). We exposure, it took goldfish 14ays to fully recover to
reared fish under either quiet (110-12%B re 1puPa) or  control hearing levels. This study shows that hearing-
noisy (white noise, 160-178B re 1pPa) conditions and  specialist fishes may be susceptible to noise-induced stress
examined animals after specific durations of noise and hearing loss.
exposure. We assessed noise-induced alterations in
physiological stress by measuring plasma cortisol and
glucose levels and in hearing capabilities by using auditory Key words: threshold shift, hearing, noise, cortisol, glucose, ABR,
brainstem responses. Noise exposure did not produce recovery, fishCarassius auratus

Introduction

Sound is an important means of communication in aquatimcreases in shipping and uses of other acoustic sources in parts
environments because it can be propagated rapidly (five time$ the oceans (NRC, 2003). Indeed, recent forecasts by the
faster than in air) over great distances and it is not attenuatéthtional Oceanographic and Atmospheric Administration’s
as quickly as other signals such as light or chemicals (Hawkindarine Transportation System indicate that foreign
and Myrberg, 1983). Thus, it is not surprising that fishes andceanborne trade is expected to double by the year 2020 (US
marine mammals make considerable use of sound fdbepartment of Transportation, 1999), and this could result in
communication, for detection of predators and prey and foeven greater ocean noise levels in shipping lanes unless there
learning about their environment (Au and Nachtigall, 1997are dramatic changes in ship acoustics.

Edds-Walton, 1997; Zelick et al., 1999; Fay and Popper, 2000). Substantial exposure of fish to acoustical stress is also found
Within the past decade, there has developed an increasd many aquaculture facilities (Bart et al.,, 2001) that are
awareness that underwater anthropogenic (human-generatéuportant sources of food, ornamental species and stock
sounds may be detrimental to marine organisms by maskirenhancement of wild populations. While considerable effort
the detection of biologically relevant signals and/or everhas been made to optimize growth of aquaculture species by
damaging the exposed animals (NRC, 2000, 2003). Theseanipulating many environmental parameters such as
sounds may be associated with shipping, dredging, drillingemperature, food quality, photoperiod, water chemistry and
seismic surveys, sonar, recreational boating and many othstock density, little or no concern has been directed to
human-made sources. As a result of these human-generatgtermining the appropriate acoustic environment for optimal
sounds, ambient noise levels in the ocean are thought to geowth and development. Rearing conditions in aquaculture
growing (NRC, 2003). Early estimates by Ross (1993) suggetinks can produce sound levels within the frequency range of

