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Executive Summary

A two day review of the Office of Naval Research Temporary Threshold Shift research program was held October 1-2, 2002 at the Hawaii Institute of Marine Biology (HIMB), Kaneohe, Hawaii.  An external expert panel (Appendix A) reviewed published materials and presentations by the three ONR-sponsored research groups investigating Temporary Threshold Shift (TTS) in marine mammals.  The quality of the work and its appropriateness to assessing the impact from manmade underwater sound were found to be of a high level of scientific quality and appropriate to the needs of the regulated and regulating agencies.  
The major weaknesses noted in the work to date were the small sample size and slow pace of work.  These weaknesses were not attributed to shortcomings in the investigators or their methods, but rather were ascribed to unavoidable limitations in the number of animals available for this kind of research and the expense of maintaining, training and testing marine mammals relative to the species of laboratory animals commonly used in hearing research (chinchillas, cats, small primates, etc.).  
The current data were considered insufficient at this time to support a generalized model for pinniped or delphinid cetacean TTS.  Recommendations for strengthening the data base and general models derived from that data base are listed below in approximate order of priority.  
The consensus top priority for expansion of research effort was to develop evoked potential audiometric testing capabilities for marine mammals.  The advancement of this technology would enable the program to overcome three challenges that are unlikely to be solved by current approaches: 1) speed up hearing assessments following induction of TTS to better resolve the time scale of rapid recovery from TTS, 2) increase sample sizes (numbers of individuals tested for a given species), and 3) obtain hearing data from rare or large species unlikely to be testable in any other way (e.g. baleen whales).  

The reviewers recognized that considerable progress has been made using traditional behavioral psychophysical testing methodologies, and that these methods need to remain in use for the calibration of evoked potential methods and for the generation of new data.  By placing a high priority on developing evoked potential audiometric methods, the reviewers do not wish this recommendation to be construed as reducing the importance of ongoing behavioral studies of TTS.

The top priorities for the existing TTS research protocols were seen as: 
1) Increase sample sizes wherever possible (some options were suggested).
2) Use longer exposure durations (hours) to develop more robust time-energy tradeoff models and to determine the maximum safe continuous exposure level.
3) Derive recovery functions to support models for exposure to intermittent, repeated signals.
4) Induce higher levels of TTS (15-20 dB instead of 6-10 dB) for better comparison with human and terrestrial animal TTS research data.
5) The importance of the characteristics of the TTS-inducing stimulus received mixed reviews.  Some reviewers favored systematic parametric investigation of tonal and octave band or 1/3 octave band sounds.  Other reviewers, primarily those closest to regulatory and environmental compliance issues, placed greater importance on specific signals of current interest, such as mid-range tactical military sonars and airguns used for geophysical research and exploration. 
The following topics were generally considered to be at a secondary level of importance, and are listed in approximate order of their urgency and/or relative impact on our overall understanding of TTS and related matters:

1) Approaches to estimating or directly measuring Permanent Threshold Shift (PTS).

2) Collection of data on other hearing parameters (especially equal loudness curves).

3) The frequency (Hz) at which TTS effects occur, relative to the frequency of the TTS inducing sound.

4) The frequency dependence of TTS.  In other words the shape of the TTS threshold curve relative to the threshold of audibility for the range of audible frequencies.
5) Characterization of peak and average natural sounds that animals might experience over their lifetimes, including self and conspecific sounds.

6) Anatomical and functional models of the ear and associated anatomical structures.  This includes data and models for auditory protective mechanisms such as stapedial reflexes.

7) Taxonomic issues.  Marine mammals are a diverse assemblage of taxonomic groups differing in auditory anatomy and performance. 

8) Issues associated with testing in-air versus underwater testing.

Other topics of discussion were considered of interest but were not prioritized. 

· The effects of anesthesia on hearing performance in tests for TTS, PTS.
· Auxiliary measures of the effects of noise exposure (vestibular effects, changes in heart rate or respiration, physiological measures of stress, behavior).
· Investigations to find unusually aversive types of sounds that could be used as warning stimuli for the purpose of keeping animals away from potentially more dangerous sound sources, ship traffic, fishing gear, or other hazards.
· Use of Sensation Level (SL) as a metric for expressing onset levels of TTS.

Background

Since 1995, the Office of Naval Research, in partnership with the Chief of Naval Operations (CNO N45) and Program Executive Office, Undersea Warfare (PEO USW), has sponsored three independent research projects aimed at determining  the conditions under which Temporary Threshold Shift  (TTS) is observed in marine mammals.  The research programs are located at the University of Hawaii (UH), University of California at Santa Cruz (UCSC) and the Space and Naval Warfare Systems Center in San Diego (SSC).  

On October 1 and 2, 2002 the representatives of the three programs (Appendix B) reviewed their methods, results and ideas for future research directions.  The reviewers (Appendix A) were also provided with published research reports and other relevant read-ahead materials prior to the meeting.
The purpose of the review was threefold:

· To assess the scientific quality of the work undertaken to date

· To discuss the relevance of the work in establishing policy and guidelines for manmade underwater sound

· To provide recommendations for future research in this area.

The chronology of this report began with a discussion session among the reviewers on 2 October, immediately following the review of written and orally presented information.  The convener (Dr. Gisiner) prepared draft notes of the discussion for review by participants and reviewers.  The edited draft was reviewed a second time, this time by the reviewers only.  This final report was prepared by the ONR Marine Mammal Science and Technology Program Manager on 3 February 2003 and reviewed once more for accuracy by the review team.  This review process is intended for the guidance of the ONR research program manager and should not be construed as the official policy or position of any of the government agencies, individuals or institutions involved in the review.
Assessment of Scientific Quality

The reviewers agreed that the methods adopted by the three research teams, while differing in several minor details such as period of exposure, hearing testing protocols, and TTS inducing sounds, all resulted in statistically meaningful demonstrations of Temporary Threshold Shift phenomena in five species of marine mammals: beluga or white whale (Delphinapteras leucas), bottlenose dolphin (Tursiops spp.), California sea lion (Zalophus californianus), harbor seal (Phoca vitulina) and northern elephant seal (Mirounga angustirostris).  The reviewers were unanimous in commending the proper use of controls and statistical analyses by all three research groups.  
The small number of test animals available for these research projects, the limited number of test signals investigated thus far, and the differences in duration of noise exposures in marine mammal studies relative to TTS research on humans and other non-marine animals were the chief issues leading to difficulties in comparing marine mammal data with the larger body of TTS research.  Suggestions for addressing these challenges are discussed in the Recommendations section below.
Relevance to Policy and Guidelines

