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The National Academy of Sciences is a private, nonprofit, self-
perpetuating society of distinguished scholars engaged in scientific
and engineering research, dedicated to the furtherance of science and
technology and to their use for the general welfare. Upon the au-
thority of the charter granted to it by the Congress in 1863, the Acad-
emy has a mandate that requires it to advise the federal government
on scientific and technical matters. Dr. Bruce M. Alberts is president
of the National Academy of Sciences.

The National Academy of Engineering was established in 1964,
under the charter of the National Academy of Sciences, as a parallel
organization of outstanding engineers. It is autonomous in its ad-
ministration and in the selection of its members, sharing with the
National Academy of Sciences the responsibility for advising the fed-
eral government. The National Academy of Engineering also spon-
sors engineering programs aimed at meeting national needs, encour-
ages education and research, and recognizes the superior achievements
of engineers. Dr. Robert M. White is president of the National Acad-
emy of Engineering.

The Institute of Medicine was established in 1970 by the National
Academy of Sciences to secure the services of eminent members of
appropriate professions in the examination of policy matters pertain-
ing to the health of the public. The Institute acts under the responsi-
bility given to the National Academy of Sciences by its congressional
charter to be an adviser to the federal government and, upon its own
initiative, to identify issues of medical care, research, and education.
Dr. Kenneth L. Shine is the president of the Institute of Medicine.

The National Research Council was organized by the National
Academy of Sciences in 1916 to associate the broad community of
science and technology with the Academy’s purposes of furthering
knowledge and advising the federal government. Functioning in ac-
cordance with general policies determined by the Academy, the Council
has become the principal operating agency of both the National Academy
of Sciences and the National Academy of Engineering in providing
services to the government, the public, and the scientific and engi-
neering communities. The Council is administered jointly by both
Academies and the Institute of Medicine. Dr. Bruce M. Alberts and
Dr. Robert M. White are chairman and vice chairman, respectively, of
the National Research Council.




Preface

By passage of the Marine Mammal Protection Act (MMPA) of 1972,
the United States acknowledged through public policy that marine
mammals are a valuable national resource to be protected. Various
human activities affect marine mammals and such activities are be-
ing discussed as part of the national debate during the reauthoriza-
tion of the MMPA. A crucial element in the debate is the conflicting
demands of protecting and conserving marine mammals versus al-
lowing human activities that are considered important to the nation
but that might affect marine mammals.

In particular, the issue of whether and how low-frequency sound
might affect marine mammals has escalated to national attention be-
cause of a proposal to repeatedly measure the speed of sound in the
ocean over time to determine if the ocean and the global atmosphere
are warming. The Acoustic Thermometry of Ocean Climate (ATOC)
project proposes to use low-frequency sound along long-distance un-
dersea paths. This is an important issue because ocean scientists
employ low-frequency sound in: geophysics research, to determine
the structure of the ocean sediment and crust; ocean acoustic tomography,
to study three dimensional structure of the water column over dis-
tances from 100-1000 km; ocean acoustics, to study the acoustical prop-
erties of the ocean such as propagation in ocean waves and reflec-
tions from the surface and bottom of the sea; and biological oceanography,

vii



viil PREFACE

to study marine organisms such as populations in the deep scattering
layers.

In 1992, the National Research Council (NRC) established a Com-
mittee on Low-Frequency Sound and Marine Mammals under the aus-
pices of the NRC Ocean Studies Board. The committee was chaired by
Dr. David M. Green and included a range of expertise: marine mam-
mal behavior and vocalizations, marine mammal physiology, marine
mammal bioacoustics, fish bioacoustics, marine ecology, underwater
acoustics, and human hearing.

This report is comprehensive and timely, contributing important
information relevant to the current debate about the potential effects
of low-frequency sound on marine mammals. As the public discus-
sion intensifies, this report serves as an objective review of the cur-
rent state of knowledge on this subject, recommends changes in the
regulatory process to improve acquisition of scientific knowledge (not
just about marine mammals but also about the ocean and Earth), and
also proposes experiments that should provide the needed informa-
tion to evaluate the effects of intense low-frequency sounds on a
variety of marine mammals and their major prey.

William J. Merrell
Chairman, Ocean Studies Board
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Executive Summary

In 1992, the Committee on Low-Frequency Sound and Marine Mam-
mals was established under the auspices of the Ocean Studies Board
of the National Research Council. The committee’s charges were to
review the current state of knowledge and ongoing research on the
effects of low-frequency [1 to 1,000 hertz (Hz)] sound on marine mammals
and to advise the sponsors of the report about the effects of low-
frequency sound on marine mammals. In addition, the committee
was asked to consider the trade-offs between the benefits of under-
water sound as a research tool and the possibility of its having harm-
ful effects on marine mammals.

LIMITATIONS OF CURRENT KNOWLEDGE

Data on the effects of low-frequency sounds on marine mam-
mals are scarce. Although we do have some knowledge
about the behavior and reactions of certain marine mam-
mals in response to sound, as well as about the hearing
capabilities of a few species, the data are extremely limited
and cannot constitute the basis for informed prediction or
evaluation of the effects of intense low-frequency sounds
on any marine species.




2 LOW-FREQUENCY SOUND AND MARINE MAMMALS

As discussed in Chapter 1 of this report, marine mammals! use sound
to sense their environment and to communicate among themselves.
Dolphins and other toothed whales use echoes from the high-fre-
quency sound pulses they produce in order to navigate and to locate
prey. They use lower-frequency sounds for communication among
individuals. Baleen whales are known to produce low-frequency sounds
that can propagate over long distances. Although the exact functions
of most of these sounds are not yet known, they clearly play an
important role in the life of the species.

The ocean is a noisy place. There are many sources of sound, and
sound travels efficiently in water. Natural ocean sounds are pro-
duced by wind, waves, precipitation, cracking ice, seismic events,
and marine organisms. The hearing abilities of marine mammals
undoubtedly evolved to deal with these natural sounds—the ambient
noise levels of the ocean. Since the advent of the industrial age,
sounds made by human beings have combined with natural ocean
sounds, resulting in elevated noise levels, primarily in the frequency
region below 1,000 Hz. Some of the more intense human-made sounds
come from ocean-going vessels, especially larger ships such as super-
tankers. Other human-made sources include (1) explosive and non-
explosive seismic sounds used in geological exploration for oil and
gas; (2) dredging, drilling, and marine construction; (3) surface ves-
sels (for example, commercial, military, and pleasure boats) and sub-
marines that use sonar to locate targets; and (4) the sound sources
used by acoustical oceanographers.

