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REVIEW / SYNTHESE

The impacts of anthropogenic ocean noise on
cetaceans and implications for management

L.S. Weilgart

Abstract: Ocean noise pollution is of special concern for cetaceans, as they are highly dependent on sound as their princi-
pal sense. Sound travels very efficiently underwater, so the potential area impacted can be thousands of square kilometres
or more. The principal anthropogenic noise sources are underwater explosions (nuclear and otherwise), shipping, seismic
exploration by mainly the oil and gas industries, and naval sonar operations. Strandings and mortalities of especially
beaked whales (family Ziphiidae) have in many cases been conclusively linked to noise events such as naval maneuvers
involving tactical sonars or seismic surveys, though other cetacean species may also be involved. The mechanisms behind
this mortality are still unknown, but are most likely related to gas and fat emboli at least partially mediated by a behavio-
ral response, such as a change in diving pattern. Estimated received sound levels in these events are typically not high
enough to cause hearing damage, implying that the auditory system may not always be the best indicator for noise im-
pacts. Beaked whales are found in small, possibly genetically isolated, local populations that are resident year-round.
Thus, even transient and localized acoustic impacts can have prolonged and serious population consequences, as may have
occurred following at least one stranding. Populations may also be threatened by noise through reactions such as increased
stress levels, abandonment of important habitat, and “masking” or the obscuring of natural sounds. Documented changes
in vocal behavior may lead to reductions in foraging efficiency or mating opportunities. Responses are highly variable be-
tween species, age classes, behavioral states, etc., making extrapolations problematic. Also, short-term responses may not
be good proxies of long-term population-level impacts. There are many examples of apparent tolerance of noise by ceta-
ceans, however. Noise can also affect cetaceans indirectly through their prey. Fish show permanent and temporary hearing
loss, reduced catch rates, stress, and behavioral reactions to noise. Management implications of noise impacts include diffi-
culties in establishing “safe” exposure levels, shortcomings of some mitigation tools, the need for precaution in the form
of reducing noise levels and distancing noise from biologically important areas, and the role of marine protected areas and
monitoring in safeguarding cetaceans especially from cumulative and synergistic effects.

Résumé : La pollution de 1’océan par le bruit est d’importance particuliére pour les cétacés parce qu’ils dépendent forte-
ment de leur ouie comme sens principal. Comme le son se transmet trés efficacement sous 1’eau, la zone potentielle
d’impact peut représenter des milliers de kilométres carrés ou plus. Les principales sources anthropiques de bruit sont les
explosions sous-marines (nucléaires et autres), la navigation, 1’exploration sismique par les industries pétroliere et gaziere
et les opérations navales avec sonar. Dans plusieurs cas, il a été possible de relier de maniére probante des échouages et
des mortalités, particulierement de baleines a bec (la famille Ziphiidae) (bien que d’autres espéces puissent aussi étre im-
pliquées), a des événements de bruit, tels que des manoeuvres navales avec utilisation de sonars tactiques ou des inven-
taires sismiques. Les mécanismes responsables de cette mortalité restent encore inconnus, mais ils sont tres
vraisemblablement reliés a des embolies gazeuses ou lipidiques causées au moins en partie par une réaction comportemen-
tale, telle qu’un changement de patron de plongée. Les intensités estimées des sons percus lors de ces événements ne sont
normalement pas assez €levées pour causer un dommage a I’ouie, ce qui fait que le systéme auditif peut ne pas toujours
étre le meilleurs indicateur de ’impact du bruit. Les baleines a bec forment de petites populations locales, peut-étre isolées
génétiquement, qui restent sur place a I’année. Ainsi, méme des impacts acoustiques passagers et localisés peuvent avoir
des conséquences sérieuses et prolongées; un tel phénomene a pu survenir lors d’au moins un échouage. Le bruit peut
aussi menacer les populations par I’intermédiaire de réactions telles qu'un accroissement des niveaux de stress, I’abandon
d’un habitat important et le masquage ou la réduction des sons naturels. Les changements observés dans le comportement
vocal peuvent entralner une diminution de 1’efficacité de la recherche de nourriture ou des occasions d’accouplement. Les
réactions varient considérablement en fonction des especes, des classes d’age, des états comportementaux, etc., ce qui rend
les extrapolations difficiles a faire. De plus, les réactions a court terme ne représentent peut-étre pas bien les impacts a
long terme a 1’échelle de la population. Il y a, cependant, plusieurs exemples de tolérance apparente au bruit chez les céta-
cés. Le bruit peut aussi affecter les cétacés indirectement a travers leurs proies. En présence de bruit, les poissons souffrent
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de perte permanente ou temporaire de 1’ouie; ils ont des taux de capture réduits, du stress et des réactions comportemen-
tales. Les problémes de gestion des impacts du bruit incluent la difficulté d’établir des niveaux « sécuritaires » d’expo-
sition, les limites de certains outils de mitigation, les précautions nécessaires pour protéger les zones d’importance
biologique en réduisant I’intensité du bruit et en éloignant les sources de bruit, ainsi que les rdles des zones de protection
marine et du monitoring dans la protection des cétacés particulierement des effets cumulatifs et synergiques du bruit.

[Traduit par la Rédaction]

Introduction

Pollution can be defined as the release of a potentially
harmful chemical, physical, or biological agent to the envi-
ronment as a result of human activity (e.g., Johnston et al.
1996). Most people think of pollution as referring to chemi-
cal or biological contaminants. However, thermal sources
from the generation of power, for instance, can be a form
of pollution, as can man-made or anthropogenic noise. In
fact, the 1982 United Nations Convention on the Law of
the Sea includes the word “energy” to define “pollution of
the marine environment,” as in “the introduction by man,
directly or indirectly, of substances or energy into the ma-
rine environment ... which results or is likely to result in
such deleterious effects as harm to living resources and ma-
rine life ...” (article 1.1.4). Energy in this context can in-
clude both thermal and acoustic or noise pollution (Dotinga
and Oude Elferink 2000).

Acoustic pollution is of special concern for cetaceans
(whales, dolphins, and porpoises), known to be a very vocal
taxonomic group, as they are highly dependent on sound not
only as their principal sense, but in critical areas of their so-
cial and sensory biology (Tyack and Miller 2002). Indeed,
most marine species such as fish use sound for almost all
aspects of their life, including reproduction, feeding, preda-
tor and hazard avoidance, communication, and navigation
(Popper 2003). In the marine environment, vision is only
useful over tens of metres, whereas sound can be heard for
hundreds, even thousands, of kilometres.

The potential area impacted by even one noise source can
be large. For instance, the US Navy’s low-frequency active
(LFA) sonar, used to detect submarines, has a potential area
of impact (over which received levels of 120 dB! and above
can be heard) on cetaceans estimated to be around 3.9 mil-
lion km2 (Johnson 20032), though it is probably audible to
cetaceans over a much larger area. Noise from a single seis-
mic survey, used to discover oil and gas deposits under the
sea floor, can cover a region of almost 300000 km?, raising
noise levels two orders of magnitude (20 dB) higher than
normal, continuously for days at a time (International Whal-
ing Commission 2005). Seismic survey noise from eastern
Canada measured 3000 km away in the middle of the Atlan-
tic was the loudest part of the background noise heard
underwater (Nieukirk et al. 2004). Ocean background noise
levels have doubled every decade for the last several deca-
des in some areas, probably as a result of increases in com-

mercial shipping (Ross 1993; Andrew et al. 2002;
International Whaling Commission 2005; McDonald et al.
2006).

Ocean noise has been a very controversial issue since it
first emerged in the early 1990s, when the wide media cover-
age of the ATOC (acoustic thermometry of ocean climate)
project, since renamed North Pacific Acoustic Laboratory,
brought anthropogenic noise to public attention. This basin-
scale project sent loud sounds from underwater speakers off
California and Hawai‘i to receivers as far away as New Zea-
land (10500 km away) to study ocean climate and thus
global warming. After public opposition, the California
sound source, first located in the Monterey Bay National Ma-
rine Sanctuary, was moved outside of the Sanctuary bounda-
ries and finally removed after a few years of operation, but
the Hawai‘i source, off Kaua‘i, continues to operate.

Since then, much louder sources of sound have further
raised concern over the issue of undersea noise. A series of
beaked whale (family Ziphiidae comprising 20 species)
strandings that has occurred together with military sonar op-
erations have recently come to light (e.g., Frantzis 1998; Na-
tional Oceanographic and Atmospheric Administration and
US Department of the Navy 2001; Jepson et al. 2003; Fer-
nandez et al. 2005), though the first published record that
connected beaked whale strandings to military events dates
back to 1991 (Simmonds and Lopez-Jurado 1991).

While such strandings can be acutely fatal, potential
chronic effects also are cause for concern. Increased stress
levels, abandonment of important habitat, and “masking” or
the obscuring or interference of natural sounds are some of
the ways populations may be threatened by noise. Such
population-level effects are, however, particularly hard to
detect in cetaceans, where only a handful of the approxi-
mately 84 species have population estimates that are more
precise than +40% (Whitehead et al. 2000). The percentage
of serious population declines that would not be detected
in cetaceans ranged from 72% to 90% with current moni-
toring effort (Taylor et al. 2007). This level of uncertainty
and difficulty in conclusively documenting population-level
effects has contributed to much of the controversy sur-
rounding the impacts of noise on cetaceans. However,
noise has been thought to at least contribute to some spe-
cies’ declines or lack of recovery (National Marine Fish-
eries Service 2002; Weller et al. 2006a, 2006b;
International Whaling Commission 2007).

The lack of a definitive cause-and-effect relationship link-

! Decibel levels throughout the paper are given as re 1 puPa and source levels as re 1 pPa at 1 m. Mostly, these will be root-mean-square
(rms) values unless otherwise stated. Received levels generally diminish with distance from the source and represent the sound level at the

animal.

2].S. Johnson. 2003. SURTASS LFA environmental compliance experience. Presentation at ECOUS (Environmental Consequences of Un-

derwater Sound), San Antonio, Texas, 12-16 May 2003.
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ing stressors to population-level effects is not restricted to
the noise issue. Even environmental contaminants known to
be harmful to cetaceans seldom produce incontrovertible
population impacts, as such connections are difficult to es-
tablish in wild cetaceans (O’Hara and O’Shea 2005). As
with beaked whale noise-induced strandings, acute, high-
dose episodes of contamination demonstrate clearer links to
environmental threats than more insidious, sublethal impacts
such as deaths occurring over months or gradual reproduc-
tive dysfunction in the form of decreased neonatal survival
over years or decades (O’Hara and O’Shea 2005). Yet, the
latter impact may be more serious than the former.

This review will mainly attempt to synthesize current
knowledge on ocean noise impacts on cetaceans and will
critically evaluate some of the arguments put forth regarding
this issue. Also, the potential population consequences of
noise will be discussed, along with which management
measures might be most successful in protecting cetaceans
and their habitat. In this review, I will only briefly list the
main sources of noise, both natural and anthropogenic, as
other reviews cover this topic more than adequately (e.g.,
Hildebrand 2005). I will, however, contrast natural with
anthropogenic noise sources, since such biologically impor-
tant distinctions are often overlooked, which can cause
much confusion and misleading conclusions. I will provide
a brief overview of cetacean sound production and hearing,
and then concentrate on the topic of the impacts of anthro-
pogenic underwater noise on cetaceans. A significant section
is devoted to noise-induced strandings and mortalities, with
a focus on the beaked whale family, which seems particu-
larly vulnerable to acoustic impacts. Here, I will discuss the
history of such strandings, the possible extent of the prob-
lem, some proposed mechanisms of injury, and the possible
consequences on populations. Other noise impacts are then
reviewed, including hearing impairment, blast injury, mask-
ing, and some consideration of the possible effects noise
might have on the auditory development of young animals.
I will address the various behavioral reactions to noise,
such as changes in vocal behavior, displacement from im-
portant habitat and avoidance, migration route deflections,
and stress, and review the variability of such responses. Ap-
parent tolerance of noise is also discussed, along with the
critical issue of whether responses, if observed, are biologi-
cally significant. Here, I will review some of the literature
on human disturbance of wildlife and consider the difficulty
of using short-term reactions to ascertain long-term impacts.
Also, there is a short overview of some indirect effects of
noise on cetaceans, specifically, the reactions of prey species
to noise. Finally, I will consider the management implica-
tions of noise impacts, including the difficulties in establish-
ing ‘“safe” exposure levels, the shortcomings of some
mitigation tools, the need for precaution in the form of re-
ducing noise levels and distancing noise from biologically
important areas, and the role of marine protected areas and
monitoring in safeguarding cetaceans from especially cumu-
lative and synergistic effects.

This review is different from the recent review by Now-
acek et al. (2007) in that I do not limit myself to research
in which noise exposure levels at the animal are known or
estimated. I do not agree with Nowacek et al. (2007) that
“... [received levels] are critical to the interpretation of the
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animal(s) responses or lack thereof.” Certainly knowing the
levels of noise at the animal is helpful, but many other,
more important factors come into play, such as the animal’s
perception of the sound (including nonauditory effects), how
well it can deal with the potential masking effects of the
noise (by not only detecting signals of interest over the
noise, but distinguishing important content in the signal),
the context of the sound, the cumulative and synergistic ef-
fects of several noise sources and (or) other threats, and,
critically, the possible long-term impact on the population.
Nowacek et al. (2007) give the latter lip-service but no real
treatment in their review. Nowacek et al. (2007) claim that
management of noise cannot be undertaken without knowl-
edge of sound exposure levels, stating that this would be
like reporting responses of humans to drug trials without
knowing the dosage received. Again, I agree that exposure
information would be helpful, but many drug responses in
humans are, in fact, uncovered by long-term epidemiological
studies, rather than by research on acute reactions to partic-
ular dosages. Without knowledge of a patient’s history, life-
style, condition, etc., mere information on dosage will very
much limit the validity of any conclusions drawn. Cetaceans
are difficult enough to study, and the scientific literature is
therefore sparse enough, without restricting oneself to an
even narrower segment of it. Moreover, there are countless
examples of individuals of even the same species receiving
the same exposure levels of noise, yet reacting differently
(e.g., Nowacek et al. 2004). In some circumstances, ceta-
ceans also seem to react to the change in received level,
rather than the received level per se, or whether a noise
source is approaching the animal or not. Clearly, dosage is
not the only, or possibly even the most important, factor to
consider in noise impact studies.