While it is not the purpose of this review to evaluate or recommend how TTS data might be used in setting underwater sound policy or guidelines, the reviewers noted that TTS has played an important role in human workplace and community noise standards, and that current TTS data from the three reviewed research projects are often found in environmental compliance documents and environmental risk assessments for underwater sound sources.  One of the challenges for applying TTS data is that TTS is neither injurious (being considered more similar to a recoverable state of metabolic fatigue), nor does it necessarily correspond with disruptive aversive behavioral reactions.  The advantages of TTS are that it can be very clearly and strictly defined, can be obtained without injury to the test subjects, and bears a fairly well understood relationship to Permanent Threshold Shift (PTS), at least for terrestrial animals and humans (although the underlying metabolic and physiological relationships between TTS and PTS are still not fully understood).
At least one of the research teams (SSC) has attempted to fit the limited data from all three teams to a common model of TTS that would also account for untested interactions of sound pressure level and duration of exposure (cumulative sound energy).  Finneran et al hypothesized that the existing data for cetaceans suggest an ‘equal energy rule’ (a 3 dB increase in sound energy level would result in a halving of exposure time before TTS is observed), at least for tonal sources of durations greater than 1 second.  For impulse sounds (explosives, air guns, piledriving,etc.) SSC established an arbitrary flat criterion, but noted that the current data show greater variability than for tonal sounds, a result consistent with data for in-air impulsive sound exposures to humans and other terrestrial animals.  The data for pinnipeds were insufficient to generate a similar exposure function, but their threshold for TTS appears to be lower than the thresholds obtained for delphinids (Delphinapteras leucas and Tursiops truncatus) by UH for similar exposure periods (20-55 minutes).  Kastak (UCSC) reviewed data obtained to date from a harbor seal and suggested that a 5 dB change per halving or doubling of exposure duration might better fit the data than the 3 dB function presented by Finneran (SSC) for dolphins.  
The reviewers greatly appreciated these attempts to fit the data to a general model as a tool for hypothesis testing and refinement. However, they also cautioned that there are insufficient data at this time to allow confident application of these models to novel signal durations, frequencies or scenarios involving intermittent recurring exposures.  The Recommendations section (below) addresses suggestions for bolstering the database, which in turn would lead to a more robust general model of marine mammal TTS.
Recommendations

The following recommendations are listed in approximate order of importance.  However, since the review panel could not reasonably be expected to evaluate the cost, feasibility or level of effort required for all of the recommended actions, the order of recommendations is not necessarily a blueprint for future research investment and efforts.  The existing infrastructure of research funding agencies is expected to take care of balancing research needs with available funds, assessing the ability of the research community to undertake the recommended work, and the relative impact of a given area of research relative to the time and effort invested.
New Research Efforts

Evoked Potential Audiometry.  All three research groups have been involved in efforts to develop some form of hearing assessment that involves measuring electrical activity from the auditory nerve, auditory brainstem or cortex (hereafter referred to as Evoked Potential audiometry or EP).  One group (UH) has made extensive use of evoked potential methods for rapid testing of hearing following exposure to the TTS inducing stimulus.  
Historically, evoked potential methods tended to produce inconsistent results and were less sensitive than behavioral hearing assessment techniques.  However, recent advances in medical applications of evoked potential methods have resulted in evoked potential audiometric assessment equipment that quickly produces an audiogram very close to the output of a behavioral test, at least for humans and common laboratory audiometric test subjects.  
Transfer of recent advances in evoked potential audiometry to marine mammal applications will require some additional technology development, such as protection of equipment from rough handling in a saltwater environment and calibration for auditory systems that may differ in significant ways from humans and terrestrial animals due to adaptations for underwater hearing and the specialization of some species for active echolocation.
The reviewers were unanimous and emphatic in pressing the advantages of evoked potential audiometry to resolve a number of challenging problems facing TTS research and marine animal audiometry in general.   These include:

· Rapid assessment of TTS.  Subjects of the current TTS studies showed rapid recovery effects, with partial recovery occurring before behavioral audiometric assessment could be completed in some studies.  Typically, behavioral audiometric assessment can take 10-20 minutes or more following induction of TTS, although it was noted that the methods used by the SSC group allow for limited audiometric assessments in the great majority of cases within 2 to 4 minutes following exposure.  

· Increased sample size.  The reviewers noted that small sample sizes were an unavoidable consequence of the limited numbers of animals now under human care and available for research of this type, and the relative cost (in both time and money) of obtaining and maintaining marine mammals as compared to the cost of maintaining species commonly used in human/terrestrial animal hearing research (e.g. chinchillas, cats, small primates).   While marine mammal researchers have historically been forced to accept sample sizes of one to a few individuals as representative of a species or higher taxa (genus and family), the reviewers concluded that application of marine mammal data to public policy in the same way that human noise standards have been generated would require much larger sample sizes (ten or more individuals).   Discussions between researchers and reviewers also covered the evidence that populations of long-lived marine mammals may exhibit some of the same age and gender variance as humans in baseline hearing ability.  Formulation of species or population “hearing demographics” would also necessitate obtaining larger sample sizes from different age and sex classes of a species than can now be reasonably obtained using trained animals under human care.  Several species, like California sea lions and bottlenose dolphins are well represented in oceanaria, zoos and other captive care facilities and could thus yield sample sizes of tens or hundreds from readily available sources.  Other populations, such as the bottlenose dolphins of Sarasota Bay, have well-developed protocols for regular capture and handling of almost every member of the population and would be particularly amenable to large scale hearing testing with a population about which a great deal is known (age, sex, habitat use, and other data).  Many pinniped populations offer similar opportunities; elephant seals, Antarctic ice breeding seals, and fur seals, for example.
· Hearing assessment of rare or large species.  An unusually large proportion of marine mammal species are unlikely to ever be available for behavioral testing in a controlled environment because they are rare and endangered (e.g. many beaked whale species, vaquita) or because they are large and would have unusual feeding and care requirements (e.g. almost all baleen whales).  The only option for obtaining direct measurement of auditory function for these species may be evoked potential audiometry.  Some attempts at developing a means of field testing hearing have been tried, most notably the efforts by Sam Ridgway and colleagues at SPAWAR Systems Center San Diego to create a prototype Stranded Whale Audiometric Testing (SWAT) protocol and field equipment (Carder & Ridgway, 1994).  Other concepts, including a mobile “evoked potential audiometry tag” have been suggested, but considerable investment in technology development, testing, and calibration would be required before the technology could be broadly applied and lead to a significant impact on our understanding of TTS and other audiometric functions in marine mammals.
The relative roles for behavioral audiometric testing and evoked potential audiometry remain to be clearly delineated.  Behavioral methods capture many motivational and complex decision making processes that are a normal part of translating sensory information into behavioral response to a sound, and that is true of both trained and wild animals.  Since it is the manifestation of sensory information as behavior that most concerns us when assessing the consequences of manmade sound in the environment, it is likely that considerable comparative study of behavioral and evoked potential methods remains to be done before we can offer confident assessments of likely biological consequences from evoked potential audiometric data.
Other, High Priority

Sample Size.  While sample size issues clearly drove the importance of developing and applying evoked potential techniques, other recommendations were provided for optimizing sample size where it was most needed.  Reviewers also recommended re-sampling with the same individual and focusing on many individuals of one species (versus using the same time and resources to test one or a few individuals of several species).  