The committee could find almost no quantitative information with
which to assess the impact of low-frequency noise on marine mam-
mals. For those few marine mammals on which data are available
about their hearing sensitivity, it appears that low-frequency sound,
even at very high levels, is barely audible to them. In addition, the
range of frequencies by which these animals are affected appears to
vary among, as well as within, the three different orders of Mammalia
to which they belong (see Appendix B for the classification of marine
mammals in the three orders). Certainly data on the hearing sensi-
tivities of several Odontoceti (examples include the white whale, bottlenose
dolphin, harbor porpoise, and false killer whale) and Pinnipedia (for
example, several seals and the California sea lion) suggest that sounds
below about 100 Hz are practically inaudible to these mammals (see
the subsection on Acoustic Characteristics of Marine Mammal Hear-
ing Organs, and Figure 2, in Chapter 1). But even these data are

This report concentrates on cetaceans (whales, dolphins, and porpoises) and pinni-
peds (seals, sea lions, and walruses) and only briefly mentions manatees, polar bears,
and sea otters.




EXECUTIVE SUMMARY 3

extremely limited and cannot be used to evaluate the effects of in-
tense low-frequency sounds on all species of marine mammals.

There are literally no data available on the auditory sensitivity of
any baleen whales (examples of baleens are the gray whale, right
whale, fin whale, and humpback whale), although evidence from several
sources suggests that members of this suborder are much more sensi-
tive to low-frequency sounds than are members of the toothed whale
suborder. The implications of this paucity of audiometric informa-
tion include profound uncertainty about the interfering effect of any
potential sound source on baleen whales. For example, depending
on these animal’s auditory sensitivity, the effect of loud low-frequency
sound could conceivably range between potential hearing damage
and gradual deafness for the entire species—and eventual extinction—
or practically no discernible impact. Such uncertainty prevents the
committee from reaching any but the most general conclusions in
this regard. ,

There have been some observational or experimental studies and
numerous anecdotal reports about the responses of marine mammals
to certain sounds. Rather than summarize the existing reviews, the
committee decided that its efforts could be more usefully directed to
a discussion of the implications of the existing information. The
committee noted, for example, that missing in most of these anec-
dotal accounts is information on the level of the sound exposure ex-
perienced by individual animals. Typically, neither the source level
nor the received level was measured. Even when the approximate
level at the source was known, the received level near the animal was
usually not measured, and if it was, there were often uncertainties
associated with estimating that level.

This dearth of scientific evidence makes it virtually impossible to
predict the effects of low-frequency sound on marine mammals, es-
pecially on baleen whales. In the absence of such an impact assess-
ment, the committee finds itself unable to fulfill the second part of its
charge, namely, to balance the costs and the benefits of “underwater
sound as a research tool” versus “the possibility of harmful effects to
marine mammals.” Rigorous experimental research on marine mam-
mals and their major prey is required to resolve the issue of how
low-frequency sound affects these species. The committee recom-
mends that future experiments be conducted in such a manner that
the received level of the sound and the behavior of the animal can be
studied together. Such investigations may be logistically complex
and may require permits, which are sometimes difficult to obtain.
Chapter 2 discusses the permit issue, and Chapter 3 describes the
types of studies needed.
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CHANGES PROPOSED IN REGULATORY STRUCTURE

It is the committee’s judgment that the regulatory system
governing marine mammal “taking” by research actively dis-
courages and delays the acquisition of scientific knowledge
that would benefit conservation of marine mammals, their
food sources, and their ecosystems. The committee thus
proposes several alternatives for reducing unnecessary regu-
latory barriers and facilitating valuable research while main-
taining all necessary protection for marine mammals.

Although the committee strongly agrees with and supports the objec-
tive of marine mammal conservation, it believes that the present regulation
of research is unnecessarily cumbersome and restrictive.2 Not only is
research hampered, but the process of training and employing scien-
tists with suitable research skills is impeded by this system. Better
and more humane management of marine mammals depends on un-
derstanding them better. Well-trained researchers are the ultimate
source of our knowledge about marine mammals. The present sys-
tem, in effect, impedes acquisition of the information and under-
standing needed to pursue a more effective conservation policy.

At present, one of two types of regulatory approval is necessary
to pursue any scientific research that might “take” marine maminals.
“Take” is defined in the Marine Mammal Protection Act of 1972 as
harass, hunt, capture, or kill. The two types of approval are (1) a
scientific research permit, which currently is available only for re-
search on or benefiting marine mammals, or (2) a small incidental take
(SIT) authorization.> Harassment has been interpreted as any action
“that results in an observable change in the behavior of a marine
mammal.” This interpretation of harassment seems to the committee
to be inappropriately broad. Although a scientific research permit
may be granted a few months after application, the SIT authorization
can take up to two years and may require public hearings. Any
general biological investigations of nonmarine mammals, as well as

2Under the Marine Mammal Protection Act of 1972 and the Endangered Species Act
of 1973, the National Marine Fisheries Service of the U.S. Department of Commerce
has responsibility for all cetaceans and all pinnipeds except walruses. The U.S. Fish
and Wildlife Service in the Department of the Interior has responsibility for walruses,
sea otters, manatees, and polar bears.

3A small incidental take authorization refers to the provision in the Marine Mammal
Protection Act of 1972 (Sect. 101(a)(5)) that allows for the incidental, but not intention-
al, taking of a small number of marine mammals within a specified geographical
region by U.S. citizens engaged in a specified activity other than commercial fishing.
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general physical investigations of the ocean and planet, when carried
out in the ocean, may disturb marine mammals to some degree. Such
investigations presently require, at least in theory, SIT authorizations.
Neither general biological nor physical research is eligible for the
scientific research permit, unless it can be shown that the investiga-
tions might benefit conservation of marine mammals by providing
useful information concerning their habitats or the food chains.

