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   Preface   

 These proceedings are the extended abstracts of the papers presented at the 2010 Second 
International Meeting on the Effects of Noise on Aquatic Life that took place in August in Cork, 
Ireland. The meeting brought together 248 scientists, regulators, and representatives from industry 
and environmental groups, representing 21 countries from all continents, to hear papers and discuss 
a broad range of topics focused on underwater sound and its effects on organisms living in the 
aquatic environment. This meeting followed from the immensely successful first conference that 
took place in 2007 in Nyborg, Denmark. The Cork meeting was, if anything, more successful than 
the first meeting in bringing people with different interests and experiences together and in allowing 
them to get to know one another, learn about new findings, and interact very successfully. 

 The basis for the first two meetings, and the third which will be held in Europe in August 2013, 
arises from concern that has been growing since at least the early 1990s. Humans are adding sub-
stantial noise to the aquatic environment, and this noise might have an impact on the quality of life, 
and even the survival, of aquatic organisms. While the original concern focused on marine mam-
mals, this has changed in more recent years to the point where equal emphasis is now being placed 
upon fish and, most recently, on invertebrates. Indeed, while fish and marine mammals were well 
represented in Nyborg, with no representation of invertebrates, we are most pleased that a number 
of outstanding papers were presented in Cork on invertebrates. 

 The Cork conference was packed with papers; so many that we extended the idea, first tested at 
Nyborg, of having groups of rapid-fire presentations in the evening. These were as successful in 
arousing interest and provoking comment as the longer presentations given at the conference. We 
can have no doubt that the subject of underwater noise and its impact has come of age and that a 
community of people with strong interest in this topic has now been formed. We are planning to 
hold this community together in the period leading up to our next conference.

 Arthur N. Popper, College Park, MD
 Anthony Hawkins, Aberdeen, Scotland   
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   1  Introduction 

 The 1st International Conference on  The Effects of Noise on Aquatic Life  in Nyborg, Denmark, in 
August 2007 was a watershed event. There have been numerous sessions of scientific and profes-
sional conferences devoted to this topic, but the Nyborg meeting was unique in being specifically 
focused on environmental noise impacts while considering all aquatic species. It was also remark-
able in having a truly international scope and participation and, perhaps most notably, in serving as 
an interdisciplinary nexus for scientists, regulators, policy makers, industry representatives, and 
resource sponsors. The subsequent period leading to this follow-on meeting in Cork, Ireland, in 
August 2010 saw remarkable advances in understanding the effects of human noise on aquatic life 
and how data are used to predict and minimize the environmental impacts. 

 With the rapid industrialization of many marine areas and increasing recognition of how we are 
impacting our ocean, there is an ever greater need for such interaction. The 2nd International 
Conference on  The Effects of Noise on Aquatic Life  and the new collaborations, revelations, and 
innovations it brings serves as a reminder of the opportunities and obligation for each of us to con-
tinue to make real and collective progress at an important for this international issue. 

 Globally, we are seeing 1) an emerging appreciation of how shipping noise and other industrial 
sounds affect the acoustic environment of biologically important areas and how this may change 
with shifting climate and ocean chemistry; 2) the expansion of conventional and alternative energy 
technologies into new environments with a host of acoustic sources and various potential impacts 
on aquatic life; 3) an increasing understanding of how intense sound sources (e.g., seismic air gun 
surveys and active military sonar systems) can affect animals; and 4) an overarching recognition that 
sublethal impacts (e.g., communication masking and significant behavioral responses) from chronic 
acoustic sources are likely the most important considerations for populations of animals, particu-
larly as they interact with other stressors such as overfishing, habitat loss, entanglement, and pollu-
tion (see Arctic Council  2009 ; Bailey et al.  2010 ; Clark et al.  2009 ; European Wind Energy 
Association  2008 ; Nowacek et al.  2007 ; Reeves et al.  2005 ; Southall et al.  2007 , 2008,  2009 ; US 
Department of Energy  2009 ; US National Marine Fisheries Service  2010 ; Van Parijs et al.  2009 ; 
Wright  2009 ; Wright and Highfill  2007  ) . 
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 Consequently, there is an increasing need for integrated and practically relevant research and data 
synthesis. We also require the consistent and transparent, yet sufficiently adaptable, application of 
current scientific knowledge in conservation management decisions. The research recommenda-
tions from National Research Council  (  2000,   2003,   2005  ) , International Council for the Exploration 
of the Sea Ad Hoc Group on the Impact of Sonar on Ceatceans and Fish  (  2005  ) , and Southall et al. 
 (  2007  )  remain largely relevant. However, several recent syntheses of more applied data needs have 
been presented by the European Science Foundation (Boyd et al.  2008  )  and by a US federal inter-
agency task force on marine noise impacts (Southall et al.  2009  ) . Many of the issues raised in these 
assessments are in fact being addressed in some of the areas described below, but a vast amount of 
work remains to be done.  

   2  Effects of Noise on Aquatic Life: Advances in Science and Technology 

 This brief manuscript does not attempt to cover specific progress in each area of science and tech-
nology regarding the effects of noise on aquatic life; an adequate treatment would require review of 
essentially all of the science presented in Cork and elsewhere. Rather, general trends and develop-
ments are considered briefly in several key areas here, with reference to other papers in this volume 
(see also papers associated with Southall and Nowacek  2009  ) . 

   2.1 Acoustic Monitoring and Detection 

 One of the most significant areas of recent progress is in the use of evolving technologies to detect 
vocalizing aquatic animals and characterize natural and human contributions to the ambient acoustic 
environment on meaningful spatial scales (e.g., Hatch et al.  2008 ; McDonald et al.  2006 ; Van Parijs 
et al.  2009  )  as well as how they may impact vocal communication (e.g., Clark et al.  2009  ) . Recent 
developments in the use of passive and active acoustic monitoring technologies around offshore 
industrial applications were reviewed in an interactive forum convened in November 2009 by the 
US Bureau of Ocean Energy Management. Important new directions in this expanding area of sci-
ence and technology are discussed throughout this volume.  

   2.2 Measurements of Behavior and Responses to Sound 

 Some concerns remain regarding the effects of noise on auditory and other physiological systems, 
and there has been progress in these areas (discussed below). However, there is increasing recogni-
tion that issues related to behavioral responses and interference with communication are likely 
much more common and potentially the most important effects of noise for populations of aquatic 
animals. 

 Consequently, we have seen a rapid increase in both opportunistic measurements of behavior 
around realistic operations (e.g., DiMarzio et al.  2008  )  and field and laboratory controlled-exposure 
studies to measure responses (see Tyack  2009  ) . Both opportunistic and experimental methods have 
advantages and disadvantages. An integrated approach, increasingly involving full-scale rather than 
scaled sound sources, is emerging as the most comprehensive and rigorous approach. Many of these 
methods have been aided by accelerating progress in the application of tagging and tracking 
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technologies (e.g., Bailey et al.  2010 ; Johnson et al.  2009 ; Mate et al.  2007  ) . This is an expansive 
area of current study in many countries.  

   2.3 Hearing and Effects of Noise on Hearing and Physiology in Aquatic Animals 

 We can simultaneously marvel at the remarkable progress in measuring basic hearing capabilities 
of aquatic animals using both behavioral and physiological tools and be overwhelmed by how many 
of the extant species (and entire taxa) remain completely unknown. Significant developments 
include recent research on hearing and noise impacts in nonmammalian vertebrates (e.g., Popper 
et al.  2007  )  as well as in some invertebrates (see Mooney et al.,   Chapter 28    ), advances in the use of 
electrophysiological techniques for measuring the effects of noise on hearing (see papers in André 
and Nachtigall  2007  ) , and measurements related to potential physiological effects of noise exposure 
(e.g., Houser et al.  2009  ) . This also is an active and key area of current science and technology as 
shown in many papers in this volume.  

   2.4 Reducing Acoustic Footprints: Advances in Quieting Technologies 

 Concomitant with advances in understanding hearing and the effects of noise on aquatic life and the 
use of sound to characterize marine environments has been the recognition that simply minimizing 
the noise associated with certain human activities is often possible, logical, and even beneficial (see 
Spence et al.  2007 ; Weilgart  2010  ) . 

 We are beginning to see international progress in quieting technologies within some industries 
such as commercial shipping. We have seen a fairly rapid progression of this global issue from the 
initial workshops on this issue (see Southall and Scholik-Schlomer  2008 ; Wright  2008  )  and result-
ing follow-on efforts currently underway within the International Maritime Organization to engage 
the international shipping industry in implementing vessel quieting technologies (see United States 
 2008,   2009  ) .   

   3 Advances in Assessing Acoustic Impacts 

 The Southall et al.  (  2007  )  noise-exposure criteria were a significant development in predicting how 
noise affects marine mammals (the taxonomic scope was more restricted than for the Nyborg/Cork 
meetings), but they were admittedly limited in many ways. They called specifically for targeted 
research in key areas and an increased sophistication in management decisions regarding noise 
impact. Significant progress has been made in both the former (see above) and latter areas. 

 Notably, building on the population consequences of acoustic disturbance (PCAD) conceptual 
framework (National Research Council  2005  ) , an expert working group is applying empirical data 
on behavior and energetics in selected taxa to derive more biologically meaningful ways of assess-
ing potential impacts on populations (see Costa,   Chapter 96    ). Additionally, the integrated and 
potentially interacting impacts of chronic and/or multiple acoustic events and other stressors on 
aquatic species are now being systematically considered (e.g., Wright  2009  )  and will benefit from 
progress made in terrestrial systems (see Barber et al.  2010 ; Leu et al.  2008  ) . Finally, we are seeing 
evolutions of thinking toward more sophisticated ways of assessing behavioral responses involving 
the integration of multiple, covarying contextual and acoustic variables associated with sound expo-
sure (e.g., Southall et al.  2010  ) .  
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   4 Policy and Management Applications of Science on Noise Impacts: 
Progress and Challenges 

 As science continues to reveal the complexity and context specificity of noise impacts in aquatic 
species, policy makers and managers are faced with increasingly daunting challenges in establishing 
consistent and transparent regulations. The criteria recommendations of Southall et al.  (  2007  )  
are beginning to be considered and, in some ways, applied in predictions of acoustic impacts 
(e.g., Tasker,   Chapter 28    ; US Department of the Navy  2008  )  but perhaps more slowly and less 
comprehensively than some expected. As noted by the authors, however, the application of those 
recommendations is complicated by the myriad of legal, political, economic, and other practical 
realities in the decision-making processes across many jurisdictions. However, it is also worth 
reiterating that existing data on behavioral responses for many species do not converge on a 
simplistic received sound exposure level(s) as a reliable predictor of negative effects. 

 Thus, regulatory agencies are faced with the realization that science-based assessments of impact 
will require a more sophisticated approach than the simplistic descriptions and predictors that have 
largely being used (see Bejder et al.  2009  ) . Decision makers must also increasingly consider noise 
in the context of marine spatial planning and regional management frameworks (see Hatch and 
Fristrup  2009  )  as well as the cumulative and interacting effects of multiple stressors. Although these 
challenges are seemingly overwhelming for managers striving for practical and science-based 
approaches to conservation management in the face of biological and legislative complexity, signifi-
cant remaining uncertainty, and ever-present risk of litigation, we are seeing some progress in poli-
cies and decision making as well. Examples include the derivation of criteria for noise impacts 
within the European Union Marine Strategy Framework Directive (Tasker,   Chapter 28    ) and acoustic 
exposure guidelines within the US regulatory process (see Johnson,   Chapter 127    ; Scholik-Schlomer, 
  Chapter 126    ).  

   5 Future Directions 

 The progress made in our ability to measure, understand, and apply data on noise impacts on aquatic 
life from Nyborg to Cork has been truly remarkable. However, these advances come as we are 
increasingly aware of a host of overwhelming environmental challenges. These global issues, 
including overfishing, habitat loss due to the industrialization of coastal ecosystems, climate 
change, ocean acidification, likely render noise impacts a second-order human impact on aquatic 
species. Nevertheless, it remains an important consideration, perhaps most importantly as it inter-
acts with these other stressors placed on marine and freshwater ecosystems. Furthermore, some of 
the developments in acoustic tools and technologies are proving integral in measuring and under-
standing the impacts of other human impacts on protected species. Our ability to respond and adapt 
to current and future challenges regarding noise and other impacts depends on sustained progress in 
at least the following topical areas:

   1.    Integrating passive acoustic technologies into ocean-observing systems (Dunshaw et al.  2009 ; 
Southall et al.  2009  )  and regional management frameworks (Hatch and Fristrup  2009  ) ;  

   2.    Sustained research and development in quantifying impacts of acoustic masking in biologically 
meaningful and realistic scenarios (see Clark et al.  2009 ; Reichmuth,   Chapter 4    );  

   3.    Developing context-specifi c means of predicting individual impacts and empirically based means 
of quantifying population consequences of acoustic disturbance (see Costa,   Chapter 96    );  

   4.    Developing and implementing consistent and transparent, yet adaptable, regulatory policies 
regarding behavioral impacts based on insights into biological signifi cance of noise impacts;  
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   5.    Continuing to support interdisciplinary, integrated research programs where multimodal time 
series data streams are integrated to assess cumulative and ecosystem level impacts; and  

   6.    Ensuring public awareness and understanding of the biology of acoustic impacts on aquatic species 
using visualizations of acoustic concepts and on-line and multimedia resources (see Vigness-
Raposa et al.,   Chapter 30    ) and/or nontraditional media (e.g., social networking resources).     

 To some it may seem as if we have been working on understanding noise impacts on aquatic life 
for a very long time. To others, it may seem as if we are just beginning our collective journey. In 
some ways, both are true, but we as a community should recognize that, like all environmental 
issues, the noise issue has a time horizon where research funding and public interest will peak. 
While decades more work are clearly needed and likely will occur in some, particularly applied, 
areas, it is likely that we are at or near that apex. There are daunting opportunities and obligations 
for our field associated with that conclusion. 

 As we move forward from the new conclusions and collaborations made in Cork, how will we 
respond to these challenges? Are we making the best use of limited resources to address the most 
pertinent challenges facing us now while ensuring that we do not lose focus on understanding basic 
principles needed to address issues yet to come? How will we continue to advance our collective 
fields and be judged by future generations at this pivotal period?      
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 In 1953, the eminent undersea explorer Jacques Cousteau published  The Silent World . This small 
volume was to become the generator of a huge upwelling of research on life in the ocean. The title, 
however, was a misnomer. The book came out years after the end of World War II (WWII) and the 
concomitant release of data and equipment from the Navy on the plethora of sounds produced by 
marine organisms. Probably the reason Cousteau could not hear the sounds was because the human 
ear is just not built for underwater hearing. Besides, the small amount of animal sound that got to his 
ears was masked by the bubbling of his breathing apparatus. In fact, information on sounds of fishes 
and cetaceans was available long before World War I. Moby Dick-era whalers listened for the songs 
of humpback whales through the hulls of their wooden ships. Historical details can be found else-
where (Tavolga  1971a  ) . 

 Antisubmarine warfare (ASW) was a major effort during WWII and continues to the present day. 
The techniques have been based primarily on acoustics, and the presence of what were called “bio-
logicals” was often distracting and confusing. As wartime instrumentation became declassified and 
available, it was discovered that the seas are truly noisy places, with a cacophony of snapping 
shrimp, spawning fishes, and echolocating dolphins. 

 A landmark piece of research in the 1950s was the work of Dr. Marie Poland Fish (Fish  1954 ; 
Fish et al.  1952  ) . She reported that a large number of fish species were capable of producing sounds. 
She and her co-workers literally “auditioned” individual fish in aquarium tanks by stimulating them 
with the equivalent of an electrical cattle prod. Unfortunately, it turned out that many of the sounds 
emitted were from violent muscle contractions, not sounds that the animals produced during normal 
behavior. Nevertheless, the basis for further study in marine bioacoustics was established. 

 The precise relationship of sounds to behavior is not always easy to determine. In some cases, 
the choruses of spawning fish (mainly sciaenids) can be heard above water, and such events have 
been known to fishermen since time immemorial. In most cases, however, the behavioral signifi-
cance of fish sounds has required underwater listening equipment and careful observation. A com-
bined video and audio system was installed off Bimini, Bahamas, in the 1960s by the Rosensteil 
Laboratory of the University of Miami, Coral Gables, FL. The combination of visual and acoustic 
observations contributed a large body of data on sonic fishes (Cummings et al.  1964 ; Steinberg and 
Koczy  1964  ) . In my own studies on the frill-finned goby ( Bathygobius soporator ), I found that 
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successful courtship and spawning involved a complex of acoustic, visual, and chemical stimuli 
(Tavolga  1956,   1958  ) . 

 Of all marine animals, dolphins were (and still remain) most prominent in bioacoustic research. 
When the first captive and trained dolphins were exhibited in the 1940s at Marineland in Florida, 
all were immediately intrigued by the huge variety of sounds they produced, from high-pitched 
whistles to low buzzes. One well-known physiologist even proposed that dolphins could imitate 
human speech and had a vocal language of their own (Lilly  1961  ) . The careful research by Schevill 
 (  1964  )  and Norris  (  1964  )  eventually separated the communication whistles from the trains of clicks 
that were used in echolocation. 

 The echolocating pulses of dolphins were found to be highly directional, and this was discovered 
to be a function of the oil-filled bulbous forehead, the so-called “melon” (Norris and Evans  1967 ; 
Norris et al.  1961  ) . Norris’s research, however, was preceded by a series of unpublished tests using 
dolphin heads and primitive audio equipment. The credit for these tests and the original idea for 
echolocation and melon function should go to the late F. G. Wood, Jr., then of Marineland in Florida. 
Indeed, the directional character of echolocation in dolphins is responsible for the high resolving 
power and range of this remarkable facility. 

 Echolocation was first discovered in bats and subsequently in several other mammalian species, 
including delphinid cetaceans. Short pulse length and high (ultrasonic) frequency enables the finest 
resolution and identification of targets. However, low-frequency sounds can serve an echolocation 
function also. Evidence was presented to demonstrate that the low-pitched sound bursts in the sea 
catfish ( Arius felis ) could serve both a social function in schooling and a coarse version of echoloca-
tion (Tavolga  1971b,   1976  ) . 

 An interesting case was that of the curious very low pitched sounds detected by ASW stations. 
These were powerful pulses with a dominant frequency of ~20 Hz. The sound sources could be 
tracked and were immediately classified as top secret. The military minds were quick to blame an 
adversary, possibly a Russian submarine with a secret device. These 20-Hz sounds had been 
recorded and publically puzzled over off the Canadian east coast for many years but became desig-
nated as secret south of the 54°40 ¢  parallel. Although known since the 1940s, these sounds were 
declassified during the Marine Bioacoustics Conference in Bimini in 1963, and their source was 
identified as a large cetacean, probably the fin whale ( Balaenoptera physalus ) (Patterson and 
Hamilton  1964 ; Schevill et al.  1964 ; Walker  1964  ) . 

 In proposing to investigate the function of acoustics in the behavior of fishes, obvious experi-
mental procedures involve the playback of sounds, natural and artificial. How loud should the 
stimulus sounds be? What about pitch and timbre? The question of how well can fish hear has to be 
addressed first. Lacking an external ear, it was assumed that fish were essentially deaf, but sporadic 
reports began to appear in the early 1900s. A dramatic and convincing demonstration was when the 
eminent Karl von Frisch trained catfish in his backyard pond to come when he whistled (von Frisch 
 1923  ) . These early studies on fish hearing have been adequately reviewed elsewhere (Kleerekoper 
and Chagnon  1954 ; Moulton  1963 ; Tavolga and Wodinsky  1963  ) . However, few of these reports 
contained any quantitative data. An attempt to put absolute values on hearing thresholds in fishes 
was a report using avoidance conditioning (Tavolga and Wodinsky  1963  ) , and subsequent attempts 
to demonstrate masking and frequency discrimination (Tavolga  1967 ; Tavolga and Jacobs  1968  ) . 
Current techniques using electrophysiological auditory brain stem response (ABR) have confirmed 
much of the data derived from behavioral conditioning (Fay  1988  ) . In this way, the first evidence 
for ultrasound detection in fish was established (Mann et al.  1997  ) . We are now capable of testing 
fragile species such as herring and anchovies. Indeed, we were able to demonstrate that a clupeid 
fish, the menhaden ( Brevoortia ), was capable of detecting sound frequencies from 40,000 to at least 
80,000 Hz (Mann et al.  2001  ) . 

 In goldfish ( Carassius auratus ) hearing, thresholds obtained by behavioral techniques and elec-
trophysiological measurements were not significantly different (Fay  1988  ) . This may not always be 
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the case. Field observations on the bonefish ( Albula vulpes ) show the fish to be very sensitive and 
responsive to noises, yet laboratory tests of their hearing reveal thresholds not significantly different 
from those of other species in the same areas. In other words, some fish “listen” better but may not 
actually have better hearing (Tavolga  1974  ) . 

 A few words here about a good friend and colleague, the late Arthur Myrberg. Art was a true 
ethologist and was a student with Konrad Lorenz. He and I spend many hours, far into the night, 
over a bottle of wine, arguing about “releasers,” instinct, and innate behavior. He was a keen 
observer and a fine scientist, and his studies on behavior of reef fishes are true classics (Myrberg 
 1972  ) . He bemoaned the fact that so little research was being done on acoustic behavior in fish. With 
all the advances we have made in the areas of acoustic reception in fishes over the past 10–15 years, 
our behavioral advances have lagged far behind. Armed with our understanding of audition, we 
should now be able to pursue the operation of acoustics at the higher levels of organization, e.g., 
behavior, ethology, and sociobiology. We now have the tools of psychophysics, and we have a sub-
stantial database on the acoustic sensory system in fishes and marine mammals. We should use this 
information to learn more about how these animals use this acoustic sense to survive. Here is an 
example. The ubiquitous freshwater catfish ( Ameiurus ) and carp ( Carassius ; the ancestor of the 
domesticated goldfish) possess a highly specialized hearing system of Weberian ossicles, yet 
produce no sounds of their own and appear to live in a quiet neighborhood. What is that fish listen-
ing to so intently? What does it need to hear to survive? In other words, how do fish use their bioa-
coustic properties to make a living?     
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   1 Introduction 

 Public concern about the effects of underwater noise on marine mammals has steadily increased 
over the past few decades. Research programs have been developed around the globe to investigate 
noise impacts. Government departments in many countries regulate underwater noise emission. 
Industries, in particular the oil and gas industry, undertake environmental impact assessments of 
underwater noise expected from planned marine activities and submit these to regulatory agencies 
as part of a permit application process. Lawsuits have been brought against the Navy in an attempt 
to protect marine mammals from sonar testing. The number and diversity of stakeholders in the 
management of noise and marine animals is great.  Marine Mammals and Noise  (Richardson et al. 
 1995  )  was the first book to review and synthesize research on the noise effects on marine mammals. 
In the 15 years since then, a handful of review projects have been undertaken, with focus on specific 
aspects (e.g., Committee on Characterizing Biologically Significant Marine Mammal Behavior 
 2005 ; Committee on Potential Impacts of Ambient Noise in the Ocean on Marine Mammals  2003 ; 
National Research Council  2000 ; Nowacek et al.  2007 ; Southall et al.  2007  ) . 

 Sources of anthropogenic noise include transportation, mineral and hydrocarbon exploration 
and production, and construction, sample spectra of which are shown in Figure  1 , measured by the 
author or JASCO at some range and back-propagated to 1 m (Erbe  2002,   2009,   2010 ; Erbe and 
Farmer  2000  ) , except for the mean large-vessel spectrum (Ross  1976 ; Scrimger and Heitmeyer 
 1991  ) .   

   2. Potential Effects of Noise 

 Noise can affect marine mammals in many ways. At low levels, it might be merely detectable. At 
somewhat higher levels, it might interfere with animal communication and hinder acoustic signal 
detection. Noise can alter animal behavior. It can affect the auditory system and induce a shift in 
hearing threshold. Other systems potentially affected by noise include the vestibular, reproductive, 
and nervous systems. Noise might cause concussive effects, physical damage to tissues and organs 
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(in particular gas filled), and cavitation (bubble formation). Stress is a physiological response to a 
stressor such as noise, aimed at surviving the immediate threat. Prolonged stress can cause serious 
health problems. The effects of noise and the ranges over which they happen depend on the acoustic 
characteristics of the source (e.g., noise level, duration, duty cycle, rise time, spectrum), the medium 
(hydro- and geoacoustic parameters of the environment, bathymetry), and the receiver (e.g., age, 
size, behavioral state, auditory capabilities). Figure  2  gives a bird’s-eye view of the potential zones 
around a source over which some of these effects might happen.  

   2.1 Audibility 

 As sound spreads through the ocean, its acoustic energy decreases due to propagation losses. 
Audibility of a sound is limited by the sound dropping below either ambient noise levels or the 
animal’s detection threshold. Audiograms, hearing thresholds as a function of frequency, have 
been measured for only about 20 marine mammal species and in only few individuals. The thresh-
old is a statistical quantity, e.g., depending on the audiometric paradigm, the level at which the 
signal was heard 50% of the time. Figure  3  shows the lowest hearing thresholds measured for a 
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number of families. Underwater audiograms have not yet been measured for  Ursus maritimus  
(polar bear),  Mustelidae  (sea otters),  Physeteridae  (sperm whales), and  Balaenidae  (baleen 
whales). Indirect information on hearing stems from observed responses to sound and from ana-
tomical studies. Furthermore, animals are expected to be very sensitive at the frequencies of their 
own calls.   

   2.2 Behavioral Responses 

 The zone of responsiveness is expected to be smaller than the zone of audibility because an animal 
will not likely respond to a sound that is barely detectable. However, long ranges of behavioral 
responses (up to 70 km) have been observed (Cosens and Dueck  1988 ; Finley et al.  1990  )  that were 
close to the maximum ranges of audibility (Erbe and Farmer  2000  ) . Measured indicators include 
changes in swim direction and speed, dive duration, surfacing duration and interval, and respiration 
and changes in contextual behavior and acoustic behavior. Prior exposure (habituation vs. sensitiza-
tion), age, gender, health, current behavioral state, and other factors affect the likelihood and severity 
of response. A dose-response curve (risk function) was used by the US Department of the Navy 
 (  2009  )  to predict the percentage of a population that might respond. Southall et al.  (  2007  )  ranked 
behavioral responses reported in the literature on a severity scale from zero to nine, compiled tables 
of the number of individuals or groups that reacted as a function of severity score and received root 
mean square (RMS) sound pressure levels (SPLs) because this is the most commonly reported metric. 
However, it might not be the one that correlates best with behavior. Behavioral analyses should be 
multivariate, considering the full range of metrics appropriate for the sound source (e.g., SPL 

RMS
 , 

SPL 
peak

 , SEL, and signal-to-noise ratio) and the full range of behavioral and contextual variables.  

   2.3 Masking 

 Noise can mask signals such as communication sounds, echolocation, predator and prey sounds, and 
environmental sounds. Figure  4  shows the bandwidths of sounds emitted by marine mammals. Masking 
depends on the spectral and temporal characteristics of signal and noise. At a low signal-to-noise ratio 
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(SNR), a signal might just be audible. A higher SNR is needed for signal recognition and discrimina-
tion and an even higher SNR for comfortable communication. The potential for masking is reduced 
by good frequency discrimination, temporal discrimination, and directional hearing abilities of the 
animal. Masking can be further reduced in some species if the noise is amplitude modulated over a 
number of frequency bands (comodulation masking release), if the noise has gaps or the signal is 
repetitive (multiple looks model), and by antimasking strategies such as deliberate increases in call 
level and repetition or frequency shifting (Erbe  2008  ) . Models for the masking of complex calls by 
anthropogenic noise were developed by Erbe  (  2000  )  and Erbe et al.  (  1999  )  based on behavioral 
experiments (Erbe and Farmer  1998  ) .   

   2.4 Auditory Threshold Shift 

 Noise exposure can result in a loss of hearing sensitivity, termed threshold shift. If hearing returns 
to normal after some quiet time, the effect is a temporary threshold shift (TTS); otherwise, it is a 
permanent threshold shift (PTS). TTS is considered auditory fatigue, whereas PTS is considered 
injury. TTS, but not PTS, has been measured experimentally in a few species of odontocetes and 
pinnipeds. Southall et al.  (  2007  )  derived initial noise-exposure criteria for marine mammals aimed 
at preventing injury. Data for TTS onset in marine mammals were combined with data for TTS 
growth as a function of noise level, and a 40-dB TTS was chosen as the onset of auditory injury 
(PTS). Marine mammal species were grouped into five functional hearing groups: low-, mid- and 
high-frequency cetaceans and pinnipeds in air and underwater. Spectral weighting functions 
(M-weighting) for the five functional hearing groups were applied to the noise in order to emphasize 
the frequency bands where acoustic exposures to high levels might cause auditory damage. Noise 
sources were grouped into single pulses, multiple pulses, and nonpulses based on the number of 
emissions per 24 h and on the level difference if measured with impulse time constants compared 
with continuous time constants. Thresholds in terms of peak SPL and sound exposure level (SEL) 
were derived; the one to be reached first was recommended for mitigation. Since then, TTS onset 
in a high-frequency cetacean has been shown at ~20 dB lower levels (Lucke et al.  2009  ) .  

   2.5 Nonauditory Physiological Effects 

 Noise may impact nonauditory organs and systems, but data for marine mammals do not exist. 
Given that no damage to tissues and organs was observed in marine mammals during TTS experi-
ments, levels will likely be higher. Stress is a physiological response that involves the release of the 
hormone adrenalin, which increases heart rate, gas exchange, acuity, and blood flow to the brain and 
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muscles for a fight-or-flight response (Wright et al.  2009  ) . Stress responses are intended to improve 
survival in the face of an immediate threat; however, repetitive or prolonged stress can negatively 
affect health in the long run. Chronic stress in humans can cause coronary disease, immune prob-
lems, anxiety, depression, cognitive and learning difficulties, and infertility. The onset of stress 
might correspond to fairly low noise levels that induce a behavioral disturbance or masking. Stress 
might be a direct result of noise, e.g., if an unknown noise is detected, or an indirect result of noise 
causing, e.g., masking.   