As the ultimate objective of this review is to increase
knowledge and understanding of the impacts of noise on ce-
taceans in the hopes of furthering their protection and man-
agement, [ will be viewing anthropogenic sound from the
point of view of the cetacean. Thus, unlike Nowacek et al.
(2007), T will generally assume that human additions of
sound into the marine environment are indeed perceived by
cetaceans as noise, i.e., are unwanted, in the same way that
a sonar operator legitimately views cetacean calls as “bio-
logical noise”. Also, unlike Nowacek et al. (2007), who
“... do not aim to assess the intentions of producers of
anthropogenic sound ...”, I will assume that noise producers
do not intend to harass or harm cetaceans. I will assume that
they simply want to get a job done.

Sources of ocean noise

There are many sources of natural and anthropogenic
noise in the marine environment. They vary according to
sound characteristics such as frequency (pitch), amplitude
(loudness), duration, rise time (time required to reach maxi-
mum amplitude), directionality (the width of the broadcasted
“beam”), duty cycle (percentage of time a sound is trans-
mitted), and repetition rate. Natural noise sources include
undersea earthquakes, volcanic eruptions, and lightning
strikes on the water surface, in addition to biotic noise sour-
ces from snapping shrimp (family Alpheidae), fish, and ma-
rine mammals. High wind speed causing breaking waves
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(Wilson et al. 1985) and precipitation (Nystuen and Farmer
1987) can contribute substantially to natural ocean noise.
Anthropogenic ocean noise is mainly the result of under-
water explosions (nuclear and otherwise), seismic explora-
tion (undertaken by the oil and gas industries to find
mineral deposits and by geophysicists to study the ocean
floor), naval sonar operations, and shipping. When compar-
ing the total energy output per year (in joules) of these vari-
ous noise sources, 2.1 x 105 J is the contribution from
nuclear explosions and ship-shock trials (explosions used by
the Navy to test the structural integrity of their ships),
though these are very infrequent, especially nuclear under-
water explosions, 3.9 x 1013 J is added from air-gun arrays
(seismic exploration), 2.6 x 10!3 J is from military sonars,
and 3.8 x 10!2 J is the contribution from supertankers, mer-
chant vessels, and fishing vessels (Hildebrand 2005). Most
commercial vessels or recreational boats use some sort of
sonar such as a fish finder or depth sounder. These can be
quite loud (150-235 dB; Hildebrand 2005), but most tend to
use the higher frequencies (usually >70 kHz) that do not
carry as far as low frequencies, and are generally directed
in a narrowly focussed downward beam, further limiting
their horizontal propagation. Side-scanning sonars are an ex-
ception, however. The total energy output of navigational
and research sonars is 3.6 x 1019 J (Hildebrand 2005). Ob-
viously, other factors beyond total energy contribution, such
as the distribution of these noise sources and how sensitive
cetaceans are to them, must also be considered when evalu-
ating their impacts. Drilling, construction, ice breakers, oce-
anographic experiments, acoustic harassment devices (e.g.,
to repel marine mammals from aquaculture facilities or fish-
ing nets from which they may steal fish), and recreational
boating, among others, also contribute to man-made ocean
noise levels (see Hildebrand 2005).

Cetacean sound production

Cetacean vocalizations cover a wide range of frequencies,
from the infrasonic calls of the large mysticetes (baleen
whales) to the ultrasonic clicks of the odontocetes (toothed
whales). In general, the larger the body size, the lower the
frequency of calls produced by the cetacean species. Mysti-
cetes produce low-frequency sounds that are mostly around
10-2000 Hz, whereas odontocetes are more mid- and high-
frequency specialists, using principally frequencies of 1-
150 kHz (Richardson et al. 1995), though some biosonar or
echolocation clicks can go as high as 250 kHz (Rasmussen
et al. 2004). Whether animals actually use or even perceive
these extremely high frequencies of their clicks (>150 kHz)
is unclear. High-frequency clicks in general are used by
odontocetes to sense their environment and find prey. Sperm
whale (Physeter macrocephalus L., 1758) clicks can be de-
tected over ranges of almost 10 km (Leaper et al. 1992).
Mysticete calls, being lower in frequency, can travel over
larger distances of around >100 km (Payne and Webb
1971). Mysticetes are not thought to use echolocation,
though they may gain some general environmental informa-
tion from their low-frequency calls. On migration, for in-
stance, bowhead whales (Balaena mysticetus L., 1758)
appear to take evasive action around ice floes well ahead of
being able to detect them visually (Ellison et al. 1987;
George et al. 1989).

Can. J. Zool. Vol. 85, 2007

Cetacean hearing

Cetaceans have highly sophisticated auditory systems.
Just as cetacean calls span a broad range of frequencies, so
too does their hearing. Most odontocetes hear well between
1 and 150 kHz (Dehnhardt 2002). Audiograms are available
for only 11 species of odontocetes, out of a total of about 84
cetacean species (Dehnhardt 2002). Moreover, audiograms
of those 11 species are usually only based on data from one
or a few captive individuals. No audiograms for any mysti-
cete exist, and the sperm whale audiogram is based on one
newborn calf. Based on models incorporating call produc-
tion and inner ear structure, mysticete hearing is thought to
range from 5-20 Hz to 20-30 kHz. Uncertainty exists in the
sound transmission pathways from the water to the inner ear
in cetaceans, which has bearing on how vulnerable ceta-
ceans might be to loud sounds.

Because of the dearth of cetacean audiograms, extrapola-
tions between individuals, species, taxonomic suborders
(odontocetes or mysticetes), age classes, captive vs. free-
ranging animals, and marine vs. terrestrial animals are often
made. Such extrapolations are controversial, especially when
used in calculating “safe” exposure levels for cetaceans for
the purposes of noise regulation and policy decision-making.
When using auditory evoked potential to test the hearing of
62 free-ranging bottlenose dolphins (Tursiops truncatus
(Montagu, 1821)) from Sarasota Bay, Florida, Cook (2006)
found great individual variation in hearing abilities, i.e., up
to 80 dB differences in auditory thresholds. She thus con-
cluded that data from individual animals do not accurately
represent the entire population and there was a “... need
for larger sample sizes when making population-level as-
sessments or management decisions.” (Cook 2006). How-
ever, in the past, management decisions regarding hearing
damage have been based on hearing data from a few indi-
viduals of perhaps one or two cetacean species, and results
have been extrapolated to characterize populations, and
even species, to say nothing of whole taxonomic orders or
suborders (e.g., National Marine Fisheries Service 2006). In-
terestingly, in the Sarasota Bay dolphins, no relationship
was seen between hearing sensitivity and age (2-36 years),
gender, and PCB load (Cook 2006). Electrophysiological
measures of hearing such as auditory evoked potential or
auditory brainstem response must be used with caution,
however, as rigid stimulus control is required, masking
thresholds are not taken into account, and these measures
do not represent a “whole animal” response, including the
totality of the animal’s sound pathways, perception, and
processing abilities.

Auditory data from captive individuals cannot necessarily
be extrapolated to free-ranging cetaceans, as captive animals
must adjust to a radically different acoustical environment in
the form of a tank, which could conceivably influence their
hearing abilities over the long term, especially in younger
animals. Au (1993) noted that “unnatural and suboptimal
signals” may be used by captive dolphins (family Delphini-
dae) because the highly reverberant tank environment could
discourage dolphins from emitting high-intensity sonar sig-
nals so as to prevent the signals’ high energy from being re-
flected back at them. Moreover, it is probable that there are
considerable differences in how a captive cetacean in a tank
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perceives a noise playback compared with an animal in the
ocean environment, where, for instance, different propaga-
tion patterns (multipaths) exist, possibly making extrapola-
tions between the two environments invalid.

In reviewing her research results along with other cited
studies, Cook (2006) found that, in general, captive animals
showed more hearing impairment than similar-aged free-
ranging dolphins, even though the free-ranging dolphins
lived in the very urban environment of Sarasota Bay, which
is filled with large numbers of pleasure craft. The Sarasota
dolphins showed no substantial hearing losses (with one pos-
sible exception), though dolphins <2 years or >36 years
were not tested. One interpretation of these results, she
noted, was that individuals with profound hearing losses
may not survive because of their compromised echolocation
abilities (Cook 2006).

Tests using a food reward could also alter the motivation
of captive animals to show, for instance, more behavioral
tolerance to playbacks of high noise levels. Background
noise levels must be taken into account when testing the
hearing of whales or dolphins. Captive animals tested in the
higher background noise levels of San Diego Bay had much
higher hearing thresholds (poorer hearing) than those tested
in a pool, especially below 40 kHz (Finneran and Houser
2006). In this study, three out of the four captive bottlenose
dolphins showed high-frequency hearing loss. Moreover, the
hearing sensitivity of a stranded infant Risso’s dolphin
(Grampus griseus (G. Cuvier, 1812)) was much greater than
a previously tested adult of the same species. Not only did
the infant detect 100 kHz signals at nearly 60 dB lower
than the adult, but it also could detect higher frequencies
(Nachtigall et al. 2005). Thus, extrapolations between age
classes may not be valid.

Differences between natural and
anthropogenic noise

The argument is often made that because cetaceans them-
selves can produce very loud sounds, they should be able to
cope with loud anthropogenic ocean noise. However, it is
difficult to compare their sounds with man-made noise sour-
ces, since the two can vary in many characteristics (fre-
quency, duration, directionality, etc.) even if their loudness
is occasionally comparable. For instance, while a sperm
whale click may be as loud as some naval sonars, it is very
brief and extremely directional (Mghl et al. 2000; Mghl
2004). Imagine a pencil-thin flashlight beam, compared, in
the case of naval mid-frequency sonar, with a floodlight ra-
diating light in virtually all directions on a horizontal plane
(National Oceanographic and Atmospheric Administration
and US Department of the Navy 2001) . The chances of
being exposed to the full power of a sperm whale click are
comparatively small. Similarly, a sound source, such as a
porpoise (family Phocoenidae) click, may be very loud but
ultrasonic or above the human hearing range. Such high fre-
quencies do not carry over the large distances that low
frequencies do, and more cetaceans are sensitive to the mid-
frequency range than high frequencies. Moreover, it is prob-
able that loudly vocalizing animals generally space them-
selves (e.g., as singing humpback (Megaptera novaeangliae
(Borowski, 1781)) males do; Frankel et al. 1995), with the
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result that they do not normally expose each other to the
loud sounds of conspecifics. The human voice is also loud
enough to cause hearing damage in other humans, if one
were to yell or sing at close range to another’s ear over
hours, yet this is socially unacceptable. At the same time, it
should not be assumed that sounds produced by cetaceans
are always benign. It is very probable that cetaceans use
their sounds to threaten or even injure one another on occa-
sion, in competitive displays or fights (Tyack 1981; Connor
and Smolker 1985).

Natural background noise levels in the ocean can be quite
loud and variable. As such, it is possible that cetaceans have
developed mechanisms that protect them from the more
harmful effects of noise, such as hearing loss. There have
even been suggestions that, as cetaceans must cope with
pressure changes owing to diving, they may be more resil-
ient to pressure changes from noise (e.g., in Ketten 1995),
though there is little evidence to support this theory. It
might be assumed that cetaceans have adapted over evolu-
tionary time scales to at least some commonly encountered
natural noise sources, but the same does not necessarily ap-
ply to the relatively recent addition of anthropogenic noise.
Especially for long-lived species, such as whales, and in
cases of rapidly increasing background noise levels, animals
are highly unlikely to be able to genetically adapt at a pace
similar to that of habitat change (Rabin and Greene 2002).
Some natural and human-made sound sources share acoustic
characteristics, but usually cetaceans are probably able to
distinguish between them, especially considering factors
such as the context in which they are produced. Moreover,
there are probably biological constraints in the extent to
which animals are able to overcome challenges to their per-
ception and communication in the environment such that the
capacity for adaptation to noise is not limitless.

Impacts of ocean noise on cetaceans

Cetacean strandings

The US National Marine Fisheries Service defines a
stranding as a marine mammal found (i) dead on shore, (if)
alive on shore but unable to return to the water, or (iii) in a
foreign habitat (river or shallow water) and unable to return
to its own habitat (e.g., deeper water) without assistance.
The reasons cetaceans strand are still largely unknown, but
some strandings are due to biotoxins or disease. Although
cetacean mass strandings (involving several animals) are un-
common, certain species, such as pilot whales (genus Globi-
cephala Lesson, 1828) or false killer whales (Pseudorca
crassidens (Owen, 1846)), are known to mass strand more
frequently and were recorded doing so long before the in-
dustrial revolution. Strandings of single animals are more
likely to occur because the animal is ill, diseased, or injured,
whereas in many mass strandings, the majority of animals
appear healthy.