The committee compared the effects of scientific research on ma-
rine mammals with the effects from commercial fishing and ship-
ping. Commercial fisheries have had a blanket exemption* under the
Marine Mammal Protection Act of 1972 from the prohibition on tak-
ing marine mammals, and can kill marine mammals even from de-
pleted populations. Furthermore, the noise from passing marine traffic,
including supertankers, is not regulated as harassment or as a “take.”
Scientific research, especially oceanographic surveys, seldom results
in any fatalities among marine mammals, although the sound levels
produced in these investigations are intense and could potentially
affect large populations. The shipping industry, especially super-
tankers, produces much more total noise than scientific research does,
if measured on a yearly basis. Making an exact comparison is diffi-
cult, because the dominant sound frequencies produced by super-
tankers are much lower than those produced by oceanographic ex-
periments, and the hearing sensitivity of the affected animals is not
known. Given these facts, it is illogical to regulate scientific sources,
some of which have the potentjal to produce answers about the im-
pact of noise on marine mammals, while ignoring other significant
sound sources that are far more common, such as supertankers. To
regulate intelligently, we need more information about the auditory
systems of marine mammals and the impact of all noise sources.

The committee considered several possible alternatives for facili-
tating valuable research while maintaining all necessary protection
for marine mammals. One alternative would be to incorporate scien-
tific researchers as “other users” in the regulatory regime recently
proposed by the National Marine Fisheries Service (NMFS) of the
U.S. Department of Commerce to govern commercial fishing and ma-
rine mammal interactions. Another alternative would be to establish
a decentralized regulatory regime, possibly patterned after the Insti-
tutional Animal Care and Use Committee (IACUC) system currently
used to monitor research conducted on nonmarine animals in scien-
tific laboratories.

“This exemption under the Marine Mammal Protection Act of 1972 expires May 1,
1994.
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If the existing system of regulations is maintained, the committee
urges that steps be taken to expedite the small incidental take autho-
rization process for all scientific activities involving nonlethal takes,
and to further simplify the process for nonlethal takes producing
only negligible impact. The committee suggests rewording those pro-
visions to delete references to effects on “small” numbers of marine
mammals, provided that the effects are negligible. It would also be
beneficial to broaden the definition of research for which scientific
permits can be issued to include activities beyond those directly “on
or benefiting marine mammals.”® In order to place regulations on a
more rational footing, the population status of each species should
determine the number and types of allowable takes, and the same
regulations should apply equally to all activities, scientific and other-
wise. The committee notes that some of these recommendations would
require congressional action to change the Marine Mammal Protec-
tion Act and perhaps other laws. However, other recommendations
could be implemented under existing laws through changes in regu-
lations.

The committee is by no means recommending that scientific re-
search be afforded a blanket waiver of the provisions of the Marine
Mammal Protection Act, the Endangered Species Act, and the Na-
tional Environmental Policy Act that relate to taking of marine mam-
mals, either during research on marine mammals or on other topics
where experiments might incidentally affect marine mammals. Rather,
the committee urges a more logical balance between the regulation of
research and other human activities, and a more expeditious permit-
ting process. Appropriate scientific research might identify the sources
of human-made noise that actually endanger marine mammals, and
may suggest regulation of certain sound sources that are presently
unregulated. This research could provide information that would
benefit all marine mammals.

Finally, the committee considered the “120-decibel (dB) criterion”
that is regarded in some contexts as a noise level above which poten-
tially harmful acoustic effects on marine mammals might occur. In
the opinion of the committee, the data from which the 120-dB crite-
rion was derived are being overly extrapolated, largely because of
the scarcity of experiments providing quantitative information about
the behavior of marine mammals in relation to sound exposure. It is
possible that this level is simply the one at which the animals de-

5 It is the committee’s view that the recent proposed rule changes make it clear that
NMFS intends to make regulations on general scientific research even more restrictive
(58 Fed. Reg. 53,320-53,364 (1993)).
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tected the presence of a sound. If this is true, then there is no scien-
tific evidence to indicate that the relatively minor and short-term
behavioral reactions observed indicate any significant or long-term
effects on the animals. Marine mammals, like other animals, respond
to many stimuli, natural and human-made. These reactions are part
of their normal behavioral repertoire and are not necessarily indica-
tive of an adverse effect.

One danger of adopting a single number, as with the 120-dB cri-
terion, is in applying it to all species of marine mammals and to all
sounds and situations, regardless of the frequency spectrum, regard-
less of the temporal pattern of the sound, and regardless of differ-
ences in the auditory sensitivity of the different groups of marine
mammals. There is general agreement that these variables are im-
portant in determining whether the 120-dB figure is appropriate in
any given situation.

RECOMMENDED RESEARCH

The research that would provide some of the missing infor-
mation is conceptually straightforward biological science,
the proposed experiments should provide much of the needed
information, and the cost is not enormous compared with
that of other scientific efforts of comparable magnitude.

The committee’s aim was to identify general research needs that are
crucial to a full evaluation of the effects of intense low-frequency
sounds on a variety of marine mammals and their major prey. The
committee has identified the following general areas in which more
information must be developed:

1. Research on the behavior of marine mammals in the wild.

2. Research on the auditory systems of marine mammals.

3. Research on the effects of low-frequency sound on the food
chain of marine mammals.

4. Development and application of measurement techniques to
enhance observation and data gathering.

Chapter 3 presents the committee’s recommendations for specific
types of studies that are needed in each of these general areas.

The committee recommends that an accelerated program of scien-
tific studies of the acoustic effects on marine mammals and their ma-
jor prey (including the studies described in Chapter 3) be undertaken.
These studies should be designed to provide information needed to
direct policies that will provide long-term protection to the species.