   3 Discussion 

 Many of the discussed effects can be related; a temporary shift in hearing threshold will affect the 
audibility of signals (e.g., of conspecific calls) and thus alter or prevent the ”normal” behavioral 
response to such signals. Or noise received by a diving animal might induce stress leading to a so-
called fight-or-flight response involving rapid surfacing that can cause decompression sickness and 
injury and ultimately death. There is no information on chronic effects of noise on marine mam-
mals. Although it is feasible to model cumulative sound exposure over multiple sources, long dura-
tions, and large areas (Erbe and King  2009  ) , the manner in which repeated exposure gets 
accumulated by the animals and the effects of cumulative exposure are unknown. Regulation and 
mitigation mostly address acute exposure from a single operation or event and direct damage. The 
biological significance of acoustic impacts is poorly understood. If critical behavior such as mating 
or nursing is repeatedly disrupted or if raised background noise causes chronic stress, it seems 
plausible that survival of the population might be affected. However, temporary and localized 
impacts are likely less significant. The population consequences of acoustic disturbance (PCAD) 
model (Committee on Characterizing Biologically Significant Marine Mammal Behavior  2005  )  
provides a conceptual framework for linking acoustic disturbance to population effects. The ranking 
of noise among environmental stressors on marine mammals and the interaction of stressors are not 
understood. Other ”stressors” affecting marine mammals include harvesting, culling, bycatch, ship 
strikes, chemical pollution, habitat degradation, prey overfishing, and climate change. An animal 
stressed by pollution or prey depletion might find it ”harder” to cope with noise, and vice versa, an 
animal suffering from repeated or severe noise exposure might not be able to effectively cope with 
additional nonacoustic stressors.  

   4 Conclusions 

 Summarizing and synthesizing the effects of noise on marine mammals in six pages is difficult. The 
topic has received perhaps exponential attention over the past few decades, with great research 
undertaken across the oceans, so giving adequate credit to which is impossible here. What is still 
lacking is consent on measurement and reporting metrics and standards. Noise impacts should be 
viewed in context with other environmental stressors. Regulation would ideally not focus on a single 
operation limited in space and time but would instead consider cumulative impacts experienced by 
animals over time and space.      
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   1 Introduction 

 In recent years, growing awareness of the potentially harmful effects of human-generated noise has 
led to concern over whether and how increasing ocean noise levels may adversely affect marine 
mammals by interfering with their detection of biologically important signals. The consequences of 
adding noise to an animal’s environment may be studied, in part, by identifying and understanding 
the ways in which noise alters normal or baseline hearing capabilities. The process of auditory 
masking occurs when the perception of a given signal is negatively influenced by the presence of 
another sound. Masking effects may be manifested through spectral or temporal interference from 
noise that decreases the audibility of the signal relative to conditions when the masking noise is not 
present. In addition to auditory-masking effects, it should be noted that other auditory effects as well 
as nonauditory behavioral, physiological, or anatomical changes may also occur as a result of noise 
exposure. Furthermore, marine mammals are not the only aquatic animals that may be vulnerable 
to these effects. However, the scope of this paper is limited to consideration of the masking effects 
of noise on the auditory perception of marine mammals. The specific aims are to 1) briefly review 
the key concepts and methods drawn from a psychophysical approach to the study of auditory mask-
ing, 2) examine how masking studies have been applied thus far to improve understanding of noise 
effects on marine mammals, and 3) consider how future laboratory studies with marine mammals 
may incorporate progressively more complex and realistic listening scenarios into psychophysical 
testing programs.  

   2 Psychophysical Approach to Auditory Masking 

 Neural processing of auditory information in animals occurs at many levels, from the sensory recep-
tors that receive sound cues from the external environment through progressively higher centers of 
the brain. Because auditory masking is a perceptual phenomenon, it is clear that studies of masking 
must take into account the whole animal and not merely the physical environment and the primary 
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receptor system. Psychophysics is the field of experimental psychology that uses precise behavioral 
methods to determine the relationship between the physical environment and an individual’s 
subjective experience of that environment (Fechner  1860  ) . Consequently, psychoacoustic approaches, 
which describe the relationship between the lowest possible level of audition (the sound stimulus) 
and the highest possible level (the sensation of that stimulus), provide the most comprehensive and 
effective perspectives on auditory processes such as masking (Fastl and Zwicker  2007  ) . 

 Psychoacoustic parameters are not measured but rather are approximated based on the subjective 
impression of an individual averaged over many stimulus presentations. For example, hearing 
thresholds for sounds of a given type, frequency, and duration are typically determined as the lowest 
sound pressure level (SPL) that is detected by a subject in the absence of interfering noise over a 
specified percentage of experimental trials. To measure such probabilistic psychoacoustic thresh-
olds, a trained listener must produce observable and reliable reporting responses when presented 
with a series of experimental cues because direct observation of perceptual events is possible only 
by introspection. 

 Within psychophysical testing paradigms, there are a few basic steps that are common to most 
studies of auditory masking. First, the hearing threshold for a given signal is determined through 
behavioral testing of a subject that reports detection of a signal presented at various SPLs. Next, a 
potential masker such as broadband noise or band-limited noise is added to the testing scenario. 
Finally, the hearing threshold of the signal is remeasured using the same methods, this time in the 
presence of the masking noise (see Gelfand  2001  ) . The difference between the initial and final hearing 
thresholds reveals how much of an effect the masker had on the audibility of the signal. 

 Two of the most important metrics of auditory masking that can be derived from psychophysical 
experiments are the critical bandwidths and critical ratios. Both of these terms help to describe how 
the presence of noise influences hearing. A critical band describes the frequency region over which 
masking noise may interfere with detection of a given signal. If a signal and a masker are presented 
simultaneously, then only the masker frequencies falling within the critical bandwidth of the signal 
contribute to masking of the signal. Outside this critical-frequency band, the presence of noise does 
not alter the audibility of the signal. Therefore, understanding critical bandwidths as a function of 
signal frequency is essential for predicting the masking effects of noise. Generally, the frequency 
span of the critical band is proportional to the center frequency of the signal, so critical bandwidths 
increase in span with increasing signal frequency. Additionally, the shape of the auditory filter 
becomes asymmetrical with increasing masker level, generating an upward frequency spread of 
masking effects with increasing noise (Yost  2000  ) . Critical ratios are related to critical bandwidths. 
A critical ratio is the minimum difference in decibels between the SPL of a just-audible pure-tone 
signal and the spectrum level of background white noise (the power contained in each 1-Hz band of 
noise) when the frequency span of the noise matches or exceeds the critical band. For example, a 
5-kHz tone with a level of 80-dB SPL might be just audible when the spectrum level of the back-
ground noise is 60 dB, showing a critical ratio, or difference, of 20 dB; if the spectrum level of the 
noise should increase by 10 dB to 70 dB, then the level of the tone would need to increase to 90-dB 
SPL, still exceeding the noise by the critical ratio of 20 dB, to be audible to the same listener. Like 
critical bandwidths, critical ratios show a dependence on frequency, with critical ratios tending to 
increase with increasing signal frequencies except at relatively low frequencies (Fletcher  1940  ) . 
Because these ratios hold across a range of signal and noise levels, they can facilitate the prediction 
of masking effects when the critical bandwidth and the characteristics of the masking noise are 
known. 

 Psychoacoustic experiments that systematically explore various masking phenomena, including 
critical bands and critical ratios, serve to reveal important details about auditory processing and the 
underlying physical and neural mechanisms of auditory systems. Comparative investigations of 
masking and auditory processing are essential because they highlight the generality of some effects 
and identify and quantify the relevant parameters that differ among species and taxonomic groups. 
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Both kinds of data are needed to establish a useful knowledge base from which informed 
assessments about potential noise effects on hearing can be made.  

   3 Psychophysical Studies of Auditory Masking in Marine Mammals 

 There have been many psychophysical studies of auditory masking in marine mammals since 
Johnson  (  1968  )  reported the first critical ratios for  Tursiops truncatus  (bottlenose dolphin). Most of 
these have been reviewed by Richardson et al.  (  1995  ) , with additional recent studies of odontocete 
cetaceans (Branstetter and Finneran  2008 ; Erbe  2000 ; Erbe and Farmer  1998 ; Kastelein and 
Wensveen  2008 ; Kastelein et al.  2009 ; Lemonds  1999  ) , sirenians (Gerstein  1999  ) , and pinnipeds 
(Holt and Schusterman  2007 ; Southall et al.  2000,   2003 ; Turnbull  1994  ) . The majority of these 
studies utilized pure-tone or narrowband signals and uniform masking noise to characterize masking 
effects on underwater hearing. As a result, the metrics of the critical bandwidth and critical ratio are 
reasonably well understood for representative marine mammal species for which absolute auditory 
sensitivity has been measured. 

 The available data on critical ratios in marine mammals provide clear and useful indicators of 
how these animals hear in noise. As expected, critical ratios in all marine mammals tested thus far 
increase with increasing frequency, except at very low frequencies. There are no significant devia-
tions to this trend, suggesting that marine mammals are generalists with respect to frequency resolu-
tion. The critical ratios of amphibious marine mammals, including seals and sea lions, are the same 
in air as they are underwater despite differences in absolute hearing sensitivity between the two 
media. Notably, marine mammals (with the exception of the sirenian  Trichechus manatus latirostis ) 
tend be better than most terrestrial mammals at detecting signals in noise. This may be due, in part, 
to their reliance on acoustic detection and frequency resolution in naturally noisy environments 
where the use of other sensory modalities is constrained. 

 Marine mammals pose an interesting case among other mammals with respect to critical band-
widths. The underwater hearing capabilities of dolphins and seals extend across an extremely wide 
range of frequencies, from below 100 Hz to the high ultrasonics. Critical bandwidths may be mea-
sured directly in psychophysical experiments using bands of noise that are systematically varied in 
width around test frequencies, but more commonly, they are estimated from critical ratios that may 
be obtained across the entire frequency range of hearing. One-third octave bands of noise are typi-
cally considered reasonable minimum spans of the frequencies that contribute to masking in ter-
restrial mammals; however, estimates from critical ratio measurements suggest that the critical 
bandwidths of some marine mammals may become wider at low and very high frequencies, whereas 
at intermediate frequencies, they are likely to be significantly narrower (Richardson et al.  1995  ) . 
Accurate critical bandwidth data are required to support predictions of if and how noise sources may 
interfere with an animal’s ability to detect relevant signals and to estimate the distances at which 
such interference may occur. For example, the widening of critical bands beyond one-third octave 
at relatively low frequencies means that noise across a wider frequency range would contribute to 
the masking of low-frequency signals, whereas critical bands smaller than one-third octave would 
result in much narrower bandwidths of noise contributing to masking. Comparisons of empirically 
measured critical bandwidths and estimates derived from critical ratios show that directly measured 
critical bandwidths are required to accurately model potential masking effects (see Yost and 
Schofner  2009  ) . At present, such data are available for only a few marine mammal species at select 
frequencies. 

 These findings with marine mammals show how psychoacoustic studies using simple stimuli 
can improve understanding of how auditory systems operate to extract signals from interfering 
noise. The results from these sorts of listening experiments are bolstered by complementary 
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neurophysiological studies of masking that provide additional insight into the general and 
species-typical characteristics of hearing, especially at the level of the peripheral auditory nervous 
system. However, although the metrics of critical bandwidths and critical ratios have been directly 
applied to model the auditory effects of anthropogenic noise on marine mammals living in natural 
environments, they are not sufficient to describe how noise interferes with the perception of 
sounds as the acoustic environment becomes progressively more realistic. New research is needed 
to improve understanding of how marine mammals cope with background noise during functional 
hearing.  

   4 Auditory Masking in Progressively Realistic Hearing Scenarios 

 In natural environments, the interactions between signals and noise are complex and stimuli vary 
widely with respect to their temporal, spectral, and spatial characteristics. Marine mammals have 
adaptations on both the signal-production side and the signal-reception side to optimize their use of 
sound and to limit their susceptibility to auditory masking, and these include some higher order 
aspects of hearing that can only be accessed using psychoacoustic methods. Quantitative psycho-
acoustic approaches have been developed and refined to better understand acoustic communication 
in noise, including through studies of speech perception and birdsong. Many of these approaches 
have or can be expanded to marine mammal research in ways that will dramatically improve under-
standing of potential noise effects on hearing. Some concepts worthy of further development or 
consideration include the following:

   1.     Release from masking.  There are a variety of conditions where the detection of signals in noise 
can be improved by auditory or behavioral “demasking” processes. Spatial release from masking 
(SRM) occurs when the masking effects of colocated signals and maskers are reduced because 
the signals and maskers are spatially segregated and directional hearing is suffi cient to support 
enhanced detection. The comodulation masking release (CMR) occurs when the energy in mask-
ing noise is coherently modulated in time across frequency regions rather than randomly modu-
lated, as often found in real noise environments (see Branstetter et al.,   Chapter 5    ). The lower 
critical ratios obtained in contexts such as these can result in larger detection ranges for sounds 
than would otherwise be predicted from simple models of auditory masking.  

   2.     Complexity of signals.  Complex signals, such as those often used as communication signals, are 
often easier to detect in noise than are tonal or narrowband signals. Sounds with pulsed charac-
teristics, harmonic elements, frequency modulation, or amplitude modulation may require lower 
signal-to-noise ratios for detection due to auditory processes such as loudness summation across 
critical bands. To date, a few psychoacoustic studies have explored the masking of complex sig-
nals in marine mammals, and there is one study of hearing in  Delphinapterus leucas  (beluga 
whale) with both natural signals and realistic noise (Erbe and Farmer  1998  ) . Masked hearing 
thresholds obtained for complex signals in noise can be productively compared with those pre-
dicted by pure-tone critical ratio and broadband critical bandwidth data to refi ne models of audi-
tory masking in marine mammals.  

   3.     Masking and communication.  Discussion of masking in marine mammals focuses almost exclu-
sively on detection thresholds and the corresponding potential communication distances. It is 
clear from studies of speech and birdsong, however, that progressively increasing signal-to-noise 
levels are required to move from the mere detection of sounds in noise to discrimination, recogni-
tion, and, ultimately, effective communication (see Lohr et al.  2003 ; Dooling and Therrien, 
  Chapter 17    ). This issue truly gets at the perception of acoustic signals and brings higher level 
processes such as learning into the forefront. Marine mammals are especially good candidates for 
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explorations of informational masking due to their trainability and highly developed cognitive 
capabilities; the experiments are challenging for many reasons but will yield invaluable insight 
into how noise constrains functional hearing in realistic listening scenarios.      

   5 Summary 

 Current models of auditory masking in marine mammals oversimplify hearing in realistic environ-
ments. Systematic and progressive experiments using psychoacoustic methods will help us move 
“out of the ideal and into the real” to gain a more complete view of potential auditory-masking 
effects in these animals.      
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   1 Introduction 

 When one sound interferes with the ability to detect another sound, masking occurs. The potential 
negative impacts of masking include the inability to effectively communicate, navigate, and forage. 
Due to the difficulty in acquiring, maintaining, and training marine mammals to participate in psy-
chophysical testing, only a limited number of masking studies have been conducted. Most of these 
are critical-ratio and critical-band measurements. A primary finding of these studies is that masking 
typically occurs only when the frequency of the signal and masker are similar (Fletcher  1940  ) . For 
example, critical-band and notched-noise experiments using white-noise maskers (i.e., the instanta-
neous amplitude is sampled from a Gaussian distribution and the frequency spectrum is flat) suggest 
that only noise frequencies within a narrow band centered on a tonal signal contribute to the 
 masking of the signal (Au and Moore  1990 ; Finneran et al.  2002 ; Southall et al.  2003  ) .  

   2 Power Spectrum Model of Masking 

 Findings from critical-ratio and critical-band studies have been used to develop what is often 
referred to as the power spectrum model (PSM) of auditory masking. The axioms of the PSM can 
be summarized as follows:

   1.    The auditory periphery behaves as a series of overlapping band-pass fi lters that are often referred 
to as auditory fi lters.  

   2.    Only the spectral components of the noise within an auditory fi lter centered on a signal contribute 
to the masking of the signal.  

      On the Relationship Between Environmental Noise, 
Critical Ratios, and Comodulation Masking Release 
in the Bottlenose Dolphin ( Tursiops truncatus )       
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   3.    Signal detection is accomplished by an energy detector at the output of the auditory fi lter centered 
on the signal. The signal-plus-noise interval will have more energy than the noise-alone interval.  

   4.    The level of the signal at threshold will be proportional to the noise level that passes through the 
signal auditory fi lter. Noise is represented by its long-term spectra.     

 Recent data from  Tursiops truncatus  (Branstetter and Finneran  2008  )  and  Delphinapterus leucas  
(Erbe  2008  )  suggest that the assumptions of the PSM fail to describe patterns of masking with a 
variety of noise types that are not strictly Gaussian. For example, spectral components of comodu-
lated noise wider than an auditory-filter bandwidth significantly reduced threshold levels (Fig.  1 ). 
This result is known as comodulation masking release and is difficult for the PSM to explain. In the 
present study, we test if the assumptions of the PSM generalize to different noise types including 
environmental noise.   

   3 Masking With Gaussian, Comodulated, and Environmental Noise 

 In experiment I, we measured masked hearing thresholds in  Tursiops truncatus  with three different 
masker types: 1) Gaussian noise, 2) comodulated noise, and 3) ambient noise recorded from San 
Diego Bay, CA (bay noise). All noise types were of equal bandwidth and equal spectral-density 
levels. To a  Homo sapiens  (human) listener, bay noise was dominated by  Synalpheus parneomeris  
(snapping shrimp). Like comodulated noise, bay noise contained temporal fluctuations that were 
correlated across frequency regions. The PSM predicted identical masked thresholds for each noise 
condition. However, masked thresholds were significantly lower for both comodulated and bay 
noise conditions. 

 In experiment II, a band-widening study (critical-band paradigm) demonstrated different patterns 
of masking in  Tursiops truncatus  for Gaussian noise and bay noise of equal spectral-density levels. 
Gaussian noise resulted in the standard critical-band pattern of masking. Thresholds increased pro-
portionally with bandwidth but became relatively constant beyond a critical bandwidth. For bay 
noise, thresholds were relatively flat for noise bandwidths up to 500 Hz (half a critical band) and 
thereafter exhibited a decreasing trend as bandwidths increased. The pattern of masking for bay 
noise is more similar to the comodulation masking release than Gaussian noise, but more investiga-
tion is required to determine the mechanisms behind the release from masking with bay noise.  

  Fig. 1    Thresholds for a 
10-kHz tone embedded in 
comodulated noise (CM) and 
Gaussian noise (Gaussian) of 
variable bandwidth. There is 
a noticeable release from 
masking in the CM condition 
for bandwidths that exceed 
1,000 Hz.   Adapted from 
Branstetter and Finneran 
 (  2008  )        
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   4 Conclusions 

 The PSM does not fully describe or predict auditory masking with the comodulated and bay noise 
types in the present study. A simple energy detector after band-pass filtering has difficulty describ-
ing these data. Furthermore, the  Tursiops truncatus  auditory system clearly makes use of auditory 
information beyond a critical band when detecting a tonal signal embedded in noise. The temporal 
structure of environmental noise is more complex than Gaussian noise, and the auditory system 
appears to use this broadband complexity to aid in segregating the signal from the background 
noise. Metrics such as critical ratios and one-third octave noise measurement that rely on assump-
tions of the PSM should be used with caution when extrapolating the effects of masking if the noise 
is non-Gaussian.      
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   1 Introduction 

 For humans and terrestrial mammals, the variation in susceptibility to noise as a function of 
frequency is handled by “weighting” sound exposures to emphasize frequencies where auditory 
sensitivity is highest and lessen the importance of frequencies outside the audible range. This technique 
allows the use of single, weighted numeric values for impact or damage-risk criteria regardless of 
the sound frequency. Human weighting schemes were derived from measurements of equal-loudness 
curves obtained from subjective experiments where a listener compares the loudness of sounds at 
different frequencies. Previous terrestrial mammal data have shown that response latencies measured 
in the context of a simple acoustic-detection task may be used to construct equal-latency contours 
that are analogous to equal-loudness contours, albeit measured indirectly (Pfingst et al.  1975 ; 
Stebbins  1966  ) . Until now, there were no empirical measures of equal-loudness curves or auditory 
weighting functions in marine mammals. This data gap became especially apparent following 
certain marine mammal experiments of temporary threshold shift (TTS). Limited data at 75 kHz 
(Schlundt et al.  2000  )  and more recent TTS data at frequencies up to 28 kHz (Finneran and Schlundt 
 2010 ; Finneran et al.  2007  )  have been compared with results of midfrequency data at 3 kHz 
(Finneran et al.  2010  )  and reveal substantial differences between onset TTS levels. Specifically, 
TTS will occur after lower exposure levels for these higher frequencies. Data at higher frequencies 
should be used to create more accurate frequency-dependent estimates for onset TTS (i.e., TTS 
weighting functions). Similarly, equal-loudness data would show the relationship between the 
frequency of sound and the subjective loudness of the sound. The objective of this effort was to 
develop auditory weighting functions for  Tursiops truncatus . The weighting functions would be 
defined by measuring subjective loudness as a function of the sound frequency. Loudness contours 
may be more appropriate for assessing behavioral effects of sound, assuming behavioral reactions 
are more strongly related to loudness than to sound pressure level (SPL).  

      Direct Measurements of Subjective Loudness 
in a Bottlenose Dolphin       

         Carolyn   E.   Schlundt and          James   J.   Finneran           
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   2 Methods 

 The subject was a male  Tursiops truncatus  (26–27 yr, ~200 kg) whose hearing ability was within 
the “normal” range for  Tursiops truncatus  (Houser and Finneran  2006  ) . The subject lived in floating 
netted enclosures (9 × 9 to 12 × 24 m) located in San Diego Bay, CA. The subject voluntarily 
beached for transport to an indoor, aboveground, vinyl-walled, seawater-filled, 4- × 6- × 1.5-m pool 
for testing each day and returned to its enclosure in the bay afterward. Sound fields in this pool were 
characterized by Finneran et al.  (  2007  ) . All tests were approved by the Space and Naval Warfare 
Systems Center Pacific (SSC Pacific) Institutional Animal Care and Use Committee, San Diego, 
CA, and followed all applicable Department of Defense guidelines. 

 The pool contained an underwater test station composed of flooded polyvinylchloride tubing. 
The station contained a neoprene-covered “biteplate” on which the subject positioned itself as well 
as an underwater sound projector and calibration hydrophones. The biteplate was located middepth 
in the pool. The sound projector was located at a distance of ~1 m from the subject’s ears when on 
the biteplate. 

 Testing was controlled using a personal computer and custom software to generate and calibrate 
sound stimuli (Finneran  2003  ) . Additional custom software was used to control the order and 
method in which trials were presented and to record auditory stimuli and acoustic responses. Tones 
were projected in the direct field by an underwater sound projector (ITC 1032). Tones were fre-
quency modulated (FM sine, 10% bandwidth) and 500 ms in duration, including 20-ms rise/fall 
times. FM tones were used to mitigate large sound pressure variations observed with pure-tone 
stimuli in the relatively small test pool (Finneran and Schlundt  2007  ) . Tones were calibrated before 
and after each session. 

 Equal-loudness tests used a two-alternative, forced-choice, vocal-response paradigm where the 
subject was presented two sequential tones separated by a 500-ms gap. The subject was trained to 
whistle if the first tone was louder than the second and to produce a burst pulse or “buzz” response 
if the second tone was louder than the first. The majority of trials (~70%) featured “baseline” trials, 
stimulus pairs for which the loudness relationship between the two tone pairs was known. These 
included either two tones at the same frequency or those at frequencies one half-octave apart but 
with different SPLs. Baseline frequencies ( n  = 13) ranged from 1.8 to 113.1 kHz. The baseline trials 
allowed the animal’s performance to be tracked within each session. The remaining trials were 
“probe” trials, consisting of a 10-kHz standard tone (A) with a fixed SPL (either 90, 105, or 115 dB 
re 1 μPa) and a comparison tone (B) whose frequency was fixed within a session but whose SPL 
varied. These are the trials of interest and the answers to these comparisons are unknown. Baseline 
and comparison frequencies ranged from 1.8 to 113.1 kHz ( n  = 13). 

 All baseline, standard, and comparison tones were at least 10 dB above the subject’s threshold 
to ensure that both tones in a trial could be heard. SPLs between baseline tones ranged from 10 to 
30 dB (minimum 15 dB for half-octave comparisons). Sessions were organized such that each base-
line frequency and decibel difference between tones were represented equally and randomly 
throughout a session. There were an equal number of baseline trials to which the correct response 
should elicit the whistle or buzz response in order to avoid any response bias, and these were pre-
sented using a Gellerman  (  1933  )  distribution. There were two probe trials in every block of seven 
trials. Each standard-comparison pair (i.e., probe trial) was presented to the subject twice within the 
session in alternating order (i.e., A-B and B-A). 

 Tones of varying SPLs at 13 frequencies from 1.8 to 113.1 kHz were compared with a 10-kHz 
standard tone with a fixed SPL (either 90, 105, or 115 dB re 1 μPa) in  Tursiops truncatus . The 
subject’s responses to the probe trials were analyzed using logistic regression to derive curves relat-
ing the probability of the comparison tone being perceived louder for each comparison tone fre-
quency. The 50% point then represented the SPL at which the comparison tone was equally as loud 
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as the standard. This method is similar to methods used to derive equal-loudness curves in humans 
(Fletcher and Munson  1933 ; Robinson and Dadson  1956  ) .  

   3 Results 

  Tursiops truncatus  participated in more than 150 equal-loudness sessions and made direct decisions 
of subjective loudness in more than 16,000 trials. In general, the three equal-loudness contours 
closely followed the shape of the subject’s audiogram and showed increased variability at the lowest 
and highest comparison frequencies. Included among the probe trials was a comparison frequency 
of 10 kHz (i.e., the same frequency as the standard tone). Analysis of this comparison was of par-
ticular interest because the SPL represented by the 50% point, where the comparison tone was 
equally as loud as the standard, was known. The results were in close agreement with the expected 
value, namely, 92, 105, and 120 dB for 10-kHz standard tones of 90, 105, and 115 dB re 1 μPa, 
respectively, lending confidence to the subject’s responses to the probe trials at other comparison 
frequencies. Furthermore, performance on baseline trials was consistently well above the acceptable 
performance criterion of 80%. There was no response bias for response type or frequency regardless 
of whether baseline tone comparisons were within the same frequency or one half-octave apart. 
Performance improved as the difference between tones increased from 10 to 30 dB.  

   4 Conclusions 

 These data represent the first direct measurements of equal-loudness curves in any animal and show 
the relationship between the frequency and subjective loudness. The shape of the equal-loudness 
contours can be used to create weighting functions to properly emphasize frequencies at which 
auditory sensitivity is highest and lessen the importance of other frequencies, similar to human A- and 
C-weighting networks. Loudness contours may be more appropriate for assessing behavioral effects 
of sound, assuming behavioral reactions are more strongly related to loudness than to SPL.      
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   1 Introduction 

 Bottlenose dolphins ( Tursiops truncates ) use very short clicks for echolocation, with theoretical 
time resolution as high as 15–20 μs (Au  1993  ) . High time resolution of  Tursiops truncates  sonar 
clicks can provide extremely good protection against reverberation. However, the auditory time 
resolution of  Tursiops truncates  is widely believed to be ~300 μs (e.g., Au  1993 ; Supin et al.  2001  )  
despite abundant behavioral data indicating that the auditory time resolution is as high as the theo-
retical time resolution of the echolocation clicks (e.g., Zaslavski  2003,   2006,   2008  ) . 

 Because reverberation normally has the same frequency content as an outgoing sonar signal, a 
dolphin can hardly use frequency filtering for target detection or discrimination. The range resolu-
tion and directivity pattern of an underwater sonar system enable the sonar capability to operate in 
reverberant conditions. An Atlantic  Tursiops truncates  was able to detect a target lying on a sandy 
bottom at a 70-m range (Murchison  1980  ) . Au and Turl  (  1983  )  and Turl et al.  (  1991  )  investigated 
the capability of echolocating  Tursiops truncates  and  Delphinapterus leucas  (beluga whale) to 
detect targets situated in front of a clutter screen. The experimental conditions corresponded to so-
called backward masking that is customarily used for the auditory time resolution assessments. 
They found that  Tursiops truncates  and  Delphinapterus leucas  performances gradually degraded 
with the target-screen separation decrease that was typical for the backward masking. The degrada-
tion was faster for  Tursiops truncates  than for  Delphinapterus leucas . Nevertheless, for an echo-to-
reverberation ratio of ~0 dB (−3 to +3), the threshold (70–75% correct response) separation for both 
animals was within 2.5–5 cm, which corresponded to a 35- to 50-μs delay between the target echo 
and reverberation. These numbers could well stand for the range and time resolution of  Tursiops 
truncates  and  Delphinapterus leucas  sonar. However, the authors chose to characterize the sonar 
performance in reverberation by a threshold echo-to-reverberation ratio at a zero target-screen sepa-
ration. At a coplanar position of the target and clutter screen, the threshold target echo-to-
reverberation ratio for  Delphinapterus leucas  was 3–5 dB lower than the one found for  Tursiops 
truncates . 

 The estimate of Atlantic  Tursiops truncates  sonar time resolution that could be made using the 
results of the experiment by Au and Turl  (  1983  )  is obviously better than the commonly accepted 
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300 μs (Au  1993  ) . The range and time resolution of Black Sea  Tursiops truncates  sonar measured 
in similar reverberant conditions were found to be even better than estimated for both Atlantic 
 Tursiops truncates  and  Delphinapterus leucas . Zaslavski and Novikov  (  1983  )  investigated the ability 
of Black Sea  Tursiops truncates  and  Phocoena phocoena  (harbor porpoise) to detect and  discriminate 
targets situated in front of single solid-steel balls 7.6 cm in diameter. Two 7.6-cm masker balls were 
suspended in water at a 1-m depth on the left and right sides of a separation net. The dolphins were 
required to determine in front of which masker ball was a target and approach it. In case of target 
discrimination, comparison targets were placed in front of each masker ball. 