a 1CdB increase from 1950 to 1975 alone or more than &ish hearing that are 20-5i8B higher than in natural habitats
doubling in noise level. This is likely to have risen further with(Bart et al., 2001). The few studies that have examined the
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effects of sound levels on aquaculture species show that hi@4.8+0.8g, respectively. For the long-term noise-exposure
levels of ambient sound can potentially be detrimental andxperiment, 42 goldfish were maintained in each of two 600-
result in reduced egg survival and reduced reproductive arditer all-glass aquaria with corner filters and 65% water changes
growth rates (Banner and Hyatt, 1973; Lagardere, 1982}hrice weekly. These two aquaria were kept in separate rooms.
Clearly, these studies need to be replicated and extended @me aquarium was for control animals and the other for noise-
additional species and include analysis of additionaéxposed animals. The effects of long-term noise exposure were
parameters that could be indicative of the effects of noise osxamined using groups of five (for stress assays) or six (for
developing fish. hearing thresholds) fish that were noise exposed for either 1,
While most research efforts to date, and public interest, haw& 7, 14 or 2-days.
focused on how underwater noise affects the behavior of Two sets of experiments were performed to assess the
marine mammals, the effects of this noise pollution on fishesffects of short-term noise exposure. One experiment
have rarely been examined (Myrberg, 1990; NRC, 2000e2xamined the time course of physiological stress responses,
2003). It is known that intense sounds can cause temporaayd the other characterized the effect of exposure duration on
hearing threshold shifts (Popper and Clark, 1976; Scholik an@mporary hearing threshold shifts. In the stress experiment,
Yan, 2001) and damage to the sensory cells of the ears of thix fish were noise exposed in each of three 76-liter glass
few fish species that have been studied (Enger, 1981; Hastingguaria that were visually isolated from one another. Each tank
et al., 1996; McCauley et al., 2003). Besides damage to thveas randomly assigned an exposure duration timairfQ
inner ear, high levels of background noise may also creattDmin or 6Cmin). In the short-term hearing study, groups of
physiological and behavioral stress responses in fishes similsi fish were noise exposed for each of four exposure durations
to those found in mammals (Welch and Welch, 1970). (Omin, 1Cmin, 1h or 24h) in a 19-liter bucket with an
In the present study, we investigated the effect of high levelsnderwater speaker resting on the bottom. All work was done
of continuous white noise exposure on the physiologicalinder the supervision of the Institutional Animal Care and Use
stress levels (measured by plasma cortisol and glucoggommittee of the University of Maryland.
concentrations) and hearing loss (utilizing the auditory
brainstem response technique) of goldfiarassius auratys White noise exposure
Our goal was to examine the effects of noise duration on the All experiments were done using white noise with a
physiological stress responses and hearing shifts in order b@andwidth ranging from 0.#Hz to 10kHz at 160-17@B re
elucidate a potential relationship between hearing loss arfduPa total sound pressure level (SPL). The sound was
noise-induced physiological stress. We also examined the tinpresentedvia a Sony MiniDisc player through an amplifier
course of hearing recovery. (5.2A monoblock; AudioSource, Portland, OR, USA) to an
In order to examine a broad range of noise exposurenderwater speaker (UW-30; Underwater Sound Inc.,
durations, we exposed goldfish to noise in two separate sets@klahoma City, OK, USA) placed centrally on the bottom of
experiments — a short-term experiment in which exposurthe aquarium. The white noise, which is defined as having a
durations ranged from 2@in to 24h and a long-term flat power spectrum across the entire bandwidth (i.e. all
experiment that ranged fromday to 21days. We found that frequencies are presented at the same SPL), was computer-
intense noise can produce initial physiological stress responsgenerated using Igor Pro software (WaveMetrics, Inc., Lake
as well as short- and long-term hearing loss in goldfish. Oswego, OR, USA). Characteristics of the noise exposure
We chose goldfish as a model hearing specialist because (bandwidth and SPL) were similar in both long- and short-
their known hearing sensitivity and the available literaturderm noise exposure experiments, with transduction in the
database about hearing in this species (Fay and Popper, 19%hks having little effect on the digitally generated flat white
Fay, 1988). Goldfish are otophysan fishes, which posses®ise spectra (Fid.). For the short-term experiments, the SPL
Weberian ossicles (modified cervical vertebrae that abut thef the noise exposure varied within the bucket from dBO
ear; von Frisch, 1938). These bones acoustically couple 1uPa at icm directly above the speaker to 166—t&9re
movement of the swim bladder imposed by impinging sound pPa at 8-1£&m above the speaker. For the long-term
pressure waves to the inner ear, leading to enhanced heariperiments, the SPL of the noise exposure varied slightly
sensitivity that includes a broadened frequency range afithin an aquarium, with a maximum (1d®8 re 1pPa) in the
hearing and lower auditory thresholds when compared withenter right above the underwater speaker and a minimum
fishes without such specializations. (161-168dB re 1pPa) near the sides farthest from the
speaker. The SPL of the control aquaria was in the range of
) 110-125dB re 1pPa. These SPLs are equivalent to power
Materials and methods spectral densities ranging from approximately d&0 re
Experimental animals and design 1 uP&/Hz (for controls) to 122IB re 1pP&/Hz (for maximal
Goldfish Carassius auratuk.) were obtained from a local noise level). Although control and noise-exposed aquaria were
hatchery and maintained at the Aquatic Pathobiology Centén the same room as the short-term experiments, the SPL of
at the University of Maryland. Standard length and wethe control aquaria did not change when the underwater
mass means (s.eM.) for goldfish were 10.5£04dm and speaker was turned on in the noise-exposed aquaria. Due to
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—40 bucket of water containing a buffered anesthetic, tricaine
methanesulfonate (MS-222). It took approximatelmii to
bleed all five fish. Afterwards, the fish were sacrificed by
cervical transection, and their inner ears were removed and
placed in 4% paraformaldehyde—2% glutaraldehyde fixative
B L for future ultrastructure examination using scanning electron
microscopy (SEM).
Blood samples were centrifuged for min at 2200y and
the plasma was then removed and stored at —70°C until
analysis. Plasma cortisol, diluted 1:10 in a O-cortisol standard
in order to fit assay sensitivity, was assayed using an enzyme
—1007 immunoassay (EIA) kit (DSL-10-2000, Diagnostic Systems
Laboratories, Inc., Webster, TX, USA) with a four-parameter
01 02 0304 06081 2 4 6 g curve fit for standard curves. Plasma glucose was assayed
using a Sigma Infinity glucose kit (Procedure 17-UV; Sigma
Frequency (kHz) Diagnostics, St Louis, MO, USA).
Fig. 1. The power spectra of the 1d@B re 1puPa white noise used ~ For the short-term noise-exposure experiment, one aguarium
for noise-exposure experiments. The top curve shows the spectruigs randomly chosen for each exposure duraticmiifQ
as recorded directly from the MiniDisc player. The bottom curvelOmin and 60min) and all fish I§=6) were consecutively

