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The possibility to use sensory stimuli as effective and economical means to control fish distributions near hydropower and other industrial sites has long enticed fisheries and engineering professionals (reviewed in Popper and Carlson 1998).  Although fish have a wide array of sensory modalities with which they perceive and navigate their environments (Atema et al. 1988), sound is very appealing for several reasons.  Fish are known to be able to perceive and respond to a wide range of hydromechanical stimuli, including propagated pressure waves (sound), hydrostatic pressures, and viscous disturbances via their inner ears and lateral line systems (Fay and Popper 1999).  Sound can be produced at high amplitudes in infinitely varying combinations of characteristics in the time and frequency domains.  Unlike light sound propagates well regardless of water clarity and, unlike odors and other chemical stimuli, it travels rapidly regardless of current.  Sound is environmentally benign and is safer and more tractable in salt water than are electric fields.

Unfortunately the efforts of workers to reduce entrainment and impingement at water intakes or otherwise redistributed fish over long time periods using sound have largely proved unsuccessful (Popper and Carlson, 1998) with the notable exception of repulsion of river herrings (of the genus Alosa) with ultrasonic pulsed sound (Popper and Carlson 1998; Schilt in press), which has proved effective in a number of applications.   


Until recently no fish was thought to hear any sounds higher than several kilohertz (kHz, thousands of cycles/sec) in frequency (Fay 1988, Popper et al. 1988, Schellart and Popper 1992, Fay and Popper 1999).  The only known exception is the several species, at least, of the river herrings (genus Alosa) and possibly species of closely related genera.  This exception is especially remarkable in that it extends the highest known hearing range of any fish by two orders of magnitude to well above that known for most mammals, excepting echo locating marine mammals and bats.  For the last several years evidence has accumulated that these fishes can perceive and are repelled by short-duration sinusoidal ultrasonic (higher than the human auditory maximum, about 20 kHz) clicks ranging from just over 100 kHz to at least as high as 200 kHz, fundamental frequency.


Ultrasonic sensitivity in a river herring was discovered by Dr. Boyd Kynard when, in 1982, he was hydroacoustically sampling down running (spent) adult American shad (A. sapidissima) in a canal associated with Holyoke Dam on the Connecticut River, MA.  The system he was using sampled with 161.9 kHz fundamental frequency and he noticed that shad were avoiding the beam.  Subsequent work at the site indicated that the sound field was effective at temporarily concentrating down running adults but that they would finally pass through or perhaps under the beam.  Up running (pre spawning) shad were more successfully concentrated by the sound, such that only one of 113 reported encounters of shad schools with the beam resulted in passage (Kynard and O’Leary 1990).


In 1989 net pen experiments were carried out on the upper Savannah River, GA (Nestler et al. 1992) in which captive adult blueback herring (A. aestivalis) were found to have statistically significant avoidance responses over fairly short (to 15 min.) time durations.  Results with free ranging blueback herring, monitored hydroacoustically in J. Strom Thurman Reservoir, demonstrated a reduction in fish abundance with the ultrasound stimulus on as compared with off.  Ultrasonic repulsion of blueback herring is part of an integrated system to reduce fish entrainment at Richard B. Russell Dam, a COE project on the upper Savannah River (Nestler et al. 1995; Ploskey et al. 1995).


Concurrent with the work in the Southeast, The New York Power Authority and Sonalysts, Inc. developed ultrasonic systems to repel alewife (A. pseudoharengus) from cooling water intakes at thermal power stations.  Dunning et al. (1992) and Ross et al. (1993, 1996) report successful repulsion of alewife in net pen experiments in a quarry and from intakes to James A. Fitzpatrick Nuclear Power Plant on Lake Ontario, respectively.

The repulsive effect of short sinusoidal pulses from about 100 kHz to at least 200 kHz has been reported in Alosine fishes other than the North American river herrings.  Gregory (2000) reports that the Twaite shad (A. fallax) were so impeded by the side-looking 200 kHz hydroacoustic beam that he was using to sample up migrating Atlantic salmon (Salmo salar) that he found it necessary to interrupt his sampling at intervals in order to let the shad up migration proceed.


Prompted by the industrial work, Mann et al. (1997) conducted laboratory psychoacoustic experiments involving classical conditioning of cardiac response to verify that young of the year American shad could indeed perceive pulsed sounds up to 180 kHz, the highest frequency that their equipment could produce.  Subsequently Mann et al. (1998) refined their previous experiments and determined that American shad have a bimodal audiogram.  The lower sensitivity range is similar to that found by Enger (1967) with highest sensitivity between 0.2 and 0.8 kHz (with a threshold near 100 dB re 1 μPa), declining above 1.6 kHz to very poor sensitivity (threshold over 160 dB re 1 μPa) between 3.3 and 12.5 kHz.  From 25 to 100 kHz, the highest frequency tested, thresholds were again lower (near 147 dB re 1 μPa), although still much higher than those for frequencies below 1 kHz.  Mann et al. (1998) also tested “simulated dolphin echolocation clicks” to demonstrate the possibility that ultrasound sensitivity evolved as a predator avoidance adaptation in these anadromous herrings, a notion first introduced by Nestler et al. (1992) and subsequently expanded by Alstrup (1999).

The range of fish species that are sensitive to ultrasonic pulsed sound is unknown.  The only species that has been implicated by laboratory experiments that is not one of the clupeoid fishes (herrings, anchovies, and allies) is the cod (Gadus mordhua, Alstrup and Møhl 1993), which produced classically conditioned bradycardia in response to very high amplitude (194.4 dB re 1 μPa) 38 kHz pulses.  Recently Mann et al. (2001) have recorded auditory brainstem responses to ultrasonic clicks up to 180 kHz fundamental frequency (again their equipment’s maximum frequency) from not only American shad but the closely related (Family Clupeidae, subfamily Alosinae) gulf menhaden (Brevootia patronus), a nearshore marine and estuarine species.  There was no measurable response to sounds higher than four kHz fundamental frequency   in the other Clupeoids that they tested, including the slightly more distantly related (Family Clupeidae, subfamily Clupeinae) scaled sardine (Harengula jaguanda) and Spanish sardine (Sardinella aurita) or the more distantly related Clupeoid (Family Engraulidae) bay anchovy (Anchoa mitchilli).  This suggests that the Alosine species may be exclusively or especially sensitive to ultrasonic pulses.

In net pen experiments with blueback herring Schilt (unpublished data) found that pulsed sounds of 118 kHz produced immediate aversion, the fish swimming immediately away from the direction of the sound source, with a variety of pulse durations and duty cycles.  Continuous wave stimulus produced only a small twitch at onset and for the remained of the hour-long treatments the fish distributions were not different from those of control treatments.  This suggests that the some aspect of the transient or sound envelope may enable perception or localization or motivate aversion.  Experiments by Mann et al. (1998) used five second ultrasonic “tones” that ramped up and down for a half second each at onset and at offset, respectively.  Mann et al. (2001) used “tone pips” that were Hanning window gated.  Both of these methods would reduce or eliminate transient bandwidth spreading but the responses (conditioned bradycardia and auditory brainstem response) indicate perception or otic input to the central nervous system, respectively.  The  mechanism of transduction remains unknown, although it is reasonable to suspect that it involves the gas-filled otic bulla system that is unique to the clupeomorph fishes (Blaxter et al. 1981).  The specific psychoacoustic releaser of aversion remains unknown, as does the mechanism of source location (Schilt and Escher in press).
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