History of noise-related beaked whale strandings

Recently, scientists have recognized a type of mass
stranding involving beaked whales, a family of whales that
do not typically mass strand (except for perhaps Gray’s
beaked whales, Mesoplodon grayi von Haast, 1876). Un-
usual aspects of these mass strandings have included the fol-
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lowing: (i) the involvement of beaked whales; (if) mixed
species; (iii) animals spread out over several tens of kilo-
metres of coastline, yet stranded within several hours of
each other — a so-called ‘“atypical” stranding pattern; (iv)
animals apparently disease-free in good body condition,
often with food in their stomachs; (v) the live stranding of
some animals; (vi) strandings very closely linked in space
and time to a noise event; (vii) evidence of acoustic trauma
discovered upon examination of the carcasses; and (viii) no
other explanations available for the stranding. Not all of
these strandings showed all of these features, other than the
involvement of beaked whales, the lack of disease, and the
nearby noise event.

Noise was first implicated in these strandings because
(i) no other threat could easily explain how, almost simul-
taneously, many whales could be affected over a large
area and (if) the locations and timing of individual whale
strandings in a mass-stranding event would often closely
coincide with the track of a noise-producing vessel. In the
Bahamas stranding of 2000, the “smoking gun” of acous-
tic trauma was finally discovered. Hemorrhaging around
the brain, in the inner ears, and in the acoustic fats (i.e.,
fats that are located in the head, including the jaw and
“melon” or forehead of cetaceans, which are involved in
sound transmission) showed up in stranded whales (Na-
tional Oceanographic and Atmospheric Administration and
US Department of the Navy 2001). This led the US Navy
and the National Oceanic and Atmospheric Administration
in their interim report (National Oceanographic and At-
mospheric Administration and US Department of the
Navy 2001) to conclude that “an acoustic or impulse
injury caused the animals to strand ... and subse-
quently die as a result of cardiovascular collapse ...” and
that “... tactical mid-range frequency sonars aboard U.S.
Navy ships that were in use during the sonar exercise in
question were the most plausible source of this acoustic
or impulse trauma.”

Exposure to military sonar was determined to be the prob-
able cause of a beaked whale stranding event in Greece in
1996, because of an “atypical” stranding pattern (Frantzis
1998). Similar stranding events occurred in the Bahamas in
2000 (see above), Madeira in 2000 (Freitas 2004), and the
Canary Islands in 2002 (Fernandez et al. 2005). Since 1960,
more than 40 mass strandings, defined as two or more indi-
viduals, of Cuvier’s beaked whales (Ziphius cavirostris G.
Cuvier, 1823) have been reported worldwide (see Table 1,
as well as Hildebrand 2005; Brownell et al. 2004%). About
28 of these occurred at the same time and place as naval
maneuvers or the use of active sonar or near naval bases
(Frantzis 1998; National Oceanographic and Atmospheric
Administration and US Department of the Navy 2001; Jep-
son et al. 2003; Brownell et al. 20043) or co-occurred with
other noise sources, such as seismic surveys (Hildebrand
2005; International Whaling Commission 2005).

While the co-occurrence of two events (noise and strand-
ings) is not enough to prove causation, the probability that
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the two are not related grows smaller as more linked inci-
dents are observed. As both naval maneuvers and especially
beaked whale mass strandings are comparatively rare events,
the chance that these two rare events will repeatedly occur
together by coincidence is vanishingly low. In addition, the
historical record indicates that, aside from one exception,
Cuvier’s beaked whale mass strandings first began to appear
in the early 1960s (Table 1), when a different system of
more powerful naval sonars began to be used (Friedman
1989). Some of this increase in strandings may be due to an
enhanced effort to document strandings and the establish-
ment of better stranding networks, but as stranding records
for Cuvier’s beaked whales date back to around 1838
(Mead 2000%), there has been at least some effort present to
document strandings since the 19th century. It is unlikely
that reports of mass strandings in the 1960s are the result of
a sudden jump in monitoring effort.

Possible underestimation of noise-induced strandings or
mortalities

For a number of reasons, it is difficult to assess the mag-
nitude of noise-induced strandings or mortalities, though
there are several factors that would cause the true extent of
strandings associated with noise to be underestimated. First,
many strandings will go undocumented, as will the associ-
ated noise events. Second, if animals can die at sea owing
to injuries sustained from a noise event and without any
stranding taking place, as seems likely (Fernandez et al.
2005; International Whaling Commission 2005), then detec-
tion is even more improbable. Whale carcasses are difficult
to discover at sea, since, with few exceptions (e.g., right
(genus Eubalaena Gray, 1864), bowhead, and sperm
whales) (Whitehead and Reeves 2005), they usually imme-
diately sink. Some carcasses may later float or strand, but
even in well-studied inshore populations of cetaceans, only
a small proportion of carcasses are recovered (a total of 14
killer whale, Orcinus orca (L., 1758), carcasses has been re-
covered out of 200 individuals known to have died along a
well-populated coast — a 7% recovery rate; John K.B.
Ford, personal communication). Third, only mass strandings
of beaked whales are usually considered to be suspicious
and thus linked with noise, because single strandings of
beaked whales are more apt to be due to disease than mass
strandings. Yet, it is possible that noise events may at least
contribute to their stranding, though this has not been exam-
ined. Fourth, while acoustic trauma provides very convinc-
ing evidence to link a stranding with a noise event, the
absence of such trauma cannot be used to rule out such an
association. Whales may strand because they were near
shore when they heard the noise and panicked, dying from
the stranding alone without suffering additional acoustic
trauma. Overall, the fact that it has taken observers 40 years,
during which mid-frequency naval sonars have been widely
used, to discover a link between this technology and beaked
whale strandings underscores how easy it is to miss such
impacts from human activities, even for such relatively ob-
vious events as strandings.

3R.L. Brownell, Jr., T. Yamada, J. Mead, and A.L. van Helden. 2004. Mass strandings of Cuvier’s beaked whales in Japan: U.S. Naval
acoustic link? Paper No. SC/56/E37 presented to the International Whaling Commission Scientific Committee, June 2004. Unpublished.
Available from the International Whaling Commission Scientific Committee, Cambridge, UK.

4J.G. Mead. 2000. Historical mass mortalities of ziphiids. Unpublished paper. Available from Mead.James @nmnh.si.edu.
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Table 1. Mass strandings of Cuvier’s (Ziphius cavirostris; Zc), Gervais’ (Mesoplodon europaeus; Me), and Blainville’s (Meso-
plodon densirostris; Md) beaked whales, in addition to species that stranded with them, namely the striped dolphin (Stenella
coeruleoalba), northern bottlenose whale (Hyperoodon ampullatus (Forster, 1770)), pygmy sperm whale (Kogia breviceps),
minke whale (Balaenoptera acutorostrata), and Atlantic spotted dolphin (Stenella frontalis (G. Cuvier, 1829)) (after Brownell et
al. 2004°; Evans and Miller 2004; Hildebrand 2005; International Council for the Exploration of the Sea 2005; International
Whaling Commission 2005).

Associated activity (when

Year Location Species (numbers) available)

1914 New York, USA Zc (2)

1960 Sagami Bay, Japan Zc (2) US fleet

1963 Gulf of Genoa, Italy Zc (15+) Naval maneuvers

1963 Sagami Bay, Japan Zc (8-10) US fleet

1964 Sagami Bay, Japan Zc (2) US fleet

1965 Puerto Rico Zc (5)

1966 Ligurian Sea, Italy Zc (3) Naval maneuvers

1967 Sagami Bay, Japan Zc (2) US fleet

1968 Bahamas Zc (4)

1974 Corsica Zc (3), striped dolphin (1) Naval patrol

1974 Lesser Antilles Zc (4) Naval explosion

1975 Lesser Antilles Zc (3)

1978 Sagami Bay, Japan Zc (9) US fleet

1978 Suruga Bay, Japan Zc (4) US fleet

1979 Sagami Bay, Japan Zc (13) US fleet

1980 Bahamas Zc (3)

1981 Bermuda Zc (4)

1981 Alaska, USA Zc (2)

1983 Galapagos Zc (6)

1985 Canary Islands Zc (~10), Me (1) Naval maneuvers

1986 Canary Islands Zc (3), Me (1), beaked whale species (1)

1987 Canary Islands Me (3)

1987 Italy Zc (2)

1987 Suruga Bay, Japan Zc (2) US fleet

1987 Canary Islands Zc (2)

1988 Canary Islands Zc (3), bottlenose whale (a beaked whale) (1), pygmy Naval maneuvers
sperm whale (2)

1989 Sagami Bay, Japan Zc (3) US fleet

1989 Canary Islands Zc (15+), Me (3), Md (2) Naval maneuvers

1990 Suruga Bay, Japan Zc (6) US fleet

1991 Canary Islands Zc (2) Naval maneuvers

1991 Lesser Antilles Zc (4)

1993 Taiwan Zc (2)

1994 Taiwan Zc (2)

1996 Greece Zc (12) Naval low-frequency active

sonar trials

1997 Greece Zc (3)

1997 Greece Zc (94) Naval maneuvers

1998 Puerto Rico Zc (5)

1999 Virgin Islands Zc (4) Naval maneuvers

2000 Bahamas Zc (9), Md (3), beaked whale species (2), minke whale (2), Naval mid-frequency sonar
Atlantic spotted dolphin (1)

2000 Galapagos Zc (3) Seismic research

2000 Madeira Zc (3) Naval mid-frequency sonar

2001 Solomon Islands Zc (2)

2002 Canary Islands Zc (9), Me (1), Md (1), beaked whale species (3) Naval mid-frequency sonar

2002 Mexico Zc (2) Seismic research

2004 Canary Islands and Morocco Zc (4) Naval maneuvers

2006 Spain Zc (4) NATO naval maneuvers

On the other hand, strandings that occur together with
anthropogenic noise cannot immediately be assumed to be
caused by it. If animals later are discovered to have died as
a result of biotoxins, for instance, the noise event may be

truly coincidental to their stranding. Alternatively, several
factors may act together in a cumulative or synergistic way
to bring about a stranding. The relative contributions of each
of these stressors will likely be difficult to determine.
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Mechanism of injury

The mechanisms by which beaked whales are killed or in-
jured by anthropogenic noise are still unknown (Cox et al.
2006). In contrast to the necropsies conducted in the Baha-
mas where principally only the heads of the carcasses were
examined, pathologists in the 2002 Canary Islands stranding
dissected the entire bodies of the whales. They found that
“... whales had severe, diffuse congestion and hemorrhage,
especially around the acoustic jaw fat, ears, brain, and kid-
neys.” (Fernandez et al. 2005). Additionally, they observed
“gas bubble-associated lesions and fat embolism in the ves-
sels and parenchyma of vital organs.” This in vivo bubble
formation, which can block blood vessels (an embolism),
might have been the result of sonar exposure and may have
been further exacerbated by abnormal surfacing behavior,
such as too rapid ascents (Fernandez et al. 2005). Alterna-
tively, the sonar alone may interact with tissues that are
supersaturated with nitrogen gas (as is possible in deep-
diving whales), causing the expansion of in vivo bubble
precursors or gas nuclei. The bubbles seen in the veins are
consistent with, but not diagnostic of, decompression sick-
ness (Fernandez et al. 2005). Both gas and fat emboli
should be present for proper diagnosis of this newly dis-
covered syndrome, which seems related to noise exposure
(Fernandez et al. 2005). The time between estimated sonar
exposure and death was short (around 4 h), and observa-
tions suggest that the animals were severely injured before
stranding, at least in the 2002 Canary Islands event (Fer-
nandez et al. 2005).

Thus, the pathologies documented in the beaked whale
stranding events in the Bahamas, Madeira, and Canary Is-
lands may be the result of a physiological or behavioral re-
sponse or some combination of the two. Beaked whales may
be exhibiting the following: (i) a behavioral response to
noise that leads directly to stranding, such as swimming
away from the noise into shallow water; (if) a behavioral re-
sponse such as altering their dive pattern, e.g., staying too
long at depth or near the surface, which leads indirectly to
tissue damage (e.g., because of decompression sickness or
lack of oxygen); or (iii) a direct physiological response to
noise exposure that is unmediated by behavior through, for
example, nonauditory effects such as gas bubble formation
and growth, vertigo, or resonance (Cox et al. 2006). Gas
bubble formation in at least partial combination with a be-
havioral response has been singled out as particularly plausi-
ble (Cox et al. 2006). If behavior is involved, responses will
be more difficult to predict because of high interindividual
variation.

By modeling the sound field (National Oceanic and At-
mospheric Administration and US Department of the Navy
2001) and by knowing the distribution of Cuvier’s beaked
whales in the area of the Bahamas based on previous stud-
ies, whales were thought to be exposed to relatively moder-
ate levels of noise, in the order of 150-160 dB re 1 pPa for
50-150 s (Hildebrand 2005). Such levels are too low to
cause permanent or probably even temporary hearing loss
(Hildebrand 2005), especially as beaked whales are likely
most sensitive to higher frequencies, though there may be
considerable interspecific variation. A juvenile Gervais’
beaked whale (Mesoplodon europaeus (Gervais, 1855)) was
tested, using auditory evoked potential, to show little sensi-
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tivity at 5 kHz, around the frequency of the sonar (Cook et
al. 2006). Bubble growth, in contrast, could theoretically be
activated with exposure to sounds <150 dB under the right
conditions, and bubbles could grow significantly as the ani-
mal rises to the surface (Houser et al. 2001; Crum et al.
2005).