Building sample size was seen as most important where variability in data was greatest.  Baseline auditory threshold data tend to be fairly consistent and may not require as large a sample size as TTS data, where between-sample and between-individual variance may be greater than for baseline thresholds of audibility.

The group discussed the potential and challenges of building sample size by working with oceanaria and rescue/rehabilitation centers.  The potential for rotating animals to and from facilities for testing was also raised, since this practice is common for breeding loans.  Alternatively, both behavioral and evoked potential methods might be exported to more facilities through development of training materials or more hands-on “apprenticeship” programs involving exchanges of graduate students or post-doctoral and technical staff.


The importance of longitudinal studies was also emphasized, particularly for long lived marine mammals with fairly complete and detailed histories of their lives under human care.  Re-testing of older animals that have been involved in hearing testing in the past should be given consideration, since age-related loss of hearing abilities (or no decrement) would aid in constructing “typical” population hearing demographics, as for humans (e.g. Ridgway & Carder, 1997).

Signal Duration.  The reviewers noted that the short exposure times employed by SSC made comparison with human and other animal TTS difficult.  SSC employed signal durations of one second, and more recently two and four seconds.  These durations are most relevant to Navy sound sources of interest, such as sonars with short ‘ping’ durations, but are not easily comparable to human data and the standards derived from them, which were developed to assess the effects of continuous noise in the workplace or community, where exposures are more typically measured in hours or fractions of hours.  
The other two research teams (Nachtigall et al, U. Hawaii and Schusterman et al, U. of Calif., Santa Cruz) used exposure durations of 20-55 minutes, but even these durations were considered short for purposes of seeking comparison with existing TTS data.

One of the challenges to experiments using longer durations is that the test subject must remove itself from the TTS inducing sound periodically to surface and breathe.  Experimenters were able to overcome this difficulty to some extent by exerting extra effort in the training protocol to produce highly consistent and uniform station-keeping behavior by the test subjects, but this becomes increasingly difficult when exposure regimes of several hours are attempted.  The reviewers responded that workplace and community noise regimes often involve variations in the exposure level as the worker or test subject moves about in a complex acoustic environment, so striving for extreme uniformity of exposure might not be necessary in order to obtain data comparable to the data used in terrestrial noise exposure standards.  

A possible solution to the challenges of assessing actual exposures during long exposure periods might be to attach an acoustic datalogger tag or similar “dosimeter” to the animal and base observed TTS on a measured cumulative sound dosage rather than on an estimated or calculated time spent in parts of a measured but complex sound field.  One of the challenges to this approach is the extent to which an animal is able to recover from inducing effects during time spent out of the sound field or in areas of relatively low sound level (see next section on Recovery).  

The net consequence of longer exposures, accompanied as they are by reduced control of the exposure regime, is likely to be greater variance in the TTS thresholds observed for long exposures.  These difficulties are overcome in the terrestrial animal and human data sets through the use of large sample sizes to develop robust statistical confidence values.  Since large sample sizes will be harder to obtain for marine mammals, effort to reduce the effects of uncontrolled variables may be relatively more important in marine mammal studies employing longer exposure periods.

The reviewers noted that continuous safe exposure level, often referred to as “Equivalent Quiet” is a widely used value in human noise safety criteria.  For humans this is 75 dB on the A-weighted scale.  Below 75 dB humans can handle continuous exposure without TTS or more adverse effects.  Put another way, it is the energy level that the ear can process indefinitely without damage or fatigue.  A comparable level might be derived for marine mammals using the highest level of continuous exposure that fails to induce TTS over a 24 hour period.  
Recovery.  The data on TTS obtained thus far from marine mammals indicates that they recover very quickly from the low levels of TTS induced in these experimental protocols.  Both the University of Hawaii team and the UC Santa Cruz team obtained data to indicate that recovery may begin within 5 minutes of the end of exposure and full recovery may occur within less than an hour in some cases.  Since many of the underwater sound sources of interest are intermittent (e.g. airguns, sonars), generation of a recovery function is important to determining the onset and growth of TTS when full or partial recovery may occur between exposures.  
The group discussed the two recovery functions generated by Nachtigall and Supin (UH) using evoked potential methods and by Schusterman and Kastak (UCSC) using a regression technique to extrapolate onset of TTS.  The reviewers suggested that a curvilinear function may better fit the UCSC data as more data are accumulated, rather than the linear function applied in the current UCSC preliminary analysis.

As mentioned previously, duration of exposure may generate more than one exposure and recovery function, so recovery should be assessed for both short duration exposures with small TTS (e.g. SSC) and longer exposures with higher levels of TTS (e.g. UH an d UCSC, or even longer exposures recommended by the reviewers).  While short duration exposures and recovery periods appear most relevant to some underwater acoustic exposure regimes, comparability to existing human and terrestrial animal data may call for longer exposures with different recovery functions than short duration exposures.  The level of TTS induced by the exposure will also need to be considered, and is discussed in the following section.

Amount of TTS Induced.  Because testing marine mammals for TTS is new, all three research groups were conservative in the level of TTS induced.  SSC used the minimum statistically discriminable level of TTS, which was 6 dB (hearing thresholds after exposure to the inducing stimulus were 6 dB higher than thresholds tested immediately prior to exposure to the inducing stimulus).  UCSC and UH used similar methods to obtain average TTS values around 10-12 dB, although the longer exposure regimes appeared to produce greater variance in the level of TTS induced, compared to the much shorter exposures used by SSC.  
The greater variance observed by the UCSC and UH teams may be partly explained by differences in the amount of partial recovery during breathing intervals and other movements during the exposure period, a problem that will have even greater consequence for TTS assessments during longer exposure periods to the inducing stimulus (hours, as opposed to seconds or minutes).

The reviewers noted that the level of TTS used in most human and terrestrial animal research was much higher, usually 20-30 dB.  They suggested that the rapid recovery from TTS observed in marine mammal TTS studies might be a function of the low level of TTS induced, and that a different recovery function might result if greater levels of TTS were induced.  They also noted that the inconsistency of effects; sometimes appearing greatest at the exposure stimulus, sometimes at one half or a full octave higher than the test frequency, might be a consequence of the low levels of TTS induced in these marine mammal studies (see the section below on Effects Frequency).