shows the spectrum as recorded by a hydrophone placed centrafymoved and bled. Blood plasma was then assayed as
within the noise-exposure bucket. The spectrum measured within thgascribed for the long-term noise experiment.
noise-exposure aquarium is similar to that of the bucket, so it is

omitted for clarity. Auditory brainstem response (ABR) technique

Auditory thresholds were measured using the auditory
the 40dB loss of sound energy at the air—water interfacérainstem response (ABR) technique. This is a noninvasive
(Parvulescu, 1964), very little sound was heard outside th@ethod of measuring the neural activity of the brainstem in
noise tanks and none of this energy entered the other tanksresponse to auditory stimuli and is commonly used for
the room. Minor differences, however, may have occurretheasuring hearing in fishes and other vertebrates (Corwin et
between the short- and long-term experiments because of thk, 1982; Kenyon et al., 1998; Higgs et al., 2001; Scholik and
smaller volumes of the aquaria and buckets used in the sholtan, 2001).
term experiment (i.e. closer proximity between the fish and Each fish was restrained in a mesh sling and suspended in
the underwater speaker compared with the large long-teran 19-liter plastic bucket filled with water. The fish was
aquaria). suspended so that the top of the head was approximately

3cm below the water surface and @ above a UW-30
Cortisol and glucose assays underwater speaker. A reference electrode was placed on the
Blood plasma cortisol and glucose concentrations ardorsal surface of the fish’s head along the midline between the
commonly used as indicators of primary and secondary streasterior portion of the eyes while a recording electrode was
in fishes, with cortisol exhibiting a more rapid, transientplaced on the dorsal midline surface of the fish approximately
response than glucose (Mazeaud et al., 1977; Mazeaud analfway between the anterior insertion of the dorsal fin
Mazeaud, 1981; Barton et al., 1988). Preliminary tests werand the posterior edge of the operculae, directly over the
performed prior to noise-exposure experiments as a positiv@ainstem. A ground electrode was placed in the water near
control to evaluate cortisol and glucose levels in response the body of the fish.
physiological stress. In these preliminary tests, groups of Sound stimuli were presented and ABR waveforms were
goldfish N=6) were placed in lliters of water in a 19-liter collected using a physiology apparatus using SigGen and
bucket. The control group was left undisturbed fom80  BioSig software [Tucker-Davis Technologies (TDT) Inc.,
while the treatment group was exposed to repeated, continuoGsinesville, FL, USA]. Sounds were computer genersiad
vibratory stress for 3fhin caused by tapping the bucket. TDT software and passed through a power amplifier connected
On each of the experimental days (0€ays) of the long- to the underwater speaker. Tone bursts hadres 2ise and
term noise-exposure experiment, five fish were removed arfell time, were 10ms in duration and were gated through a
bled from the control aquarium first and then from the noiseHanning window — similar to the conditions of other ABR
exposed aquarium. Blood was collected from the caudal veistudies (Higgs et al., 2001; Mann et al., 2001). Responses to
using heparinized 1-ml 25G 5/8 tuberculin syringes and placeshch tone burst at each SPL were collected using the BioSig
in centrifuge tubes. Each fish was caught singly in a net arsbftware package, with 400 responses averaged for each
removed slowly in an attempt to minimize capture-inducegresentation. The calibration of each frequency used was done
stress in the caught fish and other fish in the aquarium. Thesing a calibrated Model 902 Interocean Systems, Inc.
fish was bled immediately after capture and then placed in an Diego, CA, USA) underwater hydrophone (calibration
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sensitivity of —195B re 1V/pPa; +3dB, 0.02-1kHz, 180