  Tursiops truncates  was able to detect a 1-cm steel ball situated just 2.7 cm (between front sur-
faces of the balls) in front of the 7.6-cm masker ball. The threshold delay of ~35 μs (at 75% correct 
response level) was found to be as small as the one that could be estimated for  Delphinapterus 
leucas  (Turl et al.  1991  )  but at a much smaller echo-to-reverberation ratio (around −18 dB compared 
with 0 dB for  Delphinapterus leucas ). At the threshold target-masker ball separation of ~3.0 cm, 
 Tursiops truncates  was able to discriminate between a 3-cm steel and a brass solid sphere. 

 A slightly larger threshold echo-reverberation separation of ~6.5 cm was found in  Phocoena pho-
coena  for 1-cm steel ball detection as well as for discrimination between the 3-cm steel and brass 
solid spheres. The differences could be expected because  Phocoena phocoena  echolocation clicks are 
longer than  Tursiops truncates  echolocation clicks. It should be noted that despite the experiments 
being conducted in closed pool, a small target suspended on a long line could swing by at ~1.5 cm, 
giving a chance for the animals to detect the target at slightly larger separations than the recorded 
threshold. Still, the auditory time resolution corresponding to the threshold separation, including cor-
rection for the target swinging, proved to be almost as good as the theoretical time resolution of 
 Tursiops truncates  and  Phocoena phocoena  echolocation clicks of ~20 and 50 μs, respectively. Here 
I discuss the detection and discrimination of targets positioned in front of clutter screens by the same 
Black Sea  Tursiops truncates  tested in the experiment of Zaslavski and Novikov  (  1983  ) .  

   2 Methods 

 The clutter screen consisted of ~80 asymmetrical round stones (sea pebbles) 5–7 cm arranged verti-
cally in a rectangular area 60 × 50 cm. Two clutter screens were suspended at the left and right sides 
of a separation net at 1-m depth (center of the screen) 7 m from the animal’s start position and at 
30° azimuth separation. Solid aluminum and brass spheres 5 cm in diameter were used as targets. 
The dolphin’s performance was investigated as a function of separation (range difference) between 
a target and the clutter screen. The dolphin was required to determine at which side of the separation 
net was a target and approach it. The position of a target (in front of the left or right clutter screen; 
Fig.  1b ) in any particular trail was randomized. A transducer with transmit-and-receive beams simi-
lar to those of  Tursiops truncates  sonar recorded echoes from a target situated in front of the clutter 
screen (Fig.  1c ). The transducer transmit click was similar to the  Tursiops truncates  echolocation 
click, with a peak frequency of ~120 kHz.   

   3 Results 

 The threshold target-clutter screen separation was found to be ~4 and 5 cm for 5-cm aluminum 
and brass sphere detection, respectively. At a 2.5-cm separation, the targets were half hidden 
between the clutter screen stones. Discrimination between the aluminum and brass spheres was 
above the 75% correct response at the target-clutter screen separation, larger than that at ~7 cm. 
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These  threshold values should be increased by 1–1.5 cm because of slight target swinging in front 
of the clutter screen. The threshold target-clutter screen separation of 4–5 cm can be converted to 
a threshold delay between the target echo and reverberation for 55–65 μs. 

 Although these threshold values appear to be slightly larger than those found for Atlantic 
 Tursiops truncates , an echo-to-reverberation ratio for either target in our experiments was much 
smaller (−12 to −14 dB for peak-to-peak amplitudes and around −20 dB for energy ratio). 

 The backscatter record shown in Figure  1c  was made for the clutter screen placed perpendicular 
to the transducer acoustic axis (90° grazing angle). Because the dolphin was not fixed at the start 
position, it could ensonify targets and clutter screens at 75–90° grazing angles, receiving slightly 
different echo-to-reverberation ratios. 

 Even better results were obtained in earlier behavioral experiments with this dolphin on passive 
detection of a click (simulating a  Tursiops truncates  echolocation click) in a condition of backward 
masking by a noise pulse. For a 100-μs noise masker, a −20 dB click-to-masker (peak-to-peak) 
threshold ratio was reached at the masker delay of just 50 μs. The threshold click-to-masker ratio was 
as low as around −30 dB when the masker duration was decreased to 20–30 μs (Zaslavski  2003  ) . 

 Although Black Sea  Tursiops truncates  appeared to perform in reverberant conditions better than 
Atlantic  Tursiops truncates  and  Delphinapterus leucas , individual animal differences could easily 
account for a difference in the thresholds. A 6-dB or even larger difference in threshold values 
measured in the same target or signal detection and discrimination tasks between two  Tursiops 
truncates  was quite ordinary in many of our behavioral experiments. In any case, all dolphins tested 
in reverberant conditions indicated an auditory time resolution better than 50–60 μs. The results 
strongly support the notion that  Tursiops truncates  auditory time resolution is as high as the theo-
retical time resolution of the echolocation clicks.      

   References 

    Au WWL (1993) The sonar of dolphins. Springer-Verlag, New York.  
    Au WWL, Turl CW (1983) Target detection in reverberation by an echolocating Atlantic bottlenose dolphin ( Tursiops 

truncates ). J Acoust Soc Am 73:1676–1681.  
    Murchison AE (1980) Detection range and range resolution of porpoise. In: Busnel RG, Fish JF (eds) Animal sonar 

systems. Plenum Press, New York, pp 43–70.  
    Supin AY, Popov VV, Mass AM (2001) The sensory physiology of aquatic mammals. Kluwer Academic Publishers, 

Boston, MA.  

  Fig. 1     (a) Tursiops truncates  performance as a function of target-clutter screen separation. (b) A target positioned 
in front of the clutter screen (schematic). (c) The echo from a 5-cm brass solid sphere (two small highlights) and the 
clutter screen       

 



40 G. Zaslavski

    Turl CW, Skaar DJ, Au WWL (1991) The echolocation ability of the beluga ( Delphinapterus leucas ) to detect target 
in clutter. J Acoust Soc Am 89:896–901.  

    Zaslavski GL (2003) Target echo processing in the dolphin’s auditory system. Proceedings of the Oceans 2003 MTS/
IEEE Conference, vol 2, 22–26 September 2003, San Diego, CA, pp 620–628.  

    Zaslavski GL (2006) Differences between the auditory system of humans and bottlenose dolphins. Advances in 
Bioacoustics 2, Dissertationes Classis IV: Historia Naturalis, Slovenian Academy of Sciences and Arts, 
(Ljubljana), XLVII-3:51–74.  

    Zaslavski GL (2008) The auditory time resolution in bottlenose dolphins: Behavioral experiments versus auditory 
evoked potential methods. Proceedings of the 9th European Conference on Underwater Acoustics (ECUA) 2008/
Acoustics08 Paris Conference, 30 June to 4 July, 2008, Paris, France, pp 571–576.  

    Zaslavski GL, Novikov BA (1983) Range resolution of the bottlenose dolphin sonar. Proceedings of the 10th 
 All-Union Acoustic Conference, Moscow, USSR, pp 5–7.      



41A.N. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life, 
Advances in Experimental Medicine and Biology 730, DOI 10.1007/978-1-4419-7311-5_8,
© Springer Science+Business Media, LLC 2012

    G.   Zaslavski (�)    
   University Authority for Applied Research (RAMOT), Tel Aviv University , 
  Tel Aviv   61392 ,  Israel  
  e-mail: gennadi.zaslavski@gmail.com    

    1  Critical Ratio and Critical Bandwidth 

 The auditory system is often modeled by a bank of band-pass filters. There are two different estimates 
of the bandwidth of the auditory filters, called the critical ratio (CR) and the critical bandwidth 
(CB), based on measuring detection thresholds of a pure tone in continuous broadband noise 
(Fletcher  1940  ) . In humans, the CRs are ~2.5 times smaller than the CBs. In the bottlenose dolphin 
( Tursiops truncates ), the relationship between the CR and CB is different than that in humans. Au and 
Moore  (  1990  ) , using a behavioral-response paradigm and variable bandwidth noise, found that in 
 Tursiops truncates , the CB was 11 times wider than the CR at 30 kHz, 8.2 times wider at 60 kHz, and 
2.2 times wider at 120 kHz. The CBs at these frequencies were found to be 17, 25, and 45 kHz, 
respectively. Even the CR measured at 100 and 120 kHz was as large as that around 20 kHz. Lemonds 
et al.  (  2000  ) , in behavioral experiments, estimated the auditory filter bandwidth in  Tursiops trun-
cates  using notched noise. Equivalent rectangular bandwidth (ERB) of the suggested auditory 
roex(p,r) filters was found to range from 4.4 kHz at 40 kHz to 16 kHz at 100 kHz. 

 The behaviorally estimated ERBs and CBs (Au and Moore  1990  )  are substantially larger than 
~3% (of the filter center frequency) ERBs reported by Popov et al.  (  1997  )  based on measurements 
of the  Tursiops truncates  auditory brain stem responses. Assuming that both the behavioral and 
electrophysiological data are correct (within some experimental and individual differences between 
animals),  Tursiops truncates  appears to be capable of voluntarily changing the auditory filter band-
width at the same frequency, e.g., 100 kHz, from as small as 3 kHz to as large as 45 kHz.  

    2  Detection and Discrimination of Brief Signals 

 Although the use of a narrowband auditory filter is obviously advantageous for detection of a pure 
tone in noise, detection and discrimination of brief broadband signals similar to  Tursiops truncates  
echolocation clicks may require broadband reception. There are numerous behavioral data on detec-
tion and discrimination of brief signals in noise. In many cases,  Tursiops truncates  was able to 
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detect or discriminate signals even when most of the hearing frequency range was masked with 
broadband continuous noise (Zaslavski  2001,   2003,   2007a  ) . 

 A frequency span of 20–25 kHz around 110 kHz to the high-frequency limit of  Tursiops trun-
cates  hearing of 135–140 kHz (Fig.  1 ) was normally wide enough for the dolphins to detect or 
discriminate between most of the tested brief signals in our behavioral experiments. In reference to 
the behavioral data (Au and Moore  1990  ) , this frequency span could be associated with a single 
auditory filter. On the other hand, the 20- to 25-kHz frequency range is wide enough to accom-
modate 6 to 8 auditory filters having a bandwidth of ~3 kHz (Popov et al.  1997  ) . In some cases, 
however, it is possible to tell whether the frequency span used by the dolphin is a single broadband 
auditory filter or a set of narrowband filters.  

 To discriminate the signals given in Figure  1 , a single broadband auditory filter appears to be 
much more appropriate than a set of narrowband auditory filters. Because the signals have identical 
(Fig.  1a ) or random (Fig.  1c ) energy spectra, discrimination most likely was based on the difference 
in the time waveform of the auditory filter reaction. The wider the auditory filter, the better the dif-
ference in duration of the input noise pulses is preserved at the auditory filter output (Zaslavski 
 2007a ; Zaslavski and Ryabov  1991  ) . 

  Tursiops truncates  appeared to also use a single auditory filter to discriminate the double clicks 
having identical energy spectra (Fig.  1a ). The discrimination was apparently based on time domain 
differences in the auditory filter response to the double clicks (Zaslavski  2001,   2003,   2006  ) . To 
preserve the time domain features at the auditory filter output, the bandwidth of the filter should be 
large enough. I found that the smaller the interclick interval, the wider the frequency span required 
for the dolphin to discriminate the double clicks (Zaslavski  2001  ) . 

 The frequency span required for  Tursiops truncates  to discriminate between brief clicks could be 
as wide as 60–70 kHz, from 40–50 kHz to ~120 kHz, which is almost as large as the frequency 
range of  Tursiops truncates  echolocation hearing (Zaslavski  2007b  ) . In this experiment, the dolphin 

  Fig. 1    (a) Time-reversed double clicks (i and ii) with identical energy spectra (iii). (b) Short-time Fourier transform 
(STFT) spectrogram (i and ii) and energy spectra (iii) of the double clicks mixed with broadband (10–100 kHz) 
continuous noise. (c) Noise pulses of 50 (i) and 60 (ii) μs and their energy spectra (iii). (d) STFT spectrograms of the 
noise pulses (i and ii) mixed with broadband (10–100 kHz) continuous noise and their energy spectra (iii). The spec-
trograms were generated using a 700-μs Hanning analysis window. Signal-to-noise ratio was 3–6 dB above the 
threshold. Arrows indicate the portion of the short-time spectra of the double clicks (b) and the noise pulses (d) 
unmasked by the noise       
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seemed to discriminate the time domain waveforms between two clicks separated by an interclick 
interval less than 100 μs. On the other hand, in behavioral experiments,  Tursiops truncates  was 
required to discriminate between brief signals with fixed differences in frequency spectra and the 
bandwidth of the auditory filter at high frequencies was found to be as small as 5–6 kHz (at 3-dB 
level). A possible relationship between the auditory filter bandwidth and discrimination task needs 
to be discussed.      
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    1  Introduction 

 Dolphins and toothed whales (odontocetes) possess highly developed sound production systems and 
hearing capabilities (Au  1993 ; Au et al.  2000  ) . Because sound is transmitted much more efficiently 
than light and other possible stimuli through water, hearing plays a fundamental role as a primary 
sensory modality in dolphins and toothed whales and functions to aid in navigation, orientation, 
foraging, and communication (Au  1993 ; Nachtigall and Moore  1988 ; Richardson et al.  1995  ) . Any 
sound in the water is detectable when the received level of the sound exceeds a certain hearing 
detection threshold of the animal. The efficiency of underwater sound propagation allows underwa-
ter noise created by ships and other human activities to be detected by aquatic animals far away 
from the source. Dolphins and toothed whales may be listening to many sounds from natural and 
human-made sources in addition to the sounds from themselves. Both natural and human-made 
sounds could have deleterious effects on the animals through interference with the animals’ ability 
to detect signals from conspecifics and echoes of echolocation clicks. 

 Concerns have arisen about the effect of human-made noise on the dolphins and toothed whales. 
There has been a lot of research emphasizing the hearing of external signals or the effects of human-
made noise on hearing external signals with some odontocete species; however, there are still many 
unstudied aspects of odontocete hearing and related noise effects such as how loudly the animals 
hear their own echolocation clicks and corresponding echoes, how human-made noise affects their 
ability to hear the echoes of echolocation clicks, and whether the animals can actively control their 
hearing under certain noise situations or not. To answer these questions, above all we need to inves-
tigate the basic mechanisms that allow the dolphins and toothed whales to hear their own signals 
and corresponding echoes. Although an attempt was made to record auditory evoked potentials 
(AEPs) to voluntary click emissions from a dolphin by Bullock and Ridgway  (  1972  )  several decades 
ago, a quantitative investigation on the ability of odontocetes to hear their own echolocation clicks 
and the corresponding echoes has only recently been reported in a single false killer whale 
( Pseudorca crassidens ) (Nachtigall and Supin  2008 ; Supin et al.  2003,   2004  ) . These studies showed 
that a noninvasive evoked-potential method may be a very effective way to investigate the basic 
mechanisms by which echolocating dolphins and toothed whales hear their own signals and the 
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corresponding echoes. In this study, we similarly investigated the auditory brain stem responses 
(ABRs) of an Atlantic bottlenose dolphin ( Tursiops truncatus ) to outgoing echolocation clicks and 
the corresponding echoes during echolocation by using the evoked-potential method.  

    2  Subjects and Methods 

 The experiments were carried out in the facilities of the Marine Mammal Research Program, 
Hawai’i Institute of Marine Biology, Kane’ohe, HI. The subject was an adult female  Tursiops trun-
catus , named BJ, who was 25 years of age at the time of the experiment. She was housed in a wire-
net enclosure in Kane’ohe Bay, HI. The animal was trained to wear soft latex suction cups containing 
human EEG electrodes to pick up the evoked potentials, to ensonify and recognize targets by echo-
location, and to report the target presence or absence using a go/no-go reporting paradigm. 

 The animal was trained to detect the presence or absence of a target. Three targets were used in 
this study. They were hollow aluminum cylinders with an outer diameter of 38 mm (1.5 in.), an 
inner diameter of 25.4 mm (1 in.), and vertical axes 180, 90, and 46 mm long. The target strengths 
were −22, −28, and −34 dB, respectively, as measured by a short pulse produced by excitation of a 
60-mm spherical piezoceramic transducer with 10-ms rectangular pulses (Supin et al.  2004  ) . The 
targets were hung from a thin monofilament line at a distance ~2 m from the blowhole of the animal. 
ABR collection was triggered by echolocation clicks produced by the animal in both target-present 
and target-absent scenarios. The echolocation clicks were picked up by a RESON TC4013 hydro-
phone in front of the animal’s head at a distance ~1.5 m from the blowhole of the animal. To extract 
low-amplitude ABRs from background noise, an off-line averaging procedure was used.  

    3  Results and Discussion 

 After averaging more than a thousand individual records, clearly visible response waves (each 
shorter than 1 ms) emerged. When a target was presented, all records contained two typical two-
wave ABR sets, with 2.56–2.64 ms apart from each other. The ABR sets consisted of two typical 
alternate positive and negative waves similar to those described previously in a number of dolphin 
species (Supin et al.  2001  ) . The latency of the first positive peak of the first ABR set from the start 
of the record is 2.1–2.2 ms; the next negative peak is at 2.4–2.5 ms; the third one is a positive peak 
at 2.8–2.9 ms; and the last one is negative peak at 3.3–3.4 ms. They are all independent of targets. 
Considering a distance difference of ~1.8 m between the region of the nasal sacs (an expected region 
of sound generation in dolphins) to the hydrophone and to the animal’s ears, the response latency 
after a click emission would be ~1.2 ms longer than the latency from the start of the record. When 
the targets were absent, the records contained only 1 two-wave ABR set emerging in a consistent 
latency with that of the first ABR set of the target-present records. The two ABR sets of target-
present records with 2.56–2.64 ms apart, corresponding to an ~4-m back and forth distance, were 
interpreted as responses to both outgoing echolocation clicks and echoes. The one ABR set of target-
absent records was interpreted as a response to outgoing echolocation clicks without echoes. 
Averaging all the evoked responses triggered by the signals received from the hydrophone, the 
 peak-to-peak amplitude of the click-related ABR was 0.75–0.95 mV for both target-present and 
target-absent scenarios. It should be noted, however, that there were probably some number of 
“false” evoked responses that were triggered by external noise, not echolocation clicks from the 
animal. Being averaged together with click-triggered evoked responses, the false evoked responses 
may result in a lower amplitude of the records. When sorted by received levels of echolocation click, 
the peak-to-peak amplitude of click-related ABRs increased proportionally with the received levels 
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of the clicks for both target present and target absent, and the ABR sensitivities were comparable 
between both scenarios. Averaging all the evoked responses triggered by signals received from the 
hydrophone in the target-present scenario, the peak-to-peak amplitude of the echo-related ABRs 
was 0.24, 0.26, and 0.08 mV, which was 3.2, 3.6, and 9.4 times weaker than that of the click-related 
ABRs for the target strengths of −22, −28, and −34 dB, respectively. The echo-related ABRs are 
obviously lower than the click-related ABRs and apparently dependent on the target strength.      
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   1 Introduction 

 Anthropogenic noise may interfere with active echolocation, which is the primary foraging tool for 
odontocete cetaceans. Our work on temporary threshold shifts (Mooney et al.  2009a ; Nachtigall 
et al.  2003,   2004  )  has shown that either lower levels of anthropogenic noise presented for long time 
periods or intense sonar pings for short time periods (Mooney et al.  2009b  )  can produce a temporary 
reduction in hearing sensitivity and temporary threshold shifts. Intense sounds intended to disrupt 
echolocation can also reduce echolocation performance (Mooney et al.  2009c  ) . Our measurements 
of hearing during echolocation have shown that self-generated intense outgoing signals are man-
aged by the whale’s auditory system using a number of mechanisms (Nachtigall and Supin  2008 ; 
Supin et al.  2007,   2008,   2009  )  based on measurements of the auditory evoked potentials (AEPs) 
associated with what the animal hears of its own echolocation signals and echoes while echolocat-
ing (Supin et al.  2003,   2004  ) .  

   2 Temporary Threshold Shifts 

 Dolphins have been shown to have robust hearing systems in response to noise exposure. Our first 
work (Nachtigall et al.  2003  )  using a behavioral task that took nearly 20 min to obtain thresholds 
after intense sound exposure demonstrated that noise levels of a fatiguing noise between 4 and 
11 kHz, essentially equivalent to a noise pressure level of 179 dB re 1 μPa for 50 min, produced a 
dolphin temporary threshold shift (TTS) on average of 11 dB. Not being satisfied with the 20-min 
wait to test because recovery was likely occurring within that time, we began using AEP hearing 
measurements to quickly examine thresholds after exposure (Nachtigall et al.  2004  ) . Noise exposure 
was reduced to 160 dB re 1 μPa and thresholds were tested within 5 min postexposure. After 30 min 
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of exposure, in a hoop station, the dolphin showed a 5-dB shift, with total recovery to preexposure 
levels after 100 min. The recovery rate was shown to be ~1.5 dB per doubling of time. 

 Many sound exposures do not occur as continuous tones. Sonar pings are single energy bursts. 
A logical question arose as to whether equal amounts of TTS could be produced with equal amounts 
of energy (a short loud burst compared with a longer, lower, more sustained loud exposure of equal 
energy). This equal-energy hypothesis was examined (Mooney et al.  2009a  )  using the same basic 
experimental procedures and dolphin discussed above. The equal-energy hypothesis did not hold. It 
took more energy in a short amount of time to produce a TTS than energy spread out across a longer 
time period. This was further examined empirically using recorded navy sonar signals (Mooney 
et al.  2009b  )  to produce TTS. The data supported an increasing energy model to predict TTS and 
that a dolphin exposed to a 53-C sonar operating at 235 dB re 1 μPa would have to remain ~40 m 
from the ship’s sonar source for 2–2.5 min to experience a TTS.  

   3 Echolocation Disruption With Noise 

 False killer whales are currently being hooked on tuna longlines, and acoustic devices have been 
developed to disrupt echolocation with noise. The Long-line Saver pinger was examined (Mooney 
et al.  2009c  )  to see whether or not it disrupted a false killer whale’s ability to echolocate a small 
cylinder located 8 m away. When the 182 dB re 1 μPa device was initially used, performance was 
disrupted. Subsequent performance of the task with the pinger still present recovered, and reduction 
of the intensity of the signal resulted in total echolocation recovery. This short experiment appears 
to indicate that an experienced animal may quickly adapt its echolocation to overcome intense noise 
interference. Obviously, much work is required in this area given the importance of echolocation as 
a foraging tool.  

   4 Measuring Hearing During Echolocation 

 Odontocetes produce loud echolocation clicks, and their auditory systems must immediately pro-
cess quiet returning echoes. Nachtigall and Supin  (  2008  )  and Supin et al.  (  2003,   2004,   2007,   2008, 
  2009  )  have been examining the hearing of the false killer whale during echolocation. The whale is 
trained to echolocate and report the presence or absence of targets presented at various distances. 
The animals swim into a hoop in a fixed position while wearing rubber suction-cup skin-surface 
electrodes. AEPs are triggered from the individual outgoing echolocation clicks, and hearing of both 
the outgoing click and the returning echoes are inferred to the amplitudes of the measured levels of 
the evoked potentials. 

 Our measurements of AEP hearing during echolocation have shown that self-generated intense 
outgoing signals are managed by the whale’s auditory system in a variety of ways. First, the whale, 
in some way, “muffles” what is heard of the outgoing signal. Even though it is produced inside the 
head within 20 cm of the ear, the animal hears the outgoing signal 40 dB down from what it hears 
as an equivalent signal presented 1 m in front of it in the free field. Second, the whale apparently 
uses forward masking of the signal as a process to manage what it hears of echoes in an automatic 
gain control scenario. This was examined by playing two clicks to the whale and varying both 
amplitude and the time between clicks (Supin et al.  2007  ) . Hearing recovers from the forward mask-
ing of the outgoing click as the echoes return. Within a short range, the greater the time between 
outgoing click and echo return, the more sensitive the ear becomes. The third mechanism used by 
the whale for the maximization of hearing quiet echoes is an active control of the hearing process 
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itself, a true automatic gain control. This has been demonstrated in two ways. 1) As the whale 
echolocates, it generally hears its outgoing clicks at a stable level. If very small targets are pre-
sented, the animal will increase its sensitivity to hear both the echoes and the outgoing clicks at a 
more sensitive level. 2) If a comparison is made between hearing target-present outgoing clicks and 
target-absent outgoing clicks, there is a 20 dB re 1 μPa difference between the hearing levels of 
outgoing signals in the two conditions. It appears as though the animal is 20 dB more sensitive when 
searching for targets (Supin et al.  2008  ) .      
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   1 Introduction 

 Investigation of the influence of noise on the hearing of aquatic mammals requires appropriate 
methods of audiometry to assess any temporal or permanent hearing sensitivity shift. The auditory 
evoked potential (AEP) method is widely used for this purpose. It does not require long training of 
the subject, is not time consuming, and therefore may be used in short-term captivity conditions (on 
the catch-and-release basis) and in wild conditions (in stranded animals). The method is the most 
productive in odontocetes because of the unique features of their auditory system (hypertrophy of 
the auditory nerve centers, high AEP amplitude, and capability to produce AEP at high rates of 
stimulus presentation [Supin et al.  2001  ] ). However, the efficiency of AEP audiometry depends on 
the version of the method used. Here, the influences of probe stimulus type, data collection, and 
processing manner are considered.  

   2 Use of Single or Rhythmic Probe Signals 

 Originally, single-tone pips or band-filtered clicks were used as probe stimuli to find hearing thresh-
olds (Popov and Supin  1990  ) . This version of the probe is very effective in producing AEPs, which 
makes it usable for a wide variety of investigations. However, with the use of this probe, one comes 
up against a problem of comparing AEPs and psychophysical threshold estimates. In psychophysi-
cal measurements, the duration of the probe may be unlimited, thus exploiting the entire possible 
temporal summation of the probe energy in the auditory system. On the contrary, only short sound 
transients effectively produce AEPs, so AEP thresholds may be higher because of incomplete tem-
poral summation. Therefore, correction for incomplete temporal summation must be made for 
comparison with psychophysical data. 

 In odontocetes, AEP audiometry may use rhythmically modulated sound stimuli instead of single 
clicks or tone pips. It is possible because of the unique properties of the odontocete auditory system 
that have a very high temporal resolution and are capable of responding to sound modulation with 
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a rate of more than 1,000 Hz (Dolphin  1995 ; Popov and Supin  1998 ; Supin and Popov  1995  ) . The 
response to such stimuli (the envelope-following response [EFR]) is a high-rate rhythmic sequence 
of AEPs. Contrary to single stimuli, multicycle rhythmic responses may be more confidently 
extracted from background noise by Fourier analysis. Apart from that, rather long amplitude- 
modulated stimuli can be characterized by mean root mean square (RMS) level, which makes 
 possible a direct comparison with psychophysical data. 

 However, among all aquatic mammals, the use of high-rate rhythmic stimuli for AEP audiometry 
is possible only for odontocetes. In other aquatic and semiaquatic mammals (pinnipeds and sirenians), 
the auditory system does not feature the ability to produce well-developed AEPs at stimulus rate of 
hundreds of hertz. Only a single-click/-pip paradigm of stimulation is applicable in those cases.  

   3 Use of Steady-State and Short-Burst Rhythmic Probe Stimuli 

 There are two main manners in presenting rhythmic stimuli: steady state and short burst. With the 
steady-state manner, a continuous rhythmic signal is presented throughout data collection; to extract 
the response from noise, fractions of the continuous record containing a few response cycles are 
averaged and subjected to Fourier transform to evaluate the magnitude of the response at the modu-
lation frequency (Dolphin  1995  ) . With the short-burst presentation manner, signals are presented as 
bursts lasting 10–30 ms, separated by several times longer silent intervals (Popov and Supin  1998 ; 
Supin and Popov  1995  ) . 

 An advantage of the last manner of presentation is that it reveals the dynamics of the response. 
A lag of the response relative to the stimulus burst is an ideal control, ensuring that the response is 
of physiological origin and not a physical artifact. The steady-state presentation does not offer this 
opportunity; several early investigations using steady-state probes featured obvious artifacts (e.g., 
Dolphin  1995  ) .  