A Review of Current Knowledge

In 1992, the Committee on Low-Frequency Sound and Marine Mam-
mals was established under the auspices of the Ocean Studies Board
of the National Research Council. The committee was charged with
(1) reviewing the current state of knowledge and ongoing research
on the effects of low-frequency [1 to 1,000 hertz (Hz)] sound on ma-
rine mammals, (2) advising the sponsors about the effects of low-
frequency sound on marine mammals, and (3) considering the trade-
offs between the benefits of underwater sound as a research tool and
the possibility of its having harmful effects to marine mammals.
The report is organized as follows. Chapter 1 discusses current
“knowledge with respect to changing levels of sound in the ocean and
some possible effects on marine mammals. It then describes the state
of knowledge regarding components that must be determined to evaluate
a potential source of noise interference affecting marine mammals.
The committee then discusses the gaps in knowledge, including those
on auditory sensitivity and behavioral responsiveness of marine mammals,
that would require research before predictions can be made of the
effects of low-frequency sound on marine mammals. Chapter 1 closes
with a discussion of the difficulties related to a sound criterion that is
being applied to underwater noise.
Citing an urgent need for additional research, the committee takes
up the question of the regulation of research on marine mammals
and related topics under the Marine Mammal Protection Act of 1972.

8
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Chapter 2 reviews the permitting process as it now stands, and pre-
sents the committee’s recommendations for change in the regulatory
structure in order to facilitate needed research.

Chapter 3 outlines the research that would provide some of the
missing information needed for a better understanding of the effects
of low-frequency sound on marine mammals and their prey. The
chapter is divided into sections on Behavior of Marine Mammals in
the Wild, Structure and Function of the Auditory System, Effects of
Low-frequency Sounds on the Food Chain, and Development and
Application of Measurement Techniques.

Appendix B of this report provides an introduction to marine
mammals, including tables listing the species by their scientific clas-
sification. The tables indicate the species for which audiometric in-
formation is available.

CHANGES IN OCEAN SOUNDS AND POTENTIAL
EFFECTS ON MARINE MAMMALS

Noise is widely acknowledged to be an environmental pollutant for
humans and many other terrestrial species, and it is no doubt a pol-
lutant for marine animals as well. All animals, whether they are
terrestrial or aquatic, have evolved to live in particular ecological
niches. The physical characteristics of these niches have established
various constraints on the perceptual systems and communication
abilities of these organisms. Consequently, the hearing abilities of
marine mammals! undoubtedly evolved to deal with the ambient noise
levels in the aquatic environment prior to the industrial age.
Terrestrial mammals depend on sound to analyze and interact
with their environment and to communicate among themselves. Ma-
rine mammals, including cetaceans (various whales, porpoises, and
dolphins) and pinnipeds (seals, sea lions, and walruses), are prob-
ably even more dependent on sound and hearing than terrestrial mammals
are. For example, it is known that dolphins use the echoes from the
high-frequency sounds they produce in order to navigate and to lo-
cate prey. They use moderate-frequency sounds to maintain contact
among individuals. Baleen whales are known to produce low-fre-
quency sounds that propagate over long distances. Although the

IThis report concentrates on cetaceans (whales, dolphins, and porpoises) and pinni-
peds (seals, sea lions, and walruses) and only briefly mentions manatees, polar bears,
and sea otters.
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exact functions of most of these sounds are not yet known, they clearly
play an important role in the life of the species.

The natural sounds of the ocean—produced by wind, waves, pre-
cipitation, natural seismic events, and creatures that live in the sea—
create a noisy environment (Wenz, 1962; Tavolga, 1967). There are
many sources of sound, and sound travels efficiently in water. In
recent times, the background sound level has increased considerably
because humans have developed a number of highly intense sound
sources (Ross, 1976; Urick, 1983, 1986). Underwater sound produced
by numerous ocean-going vessels is one of the more intense human-
made intrusions (see Figure 1). Supertankers produce spectrum lev-
els that equal or exceed 200 decibels (dB) [reference (re) 1 micropascal
(uPa) at 1 meter (m)—water standard?] in the very low (<10 Hz)
region of the spectrum (Cybulski, 1977; Leggat et al., 1981). Explo-
sive and nonexplosive seismic sounds used in geological exploration
for oil and gas, as well as sounds from dredging, drilling, and marine
construction, also contribute to the sonic burden of the sea (Richardson
et al., 1991). Surface vessels and submarines employ active sonar, an
apparatus that uses sonic or ultrasonic waves to locate submerged
objects and in the process introduce brief, high-intensity pulses that
sometimes propagate great distances. Acoustic oceanographers use
intense sounds, especially low-frequency sounds, to study the physi-
cal properties of the ocean (Spindel and Worcester, 1990; Baggeroer
and Munk, 1992; Worcester et al., 1993). Such human-made sounds
combine with the natural sounds of the ocean, and elevate the ambi-
ent noise level, mainly in the frequency region below 1,000 Hz (Fig-
ure 1).

Major changes in human-made noise, such as the change result-
ing from the advent of supertankers, can be assumed to affect the
ability of marine mammals to communicate and to receive informa-
tion about their environment. Such noise may interfere with or mask
the sounds used and produced by these animals and thereby inter-
fere with their natural behavior.

Higher levels of human-made sounds can cause obvious disrup-
tions: they may frighten, annoy, or distract the animals and lead to
physiological and behavioral disturbances. They can cause reactions
that might include disruption of marine mammals’ normal activities

2The reader should be aware that different reference pressures are used to specify
sound levels in air and in water (see Appendix A for additional information). When
decibel numbers are given to specify sound levels in the text of this report, the refer-
ence number, together with the designation “water standard” or “air standard,” is also
given.
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and, in some cases, short- or long-term displacement from areas im-
portant for feeding or reproduction. They may also disturb the spe-
cies such as fishes, squids, and crustaceans upon which the marine
mammals prey.

At still higher levels, human-made noise may cause temporary or
permanent hearing impairment in marine mammals. Such impair-
ment would have the potential to diminish the individual’s chances
for survival.

For some years, there has been growing general concern about
the potential effects of human-made underwater sounds on marine
mammal communication (e.g., Payne and Webb, 1971; Reeves, 1977;
Myrberg, 1978; Acoustical Society of America, 1981). During the 1980s,
a number of more specific studies were undertaken to determine the
reactions of several cetacean species and, to a lesser degree, pinni-
peds to noise from oil industry operations, shipping, tourist activi-
ties, and rocket launches (reviewed in Richardson et al., 1991). Re-
cently, concern has also arisen about the potential effects of strong
low-frequency sounds used by acoustic oceanographers, underwater
acousticians, and operational naval activities (Mulroy, 1991; Simmonds
and Lopez-Jurado, 1991).