Crum and Mao (1996) found, however, that bubble
growth would be improbable from exposures <190 dB un-
less tissues were extremely supersaturated. Supersaturation
with nitrogen gas is considered a plausible condition for ce-
taceans, especially for deep-diving marine mammals
(Ridgway and Howard 1979; Houser et al. 2001). Deep-
diving whales, such as beaked whales and sperm whales,
would then theoretically be most vulnerable to injury
from bubble growth. Experiments involving bovine tissue
placed under pressure (equivalent to 40-70 m in diving
depth) and supersaturated with gas showed that extensive
bubble production resulted when exposed to short pulses
of low-frequency sound, supporting the possibility that
sound sources could cause gas emboli syndrome in ceta-
ceans under the right conditions (Crum et al. 2005). They
note that the physics of bubble nucleation (formation)
would not be expected to vary much with different fre-
quencies of sound exposure. Recent anatomical studies of
sperm whales and other species show that there may be
unavoidable costs to chronic deep-diving (Moore and Early
2004; but see also Mitchell 2005, Moore and Early 2005,
and Rothschild 2005) and that in vivo bubble formation is
indeed possible in cetaceans other than beaked whales
(Jepson et al. 2003; Jepson et al. 2005). Thus, cetaceans
may not be as immune to decompression sickness and
“the bends” as was previously thought.

Tyack et al. (2006), however, argue that, based on their
calculations of diving physiology and observations of
beaked whale diving behavior, these whales are neither
chronically and highly supersaturated with nitrogen nor at
risk for decompression sickness and embolism. They believe
that the whales’ pattern of diving is not an adaptation to pre-
vent bubble formation and decompression sickness, since it
does not fit with the diving behavior required for recompres-
sion. Instead, they suggest that an unusual behavioral re-
sponse to noise could cause the observed emboli. Diving
behavior most likely to cause decompressions sickness, ac-
cording to their calculations, would be repeated, long, shal-
low dives between 30 and 80 m with only short periods at
the surface. Such a diving pattern could result in supersatu-
ration levels of up to 400%—-900% (Tyack et al. 2000).

Population-level impact

The population consequences of acoustically induced
strandings and mortalities are unclear. The conservation sta-
tus of most beaked whales is listed as “data deficient” (In-
ternational Union for the Conservation of Nature and
Natural Resources 2004), as this family of whales tends to
be notoriously elusive and hard to study. However, the pop-
ulation structure of the few beaked whale populations that
have been studied long term indicates that even transient
and localized acoustic impacts could have prolonged and
serious consequences. Beaked whales appear to be found in
small local populations that are resident year-round (Bal-
comb and Claridge 2001; Wimmer and Whitehead 2004;
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McSweeney et al. 2007). Additionally, Cuvier’s beaked
whales exhibit a high degree of genetic isolation among oce-
anic and, in some cases, regional populations (Dalebout et
al. 2005). Such population characteristics make beaked
whales particularly vulnerable to disturbance and population
impacts.

In the case of the Bahamas March 2000 event, the only
stranding for which baseline survey data are available, there
were no sightings of Cuvier’s beaked whales for a 20 month
period (May 2000 to February 2002) following the strand-
ing, despite increased effort in 2000 and 2001 (Claridge
2006). Sighting rates since February 2002 appear to be back
to those from 1997 to 1999 or about 0.0006 sightings per
km surveyed (Claridge 2006; D.E. Claridge, personal com-
munication). Photographic data are limited for the genus Zi-
phius G. Cuvier, 1823 in this area, but of the 16 whales
photographed before March 2000, there was one adult fe-
male that was resighted (Claridge 2006). This female has
been photo-identified two more times since the stranding,
suggesting residency of individual Cuvier’s beaked whales
to the area (D.E. Claridge, personal communication). Addi-
tionally, one of the whales that stranded in the March event
had been photographed in the study area previous to the
stranding (Claridge 2006). This seems to indicate that the af-
fected local population of Cuvier’s beaked whales was iso-
lated from a larger population, implying that a population-
level effect may have resulted from the brief transit of five
naval vessels using sonar (Balcomb and Claridge 2001; In-
ternational Whaling Commission 2005). It is unknown how
many whales from the local population of the species were
killed during the naval exercise, but at minimum they were
displaced from their former habitat. For species such as
beaked whales whose rates of increase are low, even seem-
ingly minor effects may cause population declines (White-
head et al. 2000).

Nonbeaked whale strandings

While beaked whales appear particularly vulnerable to the
effects of noise, other cetaceans also have been involved in
noise-induced strandings. Some species, such as minke
whales (Balaenoptera acutorostrata Lacépeéde, 1804) (Ba-
hamas 2000) and pygmy sperm whales (Kogia breviceps
(Blainville, 1838)) (Canary Islands 1988), have stranded
concurrently with beaked whales, while others, such as
long-finned pilot whales (Globicephala melas (Traill,
1809)), minke whale, and dwarf sperm whales (Kogia sima
(Owen, 1866)) (North Carolina 2005), melon-headed whales
(Peponocephala electra (Gray, 1846)) (Hawai‘i 2004), and
harbor porpoises (Phocoena phocoena (L., 1758)) (Haro
Strait 2003), have stranded in noise-related events that did
not involve beaked whales (Table 2). In the Hawai‘i strand-
ing, Southall et al. (2006) concluded that active naval sonar
transmissions likely contributed to the stranding of the
melon-headed whales. Reports on the Haro Strait stranding
(National Marine Fisheries Service 2005) and the North Car-
olina stranding (Hohn et al. 2006) were less conclusive in
relating the strandings to naval sonar, though clear cetacean
behavioral reactions to the sonar were reported in the Haro
Strait event.

Which other species could be vulnerable to noise-induced
strandings is unknown. As previously mentioned, certain
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species of cetaceans, such as pilot whales, are known as fre-
quent mass stranders. If these same species also occasionally
strand because of noise events, it would be easy to miss
such a connection and their susceptibility to noise-related in-
jury and mortality may be underestimated. Jepson et al.
(2005) found gas emboli, previously associated with sonar-
related strandings, in the livers and other organs of four Ris-
so’s dolphins, three short-beaked common dolphins (Del-
phinus delphis L., 1758), and one harbour porpoise, in
addition to one Blainville’s beaked whale (Mesoplodon den-
sirostris (Blainville, 1817)). While such lesions were more
common in deep-diving species, they were also present in
species inhabiting shallower waters, raising the possibility
that sonar, or other noise, impacts may be more widespread
than previously thought.

Other impacts of noise on marine mammals

Temporary or permanent hearing loss

Hearing loss can either be temporary (TTS or temporary
threshold shift) or permanent (PTS or permanent threshold
shift). Generally, with PTS, sensory hair cells in the inner
ear are lost. The relationship between the onset of TTS and
the onset of PTS is not well understood, but repeated TTS,
especially if the animal receives another sound exposure be-
fore full recovery of the previous TTS, is thought to result
in PTS. At which point TTS ceases to be recoverable is un-
certain. PTS, however, can be incurred even without TTS, if
the sound is intense enough. PTS has not purposely been in-
duced in cetaceans for ethical and legal reasons.

Even in humans, predicting hearing loss is difficult. It is
still unclear, for instance, how impulses add up over time
and which pattern of delivery of impulses is most damaging
to the human ear. Only recently have characteristics of noise
such as kurtosis, or the “peakedness™ of the amplitude dis-
tribution of a noise environment, been shown to help predict
the magnitude of hearing loss from complex noise exposures
(Hamernik et al. 2003).

In general, the chances of TTS occurring are increased the
higher the sound level and the longer the duration. Using
captive cetaceans, Schlundt et al. (2000) found that beluga
whales (Delphinapterus leucas (Pallas, 1776)) and bottle-
nose dolphins showed masked TTS after being exposed to a
single very high intensity sound of 192-201 dB re 1 pPa for
1 s per day, though one animal showed masked TTS at
182 dB at 75 kHz. In a different study using impulsive noise
(seismic waterguns), 226 dB re 1 pPa (peak-to-peak) and
186 dB re 1 pPaZs (total energy flux) produced masked
TTS in the beluga whale but not in the bottlenose dolphin
(Finneran et al. 2002). Another captive bottlenose dolphin
incurred TTS after at most once-a-week exposures to a max-
imum of 179 dB re 1 pPa for 55 min, as determined by be-
havioral means. Recovery was complete within 45 min
(Nachtigall et al. 2003). Using evoked auditory potentials (a
way to test hearing by assessing the auditory brainstem re-
sponse through passively measuring brainwave patterns
from the skin surface), the same animal showed TTS after
being exposed to 160 re 1 pPa (rms) for 30 min (Nachtigall
et al. 2004). The authors warned that TTS is highly variable
between individuals, as well as between species, and thus
caution should be used when extrapolating results to other
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Table 2. Associated mass strandings involving species other than solely Cuvier’s(Zc), Gervais’ (Me), or Blain-
ville’s (Md) beaked whales, namely pygmy sperm whale, northern bottlenose whale, minke whale, Atlantic
spotted dolphin, harbor porpoise (Phocoena phocoena), Dall’s porpoise (Phocoenoides dalli (True, 1885)), melon-
headed whale (Peponocephala electra), long-finned pilot whale (Globicephala melas), and dwarf sperm whale
(Kogia sima) (National Oceanographic and Atmospheric Administration and US Department of the Navy 2001;
Martin et al. 2004; National Marine Fisheries Service 2005; Hohn et al. 2006; Southall et al. 2006).

Associated activity (when

Year Location Species (numbers) available)
1988 Canary Islands Pygmy sperm whale (2), Zc¢ (3), bottlenose Naval maneuvers
whale (a beaked whale) (1)
2000  Bahamas Minke whale (2), Atlantic spotted dolphin (1), Naval mid-frequency sonar
Zc. (9), Md (3), other beaked whale species (2)
2003 Washington, USA Harbor porpoise (14), Dall’s porpoise (1) Naval mid-frequency sonar
2004 Hawai‘i, USA Melon-headed whale (~200) Naval mid-frequency sonar
2005 North Carolina, USA  Long-finned pilot whale (34), dwarf sperm Naval maneuvers

whale (2), minke whale (1)

bottlenose dolphins, let alone to other cetacean species
(Nachtigall et al. 2004). Cetaceans must have internal mech-
anisms to protect themselves from their own vocalizations,
as other species do, since the sounds they produce are often
above the levels shown, in the previously mentioned experi-
ments, to induce TTS.

Based on theoretical modelling, Erbe and Farmer (2000)
predicted that belugas would experience TTS after only
20 min of ice breaker noise at distances of 1-4 km. The
noise of fast whale-watching boats was modelled and pre-
dicted to cause TTS in killer whales after 30-50 min of ex-
posure within distances of 450 m (Erbe 2002). The noise
from several boats surrounding or following whales theoret-
ically would reach critical levels considered high enough to
cause permanent hearing loss with prolonged exposure (Erbe
2002).

There is currently a high degree of emphasis on TTS and
PTS when assessing the impacts of noise on marine mam-
mals. Certainly such impacts are of great concern. Even a
temporary loss in hearing (TTS can last from minutes to
days) can be fatal or injurious to animals in the wild, if the
detection of a predator or other significant hazard is missed.
A focus on TTS and PTS also has the advantage that these
effects are more easily modeled and predicted than other im-
pacts, in particular, behavioral ones. On the other hand, as
was demonstrated with the Bahamas 2000 stranding, a nar-
row concentration on TTS and PTS will not provide a full
picture of the potential harm to cetaceans. Exposures in this
case were below those thought to be able to cause even
TTS, yet beaked whales sustained damage to their inner
ears and other tissues, probably as a result of indirect behav-
ioral or nonauditory impacts. Thus, the most severe acoustic
impacts on cetaceans recorded to date were due to exposures
thought too low to induce TTS, according to current predic-
tive models.

In fact, it is unclear at this point whether the vertebrate
auditory system is indeed the most sensitive and vulnerable
sensory system or structure in the body to all forms of noise
exposure, though this is often assumed and appears logical
on the surface. In certain circumstances, however, it may
not be the best indicator for noise impacts. Depending on
the frequency and other features of the noise source, it could
be that nonauditory effects such as skin sensations, resonan-

ces in air sacs, vestibular responses such as vertigo, or gas
or fat emboli, for instance, could cause more of an impact
on a cetacean than any direct effect on its hearing. This
means that cetaceans may even be impacted by noise fre-
quencies outside of their range of hearing. Thus, I believe
that it is too limiting to claim, as Nowacek et al. (2007) do,
that “[i]t is in the shared frequency range that we are con-
cerned about the effects that anthropogenic sound may have
on cetaceans.” Though within human hearing range, human
divers responded to underwater sounds of 160 dB (240 Hz
center frequency) for 15 min in ways that did not affect their
hearing, namely disorientation, light-headedness, sleepiness,
shaking of the extremeties, an inability to concentrate, and
even a partial seizure, with some symptoms persisting for
weeks (Steevens et al. 1999).

Blast injury

Explosions, as used for coastal construction, the removal
of underwater structures (decommissioning oil rigs, for in-
stance), in naval exercises, or for naval “ship-shock™ trials
to test the integrity of a ship’s hull, compose a separate cat-
egory of noise, as they contain a shock wave in addition to
an acoustic wave. Blast waves cause a dramatic pressure
drop over a very short duration (sharp rise time) and are rel-
atively broadband in frequency, resulting in mechanical im-
pact. Organ damage and the rupture of gas-filled cavities
such as lungs, sinuses, and ears can occur (Richardson et al.
1995). A 5000 kg explosion apparently caused severe injury
to the temporal bones of two humpback whales found dead
near the explosion site (Ketten 1995).