   4 Sinusoidal Amplitude-Modulated Versus Pip-Train Rhythmic Stimuli 

 Among several version of rhythmic probes, sinusoidal amplitude-modulated (SAM) stimuli are 
widely used for AEP audiometry in odontocetes. Apart from many advantages (narrow frequency 
spectrum, possibility to characterize the level by long-term RMS value), SAM stimuli feature a 
disadvantage: at near-threshold intensities, EFR produced by such stimuli are low amplitude. The 
low efficiency of SAM stimuli results from their two peculiarities: 1) rather slow rise-fall of SAM 
waves; quick sound transients are most effective to provoke AEP and 2) narrow frequency band; 
AEP amplitude depends to a large extent on the stimulus frequency bandwidth rather than on level 
(Popov and Supin  2001  ) . An obvious solution to the problem is to use signals as rhythmic pip trains, 
with each pip shorter than the modulation cycle. Shortening the pip duration markedly enhances the 
EFR. EFR records were obtained using pip-train stimuli with a pip rate of 1 kHz and a pip duration 
of 1 ms (Fig.  1  a,b ) and 0.25 ms (Fig.  1  c,d ). Comparison shows much higher EFR amplitude in the 
near-threshold intensity range when short-pip stimuli were used. The shortest pip duration for 
audiometric use is limited by the required precision of the audiogram on the frequency scale. For 
many cases, an audiogram obtained with one-fourth to one-half octave steps is acceptable. In these 
cases, a pip may contain no more than 8–16 carrier cycles, e.g., an 8-cycle pip has a spectrum band-
width (at the half-level) from –1/4 to +1/16 octave.  
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  Fig. 1    (a) Envelope-following 
response (EFR) in a bottlenose 
dolphin  Tursiops truncatus  to a 
sinusoidal amplitude-modulated 
(SAM) 64-kHz stimulus; levels 
(dB re 1  m Pa) are indicated near 
the records. Note definite 
response at high-stimulus level 
(120 dB) and nondefinite 
responses at lower levels. 
(b) Frequency spectra of records 
presented in A reveal responses 
(1-kHz spectrum peak) at levels 
of 100–110 dB; however, 
 difference between responses to 
low-level stimuli (80–90 dB) is 
poorly detectable. (c) and (d) 
Same as A and B, respectively, 
but with short pip-train stimulus. 
Responses are definite at levels 
down to 90 dB; the difference 
between suprathreshold 
responses (90 dB) and 
 subthreshold responses (80 dB) 
is obvious. Lag of EFR relative 
to the stimulus is well visible. 
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  Fig. 2    Short-term threshold 
recovery in a fi nless porpoise, 
 Neophocaena focaenoides , after 
noise exposure. Test frequency 
was 45 kHz; fatiguing noise was 
32 kHz ± 0.25 octave, 3 min, 
140–160 dB sound pressure level 
(SPL), as indicated       

 Apart from better confidence of threshold determination, the use of effective short-pip rhythmic 
stimuli allows a quicker threshold determination. Due to the high effectiveness of the stimulus, each 
EFR record can be obtained in 15–20 s (300–500 presentations at a rate of 20/s), thus finding a 
threshold about every minute. This makes tracing the rapid threshold variation possible, in particu-
lar, an investigation into the short-term recovery after temporary threshold shifts (TTSs), which is 
hardly possible with the use of other techniques (Fig.  2 ).   
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   5 Conclusions 

 The evoked potential audiometry, although widely used in aquatic mammals, may need further 
elaboration and standardization with respect to the used stimuli, data collection, and processing. 
It may make audiometric measurements more easy and precise, thus enlarging the area of the use 
of the evoked potential audiometry.      
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   1 Introduction 

 The impact of anthropogenic sound on marine mammals is difficult to assess, especially for species 
without available audiograms. There are currently no audiograms for any species of mysticete 
because of their size and, in many cases, their endangerment status. Consequently, insight into the 
hearing range of all mysticete species comes from indirect sources such as vocalization recordings. 
In contrast to mysticetes, several odontocete species have published audiograms. 

 Both the middle ear and the cochlea play an important role in shaping the audiogram of any 
mammal. The transfer function of the middle ear shapes the low-frequency portions of an audio-
gram, whereas the high-frequency portion of the audiogram is shaped by the frequency place map 
of the cochlea (Rosowski  1994  ) . 

 Biophysical models of the cetacean middle ear can be developed using finite element (FE) tech-
niques. FE modeling has been successfully used to provide an understanding of how several terrestrial 
mammalian middle ear systems work. The advantage to using FE models is that they directly incorpo-
rate the geometry and material properties of the structures of interest. For this study, the middle ear of 
a mysticete species,  Balaenoptera acutorostrata  (minke whale), was modeled using FE methods. The 
same methods were used to develop a model for the  Tursiops truncatus  (bottlenose dolphin) middle 
ear, a control species that has a behaviorally derived audiogram to verify the modeling approach.  

   2 Model 

 A formalin-fixed  Balaenoptera acutorostrata  ear and a thawed  Tursiops truncatus  ear were scanned 
using computed tomography. The resulting stacks of images were segmented for structures of inter-
est (malleus, incus, stapes, tympanic bone, incudostapedial joint, incudomalleolar joint, and annular 
ligament) using Amira (Mercury Computer Systems, Chelmsford, MA). The three-dimensional 
volume generated from the segmented slices was subsequently used for FE analysis (COMSOL, 
Stockholm, Sweden). 
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 Material properties were derived from a combination of literature and laboratory measurements 
and included density, Young’s moduli, spring constants, cochlear damping, Rayleigh damping, and 
Poisson’s ratio (Gan et al.  2004 ; Koike et al.  2002 ; Nummela et al.  1999  ) . 

 An input force was applied to the malleus at the attachment point of the tympanic ligament. The 
model was fixed along the edge of the tympanic bone and the annular ligament to simulate the dif-
ferential motion between the tympanic bone and the periotic bone. The soft tissues were modeled 
as springs and the cochlear input impedance was assumed to be resistive. 

 The models were calibrated using direct experimental measurements of middle ear stiffness 
(Miller et al.  2006  ) .  

   3 Results 

 The model predicts that the passband for the middle ear (i.e., between the −3-dB cutoff frequencies) 
for  Balaenoptera acutorostrata  is between 100 Hz and 30 kHz (Fig.  1 ). Vocalizations for 
 Balaenoptera acutorostrata  occur at frequencies between 50 Hz and 9.4 kHz (Gedamke et al.  2001  ) . 
In contrast, the FE model predicts the middle ear passband for  Tursiops truncatus  to be between 
200 Hz and 300 kHz. The experimental audiogram for  Tursiops truncatus  (Johnson  1967  )  shows 
the range of best sensitivity of hearing to be between ~6 kHz and 140 kHz. Vocalizations occur at 
frequencies between 0.2 kHz and 150 kHz (Ketten 1997).       
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   1 Introduction 

 The cochlear frequency-place map is believed to be an important determinant of the frequencies that 
a species can hear as well as the bandwidth of cochlear filters. Both features impact an animal’s 
ability to detect biologically significant sounds in noise. The cochlear frequency-place map is cre-
ated in part by a stiffness gradient in the basilar membrane (BM) in which stiff regions respond best 
to high frequencies and more compliant regions respond best to low frequencies. 

 The goal of this research is to build cochlear models that predict audiograms of species for which 
it is impractical to obtain an audiogram through behavioral testing (e.g., large marine mammals). In 
this study, we measured BM stiffness in  Tursiops truncatus ,  Meriones unguiculatus ,  Phocoena 
phocoena , and  Delphinus delphis , all species with known audiograms. The results will be used to 
calibrate cochlear models for estimating the audiograms of species that cannot be measured 
behaviorally.  

   2 Methods 

 A custom piezoelectric force probe was constructed based on Olson and Mountain  (  1991  )  and 
Naidu and Mountain  (  1998  ) . The probe consists of two displacement transducers and a force sensor 
in series, terminating at a sharp tip placed in contact with the underside of the BM. The first dis-
placement transducer was mounted to a micromanipulator and was used to apply static displace-
ments to the probe, displacing the probe tip toward the membrane in 1- m m steps. The second 
displacement transducer applied a 50-nm peak-to-peak 80-Hz sinusoidal signal to the probe tip. 

        Reverse Engineering the Cetacean Ear 
to Extract Audiograms       

         Aleks   Zosuls,          Seth   O.   Newburg,          Darlene   R.   Ketten, and          David   C.   Mountain           
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The force sensor was a piezoelectric bimorph with the glass probe tip bonded to its center. As the 
second displacement sensor applied the sinusoidal stimulus, the force sensor measured the return 
force of the membrane. A computer with Tucker-Davis Technologies and National Instruments 
data-acquisition hardware running custom MATLAB scripts was used to control the experiments. 

 Inner ear preparations varied by species. In  Meriones , the animals were deeply anesthetized, 
then decapitated according to Institutional Animal Care and Use Committee-approved protocols. 
The bulla was removed and placed in oxygenated L-15 culture medium (Sigma-Aldrich). The 
scala tympani was opened, exposing the underside of the BM, and mounted on a holder with 
cyanoacrylate glue (Great Planes). The force probe was positioned orthogonal to the BM using 
a surgical microscope. A radial profile of positions was obtained by scanning from the spiral 
lamina to the spiral ligament. Longitudinal location was recorded by digital images. In  Meriones , 
only one longitundinal location was taken per preparation to ensure the most physiologically 
relevant data. 

 In  Tursiops ,  Phocoena , and  Delpinius , a different approach was required because the ears were 
harvested postmortem. Legal restrictions prevent euthanasia perfusion for research; therefore, fresh 
samples were obtained opportunistically. Fixatives can also change mechanical tissue properties. 
After an animal was pronounced dead naturally or euthanized for medical reasons, its ears were 
extracted at the site of stranding or at the Marine Mammal Facility, Woods Hole Oceanographic 
Institution, Woods Hole, MA, scanned in a CT unit, and transported immediately to Boston 
University, Boston, MA, for measurement. In many cases, the experiments were performed 8–24 h 
postmortem. 

 The bullar complex of marine mammals is composed of dense, fully ossified bone, second only 
to teeth in density and hardness. A Dremel Moto tool and a dental drill equipped with carbide burrs 
were used to open the scala tympani to expose the underside of the BM. During this process, the ear 
was bathed in normal saline solution to cool and maintain moisture. Bone dust was removed by 
vacuum to prevent contamination of the BM. The periotic bone was ground very near to the canals. 
The remaining bone was carefully chipped with a scalpel to minimize spiral lamina, spiral ligament, 
and BM damage. The ear was then mounted on a large ear bar with cyanoacrylate glue. The bar was 
positioned under the probe, and a radial profile was collected. Longitudinal location was documented 
with photographs. The ear was removed from the probe system, and a new longitudinal access loca-
tion was opened in the bone. During machining, existing holes were sealed with bone wax to pre-
vent contamination with bone dust. The process was repeated for multiple locations base to apex 
until the preparation deteriorated or the cochlea collapsed.  

   3 Results 

 In all ears measured, the stiffness values decreased from base to apex (Fig.  1 ). Higher frequency 
species had the highest basal turn stiffness (Fig.  1 ). These results are consistent with other measure-
ments made on BM stiffness.  

 Probe noise floor limited the ability to make reliable measurements in the very low stiffness 
apical regions. New strategies are being developed to measure these regions in a timely matter. They 
currently require many averages and finer probe advancing steps, which is problematic with the 
rapid deterioration of the tissue.      
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   1 Introduction 

 Our understanding of potential impacts of anthropogenic sounds needs to grow so that environmental 
consequences of ocean noise levels may be evaluated. Experimentally exposing animals is expensive 
and often impractical or unethical, and thus simulation is among the most promising approaches, 
especially finite element modeling (FEM). FEM techniques have been successfully used in the area 
of bioacoustics of marine animals, e.g., the sonar anatomy and acoustic pathways for Cuvier’s 
beaked whale (Cranford et al.  2008  ) . This animal is at the forefront of concerns about the potential 
impacts from Navy sonar. An obvious problem in working with this species is that we know so little 
about it. Neither do we have sufficient experimental observations against which to assess the validity 
of the simulation results. The work described here remedies that situation by validating our simula-
tion framework using some of the experimental results available for the bottlenose dolphin. 

 In the current paradigm of computer-based prediction, the role of physical experiments is to 
provide data that can be compared with simulation results to validate the computer code for 
an entire class of predictions. In the context of model validation, confidence is established by com-
paring a consistent body of evidence from physical testing with the predictions of FEM models. Our 
vibroacoustic toolkit is based on a model that has a well-established domain of validity, small-
deformation, small-strain, viscoelastic solids, possibly in combination with compressible fluids 
(Krysl et al.  2008  ) . However, vibroacoustic problems in biological systems possess attributes 
that push the boundaries of the simple domain for which our toolkit has been validated. The geom-
etries are to a considerable degree approximate. Tissue interfaces can be diffuse or graded, and 
structures can be difficult to resolve adequately. The material response is often complex, especially 
with respect to incompressibility and a time-dependent or dissipative response. The coupling with 
fluids is both internal (nearly incompressible fluid-saturated tissues, air cavities) and external 
(ambient seawater). 

 We performed validation of our vibroacoustic model for a representative problem in bioacoustics, 
the formation and geometry of the echolocation beam for the bottlenose dolphin ( Tursiops truncatus ). 

        Validation of a Vibroacoustic Finite Element Model 
Using Bottlenose Dolphin Experiments       

         Petr   Krysl,          Vanessa   Trijoulet, and       Ted   W.   Cranford           



66 P. Krysl et al.

In particular, we 1) predicted the horizontal and vertical beam patterns in terms of the relative sound 
pressure level at some distance from the rostrum of animal and 2) identified some of the so-called 
modeling errors (assumptions or simplifications in the formulation of the conceptual model that 
cause differences between computational and experimental data) and assessed their effects on the 
formation of the echolocation beam.  

   2 Methods 

 Two bottlenose dolphin CT scan datasets were available. The first was a postmortem CT scan 
(specimen D1; resolution 0.976 × 0.976 × 0.976 mm). The second model was from a live bottlenose 
dolphin CT scan (specimen D2; resolution 0.941 × 0.941 × 0.941 mm). Note that neither animal 
was in “echolocation mode” in the scanner, and we should not necessarily expect the configuration 
of the anatomy in either situation to be close to that used for biosonar. 

 The so-called phonic lips are hypothesized to be the biosonar sound source in the bottlenose 
dolphin (Cranford  2000  ) . The phonic lips consist of constrictions in the spiracular nasal passage. 
The walls of the lips contain pairs of fat bodies ensheathed in connective tissue (bursae). During 
sound generation, air is pushed through the phonic lips, setting them into vibration. As the opposing 
walls or lips vibrate, they impact one another and generate short pulses of sound. In this work, we 
produce sound in a simplified but related manner: tissue at the two locations of the bursae is given 
an initial velocity that starts the tissue “blobs” in opposing directions so that they collide and 
thereby produce a pressure wave, sound. The location of the phonic lips could play a role in forming 
the echolocation beam. The musculature associated with the dolphin’s melon suggests that it may 
be actively distorted or shaped by the animal. Evidence for “beam steering” in odontocetes does 
exist (e.g., Moore et al.  2008  ) . Thus we also consider the location of the phonic lips among the 
sources of modeling error. 

 We have studied several models. Spherical bursae (SBx) or block bursae (BBx) were used for the 
sound source. The SBx approximates a point source while the “BBx” approximates the structures 
as they are found in actual specimens (Cranford et al.  1996  ) . The suffix “x” indicates the various 
locations of the sound source (eight different locations). In addition to the original location in the 
CT scans, alternative locations for the sound source were simulated by shifting them vertically or 
horizontally ~6 mm in the sagittal plane.

   1.    Model D1-SO-SBx. Only the skull surrounded entirely by seawater.  
   2.    Model D1-T-SBx. Soft tissues (connective tissue, muscle, melon blubber, melon proper) and 

bone were modeled. Air cavities were considered by the introduction of pressure relief surfaces.  
   3.    Model D1-TSM-SBx. Same as the previous model with additional refi nement of the acoustic fat 

properties (Norris and Harvey  1974  ) .  
   4.    Model D1-TSM-A-SBx. Improved resolution of the air spaces; otherwise identical to model 3.  
   5.    Model D1-TSM-A-BBx. Identical to model 4 but for BBx sound source.  
   6.    Model D2-TSM-SBx. The live dolphin specimen D2. Otherwise identical to model 3.  
   7.    Model D2-TSM-BBx. The BBx sound source is used. Otherwise identical to model 6.      

   3 Results and Discussion 

 Figure  1  illustrates the results obtained for one particular model, D2-TSM-SB1. The sound pressure 
level (SPL) with respect to the maximum over the entire beam is shown on a sphere centered at the 
sound source. The horizontal and vertical beam pattern is shown on the right in comparison with 
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the experimental results of Au et al.  (  1986  ) . Table  1  compares the directivity index (DI) of the 
transmitting beam for the models considered.   

 Our results support the hypothesis that the primary structural element in the sound generation 
system is the odontocete skull (e.g., Evans et al.  1964  ) . Furthermore, all model improvements (add-
ing soft tissue, realistic melon tissue gradient, adding nasal air spaces, more realistic model of sound 
source) contribute to the formation of the beam. Our results also present the first evidence that small 
changes in the relative position of bursae can produce changes in beam direction. The differences 
in the directivity index between the postmortem D1 and live D2 dolphins are on the order of only 
~5%. The predicted DI differs from the 26.5 dB computed from the experimental DI (Au et al. 
 1986  )  by ~20% for the most sophisticated models for both specimens. Strictly speaking, this differ-
ence should not be considered an error because neither the subject of the physical experiment nor 
the specimens used in the computational studies are known to be statistically representative of the 
species. The unraveling of the observed differences and further improvements to the conceptual 
models are the subject of ongoing studies.      

  Acknowledgments   We acknowledge the support of Dr. Frank Stone and Dr. Ernie Young, Chief of Naval Operations 
Environmental Readiness Division, Washington, DC; Dr. Curtis Collins, Naval Postgraduate School, Monterey, CA; 
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  Fig. 1    Model D2-TSM-SB1. The simulated echo location beam is plotted on an imaginary screen in front of the 
animal, Sound pressure level (SPL) is coded according to the color bar. The horizontal and vertical sections are the 
black lines on the right. Blue lines with circular markers are from Au et al.  (  1986  )        

 Directivity Index, dB 

 Model  Mean  Minimum  Maximum 

 D1-SO-SBx  13.5  10.5  15.5 
 D1-T-SBx  16.5  14.8  18.0 
 D1-TSM-SBx  19.4  17.8  20.7 
 D1-TSM-BBx  20.9  20.6  21.1 
 D1-TSM-A-SBx  19.6  18.6  20.1 
 D1-TSM-A-BBx  21.8  21.7  21.9 
 D2-TSM-SBx  18.7  16.4  19.6 
 D2-TSM-BBx  20.3  19.2  21.4 

  Au et al.  (  1986  )  computed the directivity index from their 
experimental data as 26.5 dB. SBx, spherical bursae; 
BBx, block bursae.  

   Table 1    Directivity index for 
the various models and sound 
source locations   
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   1 Introduction 

 The potential for sound to impact living marine resources has become an important topic in the last 
decade, initiated by stranded whales associated with Navy sonar operation, heightened public con-
cern, and at least one court case reaching all the way to the United States Supreme Court. Recently, 
evidence has surfaced that suggests that human-generated sound can also have detrimental effects 
on fish hearing, reproductive habits, and stress levels (Popper and Hastings  2009  ) . 

 We have developed a suite of techniques that, when combined, allow “finite element modeling” 
(FEM) of the vibroacoustic environment inside a whale’s head. This model allows us to simulate 
what happens when the anatomy of the whale interacts with sound. It is now possible to decipher 
the physics and physiology of sound production and sound reception in a model of the head of an 
adult male  Ziphius cavirostris  (Cuvier’s beaked whale).  

   2 Building an FEM Model 

 The first step in assembling a computational model was to devise a method for collecting accurate 
representations of the in situ anatomic structure, the “anatomic geometry,” from large whales. We 
have scanned several dead whales (or parts of them) using an industrial X-ray CT scanner normally 
utilized to inspect solid-fuel rockets for flaws. 

 After scanning, we take the specimen apart systematically and measure the elastic properties of 
the various tissues (Soldevilla et al.  2005  ) . These values for tissue elasticity and the tissue density 
values given by the CT scans are the two primary building blocks for the computer model. The 
toolbox that takes the building blocks and constructs the model using computer software, the 
Vibroacoustic Toolkit, was custom-built for this purpose.  

        Acoustic Function in the Peripheral Auditory System 
of Cuvier’s Beaked Whale ( Ziphius cavirostris )       

          Ted   W.   Cranford and          Petr   Krysl           
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   3 Simulating Sound Reception in Cuvier’s Beaked Whale 

 After scanning the head of an adult male  Ziphius cavirostris , we published the first quantitative 
description of biosonar anatomy for any toothed whale (Cranford et al.  2008b  ) . Numerical analysis 
using FEM led to another published paper that reported the discovery of a new channel for sound 
reaching the ears through a gular pathway in  Ziphius cavirostris  (Cranford et al.  2008a  ) . 

 The computer simulations show that most sounds arriving from directly in front of the animal 
enter the head from underneath the tongue region, pass through the throat and an opening in the 
posterior part of hollow lower jaws, and propagate along the mandibular fat bodies to the bony ear 
complex (tympanoperiotic complex [TPC]). 

 For this sound reception pathway to function, the bony wall on the medial (inner) side of the lower 
jaws must be absent; this “door” must be open. As it turns out, all living toothed whales have this open 
door. And some of the earliest fossils also show the same excavated jaw structure with the open door. 
This suggests that this sound reception pathway developed early in the evolution of ancient whales. 

 The computer model allows us to visualize the pathway or “river” of sound as it “flows” from 
the front of the head to the ear complex (Fig.  1 ). We call this the “gular” pathway because it passes 
through the throat region of the animal.  

 The computer model allows us to predict which sounds reach the TPC and how the TPC will 
vibrate in response to sound. An example of this vibrational analysis is shown in Figure  2 . The 
vibrational pattern is the result of the stiffness and mass configurations that interact to produce the 
collective motion of the entire TPC based on elementary physics. This analysis also indicates that 
the middle ear ossicles are an integral part of the vibrational characteristics of the TPC and transmit 
unique motions to the oval window for every natural mode of vibration (or resonant frequency) 
calculated (Cranford et al.  2010  ) .  

 The gular pathway transmits sound to the TPC. Figure  3  shows maps of sound pressure on the 
TPC from sounds that arrive head on (from directly in front of the animal). Analysis suggests that 

  Fig. 1    Diagram of the 
generalized pathway for 
sound entering the head and 
“fl owing” to the ears in 
 Ziphius cavirostris        

  Fig. 2    Vibrational pattern of 
a bony ear complex (tym-
panoperiotic complex [TPC]) 
from  Tursiops truncatus  
(bottlenose dolphin). (a) Left 
lateral view of TPC from CT 
scans. (c) Medial view of 
upside-down TPC cut to show 
middle ear. Yellow, malleus; 
magenta, incus; green, 
stapes). (b) and (d) Vibration 
pattern at 69.6 kHz where 
cold colors indicate little or 
no motion and warm colors 
indicate various amplitudes of 
displacement       

 

 



71Acoustic Function in the Peripheral Auditory System of Cuvier’s Beaked Whale…

  Fig. 3    Received sound pressure over the surface of the TPC with respect to the sound pressure incident on the head 
from directly in from of this  Ziphius cavirostris . Each panel shows a side view of the TPC, over which the distribution 
of the color-coded sound pressure is depicted on the surface of the TPC. Green indicates the pressure that is equal to 
the sound pressure incident on the head (0 dB). Blue indicates that the sound pressure is −12 dB below the incident 
pressure or 4 times less than the incident pressure. Red indicates that the sound pressure is +6 dB or twice the incident 
pressure. Interestingly, the panel in the red box indicates that this frequency (5 kHz), within the range produced by 
midfrequency active sonar, is largely filtered out before it reaches the ear complex. Rows 2–4 (15–35 kHz) show that 
those frequencies are particularly effective at driving the vibrations of the TPC. SPL, sound pressure level       
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Navy sonar sounds reach the ears with reduced amplitude, but the biosonar frequencies (Johnson 
et al.  2004  )  used by  Ziphius cavirostris  to catch prey are amplified. This is evidence that there is 
selective amplification of the particular frequencies associated with biosonar in  Ziphius cavirostris , 
which is apparently given by the anatomic components of the peripheral auditory system.   

   4 Conclusions 

 Computer models are powerful tools for investigation and discovery of bioacoustic physiology. This 
is particularly valuable because it provides a means to simulate across a broad range of scales and 
taxonomic groups, from whales to fish (see Krysl et al.,   Chapter 14    ; Schilt et al.,   Chapter 23    ). 
Virtual experiments can also assess the potential for and mechanism(s) of physical injury. Our tech-
niques also provide a means for evaluating and directing mitigation efforts.      
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   1 Background 

 The majority of research on marine mammal hearing sensitivity has focused on the odontocete 
cetaceans (dolphins and porpoises) who possess morphological and neural adaptations that support 
sensitive passive hearing and a refined echolocation system. Fewer studies have examined the hear-
ing sensitivity of the amphibious pinnipeds (sea lions, seals, and the walrus) who do not possess a 
sophisticated echolocation system. Passive hearing in pinnipeds is, nonetheless, important in behav-
iors related to reproduction, foraging, and predator avoidance. Many of these studies have used 
behavioral psychophysical methods to directly measure an animal’s perceptual experience. Although 
the high-quality data provided by psychophysical methods are the most accurate description of hear-
ing sensitivity, the methods are limited because they require trained subjects tested in captive envi-
ronments. As a result, psychophysically measured profiles describing hearing sensitivity as a 
function of frequency (audiograms) are available for a small proportion of pinniped and odontocete 
species, and each examined species is usually represented by only a few individuals. 

 Auditory evoked potential (AEP) audiometric methods offer the most promising supplement to 
psychophysical procedures for measuring hearing sensitivity in a larger number of marine mam-
mals. AEP procedures use electrodes to measure the voltages generated by the auditory system in 
response to acoustic stimuli and do not require the active participation of a subject. Auditory thresh-
old can be assessed by determining the acoustic stimulus levels at which an electrophysiological 
response disappears. The relatively large voltages generated by hypertrophic structures in the odon-
tocete auditory nervous system, in addition to research interest in echolocation, have facilitated the 
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refinement of AEP audiometric methods with odontocetes (see Supin et al.  2001  ) . AEP audiometric 
methods for assessing hearing sensitivity in pinnipeds are comparatively underdeveloped despite a 
similar need for data outside of existing psychophysical audiograms.  

   2 Amphibious Hearing Sensitivity in Pinnipeds 

 Pinnipeds, with a few exceptions such as  Mirounga angustirostris  (northern elephant seal), are 
sensitive to aerial sound over a wide range of frequencies. Aerial audiograms for both otariids (sea 
lions and fur seals) and phocids (true seals) usually have a characteristic mammalian “U-shape,” 
with a shallow roll-off in sensitivity at low frequencies below 1 kHz and a sharp high-frequency 
hearing limit that occurs in the ultrasonic range between 20 and 40 kHz. Thresholds are commonly 
less than 10 dB re 20 μPa in the region of best sensitivity for many species. Underwater audiograms 
for pinnipeds, like their aerial audiograms, typically display a U-shape with a shallow low-frequency 
roll-off and a sharp high-frequency hearing limit. Although their lowest absolute detection thresh-
olds are higher than those reported for odontocetes, thresholds for pinnipeds in the range of best 
hearing are generally between 50 and 70 dB re 1 μPa. One of the most striking features of the 
underwater hearing of pinnipeds is the difference between the underwater audiograms of otariid and 
phocid species: whereas the otariid underwater audiogram is essentially similar to the aerial audio-
gram in terms of frequency range of hearing, the underwater high-frequency limit for many phocid 
species is in the region of 70 to 100 kHz, markedly higher than the aerial high-frequency limit (see 
Hemilä et al.  2006  ) .  

   3 Development of Noninvasive Audiometric Methods 

 The first evoked potential measurements of hearing sensitivity with pinnipeds were conducted using 
intracranial electrodes, allowing for the reduction of extraneous electrical noise levels relative to 
AEP voltages (Bullock et al.  1971 ; Ridgway and Joyce  1975  ) . These studies demonstrated that the 
electrophysiological responses evoked by frequency-specific acoustic stimuli could be used to esti-
mate the audiogram of pinnipeds. 

 Recent AEP studies with pinnipeds have recorded AEPs using small needle electrodes that are 
placed superficially under a subject’s skin. The ratio of AEP signal to extraneous noise that is pro-
vided by these surface electrodes is significantly lower that those obtained with intracranial elec-
trodes. Despite this, studies with a phocid,  Phoca vitulina  (harbor seal; Wolski et al.  2003  ) , and an 
otariid,  Eumetopias jubatus  (Steller sea lion; Mulsow and Reichmuth  2010  ) ], have demonstrated 
that these noninvasive recordings can provide a rapid estimate of a subject’s psychophysical aerial 
audiogram. Most notably, relative sensitivity and the high-frequency hearing limit of the audiogram 
are accurately reproduced using AEP methods. The subjects of both studies were chemically 
sedated or anesthetized for the duration of data collection. The AEPs of interest were not markedly 
affected by the chemical agents and electrical artifacts related to subject movement during testing 
were largely eliminated, resulting in signal-to-noise conditions favorable for detecting the presence 
of an electrophysiological response. The stimuli used to elicit responses in  Phoca vitulina  were tone 
bursts, and the experimenters visually determined the presence or absence of an AEP in the electro-
physiological record. For testing with  Eumetopias jubatus , sinusoidally amplitude-modulated 
(SAM) tones were used to elicit rhythmic AEPs that were phase-locked to the rate of amplitude 
modulation imposed on the stimulus. This phase locking allows for frequency-domain analysis of 
the AEP as opposed to traditional time-domain analysis. After Fourier analysis of the time-domain 
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AEP waveform, the response is detectable as a spectral peak at the stimulus amplitude-modulation 
rate. The low-level AEPs (on the order of tens of nanovolts) that persist at near-threshold stimulus 
levels can then be objectively detected using frequency-domain signal-to-noise statistics. 

 Although AEP procedures with pinnipeds do not yet possess the same level of refinement as 
those with odontocetes, procedures using SAM tone stimuli with anesthetized subjects can provide 
an estimate of a subject’s aerial audiogram in less than an hour. The AEP audiograms obtained for 
numerous untrained  Eumetopias jubatus  and  Zalophus californianus  (California sea lion) individuals 
have been similar to previously reported psychophysical audiograms in terms of relative sensitivity 
and high-frequency hearing limit. These results suggest that psychophysical audiograms obtained 
for a few individuals are representative of larger populations and reinforce the idea that the otariids 
form a functional hearing group. Profoundly elevated thresholds have been detected in a few sub-
jects of both species, demonstrating that AEP methods can provide a tool for the rapid detection of 
hearing loss.  

   4 Limitations of AEP Measurements 

 Thresholds obtained with AEP methods are almost uniformly elevated relative to psychophysical 
thresholds. This relative elevation is normally largest at the low-frequency end of the audiogram, 
the frequency range in which anthropogenic noise predominantly occurs. There is a high degree of 
intersubject variability in AEP thresholds; standard deviations of 10–20 dB at each frequency are 
common. This is quite large compared with the level of intersubject variability in existing psy-
chophysical data, and it is not yet known whether this is inherent to the AEP methods or due to 
actual variability in the hearing sensitivities of the individuals that have been tested thus far using 
these methods. 