omnidirectional). Additional details of this ABR protocol have 1604 A *

been previously published (Higgs et al., 2001). _—~ 140+
Hearing thresholds of the experimental fish were measure % 120-

after specified durations of noise exposure. For the long-ter 2 1004

experiment, these individuals came from the same aquaria =

described for the cortisol and glucose assays, but differel § 801

individuals were usedNE6). Additionally, 21-day-exposed 8 601

goldfish were allowed to recover in quiet aquaria (<dBGe 401

1pPa), and their hearing thresholds were again measurt 20

7 days and 14lays post-noise exposure. 0 . .
For the short-term experiment, fish were noise exposed in 65

19-liter bucket. For 1@nin exposure durations, fish were held B

in place by the mesh sling described above and exposed in t 60-

same bucket from which ABRs were recorded. For h-24 &

duration exposures, fish were exposed in a separate bucket 2 55

which they could swim freely. There was no evidence that th 7

fish sought areas of the lowest SPL (closest to the surface) & 504

avoided the underwater speaker. All ABR recordings wert E

started within a few minutes after noise exposure. Fish nois O 45

exposed for 24 (short-term experiment) had their hearing

measured immediately after noise exposure and then we 40 . .

allowed to recover in quiet aquaria as in the long-tern 0 10 60

experiment, except that ABR recordings were made 1, 4, 1 Time of noise exposure (min)

and 18days after noise exposure. Fig. 2. Mean (+s.e.m.) goldfish blood plasma cortisol and glucose

Statistical analysis concentrations after @in (contrgl), 10min and 60nip white noise .
exposure for the short-term noise-exposure experiment. The asterisk
Preliminary analyses of variance (ANOVAs) with treatmentrepresents a level that is significantly differeRt@.01) from the
(control or noise exposed) and bleeding order as factoicontrol.
showed that bleeding order had a significant effect on th
physiological stress response of the fish. To account for th
confounding effect on the effects of noise exposure on goldfigbhysiological stress responses in goldfish. In both long- and
plasma cortisol and glucose, analysis of covariancehort-term noise-exposure experiments, bleeding order
(ANCOVA) was used, with noise-exposure duration as a factaaffected fish plasma cortisol levelB<0.05) but not glucose
and bleeding order as a covariate. When significant mailevels. In general, plasma concentrations of cortisol and
effects of noise exposure were found, Wilcoxon signed rankglucose increased with bleeding order, suggesting that the fish
tests were used to make specific pairwise comparisons. were exhibiting a stress response due to the netting of
The effects of noise exposure and recovery from th@reviously removed fish.
exposure on auditory threshold levels were tested using Noise exposure did not significantly affect cortisol or
separate ANOVAs, with duration of exposure or recovery andlucose concentrations in the long-term noise experiment
frequency as factors. Tukeyp®st-hoctest was used to make (1-21days exposureP<0.10). In the short-term exposure
pairwise comparisons between specific frequencies whesxperiment, noise exposure significantly affected plasma
significant main effects were found (Zar, 1984). Regressionortisol levels P=0.01) but not glucose levelP£0.27).
analysis was used to examine the effects of noise exposuspecifically, relative to controls, mean cortisol levels tripled
duration on temporary threshold shifts (TTS). after 10min of noise exposure and then decreased back to
control levels after 6@nin of noise exposure (FigA).
Although there was a trend of increasing mean glucose
Results concentrations over the ®0in experimental exposure period,
Effects of noise on plasma cortisol and glucose this trend was not statistically significant (F2).
Preliminary tests using bucket vibration as a stressor showed
that poststress plasma cortisol and glucose were significantly Effects of noise on auditory thresholds
elevated (84-94%) compared with contrd®<@.05). Mean Goldfish had a bandwidth of auditory sensitivity ranging
(x skem.) control cortisol and glucose levels werefrom 0.1kHz to 4kHz and baseline auditory thresholds
89.7+32.0ngmi~1 and 43.1+4.5ng dI-1 while stressed levels ranging between 60B re 1uPa and 120B re 1uPa (Fig.3).
were 165+18.hgml-1 and 83.8+6.2ngdl-1, respectively. Exposure to the white noise caused an increase in auditory
This confirmed that our assays were appropriate for measurittigresholds, referred to as TTS. These threshold shifts are
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160 30
Goldfish short-term noise exposure

140 —e— Control 254 Short-term experment
w —o— 10 min 1/{
=1 —o—1h __ 20+
L 120 - 24h %,
an} o 157 T
e =
2 1004 10
§ 5 Long-term experiment
£ 801

O T T T T
60 0.001 0.01 0.1 1 10 100
Noise exposure duration (days)

100 1000 Fig.4. Mean (xs.EM.) temporary threshold shifts (TTS; between

Frequency (Hz) 0.1kHz and 2Hz) of noise-exposed goldfish as a function of
exposure duration in the short-term and long-term noise-exposure
experiments (see textN=7 per data point (one mean value of six
fish for each of seven frequencies).