Masking

Masking refers to the interfering or obscuring effects of
noise, which limits animals from hearing signals important
to them. In particular, masking may affect cetaceans that
are thought to communicate over large distances of ocean.
Certain low-frequency whale sounds such as blue (Balae-
noptera musculus (L., 1758)) and fin (Balaenoptera physa-
lus (L., 1758)) whale calls can be heard over hundreds or
thousands of kilometres, and are thought to function in at-
tracting widely spread-out mates (Croll et al. 2002). If such
(presumably often faint) reproductive calls are masked,
widely distributed mates may not be able to find each other
and reproductive rates may fall as a consequence. The mere
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fact that a call can be heard over large distances does not
mean it is actually used to communicate with distant whales,
however. Yet assuming there is some cost (energetic or risk
in attracting predators) to loud sounds, animals would not be
expected to make calls louder than is necessary to achieve
their function (Stearns and Hoekstra 2000). In the case of
loud, low-frequency whale calls, their function may not just
be to increase their chances of being detected, but to adver-
tise such features as quality and fitness to prospective mates
(Croll et al. 2002). It is thus necessary to know the function
of a call before one can evaluate the full significance of
masking. In birds, for instance, there are indications that
masking can make it more difficult for a receiver to discrim-
inate between two signals (Leonard and Horn 2005).

Cetaceans may need to hear the sometimes very faint
sounds of their prey or predators, mates, or navigation cues.
Faint acoustic cues from distant sound sources may be im-
portant for navigation and orientation (e.g., Tyack and Clark
2000). Based on worst-case theoretical models, the ramming
noise from ice breakers was predicted to mask beluga calls
to ranges of 40 km and cause disturbance over ranges of
46 km (Erbe and Farmer 2000). The noise of fast whale-
watching boats was modeled and predicted to mask killer
whale calls over 14 km (Erbe 2002). The noise from a
nearby ship was estimated to reduce a Cuvier’s beaked
whale’s maximum range of echolocation by more than half
and the maximum range of communication by more than a
factor of five, assuming the whale auditory system is noise-
limited (Aguilar Soto et al. 2006).

It is likely that cetaceans have evolved some resilience re-
garding masking from at least natural noise sources. Direc-
tional hearing, for instance, can help to overcome masking,
as can shifting a call’s frequency, amplitude, or other fea-
tures to differentiate it from background noise. Indeed, cap-
tive beluga whales altered their vocal output in higher
background noise conditions (Au et al. 1985). When moved
to a high-noise environment, belugas shifted their sonar sig-
nals to higher frequencies (peak frequencies shifted from
50 kHz to over an octave higher at 110 kHz) and increased
their amplitude (from a maximum peak-to-peak of 202 to
210 dB re 1 pPa; Au et al. 1985). However, there seemed
to be an endpoint to some cetaceans’ ability to adjust to
masking. When captive bottlenose dolphins were experimen-
tally subjected to masking noise, they did not increase their
sonar signal level with increasing noise, perhaps because
they were already producing high-intensity signals and had
reached their limit (Au 1993). Increasing masking noise
also caused the dolphins’ accuracy in target detection to de-
crease monotonically. A 15-20 dB increase in the masking
noise spectrum level resulted in a drop in successful target
detection, from a 100% correct response rate to only 50%,
where dolphins stopped emitting sonar clicks and appeared
to start guessing whether the target was there or not (Au
1993).

Free-ranging belugas reduced their calling rate while ves-
sels (a small motorboat and a ferry) were approaching, but
at distances of <1 km, increased the repetition rate of spe-
cific calls. They also shifted the frequencies of their calls
up when vessels were close by and changed the types of
calls they used (Lesage et al. 1999). Comparing calls in the
presence or absence of boats, killer whales increased their
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call durations once critical levels of annual whale-watching
boat traffic were reached, based on records of active boats
per year (Foote et al. 2004). Bottlenose dolphins whistled
more often when first approached by boats, perhaps to com-
pensate for masking (Buckstaff 2004). Groups of Pacific
humpback dolphins (Sousa chinensis (Osbeck, 1765)), which
contained mother—calf pairs, increased their rate of whistling
after a boat had transited the area (Van Parijs and Corkeron
2001). The authors postulated that the noise from vessels
disrupted group cohesion, especially between mother—calf
pairs, requiring the re-establishment of vocal contact after
masking from boat noise. Humpback mating songs length-
ened in response to LFA sonar, perhaps also in an effort to
cope with the noise interference (Miller et al. 2000). Fristrup
et al. (2003) additionally noted that higher source levels of
the LFA sonar playbacks resulted in longer songs. Differen-
ces in song length lasted up to 2 h after the last broadcast
(Fristrup et al. 2003). Such increases in signal duration or
repetition rate can improve the likelihood that the signal
will be heard over noise. The costs to the animals of such
alterations in their calls, both energetically and functionally,
are unknown.

Filtering and signal processing techniques may also ena-
ble cetaceans to cope with the effects of masking so that
the signal of interest is distinguished from the surrounding
noise. However, phenomena such as the “cocktail party ef-
fect” could also mean that cetaceans can “pick out” certain
noise sources (ones they find alarming, for instance, based
on past negative experiences) from background noise and
thus be affected by them at levels below ambient noise.
This could greatly extend a noise source’s range of potential
impact.

Noise does not need to be the same frequency as the
signal of interest to mask it. Low-frequency noise can
mask a much wider range of frequencies than can mid- or
high-frequency noise (Richardson et al. 1995).

Auditory development

The long-term consequences of continuous exposure to in-
creasing background noise levels in the ocean, especially on
the development of hearing in the young, are unknown. In-
fant rats raised in even moderately elevated levels of back-
ground noise showed delays in brain and auditory
developments (Chang and Merzenich 2003). These young
rats retained a primitively organized auditory cortex that
was similar to much younger infant control pups. As several
cetacean species learn their vocalizations by listening to
calls from conspecifics (Janik and Slater 1997) and as expo-
sure to human-made sounds can change cetacean vocaliza-
tions (see above), such potential impacts of anthropogenic
noise should be considered.

Effects of noise on cetacean behavior

Vocal behavior

Other than the vocal responses to masking already men-
tioned, the following changes in cetacean vocalizations to
noise have been documented. These, in contrast, are not
readily explainable in terms of techniques to overcome
masking, as the response is generally one of cetaceans fall-
ing silent in the presence of noise. For example, reduced
calling rates or a complete cessation of vocalizations have
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been documented for fin whales in response to boat noise
(Watkins 1986), for sperm whales in response to pingers
(Watkins and Schevill 1975) and military sonar signals
(Watkins et al. 1985), for pilot and sperm whales in re-
sponse to low-frequency ATOC-like sounds (Bowles et al.
1994), and for sperm whales and perhaps pilot whales in re-
sponse to a seismic survey (Bowles et al. 1994). Rendell and
Gordon (1999), in contrast, found that significantly more pi-
lot whale whistles occurred during and just after military so-
nar output. Based on a single individual Cuvier’s beaked
whale, significantly fewer creaks or buzzes (representative
of prey-capture attempts) were heard during a dive that was
exposed to ship noise (Aguilar Soto et al. 2006). This dive
was also shorter than the non-noise-exposed dives, with less
time spent in the echolocation (deep) phase of the dive. An
estimated reduced foraging efficiency of >50% occurred
during the noise-exposed dive compared with other dives of
the same animal (Aguilar Soto et al. 2006), as less time was
presumably spent attempting to capture prey by means of
creaks. Sperm whales in the Gulf of Mexico exposed to a
seismic survey also exhibited a change in their vocaliza-
tions. As with the above Cuvier’s beaked whale, sperm
whales reduced their rate of echolocation buzzes, an indica-
tion of prey-capture attempts, by an average of 19% (Inter-
national Whaling Commission 2007). This result was not
statistically significant, but probably a real effect according
to a Bayesian analysis (International Whaling Commission
2007).

Seismic surveys can raise low-frequency noise levels over
areas of >35000 km? for more than a month, exposing large
portions of a cetacean population to chronic noise. Around
250 male fin whales appeared to stop singing for several
weeks to months during a seismic survey, yet resumed sing-
ing within hours or days after the seismic noise stopped (In-
ternational Whaling Commission 2007). Assuming male fin
whale songs have a reproductive function (Croll et al.
2002), it would be difficult to imagine that such an effect
would not be biologically significant.

Displacement from important habitat and avoidance

Cetaceans have been shown to be displaced from impor-
tant habitat when exposed to noise. Nowacek et al. (2007)
note that a short-term or even long-term displacement may
not be of concern, if the quality of habitat cetaceans were
displaced from is poor. I think that it is more logical to as-
sume that cetaceans are in a particular habitat for a reason.
If they are present for some time, the habitat must provide
them with something they need and, moreover, something
they cannot easily find elsewhere (or they would be there).
While Nowacek et al. (2007) emphasized that displacement
may not be of significance to cetaceans, disturbingly, they
did not address the opposite condition, where a lack of dis-
placement should not mean that cetaceans are thriving. Ani-
mals may be forced to remain in an area of importance to
them, despite having to endure “costs” such as stress, mask-
ing, or even hearing impairment that would be hard to de-
tect.

Gray whales (Eschrichtius robustus (Lilljeborg, 1861))
were displaced for >5 years from one of their breeding la-
goons in response to industrial sounds, returning only sev-
eral years after the activities stopped (Jones et al. 1994).

Can. J. Zool. Vol. 85, 2007

Gray whales abandoned a breeding lagoon from the late
1950s to at least through 1970, during an increase in dredg-
ing and shipping (1957-1967) but returned once activities
ceased (Bryant et al. 1984). Killer whales and harbor por-
poises dramatically changed locations to avoid loud acoustic
harassment devices (Morton and Symonds 2002; Olesiuk et
al. 2002). Killer whales stayed away for about 6 years, only
returning when devices were discontinued in the area
(Morton and Symonds 2002). Critically endangered western
gray whales off Sakhalin Island, Russia, were displaced by
seismic surveys from their primary feeding area, returning
only days after seismic activity ceased (International Whal-
ing Commission 2005). This change in distribution closely
corresponded to the timing of the seismic surveys (Interna-
tional Whaling Commission 2005, 2007; Weller et al.
2006a). Whales receiving seismic noise levels of about
153 dB re 1 pPa zero-to-peak and 159 dB peak-to-peak on
their feeding grounds also swam faster and straighter over a
larger area with faster respiration rates during seismic oper-
ations (Weller et al. 2006b; International Whaling Commis-
sion 2007). Two different research teams and data from
several years showed that beluga whales typically avoided
icebreakers at distances of 35-50 km, at the point where
they could probably just detect them. They travelled up to
80 km from the ship track and usually remained away for
1-2 days (Finley et al. 1990; Cosens and Dueck 1993).
Sperm whales that were approached most closely by an ac-
tive seismic survey vessel did not make foraging dives.
Whales significantly reduced their fluke stroke effort by 6%
during exposure to seismic noise compared with after, and
all seven sperm whales studied reduced their fluke strokes
on foraging dives in the presence of seismic noise (Interna-
tional Whaling Commission 2007).

Stone and Tasker (2006) examined cetacean responses
from 201 seismic surveys around UK waters, concluding
that there was evidence of disturbance. All small odonto-
cetes, killer whales, and all mysticetes were found farther
from arrays that were active (shooting) than when they
were not. Small odontocetes showed the greatest horizontal
avoidance, which extended at least as far as the limit of vis-
ual observation (Stone and Tasker 2006). There was no de-
crease in sighting rates for mysticetes, sperm whales, pilot
whales, or killer whales when air guns were shooting vs.
not shooting. Instead, mysticetes and killer whales exhibited
more localized avoidance (Stone and Tasker 2006). There
were indications that fewer animals were feeding, that
smaller odontocetes swam faster, and that mysticetes re-
mained at the surface more where sound levels are thought
to be lower. Larger volume arrays produced stronger reac-
tions than did smaller ones. Stone and Tasker (2006) theor-
ized that smaller odontocetes may adopt a strategy of
moving out of the area entirely during seismic noise expo-
sure, whereas slower moving mysticetes may simply be
able to orient away from the seismic survey, increasing their
distance from the noise, but not vacating the area com-
pletely.

While few studies on displacement have been undertaken,
wind turbines have recently come under scrutiny for noise
impacts on cetaceans. Wind farms produce the loudest noise
from pile driving during their initial construction. Pile driv-
ing noise is probably audible to cetaceans over hundreds of
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kilometres or more (Madsen et al. 2006; Thomsen et al.
2006), and behavioral responses of harbor porpoises may ex-
tend to distances of 20 km (Thomsen et al. 2006). However,
operational noise from at least smaller turbines (of
~1.5 MW) is considered to have a minor impact on harbor
porpoises, as their ability to detect the noise over larger
ranges is probably low (Thomsen et al. 2006). Still, even
high-frequency specialists such as harbor porpoises can de-
tect the low-frequency noise generated by wind turbines, as
evidenced by their reaction to it (Koschinski et al. 2003).

Migrating animals have exhibited avoidance of noise by
detouring around sound sources. Two series of field studies
(Malme et al. 1983, 1984; Richardson et al. 1985, 1990)
demonstrated that gray and bowhead whales avoided contin-
uous industrial noise at average received levels of around
120 dB. Gray whales avoided LFA sonar transmissions at
similar received levels when the sound source was placed
inshore but not offshore (Tyack and Clark 19983).