 All noninvasive AEP studies with pinnipeds have been limited to measuring the aerial hearing 
sensitivity of subjects. Although concerns regarding the negative effects of aerial anthropogenic noise 
have to some extent motivated AEP studies with pinnipeds, primary interests lie in understanding the 
potential effects of underwater noise. The use of chemical sedation or anesthesia during pinniped 
AEP studies unfortunately makes the submersion of a subject a difficult prospect. Some conclusions 
regarding underwater sensitivity can, however, be based aerial audiograms obtained during AEP 
procedures (see below). Direct measurements of underwater hearing will likely continue to be one of 
the main challenges facing AEP hearing sensitivity measurements with pinnipeds.  

   5 Future Research Directions 

 AEP audiometric techniques for pinnipeds currently possess a level of refinement that is likely suf-
ficient for testing with any of the otariids, a family for which audiometric data is available for only 
3 of 14 species. The signal-to-noise ratios in AEP recordings with phocids are, however, generally 
much smaller than those for otariids. Modifications of the objective audiometric techniques that 
have proven useful for otariids should be a focus of future research aimed at measuring hearing 
sensitivity in phocids. 

 Some of the results of aerial AEP procedures can probably be extrapolated to describe certain 
features of underwater hearing. For example, both the aerial and underwater high-frequency hearing 
limits of otariids are limited by cochlear sensitivity and are therefore very similar (Hemilä et al. 
 2006  ) . The aerial high-frequency hearing limit is accurately represented using AEP methods, and it 
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most likely can provide a rapid estimate of underwater frequency range of hearing. Other auditory 
processes that primarily involve the cochlea (e.g., energetic masking, temporary threshold shift) are 
likely to have similarities in air and underwater. Future studies may therefore be able to simultane-
ously predict the effects of aerial and underwater noise on the pinniped auditory system using a 
large sample size of untrained subjects.  

   6 Conclusions 

 Although AEP audiometric methods for pinnipeds still do not possess the level of sophistication of 
those for odontocetes, they are currently providing a useful supplement to traditional behavioral 
psychophysics for measuring hearing sensitivity. Within-subject comparisons of electrophysiologi-
cal and psychophysical methods have demonstrated that AEP thresholds obtained from sedated or 
anesthetized pinnipeds provide a rapid estimation of a subject’s aerial audiogram. The features of 
relative sensitivity and high-frequency hearing limit have been similar in psychophysical and AEP 
audiograms for  Eumetopias jubatus  and  Zalophus californianus , suggesting that the high-quality 
psychophysical data from a few individuals are representative of larger populations of animals. 
Drawbacks of AEP audiometric methods include a tendency for a high degree of intersubject vari-
ability in frequency-specific thresholds and a near-uniform elevation of thresholds relative to psy-
chophysical data. 

 Future studies of pinniped hearing should focus on the further development of AEP audiometric 
methods, especially those that will help to resolve the challenge of testing underwater hearing sen-
sitivity and promote testing with phocid species. In the absence of AEP methods that can examine 
underwater hearing, some features of aerial hearing, such as the high-frequency hearing limit of 
otariid subjects, can likely be used to predict underwater hearing capabilities. The generalization of 
results from aerial AEP procedures to underwater function may also be a promising means of inves-
tigating noise effects such as masking and temporary threshold shift.      
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   1 Introduction 

 There are ~10,000 species of birds in the world. Of these, there are ~820 diverse species that live 
on or near water, many of whom dive when foraging for food. At one end of the diving continuum, 
diving ducks of the family Anatidae, which contains 158 species of ducks, geese, and swans, can 
dive to depths of tens of meters for seconds up to a minute or two. At the other end of the continuum 
is the family Spheniscidae, which includes 17 species of penguins. The most extreme diver among 
all birds, the Emperor penguin, can dive to depths of 500 m and remain submerged for over 20 min 
(Meir et al.  2008  ) . As our oceans and waterways become increasingly noisy, it is important to con-
sider the potential impact of this noise on these birds. Although vision is surely important to birds, 
many of these diving bird species dive to depths where there is little light available, often dive at 
night, and forage cooperatively (Croxall et al.  1988 ; Hunt et al.  1993 ; Kooyman et al.  1992 ; 
Speckman et al.  2003  ) . These behaviors probably depend on a sense other than vision. The use of 
sound for communication, navigation, and foraging in many marine mammals and fish makes hearing 
a prime candidate. Indeed, hearing is quite important for many diving bird species in the air. Both 
Emperor and King penguins identify their partners through individually distinctive vocalizations 
among several thousands of unrelated birds in the tightly packed, noisy colony (Aubin et al.  2000 ; 
Jouventin  1982  ) . However, whether diving birds use their hearing in support of similar behaviors 
underwater is unclear. 

 In terms of both hearing and the effects of anthropogenic noise, birds present a unique and 
interesting situation. On the one hand, for landbirds, there is a considerable amount of empirical 
data from both the laboratory and the field on hearing and acoustic communication and on the 
effects of anthropogenic noise on both auditory function and behavior. On the other hand, the state 
of our knowledge about hearing in diving birds or the effects of anthropogenic noise is virtually 
nonexistent. In this paper, we summarize what is known about hearing and the effects of anthro-
pogenic noise on landbirds, consider whether similar effects might occur in diving birds, and 
suggest approaches to understanding both underwater hearing in birds and the effects of anthro-
pogenic noise.  
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   2 Hearing in Birds 

 Audiograms are available for over 50 species of birds, showing that birds on average hear best 
between 2 and 5 kHz with absolute thresholds approaching 0 dB sound pressure level (SPL) in air. 
The average avian audiogram shows a loss of sensitivity below 1 kHz of ~20 dB/octave and a loss 
of sensitivity at high frequencies above 4 kHz of ~60 dB/octave (Dooling et al.  2000  ) . The inner 
ears of archosaurs (birds and crocodiles) show a high degree of structural similarity, strong correla-
tions with body mass, and strong correlations between the length of the auditory sensory epithelium 
and behavioral characteristics of hearing such as the frequency and the high-frequency limit of hear-
ing (Gleich et al.  2005  ) . From such data, we would expect that the hearing of diving birds in air 
would follow the general hearing pattern for birds. Indeed, a behavioral audiogram for the duck 
(Trainer  1946  )  and a cochlear microphonic audiogram for the blackfooted penguin (Wever et al. 
 1969  )  are completely in line with these expectations. 

   2.1 Effects of Anthropgenic Noise on Hearing in Birds 

 The effects of anthropogenic noise (in air) on landbirds include auditory system damage and per-
manent threshold shift (PTS) from acoustic overexposure, temporary threshold shift (TTS) from 
acoustic overexposure, masking of important biological sounds, and other physiological and behav-
ioral responses. In all but the last case, these auditory effects depend strongly on the level of noise 
exposure, which is highly correlated with the proximity of the bird to the noise source. These rela-
tionships are schematically represented in Figure  1  showing that different but overlapping effects of 
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anthropogenic noise are highly dependent on distance from the source (bottom). The wealth of 
 laboratory data on noise exposure in landbirds provides a clear and quantitative picture of noise 
levels leading to the various adverse effects.  

 For birds in air, continuous noise exposure at levels above 110 dB(A) SPL or blast noise over 
140 dB SPL can result in physical damage of the auditory system and PTS. Birds are generally 
more resistant to auditory system damage and PTS from noise exposure than mammals. Continuous 
noise exposure at levels above 90–95 dB SPL, although it does not cause permanent damage, can 
cause a temporary elevation of hearing thresholds, mask important communication signals, and 
possibly result in other effects. In addition to direct effects on the auditory system, noise levels that 
are at or above the natural ambient noise level can increase masking of acoustic communication 
signals or other biologically important signals. Finally, anthropogenic noises at levels too low to 
cause masking may, if audible, still result in other behavioral and/or physiological effects that are 
detrimental.   

   3 Considerations in Moving From Air to Water 

 In the complete absence of any data on underwater hearing in birds, the only recourse is to extrapo-
late from what is known about hearing in landbirds and other land vertebrates and from what is 
known about hearing in other underwater vertebrates such as fish and marine mammals. To be sure, 
this is a highly speculative endeavor but a useful first step in developing questions and designing 
approaches to learn about underwater hearing in this group of vertebrates. 

   3.1 Adaptations in Diving Birds for Underwater Hearing? 

 Perhaps there are no adaptations in diving birds for hearing underwater. Absent any data on birds, 
measures of human hearing underwater are instructive. Data show that thresholds are elevated over 
20 dB at low frequencies to as much as 70 dB at higher frequencies of 8 kHz and beyond (Brandt and 
Hollien  1967 ; Parvin and Nedwell  1995  ) . In effect, the frequency of best hearing in humans shifts 
from ~2 kHz in air to ~800 Hz in water (Parvin and Nedwell  1995  ) . If similar patterns were observed 
in diving birds, it would suggest that hearing may not serve a useful function for birds underwater. 
It would also argue for increased protection in birds from intense noise exposure in water.  

   3.2  Outer and Middle Ear Adaptations for Diving and Their Effects 
on Underwater Hearing 

 What little is known from anatomical studies on the outer and middle ear of diving birds suggests 
that there are adaptations to protect the tympanum and middle ear from the large, rapid pressure 
changes that occur while diving. Feather covering in diving birds is evenly packed over the surface 
of the body, and muscles attached to the feather shaft are contracted to create a waterproof seal when 
diving (Dawson et al.  1991 ; Kooyman et al.  1976  ) . These adaptations probably prevent water from 
entering the auditory meatus and may also affect hearing. Similar to the walrus and hooded seal, 
there are muscles and blood vessels surrounding the external ear canal that may cause the canal to 
contract and shut on submergence (Sadé et al.  2008  ) . Some penguins also have a venous cavernous 
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sinus beneath the middle ear mucosa (similar to many marine mammals), enabling these birds to 
equalize middle ear pressure with surrounding pressure during deep dives (Sadé et al.  2008  ) . A study 
on small birds showed that even slight changes in middle ear pressure resulted in large inefficiencies 
in sound conduction and considerable protection from hair cell loss and permanent threshold shift 
due to acoustic overexposure (Ryals et al.  1999  ) . Whether these same kinds of pressure changes 
occur in diving birds as part of the generalized reflex in birds is also unknown. If they do occur as 
part of a diving reflex, it would stand to reason that the only valid test of underwater hearing in these 
birds would have to be with awake behaving animals rather than anesthetized preparations.  

   3.3 Are the Effects of Masking the Same in Air and Water? 

 Masking is the interference with the detection of one sound by another. More precisely, masking 
refers to the increase in the threshold for detection or discrimination of sounds in the presence of 
another sound. In air, the masking effects from ambient noise (whether from natural or anthropo-
genic sources) at the receiver play a large role in determining the distance at which communication 
signals, other important biological sounds, or even other anthropogenic sounds can be heard by a 
bird. Whatever acoustic effects occur in moving from air to water, we can fairly safely assume that 
they affect both the signal and the noise in a similar manner. Thus the animal’s masked thresholds 
are the proper data metric to use in determining the maximum distance at which a sound, whether 
a conspecific vocalization or an anthropogenic noise, can be heard. There are real questions about 
whether underwater hearing is important for diving birds for any purpose including foraging, acous-
tic communication, or predator avoidance. But if hearing is important underwater, the distance over 
which a sound may be heard in air will almost always limited by the animal’s critical ratio rather 
than by its absolute auditory threshold. 

 Figure  2  schematically represents the variables involved in estimating sound detection distance. 
Whether in air or water, the spectrum and level of the source are required. In air, there is a 6-dB loss 
per doubling of distance due to spherical spreading and a linear loss due to excess attenuation. In 
water, the variables are similar, but the formulas are more complicated and depend on a number of 

  Fig. 2    Comparison of the variables used in estimating maximum sound communication distance between two birds 
in air and in water. The primary variables are transmission loss from spherical spreading (or possibly cylindrical in 
water) and excess attenuation       
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factors including the depth of the water and the animal’s position in the water column. In both cases, 
the bird can detect the signal after transmission loss as long as the signal is at least one critical ratio 
about the level of the background noise.    

   4 Summary and Conclusions 

 We reviewed what is known about hearing in birds, including the effects of anthropogenic noise, to 
speculate on the nature of underwater hearing in diving birds. Taking into consideration changes in 
human hearing underwater, the effects of changes in middle ear pressure on hearing in humans, and 
the protective effects against acoustic overexposure in birds from changes in middle ear pressure, we 
suggest that if similar patterns hold for diving birds, they may not hear well underwater. Moreover, 
the frequency of best hearing sensitivity may shift to frequencies below 2 and 4 kHz. Trapped air 
may allow the middle ear cavity of birds to function much as the swim bladder functions in fish. 

 Diving birds present important auditory and environmental issues. To resolve these issues prop-
erly requires comparative anatomical investigations of the middle and inner ears of diving birds. 
More importantly, behavioral measures of hearing in diving birds must be conducted both in air and 
in water. Finally, behavioral studies of these animals in their natural habitats are required to deter-
mine whether they use sound underwater for communication, foraging, predator avoidance, or other 
behaviors.      
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   1 Introduction 

 Despite increasing levels of anthropogenic noise throughout the oceans, we know very little about 
the hearing capabilities of sea turtles or how they might behaviorally and physiologically respond 
to potentially harmful sources of noise. Sea turtles are among the evolutionarily oldest and most 
endangered marine species. Seven species of sea turtle exist worldwide, including  Dermochelys 
coriacea  (leatherback),  Eretmochelys imbricata  (hawksbill),  Chelonia mydas  (green),  Caretta 
caretta  (loggerhead),  Lepidochelys kempi  (Kemp’s ridley),  Lepidochelys olivacea  (olive ridley), and 
 Natator depressus  (flatback). With the exception of  Natator depressus  (for which we have insuffi-
cient data), all are classified as critically endangered or endangered by the International Union for 
the Conservation of Nature’s Red List of Threatened Species  (  2010  ) . Sea turtles are found in nearly 
all temperate and tropical marine environments and are highly migratory, traveling great distances 
between developmental, foraging, and nesting habitats. Given their endangered status, understand-
ing the effects of noise on sea turtles is both timely and critically important.  

        Amphibious Hearing in Sea Turtles       

         Wendy   E.   Dow   Piniak,          David   A.   Mann,          Scott   A.   Eckert, and          Craig   A.   Harms           
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   2 Sea Turtle Ear Morphology 

 Sea turtles lack an external pinna or ear canal. Like all terrestrial tortoises and turtles, their 
tympanum, located posterior to the midline of the skull and level with the corner of the mouth, is 
an extension of the facial tissue (Bartol and Musick  2003 ; Wever  1978  ) . Unlike terrestrial turtles, 
marine turtles have a thick layer of subtympanal fat, coupling the thick surface scutes with the 
extracolumellar knob (Wever  1978  ) . 

 The middle ear cavity is medial to the tympanum, filled with air, and connected to the throat 
via the Eustachian tube. The sea turtle ossicular mechanism consists of a mushroom-shaped 
cartilaginous extracolumella that lies beneath the tympanum, connected by ligaments to the 
columella. The columella is a long, thin, curved bone that expands into a cone-shaped stapes that, 
in turn, expands throughout the oval window (Wever  1978  ) . Small fibrous strands, or stapedosac-
cular strands (unique to turtles), connect the stapes and oval window to the saccule. These strands 
are hypothesized to relay vibrational energy to the saccule (Lenhardt et al.  1985 ; Wever  1978 ; 
Wever and Vernon  1956  ) . A fluid-filled cavity, the perocapsular recess, surrounds the otic cap-
sule. This recess is separated from the perilymphatic duct by the pericapsular membrane and is 
often highly divided by intracapsular tissue. An opening at the posterior wall of the otic capsule, 
the foramen, completes a fluid circuit extending from the inner surface of the stapedial footplate 
to the pericapsular recess to the outer surface of the footplate (activated by the inward and out-
ward movement of the stapes). This reentrant fluid circuit is responsible for the movement and 
pressure relief of cochlear fluids (Bartol and Musick  2003 ; Wever  1978  ) . The presence of the 
circuit and the volume of fluid in the circuit may limit high-frequency hearingbecause the amount 
of sound pressure needed to move the columella increases with increasing frequency (Wever 
 1978 ; Wever and Vernon  1956  ) . 

 The few studies that have examined the inner ear of turtles have found that the cochlear duct lies 
in the otic capsule and the basilar membrane lies on the medial wall supported by the limbic plate. 
The cochlea elongated and slightly curved. The basilar membrane contains both hair cells and sup-
port cells. Most ciliary tufts of hair cells are posterior or posterolateral oriented, but some hair cells 
are oriented in the opposite direction (Wever  1978  ) . When these hair cells are stimulated, they open 
ion channels converting the mechanical movement of waves of sound to an electrochemical signal, 
which is received by the auditory nerve. Each hair cell has a characteristic frequency correlated 
with its position along the basilar membrane. Cells detecting low frequencies are located toward the 
apical end and cells detecting high frequencies are located toward the basal end (Crawford and 
Fettiplace  1980  ) . 

 The functional morphology of the sea turtle ear remains poorly understood. Lenhardt et al. 
 (  1985  )  suggest that the ear is adapted for hearing via bone conduction in water and is a poor aerial 
receptor. In this case, the whole body serves as a receptor, with sound passing through bones and 
soft tissue to stimulate the inner ear (Lenhardt  1982  ) . High frequencies are attenuated by bone, 
decreasing high-frequency hearing sensitivity. Computerized tomography has shown that sea turtles 
possess well-organized bundles of coherent fatty tissues connected to the middle ear. Densities of 
these fats are consistent with sound speeds in seawater, indicating the sea turtle ear may be well 
adapted for underwater sound conduction (Ketten  2008  ) . Lenhardt and Hawkins  (  1983  )  found that 
both vibratory and acoustic stimuli are processed by the auditory system, so responses are likely due 
to a combination or summation of these signals.  
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   3 Sea Turtle Auditory Capabilities 

   3.1 Aerial and Partially Submerged Hearing in Sea Turtles 

 Until the mid-1900s, turtles were generally believed to be deaf due to the lack of an outer ear and 
the lack of responsiveness to acoustic stimuli (Wever  1978  ) . Ridgway et al.  (  1969  )  collected the first 
successful measurements of sea turtle hearing sensitivity by using both aerial and vibrational sound 
stimuli between 50 and 2,000 Hz to collect measurements of the cochlear response potential of 
3 juvenile  Chelonia mydas . Turtles responded to aerial stimuli between 100 and 1,000 Hz and vibrational 
stimuli between 100 and 700 Hz, with maximum sensitivity between 300 and 400 Hz for both 
stimuli, with a rapid decline in sensitivity in lower and higher frequencies. They found that 2,000 Hz 
was the upper limit for observation of cochlear potentials without injury and suggested that the 
practical hearing range did not exceed 1,000 Hz. 

 Recent measurements of sea turtle hearing sensitivity have been made by recording auditory 
evoked potential (AEP) responses to known sound stimuli. AEPs are produced by the synchronous 
discharge of neurons in the auditory pathway after stimulation by sound. This technique is a rapid, 
noninvasive method for measuring hearing in noncommunicative species. Bartol et al.  (  1999  )  mea-
sured electrophysiological responses to aerial sound stimuli in 35 juvenile  Caretta caretta  by 
 collecting auditory brain stem responses (ABRs; which are AEPs measured within the first 8–10 ms 
of stimulation) derived from 2 types of vibrational stimuli: low-frequency clicks and tone bursts 
delivered directly to the tympanum. Bartol et al. measured a mean click threshold of −10.8 dB re 
1 g root mean square (RMS) ± 2.3 dB SD and an effective hearing range from tone bursts of 250–750 Hz. 
The most sensitive threshold was the lowest frequency tested, 250 Hz with a mean threshold of 
−23.3 dB re 1 g RMS ± 2.3 dB SD (Bartol et al.  1999  ) . 

 In an effort to develop physiologically based methodologies to reduce fisheries bycatch of sea 
turtles, Bartol and Ketten  (  2006  )  measured ABRs in two juvenile and six subadult  Chelonia mydas  
and two juvenile  Lepidochelys kempi . They measured ABRs in partially submerged turtles (ear 
submerged, with top of head and portions of carapace in air) using a three-electrode array and an 
aerial stimulus. Pacific subadult  Chelonia mydas  responded to stimuli between 100 and 500 Hz, 
with the highest sensitivity between 200 and 400 Hz and Atlantic juvenile  Chelonia mydas  
responded to stimuli between 100 and 800 Hz, with the highest sensitivity between 600 and 700 Hz. 
 Lepidochelys kempi  responded to stimuli between 100 and 500 Hz, with maximum sensitivity 
between 100 and 200 Hz (Bartol and Ketten  2006  ) .  

   3.2 Amphibious Hearing in Sea Turtles 

 Due to their aquatic lifestyle, an understanding of underwater hearing sensitivity is critical to evalu-
ating the potential effects of underwater anthropogenic noise on sea turtles. We have developed 
protocols to measure both in-air and in-water hearing sensitivity in hatchling, juvenile, and adult sea 
turtles. To test these methodologies, we recorded in-air and in-water AEPs to click and tonal stimuli 
from 50 to 3,200 Hz in 5 juvenile  Chelonia mydas . We presented stimuli with an underwater speaker 
calibrated with a hydrophone. Before testing, we isolated turtles from noise and vibrations and 
lightly restrained them to prevent excessive movement. For underwater measurements, the turtles 
were completely submerged at a depth of 10 cm (measured at the location of the ear). A Tucker-
Davis Technologies AEP workstation with SigGen and BioSig software generated click and tonal 
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stimuli and recorded AEP responses from subdermal electrodes. We developed underwater anesthe-
sia protocols using medetomidine (50 μg/kg IV) and ketamine (5 mg/kg IV) and ventilating via a 
custom-designed double-cuffed extended endotracheal tube to provide a watertight seal at sufficient 
ear depth (Harms et al.  2009  ) . The medetomidine was reversed with atipamezole (0.25 mg/kg). 
Anesthesia was helpful to eliminate myogenic artifacts in turtles that were not amenable to manual 
restraint, but this was not required for all turtles. Manual restraint was superior to anesthesia for 
turtles that did not resist restraint (better venous blood oxygenation, acceptable AEPs), but anesthe-
sia was superior to manual restraint for turtles that did resist (marked lactic acidosis and AEPs not 
possible). 

 Sea turtle AEP signals exhibited a frequency-doubling signature similar that seen fish (Fig.  1 ). 
Juvenile  Chelonia mydas  responded to stimuli between 50 and 1,600 Hz in water and 50 and 800 Hz 
in air, with ranges of maximum sensitivity between 50 and 400 Hz in water and 300 and 400 Hz in 
air. In both water and air, sensitivity decreased sharply after 400 Hz.  

 Juvenile  Chelonia mydas  have a narrow range of hearing sensitivity in air and in water and are 
most sensitive to low frequencies. They hear well both in water and in air, particularly at frequencies 
below 1,000 Hz, but hearing sensitivities in the two media are different and in-water results show a 
broader and higher frequency range of sensitivity than reported by previous research in-air and at 
the water’s surface.   

   4 Conclusions 

 Sea turtles likely use sound for navigation, locating prey, avoiding predators, and environmental 
awareness. Because sea turtles can be found in nearly all temperate, tropical, coastal, and offshore 
habitats, the potential overlap between sea turtle habitat and marine anthropogenic noise is vast. 
Sea turtle ear morphology lends itself to the reception of low-frequency sounds, and research 
shows they are most sensitive to frequencies below 1,000 Hz (Bartol et al.  1999 ; Bartol and Ketten 
 2006 ; Ridgway et al.  1969  ) . Our research shows that sea turtles are particularly sensitive to fre-
quencies below 1,000 Hz in air and water but are able to detect slightly higher frequencies in water, 

  Fig. 1    (a) A 200-Hz auditory 
evoked potential (AEP) for a 
juvenile  Chelonia mydas . 
(b) Fast Fourier transform of 
the 200-Hz AEP showing 
frequency-doubling response 
at 400 Hz (arrow)       
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indicating that sea turtles are able to hear much of the pervasive low-frequency and high-intensity 
anthropogenic noise in the ocean, including sonar, shipping, and oil and gas exploration. More 
research is urgently needed to investigate the potential physiological and behavioral effects of 
anthropogenic noise on sea turtles.      
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   1 Introduction 

 Sea turtles are one group of endangered marine animals potentially impacted by anthropogenic 
sound production. Similar to other migratory marine species, sea turtles occupy different ecologi-
cal niches throughout ontogeny, each characterized by unique acoustic conditions. Developing sea 
turtle hatchlings remain in pelagic habitats but then migrate to shallower neritic waters to forage 
as juveniles and reproduce as adults. Near-shore habitats are typically inundated with low-
frequency human-generated sounds (Hawkins and Myrberg  1983  )  including recreational boating, 
commercial shipping, and high-intensity signals associated with seismic exploration (Greene and 
Moore  1995  ) . 

 The effects of anthropogenic sound on sea turtles are not known because of limited research on 
the auditory systems of sea turtles throughout their life history stages. According to a few electro-
physiological studies (Bartol et al.  1999 ; Ridgway et al.  1969  ) , sea turtles appear to be low-
frequency specialists (<1 kHz). However, these electrophysiological studies were conducted in air 
and have not been correlated with behavioral responses, an important step for comprehensive hear-
ing assessment. Due to the global nature of auditory brain stem responses (ABRs), audiograms 
solely based on ABRs underestimate the auditory threshold at low frequencies (Kenyon et al.  1998  ) . 
Moreover, these previous studies do not explore the hearing capabilities of sea turtles in multiple 
life history stages. 

 For this study, we are collecting both behavioral audiograms and ABRs from loggerhead sea 
turtles ( Caretta caretta)  in multiple developmental stages. The objectives of this project are 1) to 
compare sensitivity thresholds yielded by the two methods to determine how closely correlated 
ABR and behavioral audiogram data are, 2) to determine if sea turtle hearing capabilities change 
throughout ontogeny, and 3) to develop a comprehensive assessment of hearing in loggerheads that 
may be used for future assessment plans that address the potential impacts of anthropogenic sound 
exposure on sea turtles.  

        Hearing Capabilities of Loggerhead Sea Turtles 
( Caretta caretta ) Throughout Ontogeny       

         Ashley   L.   Lavender,          Soraya   M.   Bartol, and          Ian   K.   Bartol           
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   2 Study Site 

 Experiments were conducted at the National Oceanic and Atmospheric Administration (NOAA) 
Fisheries Service Galveston Laboratory, Galveston, TX, which maintains ~400 captive-reared log-
gerheads (4–50+ cm straight carapace length [SCL]) from Florida nests for scientific studies. All 
turtles were held under several federal and state permits (US Fish and Wildlife Service [FWS] 
Permit TE676379-3; Florida Fish and Wildlife Conservation Commission [FWC] Permit TP 015; 
and Texas Parks and Wildlife Department [TPWD] Permit SPR-0390-038). ABR and behavioral 
trials were performed in two separate large (15,142-l) saltwater tanks of equal dimensions (3.7 m 
diameter; 1.5 m depth).  

   3 ABRs 

 ABRs are averaged electrophysiological recordings of simultaneous neural firing (or excitation) that 
are induced by an acoustic stimulus in the auditory center of the brain,. Historically, ABRs have 
been used as a method for testing audition and acoustic threshold on nonverbal, conscious animals 
(Bullock  1981 ; Corwin et al.  1982  ) . For this project, we used Tucker-Davis Technologies (TDT) 
System 3 hardware and complementary software (SigGen and BioSig) together with an amplifier 
and J9 underwater transducer (speaker) to deliver underwater acoustic stimuli and acquire time-
locked bioelectrical data. A hydrophone recorded sound pressure levels at the turtle during stimulus 
delivery. 

 We developed an effective protocol for restraining the turtle, which involves lowering it into the 
water using a series of pulleys and submerging the animal to a depth sufficiently deep to cover the 
tympanic scutes but shallow enough to facilitate voluntary breathing. Before the turtles were low-
ered into the tank, three subdermal electrodes (i.e., recording, reference, and ground) were inserted. 
The recording and reference electrodes were positioned dorsally along the frontoparietal scute and 
sealed with petroleum-based ointment, and the ground electrode was inserted into the inactive skin 
of the lateral neck and secured with a liquid bandage. Tone bursts of known frequencies (<1 kHz) 
were presented in descending order of intensity in 5-dB steps. Electrical and myogenic noise was 
removed by averaging ABR traces from stimuli presented in opposite polarities.  

   4 Behavioral Audiograms 

 Behavioral audiograms were recorded using a two-response, forced-choice approach (Blough and 
Blough  1977  )  where the turtles were required to vary behavior according to small acoustic stimuli 
differences, permitting a behavioral measure of acoustic sensitivity. Operant-conditioning methods 
have been successfully employed in studies of marine turtle chemoreception (Manton et al.  1972  ) , 
learning (Mellgren and Mann  1996  ) , and visual acuity (Bartol et al.  2003  )  at different ontogenetic 
stages. 

 A stimulus delivery and data-acquisition system was developed in-house specifically for this 
project using National Instruments hardware and LabVIEW software. TDT hardware and software 
were also utilized to generate acoustic stimuli, collect hydrophone data, and calculate sound pres-
sure levels. An observing key was positioned in the middle of the tank in front of the J9 speaker. 
A white light was suspended above the observing key, which illuminated at trial onset, and a 
mounted video camera enabled real-time monitoring of trials by the researcher. Two response 
chutes were located equidistant from the observing key along the tank walls. Each response chute 
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was constructed from PVC pipe and was designated as the “signal” or “no-signal” key. Individual 
turtles were subjected to a multistep conditioning procedure to establish associations between the 
observing key and trial onset (light) and between the presence/absence of the acoustic signal and 
the appropriate response chute. Out of the animal’s view, squid were dispensed through the response 
chutes to reinforce correct responses. Once the turtles demonstrated proficiency in selecting the 
correct response chute in nonrandom signal presentations, the acoustic signals were then random-
ized. To qualify for trials, turtles must correctly respond to randomized sound/no-sound presenta-
tions with a 70–80% success rate. A training signal frequency of 300 Hz was used, with a sound 
pressure level of ~125 dB re 1  μ Pa.  