Fig.3. Mean (xs.E.M.) auditory thresholds of control and noise-
exposed goldfish in the short-term experimentr(il®, 1h and 24
white noise exposured)=6 per data point.

160 Goldfish short-term noise exposure
defined as temporary since they decreased with time | —a— 24-h exposure
recovery from noise exposure until thresholds were sim 140{ —o— 1-day recovery
to pre-noise-exposure levels. Approximateldls TTS were § ﬁ iiqgg;ﬁgg\ésreyry
evident after only 1@nin of noise exposure, and TTS increas i- 120 —o— 18-day recovery
to approximately 28B after 24h of exposure (Fig3). o _—o—ControI
This log-linear increase exhibited in the short-ter T
noise-exposure experiment is described by the eque 8 1001
TTS=27.7(logoD)+4.63 ¢2=0.90,P<0.0001), where TTS wa: &
averaged for frequencies between KHz and 2kHz andD *'_é’ 80+
is the duration of noise exposure in days (Bjg.Longer
durations of the long-term noise experimentd§ys and 604
21days) produced threshold shifts similar to that of the 2
exposure duration, suggesting that an asymptotic thres " 100 T T 1000
shift (ATS) is reached within 24 of noise exposure at th Frequency (Hz)

sound levels used in this experiment. In other words, after the . ] )
duration at which the ATS is reached, no greater durations F10-5. Mean (£sEm.) audiory thresholds of control, 24-h noise-

. . . exposed and postexposure (recovery) goldfish in the short-term
noise exposure will produce greater TTS. TTS resulting fronexperiment.N:G per data point. The same six individual fish were

7days and 2Hays of exposure were stat|st|c_ally less _tharused consecutively for each time point before and after noise exposure.
those of 24 exposures from the short-term noise experimen