Au and Green (2000) found that humpback whales in Ha-
wai‘l swam fastest in response to approaches by the loudest
boat they studied. Humpbacks approached by boats showed
abrupt course changes and remained submerged longer (Au
and Green 2000). Playbacks of alarm signals (received lev-
els of 133-148 dB, 18 min in duration) to North Atlantic
right whales (Eubalaena glacialis (Miiller, 1776)) caused
whales to spend less time at the bottom during a foraging
dive, ascent vigorously, and increase their surface and near-
surface time (Nowacek et al. 2004). Two studies conducted
on humpback whales in Hawai‘i showed that both time and
distance between successive surfacings increased with in-
creasing estimated exposure level of ATOC noise (Frankel
and Clark 1998, 2000).

Subtle responses

Reactions of cetaceans to noise can be quite subtle.
Though summering bowheads showed no detectable avoid-
ance of seismic surveys, no change in general activities or
call types, and no obvious alteration of calling rate, they
dove for shorter periods and their respiration rate was lower
than bowheads not exposed to noise (Richardson et al.
1986). Such changes were observed up to 54-73 km from
seismic surveys at received levels that could be as low
as <125 dB re 1 pPa (Richardson et al. 1995). Similarly,
humpback whales exposed to explosions showed little or no
behavioral reaction to the noise. They were neither displaced
nor changed their overall movements, yet subsequently dis-
played an unusual pattern of greater fatal entanglement in
fishing gear, possibly because hearing impairment limited
their ability to detect the nets through passive acoustics or
some other compromise to their navigational or sensory sys-
tems (Todd et al. 1996). Entrapment rates increased during
the time and in the area of blasting, even though there were
fewer fishing nets in this area (Todd et al. 1996). Had these
whales not blundered into nets in an unusual pattern (some-
thing that was discerned only because of a good previous
baseline of whale entrapments in this area), this impact
would not have been detected.
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Stress

Noise is a known stressor and can affect the neuroendo-
crine system. Rats exposed to mild irregular white noise
(~25 dB over background noise) for 9 h over 8 days exhib-
ited a significant increase in basal prolactin, corticosterone,
and noradrenaline levels, showing “subtle but significant
changes in hormonal regulation” (van Raaij et al. 1997).
Cardiovascular function in both animals and humans may
be permanently impacted over the long term from prolonged
exposure to noise (e.g., Altura et al. 1992). Stress effects or
physiological changes, if chronic, can inhibit the immune
system or otherwise compromise the health of animals.
These can be very difficult to detect in cetaceans. Stress
hormone levels increased with increasing noise-level expo-
sure in a captive beluga whale (Romano et al. 2004). Nore-
pinephrine, epinephrine, and dopamine levels were
significantly higher under high-noise conditions compared
with low-noise or control conditions. Dolphins also reacted
to a dolphin threat sound by changes in heart rate (Miksis
et al. 2001). For terrestrial animals at least, chronic stress
can have repercussions for the health of populations, as it
can affect fertility, mortality, and growth rates.

Variability of responses

Responses to noise can be highly variable, depending on
species, individuals, age, sex, physical state, presence of off-
spring, prior experience, characteristics of the noise source,
and other factors. Animals also react differently depending
on their behavioral state or situation (e.g., whether at depth,
resting, migrating, feeding, or breeding). Bowhead whales,
for instance, showed avoidance of seismic air-gun noise at
received levels of 120-130 dB (rms over pulse duration)
during their fall migration, but they were much more toler-
ant when feeding in the summer, avoiding levels of 158—
170 dB, which are roughly 10000 times more intense (Ri-
chardson et al. 1995, 1999). Humpback cows and calves in
key habitat demonstrated avoidance of seismic air guns at
140-143 dB re 1 pPa mean squared pressure, which was
lower than the reaction of migrating humpbacks at 157-
164 dB re 1 pPa mean squared pressure (McCauley et al.
2000). Species with similar hearing capabilities and audio-
grams showed markedly different responses to air-gun noise
off British Columbia, with harbor porpoises appearing to be
the most sensitive, responding to seismic noise at distances
of >70 km, at received levels of <145 dB re 1 pPa rms (In-
ternational Whaling Commission 2007). Similarly, a harbor
porpoise showed a significant reaction to a pinger or acous-
tic deterrent device, though there was little response or
change in behavior in a striped dolphin (Stenella coeru-
leoalba (Meyen, 1833)) (Kastelein et al. 2006). Thus, the re-
action of one cetacean species to a noise source cannot
necessarily be extrapolated to other cetacean species.

Apparent tolerance

Cetaceans also exhibit many examples of apparent toler-
ance to anthropogenic noise. Adult male sperm whales for-
aging in polar waters did not alter their acoustic output in
response to seismic noise at received levels of up to 146 dB

SP.L. Tyack and C.W. Clark. 1998. Quick-look report: playback of low-frequency sound to gray whales migrating past the central Califor-
nia coast. Unpublished report. Available from the National Marine Mammal Laboratory, Seattle, Washington (e-mail: nmml.library @noaa.

gov).
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re 1 pPa peak-to-peak (Madsen et al. 2002). Avoidance was
not observed with whales remaining in the area for at least
13 days of exposure. They also did not fall silent when arti-
ficial codas were presented to them (Madsen et al. 2002), in
contrast to previous research using pingers (Watkins and
Schevill 1975). The click rates and behavior of male sperm
whales did not change during the discharge of detonators off
Norway, exposing animals to received levels of around
180 dB re 1 pPa rms (Madsen and Mghl 2000). Croll et al.
(2001) found no obvious responses of foraging blue and fin
whales to LFA sonar transmissions at received levels of be-
tween 95 and 150 dB. Sperm whales in the Gulf of Mexico
showed no significant change in their swim direction when
exposed to seismic noise, and their horizontal movements
were random in relation to an active seismic vessel (Interna-
tional Whaling Commission 2007).

There are also many cases of cetaceans remaining in, or
repeatedly returning to, high-noise environments for pro-
longed periods. However, animals may be strongly moti-
vated to stay in an area for the purposes of foraging or
mating, even to the point of damaging their hearing. Sea
lions (Zalophus californianus (Lesson, 1828)) will some-
times stay in a prime feeding area despite the presence of
noise presumably loud enough to harm their hearing (Na-
tional Marine Fisheries Service 1996). Moreover, the num-
ber of animals visible at the surface near a loud sound
source may not be a reliable measure of their tolerance. In-
stead, they may be exhibiting vertical avoidance of the
noise, since sound levels are lower at the surface than at
depth (Wirsig and Richardson 2002).

Short-term responses vs. long-term impacts

The biological significance (e.g., consequences for health,
survival, or reproduction) of behavioral responses to noise in
cetaceans is difficult to ascertain. For practical reasons,
often only short-term reactions to noise are studied. How or
whether short-term responses translate into long-term im-
pacts is often beyond current scientific knowledge, however,
especially for cetaceans. Short-term effects may indicate
serious population consequences or they may be insignifi-
cant. Conversely, long-term population impacts may occur
in the absence of dramatic or even observable short-term re-
actions, as has been demonstrated in bottlenose dolphins
(Bejder 2005) and caribou (Rangifer tarandus (L., 1758))
(Harrington and Veitch 1992). Bejder (2005) found a reduc-
tion in bottlenose dolphin calf survival with whale-watching
vessels, though short-term behavioral responses seemed very
moderate. Harrington and Veitch (1992) found that caribou
calf survival was reduced when females were exposed to
low-level jet overflights during certain critical periods, de-
spite exhibiting only an apparently minor short-term startle
response. Thus, short-term research may be of very limited
use in determining biologically significant effects of noise
on cetaceans. Long-term studies, however, have more suc-
cessfully related disturbance reactions to population impacts
(Bejder 2005).

In the past, short-term impact studies have been con-
ducted (e.g., the ATOC or LFA sonar research programs)
but have resulted in outcomes that simply lead to more con-
troversy about whether these responses are biologically sig-
nificant or are deemed inconsequential to the health of the
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cetacean population. As such, it may be advisable to only
carry out short-term studies if there is prior agreement be-
tween researchers and regulators as to which short-term re-
actions would constitute a population-level effect. Ideally,
particular effect sizes that would be considered “biologically
significant” should be delineated prior to the study, e.g., a
1% reduction in indications of feeding may not be consid-
ered enough to impact a population, whereas a 5% reduction
may be. If such a size of effect (or at least a range of effect
sizes) cannot be agreed upon between researchers and regu-
lators, the study will have little chance of contributing to
management and, thus, may not be worth pursuing, espe-
cially in cases where the research poses some appreciable
risk to cetaceans.

Controlled exposure experiments or CEEs (or behavioral
response studies as they have been called more recently) are
an example of research that can place animals at risk. CEEs
purposely expose animals to an acoustic stimulus to assess
behavioral responses. In contrast to what is implied by the
name ‘“‘controlled exposure cxperiment”, these studies can-
not exactly control the exposure of noise (or dose) to the an-
imal in the wild, since the animal is moving in three
dimensions, not visible for most of the time, and the propa-
gation of the noise is not usually precisely predictable.
Rather, the experimenter controls the emission of the noise,
at the source. As such, it is unknown what levels of noise
the animal is actually receiving in real time. Even when a
cetacean has been tagged with a device that measures re-
ceived levels of sound (e.g., Dtag; Johnson and Tyack
2003), these levels can only be accessed once the tag has
been recovered from the whale as the data are archived.
Even then, received levels at the tag could be considerably
underestimated because of body shading, if the cetacean’s
body is between the sound source and the tag, causing
greater attenuation (Madsen et al. 2006). Thus, Nowacek et
al.’s (2007) contention that the interpretation of animal re-
sponses to noise is practically impossible without received
levels is somewhat problematic, not to mention overly nar-
TowW.

While CEEs can be valuable in improving our under-
standing of the effects of noise exposure, they raise animal
welfare concerns, especially as the exposure thresholds that
may cause pain or stress are not well understood. For great-
est validity, noise exposures must be realistic, with the same
characteristics of the sound as will be used in practice. How-
ever, to reduce risk to the animals, CEEs often start at levels
well below operational ones. This is safer but does not give
much insight into responses at the levels of interest, namely
under actual deployment conditions. While one can increase
the sound level of the exposure gradually, whales may ex-
hibit a threshold response that could occur without warning,
especially as exposure levels are unknown by the experi-
menter at the time of the playback of sound. Exposures at
the higher levels, on the other hand, place animals at risk,
particularly in the case of naval sonars and beaked whales,
where there may be fatal reactions that will be hard to pre-
dict. Thus, both scenarios (realistic but potentially hazardous
vs. unrealistic but safer) yield results of limited usefulness,
meaning that CEEs will remain problematic and controver-
sial and must be considered with great care.

Additional concerns about CEEs are that there are cur-

© 2007 NRC Canada

AR021430



Weilgart

rently insufficient baseline data to quantify the strength of
various different responses from noise exposure. As noted
above, to determine long-term effects, it is best to carry out
long-term research, yet it is difficult and impractical to carry
out a controlled experiment in the ocean over larger scales
of space (tens of kilometres) and time (many months). It is
also difficult to find controls that mimic the experimental
setting in all respects, except for the addition of noise, and
to eliminate confounding (spatio-temporal) factors such as
location, season, and oceanographic conditions. Using realis-
tic noise exposures and sources can be impractical and ex-
pensive, as some noise sources (e.g., military sonars) cannot
easily be replicated and would require a specifically outfit-
ted vessel. Alternatives to CEEs include systematic observa-
tions of populations in different noise conditions and
regimes using ongoing sound-producing activities that do
not require the artificial addition of noise. It must be recog-
nized, however, that observational studies that require ani-
mals to be followed closely and obtrusively by boats with
unpredictable patterns of movement are likely to cause har-
assment. This could be avoided in some situations by cliff-
top observations or remote sensing, e.g., bottom-mounted
acoustic sensors to detect changes in animal vocalizations
with noise. On the other hand, if the observation vessel is
maneuvered sensitively in ways that are predictable to the
study species, there does not seem to be a statistically signif-
icant behavioral impact on cetaceans, at least in certain en-
vironments and conditions (Lusseau 2003, 2006), though
masking effects from boat engine noise cannot be excluded.

The above is not meant to represent a blanket condemna-
tion of CEEs, but rather to highlight the risks and limitations
of this research method in certain situations. In cases where
the addition of noise from a CEE only represents a small
fraction of the same type of anthropogenic noise that the an-
imals in the area are receiving anyway, the risk is probably
inconsequential and much valuable knowledge can be
gained from such experiments. Also, playbacks of com-
monly encountered natural sounds to cetaceans (e.g., prey
sounds) are unlikely to be hazardous to them. However,
while researchers conducting CEEs usually argue that the
risk CEEs pose is counteracted by the potential conservation
benefit to the animals (and indeed, this is one of the ration-
ales behind the bona fide marine mammal research permit in
the US), the few directly relevant CEEs on wild marine
mammals have not clearly been translated into impact
thresholds or conservation measures in the US. I am not
aware of any CEE using LFA sonar, ATOC, or seismic
noise that resulted in any more stringent or protective man-
agement measures, despite clear (but difficult to interpret)
responses exhibited by the animals to the noise exposure.
On the contrary, allowable noise exposure levels have stead-
ily risen (become less protective) in recent years.

While Nowacek et al. (2007) argue strongly for the use of
CEEs and also cite Bejder et al. (2006a, 2006b), they do not
clarify sufficiently that the short-term CEE used in this re-
search would have, in fact, resulted in conclusions that were
contrary to what the long-term (non-CEE) study determined
(Bejder et al. 2006a). From the CEE alone, the moderate be-
havioral responses of the impact-site dolphins seemed to
show that long-term tourism vessel activity had no adverse
effect on resident dolphins (Bejder et al. 2006a). Only be-
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cause of the long-term study of photo-identified dolphins,
however, were Bejder et al. (2006b) able to conclude that
dolphin-watching tourism contributed to a long-term decline
in abundance at the impact site. Adult females seem to stay
in the impact site and suffer reduced reproductive success
(Bejder 2005), though ecological contributing factors (e.g.,
prey abundance) could not be ruled out. Thus, CEEs lend
themselves to being more easily incorrectly interpreted than
long-term studies, further limiting the usefulness of CEEs.