EVALUATING NOISE INTERFERENCE

For a sound signal to be detected by a marine mammal or its prey,
the signal must contain enough energy to exceed the ambient (back-
ground) level of sounds near the animal at frequencies near the fre-
quency of the signal. This effective signal-to-noise ratio is deter-
mined by four components: (1) the source level of the signal; (2) the
transmission loss in the sea—the decrease in intensity as sound trav-
els to the animal; (3) the level of other sounds near the animal (ambi-
ent noise level); and (4) the auditory characteristics of the receiver,
the hearing organ. Any potential source of noise interference must
be evaluated by determining these four components of the source-
path-receiver model. Specific information is often known or can be
obtained more easily about the first component, the source level of
the signal, in comparison to the other three components, which are
more technically complex. The other three components are discussed
briefly below.

Transmission Loss of Sound in the Ocean

The second component, the transmission loss of sound in the ocean,
is a complicated matter but one that is reasonably well understood,
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both in theory and in practice (Urick, 1982, 1983). Studying the trans-
mission of sound in the sea has been a major research area of modern
oceanography and of the world’s naval forces. The transmission loss
problem is complicated by the presence of gradients of temperature,
pressure, and salinity (gradients that cause variation in the sound
speed of the medium) and by the variable effects of the sea bottom
and surface on sound transmission. These phenomena result in re-
fractions and reflections of sound waves. Despite these many fac-
tors, reasonable approximations exist that permit prediction of sound
levels in many underwater situations.

Ambient Noise Level of the Sea

The third component of the source-path-receiver model, the ambient
noise level of the sea, has also been extensively studied (see Figure 1
and Urick, 1986). Ambient noise levels have been of considerable
interest both to naval forces and to acoustic oceanographers. These
levels and the details of their spectra and variation over time estab-
lish the conditions for detecting extraneous signals either by a physi-
cal receiver or by any biological organism. Extensive data and mod-
els concerning both acoustic propagation and the ambient noise level
can be used to help evaluate the potential impact on marine mam-
mals of sound from any human-made source.

Acoustic Characteristics of Marine Mammal Hearing Organs

The component of the source-path-receiver model about which the
least is known is the fourth component—the acoustic characteristics
of the receiver, the hearing organ. At present, very little is known
about the detection and interpretation of low-frequency sounds by
the animals that appear to use such signals. To understand the sig-
nificance of this lack of knowledge, it is useful to think of a sensory
system—in this case, hearing—as a window that allows the brain to
gather information about a particular aspect of the physical environ-
ment. That is, the sense of hearing in any animal is sensitive to a
limited range of sound frequencies, and outside this range the animal
is unaffected by any stimulus, no matter how intense. With respect
to the auditory sensitivities of marine mammals, the range of fre-
quencies by which these animals are affected appears to vary among,
as well as within, the three different orders of Mammalia to which
they belong (see Appendix B for the classification of marine mam-
mals in the three orders). As described in more detail below, the
order Cetacea includes dolphins and the smaller toothed whales, whose
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auditory sensitivities are greatest at very high frequencies. Available
data for all toothed whales that have been measured for auditory
sensitivity are reasonably consistent. However, for another group of
cetaceans whose hearing is undoubtedly tuned to low frequencies—
the baleen whales—there are virtually no quantitative data on auditory
sensitivity.

Audiograms have been obtained for several dolphins and smaller
toothed whales. Sensitivity of hearing is best at about 20,000 Hz,
with about 80 dB less sensitivity at 100 Hz for two species—the bel-
uga whale and bottlenose dolphin—for which data are available (see
Figure 2A). For reasons described below, the auditory sensitivities of
these smaller cetaceans are probably quite different from those of the
baleen or larger toothed whales, whose auditory sensitivities have
never been assessed quantitatively. Also, even for the relatively well-
studied toothed whales, audiograms have been obtained for only a
few species, and in most cases for only one or two individuals per
species. However, different individuals of a single species can have
quite different hearing capabilities (see, e.g., Hall and Johnson, 1971;
vs. Bain et al., 1993; Ridgway and Carder, 1993).

It is thought that baleen whales hear very low-frequency sounds
because their vocalizations contain considerable low-frequency en-
ergy. Some of the dominant calls of the blue and fin whales are in
the frequency range between 12 and 25 Hz, and their source level is
about 177 dB re 1 uPa—water standard. The anatomical nature of
baleen whale hearing organs also suggests that they are sensitive to
low-frequency sounds (Fleischer, 1976; Ketten, 1991). Certainly there
are obvious anatomical differences between the hearing organs of the
baleen and the toothed whales (Ketten, 1991).

The strongest quantitative evidence of the auditory sensitivity of
baleen whales comes from field observations in which human-made
sounds in the low-frequency regions caused two species of baleen
whales to alter their migration paths or to avoid certain areas (Malme
et al., 1983, 1984, 1988; Richardson et al., 1986, 1990; Richardson and
Malme, 1993; Dahlheim and Ljungblad, 1990). Recordings from a
variety of sources were used in these studies, including continuous
sounds such as those from oil drilling and production platforms, as
well as impulsive sounds from air guns. The broadband levels of
low-frequency sounds causing avoidance by about 50 percent of the
gray and bowhead whales in the area of the observations occurred
when the received levels were around 115 to 120 dB re 1 pPa—water
standard for the continuous sounds and about 160 to 170 dB for the
pulsed sounds. These received levels are overall levels, and the sources
produced energy over a few octaves. The peaks of the broadband
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spectra were in the general region of 100 Hz. The hearing sensitivi-
ties of baleen whales are not known over any specific frequency re-
gion but are clearly different from those of toothed whales. In the
low-frequency region, it is uncertain that the toothed whale could
even detect continuous sounds with received levels near 115 dB re 1
pPa—water standard. The implications of this paucity of audiomet-
ric information include profound uncertainty about the interfering
effect of any potential sound source on baleen whales. For example,
depending on this animal’s auditory sensitivity, the effect of loud
low-frequency sound could conceivably range between potential hearing
damage and gradual deafness for the entire species—and eventual
extinction—or practically no discernible impact. Such uncertainty
prevents the committee from reaching any but the most general con-
clusions in this regard. '