(P<0.05). After 7days of noise exposure, goldfish exhibited
significant mean threshold shifts that were approximatelyvere averaged across all frequencies tested (8Hz} TTS
20dB higher than baseline levels. Again, significant TTSdecreased with duration of recovery (from approximately
occurred at all frequencies examin€k.05). An additional 18dB immediately after exposure tal® after 2weeks). After
week of noise exposure (tiys) did not significantly increase 7 days of recovery, there was still a significant overall effect
the threshold shift. The goldfish audiograms of this long-ternof noise exposure on hearing thresholds when compared
noise-exposure experiment will be presented elsewhere (M. Rith preexposure controlsP£0.003; Fig6), although this
Smith, A. S. Kane and A. N. Popper, unpublished data). difference was not significant for any particular frequency.
In the short-term noise experiment, goldfish exposed téfter 14days of recovery, auditory thresholds were no longer
noise for 22h had significantly lower thresholds one day significantly different from preexposure thresholds (Bjg.
after exposure when compared to thresholds determined
immediately after noise exposure<Q.0001), but even after . .
18days of recovery, goldfish exhibited slightly higher Discussion
thresholds than preexposure control levBls0(0001; Fig5). Effects of noise on physiological stress response
In the long-term experiment, 21-day-exposed goldfish were We noted qualitatively that goldfish exhibited an initial
allowed to recover from noise exposure. For each fish, TTStartle response to the onset of the white noise, but this
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response diminished within a few minutes and the fish did natortisol levels from <2%igml-1to approximately 15ag mi-1
avoid the area around the underwater speaker nor was théndilapia (Oreochromis mossambicusolan et al., 1999). The
evidence that fish sought areas of the lowest SPL. This staréfect of stress on plasma glucose levels in fishes is more
response started with a rapid burst of erratic swimmingmbiguous. While Nolan et al. (1999) found a significant
followed by general increased swimming activity. Loud soundéncrease in tilapia cortisol and glucose levels due to
are known to induce such behavioral responses (i.e. startle asnfinement, Waring et al. (1996) only found a cortisol effect
alarm responses) in fishes. For example, sound from a hight turbot Scophthalmus maximusResults from the present
speed motorboat elicited flight responses in two cyprinicgtudy indicate a trend towards increasing plasma glucose
fishes: rudd $cardinius erythrophthalmysnd roachRutilus  values with time of noise exposure in goldfish during the short-
rutilus; A. Boussard, unpublished data). Pacific herringterm experiment (0—6@in); however, no trend in either
(Harengus pallagialso exhibited alarm responses in reactionglucose or cortisol was evident in the long-term experiment.
to motorboat noise, particularly when abrupt changes in Two plausible reasons for this lack of a long-term stress
temporal characteristics of the sound occurred (Schwarz amdfect are that (1) fish became acclimated to the noise over time
Greer, 1984). The effects of other anthropogenic noises and/or (2) noise-induced damage of the inner ear or nerves
fishes have also been studied. Pearson et al. (1992) found tbegates a threshold shift that effectively reduces the level of
sounds from seismic surveys can affect rockfiSeb@stes perceived noise. In support of the first explanation, rapid
spp.) behavior, and there is evidence of a similar effect oohanges in sound characteristics often stimulate alarm
Atlantic cod Gadus morhupand haddockMelanogrammus behaviors, and these changes may elicit stress-like responses
aeglefinus Engas et al., 1996). While previous studies havenuch more than does continual noise exposure. For instance,
shown that relatively loud acoustic stimulation can affect fiststartle responses in red druc{aenops ocellatyidarvae are
behavior, the potentially harmful physiological effects of suclelicited by the onset of an acoustic stimulus, not continuous
stimulation were not examined. exposure (Fuiman et al., 1999). Physiological adaptation to a
During a stress response, there is an immediate releasentinuous stressor is commonly found in fishes (Schreck,
of catecholamines followed by the activation of the2000). For example, salmonids exposed to stressful social or
hypothalamic—pituitary—interrenal axis, which stimulates thehysical conditions exhibit an initial increase in plasma cortisol
synthesis and secretion of glucocorticoid hormones (cortisol ibut return to prestress levels within about a week (Schreck,
teleosts; Schreck et al., 2001). Our results show that noid®81).
exposure can elicit this physiological cascade rapidly in Although the behavioral response of fishes to noise may be
goldfish (within 10min) but that the response is short-lived, transient, the damage to their ears may happen quickly and
with cortisol levels returning to pre-noise-exposure leveldiave a longer-lasting effect. For example, noise-induced
within 1 h. The magnitude of the cortisol response was similadamage to the sensory hair cells of codfiSladus morhup
to that found in other fishes. For example, plasma cortis@nd oscar Astronotus ocellatysoccurred after only b of
levels of rainbow troutdnchorynchus mykisscreased from continuous exposure to various frequencies (dB0e 1uPa;
29ng mi-1to 145ng mi—1 after 4h of confinement (Pankhurst, Enger, 1981; Hastings et al., 1996). Additionally, auditory
1998). Two-hour net confinement resulted in an increase ithreshold shifts in fathead minnowRihephales promelys
have been noted after only 1h2f noise exposure (14B re

22 1 pPa; Scholik and Yan, 2001, 2002a). We found significant
TTS in goldfish after only 1fin of stimulation. Thus, it is
181 possible that after threshold shifts occurred, the perceived level
. 14- of the noise and the resulting physiological stress level were
aQ reduced.
o 104 While we did not observe long-term physiological stress
- associated with continuous noise in goldfish, future studies are
6] needed to examine whether loud intermittent or impulsive
2 sounds produce such a response. Such intermittent sounds may
more closely represent loud anthropogenic sounds that fish
-2 0 é 1'0 = 5 might experience in the wild (e.g. boat traffic, seismic surveys

and sonar).
Durationof recoverypost-noiseexposurgdays

) ) ) ~ Effects of noise duration and recovery on auditory thresholds
Fig. 6. Mean (+s.e.m.) auditory temporary threshold shifts (TTS) in

the long-term experiment as a function of duration of time post-noise Ol_” control QOIdeSh, audlpgrams are S'”.‘"ar to those
exposure (immediately after 2Bys exposure = @ays, 7days and previously published in which psychophysical/behavioral