Disturbance studies

Disturbance studies can be similarly difficult to interpret,
as they may yield counterintuitive or paradoxical results. For
instance, in some species and situations, the weaker the be-
havioral response, the more serious the impact on the popu-
lation. Individuals with lower energy reserves or no
alternative habitat cannot afford to flee repeatedly from dis-
turbance but are forced to remain and continue feeding, ap-
parently unresponsive to disruption (Gill et al. 2001;
Stillman and GossCustard 2002). Yet these individuals are
in fact more vulnerable to disturbance. Again, animals do
not always react in an observable or obvious manner even
if they are seriously impacted.

When repeatedly exposed to the same type of noise, ani-
mals may habituate or become accustomed to that particular
noise over time. Alternatively, animals may show a height-
ened responsiveness to noise over time, especially if it is as-
sociated with a negative experience. Unfortunately, hearing
impairment can be misinterpreted to represent habituation,
as both would appear to the observer as a decrease in re-
sponsiveness to noise. In addition, what appears to be habit-
uation may in fact be the most sensitive individuals
permanently vacating the area, while the least sensitive stay
(Bejder et al. 2006a). These two scenarios can only be dis-
tinguished if all individuals are known and tracked (Bejder
et al. 2006b). This is another reason why indepth long-term
studies are needed to clarify the full picture of impacts.

Cumulative and synergistic effects

The threats cetaceans are confronted with, such as fish-
eries bycatch, habitat degradation, chemical pollution, whal-
ing, vessel strikes, and global warming, do not often occur
in isolation. Such stressors may interact cumulatively or syn-
ergistically. For example, human impacts on marine ecosys-
tems such as overfishing, eutrophication, climate change,
and ultraviolet radiation interact to produce a larger effect
than simply the sum of their parts (Lotze and Worm 2002;
Worm et al. 2002). In the same way, anthropogenic noise
could interact with marine mammal bycatch or ship colli-
sions by preventing animals from sensing fishing gear or on-
coming vessels (through either hearing damage or masking),
making them more vulnerable to injury or death, as some
evidence seems to indicate (Todd et al. 1996; Andre et al.
1997). Multiple sources of noise could also interact cumula-
tively or synergistically, such as when several seismic sur-
veys take place in adjacent or even the same areas, or naval
sonars from multiple ships produce confusing sound fields.
Studies on fish have demonstrated that ... failure to prop-
erly account for interactions occurring between stressors can
lead to substantial underestimation of stressor effects, partic-
ularly as stressor intensity rises” (Power 1997). Of course,
synergistic interactions may also work in the opposite direc-
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tion, in that stressors may at least partially cancel one an-
other out. Regardless of the direction of the interaction, syn-
ergistic effects must be taken into account to properly
evaluate the impacts of multiple stressors, though this will
prove challenging when studying the consequences of noise
on cetaceans.

Indirect impacts of noise on cetaceans

Although public attention has focussed on the effects of
undersea noise on cetaceans, an increasing amount of re-
search has established impacts on a broad range of species
throughout the marine ecosystem, including fish and inverte-
brates. Cetaceans cannot be considered in isolation from
other marine species, and acoustic impacts on prey species
are of particular concern, as these may indirectly affect ceta-
cean populations. Even apparent short-term responses of ce-
taceans to noise, such as fewer prey-capture attempts, may
in reality represent reactions of the prey species to noise,
with cetaceans responding to the prey rather than directly to
the noise. Thus, a brief overview of selected studies on fish
and invertebrates is warranted.

Fish are very acoustic animals, in general, using sound to
perceive their environment, for mating, communication, and
predator avoidance (Popper 2003). Settling reef fish larvae
orient toward and select reefs based on sound (Simpson et
al. 2005).

A wide range of acoustic impacts on fish has been ob-
served. Seismic air guns extensively damaged fish ears at
distances of 500 m to several kilometres from seismic sur-
veys. No recovery was apparent 58 days after exposure
(McCauley et al. 2003). TTS has been induced in several
fish species, sometimes under fairly moderate levels of noise
exposure and with fish occasionally requiring weeks to re-
cover their hearing (Scholik and Yan 2002a; Amoser and
Ladich 2003; Smith et al. 2004). In other species (e.g., blue-
gill sunfish, Lepomis macrochirus Rafinesque, 1819), no sig-
nificant change in auditory sensitivity with noise was
observed (Scholik and Yan 2002b). Noise has been shown
to produce a stress response in some fish (Smith et al.
2004; Wysocki et al. 2006), but not in others (McCauley et
al. 2000). Behavioral reactions to anthropogenic noise in-
clude dropping to deeper depths, milling in compact schools,
“freezing”, or becoming more active (Dalen and Knutsen
1987; Pearson et al. 1992; Skalski et al. 1992; Santulli et al.
1999; McCauley et al. 2000; Slotte et al. 2004). Reduced
catch rates of 40%-80% and decreased abundance have
been reported near seismic surveys in species such as Atlan-
tic cod (Gadus morhua L., 1758), haddock (Melanogrammus
aeglefinus (L., 1758)), rockfish (genus Sebastes G. Cuvier,
1829), herring (Clupea harengus L., 1758), sand eel (Ammo-
dytes marinus Raitt, 1934), and blue whiting (Micromesis-
tius poutassou (Risso, 1827)) (Dalen and Knutsen 1987,
Lgkkeborg 1991; Skalski et al. 1992; Engas et al. 1996;
Hassel et al. 2004; Slotte et al. 2004). Other studies have
shown no significant change in the hook-and-line catch rate
(Pickett et al. 1994) and no migration out of the seismic sur-
vey area (Pickett et al. 1994; Wardle et al. 2001; Hassel et
al. 2003). Popper et al. (2007) exposed rainbow trout (Onco-
rhynchus mykiss (Walbaum, 1792)), a nonhearing specialist,
to LFA sonar to a maximum received rms level of 193 dB re
1 uPa? for 324 or 648 s. They found a 20 dB hearing thresh-
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old shift at 400 Hz, but there was within-species variation in
different groups of trout obtained from the same supplier.
As a freshwater species, this species would not be exposed
to LFA sonar during operation.

There have also been indications that invertebrates are not
immune from the effects of anthropogenic noise. Nine giant
squid (Architeuthis dux Steenstrup in Harting, 1860) mass
stranded, some of them live, together with geophysical sur-
veys using air guns in 2001 and 2003 in Spain (Guerra et al.
2004). The squid all had internal injuries, some severe, with
internal organs badly damaged. Bruised ovaries and injuries
to the equilibrium receptor system or statocysts were also
observed. Fisheries and Oceans Canada (formerly the De-
partment of Fisheries and Oceans) held a scientific peer-
review meeting in September 2004 of a study of snow
crabs (Chionoecetes opilio (J.C. Fabricius, 1788)) under
seismic noise conditions. Crabs showed bruised organs and
abnormal ovaries, delayed embryo development, smaller
larvae, sediments in their gills and statocysts, and changes
consistent with a stress response compared with control an-
imals (Department of Fisheries and Oceans 2004). Differ-
ences in environmental conditions between control and
experimental sites may have accounted for some of the dif-
ferences in response, but reviewing scientists largely felt
these observations warranted concern. Brown shrimp
(Crangon crangon (L., 1758)) reared in tanks showed an
increase in metabolic rate with moderate increases in con-
tinuous background noise, leading to significant reduction
in growth and reproduction over 3 months (Lagardére
1982; Régnault and Lagardere 1983).

Management implications

Safe exposure levels

Regulators have often sought to establish a particular
noise level that would trigger management action, such as
temporary shut-down of the noise source until the cetacean
moves away. Such a noise level has been very difficult to
determine, particularly as there is such a wide variety of re-
sponses between species, situations, and noise sources to
name a few. Prior to 1994, the US National Marine Fisheries
Service used the “120 dB criterion” as a received level
above which potentially harmful noise effects may occur,
and thus attempted to limit exposures to animals to below
this level. The “120 dB criterion” was based on two series
of field studies (Malme et al. 1983, 1984, Richardson et al.
1985, 1990) in which gray and bowhead whales showed a
remarkable consistency in avoidance of continuous industrial
noise at average received levels of 120 dB re 1 pPa (SPL,
sound pressure level). Since then, allowable noise levels in
the US have increased to 195 dB re 1 uPa?s received en-
ergy flux density for TTS and 215 dB re 1 pPaZs received
energy flux density for PTS. Energy flux density (EL) is a
measure that incorporates duration of exposure which seems
appropriate, but is nevertheless based on very limited data
from a few individuals of a few species. For a sound of 1 s
duration, this level for only TTS (195 dB) is more than
10000000 times more intense than 120 dB (the decibel
scale is logarithmic). EL is calculated as SPL + 10logo 7,
where T is the sound duration (s). Thus, the allowable expo-
sure level would be 185 dB re 1 pPa?s for a 10 s exposure
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duration and 175 dB re 1 pPaZs for a 100 s exposure dura-
tion. These exposure levels would only reach 120 dB re
1 pPaZs after over 31000000 s or about 1 year (359 days).

Mitigation measures and their shortcomings

Mitigation measures are sometimes used to reduce the ex-
posure of cetaceans to noise, though the effectiveness of
many of these tools has not been established or even
studied. Mitigation guidelines also vary considerably be-
tween countries and noise sources. Weir and Dolman (2007)
compared marine mammal mitigation guidelines for seismic
surveys between regions, making recommendations for a
worldwide standard.

Safety zones are a common mitigation measure. Here, vis-
ual observers scan for cetaceans near the sound source and
temporarily shut it down or reduce its power if animals are
spotted within a prescribed distance. The size of a safety
zone is determined based on a particular noise level above
which cetaceans should not be exposed. Not only is this as-
sumed “safe” noise level difficult to determine (see above),
but ascertaining the safety zone distance corresponding to
this level is not always straightforward. Sound levels drop
with increasing distance from the source, but sometimes in
complex ways. For example, US regulations prohibit expos-
ing cetaceans to levels >180 dB rms re 1 pPa and establish a
safety zone of 500 m. While this has become standard prac-
tice in some jurisdictions, not only is there little scientific
justification for the 180 dB rms criterion, but several studies
have demonstrated that for some noise sources in some en-
vironments exposures >180 dB rms can occur well beyond
500 m (International Whaling Commission 2007). Madsen
et al. (2006) found that in the Gulf of Mexico received lev-
els can be as high at a distance of 12 km from a seismic
survey as they are at 2 km (in both cases >160 dB peak-to-
peak). Received levels, as determined from tags on sperm
whales, generally decreased at distances of 1.4 to 6-8 km
from the seismic survey, but then at greater distances, levels
increased again (Madsen et al. 2006). Moreover, Madsen
(2005) pointed out that it is inappropriate to specify “safe”
noise levels (such as the 180 dB rms criterion) by rms pres-
sures for transients like seismic pulses. This measure de-
pends on the window of time used to average squared
pressures, resulting in differences of 2-12 dB in rms sound
pressure for the same waveform. Thus, to more accurately
characterize the energy of the pulse in the interest of pre-
venting exposures to damaging high-peak pressures, safety
levels for transients should be given by received peak-to-
peak SPLs and energy flux density, rather than rms SPLs
(Madsen 2005).

The frequency content and thus propagation of noise sour-
ces can also be different from what was originally thought,
requiring constant verification in the field, rather than sim-
ply acoustic modelling. For instance, Goold and Fish (1998)
and International Whaling Commission (2007) demonstrated
that significant high-frequency noise and horizontal propaga-
tion is produced by seismic surveys, despite air guns gener-
ally being designed to produce mainly low-frequency sound
directed vertically downward. Similarly, species can some-
times sense sounds that they would not be predicted to
sense. Low-frequency noise generated by offshore wind tur-
bines, for instance, is still audible to high-frequency special-

1107

ists such as harbor porpoises, as evidenced by their reactions
to it (Koschinski et al. 2003). As mentioned above, it is con-
ceivable that animals may be able to detect other features of
noise (e.g., its “envelope”) or may be sensing vibrations
through their skin or through resonance or other nonauditory
effects.

The effectiveness of visual safety zones in reducing the
exposure of cetaceans to harmful noise is also questionable
because visual detection rates for cryptic species such as
beaked whales are very poor, especially under conditions of
poor visibility (high winds, night, fog, etc.). For deep-diving
beaked whales, average detection rates are only 1%—-2% of
all animals under typical survey conditions (Barlow and
Gisiner 2006).

Similarly, use of the mitigation tool known as “ramp-up”
or “soft start” assumes that animals will move away if the
noise source is gradually increased in loudness. This has
never been proven, however. In fact, “ramp up” may do
more harm than good if animals approach the sound source
initially out of curiosity when levels are still low and then
become exposed to loud levels before they have a chance to
retreat. In addition, as sound fields can be complex, “ramp
ups” may not give the animal enough information to know
in which direction to swim to minimize their noise exposure.
Stone and Tasker (2006) found that the distance cetaceans
were from the seismic survey vessel during “ramp up” was
not significantly different from when the vessel was either
shooting at full power or not shooting at all. However, ceta-
ceans were generally seen heading away from the seismic
vessel during “ramp up”, and some animals were seen to
startle during the beginning of the “ramp up”, suggesting a
full-powered start up would perhaps have elicited an even
greater startle reaction.