Among pinnipeds, which include, for example, seals, sea lions,
and walruses, underwater audiograms are also available for several
species, but there are very few data on underwater hearing sensitiv-
ity at frequencies below 1,000 Hz (see Figure 2B). Based on the slopes
of the audiograms at the lowest frequencies measured, it appears
that some pinnipeds may have better hearing sensitivity at low fre-
quencies than do the two odontocetes, the beluga whale and bottle-
nose dolphin, for which low-frequency audiograms are available. There
are no published data for elephant seals and few for walruses (Kastelein
et al., in press). Elephant seals are known to dive deeply and are of
special interest because they may dive deep enough to reach the sound
channel® and thus be exposed to higher levels of sound (in Chapter 3,
see the subsection on Replication of Data in the section on Structure
and Function of the Auditory System). There are essentially no data
about the behavioral reactions of pinnipeds as a function of the re-
ceived level of human-made underwater sounds (Richardson et al.,
1991). More is known about the low-frequency hearing abilities of
some pinnipeds in air and about behavioral responses of certain pin-
nipeds to airborne sounds. The in-air information, however, cannot
be applied directly to the underwater situation.

Although there has been considerable work on the anatomy of
the auditory apparatus of manatees (e.g., Fischer, 1988; Ketten et al.,
1992) and several relevant studies are under way, there is very little
information about the hearing abilities of marine mammals in the

3SOFAR (Sound Fixing and Ranging) channel, also known as the deep sound chan-
nel, is a layer of seawater extending from about 700 meters down to about 1,500
meters, in which sound travels at about 1,450 meters per second, the slowest it can
travel in seawater (McGraw-Hill Dictionary of Scientific and Technical Terms).
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order Sirenia, which includes manatees and dugongs. The evoked-
potential data that are available for the manatee do not extend below
1,000 Hz (Bullock et al., 1980, 1982; Popov and Supin, 1990). Recent
behavioral tests indicate some detection of sound as low as 15 Hz
and as high as 4 to 6 kilohertz (kHz), with the greatest sensitivity in
the 6-20 kHz region (Gerstein et al., 1993). Sirenian vocalizations are
known to be in the 1-8 kHz range (Nishiwaki and Marsh, 1985; Hartman,
1979). There is little information on the behavioral responsiveness of
sirenians in relation to underwater sound level, although work on
this topic has also begun (Weigle et al., 1993).

The committee is not aware of any specific data on the hearing
sensitivity of sea otters or polar bears, both of which are considered
marine mammals. There is little information on the reactions of these
mammals to underwater sound (see, however, Riedman, 1984).

The scarcity of information about the auditory sensitivity of ma-
rine mammal hearing is coupled with equal uncertainty on the struc-
tural and behavioral levels. With respect to structure, for example,
how does sound actually get to the inner ears of these animals? Are
the pathways different for different marine mammal groups, and are
they different in a given species for different sound frequencies? In
terms of behavior, if human-made sounds are interfering with ma-
rine mammals, how do the animals respond to the sounds, and do
they habituate when the sound is repeated? Much greater knowl-
edge is also needed about the role of acoustical information and hearing
in the behavior of such mammals in their natural (undisturbed) habi-
tats. Only with such baseline information can it be determined that a
response caused by an intrusive sound is normal.

THE NEED FOR ADDITIONAL RESEARCH

There have been some observational or experimental studies and nu-
merous anecdotal reports about the responses of marine mammals to
sound. Extensive reviews and evaluations of this literature can be
found in Richardson et al. (1991) and Reeves (1992). Missing from
most of these studies, however, is information on the level of the
sound exposure: typically neither the source level nor the received level
was measured. Even in cases where the level of the sound at the
source was known, there were often uncertainties in calculating the
received level near the animal. Direct measurements or reliable esti-
mates of received levels of sound are difficult or impossible to obtain
during many observational studies and usually were not obtained
even when it might have been possible. There is need for planned
experiments in which the received level of the sound and the behav-
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ior of the animal can be studied together. Such investigations would
probably be logistically complex and would require scientific per-
mits. Chapter 2 discusses the permit issue, and Chapter 3 describes
the kinds of studies needed.

As discussed in the preceding section, the lack of knowledge about
the auditory sensitivity and behavioral responsiveness of marine mammals
makes it impossible to predict how low-frequency sound may affect
them. The lack of such knowledge, which must serve as the basis for
identifying and determining the effects of particular underwater sounds
on particular species, precludes the committee from being able to
obtain a reasonable estimate of costs on which to base advice about
the potential trade-offs between “the benefits of underwater sound
as a research tool” and “the possibility of harmful effects to marine
mammals.” Research on marine mammals and their major prey is
urgently needed to permit an adequate response to this- question.
The most immediate research needs are outlined in Chapter 3 of this
report.

It is the belief of this committee that an accelerated program of
scientific studies of the acoustic effects of low-frequency sound on
marine mammals and their prey (including the studies described in
Chapter 3) should be undertaken. These studies should be designed
to provide the information needed to direct policies that will provide
long-term protection to the species.

ORIGINS AND DRAWBACKS OF THE “120-DB CRITERION”

The phrase “120-dB criterion” refers to a level of sound that has been
identified informally as a level above which acoustic effects on ma-
rine mammals might occur. In reviewing plans for activities that
produce underwater noise, it appears to the committee that the Na-
tional Marine Fisheries Service of the U.S. Department of Commerce
considers that marine mammals exposed to broadband received lev-
els above 120 dB (re 1 pPa—water standard) might be affected by the
sounds.? Almost all sound sources used in acoustical oceanography
or for operational Navy purposes have a source level far above 120 dB
(re 1 pPa at 1 m—water standard), as do some motorized boats. De-
pending on the source level, frequency, and local propagation condi-

4Under the Marine Mammal Protection Act of 1972 and the Endangered Species Act
of 1973, the National Marine Fisheries Service of the U.S. Department of Commerce
has responsibility for all cetaceans and all pinnipeds except walruses. The Fish and
Wwildlife Service in the U.S. Department of the Interior has responsibility for walruses,
sea otters, manatees, and polar bears.
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tions, the received level of sound from these three sources will ex-
ceed 120 dB within a distance that could range from a few meters or
tens of meters for a weak source up to many kilometers for a stronger
one. Thus, if the 120-dB criterion were to be applied consistently,
almost any source of human-made underwater noise—including ev-
ery powerboat—might be subject to regulatory scrutiny.