   5 Results and Discussion 

 Current ABR and behavioral audiogram analyses indicate that subadult sea turtles respond to 
sounds in the low-frequency range of 200–700 Hz. Furthermore, we have recorded a correlation 
between behavioral response times and sound intensity, with response times increasing near 
threshold. High levels of variability were recorded in behavioral trials, with some turtles demon-
strating inconsistent positioning with respect to response chutes, nonrepeatable behavioral 
responses, inconsistent response times, and lack of motivation. For example, in 2009, 10 turtles 
belonging to 1 size class were trained extensively, but only 3 showed consistent repeatable 
responses and advanced to trials, with only 1 turtle performing at a consistently high level. The 
difficulties associated with acquiring reliable, robust behavioral data are not trivial and training 
alone requires a significant time investment by the researcher. We found that constant refinement 
of triggering keys, reward chutes, and speaker orientation was necessary to facilitate reliable 
behavioral data collection. Despite inherent challenges associated with data collection, behavioral 
data are necessary to evaluate the accuracy of ABR sensitivity thresholds and assess hearing in sea 
turtles throughout ontogeny. Additional ABR and behavioral work with early life history stages of 
sea turtles is ongoing. These data together with current subadult ABR/behavioral datasets promise 
to serve as a valuable foundation for hearing assessment in sea turtles throughout ontogeny and for 
validating prevailing electrophysiological methods.      
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   1 Introduction 

 There is growing concern that sounds produced by anthropogenic sources have the potential to 
impact bony fishes. However, there are no data as to whether elasmobranch fishes (sharks, rays, and 
skates) could be affected by exposure to anthropogenic sources. 

 According to the International Union for the Conservation of Nature (IUCN), ~60% of elasmo-
branch species are considered threatened with extinction due to overfishing and habitat degradation 
(Godin and Worm  2010  ) . Elasmobranchs are important from an evolutionary perspective because 
they have evolved little over hundreds of millions of years and represent a unique opportunity to 
examine one of the more basal stages within the evolution of vertebrates. This paper considers the 
possibility that anthropogenic noise may have an effect on elasmobranch fishes. The analysis is 
based on the results from noise-exposure studies in teleosts as well as knowledge of elasmobranch 
anatomy and physiology. A review of how elasmobranchs detect sound and their hearing abilities is 
addressed, with the goal of touching on areas in need of further exploration.  

   2 Elasmobranch Sound Detection 

 Elasmobranchs detect sound using inner ear end organs (see Myrberg  2001  for review). It is likely 
that the saccule, a portion of the utricle, and the macula neglecta are the acoustically sensitive 
organs, whereas the lagena and the other portion of the utricle are utilized for detection of gravity 
and rotational stimuli. Unlike the hardened otoliths in teleosts, the sensory epithelia (maculae) of 
the saccule, utricle, and lagena in elasmobranchs are covered by otoconia, a gelatinous matrix of 
calcium carbonate granules (a pattern also found in primitive teleost fish and all terrestrial verte-
brates). In contrast, the fourth end organ, the macula neglecta, is covered by a gelatinous cupula that 
is similar to the cupula found in the lateral line organs and ampullae of the semicircular canals. The 
macula neglecta is not unique to elasmobranchs, but these are the only vertebrates in which there is 
evidence that it serves a role in acoustic detection. The elasmobranch auditory system is also unique 

        Are Sharks Even Bothered by a Noisy Environment?       
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in having a direct connection from the saccular chamber to the surface of the head and the outside 
environment through the endolymphatic duct. However, no direct evidence has linked the duct to 
any specific role in the detection of sound. 

 There are two proposed pathways for sound to travel to the inner ear of elasmbranchs (Corwin 
 1981  ) . First, the otoconial pathway involves the saccule and utricle end organs. The elasmobranch 
body is approximately equal in density to the surrounding water and is therefore acoustically trans-
parent. As a consequence, sound waves travel through the fish until they come into contact with a 
structure of greater density such as the otoconia. These otoconia lag in movement relative to the 
surrounding tissues. This results in bending of the cilia of the sensory hair cells that underlie the 
otoconia, and this, in turn, generates a physiological response that results in sound detection. 

 The second, nonotoconial sound pathway involves the macula neglecta. This sensory structure 
is located in the dorsal portion of the ear in the posterior canal duct. Sounds travel from above 
the elasmobranch head and through an area of tissue located above the ear called the parietal fossa. 
In the ventral end of the parietal fossa is a small membrane, the fenestra ovalis, that leads to the 
posterior canal duct. Sound waves depressing this membrane produce a flow of fluid through 
the posterior canal duct, shifting the position of the cupula of the macula neglecta and stimulating 
the sensory hair cells. 

 Measures of hearing bandwidth and frequency (the audiogram) for particle motion have been 
obtained in five species of elasmobranch fishes using classical conditioning or auditory evoked 
potential methods (Fig.  1 ; see Casper and Mann  2009  for a review). Because elasmobranchs do 
not have a swim bladder or any other air-filled cavity, they are incapable of detecting sound pres-
sure. Thus particle motion is presumably the only sound stimulus that can be detected. The hear-
ing bandwidth for elasmobranchs is from ~20 Hz up to 1 kHz, with similar thresholds in all 
species above 100 Hz (Casper and Mann  2009  ) . Below 100 Hz, however, the two more active 
swimming piscivorous species,  Rhizoprionodon terraenovae  (Atlantic sharpnose shark) and 
 Negaprion brevirostris  (lemon shark), have more sensitive hearing, suggesting that hearing could 
be more important for the detection of prey. The other three species,  Ginglymostoma cirratum  
(nurse shark),  Heterodontus francisci  (horn shark), and  Urobatis jamaicensis  (yellow stingray), 
are demersal species and likely use other senses including the lateral line and electroreception to 
find buried prey. Thus, although it is clear that elasmobranchs can detect particle motion, they do 
not appear to be as sensitive as teleosts measured in comparable ways (Fig.  1 ). One explanation 
for this difference in hearing sensitivity could be due to the composition of the denser otoliths in 
teleosts compared with the otoconia in elasmobranchs. A denser otolith might be more sensitive 

  Fig. 1    Particle motion audiogram describing hearing thresholds of elasmobranch and teleost fishes. Modified from 
Casper and Mann  (  2009  )  and Fay  (  1988  )        
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to particle motion and therefore yield more sensitivity to the auditory system. However, knowledge 
of the hearing of elasmobranch fishes is based on data from only a few of the hundreds of species, 
and so one must be cautious in making generalizations about an entire subclass of fishes based 
on these data.  

   2.1 Shark Behavioral Responses to Sound 

 The US Navy became interested in sounds that might attract or repel sharks following repeated obser-
vations of the presence of sharks in areas where ships were sunk by torpedoes during World War II. 
Acoustic attraction studies revealed that coastal and oceanic sharks (18 species observed) would often 
approach underwater speakers broadcasting low-frequency, erratically pulsed sounds from as far away 
as several hundreds of meters (Myrberg  2001  ) . A few studies also attempted to determine the features 
of sounds that might cause sharks to leave a location. They found that sudden onset, loud (20–30 dB 
above ambient noise levels) sounds played when a shark approached a location would result in star-
tling the shark and it would turn away from the area. In most cases involving attraction and repelling, 
the sharks would habituate to the stimuli after a few trials. There have been no experiments exploring 
behavioral responses to sound in either skates or rays. There have also been no studies examining the 
effects of exposure to anthropogenic sound sources in any species of elasmobranch.   

   3 Sources of Anthropogenic Noise That Could Affect Elasmobranch Fishes 

 There are many human-based activities that produce anthropogenic noise, including sonar, aquatic 
construction, air guns, boat activity, and offshore wind farms, that could potentially threaten aquatic 
inhabitants. Based on the location of sources, rate of occurrence, frequency ranges, and damaging 
effects associated with exposure, several of these sounds could have negative effects on elasmo-
branch fishes. 

   3.1 Aquatic-Based Construction 

 Pile driving is used for construction, including installation and repair of bridges, docks, and other 
structures, in aquatic environments. There is documentation that elasmobranchs tend to aggregate 
around coastal and offshore man-made structures (Stanley and Wilson  1991  ) . A major concern is 
that elasmobranchs congregating near such structures could be impacted by the intense sounds dur-
ing pile driving. Sound levels can reach 237 dB re 1 μPa at frequencies within the range of hearing 
of elasmobranchs (100–1,000 Hz; Hildebrand  2009  ) . Sounds at such high levels could yield hearing 
damage in the form of temporary threshold shift (TTS), resulting in a short-term decrease in audi-
tory sensitivity. However, the more likely source of damage would be barotrauma as a result of the 
impulsive energy produced when the hammer hits the pile. Recent evidence (see Halvorsen et al., 
  Chapter 52    ) suggests that some of the barotrauma damage found in teleosts when exposed to pile-
driving stimuli is in the liver, kidneys, and intestines, all of which are very prominent in the elas-
mobranch body plan. Another consideration is for demersal elasmobranchs that are almost 
constantly in contact with the substrate. The intense vibrations within the sediment from pile driving 
could also be damaging, especially when considering the body shape of skates and rays. Many of 
the organs of these dorsoventrally flattened fishes are in close proximity to the ventral body surface, 
providing little protection from pile-driving vibrations.  
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   3.2 Offshore Wind Farms 

 With the need for cost-effective forms of electricity, more countries are exploring the application of 
offshore wind farms. Wind farm installation generally involves pile-driving construction, with the 
associated noise issues as discussed in the previous section. Once completed and operating, the 
rotation of the turbines produces a constant low-frequency noise (~60–300 Hz) at sound levels of 
~150 dB re 1 μPa (Hildebrand  2009  ) . These levels are likely not loud enough to cause any hearing 
damage (TTS), but there could be the potential of masking of sounds that elasmobranchs might use 
to detect prey or avoid predators. Because the wind mills are anchored to the substrate, there is also 
the potential for vibrational stimuli traveling through the structure that could impact demersal 
elasmobranchs.  

   3.3 Boat Noise 

 The number of vessels in the worldwide shipping fleet has grown dramatically over the last 
50–60 yr. Obviously, the size, speed, and other features of the ships can affect the type of noise 
produced as they travel through the water, but in general, the sounds produced can be quite dra-
matic. A typical shipping vessel can produce sounds of ~190 dB re 1 μPa at very low frequencies 
(40–100 Hz; Hildebrand  2009  ) . At these sound levels, it is unlikely that hearing damage would 
occur in elasmobranchs, but the sounds would certainly be loud enough to mask detection of bio-
logically relevant sounds. A few studies have examined the effects of shipping noise and other noise 
exposure on the production of stress hormones in teleost fishes. Extended exposure resulted in 
increased levels of cortisol, which can affect a variety of health parameters in fishes (Wysocki et al. 
 2006  ) . No similar studies have yet been conducted on elasmobranch fishes, but there is the potential 
of similar effects to those encountered in teleosts.   

   4 Summary 

 Elasmobranch fishes have been around for hundreds of millions of years with very little evolution-
ary changes, yet our understanding of their hearing abilities is limited to only a few of the hundreds 
of extant species. Our general understanding suggests a relatively narrow hearing range with rela-
tively poor sensitivity, particularly compared with many teleosts. This lack of knowledge makes it 
difficult to evaluate the potential effects that could be associated with exposure to anthropogenic 
noise. However, given the combination of the worldwide increase in anthropogenic aquatic noise as 
well as the drastic population decline in many species of elasmobranch fishes, it is imperative that 
noise-exposure studies be conducted to determine whether these fishes are being further threatened 
by our noise pollution.      
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   1 Introduction 

 Sound signals relevant for mating and survival are very often masked by background noise, which 
makes their detection and recognition by organisms difficult (i.e., communication often takes place 
under partially masked conditions; e.g., Zwicker and Fastl  1990  ) . Ambient noise (AN) varies in 
level and shape among different habitats, but remarkable variations in time and space also occur 
within the same habitat. Variable AN conditions mask hearing thresholds of the receiver in complex 
and unpredictable ways, thereby causing distortions in sound perception. For instance, sound and 
speech recognition in animal and human subjects quickly deteriorates with decreasing signal-to-
noise ratio under nonstationary noise conditions. Furthermore, no sound with energy lower than the 
noise can be heard. These observations suggest that when communication takes place in a noisy 
environment, a highly sensitive system may confer no advantage to the receiver compared with a 
less sensitive one (Hawkins and Myrberg  1983  ) . Fishes live in all types of underwater habitats dif-
fering widely for AN conditions, from quiet deep oceans and shallow ponds to noisy coastal waters 
and stony streams. Notably, they show an impressive variety of audiograms that differ in shape, 
level, and frequency range. Lugli et al.  (  2003  )  showed that the best hearing range and the dominant 
frequencies of sounds of the two freshwater gobies ( Padogobius bonelli  and  Gobius nigricans ) fit 
within a relatively quiet window in the low-frequency spectrum of the stream AN. Amoser and 
Ladich  (  2005  )  noted that teleosts with the best hearing (e.g., Cyprinids) live in quieter habitats than 
those with poor hearing abilities (e.g., Percids). These findings suggest that AN may be an impor-
tant selective factor in the evolution of hearing sensitivity of a species. The way it would select for 
the level of hearing sensitivity of a species is unclear, however. Here I describe a simple fitness 
model for the detection and discrimination (and recognition) of sounds under variable AN condi-
tions. I assume that noise masking significantly impairs all the above functions. The model predicts 
high sensitivity (i.e., low hearing thresholds) as the best strategy for species living in quiet habitats 
and low sensitivity (i.e., high hearing thresholds) as the best strategy for those living in noisy 
 habitats, provided the cost of incorrect discrimination is not low.  
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   2 The Model 

 Let’s consider two AN conditions: quiet and noisy. The quiet condition, characterized by a single, 
low-energy, flat noise spectrum, simulates the low AN levels of ponds, pools. and slow rivers inhab-
ited by fishes with higher hearing sensitivity (e.g., Cyprinids).The noisy condition, characterized by 
high-energy spectra of different shapes, simulates the variety of masking-noise spectra found in 
small streams, creeks, and coastal waters inhabited by fishes with lower hearing sensitivity (e.g., 
Gobiids, Perciids, and Blennids). Consider a simple sound signal that can be detected at two inten-
sity levels, low and high. Suppose that the high-amplitude signal is always detectable, whereas the 
low-amplitude signal is detectable only under the quiet condition. Suppose also that the detected 
signal must be discriminated against (e.g., a sound template) or recognized as such (except for 
sound amplitude) by the receiver. I assume that the variability of the masking pattern found in the 
noisy condition determines the incorrect discrimination and recognition of the high-amplitude sig-
nal. Assuming that the receiver always responds whenever a signal is detected, three outcomes and 
associated payoffs are possible: the signal is not detected, yielding the payoff  E  

0
  (no detection); the 

signal is detected but incorrectly discriminated, yielding the payoff  E  
1
  (incorrect discrimination and 

recognition;  E  
1
  >  E  

0
  or  E  

1
   £   E  

0
 ); or the signal is detected and correctly discriminated, yielding the 

highest payoff  E  
2
  (correct discrimination and recognition). Given the above conditions, a receiver 

must choose between two hearing systems: a high-sensitive system ( W  
 0 
 ) and a low-sensitive system 

( W  
 1 
 ). Auditory thresholds of  W  

 0 
  are masked only in the noisy condition, whereas those of  W  

 1 
  are 

never masked. Let  Q  be the probability for the receiver detecting the signal under the quiet condition 
(N 

0
 ) and  SH  be the probability of detecting a high-amplitude signal. The average fitness payoff for 

the receiver adopting the high-sensitive system,  E ( W  
 0 
 ), and that for the receiver adopting the low-

sensitive system,  E ( W  
 1 
 ), can now be calculated, and the conditions favoring one system over the 

other can be determined.  

   3 Results and Conclusions 

 The model predicts that  W  
 0 
  is always favored (i.e., best strategy) in quiet environments, whereas  W  

 1 
  

is favored in noisy environments provided that 1) most of detected signals are loud (close-range com-
munication system) and 2) the payoff difference between  E  

2
  and  E  

1
  is large. Otherwise,  W  

 0 
  is 

favored. The results of the model emphasize the tradeoff between the detection and discrimination of 
sound signals when communication occurs in noisy habitats with variable masking-noise conditions. 
Furthermore, it addresses the importance of the AN as a possible main selective factor  shaping the 
absolute hearing sensitivity of a species.      
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   1 Introduction 

 The notion that the otolithic organs in the fish ear function as accelerometers has been accepted for 
over 50 years. By direct excitation, they are capable of sensing the acoustic particle acceleration of 
an incident acoustic wave. The particle acceleration is a vector field that, for monopole sources, is 
directed along the source bearing. There are, in effect, many tens of thousands of these accelerome-
ters in each of the six otolithic organs. The spatial orientation of their response axes are ordered but 
complex. The compliant swim bladder functions as a secondary generator of acceleration at the oto-
liths, either by direct connection as in otophysans or by acoustic scattering. The swim bladder (or 
other gas cavities) thus makes it possible for some fish to sense acoustic pressure as well as particle 
velocity. This mode of excitation of the otolithic organs is referred to as the “indirect” path. The effect 
of a coupled swim bladder is to extend the hearing range and lower the threshold of hearing. The 
direct signal is related to a vector and contains information about the source direction. As both direc-
tional direct-path and nondirectional indirect signals impinge simultaneously on the otolithic organs, 
some means of segregating them is required for directionalization to occur. This segregation has been 
demonstrated by Buwalda  (  1981  ) . Exactly how source bearing is extracted from the direct signals is 
unknown as is the mechanism for separating the direct and indirect signals, but theories abound (e.g., 
Buwalda  1981 ; Rogers et al  1988 ; Schuijf  1975 ). It is generally believed that the indirect (pressure-
related) signal serves no role in directionalization other than serving to resolve the 180° ambiguity 
that occurs because particle acceleration alone only yields the line of bearing to the source (Schuijf 
and Buwalda  1975  ) . The pressure component is otherwise believed to have no role or to be a negative 
factor in directionalization. This paper proposes that this viewpoint is not supported by the data and 
suggests how pressure detection might contribute to directionalization.  

   2 Thresholds 

 In the 1970s, a remarkable series of high-quality experiments investigated the hearing capabilities 
of the Atlantic cod ( Gadus morhua ; e.g., Buwalda and van der Steen  1979 ; Sand and Enger  1973 ; 
Schuijf  1975 ; Schuijf and Buwalda  1975  ) . This study focuses on the results of papers by 
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Chapman and Hawkins  (  1973  ) , Chapman and Johnstone  (  1974  ) , and Hawkins and Sand  (  1977  ) . 
All were done in deep water under far-field conditions and utilized heart rate conditioning. They 
were generally done under low-noise conditions so that near-absolute thresholds for hearing and 
directionalization could be obtained. These conditions produced unambiguous results that are 
quite rare in the literature, before or since. A far-field audiogram for  Gadus  ( n  = 43; Fig.  1 , blue 
curve) was obtained Chapman and Hawkins  (  1973  ) . The data were acquired for a range of noise 
conditions including some at sea state zero. The means shown are believed to be just 2 dB above 
the absolute thresholds. They also demonstrated (by examining the range dependence of the 
thresholds) that for frequencies  ³  50 Hz, the thresholds were determined by acoustic pressure, 
not particle velocity. No comparable threshold curve exists for the acoustic particle velocity, but 
it possible to construct one. The underlying transduction mechanism is the same for both pressure 
and particle velocity. The acoustic particle acceleration at the otolithic sensor is known for any 
incident plane wave pressure. Well below swim bladder resonance, the gain [ G (  f  )], defined as the 
ratio of the acceleration at the ear due to scattering from the swim bladder to the directly induced 
acceleration at the ear, is proportional to the frequency (Sand and Hawkins  1973  ) . This gain is 
equal to the ratio of the velocity threshold [ TV (  f  )] to the pressure threshold [ TP (  f  )] when both 
are expressed in the same units. Hence, if  TP (  f  ) is the pressure threshold in decibels, then the 
velocity threshold must be given by

    ( ) ( ) ( ) ( ) ( )= + = + + 1020 log ATV f TP f G f TP f A f f    (1)    

 Note that  G (  f  ) is also the ratio of the response of the ear to a pressure-only signal of amplitude 
 p  to that of a velocity-only signal of amplitude  p /  r c  and also the ratio of the response of the ear to 

  Fig. 1    Measured pressure audiogram and synthesized velocity audiograms compared with localization thresholds for 
the horizontal plane and the vertical plane       
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a plane wave signal with and without a swim bladder. The gain  G (  f  ) was measured by Sand and 
Enger  (  1973  )  using swim bladder deflation and by Buwalda and van der Steen  (  1979  )  using multiple 
sources to produce pressure-only and velocity-only stimuli. Both experiments used saccular micro-
phonics to measure the response of the ear. 

 We use Buwalda and van der Steen’s (1979) result of 12 dB at 122 Hz to get  A=  12 and  f  
 A 
  = 122 

for the unknown coefficients in Equation  1 . The resulting threshold for velocity detection (expressed 
in units of input pressure) is shown by the red curve in Figure  1 . The circles shown in the figure are 
the velocity threshold values obtained from the pressure detection threshold using the individual 
gains measured by Sand and Enger  (  1973  )  and Buwalda and van der Steen (1979). They agree well 
with the red curve. Further evidence of the reasonableness of the red curve is derived by noting that 
it agrees with Chapman and Hawkins’ (1973) observation that cod detect acoustic pressure for 
 frequencies   ³   50 Hz and particle velocity at lower frequencies.  

   3 Localization Thresholds 

 Figure  1  also shows localization thresholds obtained by Chapman and Johnstone  (  1974  )  for the 
horizontal plane and Hawkins and Sand  (  1977  )  for the vertical plane. In both cases, heart rate con-
ditioning was used to determine whether the fish could discern when the origin of a sound is 
switched between two sources that differ only in their angular location. The fish were in the far field 
of the sources, and both the sources and fish were far from any reflecting surfaces. Noise levels were 
sufficiently low to permit determination of absolute thresholds. Chapman and Johnstone  (  1974  )  
found thresholds at 105, 200, and 380 Hz, whereas all of Hawkins and Sand’s (1977) results were 
at 105 Hz. In both cases, the thresholds were relatively constant at larger angular separations 
between the two sources but increased rapidly as an angular limit was approached. The thresholds 
shown are an average over the thresholds in this flattish region. The error bars and means ±  s .  

   4 Discussion 

 Because localization is a more difficult task than detection, one would expect that the velocity 
threshold for localization would exceed the corresponding threshold for detection by at least 6 dB 
(the typical just noticeable difference for the cod; Chapman and Johnstone  1974  ) . From Figure  1 , 
we see that this is the case at 200 and 380 Hz. The very large (24-dB) difference between the overall 
detection threshold and the localization threshold is often cited as “proof” that only velocity is 
involved in localization, as predicted by the prevailing theory. It is equally apparent for both the 
horizontal and vertical separation cases that at 105-Hz, localization is occurring at stimulus levels 
that are subliminal for particle velocity sensing. The thresholds are, in fact, just 5.5–7.7 dB above 
the pressure threshold. It is interesting to note how close to one another the vertical and horizontal 
thresholds are. It is evident that something quite different is occurring at the lower frequency. The 
results suggest that either there is directional information in the indirect signal at 105 Hz or that the 
presence of an indirect signal enhances the detectability of the direct signal. The possibility that 
directional information could be present in the indirect signal is based on the fact that a plane wave 
has a uniaxial and not an isotropic strain, that the swim bladder is elongated, and that the fish body 
has a finite shear modulus. This possibility is investigated with finite element and experimental 
models of the fish swim bladder system.      
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 Fish populations comprise essential parts of marine and freshwater ecosystems as well as being the 
foundations of considerable human nutrition, industry, and economy. There is growing concern 
about the possible harmful effects from human-generated sound on fish. Sounds and other human-
generated physical phenomena, such as explosions and shock waves, may have a variety of deleteri-
ous effects on aquatic animals, ranging from acute injury and death through masking of needful 
environmental sound stimuli to minor disturbances with little long-term effect on the animals. 

   1 Fish as Sound Receivers 

 Fish are sensitive to waterborne disturbances including bulk flows and the particle motions inherent 
in propagated sound waves. Bulk flows and particle motions attenuate abruptly with distance from 
the source of disturbance, especially for higher frequencies, and so limit absolute and bandwidth 
sensitivities in fish (Webb et al.  2008  ) . 

 The bodies of many kinds of fish enclose gas-filled pockets that convert scalar pressure changes 
into vector motions accessible to the fish’s mechanosensory system. Our finite element modeling 
(FEM) effort will eventually enable a time- and cost-effective means of answering questions about 
the effects of simulated sounds on animal models under selected conditions. 

        Vibration of the Otoliths in a Teleost       
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 All vertebrates employ “hair cells” that mediate the neural response to differential motion (shear) 
from the cell bodies to the stiff ciliary bundles that grow from the hair cells. Dense, calcareous 
secretions called “otoliths” or ear stones (Popper et al.  2005  )  overlay dense beds of hair cells (audi-
tory maculae), and due to the relatively large otolith masses, they exhibit inertial drag as the fish 
moves in the acoustic-particle motion field. The maculae and associated otoliths act as mass-loaded 
accelerometers that convey frequency, amplitude, and directional information to the fish’s brain 
(Webb et al.  2008  ) .  

   2 FEM and Virtual Bioacoustics Experiments 

 We are exploring a novel means of simulating experiments to advance understanding the interac-
tions between selected sound stimuli and animal structures. Similar experiments have recently 
provided insights into the bioacoustics of a beaked whale,  Ziphius cavirostris  (Cranford et al. 
 2008a,  b  ) . 

 We used methods and tools developed by Cranford et al.  (  2008a,  b  )  to build a FEM. We collected 
anatomic data from a small (21-cm total length) dead  Atractoscion nobilis  (Sciaenidae) from southern 
California by means of a micro-CT scanner (Fig.  1 ). This was the basis of a very simple FEM of the 
dynamic response of the fish otoliths to incident planar acoustic waves. The otoliths are modeled as 
embedded in a shear-soft fluidlike jelly. The current model does not include limits such as the nearby 
cranial bones nor influences such as the swim bladder. The model space was stimulated with two 
different sinusoidal signals (200 and 400 Hz) from several different directions vis-à-vis the fish.  

  Fig. 1    Reconstruction of a young  Atractoscion nobilis  from micro-CT scan images (60- m m 3  voxels), with three pairs 
of otoliths in lateral view (a) and dorsal view (b). Insets: Magnified white otoliths. The cranial bones and soft tissues 
are semitransparent gray; the premaxilla and dentary are white. The bones, swim bladder, and soft tissues are not part 
of the current model       
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 Figure  2  illustrates the shear forces that result from the relative motion between the otolith 
 surfaces and the shear-soft jelly that currently surrounds them in the model space.  

 It is evident that the 400-Hz simulation produces greater shear values (due to larger displace-
ments of the otoliths), particularly in the dorsoventral dimension, than does the 200-Hz signal from 
the same magnitude and direction. The FEM simulations apparently produce informative results, 
even at this early stage of model development. Future iterations will follow two contrasting trajec-
tories. First, we will include more anatomic components within the model. Second, we anticipate 
simulating the responses of simple “spherical” otoliths without their distinctive shapes and sculpt-
ing. At a later stage in the development of this FEM effort, we will address the validation of our 
methods (see Krysl et al.,   Chapter 14    ).      
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   1 Introduction 

  Pomatoschistus pictus  is a coastal and estuarine species that inhabits shallow gravel and sand 
 substrate areas of the eastern Atlantic Ocean and Mediterranean Sea (Miller  1986  ) . Studies on 
 P. pictus  show that, like in other species of this genus (Malavasi et al.  2008  ) , males produce sounds 
during courtship and agonistic contexts (Amorim and Neves  2007,   2008  ) . 

 The amount of anthropogenic noise pollution has been increasing significantly in the last decades 
in coastal environments (Codarin et al.  2009 ; Ross  2005  ) . A noisy coastal environment may strongly 
impact the ability of such a vocal species to communicate and, ultimately, reproduce. A first step in 
understanding the impact of anthropogenic noise is to describe this species’ hearing sensitivity. 
However, nothing has been described in terms of the auditory abilities of this genus to date. This 
study presents the first data on the hearing sensitivity of  P. pictus .  

   2 Materials and Methods 

 Six adult  P. pictus  were caught in April 2010 at Parede (38°41 ¢  N, 009°21 ¢  W), Portugal. The fish 
were maintained in aquaria at 18 ± 1°C. 

 Hearing thresholds were estimated using the auditory evoked potential (AEP) recording technique. 
Test subjects were mildly immobilized with 47.9 mg/g of pancuronium bromide diluted in teleost 
saline solution. The subjects were placed just below the water surface of a plastic tank (diameter 
36 cm, water depth 13 cm), 7 cm above the center of the underwater speaker disk. Fish respiration 
was secured through a temperature-controlled (20 ± 1°C) gravity-fed seawater circulation system 
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using a micropipette tip inserted in the subject’s mouth. The experimental tank was positioned on a 
vibration-insulated table surrounded by a Faraday cage. 

 The AEPs were recorded using platinum electrodes (diameter 1 mm). The recording electrode 
was placed above the brain stem and the reference electrode was close to the nares. Electrode leads 
were connected to a differential AC amplifier (CP 511, Grass Technologies). The AEP signal was 
monitored with an oscilloscope and digitized using an analog-to-digital (A/D) converter (Edirol 
UA25, Roland) connected to a personal computer running Adobe Audition 3.0 (Adobe Systems). 