Some participants noted that inducing higher levels of TTS presents an increased risk of PTS, since testing is limited to repeated exposures of a relatively few individuals available for testing.  When humans and terrestrial animals are tested to higher levels of TTS the same subject is not typically used in repeated studies of TTS once or more per week for periods of months or years, as is the case for marine mammal studies.
Characteristics of the TTS-inducing Stimulus.  The reviewers considered three aspects of the inducing stimulus: 1) specific relevance to an immediate sound source of interest versus parametric signals varying in specific and regular ways across the frequency spectrum, 2) signal bandwidth, and 3) impulsive sounds as a special class.

Immediate Relevance versus Systematic Exploration of the Parameter Space.  With regard to the issue of selecting “real”, possibly complex signals of interest (e.g. sonar signals, ship noise, construction noise) versus parametric examination of specified frequencies and bandwidths, the reviewers were not unanimous in assigning priority.  Reviewers tended to frame their discussions according to their backgrounds and interests: reviewers from regulatory agencies or the regulated community tended to favor immediate investigation of specific “real world” signals, whereas the academic reviewers tended to place specific signals in the context of an approach that included systematic investigation of the matrix of relevant variables (signal type, species being tested, signal duration, recovery interval, etc.).  Given the large variable space to be explored whether one favors using “real world” signals or systematically defined signals, it may be sufficient to note that decisions about signal types should reflect awareness by the decision makers of the trade-offs between immediate applicability and general relevance.  In other words, a decision to use real world signals should include an awareness of the limits to extending the data to other noise scenarios, and a decision to systematically explore the parameter space should accept that this approach might take longer than acceptable for some interested parties.  

For some species, such as bottlenose dolphins, very precise auditory filter shapes and bandwidths have been derived.  For such species any real world signal can be appropriately parceled into frequency ‘bins’ that pretty accurately reflect the real processing of acoustic energy by the ear.  However, for other species there are little or no data on auditory filtering and assumptions used for human and general mammalian hearing, such as 1/3 octave bands, may or may not be appropriate for determining when a particular sound might exceed TTS thresholds within a given frequency band.

It has also been suggested that some very loud tonal sources with rapid ‘ramp-up’ to full power (e.g. tactical military sonars) may have effects similar to impulse waveforms, at least at close ranges.   While the SSC team have been able to generate test tones emulating such sonar pings up to 200 dB re 1 ( Pa in pools (a level that would represent a fairly close approach to a sonar pinging at full power), this hypothesis may require direct testing with a sound source of comparable power and signal type to an operational tactical antisubmarine sonar (e.g SSQ-53C).  The SSC group did a preliminary feasibility test using a ship-mounted military tactical sonar as a TTS test source, but further data collection has been delayed for lack of funds and uncertainty whether direct tests with a unique sound source will yield results differing appreciably from existing data and interpolations from parametric research sound sources at approximately the same frequency.

Signal Bandwidth.  The reviewers discussed the potential significance of signal bandwidth on observed TTS effects, however no specific direction was offered by the reviewers.  Those reviewers most familiar with the human and terrestrial animal literature tended not to assign much significance to signal bandwidth, but did note that octave band or 1/3 octave band signals were used much more often than pure tones (nominal 1 or 2 Hz signal bandwidth).  


Impulse Sounds.  Impulse sounds present similar problems.  Impulse sounds, because they are irregular, non-sinusoidal waveforms and usually of very short duration, are often represented as containing energy in a very broad range of frequencies, often exceeding one or more octaves.  Their effects tend to be more variable than the effects of tonal sounds, both in terms of which frequency bands are affected in the inner ear, and in terms of variance between individuals or even within an individual from event to event.  In addition, it is not clear whether the variance seen in experimental results is caused by variance in the effects of the sound or by variance in the actual exposure regime.  Uncertainty about the exposure regime is due to the challenges of sound field control and acoustic event measurement when impulsive sounds are used.  
The data on impulse sounds obtained thus far by the SSC group are consistent with the general tendency for impulse sounds to generate more variable TTS effects than tonal sounds.  The greater variance in results from impulse sound sources indicates that it may be difficult to generate different TTS functions for different impulse sources, e.g. for air guns versus water guns, or even different types of explosives with different time/energy functions.  At present the SSC group has adopted a uniform threshold for all impulsive sounds at about the same TTS onset threshold as most of the 1 second duration tonal signals.  It is not clear at this time whether additional testing of specific impulse sources would bring further clarity or statistical confidence to TTS threshold values for impulsive sounds.
Secondary Priority

The assignment of the following discussions to a secondary level of importance should not be overemphasized.  There was no clear division between the two classes of priorities.  However, the reviewers recognized that users of this document would appreciate a more manageable list of immediately relevant recommendations (the five items listed above), followed by other important discussions having relatively less impact on the work being reviewed.
Permanent Threshold Shift.  There are considerable benefits to scientific knowledge about the upper limits of safe noise exposure which can only be obtained from direct measurement of PTS.  These include quantitative relationships between TTS and PTS (in humans TTS above 40 dB is likely to induce some PTS), as well as absolute thresholds for PTS and other permanent hearing damage/injury (which would be a much more appropriate metric for current legal/regulatory language than would TTS), and, finally, comparison with other damaging effects from sound (e.g. middle ear and tympanic damage, tissue and air space resonance, damage from acoustic energy and shock waves from explosions).  

However, current legal and ethical standards for marine mammal husbandry and research make deliberate induction of PTS in marine mammals an unlikely candidate for study.  For the sake of thoroughness the group explored all options and creative solutions for obtaining data with such obvious relevance and importance.  Among the alternatives explored were testing of anesthetized animals that were to be humanely euthanized because of unmitigatable pain or illness and injury (e.g. severely injured stranded animals, animals under human care which have developed inoperable cancers, untreatable symptoms of aging, etc.).  This alternative requires an assessment of the effects of anesthesia on hearing system performance (see Effects of Anesthesia, p. 21).  

Another alternative suggestion was the use of an acceptable laboratory animal model for marine mammals.  Acceptability as a model would depend on some exploration of anatomical and functional similarities between various types of marine mammal ears and a nominal terrestrial animal model.  For example, dogs or cats might make an acceptable terrestrial animal model for pinnipeds, but would not be appropriate for comparison with dolphins or other cetaceans.  This analysis would also need to include the relative acceptability of the model animal for a study involving injury (PTS) or even mortality (if microscopic examination of the ear was desired after testing) relative to the anticipated benefit to the management of manmade noise in the aquatic environment.  