14 days).N=6 per data point. The same six individual fish were usedn€thods were utilized (Fay, 1988), except that our audiograms
consecutively for each time point before and after noise exposur8ave a slightly higher threshold at 28@ compared with

The TTS for each individual was averaged across all frequencielDOHz. This has been a consistent trend in audiograms
(0.1-4kHz). The 0 day data point is offset slightly to the right. obtained using ABR in our lab, and a similar trend has been
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found in at least one other lab. Scholik and Yan (2001)he ATS (Carder and Miller, 1972; Saunders and Dooling,
published baseline audiograms for fathead minnow (a cyprini@i974). In goldfish, we noted a maximal threshold shift &t 24
fish, as is goldfish) in which the mean thresholds atHs00 of noise exposure. By contrast, Scholik and Yan (2001) found
were higher than those at 2BI@. One possible explanation for that fathead minnows (also hearing specialists) exposed to
this trend is the ability of fish to use the lateral line to detectvhite noise at 148B re 1uPa reached an ATS after onih2
lower frequency vibrations, so that a 199 tone may be of noise exposure. It is possible that goldfish reach an ATS
detected by a goldfish’s lateral line as well as by the eagarlier than the initial 2 observations made in the present
whereas a higher-frequency tone would only be detected by tlséudy. This is supported by lack of overall threshold
ear (Tavolga and Wodinsky, 1965). Other researchemifferences between goldfish exposed forhland 24 in
examining noise-induced damage in fish have not performefimoser and Ladich’s study (Amoser and Ladich, 2003). It is
ABRs at frequencies below 28, probably in order to avoid interesting to note that bird and mammal ATS are consistently
stimulating the lateral line, although in our lab, fishes exposerached (using various exposure frequencies and SPL) between
to cobalt chloride to selectively ablate the lateral line did noexposure durations oft8and 24h (Mills et al., 1970; Carder
have ABR thresholds significantly different from controlsand Miller, 1972; Saunders and Dooling, 1974).
(Ramcharitar, 2003). So, despite no clear explanation of why Surprisingly, goldfish TTS observed in the long-term
thresholds were higher at 2612 compared with 1CBlz for  experiment were less than those for the 24-h-exposed fish. This
our goldfish, it is important to note that significant noise-s probably due to differences in container size between the
induced threshold shifts occur even at low frequencies. two sets of experiments. Although the underwater speaker
Noise exposure had a considerable impact on threshotilitput was the same for both experiments, the 19-liter buckets
shifts (up to 28B) at all frequencies in goldfish but with shifts used for the short-term experiment were smaller than the
being greater where their hearing sensitivity is best. Popper aagjuaria used in the long-term study. This put the fish in closer
Clarke (1976) examined the effects of pure tones on threshoftoximity to the underwater speaker in the short-term
shifts in goldfish and found that SPLs of B re 1uPa compared with the long-term experiment, which may have led
produced threshold shifts of approximately @B and to higher mean SPL and TTS.
18-27dB at 500Hz and 80(Hz, respectively. Thus, TTS Goldfish exposed to noise for Bdhad 10-2@B decreases
were most dramatic at frequencies where goldfish are moir auditory thresholds after onlydhy of recovery. Despite this
sensitive. Amoser and Ladich (2003) exposed goldfish taitial improvement, thresholds did not return to preexposure
158dB re 1pPa white noise for 24 and found greatest levels even after 18ays of recovery. Similarly, fathead
hearing loss at 80dz and 100MHz. Similarly, the fathead minnows exposed to 14B re 1uPa white noise for 24 still
minnow, another hearing specialist, exhibited approximatelgxhibited significant threshold shifts after dalys of recovery
11-2C0dB TTS in response to 24 of 142dB re 1uPa white  (Scholik and Yan, 2001). Longer-term recovery experiments
noise (0.3—4&Hz) exposure (Scholik and Yan, 2001) andare needed to ascertain whether or not these smaller long-term
8-11dB TTS in response tol2 of 142dB re 1pPa narrow- shifts are permanent threshold shifts. No permanent threshold
bandwidth boat motor noise with a peak frequency neashift has ever been reported for fish. In fact, fathead minnows
1.3kHz (Scholik and Yan, 2002a). These shifts occurred atxposed for only B had thresholds that returned to control
auditory frequencies where the fathead minnow is modevels within 6days postexposure (Scholik and Yan, 2001),
sensitive. Scholik and Yan (2001, 2002a) did not findand goldfish exposed for 12or 24h returned to control levels
significant, or as strongly significant, TTS at lowerwithin 3days of recovery (Amoser and Ladich, 2003). This