The 120-dB criterion arises primarily from two series of field studies.
One series involved gray whales migrating along the coast of Califor-
nia and summering (spending the summer season) in the Bering Sea
(Malme et al., 1983, 1984, 1988). The other was a series of studies of
migrating and summering bowhead whales in the Beaufort Sea
(Richardson et al., 1985, 1986, 1990; Ljungblad et al., 1988; Richardson
and Malme, 1993). Unlike most other field studies on marine mam-
mals, these two series of studies provided estimates of the sound
exposure level in the vicinity of the animals while their behavior was
being observed. Both series demonstrated that a variety of broad-
band continuous sound stimuli with spectra peaking in the frequency
region of 100 to 300 Hz caused a detectable change in the behavior of
some animals. The received level of continuous sound that caused a
reaction in about half the animals was about 120 dB (re 1 uPa—water
standard). There was considerable variation, however, with some
animals reacting at lower levels and some not reacting at consider-
ably higher levels.

The 120-dB figure has been applied, at times, to other types of
sound and to other species of marine mammals without regard to the
frequency spectrum or temporal pattern of the sound or to differ-
ences in the auditory sensitivity of the different groups of marine
mammals. These variables are undoubtedly important in determin-
ing whether the 120-dB figure is appropriate for any given situation.
For example, the temporal pattern of exposure was found to be very
important for both the gray whale and the bowhead whale. The
average pulse pressure level of a series of brief impulses had to be 30
to 50 dB more intense (150 to 170 dB re 1 pPa—water standard) to
produce the same change in the animal’s behavior as did a steady-
state or continuous sound at 120 dB (Malme et al., 1984; Richardson
et al.,, 1986; Ljungblad et al., 1988). In contrast, bowhead whales
sometimes react to increasing noise levels from an approaching boat
when the broadband level is well below 120 dB (Miles et al., 1987:225ff;
Richardson and Malme, 1993). Thus, the actual threshold of reaction
can range from well below to well above 120 dB, depending on cir-
cumstances.

As is true of most field observations, many different interpreta-
tions of these results can be offered. For example, according to the
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studies mentioned, the change in behavior of the migrating gray whales
was minor and brief, involving a slight deflection in the migratory
path.. One can argue that the animals simply detected a potential
obstruction and made a relatively mild deflection in their course to
avoid the obstacle. Certainly the energy expended in their response
was minimal. Energetic effects were obviously greater for migrating
bowhead whales. They apparently avoided an icebreaker-supported
drillship by 10 to 30 kilometers (km) (LGL and Greeneridge, 1987;
Brewer et al., 1993). Additionally, in the case of the withdrawal of
bowheads from feeding areas, the action was observed when a novel
stimulus was introduced (Richardson et al., 1990; Richardson and
Malme, 1993). Such withdrawal behavior might or might not quickly
habituate if the sound were repeated, but that study was not able to
obtain information about habituation. Furthermore, only two species
of whales were involved, and the results of the same experiment
would very likely be different for other species. Because of their
apparent lack of sensitivity at these low frequencies, some toothed
whales, for example, may not detect sound at the levels that affected
the gray whales and bowhead whales (see Figure 2A).

That the 120-dB number is considered to be such an important
regulatory criterion is testimony only to the paucity of our knowl-
edge about marine mammals.

In trying to protect human beings from the harmful effects of
noise, the United States has adopted no absolute standard. Itis known
at what levels sound elicits the response of “highly annoyed” on
questionnaires, but there are no national standards on an upper limit
to such exposure. Noise is recognized as a source of stress, and we
know that physiological changes can occur when subjects are ex-
posed to certain noise levels. There is little consensus as to either the
level of noise exposure that produces either harmful extra-auditory
effects in humans or the dose-response relation over the long term.
The one national U.S. standard with respect to human exposure to
noise is the 90-dBA level (re 20 uPa—air standard) adopted by the
U.S. Department of Labor’s Occupational Safety and Health Admin-
istration (OSHA). It establishes that in the workplace if the exposure
exceeds 90 dBA (air standard), then some kind of hearing protection
program must be initiated. The 90-dBA level is about 100 dB above
the level at which such a sound might first be detectable. If we
assume the same dynamic range (100 dB) for whales as for humans
and that 120 dB represents a detection level, then the upper limit for
marine mammals might be set at 220 dB re 1 pPa (water standard).

In humans, the upper limit in the OSHA standard was deter-
mined largely on the basis of extensive scientific experiments involv-
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ing induced temporary hearing loss. Thus, for humans, temporary
threshold shifts provided the basic data for the adoption of the pri-
mary noise standard in the United States. The limits were subse-
quently confirmed in epidemiological studies of permanent hearing
loss. No data on temporary threshold shifts (that is, the occurrence
of temporary hearing loss) in marine mammals have been published
to date.

Human annoyance to human made noise is widely variable, de-
pending on the individual, the situation, and the characteristics of
the noise. People are frequently annoyed by noise at levels well
below those that introduce temporary or permanent hearing loss. The
significance of human annoyance, however real, has proven difficult
to evaluate. The biological significance of disturbance reactions by
marine mammals will probably be even harder to determine.
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Regulatory Barriers and
Possible Alternatives

Chapter 1 focused on the need for additional information so that the
effects of low-frequency sound on marine mammals might be pre-
dicted and the potential trade-offs between the benefits of research
that uses low-frequency sound and the costs to marine mammals
might be assessed. As Chapter 3 indicates, the research that would
provide some of the missing information is conceptually straightfor-
ward biological science, the proposed experiments should provide
much of the needed information, and the cost is not enormous com-
pared with that of other scientific efforts of comparable magnitude.
However, research on marine mammals is heavily regulated and of-
ten delayed—even more than research on human subjects—which
makes the prospects for timely conduct of some of these much-needed
studies poor. This chapter discusses these regulatory burdens and
suggests changes that would enable legitimate and needed research
to proceed.