Work has also begun on creating sophisticated mathematical models of marine mammal ears and associated anatomy.  If these models prove capable of predicting effects observed in various cadaver studies and nondamaging hearing studies (e.g. TTS, masking, auditory threshold) then their ability to predict PTS might find general acceptance in the absence of direct data.  
Other Hearing Parameters, Equal Loudness Curves.  The desirability of auditory (frequency) filter data is discussed in the section on Characteristics of Inducing Stimuli (above).  These data are relatively straightforward to obtain by standard behavioral methods for determining critical bandwidth.  Similar tests can be used to determine not only frequency-dependent masking effects but temporal masking.  A full discussion of how such data are combined into what is often called “auditory scene analysis” is beyond the scope of this review.  However, a more informed assessment of actual effects from “noise” (sound other than the signal of interest) requires knowledge of more than relative loudness of the two sounds.  Animals, including marine mammals, employ a variety of information processing tools, including the direction of the signal, its time-frequency structure, and differential sensitivities to specific sound qualities of high interest to pick signals of interest out of noise, including manmade noise.  While basic metrics of hearing ability, such as minimum threshold of audibility and upper limits of TTS and PTS help us bound the problem somewhat, more realistic measures of signal masking or attraction/repulsion will depend on other measures like those described above.


Equal loudness curves are widely used in human noise standards to weight actual absolute sound levels to a perceived level that is more relevant to the ear and behavior of the receiver.  For humans, A-weighting or similar weighting functions are used to assess a given signal for its likely impact on the human receiver.  Similar weighting functions would be desirable for marine mammals, especially since many marine mammals appear to possess unusual sensitivities or processing specializations associated with echolocation (biosonar).  However, it is not as easy to obtain a subjective assessment of loudness from a nonverbal animal as it is from a human.  Evoked potential audiometry provides one potential measure, in that response amplitudes (in microvolts) roughly approximate perceived loudness.  The SSC group and others have noted that response latency, that is the delay between test signal and vocal response, decreases with perceived loudness.  That is, the longest delays in responding occur for signals that are barely audible, while the shortest delays measured to date occur for signals that are 60 to 90 dB above threshold.  It should also be noted, however, that EP response latencies tend to asymptote at the loudest exposures, and thus might not provide a complete picture of relative preceived loudness scaling across the range of noninjurious sound amplitudes.  Other psychophysical methods are also available for testing relative loudness, but as discussed earlier these methods would require a considerable investment of time and effort to obtain statistically “solid” equal loudness curves.

Effect Frequency (Relative to Exposure Frequency).   Studies of TTS in humans and terrestrial animals often found greater TTS effects one octave to one-half octave higher in frequency than the inducing stimulus.  This effect has been inconsistently observed in the marine mammal TTS studies.  The reviewers indicated that a greater level of TTS (20 dB or more) may be required to consistently produce this effect.  In addition, loud low frequency sounds or impulse sounds with most of their energy at low frequencies may produce effects at frequencies several octaves above the inducing stimulus.  This is thought to occur because of the immediate displacement effects by impulse and loud low frequency sounds at the proximal end of the cochlea, which is where high frequency sensing normally occurs.  

TTS effects at half or full octaves above the inducing stimulus were discussed.  The early results of the SPAWAR Systems Center group found that most shifts occurred at ½ octave above the fatiguing stimulus frequency.  As a consequence, the current tests used by the SSC group are at ½-octave above the fatiguing stimulus frequency (4.5 kHz hearing test after a 3 kHz exposure).   The University of Hawaii group saw the greatest effects one octave above the inducing stimulus, which is consistent with TTS effects observed in humans and other terrestrial animals.  The difference in results may be a consequence of the higher levels of TTS induced by the longer exposures used by the University of Hawaii group, and/or by the difference in inducing stimulus frequency bandwidth.  The SSC group used narrow band tones of a nominal 1 Hz bandwidth, whereas both the University of Hawaii and the UC Santa Cruz groups used full octave bands of whitened noise (also see discussion of Characteristics of the TTS-inducing Stimulus, above).

Ideally, one would perform a complete audiogram after each TTS inducing stimulus in order to cover all possible effects.  However, current behavioral methods for marine mammals and the short duration of the small TTS effects being induced do not allow enough time for a complete audiogram.   Evoked potential testing methods could speed auditory testing, making it possible to do a complete audiogram during each phase of the testing protocol, or at least enable more rapid testing for an octave or more around the test stimulus frequency.  Current evoked potential testing methods for marine mammals are not as rapid as the highly automated medical testing equipment used for human evoked potential audiometry.  Therefore, some recovery effects might still occur in the time span required for evoked potential assessment of multiple frequencies following a TTS-inducing stimulus. 

Alternatively, the researchers and reviewers discussed techniques for shortening test time, such as accepting five reversals for establishing a threshold instead of waiting for ten reversals, or using vocal behavioral responses instead of mechanical responses (e.g. paddle press).  Substitution of a vocal response for a mechanical response has been used by the SSC group since 1995 as part of their standard testing protocol.  Time-saving changes to the behavioral test protocol might at least enable regular testing at the test frequency and one or two other steps one-half to one octave higher in frequency, where TTS effects are most likely to be anticipated.

The fact that many marine mammals possess specializations for active echolocation (biosonar) creates an additional challenge.  Preliminary testing by the UH group using evoked potential methods with echolocating dolphins indicates that the outgoing echolocation signal may suppress  receptivity to some sounds while potentiating sensitivity to the returning echo.  Thus data on TTS and other hearing effects (e.g. masking) obtained from a passive non-echolocating animal might differ from the observed effects on an actively echolocating individual.  The University of Hawaii group has suggested a TTS protocol that would involve an active echolocation task in place of a passive signal detection task used in standard TTS testing.  A related effect suggested by earlier studies at SSC is that the frequency structure of the outgoing echolocation signals may change with high frequency hearing loss, since this has been observed in older male dophins with known high frequency hearing degradation (presumably associated with normal aging processes).  Differences in the outgoing echolocation signals would presumably affect echolocation-related hearing sensitivity (e.g. an animal that consistently uses very high frequency echolocation signals with a peak frequency around 80-100 kHz might be more sensitive to a 30 kH test tone than an animal that consistently uses echolocation signals with a peak frequency around 30-60 kHz).
Frequency Dependence of TTS (“The TTS Curve”).  At present there are insufficient data to indicate whether the TTS threshold varies with frequency, as it does for terrestrial mammals.   The purpose of using a range of frequencies is to generate a TTS threshold curve, just as one would generate an auditory threshold curve.  Both auditory threshold and TTS onset tend to be greatest at the lowest and highest frequencies of audibility, but the shapes of the two curves are not identical and must be measured separately. 
The SSC team has tested a variety of signals, including at least three types of impulsive signals (water gun, spark gap or plasma arc cavitation device, and a simulator of distant explosive sound sources), plus tonal sources at 400 Hz, 3 kHz, 10 kHz, 20 kHz and 75 kHz.  Both the UH and UCSC teams have used a single octave band signal to date; UH used an octave band signal centered at 7500 Hz for testing dolphins, whereas UCSC used an octave band signal centered at 2500 Hz for testing pinnipeds.  Both the researchers and reviewers agreed that there was a need to test a greater range of frequencies, especially at the higher end of the test subjects’ hearing range.  In dolphins this could range between 30 and 150 kHz and in pinnipeds this could range from 15 to 60 kHz.  