(0.3-0.8kHz) and higher (2.5-#Hz) frequencies while we earlier recovery, when compared with the current study, may
and Amoser and Ladich (2003) found significant TTS acrosbe due to the relatively smaller noise SPL and durations used.
all frequencies. This may be the result of differences betwedn the present study, goldfish exposed to noise fata®% had
species or differences in experimental noise SPL anduditory thresholds that returned to control levels aftatels
bandwidths. of recovery, with considerable recovery occurring within the
Significant auditory threshold shifts were evident after onlyfirst 7days. As described earlier, the probable higher mean
10min of noise exposure in goldfish. Thus, loud sounds caBPL experienced in the short-term compared with the long-
have rapid detrimental effects on fish hearing as well as aerm experiment may explain why full recovery occurred in
stress levels. This means that even transient anthropogemjoldfish exposed for 2days but not for those exposed for only
sounds such as boat traffic may affect fishes. Previous studi24 h. Thus, the time course of recovery may be dependent on
examining the effect of noise on fish used durationgldi  noise SPL as well as on duration.
(Popper and Clarke, 1976; Scholik and Yan, 2001, 2002b; Alternatively, since an asymptote of hearing loss was
Amoser and Ladich, 2003). When duration of noise exposuneached within 24 of noise exposure, it is possible that
was log-transformed, the relationship between TTS anghysiological and cellular repair processes began as soon as
duration was linear for our short-term experiment. This noisaoise-induced damage occurred and that the time course of ear
duration—TTS relationship is similar to those found in birds andepair may be constant, even if noise exposure is continued
mammals, except that in birds and mammals this relationshipeyond the asymptote duration. The reason that continued
is more curvilinear, with the rate of TTS increasing closer t@xposure beyond the asymptote duration did not produce
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greater TTS may be that maximal inner ear hair cell damagepublished data). This could be because a certain noise SPL
occurs within the first 2. When hair cells are damaged, oneabove a fish’'s baseline hearing threshold must be reached
possible mechanism of repair is that they are extruded to thmefore a TTS occurs (Hastings et al., 1996). Thus, fish with
lumen, and the supporting cells in the sensory epithelium atewer baseline audiograms (hearing specialists) will be more
triggered to divide and subsequently differentiate into hair cellsusceptible to noise-induced hearing loss for a given noise
and supporting cells (Bermingham-McDonogh and Rubellevel. Despite the dramatic TTS that resulted from noise
2003). This process can take several days. For example, afexposure, goldfish were able to recover to normal hearing
gentamicin exposure and subsequent hair cell loss, hair celesvels within two weeks of being exposed to three weeks of
of the oscar recovered within @iadys (Lombarte et al., 1993). noise. This may suggest that fish that have been exposed to
After exposure to intense air-gun signals, pink snagpegris  intense anthropogenic underwater noise may not have
auratug did not exhibit significant hair cell damage 18 permanent physiological or auditory injury.
postexposure but exhibited significant damage d®&
postexposure, suggesting that the damage and recovery processhe authors wish to thank Dennis Higgs and John
can take extended periods of time (McCauley et al., 2003). IRamcharitar for their assistance with auditory brainstem
the current study, the 24-h-exposed fish did not show recovergsponse protocol and Dennis Plachta for producing the white
after 19days (1day exposure + 18ays recovery) of the start noise file used for noise exposure of fish. We thank Audrey
of the exposure. The 21-day-exposed fish showed recoveRollo, Shawnal Kennedy and Gregory Concepcion for help in
14 days after 2Hays of stimulation, which is 3tays after the maintenance and care of fish used in this experiment. This
start of the noise exposure. Thus, perhaps the bulk of inner easearch was supported by NIH grants T32 DC-00046-08 to
damage occurred on the first few exposure days and thenthe Center for Comparative and Evolutionary Biology of
least 19days are required for complete repair to take placedearing and F32 DC-05890-01 to M.E.S. and by a program
Thus, sufficient repair may take 28-8ays, since 21-day- development award from Maryland Sea Grant to A.N.P. and
exposed fish did not show control-level thresholds aftays  A.S.K.
of recovery but did recover after tldys. Although further
noise-induced damage to the inner ear sensory epithelium may
occur with exposure durations longer thanh24t is also References
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