 Sound stimuli were created with Adobe Audition 3.0 and consisted of tone pulses presented 
1,000 times at opposite polarities. Hearing thresholds were estimated at 15 Hz with a repetition rate 
of 5 s -1 , 30 and 60 Hz with a repetition rate of 10 s -1 , and 100, 200, 300, 400, 500, 800, and 1,000 Hz 
with a repetition rate of 20 s -1 , randomly presented. Sound stimuli ranged from 2 (15–100 Hz) to 5 
complete cycles. Stimuli, presented in 4-dB steps from 92 to 136 dB re 1 mPa, were fed to a home-
made underwater speaker device and amplifier (P. J. Fonseca) using the laptop and an A/D converter 
(Edirol UA 25). Before each experiment, the sound stimuli were calibrated with a hydrophone 
(Brüel and Kjaer 8103) connected to a sound level meter (Brüel and Kjaer Mediator 2238) placed 
in the same position as the fish. AEPs were averaged to minimize stimulus artifacts using home-
made software (P. J. Fonseca).  

   3 Preliminary Results 

 Some of the AEP waveforms obtained indicated a clear double-frequency effect, which was 
 further reassurance of a biological response. The audiogram showed that  P. pictus  sensitivity is 
higher at low frequencies between 15 and 400 Hz, with the lowest hearing threshold of 105 dB re 
1 mPa at 15 Hz (Fig.  1 ). This best hearing range matches the main sound energy of both courtship 
(thump and drum) and agonistic (drum) calls, i.e., between ~83 and 297 Hz (Amorim and Neves 
 2007,   2008  ) .   

  Fig. 1    Hearing thresholds of  Pomatoschistus pictus  showing the range of the main sound energy of agonistic and 
courtship calls. Values are averages ± SD       

 



111Hearing Sensitivity of the Painted Goby, Pomatoschistus pictus

   4 Discussion 

 The hearing sensitivity of  P. pictus  seems adapted to detect conspecific sounds, indicating that 
acoustic communication provides essential information during species-specific interactions. In 
addition, we suggest that the enhanced low-frequency sensitivity (below 60 Hz) could be the result 
of an evolutionary adaptation that, for a benthonic species, maximizes the ability to detect prey, 
predators, and mates. 

 Noise pollution is a threat to marine gobies (Codarin et al.  2009  ) . Noise energy of man-made 
activity is mainly concentrated below 1 kHz (Nakahara  1999  ) . Because  P. pictus  acoustic commu-
nication occurs within this frequency range, the concern is that anthropogenic noise might be 
strongly masking their hearing and hence their ability to communicate and to react to relevant 
acoustic stimuli. Future work is needed to test the masking effect of noise pollution on hearing in 
 P. pictus .      
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   1 Introduction 

 Many vertebrates, including teleosts, rely on acoustic signals for communication (Myrberg and 
Lugli  2006  ) . Sound production has been documented in four species of sand gobies ( Pomatoschistus ). 
Males of the sand ( P. minutus ), marbled ( P. marmoratus ), and canestrini ( P. canestrinii ) gobies 
produce low-frequency pulsed sounds when females enter the nest (Lugli and Torricelli  1999  ) . The 
male painted goby ( P. pictus ) also produces similar drumming sounds outside the nest during court-
ship (Amorim and Neves  2007  ) . These drumming sounds present interspecific differences, suggest-
ing that they could potentially be used in species-specific recognition (see Table  1 ).  

 Noise in the aquatic environment has significantly increased due to anthropogenic causes such 
as shipping (e.g., Smith et al.  2006  ) . This increase in noise level may impair the detection of sound 
required for fish to communicate acoustically (Amoser et al.  2004  ) . To better understand whether 
acoustic communication is impaired due to increased aquatic anthropogenic noise, studies regarding 
species vocal behavior and detailed analysis of sound parameters are required. Several studies have 
been carried out on acoustic communication in gobies (Myrberg and Lugli  2006  ) ; however, pre-
spawning sounds have not been described for  P. pictus  and  P. microps . We investigated the acoustic 
repertoire of  P. pictus  and, for the first time, the vocal behavior of  P. microps .  
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   2 Materials and Methods 

 Fish were collected in Parede (38°41 ¢  N, 009°21 ¢  W) and Lagoa de Albufeira (38°30 ¢  N, 009°10 ¢  W), 
Portugal, during the breeding season (January to June 2010). Males and females were kept in sepa-
rate stock aquaria (~18.4 l) with sand and shell shelters at 18 ± 1°C with a natural photoperiod. 
Experimental aquaria (~35 l) were divided with two acrylic partitions into three distinct compartments. 
Lateral compartments were provided with shelters (5.5 × 3 × 7 cm). A single male was placed in each 
lateral compartment while two gravid females occupied the middle compartment. Territorial males 
showed nuptial coloration and covered their nests with sand. 

 Sounds were recorded with three hydrophones, two High Tech 94 SSQ and a reference Brüel and 
Kjaer 8104, placed just above the male’s nest, connected to a multitrack analog-to-digital (A/D) 
converter, and controlled by Adobe Audition 3.0 (Adobe Systems). At the start of the 20-min 
recordings, one partition was removed, allowing the gravid females to interact with the territorial 
male. Sounds were analyzed using Raven 1.2.1 for sound duration, number of pulses, pulse period, 
and dominant frequency.  

   3 Results 

 Males of  P. pictus  produced drumming sounds when the females entered the nest to spawn. These 
prespawning sounds are being analyzed. 

 With the same sampling effort, fewer males of  P. microps  produced prespawning sounds and 
vocal activity was never registered outside the nest. Table  1  summarizes the acoustic features of the 
breeding sounds produced by different species of sand gobies including  P. microps  (drumming 
shown in Fig.  1 ).   

   4 Discussion 

 We show that  P. microps  produce breeding sounds, although less frequently than  P. pictus . This 
could indicate that  P. microps  uses other communication channels, e.g., chemical or visual, to com-
municate within its aquatic environment or that the studied  P. microps  males were not in a full-
breeding motivation. Analysis of Table  1  suggests that  P. microps  produce shorter drumming sounds 
with fewer pulses in comparison to other  Pomatoschistus  species. Drumming sounds made by 
 P. pictus  have more pulses and faster pulse rates than the remaining congeners. Damselfish 

   Table 1    Comparison of breeding sound characteristics between different sand gobies ( Pomatochistus  spp.)   

 Species 
 No. of 
Fish 

 Sound 
Duration, ms 

 No. of 
Pulses 

 Pulse Repetition 
Rate, Hz 

 Dominant 
Frequency, Hz  Reference 

  P. microps   2  504 ± 153 
(334–630) 

 15 ± 4 
(11–17) 

 31 ± 2 (29–33)  207 ± 103 
(89–281) 

 Present study 

  P. pictus   20  663 ± 464 
(211–2981) 

 29 ± 18 
(9–114) 

 23 ± 4 (18–31)  298 ± 122 
(156–431) 

 Amorim and 
Neves  2007  

  P. minutus   5  583 ± 68  15 ± 2  27 ± 2  99 ± 8  Malavasi et al.  2008  
  P. marmoratus   5  694 ± 314  17 ± 2  26 ± 2  125± 23  Malavasi et al.  2008  

  Values are means ± SD and range.  
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( Stegastes ) are able to distinguish species-specific courtship sounds of two ecologically overlapping 
congeners,  S. planifrons  and  S. leucostictus , that differ in the number of pulses and pulse intervals 
(Myrberg and Lugli  2006  ) . Several  Pomatoschistus  species are also sympatric and their breeding 
seasons overlap. However, further investigation is required to establish if the suggested interspecific 
differences illustrated in Table  1  can promote species–specific recognition in  Pomatoschistus  as in 
 Stegastes . Future research will be carried out regarding intra- and interspecific recognition using 
playbacks. In addition, playbacks under noise conditions could be utilized to evaluate the noise 
effect on species-specific recognition.      
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  Fig. 1    Oscillogram and a spectrogram of a drumming sound produced by  Pomatoschistus microps . The  drumming 
sound has 18 pulses and a duration of 632 ms. Filter bandwidth 124 Hz, Hamming window       
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   1 Introduction 

 Throughout the past 10 years, there has been an increasing interest regarding the influence of 
man-made noise on life in the sea. Behavioral studies show that hearing in fish (and other animals) 
can be impaired, either temporarily or permanently, by exposure to intense sound (Smith et al.  2004  ) . 
Also, physiological studies such as auditory brain stem response (ABR) measurements have shown 
that hearing thresholds shift when exposed to intense sounds (Kenyon et al.  1998  ) . It is known that 
some fish use hearing for sound communication and auditory scene analyses (Popper et al.  2003  ) , 
but little is known about how threshold shifts will affect their fitness through behavioral changes in, 
for example, predator/prey interactions. 

 With this pilot experiment, our objective is to test if temporary hearing threshold shift affects the 
ability of  Danio rerio  (zebrafish) to avoid predation. Previous experiments revealed that 40 h of 
exposure to Gaussian noise at a minimum of 130 dB re 1  m Pa root mean square (RMS) produced a 
shift in threshold in this species. Thereafter, in an experimental predator/prey environment, we 
determined if such a temporary threshold shift had implications for the survival of  Danio rerio . The 
intention was to provide information on the importance of hearing in this species as well as on 
environmental issues such as noise pollution.  

   2 Methods 

 Forty hours before ABR measurements, ten  Danio rerio  were moved to a separate ten-liter plastic 
tank. The fish were then exposed to Gaussian noise filtered by a first-order Biquad filter with a 
center frequency of 1,000 Hz and a bandwidth of 900 Hz. The sound intensity level was between 
130 and 150 dB re 1 mPa RMS. The sound source, a subwoofer, was placed outside the experiment 
tank. The noise was generated by a digital sound processor (TDT RP2 Processor) and delivered 
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through a power amplifier (XELEX DD-8 2 × 50 W). The system was controlled by a PC using 
software developed by Christian Brandt (QuickABR, University of Southern Denmark, Odense). 
After noise exposure, the fish were anesthetized with 3-aminobenzoic acid ethyl ester (MS-222) and 
the click ABR was measured by needle electrodes inserted subdermally, one over the ear, one over 
the brain stem, and one in the dorsal lateral musculature. Different intensity series of 100 clicks 
were played, and an average of the ABR to each series was registered. Changes in the averaged 
ABR for the sound-exposed group were correlated with the measurements from the control group 
to determine differences in thresholds. The threshold was defined as the lowest response above 
background noise. 

 Thereafter, groups of  Danio rerio  would be exposed to the same sound stimulation as mentioned 
above (Gaussian noise, bandwidth 550–1,450 Hz, noise level between 130 and 150 dB re 1 mPa 
RMS) before being introduced to predatory  Parachromis managuense  (jaguar cichlids) within 
5–10 min after exposure. We had four rounds of experiments and each round had five groups of five 
 Danio rerio  (i.e., five separate predator tanks with five zebrafish in each). We used both control 
groups and groups of exposed  Danio rerio  in each round. In total, 10 groups, each with 5  Danio 
rerio , were sound exposed and an equal number participated as control animals. Video images of 
predator-exposed  Danio rerio  were analyzed.  

 With the video analyses, it was possible to determine the time between the release of the five 
 Danio rerio  in each group and their capture. The survival time for each  Danio rerio  introduced to 
predators was recorded for each group of five. Over a period of 7 wk, each of the 5 predators was 
introduced to 2 control groups and 2 sound-exposed groups of  Danio rerio .  

   3 Results 

  Danio rerio  exposed to Gaussian noise in the frequency band of 550–1,450 Hz showed a change in 
hearing sensitivity. The threshold measurements with click ABR revealed a change in sensitivity 
from 95 dB re 1  m Pa RMS for the control group to 105 dB re 1  m Pa RMS for the sound-exposed 
group. 

 Predation by the jaguar cichlids was very robust, and usually  Danio rerio  were taken within a 
few minutes of release in the experimental tanks. However, there was no significant difference in 
predation avoidance behavior between the control group and the sound-exposed group. All statisti-
cal tests were performed in SAS (Version 9.1 for Windows, SAS Institute, Inc., Cary, NC), with a 
significance level at  a  = 0.05. 

.1 .2 .3 .4 .5
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Light Light

  Fig. 1    The setup with the predators in aquaria. Control and sound-exposed groups of  Danio rerio  were introduced 
to each predator in groups of five. C: Video camera positions       
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 Figure  2  shows that there was a clear trend, on average, toward more severe predation of the 
sound-exposed group. Also, the time from release to capture tended to be higher and the capture 
rate lower for the control group, indicating a higher survival rate.   

   4 Discussion 

 Noise exposure creates a shift in threshold in the hearing sensitivity of  Danio rerio . This shows that 
the method used here is applicable for experimental investigations of the effects of noise 
pollution. 

 The behavioral experiment showed no significant difference between the sound-exposed and con-
trol groups in their ability to survive in a predator/prey environment. With the current experimental 
setup, conclusions cannot be drawn as to whether sound exposure and the subsequent loss in hearing 
sensitivity decreases predation avoidance in  Danio rerio . However, it is likely that the lack of signifi-
cance is due to the small sample size in the experiments, and the results from this behavioral experi-
ment can be used to calculate the correct statistical power. It is important to select species for study 
that are representative of other species to be able to see a model effect and understand the conse-
quences.  Danio rerio  is a model species for the Ostariophysi suborder, the second largest suborder 
of fish, known among other things for their great hearing abilities. Thus our findings have the poten-
tial to give insight into hearing and predation avoidance in other ostariophysians, and we think that 
 Danio rerio  can be used as a model for the Ostariophysi suborder. Future studies are required to 
investigate the details of the potential predatory cue to which  Danio rerio  may react.      
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   1 Introduction 

 With the aid of the lateral line, fish perceive minute water motions and pressure gradients (Coombs 
 2002  ) . The lateral line of fish is important for many behaviors including spatial orientation, prey 
detection, shoaling, and intraspecific communication (Bleckmann  1994  ) . In addition, fishes use 
lateral line information for station holding and entraining (Liao  2007  ) . 

 The smallest sensory unit of the lateral line is the neuromast. A single neuromast may contain 
up to 3,000 hair cells covered by a mucous cupula (Bleckmann  1994  ) . Lateral line systems have a 
band-pass characteristic with mechanical properties primarily influenced by the stiffness of the cili-
ary bundles of the hair cells, the size and shape of the cupulae (van Netten  2006  ) , and the dimen-
sions of the canals. Lateral line canals enhance the ability to detect a vibrating sphere under flow 
conditions (Engelmann et al.  2002  ) . 

 In their natural habitat, fish not only face animal-generated water motion but also water motion 
caused by inanimate sources. In general, the detection and discrimination of meaningful signals are 
crucial for the survival of animals; therefore, animals should be equipped with sensor systems that 
enable them to separate meaningful signals from noise.  

   2 Diversity of Lateral Line Systems 

 Fish live in various habitats that differ in their hydrodynamic noise (e.g., in lakes and ponds or in 
fast running rivers). For this reason, it is not surprising that the morphology of the peripheral lateral 
line is highly diverse (Coombs et al.  1988  ) . For instance, neuromasts may occur freestanding on the 
skin (superficial neuromasts), in grooves, or in fluid-filled canals (canal neuromasts). The number 
of hair cells as well as the size and shape of the cupulae may differ in individual fish species. Head 
lateral line canals may be simple (Perciformes), groovelike (Holeocephali), or furcated 
(Clupeomorpha). Although most fish species have one trunk lateral line canal on each side of the 
body (e.g.,  Carrasius auratus ), some fish (e.g.,  Brachydanio rerio ) have either no trunk canal or up 
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to four (e.g.,  Xiphister ) on each body side (Webb  1989  ) . The diameter of the canals, the size of the 
canal pores, and the interpore distances may also vary across species. Despite all this variability, the 
functional significance of the lateral line diversity is still not understood.  

   3 Artificial Lateral Line System 

 For many reasons, it is difficult to study form-function relationships in natural lateral lines. In most 
cases, lateral line systems are so diverse that even the influence of a single parameter (e.g., canal 
diameter or interpore distance) can hardly be uncovered. When studying form-function relation-
ships, it is advantageous to use artificial lateral line canals over natural ones because any canal 
parameter (e.g., canal diameter or interpore distance) can easily be controlled and manipulated. For 
this reason, we used artificial lateral line canals equipped with highly sensitive artificial neuromasts 
to investigate lateral line filter properties.  

   4 Stimuli and Results 

 Most biotic and abiotic hydrodynamic stimuli can be described by a composition of monopoles, 
dipoles (e.g., a vibrating sphere), or their vortex patterns. The hydrodynamic field caused by mono-
poles and dipoles is well understood (Kalmijn  1988  ) . More complex water motions, such as vortex 
streets, occur behind undulatory swimming fish and downstream of many objects exposed to run-
ning water (Liao  2007  ) . The water motion in shore regions, in ruffles, and in fast running rivers may 
also be highly complex because of the synchronous presence of many superimposed stimuli. In con-
trast to the complexity of the natural hydrodynamic world, most experiments designed to uncover 
lateral line function use only simple hydrodynamic environments (still water, laminar flow, vortex 
streets) and stimuli (dipoles, moving objects) to study lateral line function. To uncover a possible 
form-function relationship of lateral line canals, we exposed artificial canals to dipole stimuli and 
to vortex streets in both laminar and turbulent flow. Our experiments clearly show that certain canal 
parameters greatly improve the signal-to-noise ratio.      
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   1 Introduction 

 Hearing is a primary sense in many marine animals, and we now have a reasonable understanding 
of what stimuli generate clear responses, the frequency range of sensitivity, expected threshold 
values, and mechanisms of sound detection for several species of marine mammals and fishes ( Au 
et al.  2000 ; Fay  1988  ) . For marine invertebrates, our knowledge of hearing capabilities is relatively 
poor and a definition or even certainty of sound detection is not agreed on (Webster et al.  1992  )  
despite their magnitude of biomass and often central role in ocean ecosystems. 

 Cephalopods (squid, cuttlefish, octopods, and nautilus) are particularly interesting subjects 
for invertebrate sound detection investigations for several reasons. Ecologically, they occupy many 
of the same niches as sound-sensitive fish (Budelmann  1994  )  and may benefit from sound percep-
tion and use for the same reasons, such as to detect predators, navigate, or locate conspecifics. 
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Squid, e.g., are often the prey of loud, echolocating marine mammals (Clarke  1996  )  and may therefore 
be expected to have evolved hearing to avoid predators. Anatomically, squid have complex stato-
cysts that are considered to serve primarily as vestibular and acceleration detectors (Nixon and 
Young  2003  ) . However, statocysts may also be analogs for fish otolithic organs, detecting acoustic 
stimuli (Budelmann  1992  ) . Previous studies have debated the subject of squid hearing, and recently, 
there has been a revival of research on the subject. Here, we briefly review what is known about 
squid sound detection, revisit hearing definitions, discuss potential squid susceptibility to anthropo-
genic noise, and suggest potential future research directions to examine squid acoustic sensitivity.  

   2 Sensitivity of Squid to Acoustic Stimuli 

 Early anecdotal reports suggested that cephalopods might detect sounds because squid were 
attracted to 600-Hz tones and cuttlefish ( Sepia officinalis ) elicited startle responses to 180-Hz 
stimuli (Dijkgraaf  1963 ; Maniwa  1976  ) . Norris and Møhl  (  1983  )  later postulated that squid might 
be debilitated by the acoustic intensity of foraging odontocete (toothed whale and dolphin) echolo-
cation clicks. This hypothesis led Moynihan  (  1985  )  to suggest that squid might, in turn, be deaf to 
acoustic stimuli to avoid this “stunning.” However, anatomical evidence of squid statocysts indicates 
that the organ acts as an accelerometer (Budelmann  1976  )  potentially used for acoustic detection 
(Budelmann  1992  ) . Behavioral conditioning experiments later confirmed that squid ( Loligo vul-
garis ), octopus ( Octopus vulgaris ), and  S. officinalis  can detect acceleration stimuli from 1 to 
100 Hz, presumably by using the statocyst organ as an accelerometer detecting the body movements 
of the squid in the sound field (Packard et al.  1990  ) . This and a follow-up study (Kaifu et al.  2008  )  
showed that cephalopods can detect the low-frequency particle-motion component of a sound field, 
but the question whether cephalopods are also sensitive to higher frequencies and sound pressures 
still remained. Recent laboratory experiments have demonstrated that squid do not exhibit anti-
predator responses in the presence of odontocete echolocation clicks (Wilson et al.  2007  ) , indicating 
that they cannot detect the ultrasonic pressure component of a sound field. However, recently, Hu 
et al.  (  2009  )  suggested that squid ( Sepiotheutis lessoniana ) can detect sound pressure stimuli using 
their statocyst organ. Unfortunately, these data had several methodological issues including no cali-
brations of particle motion and placing squid at the water’s surface where discrepancies between 
sound pressure and particle motion are greatest. Thus cephalopods seem to be sensitive to the low-
frequency particle-motion component of the sound field and not pressure. Yet it appears necessary 
to discuss whether such a sensitivity can be understood as hearing.  

   3 Defining “Hearing” For Squid and Other Marine Organisms 

 There is no inherent reason why the definition of “hearing” should be taxon specific. It arguably 
should be based on the ability to detect acoustic stimuli per se and on the ability to analyze acoustic 
properties of a stimulus. Thus this should not be a discussion about whether hearing fits squid per-
ceptual mechanisms but whether squid perceptual abilities fit the broader scope of “hearing.” 

 Yost  (  1994  )  defines hearing broadly as sensitivity to sounds in the environment and encompass-
ing coding, processing, integration, and response of sound. An alternative definition suggests that 
hearing is the auditory detection of sound (Webster et al.  1992  ) . Both definitions are similarly open-
ended, probably intentionally so. Both also presume a definition of sound that is a well-defined 
hydrodynamic wave that propagates in an elastic medium by pressure and particle-motion oscilla-
tions (Kalmijn  1988  ) . In the marine environment, an air cavity or at least some compressible tissue 
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in the vicinity of the fenestrae is considered crucial to detect sound pressure (Fay and Popper  1974 ; 
Ketten  1992  )  because the air/tissue acts as a pressure-to-particle motion transducer. Particle motion 
alone can be detected by inertial delays in acceleration of higher density objects versus macular 
receptors. Taking either case to be valid, hearing may be considered the detection of acoustically 
generated sound pressure differentials or particle motion or both. Detection of the particle-motion 
component of a sound field has been demonstrated in many marine organisms including cartilagi-
nous and teleost fish that are without specialized adaptations to detect or relay sound pressure recep-
tion to the inner ear (de Vries  1950  ) . 

 Thus we argue that hearing can be validly considered as the detection of broad or isolated ele-
ments of sound-generated stimuli and that it may be achieved by a single or multifunctional organ 
adapted for that purpose. The ability to detect sound pressure and/or acoustic particle motion there-
fore is a sufficient qualifier. Given this premise, many marine organisms capable of detecting acous-
tically generated particle motion are not, as has often been presumed, unreceptive to sound or its 
impacts, thereby opening a new area of exploration for the physiology of hearing. We discourage 
the notion that hearing would be limited to only sound pressure detection; thus many marine organ-
isms, although capable of detecting acoustically generated particle motion, would be considered 
deaf. It is important to note that according to our definition, a hearing organ may also respond to 
mechanical disturbances other than sound (such as vibrations, local hydrodynamic waves). We think 
that this is an important feature, especially in marine particle-motion sensors, and that it will be 
difficult to understand the evolution of hearing without acknowledging this dual function of the 
sound-receiving organs.  

   4 Squid Susceptibility to Aquatic Noise 

 Any impacts of aquatic noise on cephalopods have yet to be established and are poorly understood. 
Ambient and anthropogenic ocean noise are substantial at lower frequencies where squid are sensi-
tive (Packard et al.  1990 ; Urick  1983  ) , suggesting that they will be susceptible to masking or other 
physiological or behavioral impacts of anthropogenic noise (McCauley et al.  2000  ) . Statocyst or 
lateral line hair cells could be impacted by sound energy (either long duration or brief, high-intensity 
noise). Such hair cell damage and related temporary hearing loss has been demonstrated in fishes 
(McCauley et al.  2003  ) , and this has been suggested for squid (which do have a lateral line ana-
logue; Budelmann  1994  ) .  

   5 Future Research Directions 

 Ideally, detection capabilities would be measured both behaviorally and physiologically. Directed 
research should identify whether the statocyst acts as the organ of acoustic reception or whether the 
lateral line analogue may be involved. Finally, the biological relevance of the acoustic stimuli 
should be addressed. This includes whether squid may hear fish and odontocete predators, the neu-
roanatomy of auditory structures, and whether squid are susceptible to the impacts of anthropogenic 
noise. 

 Although the field of cephalopod audition has been debated in the past, almost all questions of 
acoustic detection remain to be addressed. This leaves room for significant and groundbreaking 
work on the sensory ecology of animals that are often considered keystone species in many ecologi-
cal webs. Here we have attempted to introduce a preliminary road map for such progress and we 
expect the issue of squid sound detection to be resolved in due time.      
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    1 Introduction 

 For all animals that hear, the detection of a sound source depends on, among other things, the 
amount or level of the potentially interfering sounds (maskers) that exist simultaneously with the 
sound to be detected (“signal”). The potentially interfering sounds are generically referred to as 
“noise,” whereas the sound of interest to be detected is generically referred to as the “signal.” 
“Signals” and “noise” may be any sounds at all under the usual circumstances of a fi sh listening for 
critical environmental information. For example, the “signal” may be a noise waveform that conveys 
information that the fi sh needs to acquire to increase awareness of its surroundings so that it can 
behave appropriately with respect to its source. The interfering “noise” waveform may likewise be a 
wide band, narrow band, or a tonelike sound (e.g., a sonar sound) with an arbitrary spectrum. 

 Under many circumstances in usual environments, the background or ambient noise of natural 
origin (e.g., wind, rain, surf) may be interfering with signal detection (e.g., Chapman and Hawkins 
 1973  ) . When this interference takes place, sounds to be detected must be at a higher sound pressure 
level to be heard than they would be in quiet background conditions. This suggests the defi nition of 
masking as the circumstance in which the presence of one sound (the masker) results in the threshold 
for the detection of another sound (the signal) to be raised above the thresholds obtained in the quiet. 
In effect, the animal becomes less sensitive (has a higher threshold or is, in effect, hearing impaired) 
with respect to the signal sounds. Masking effects depend on several factors including signal dura-
tion, the spectral features of the source, the location of the signal source relative to interfering 
sources, and the level and spectral features of interfering sounds (usually noise). This chapter focuses 
on the interfering effects of maskers on signal detection by fi shes. 

 In the case of anthropogenic sounds, the background sound levels may be raised by anthropogenic 
sources (e.g., shipping noise) above what is considered normal or usual, resulting in more masking or 
signal threshold elevation than would be the case under normal ambient noise levels and an increased 
risk to animals having to detect the signals. The risk derives from at least two noise effects: the loss of 
sensitivity to all sounds that the fi sh can normally hear (e.g., environmental sounds necessary for 
soundscape orientation [Slabbekoorn and Bouton  2008  ]  and communication sounds [Myrberg  1981  ] ) 
and a contraction of the distance range at which all normally audible sources can be detected. 

 Anthropogenic noise may have an arbitrary temporal pattern and spectral shape, and the signals 
to be detected may be similarly diverse in center frequencies, spectra, and bandwidths. For most of 
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these noises and signals, there are few or no data on the masking effects of specifi c or arbitrary maskers 
and signals, and we are therefore limited in our predictions of the risk to animals of various levels of 
anthropogenic noise. 

 However, there are systematic data on masking from laboratory studies using tones as signals and 
white fl at spectrum noise as maskers. These are simplifying conditions that make the results of 
masking experiments generally interpretable and applicable across species. Most masking experi-
ments proceed from the assumptions of the “power spectrum model” of sound detection and mask-
ing that is widely used in human and animal psychoacoustics (Fletcher  1940  ) . Briefl y, this model 
holds that when a tone signal is detected, it activates an optimal hypothetical detection channel or 
fi lter centered on the frequency of the tone. These channels are assumed to have a best frequency at 
the frequency of the tone to be detected and to have a certain fi nite bandwidth. These channels 
respond to the noise too, and the power (amount) of the noise admitted by the detection fi lter is 
determined by the fi lter’s bandwidth; wider fi lters admit noise with more power and therefore pro-
duce greater masking of the signal. 

 When the signal power equals the noise power passing through the fi lter, the signal is assumed to be 
at masked threshold or “just masked” or “just detected.” The noise power through the fi lter is calculated 
by summing up the noise components that pass through the fi lter. An indirect estimate of the bandwidth 
of the fi lter is calculated by determining the signal-to-noise ratio at the threshold of the masked tone. 
This is termed the critical masking ratio (CR) and is the level of the tone at masked threshold minus the 
level of the masking noise (specifi ed as a spectrum level or level per hertz and assumed to have a uni-
form [fl at] spectrum within the calculated bandwidth). For example, if the level of the tone at threshold 
is 60 dB re 1 μPa and the level per hertz of the masking noise is 40 dB re 1 μPa, the CR is 20 dB. Then 
the CR can be used to estimate the equivalent rectangular bandwidth (ERB) of the noise effective in 
masking the tone in the following manner: ERB (in Hz) = 10 CR/10 . In other words, the bandwidth of the 
noise passing through the hypothetical detection fi lter and responsible for masking the tone would be 
100 Hz in this case. Using this model, only the noise components in a rectangular band centered on the 
signal frequency is assumed effective in masking the tone. These assumptions are likely wrong in some 
cases but can be considered to be good rules of thumb. 

 These CR values for pure tones masked by uniform spectrum noise have been measured for several 
fi sh species. These species are goldfi sh ( Carassius auratus ; Fay  1974  ) , marine catfi sh ( Arius felis ; 
Tavolga  1982  ) , African mouthbreeder ( Tilapia macrocephala - Tavolga  1974  ) , pinfi sh ( Lagodon rhom-
boids ; Tavolga  1974  ) , Atlantic cod ( Gadus morhua ; Buerkle  1968 ; Chapman  1973 ; Chapman and 
Hawkins  1973 ; Chapman and Johnstone  1974 ; Hawkins and Sand  1977  ) , haddock ( Melanogrammus 
aeglefi nus ; Chapman  1973  ) , and Atlantic salmon ( Salmo salar ; Hawkins and Johnstone  1978  ) . 