Thus far the SSC  group has not observed any statistically discriminable difference in TTS onset at 3 kHz relative to onset at frequencies of greater auditory sensitivity for dolphins (10, 20, 75 kHz), but that may be an effect of the low levels of TTS induced, the short duration of the inducing stimulus, or some combination of variables not yet clearly understood.  The SSC group also did not see any shift at 400 Hz at the highest level tested (193 dB), although actual TTS thresholds could not be generated because the available sound sources could not generate received levels greater than 193 dB at 400 Hz.   Their data at 75 kHz were also inconclusive – a shift was observed after exposure to 182 dB by one subject, but they were unable to obtain shifts in the same or another animal after higher level exposures.

Characterization of Natural or Baseline Noise Regimes.  Because animal ears are typically expected to be adapted to the normal dynamic range of sounds encountered in the natural environment, the group considered the idea of compiling data on peak loudnesses of self-sounds (e.g. echolocation clicks, barking by male sea lions, etc.), peak loudnesses of sounds emitted by nearby conspecifics during social interactions, and loud common environmental sounds (wind and wave noise, underwater earthquakes, lightning strikes, etc.).  
This was not considered a particularly high priority because we have the means to obtain direct measures of many important hearing functions, including TTS, and because we can anticipate that there will be some “fuzziness” in the interaction of the auditory system and the environment.  In other words, the organism doesn’t exist to optimize hearing function above all other processes and may therefore be expected to “accept” some degree of natural attrition from conspecific and environmental noise damage.  
The challenge would be to quantify normal baseline hearing-related “insults” (PTS, TTS, masking,etc.) that could be reasonably attributable to the natural variance in individual auditory system robustness interacting with variability in natural noise regimes encountered by individual animals over the course of their lives.  If such an assessment could be compiled, then one could conceivably infer the added burden from manmade, and therefore controllable, sources of environmental noise.


A related and possibly relevant effort is the National Research Council Ocean Studies Board (NRC OSB) review of ocean ambient noise level data.  The NRC OSB report was released on 10 February 2003 and is available through the  National Academy Press website; http://www.nap.edu/catalog/10564.html ).  Being able to benchmark ambient noise levels throughout the world’s oceans, and to separate the various contributors to ambient noise, would enable a variety of comparative approaches for assessing if and how the addition of manmade noise adversely affects hearing or hearing-mediated behavior of marine animals.

Anatomical Studies and Mathematical Modeling.  Considerable benefit to our understanding of TTS and PTS could come from anatomical studies of wild and captive animals.  The ears of several marine mammals that have been hearing research subjects have been preserved for post-mortem investigation of changes in their hearing performance that were recorded over their lifetimes (e.g. male high frequency hearing loss with age).  Comparative examination of the ears of stranded animals is beginning to provide an understanding of the relative occurrence of hearing loss due to aging, disease, mechanical injury and other “natural” causes as a baseline for discovery of effects uniquely associated with manmade sound, and for general understanding of marine mammal auditory function.  For this reason, several members of the group advocated increased effort in seeking out and properly collecting the ears, or entire temporal bone complex for inclusion in national stranding program tissue banks like the NOAA Fisheries National Tissue Data Bank.


An additional, controlled experimental use has been made of post-mortem materials by Dr. Darlene Ketten of Woods Hole Oceanographic Institution.  Dr. Ketten has been using cadaver specimens from strandings and fishery bycatch to assess the anatomical effects of underwater explosions.  This same protocol could be adopted for loud tonal sound sources as well as impulse sound sources.  While such studies provide limited information about noninjurious effects such as TTS or masking, they do provide data about mechanical properties down to the microscopic scale and can provide useful data for a mathematical model of auditory system function.


Some work in mathematical modeling of hearing mechanical and signal processing functions has been initiated by the ONR Marine Mammal S&T Program.  This work leverages a considerably greater effort by many organizations, including ONR, to model human auditory functions.  For example, Finite Element (FE) and similar mathematical models based on the geometry and mechanical properties of tissues are in the early stages of development by a number of investigators.  If the models are able to replicate known performance characteristics of marine mammal auditory systems, such as baseline auditory thresholds, frequency bandpass filter functions and sites of mechanical failure from pressure pulses then model predictions of phenomena like PTS or TTS might be accepted in lieu of directly obtained data, especially when directly obtained data might be too difficult to obtain or might carry unacceptable costs (e.g. lethal testing).

Taxonomic Considerations.  The marine mammals are a diverse collection of mammalian evolutionary paths that led back to the sea.  The pinnipeds are relatively recent returnees to a marine environment, and are perhaps best characterized as amphibious carnivores, since they still must breed on land or ice, have relatively carnivore-like heterodont dentition, and are covered with hair or fur.  Yet even within the pinnipeds there are two very different groups, phocids and otariids, which show a number of anatomical differences, and auditory anatomy is one of the most striking differences between phocids and otariids.  Cetaceans have a much longer history in the marine environment and show it in many ways, including auditory anatomy.  Yet despite their long time as fully aquatic animals, cetaceans still possess the ossicular chain of bones in the middle ear that are used by terrestrial mammals to amplify weak airborne sounds to the much denser fluids of the inner ear.  We still do not know if this ossicular chain continues to perform any such sound transducing role for cetaceans or whether a more direct seawater to inner ear fluid route has been developed to replace the ancestral mammalian middle ear function.  The ossicles are still there, they seem to have some functional “purpose”, but even this basic aspect of auditory functional anatomy is a source of uncertainty when we seek to compare cetaceans with better known terrestrial ears, or even when we seek to compare one cetacean group to another with different middle ear anatomy.


Several people have attempted to capture these taxonomic differences in creating major classes of “ear types” based on anatomy, most notably Darlene Ketten (1994).  The species available for direct behavioral testing, mentioned previously, represent only two of the four or five categories most commonly used (delphinids and pinnipeds, but not baleen whales, phocoenids, or sirenians).  Even within the two taxa that have been studied there may be differences.  The pinnipeds studied by the UCSC group indicate possible nontrivial differences between otariids (sea lions and fur seals) and phocids (“true” seals), and possibly even within the phocids the deep diving elephant seal may exhibit important hearing differences from the harbor seal and related phocine seals.


The reviewers encouraged thinking about “new” species that could be brought into a lab setting and trained for behavioral testing.  The most likely new species that would represent key taxonomic additions include:

· monk seals (monachine seals are considered an ancestral generalist type of seal most closely related to elephant seals and Antarctic ice breeding seals),

· harbor porpoises (phocoenids differ from delphinids in several anatomical features assumed to be related to echolocation and hearing), 

· pygmy sperm whales (with ears more attached to their skulls than the delphinoids as well as very high frequency echolocation pulses of 130 kHz or so with apparently matching hearing sensitivity), and 

· any of the several species of beaked whales (beaked whales are toothed whales, more related to dolphins and porpoises than to baleen whales, but possessing many unusual anatomical and ecological differences).  