Precaution

Because of the limited ability of scientific methods to de-
tect the full impacts of noise on cetaceans and especially on
the wider marine environment, and because of the potential
for harm to occur before it is detected, the noise issue has
been highlighted as a case where the application of precau-
tion in management is particularly warranted (Mayer and
Simmonds 1996). It is improbable that there will be conclu-
sive evidence of causality for many, especially subtle,
acoustically induced potential population-level impacts, par-
ticularly within the time frames where irreversible popula-
tion and ecosystem-level effects may occur (Weilgart 2007).
For instance, detecting precipitous declines in most marine
mammal stocks, let alone population decreases linked with
noise impacts, is all but impossible without substantially in-
creased monitoring effort. Taylor et al. (2007) noted that
72% of large whale declines, 90% of beaked whale declines,
and 78% of dolphin or porpoise declines would not be de-
tected under current monitoring effort, even if the declines
were so dramatic as to represent a 50% decrease in abun-
dance in 15 years.

For such reasons, increasing numbers of international
legislative fora have recognized that protective and preven-
tative action should not be delayed until full scientific cer-
tainty is established, the so-called precautionary approach.
For instance, as previously mentioned, the United Nations
Convention on the Law of the Sea defines “pollution of the
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marine environment” as “the introduction by man, directly
or indirectly, of substances or energy into the marine
environment ... which results or is likely to result in such
deleterious effects as harm to living resources and marine
life ...” (article 1.1.4). The reference to “is likely to result”
in the definition indicates that “deleterious effects” do not
need to be evident yet but would reasonably be expected to
occur. Thus, precaution is inherent in the definition. This
definition of marine pollution has been incorporated verba-
tim into several international conventions and treaties, e.g.,
the OSPAR and Helsinki Conventions, UNEP Regional
Seas Program, etc. (Dotinga and Oude Elferink 2000). The
precautionary approach increases the chances of being able
to contain an environmental problem before irreversible
damage is done. As such, reducing overall noise levels (the
“acoustic footprint™) in the marine environment should be a
priority. Secondly, distancing noise events from biologically
important areas or concentrations of cetaceans should be
pursued. These two mitigation measures will probably go
furthest in protecting cetaceans from anthropogenic noise.

Source modification
Engineering modifications of the sound source and the

use of alternative technologies can reduce overall noise lev-
els. For instance, for seismic air guns, the International
Whaling Commission’s Scientific Committee recommended
additional research into other alternate signal sources or
techniques (International Whaling Commission 2007). In ad-
dition to reducing overall noise levels, changes to certain
characteristics of noise sources could make them less dam-
aging to cetaceans. It is unknown exactly which characteris-
tics are especially harmful, but some educated guesses can
be made based on the characteristics of the animals’ own
calls. For example, sound sources using mid-frequencies (1—
20 kHz) or low frequencies above ~5 Hz, those with longer
durations, rapid rise times, broad directionality (wide
beams), higher duty cycles (percentage of time actually
transmitting), and repetition rates would probably be most
problematic for cetaceans (Mghl 2004). Consequently, noise
producers could be developing alternatives that minimize
these characteristics to the extent possible. The following
are examples of ways in which overall noise levels could be
reduced:

e Quieter ships can be constructed, as this is well within
current technological knowledge and capability. Propel-
lers can be designed to limit cavitation, the formation
and collapse of tiny air bubbles, which is the source of
most shipping noise. Noncavitating, surface-piercing
drives are already available for smaller boats. Sound iso-
lating and absorbing techniques such as resilient isolation
mounts, flexible hoses, and pipe hangers can reduce ra-
diated mechanical energy (Southall 2005). Much mechan-
ical noise can be minimized by good engine maintenance.
Such measures would tend to increase efficiency, decrease
fuel usage, and reduce engine repairs, while providing
quieter, more comfortable living conditions for humans
onboard (Southall 2005). While retrofitting ships to make
them quieter is usually a much more expensive proposi-
tion than building them new using quieting technologies,
an exception is the use of large kites such as SkySails
(http://skysails.info/index.php?L=1 [accessed 23 Novem-
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ber 2007]) that can be attached to the bow of practically
any ship to dramatically increase fuel efficiency and de-
crease engine noise at the same time. Especially slower
moving ships such as tankers could benefit from this tech-
nology. It is possible that some classes of ships, such as
tankers, may contribute disproportionately to shipping
noise, in which case such harnessing of wind power could
make a considerable difference in reducing ocean noise.
Altering shipping routes to distance them from biologi-
cally important cetacean habitats is another method for re-
ducing sound levels in critical areas, and this mitigation
would have the added benefit of reducing the risk of ship
collisions with whales. Reducing ship speed also mini-
mizes the chances of collisions with whales while redu-
cing noise output. Laist et al. (2001) found that most
serious or lethal injuries to whales from ship strikes oc-
curred when ships were travelling at or in excess of 14
knots (~26 km/h).

e As an alternative to air guns used for seismic surveys, a
quieter marine vibrator has been developed with substan-
tially less energy above 100 Hz (Deffenbaugh 2002). A
disadvantage of this technology is that, while quieter, the
duration of noise is longer. Other alternatives include a
mobile sea floor source with surface trawled receivers or
even a fully autonomous sea floor seismic survey vehicle,
as well as electromagnetic imaging or mapping. A highly
sensitive optical fibre hydrophone (underwater micro-
phone) developed in Australia may be a potential alterna-
tive to seismic air guns. This sensor could also be used
for security and submarine surveillance, though it requires
further testing. (http://theage.com.au/news/National/
New-sensor-to-boost-undersea-exploration/2005/08/18/
1123958156896.html [accessed 23 November 2007]).
Geophysicists have found that they can process back-
ground acoustic noise to gain information about the
earth’s crust, perhaps eventually obviating the need for
seismic air guns. (http://sciencedaily.com/releases/2006/
12/061207161055.htm [accessed 23 November 2007]). In-
creasing the number, configuration, and capacity of
hydrophone receivers in general or improving signal-
processing techniques could allow for reduced noise le-
vels or a smaller area of impact (less horizontal propa-
gation). The development of “suppressor” devices to
reduce the high-frequency noise content from air guns,
an unnecessary byproduct, has been recommended by
the Joint Nature Conservation Committee (2004).

o The Dutch and Norwegian navies are experimenting with
techniques to alter the characteristics of some of their so-
nars to reduce the risk to whales (Lok 2004). Levine et
al. (2004) advised the US Navy to explore the use of
complex waveforms that would retain Doppler sensitivity
but would have lower peak amplitudes (Levine et al.
2004). A new sensor using optical fibres has been devel-
oped that can detect quiet underwater targets such as en-
emy submarines, while also providing unambiguous
directional information without the addition of noise
(http://physorg.com/news89307791.html [accessed 23 No-
vember 2007]).

Many of the abovementioned new technologies are still in
development but are presented as possibilities or visions for
the future.
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Seasonal and geographic exclusions

Geographic areas or regions that are considered biologi-
cally important for cetaceans (breeding, feeding, and migra-
tory areas) should be distanced from noise events or
activities either seasonally, or year-round, depending on ce-
tacean abundance. In November 2004, for example, because
of the many past beaked whale strandings in the area, the
Spanish government announced a moratorium on the mili-
tary use of active sonar in waters around the Canary Islands
of Lanzarote and Fuerteventura, out to a distance of 50 km
(resolucion 79/2004, 102 Boletin Oficial del Estado 16643-
45, Statement of Bono Martinéz, Senior Defense Minister
of Spain). Oil and gas explorations and, seasonally, vessel
traffic are not allowed in the Marine Mammal Protection
Zone in the Great Australian Bight (Anonymous 2005). The
Brazilian government has prohibited seismic surveys off the
Bahia and Espirito Santo coast during the humpback whale
breeding season, a measure considered positive by the Inter-
national Whaling Commission’s Scientific Committee (Inter-
national Whaling Commission 2007).

Marine protected areas

Marine protected areas (MPAs), if well-managed, offer
one of the most effective means to protect cetaceans and
their habitat. MPAs are also one of the only ways to safe-
guard cetaceans from the cumulative and synergistic impacts
of noise, as well as from other anthropogenic stressors.
Models of cetacean distribution could identify cetacean “hot
spots” globally, which can be used to determine the location
of suitable MPAs. Regulations surrounding MPAs should
extend toward the entire ecosystem if they are to achieve
their purpose. Noise buffer zones around existing and new
MPAs may be required for adequate protection from noise
sources.

Reduction in noise-producing activities

Different companies sometimes seismically survey the
same areas for competitive reasons. Some of this duplication
could be avoided by having companies share data or by em-
ploying a common surveyor. By maximizing the coverage of
seismic survey lines to reduce the number of passes, by us-
ing simulators wherever possible in naval training exercises,
and by attempting to fill every cargo ship to capacity for
every journey to minimize the number of trips needed, over-
all noise output can be reduced.

Monitoring

Monitoring and reporting are essential parts of manage-
ment since the effectiveness of management actions can
thus be determined. To adequately monitor the impacts of
noise-producing activities, the detection level of cetacean
strandings and mortalities at sea needs to be improved. Pas-
sive acoustic monitoring (PAM) is also useful to detect the
presence of vocalizing cetaceans (information which can be
used to determine whether or when a noise event should
proceed), to assess the sources and levels of anthropogenic
noise present, especially in important habitats such as
MPAs, and to ascertain how noise affects the distribution
and vocalizations of cetaceans. PAM can be undertaken us-
ing either towed hydrophones or remote autonomous record-
ing devices.
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Research recommendations

While research on the effects of undersea noise on ceta-
ceans is undoubtedly worthwhile, it will be difficult to gain
enough insight into such impacts to protect cetaceans within
the foreseeable future. As such, perhaps the emphasis for fu-
ture research should instead be on how to make noise safer.
Improving mitigation tools would thus be a worthwhile goal.
(1) Research should be focussed on developing more effec-

tive mitigation tools, such as improving PAM, and engi-
neering modifications, such as finding quieter or safer
alternatives to noise sources (e.g., with shorter durations,
narrower directionality, eliminating unnecessary frequen-
cies, etc.).

(2) To avoid exposing concentrations of cetaceans and
other marine life to noise, baseline research needs to be
undertaken to identify such “hot spots”. Conversely,
“cold spots” or deserts for marine life could be more
suitable for noise-producing activities and should be
identified.

(3) Thorough and complete retrospective analyses of strand-
ing data should be conducted, using suitable controls.
For greatest validity, noise events worldwide, including
naval maneuvers, should be disclosed and documented.
Stranding networks should be expanded worldwide and
data consolidated, while up-to-date protocols for strand-
ing necropsies should be established and distributed, to
better detect acoustic injuries.

(4) To gain the most indepth information on population-
level impacts, long-term, systematic observations of
known individual cetaceans in the wild are necessary.
Individuals should be studied in different noise condi-
tions using ongoing noise-producing activities to avoid
adding more noise to the environment.

(5) The effects of noise on ecological processes and popula-
tion dynamics should be studied, along with the cumula-
tive and synergistic effects of noise together with other
environmental stressors.

(6) Stress hormones (e.g., in feces) should be examined
from cetaceans in noisy and quiet areas.

(7) Hearing in more easily studied free-ranging cetaceans or
pinnipeds could be studied in high-noise areas compared
with suitable controls.

Conclusions

Anthropogenic ocean noise is clearly a serious issue for
cetaceans, though the full scale of the problem is difficult
to determine. Large areas of ocean can be affected by even
one noise source, and noise levels are steadily increasing,
dramatically so in some areas. Some strandings, especially
those involving beaked whales, are conclusively caused by
noise events such as military maneuvers involving naval so-
nars, and these strandings or mortalities at sea are likely
underestimated. Such strandings can and have produced at
least local population-level impacts in beaked whales. Other
ways cetacean populations can be impacted by noise are
through chronic effects such as increased stress levels, aban-
donment of important habitat, and masking, as well as vocal
responses that may reduce foraging efficiency or mating op-
portunities. While such reactions to noise have all been
documented in cetaceans, it is unclear whether they translate
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into population impacts, as such impacts are particularly dif-
ficult to prove for cetaceans. Much uncertainty still exists
about cetacean hearing, and extrapolations across individu-
als, species, age classes, etc., remain controversial. The ceta-
cean auditory system may also not be the most sensitive
system in the body to noise exposure, and a narrow focus
on hearing impairment may miss important nonauditory ef-
fects of noise such as skin sensations, resonance, and gas
and fat emboli.

Variability (between individuals, species, age classes, etc.)
in the behavioral response to noise makes the management
objective of establishing “safe” noise exposure levels diffi-
cult, in addition to the problems with using short-term re-
sponses to noise as an indication of long-term population
impacts. Noise impacts on other components of the ecosys-
tem, such as prey species, must also be considered for man-
agement purposes, especially as fish seem quite vulnerable
to noise. In addition, cumulative and synergistic impacts of
noise should be taken into account, as interactions between
environmental stressors may magnify their impacts on ceta-
ceans. In light of the many data gaps and uncertainties, a
precautionary approach to managing noise seems warranted.
While many mitigation tools are questionable in their effec-
tiveness, the two that will probably go furthest in protecting
cetaceans from noise are reducing noise levels and distanc-
ing noise from biologically important areas. Marine pro-
tected areas may be especially important in safeguarding
cetaceans from cumulative and synergistic effects. Monitor-
ing noise levels and cetacean vocalizations in such critical
areas will also be key to the success of any management ef-
fort. In any case, it is clear that ocean noise must be man-
aged both nationally and internationally to protect cetaceans
and the marine ecosystem before irreversible damage occurs.
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