THE MARINE MAMMAL PROTECTION ACT
AND ITS INTERPRETATION

The Marine Mammal Protection Act (MMPA) was enacted by Con-
gress in 1972, because species and populations of marine mammals
were in “danger of extinction or depletion as a result of man’s activi-
ties” (P.L. 92-522, Sect. 2(1)—the first finding stated by Congress in
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the MMPA as originally passed in 1972). The central component of
the act was “a moratorium on the taking or importation of marine
mammals” (Sect. 101). Certain exemptions to the moratorium were
permitted: the two most important with regard to the potential im-
pact of low-frequency sound are (1) permits for scientific research
that would directly study or benefit marine mammals, and (2) “small
incidental take” (SIT) authorizations for human activities that may
disturb or even kill small numbers of marine mammals but that have
negligible effects on the overall population. Few SIT authorizations
have been applied for because of the complexity and time-consuming
nature of the authorization process. Those that have been granted
for noise-producing activities were for offshore drilling, seismic ex-
ploration, and rocket launches in a few specific coastal regions around
the United States. In addition to activities such as those, other types
of sound-related scientific studies that do not directly benefit marine
mammals are hydroacoustic studies of plankton distribution or acoustic
tomography studies of ocean currents. Such studies have proceeded
without SIT authorization in the past, but are now coming under
increasing regulatory scrutiny and scrutiny by the public and envi-
ronmental groups. Again, we point out that what are called scientific
research permits are only issued for research on or directly benefiting
marine mammals; general scientific experiments that disturb or harm
marine mammals are required to apply for SIT authorizations. The
issues involved with each of these types of permit are discussed in
the following sections of this chapter.

The U.S. National Marine Fisheries Service (NMFS) is responsible
for enforcing the moratorium on the “taking” of most types of ma-
rine mammals and for granting exemptions. The U.S. Fish and Wild-
life Service (FWS) is responsible for walruses, polar bears, sea otters,
and manatees. The definition of “take” in the MMPA (Definition
#12) is “to harass, hunt, capture or kill, or attempt to harass, hunt,
capture or kill any marine mammal.” What constitutes harassment is
not defined in the MMPA.!

Of all human activity, commercial fishing kills the largest num-
bers of marine mammals [see National Research Council (1992) for
information on dolphin mortality associated with tuna fishing]. Since
1988, commercial fisheries within the jurisdiction of the United States
have operated under a blanket exemption from the MMPA and can
kill marine mammals, even from depleted populations, as long as

IThis chapter was written before the 1994 amendments to the MMPA were finalized.
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they register and report all animals killed.? Direct hunting by native
peoples is also allowed. Large numbers of fur seals are killed in legal
hunts in the north Pacific, and various marine mammals are killed in
legal subsistence harvests in Alaska.

Although as an activity scientific research has comparatively little
impact on marine mammal populations, it is the object of consider-
able regulation. For example, according to an annual NMFS report
on MMPA, “One of the most extensive administrative programs in
NMES is the permit system that authorizes the taking of marine mammals
for scientific research” (National Marine Fisheries Service, 1985). For
reasons discussed in this chapter, it is the committee’s judgment that
this regulatory system actively discourages and delays the acquisi-
tion of knowledge that would benefit conservation of marine mam-
mals, their food sources, and their ecosystems (see discussion in Le
Boeuf and Wiirsig, 1985, p. 143). If strictly enforced, current proce-
dures would also actively discourage some types of biological re-
search (described below) that could be of great benefit to humans.
Current procedures also impede the research of physical scientists
who use high-intensity sound sources. Such studies provide knowl-
edge about underwater acoustics, physical oceanography, and geo-
physics.

HARASSMENT OF MARINE MAMMALS

One of NMFS’s mandated responsibilities is to deal with actions that
might take marine mammals by harassment—including actions in-
volving the introduction of sounds into the water, because the defini-
tion of “taking” in the MMPA includes harassing. However, the
definition of harassing is included neither in the MMPA nor in the
regulations.® Logically, the term harassment would refer to a human
action that causes an adverse effect on the well-being of an indi-
vidual animal or (potentially) a population of animals. However,
“the term ‘harass’ has been interpreted through practice to include
any action that results in an observable change in the behavior of a
marine mammal. . . .” (Swartz and Hofman, 1991). In the opinion of
the committee, this interpretation is inappropriate.

There is no scientific evidence to indicate that the relatively mi-

2This commercial fishing interim exemption from the moratorium on “taking” a
marine mammal under the Marine Mammal Protection Act expires April 1, 1994.

3NMFS has proposed a definition of harassment in the proposed regulations pub-
lished in the Federal Register last year.
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nor and short-term behavioral reactions observed in marine mam-
mals in many field situations have any long-term, adverse effect on
the animals. Marine mammals, like other animals, show alerting
responses and orient to many stimuli, natural and human-made. These
reactions are part of their normal behavioral repertoire, and may or
may not indicate an adverse effect on the animal.

As discussed in Chapter 1, for example, in gray and bowhead
whales, subtle behavioral changes have been detected through de-
tailed analysis of migration paths. Sounds barely audible in the back-
ground noise of the sea can cause migrating whales to deflect a few
hundred meters around the stationary sound source (Malme et al.,
1983, 1984). One could argue that such brief and energetically trivial
behavioral changes do not harm the whales and, in fact, prevent them
from physically encountering a potential disturbance. Of course, stronger
sources may ensonify a larger area, in which case the changes in
migrating paths are more extensive and the potential disturbance
may be more extreme (LGL & Greeneridge, 1987; Brewer et al., 1993).

As researchers develop more sophisticated methods for measur-
ing the behavior and physiology of marine mammals in the field
(e.g., via telemetry), it is likely that detectable reactions, however
minor and brief, will be documented at lower and lower received
levels of human-made sound. It is conceivable that, with sufficient
effort, subtle reactions might be detectable at any sound level intense
enough to be heard by the animal (absolute detection threshold). These
reactions may not involve a disruption of normal behavior or dis-
placement. In that case, subtle and brief reactions are likely to have
no effect on the well-being of marine mammal individuals or popula-
tions. Just as it would not be sensible to extend the definition of
harassment to each successively lower level at which some subtle
new reaction is detected, it is not sensible to have it set now at a level
that activates alerting responses or minor course deviations. It is
difficult to believe th