· River dolphins and walruses also represent taxonomic differences from species already tested, but were not quite as high in priority.  

· Manatees and dugongs are another group that are represented in captivity (mainly the smaller manatees) and have had some audiometric testing.  They were not given a high priority because they have had prior audiometric testing, and because they tend to inhabit shallow and estuarine waters where a combination of factors make for a unique manmade noise regime relative to that experienced by most other marine mammals.  

· The one major taxon with little likelihood of being tested behaviorally is the baleen whales, which are generally considered low frequency hearing specialists.  Evoked potential audiometry may be the only means of getting hearing data for this group of marine mammals, without behavioral audiometry to calibrate and confirm the evoked potential data.

In-Air versus Underwater Testing.  Some species of marine mammals are amphibious (e.g. pinnipeds) and may possess adaptations that enable both good in-air and underwater hearing.  Schusterman and his colleagues have provided a number of excellent reviews of pinniped in-air and underwater sensory abilities.  A recent study by Kastak and Schusterman (2002), with assistance by colleagues at SSC indicates that sea lions may experience reduced hearing sensitivity with increasing dive depth, particularly for higher frequencies.  The most widely accepted hypothesis for this effect is compression of airspaces in the middle ear, though this hypothesis has not yet been fully tested.  Similar tests by Ridgway and colleagues, using beluga whales, found no such pressure/depth effect on hearing to a depth of 300 meters (Ridgway et al, 1997).   We still do not know whether phocid seals, particularly deep diving seals like elephant seals, will show the same depth-dependent changes to hearing as sea lions.

If we know the depth dependent function for changes in hearing sensitivity we could test in air and perhaps avoid some of the challenges of testing in water.  Schusterman et al have found that testing sea lions in air in an anechoic sound booth similar to those used for human testing resulted in sea lion auditory thresholds that were 6 dB or more below previously obtained open air thresholds obtained from the same individuals.  Thus, use of in-air testing in special test chambers would also provide an environment comparable to the one in which human and terrestrial animal TTS data were derived, and in which TTS effects are more likely to be detected and accurately gauged against comparably obtained pre-TTS baseline levels.  

Use of special test chambers (in air) would also place the animals in a more uniform acoustic environment during longer exposure regimes, without the need to correct for ‘breathing breaks’.  In-air testing of dolphins, as well as pinnipeds, is not logistically impossible: dolphins can be maintained safely and comfortable out of water for many hours if kept wet, cool and adequately supported.  Sound can be provided to the inner ear via contact hydrophones on the jaw, the site where underwater sound is believed to be transduced to the inner ear via specialized acoustic fats in the jaw and temporal area.  The animal would then be experiencing a uniform sound exposure over long periods of time without interruptions for breathing.

Despite these advantages for in-air testing, the reviewers generally did not consider the interruption of sound exposure in underwater testing to be a major problem and did not see a high level of need for a major effort to develop in-air testing facilities and then duplicate a considerable body of existing ‘free-field’ work to enable comparison of in-air test results with existing underwater test data.  The effect of breathing “breaks” on TTS growth could also be addressed by studies to determine Recovery Effects (see the appropriate section, above), with less time and effort than developing in-air testing capabilities.  
However the reviewers did appreciate that evoked potential audiometry with trained or stranded animals while the animals were out of the water would require calibration of the contact phones used to deliver test signals to ears with different in-air and underwater sound transduction pathways.  Head mapping for best frequency transduction of different parts of the head and jaw has been done for some delphinid species and would be useful for optimizing contact phone position when and if in-air audiometric testing was used.
Related Issues

Effects of Anesthesia.  Anesthesia is a common tool for mitigating pain and aversive behavioral responses in a variety of animal testing protocols.  In the present context anesthesia might be employed during PTS testing of animals prior to humane euthanasia of ill or injured animals.  Anesthesia might also be employed during handling of large or potentially dangerous wild animals during evoked potential audiometry, or for prolonged testing in a uniform sound field where animal movements might confound test results (also see the discussion of Signal Duration, p. 9).   Anesthesia in marine mammals poses unique problems because marine mammals tend to experience respiratory and cardiac depression in response to many common anesthetics.  Marine mammal researchers and veterinarians have perfected a variety of alternative immobilizing and anesthetic agents, but there is still probably a greater risk of mortality from immobilization and anesthesia than for most terrestrial animals.

Furthermore, there are some hearing processes that cannot be tested with an anesthetized animal; for example, tests of effects from impulse sound would probably yield different results because stapedial muscular reflexes and other hearing protective mechanisms for sudden loud sound would not be activated in an anesthetized animal.  Anesthesia has been used frequently in terrestrial animal testing of TTS and similar auditory functions with no apparent difference in outcome from unanesthetized animals.  Limited data from audiometric testing of an anesthetized harbor seal suggest that auditory function as measure by evoked potential methods was not altered.  

Use of anesthetized animals for some kinds of hearing tests, including TTS and PTS, thus appears feasible, if good consensus is reached on the desirability of potential benefits relative to the risks associated with this methodology when used with marine mammals.

Accessory Measures (Behavioral Aversion, Vestibular Effects, etc.).  TTS testing presents opportunities to assess other measures of acoustic effect such as behavioral aversion, nystagmus or other indications of vestibular system effects, changes in heart rate or respiratory pattern, indicators of physiological stress in circulatory immune function indicators (e.g. catecholamines).  There was some uncertainty about whether nystagmus was frequently observed in TTS studies generally, or whether it was most commonly associated with louder sounds.  The SSC team has been looking at  indicators of acute physiological stress and have not found health changes.  This and other indicators such as behavior may be subject to habituation effects and need to be monitored regularly from the initiation of testing in order to determine the magnitude of effect when the sounds and testing protocol are novel, and to chart habituation or sensitization effects over time.
Designing Warning Signals.  This topic emerged as both a potential by-product of the TTS testing regime, and as a means of mitigating potential TTS from loud sound sources by using a less loud aversive sound to repel animals.  The concepts behind the idea of an aversive warning signal are well understood and well-researched.  The sirens of ambulances and the deer whistles used on cars in rural and suburban areas are two implementations of aversive sounds used as ‘attention-getters’ to alert the receiver to a potentially more dangerous situation (a rapidly approaching large vehicle).  Similar acoustic devices have been tried with various fisheries to reduce entanglement and drowning of marine mammals, with mixed results (e.g. Mate and Harvey, 1987; Cox et al, 2001).

All three research groups reported variable levels of aversive behavior associated with inducing stimuli.  Sounds that produced unusual levels of aversive behavior might indicate characteristics other than loudness that the animals find particularly aversive.  For example, there is considerable data to indicate that certain amplitude modulated sounds are disproportionally aversive to humans and some animals, probably because they are especially effective at interfering with speech or other signals important to the receiver.   While deliberately exposing animals to aversive signals is not likely to meet with widespread support, the potential for discovering an effective warning signal for reducing more dangerous encounters might counterbalance the negative aspects of this line of investigation, and was thus considering worthy of consideration and discussion.
Measurement Units.   One group (UCSC) chose to use a measure that has been used historically in the behavioral psychophysics literature; Sensation Level (abbreviated as SL).  Their rationale for using the SL measure was to facilitate comparison of the dynamic range between onset of TTS and the threshold of audibility when the threshold of audibility might vary in its absolute level between individuals, between species, or even for the same individual between trials.  They felt that use of an absolute value for a TTS-inducing Sound Pressure Level (SPL), such as 195 dB re 1 microPascal, might obscure the relationship between an exposure level that induces TTS and a subject’s baseline hearing threshold, which could conceivably be the difference between 195 dB and 100 dB in one case (95 dB SL) and 195 dB and 40 dB in another case (155 dB SL).  

This practice is probably most accepted when the absolute values of audibility are very well known by the community reading a report using SL.  For example the use of SL for humans, when the human audiometric research and noise regulatory communities are very well acquainted with absolute human audiometric values, does indeed provide a convenient shorthand for benchmarking TTS or other measures of hearing dynamics to a well-known referent.  However, since the comparable data for marine mammals are not well known to otherwise expert readers, let alone to most regulatory agency staff or the public, it is only reasonable to provide both absolute units (e.g. dB re some ANSI referent) as well as relative units (SL).

For exactly the reasons stated above, the use of SL by the UCSC group was also confusing to many of the reviewers who were not familiar with the typical auditory baseline of the species under discussion and could not readily convert the SL values to some other more familiar measure for ready comparison to other data sets (e.g. dB re 1 microPascal Sound Pressure Level).  The reviewers therefore requested that the use of SL always be accompanied by a more familiar and commonly shared unit such as SEL or SPL.    
Reviewers familiar with the scientific study of ocean acoustics and the central role played in that field by the sonar equation also noted that SL is used in all variants of the sonar equation to denote Source Level.  Use of SL as shorthand for Sensation Level in a context in which sound propagation in the ambient environment is also being discussed could lead to confusion between Source Level (sonar equation) and Sensation Level (a biologically relevant measure of relative amplitude).   
For these reasons the reviewers recommend that the use of Sensation Level and its shorthand version, SL, be confined to specific discussions in which a point is best made by comparing the relative ranges between TTS level and threshold of audibility; for example, when comparing the amount of acoustic energy above threshold that would be required to induce TTS in a dolphin versus a sea lion.  And even in those cases, the reviewers recommend that conventional units be provided as well, in order to facilitate reference with known, commonly used metrics for sound in general.
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Appendix A: Reviewers

Dr. Roger Gentry of NOAA Fisheries Office of Protected Resources, MD, completed a Master’s degree in 1966 in marine mammal acoustics, a Ph. D in animal behavior at the University of California, Santa Cruz in 1970, and a postdoctoral fellowship in behavior at the University of Adelaide, South Australia before working as a fur seal biologist at the National Marine Mammal Laboratory in Seattle from 1974 to 1997.  There he conducted field research on whales, penguins and many species of seals, helped pioneer the use of Time-Depth recorders, and published two books and numerous journal articles.  He began working on acoustic issues for the Office of Protected Resources in 1995.  He develops acoustic standards for marine mammals, deals with regulatory and policy issues that follow from them, funds research, and sponsors workshops.  His areas of expertise include behavioral ecology of marine mammals, foraging ecology and instrumentation, the biology of sea lions and fur seals, and hearing and the effects of noise on marine mammals.    

Dr. Roger P. Hamernik is Professor of Communication Science & Physics and Director in the Auditory Research Laboratory at the College at Plattsburgh. Since arriving at Plattsburgh in January 1986, Dr. Hamernik has established the Auditory Research Laboratory as a nationally and internationally recognized leader in hearing research. Over the past sixteen years Dr. Hamernik has received 18 grants and contracts from the National Institute of Occupational Safety and Health (studying the effects of industrial noise exposure) and the U.S. Army Medical Research Development Command (studying the effects of sudden blast trauma) and other non-federal sponsors valued at over $7 million. The co-author of six books and over 100 papers in his career, he has also served on the Board of Directors of the International Society for Complex Environmental Studies (ISCES), a member of the International Commission on the Biological Effects of Noise, and a member of the national Academy of Sciences Committee on Hearing and Bio Acoustics, Working Group on Hazardous Exposure to Impulse Noise. Teacher, scholar, researcher, Dr. Hamernik contributes to the research and learning environment at Plattsburgh and beyond.

Dr. Don Nielsen of St. Louis, MO, received his BA in Psychology from the University of Cincinnati in 1963, and subsequently received his M.A. and Ph.D. in Experimental Psychology from Wayne State University in 1967 and 1968 respectively.  He was a Postdoctoral Fellow, National Institutes of Health Special Fellow and faculty member at the University of Florida.  Then he became Director of the Otological Research Laboratories at Henry Ford Hospital in Detroit, followed by Executive Vice President for Research at the House Ear Institute in Los Angeles and most recently Executive Director of the Central Institute for the Deaf and simultaneously Chairman of Speech and Hearing at Washington University, both in St. Louis.  He has held faculty appointments in Psychology, Speech and Hearing, Bioengineering and Otolaryngology.
Dr. Nielsen is broadly trained in hearing science and has co-authored an introductory text and published papers in psychoacoustics, physiological acoustics and microanatomy of the ear.  His interests and expertise range from prosthetic devices for the deaf to micromechanics of the inner ear. A focus of his research and publications is the effects of noise on hearing with emphasis on determining an appropriate animal model for noise research.  His research has been funded by National Institutes of Health, National Institute of Occupational Safety and Health and private foundations.

Dr. Frank Stone of the Marine Mammal S&T Acquisition Program, Chief of Naval Operations Environmental Health & Safety Command (N45) is the Living Marine Resources program manager and the resource sponsor for Navy’s Living Marine Resources Research and Development (LMRR&D) program in the Office of the Chief of Naval Operations, Environmental Readiness Division, CNO (N45).  Within the larger LMRR&D program is the Marine Mammal Compliance Program.  This unique Navy R&D program is investing in projects that will provide the scientific basis to make decisions protecting living marine resources, while at the same time affording realistic training of United States Navy fleet units.  His initiatives include testing the feasibility of using the Navy’s expertise in understanding underwater acoustics for practical use in determining the location and abundance of vocalizing marine mammals.  He received his Ph.D. from the University of Virginia and is an adjunct professor in the Graduate School of Arts and Sciences.
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