 In general, CR values range from ~13 dB (20 Hz) at the low frequencies to over 25 dB (316 Hz) 
at higher frequencies. For the goldfi sh (Fay  1974  ) , the function is approximately linear, with log 
frequency from 100 to 1,200 Hz. The data for the other species are more variable but, in aggregate, 
can be described as increasing with frequency at ~3 dB/octave, much like the goldfi sh data. 

 Independent measures of the effective bandwidths and shapes of the detection fi lters have also 
been made for several species using different masking techniques: goldfi sh, Atlantic cod, Atlantic 
salmon, elephant nose ( Gnathonemus petersii ), clown knifefi sh ( Notopterus chitala ), arawana 
( Osteoglossum bicirrhosum ), and Hawaiian squirrelfi sh ( Adioryx zantheryhrus ; see Fay  1988  for 
references to these papers). In general, these fi lter shapes are approximately Gaussian shaped and 
help confi rm that only the noise-frequency components surrounding the signal frequency are effec-
tive in causing masking. 

 The interpretation of the increasing CRs with signal frequency in Figure  1  is that the hypothetical 
detection fi lters widen in bandwidth at the higher frequencies. Thus each detection fi lter is generally 
narrower than the range of frequencies that a given species can hear. This means that for the detec-
tion of a given tone frequency, only a masker corresponding to some fraction of the audible 
frequency range activates the hypothetical detection fi lters and causes masking.  
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 The measurement of CRs has practical applications in estimating whether or not a given signal 
will be detected in a given noise environment. Given that the noise level is high enough to cause 
masking, a measurement of the CR predicts what the animal can and cannot detect. The audiogram 
in quiet cannot make this prediction except in the unusual case of “quiet” environmental conditions 
(no masking at all). In this sense, the CR measurement is most important in assessing the effects of 
elevated noise levels on hearing performance and risk to fi shes.  

   2 Potential Problems With This Scenario 

 The power-spectrum model outlined above is incomplete. First, it is known that in humans and other 
terrestrial animals the temporally amplitude-modulated noise tends to lose some of its masking effects 
depending on the frequency and bandwidth of modulation. This is the basis for the masking effect 
known as comodulation masking release (CMR) (e.g., Klump and Langeman  1995  ) . CMR phenomena 
indicate that the power-spectrum model of masking needs revision. Second, the mere detection of a 
signal may not provide enough information for the sound source to be segregated or discriminated from 
other sources (Lohr et al.  2003  ) ; signal levels must be somewhat higher than the masked detection 
threshold for the animal to gain biologically useful information about the source detected. So CRs by 
themselves don’t tell the whole story of the risks associated with elevated noise levels.  

   3 An Experiment on These Issues 

   3.1 Effects of Amplitude-Modulated Noise Maskers 

 The effects of masking noise amplitude modulation and the signal-to-noise ratios required for signal 
detection were studied in 6-in. common goldfi sh ( Carassius auratus ) using classical respiratory 
conditioning (e.g., Fay  1995  ) . Five groups of eight animals each were trained and tested. In experiment 1, 
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four groups of animals detected a 6-s 400-Hz pure tone in the presence of wideband noise that was 
either unmodulated or modulated by different temporal patterns. The modulation was a random 
noise waveform that was low-pass fi ltered at 10, 20, and 50 Hz (corner frequency). Conditioned 
respiratory suppression was measured with electric shock as the unconditioned stimulus. Psychometric 
functions were determined for signal detection by fi xing the tone signal level and manipulating 
masker level over a 40-dB range. Thresholds were defi ned as the sound-to-noise levels correspond-
ing to 50% of maximum respiratory suppression. 

 Results showed that the maximum masking effect occurred in the presence of the unmodulated 
masker and that there was a slight release from this masking effect as the random modulation was 
created at lower frequencies (Fig.  1 , diamonds). For comparison, data for the European starling 
(Klump and Langeman  1995  )  obtained in a similar experiment are plotted (squares). The masking 
release caused by modulation of the masker noise reaches a maximum of ~5 dB for a 10-Hz low-pass 
modulation and declines as modulation frequency is raised. Although this trend is similar for the 
starling (and for humans), the modulation masking release for the goldfi sh is particularly small. 

 Thus we conclude that the goldfi sh, as with all tetrapods investigated, shows some (but small) 
release from masking for amplitude-modulated noise maskers, with the release growing with reduc-
tions in the low-pass corner frequency of the noise masker.  

   3.2 The Signal-to-Noise Ratio Required for Source Determination 

 The masked signal level required for source determination or segregation was investigated in an 
additional group of eight goldfi sh by using classical respiratory conditioning in combination with a 
stimulus generalization paradigm (e.g., Fay  1995  ) . Goldfi sh conditioned to a pure tone will general-
ize to other stimuli to the extent that the novel test stimuli have features in common or similar to the 
conditioning stimulus. It was reasoned that a 400-Hz tone just at masked threshold (just detected) 
would not appear to be very similar or identical to a clearly audible 400-Hz tone (i.e., would not be 
determined or well segregated from the noise) and that to be determined, its level would have to be 
higher than at the masked threshold. This experiment estimated how much higher in level it would 
have to be to be determined against a background of noise. 

 The psychometric function and threshold in unmodulated noise were compared to a compara-
ble psychometric function obtained in a stimulus generalization paradigm. Fish were fi rst condi-
tioned (40 trials) to a clearly audible 400-Hz tone (~40 dB above the masked threshold) with a 
low-level background noise varying in amplitude from trial to trial. Following this conditioning, 
the fi sh received 40 additional test trials in which the same 40-dB sensation level tone was pre-
sented in a noise background that varied in level from trial to trial by up to 50 dB so that on some 
trials the tone was completely masked, whereas on others it was clearly audible. It was reasoned 
that if the tone was far enough above the masked threshold, it would be completely determined 
(e.g., its frequency would be completely known) and it would result in near 100% generalization 
(it would be determined to be near 100% similar to the clearly audible tone to which the fi sh was 
initially conditioned). On the other hand, at the masked threshold and at other signal-to-noise 
ratios near threshold, the tone would only be incompletely determined, and this would result in 
suboptimal generalization. 

 Figure  2  shows the psychometric function and the generalization function that resulted from these 
two conditions. The signal-to-noise ratio function for generalization requires about a 4-dB higher 
value than is required for signal detection. This difference was interpreted to be the signal level 
“gap” between what is necessary for detection and what is required for source determination or 
segregation. This gap is ~4 dB, meaning that the signal has to be ~4 dB above the masked threshold 
(the CR) to be clearly heard, determined, or segregated.    
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   4 Conclusions 

 All continuous masking noise has the effect of causing detection thresholds for all normally detect-
able signals to be raised above the quiet case, in effect causing a hearing impairment. This renders 
some low-level sounds undetectable and reduces the distance range over which all sources can be 
detected by fi shes. This effect depends on the type of transmission loss with distance in a given 
environment. For goldfi sh, a partial release from this masking effect can occur when the noise is 
amplitude modulated at low rates (~5 dB). However, this masking effect increases by ~4 dB when 
the criterion for response is changed from mere detection to the ability to determine the details of the 
signal source (segregation). In general, ~4 dB should be added to the signal-to-noise ratio (CR) 
required for detection when estimating the interfering effects of noise on fi shes. The masking caused 
by more charismatic but intermittent sound sources such as pile driving, seismic shooting, and sonar 
systems has not been studied and remains a topic for future research.      
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   1 Introduction 

 The scientific community and the general public have become increasingly aware of and concerned 
about underwater sound. In addition, abstract physical science concepts can be challenging to 
understand. As the interest in underwater sound and its potential effects on the marine environment 
increases, there is a growing need for resources on the fundamental concepts of underwater sound. 
The Discovery of Sound in the Sea (DOSITS) Web site (  http://www.dosits.org    ) has been designed 
to provide comprehensive scientific information on underwater sound at a level appropriate for the 
general public and for educational and media professionals (Vigness-Raposa et al.  2008  ) . The 
DOSITS Web site introduces the physical science of underwater sound and how people and animals 
use sound to accomplish various tasks in three science sections, three resources sections, and three 
galleries. DOSITS was recently redesigned to include an interactive front page, an interactive Audio 
Gallery, and a redesigned Scientist Gallery.  

   2 Web Site Overview 

 Underwater sound is a complex topic and there is a shortage of resources available at an introduc-
tory level. The DOSITS Web site introduces underwater sound in an interactive, online learning 
environment with material appropriate for ages from middle school through adult. However, even 
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elementary students will find useful and understandable content, particularly in the galleries. 
Scientific information is presented in three major sections including the Science of Sound in the 
Sea, People and Sound in the Sea, and Animals and Sound in the Sea. Content targeting specific 
audiences is provided in resource sections for teachers, students, and the media. Three galleries 
highlight multimedia resources of sounds, technologies, and scientists. 

   2.1 Science Sections 

 Scientific content introducing the physical science concepts related to underwater sound and how 
people and animals use sound to accomplish various tasks is presented in three major science sec-
tions. The Science of Sound in the Sea section provides a thorough introduction to fundamental 
concepts of underwater sound, including topics such as sound movement, sound measurement, and 
the difference between sound in air and sound in water. Several advanced concepts are also pre-
sented, e.g., an introduction to decibels, cylindrical versus spherical spreading, and ocean noise 
variability, and noise budgets are provided. 

 The People and Sound in the Sea section includes information on the many everyday activities 
that depend on underwater sound. Examining the Earth’s history, investigating marine animals, and 
studying weather are just a few examples of human activities that require the use of underwater 
sound. A new section on the history of underwater sound details the discovery of underwater acous-
tics and its development and uses since the 1800s. 

 The Animals and Sound in the Sea section includes information on the use, production, and 
reception of sound by marine life. New content on how sea turtles hear has recently been added, 
along with additional details on how hearing is measured. Animals and Sound in the Sea also 
includes an extensive discussion on the current state of knowledge of the effects of underwater 
sound on marine mammals and fishes. The process of risk analysis and the methods for measuring 
a marine animal’s reaction to sound are discussed. In addition, the best available, peer-reviewed, 
published literature on the effects of underwater sound on the marine environment is summarized 
in comprehensible, efficient pages. These sections provide a thorough introduction to underwater 
acoustics and its many uses.  

   2.2 Resources Sections 

 The content of the Web site has been organized into resources sections that target specific audi-
ences: teachers, students, and the media. The Teacher Resources include classroom activities devel-
oped by educators along with a list of links to helpful classroom resources. Structured tutorials 
provide linear teaching paths with a progressive development of knowledge on the science topics of 
underwater sound, the technologies used with underwater sound, and the effects of underwater 
sound on marine life. PowerPoint presentations of the Web site content are available to download 
for in-classroom use. The Student Resources also include the structured tutorials. The Media 
Resources include a backgrounder on how marine animals hear underwater, frequently asked ques-
tions (FAQ) that answer the most commonly asked questions about underwater sound, and a facts 
and myths quiz. The facts and myths quiz tests the reader’s understanding of the complex topic of 
underwater sound, providing answers and links to pages on the DOSITS Web site with further 
information.  



137Discovery of Sound in the Sea: An Online Resource

   2.3 Galleries 

 The DOSITS Web site also includes three galleries: Audio Gallery, Technology Gallery, and 
Scientist Gallery. The Audio Gallery contains audio files in QuickTime and MP3 formats of more 
than 65 underwater sounds generated by marine mammals, marine invertebrates, fishes, human 
activities, and natural phenomena. The Technology Gallery contains images and descriptions of the 
scientific and commercial equipment that are used for everyday tasks such as observing ocean 
 currents and temperature and locating objects underwater. The Scientist Gallery highlights five 
renowned scientists studying or using underwater acoustics in their research. A summary of their 
research, along with a biography and videotaped interviews, are provided for each scientist.   

   3 Redesign Highlights 

 The DOSITS Web site was launched in November 2002 when Internet speeds were a significant con-
sideration and many schools had limited Internet access. However, as Web technology advanced, 
substantial improvements in speed and user ability opened the door for enhanced features on the 
DOSITS Web site. Working with a professional Web design team, the DOSITS Web site was relaunched 
in March 2010 with a fresh “look and feel” that maintains functionality and content. The redesign 
includes an interactive front page, an interactive Audio Gallery, and a redesigned Scientist Gallery. 

 The redesigned front page of the DOSITS Web site includes a Flash-based interactive that show-
cases five topic areas (Fig.  1 ). This allows readers to grasp the wide breadth of content covered on 
the Web site at an easy glance. New content added to the Web site can also be highlighted, pointing 
out recent developments that might otherwise not be readily discovered.  

  Fig. 1    Front page of the 
Discovery of Sound in the 
Sea (DOSITS) Web site 
(  http://www.dosits.org    )       
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 Within the Audio Gallery, the interactive allows the reader to efficiently select and move between 
sound sources, providing content in a simple, straightforward manner. The Scientist Gallery has 
been redesigned to focus attention on videotaped interviews. Teachers continually request video 
content, but many were not aware of the scientist interviews included on the Web site. Individual 
questions can be selected, a transcript of the interview can be reviewed while listening to the inter-
view, and both the interview and transcript are able to be downloaded.  

   4 Conclusions 

 The DOSITS Web site provides easy, efficient access to timely, peer-reviewed information on the 
science of underwater sound and the current state of knowledge on the effects of underwater sound 
on marine mammals and fishes. The redesigned format takes advantage of Web technology develop-
ments to create an interactive learning environment that showcases physical science concepts in the 
natural world to develop a deeper understanding of the science of underwater sound.      
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   1 Introduction 

   1.1 Tursiops truncatus 

  Tursiops truncatus  (bottlenose dolphin) is the best known of all marine mammals, being widely 
distributed in almost all the oceans in the world. In some regions, two distinctive forms, offshore 
and inshore, are recognized, with variations in color, size, and genotype of the animals (Hoelzel 
et al.  1998  ) . 

 Although  Tursiops truncatus  has been recently classified as “least concern” in the last evaluation 
of the International Union for Conservation of Nature (IUCN;  2008  ) , many threats are operating in 
some coastal populations due to the antropic activities. The geographic variation is still poorly 
known due to the difficulty in obtaining data from oceanic animals. The recent discovery of a group 
in the Saint Peter and Saint Paul Archipelago in the central part of the equatorial Atlantic Ocean 
offers a unique opportunity to study the species in the pelagic environment.  

   1.2 Vocalizations 

 Many gregarious species have group-specific signaling, and the sign specificity of individuals or 
populations can reflect the social system and behavioral context.  Tursiops truncatus  produces a 
wide repertoire of complex vocalizations, and the whistle is one of the categories that receives more 
attention due to the social context in which it occurs (Janik and Slater  1998  ) . 
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 The quantification of the structure and variability of the vocalizations is an important aspect of 
studies evaluating repertoire differences between populations (Rendell et al.  1999 ; Wang et al. 
 1995  ) . This work describes the geographic variability of whistle repertoires in two distant groups of 
 Tursiops truncatus  in the southwestern Atlantic Ocean.   

   2 Materials and Methods 

 The acoustic data were collected from 2000 to 2009 from two populations: a coastal group inhabit-
ing the Tramandaí channel (29°58 ¢  S 50°07 ¢  W), southern Brazil (Hoffmann  2004  ) , and an oceanic 
group occurring in the surrounding waters of the Saint Peter and Saint Paul Archipelago, 1,010 km 
away from the northern coast of Brazil (0°56 ¢  N 29°22 ¢  W). 

 Vocalizations were recorded with C-53 and C-54XRS hydrophones (Cetacean Research 
Technology, Seattle, WA) using a DAT Sony TCD-D8 and a Fostex FR-2. The spectrograms were 
generated with Raven 1.1 (Cornell Laboratory of Ornithology, Ithaca, NY). The configuration was 
fast Fourier transform (FFT) 512 samples, Hanning window, and 50% superimposition. The follow-
ing parameters were extracted: maximal, minimal, initial and final frequencies and duration and 
range of the frequency variation. To compare the data between the areas, the Mann-Whitney test 
was used for whistle duration and the independent sample  t -test for all the other parameters.  

   3 Results and Discussion 

 In the repertoire analysis, 1,768 whistles were analyzed from Tramandaí and 720 from the archi-
pelago group (Fig.  1 ). The differences between the areas were significant ( P  < 0.0001) for all 
whistle parameters except for final frequency ( P  = 0.299). The whistles from the archipelago pre-
sented bigger values for maximal frequency (maximum = 24 kHz; average = 15.033 ± 3.438 kHz), 
minimal frequency (maximum = 17.410 kHz; average = 6.401 ± 2.076 kHz), initial frequency 
(maximum = 24 kHz; average = 9.816 ± 5.134 kHz), duration (maximum = 2.727 s; average = 0.804 
± 0.404 s), and frequency variation (maximum = 18.701 kHz; average = 8.631 ± 3.011 kHz) com-
pared with the values from Tramandaí (average = 10.378kHz, 4.729 kHz, 5.641 kHz, 0.392 s, and 
5.647 kHz, respectively).  

 Different causal explanations for the geographic variations can be allocated, considering eco-
logic, genetic, and social factors. Usually, the biggest differences in whistle variations are found in 
populations of nonadjacent areas (Wang et al.  1995  ) . In this work, a possible genetic isolation could 
be underlying the difference found because such a condition would mean the absence of constant 
contact with other groups and a consequent isolation of the acoustic repertoire of its members. 

 Whistle structure can also vary according to the environment where the dolphins seem to alter 
some parameters to adapt to specific environmental noise levels. The absence of interfering obsta-
cles in open waters seems to favor the use of higher frequencies in pelagic species, given that such 
characteristics allow a better use of the binaural clues (Wang et al.  1995  ) . The archipelago group 
lives in a region with low noise levels, great depth (to 1,400 m), and transparent waters (visibility 
can reach 30 m), unlike the coastal group that occupies a shallow channel (5 m) with low visibility 
and antropic activities. 

 In studies of the social organization,  Tursiops  populations around the world have been described 
as fission-fusion societies (Connor et al.  2000  )  and changes in their social organization seem to 
respond mainly to the area characteristics. In Tramandaí, the predominance of lone dolphins inside 
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the channel was related to the facility of prey capture without the necessity of associations 
(Hoffmann  2004  ) . In the archipelago, the depth, food offering, water currents, and presence of 
predators are completely diverse; thus it is expected that such differences would be reflected in their 
vocalizations, considering that their use is related to social organization and prey capture.  

   4 Conclusions 

 The differences in the whistle parameters between the areas seem to be related to differences in the 
environment and water characteristics, allowing the use of higher frequencies and longer vocaliza-
tions as well as whistles with a broader range of frequency variation. Future comparisons with other 
groups’ repertoires can test the hypothesis presented and improve the current discussion. Acoustic 
tests to assess the sound propagation regarding the noise level and suspended sediments could also 
clear the exact influence of the environment in the whistle acoustic parameters.      
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  Fig. 1    Spectrograms showing some whistles recorded in Tramandaí (top) and in the Saint Peter and Saint Paul 
Archipelago (bottom). The frequency values are in kilohertz ( y -axis), and time is in seconds ( x -axis)       
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   1 Introduction 

 Automatic detection and classification of marine mammal vocalizations were performed on a large 
acoustic dataset collected almost continuously between July 2007 and October 2009 in the 
Alaskan Chukchi Sea. The purpose of this work was to determine spatial and temporal distribu-
tions of marine mammals over a wide area of the Chukchi Sea and to characterize ambient and 
anthropogenic noise. The acoustic data were obtained from multiple consecutive deployments of 
between 8 and 44 underwater acoustic recorders sampling at 16 kHz. Median filter and split-
window normalizer detection processors were implemented to effectively detect vocalization 
events. The classification of calls by species was found to be more difficult due to a wide range of 
vocalization types produced by at least nine species; vocalizations were identified from bowheads, 
belugas, gray whales, fin whales, killer whales, walruses, bearded and ribbon seals, and arctic cod. 
Many of these species produced multiple call types and some call types evolved seasonally. 
Several classification approaches were implemented, and their performances were quantified by 
comparing classifier outputs with the results from manual classification analyses of a subset of the 
data. This presentation discusses the classification approaches implemented and the performance 
evaluations of the classifiers for selected species.  

   2 Chukchi Sea Acoustic-Monitoring Project 

 This acoustic-monitoring project was performed for Shell and ConocoPhillips Alaska, Inc., in the 
eastern Chukchi Sea to obtain information about marine mammal presence and ambient noise near 
areas of interest for oil and gas exploration. The programs have used JASCO Applied Science’s 
(Victoria, BC) autonomous multichannel acoustic recorders (AMARs), Cornell University’s (Ithaca, 
NY) marine autonomous recoring units (MARUs), and Multi-Electronique’s (Rimouski, QC) 
autonomous underwater recorders for acoustic listening (AURALs). Although the multiple-season 
datasets have been analyzed using similar methods, we discuss here only the results from the 2008-
2009 overwinter dataset. Figure  1  shows the recorder positions for this acoustic program.   

        Detection and Classification of Vocalizations 
for the Study of Marine Mammal Distributions 
in the Chukchi Sea       
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   3 Data-Analysis Methods 

 The primary analysis goal was to identify calls from the species mentioned in the introduction to 
confirm, first, presence and, second, the rate of detected sound-generating activity as a function of 
time at each recorder location. Animal presence is confirmed by calling activity detections, but lack 
of detected calling activity does not preclude presence. Likewise, measurement of detection rates of 
marine mammal sounds does not necessarily reflect the numbers of animals present unless it is 
assumed that individual calling rates and call characteristics are constant. 

 Due to the large size of the acquired datasets, we used a hybrid manual and automatic analysis 
approach to detect, classify, and count marine mammal sounds. Manual analysis was performed on 
5% of the data while automatic classification was applied to the entire datasets. The manual analysis 
examined a 2-min section of each 40-min recording file for the presence of calls by species. A more 
detailed manual analysis of the 2-min section from every 5th file, representing 1% of the data, 
identified the time of each call and logged its spectral range, spectral variation (e.g., frequency 
upsweep or downsweep), and duration and classified it by species. Seismic survey sounds and 
 vessel sounds were also manually logged in this analysis. The information collected through manual 
analysis allowed us to quantify the performance of the automatic classifiers by comparing the 
results of the two methods for the same time periods as discussed in Section  3.1 . 

 The automatic detection and classification methods included simple energy-in-frequency-band 
threshold detectors for belugas and seals, knock detectors for walruses, and more complex hybrid 
tonal detectors (Mellinger et al.  2009  )  combined with a random-forest decision tree using 48 char-
acteristics for the bowhead classifier. 

   3.1 Automatic Classifier Performance Evaluation 

 We required performance parameters that would allow us to adjust the raw automatic classifier 
counts for each species to match the manual counts. The method of precision and recall was used. 
Decisions made by the automatic classifier can be classified as true positive (TP), false positive 
(FP), true negative (TN), and false negative (FN), where each of these values represents the counts 

  Fig. 1    Acoustic recorder deployment locations for 2008–2009 winter monitoring program       
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of each category over some time period. A TP corresponds to the case where the call is correctly 
classified. A FN occurs when the call is classified incorrectly as noise. A FP occurs when noise is 
incorrectly classified as a call. A TN occurs when noise is correctly classified as noise. TP, FP, and 
FN were calculated for each classifier by comparing the automatic classification results for each call 
detection with the corresponding manual detection results. 

 The performance metric recall (R) represents the fraction of sounds correctly detected and clas-
sified. The metric precision (P) represents the fraction of sounds detected and classified that are 
attributed to the correct species. These metrics can be computed directly from TP, FP, and FN

   R = TP/(TP + FN)  
  P = TP/(TP + FP)    

 R and P are used to adjust the automatic detection counts for given time periods. It is fairly easy to 
show that the correct value for adjusted number ( N  

adj
 ) of detections can be calculated as  N  

adj
  = P* N /R, 

where  N  is the raw number of detections produced by the classifier.   

   4 Results 

 We used the approach described above to evaluate P and R for the detector and classifiers of the four 
species shown in Table  1 .  

 The P and R values were applied to adjust the automatic classifier call count results for the four 
species in Table  1  for time periods within the deployment timeframes of the winter 2008–2009 
monitoring season. An example of the adjusted call count rates for bowhead call detections from 
15–30 November 2008 is shown in Figure  2 .       

   Table 1    Precision and recall of the automatic detector and classifi ers   

 Species  Recall, %  Precision, %  Detection Method 

 Bowhead  54.1  59.8  Tonal detector + classifier 
 Walrus  43.7  48.3  Median detector 
 Beluga  81.8  15.3  Median detector 
 Bearded seal  77.2  11.4  Median detector 

  Fig. 2    Automatic call classification counts adjusted using precision and recall performance values from Table  1 . BH, 
bowhead       
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   1 Introduction 

  Balaenoptera acutorostrata  (minke whale) is a small and elusive baleen whale that is rarely sighted 
in the tropical waters of the North Pacific Ocean. During winter and spring, complex sounds called 
”boings” are frequently detected around the Hawaiian Islands and other Pacific island regions 
(Norris et al.  2009 ; Thompson and Friedl  1982  ) . Although boings were described over 45 years ago 
(Wenz  1964  ) , they were not attributed to minke whales until very recently (Rankin and Barlow 
 2005  ) . Sightings of  Balaenoptera acutorostrata  are uncommon in tropical and subtropical waters; 
however, boings are frequently detected around the Hawaiian Islands using seafloor hydrophones 
and from hydrophone arrays towed from research vessels. Even today, very little is known about 
acoustic behaviors and ecology of  Balaenoptera acutorostrata.  The long-term objective of this 
research effort is to improve our understanding of the acoustic ecology and behavior of  Balaenoptera 
acutorostrata  in their breeding habitat. 

 A primary goal of this study is to compare characteristics of boings recorded in the Hawaiian 
Islands (central North Pacific) to other regions in the central and western North Pacific (e.g., the 
Northern Mariana Islands). These results will be used to elucidate stock identities and population 
characteristics for  Balaenoptera acutorostrata  in the Pacific Islands. Another goal is to estimate 
the local abundance of calling  Balaenoptera acutorostrata  for our main study sites off the 
Hawaiian Island of Kaua’i and around the Marianas Islands. Finally, we are collecting information 
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that is being used to assess the calling rates of  Balaenoptera acutorostrata . This information is 
necessary to validate cue-counting methods that are being developed to estimate densities of 
 Balaenoptera acutorostrata  exclusively from their calls (Marques et al.  2009 ; Martin et al.  2009 ; 
Thomas et al.  2008  ) .  

   2 Methods 

 To accomplish these objectives, we used several types of passive acoustic methods to record and 
analyze data from vocalizing  Balaenoptera acutorostrata . We used an acoustically quiet, 25-m 
motor-sailing vessel equipped with 2- to 6-element towed hydrophone arrays (effective bandwidth: 
~100 Hz to 48 kHz) to conduct localization experiments in 2009 and an acoustic-visual line-transect 
survey in 2010. Bioacousticians monitored and processed acoustic data in real time throughout on-
effort periods using various software including Ishmael, PAMGUARD, and WhaletrackII. In 2010, 
AN/SSQ-53F DIFAR sonobuoys were also used. Localizations of individual  Balaenoptera acu-
torostrata  were estimated using target-motion analysis techniques when possible. 

 Acoustic data were simultaneously recorded from the Barking Sands Underwater Range 
Expansion (BSURE) test site seafloor hydrophone array that is part of the Navy’s Pacific Missile 
Range Facility (PMRF) off the west coast of Kaua’i. This Navy test range encompasses a large 
(>2,000 km 2 ), deep-water area northwest of the island of Kaua’i and includes 17 bottom-mounted 
hydrophones (effective bandwidth: ~100 Hz to 18 kHz) that were used for this project.  PMRF 
seafloor array data were postprocessed using two localization methods: time-of-arrival (TOA) 
hyperbolic localization methods (manual and automated) and a propagation model-based time-of-
arrival (PMTOA) localization method (automated). For the first method, manual techniques were 
initially used to identify and associate boings from the same calling animal on multiple PMRF 
seafloor hydrophones. Once associations and accurate TOAs were obtained, 2-dimensional (2-D) 
localizations were performed using standard hyperbolic techniques. Sound speed profiles (SSPs) 
were obtained from expendable bathythermographs (XBTs) deployed each day off the research 
 vessel. For the second method (PMTOA), the upper 760 m of SSPs were averaged from several 
XBT deployments, whereas for depths below 760 m, SSPs were estimated from historical data. 

 In 2009, efforts were focused on obtaining localizations from the towed hydrophone array to 
compare with and validate those obtained from the BSURE seafloor array. In 2010, efforts were 
focused on conducting an acoustic-visual line-transect survey of the BSURE range for estimating 
abundance and comparison to the seafloor hydrophone array dataset. 

 Finally, two additional sources of data were included in this study: 1) data collected using a 
bottom-mounted hydrophone located at the Station ALOHA Cabled Observatory (ACO) were ana-
lyzed to examine seasonal and diurnal variability and 2) data from an acoustic-visual line-transect 
survey conducted in winter/spring 2006 for a large region surrounding the Mariana Islands that will 
be analyzed to derive abundance estimates and assess population structure from boing signal 
characteristics.  

   3 Results 

 We have completed two winter/spring field seasons (2009 and 2010) and are in the process of ana-
lyzing the acoustic data and developing automated analysis methods. In 2009, a vessel-based local-
ization effort was conducted inside the BSURE area for 21 days between 15 March and 28 April 
and resulted in ~850 km of survey effort. In 2010, line-transect surveys were conducted for 2.5 mo 
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from 12 March to 11 April, resulting in 13 days and over 1,520 km of line-transect effort. Over 
260 h of recordings were made for both field seasons. 

 In 2009, we obtained bearings for at least 777 boings that were manually detected using the 
towed array. Preliminary results from the just-completed 2010 field season indicate that at least 
1,598 boings were detected manually, of which 1,198 bearings were obtained (Fig.  1 ). Over 50 
localizations were made during the line-transect survey effort.  

 Automated detection and localization methods in PAMGUARD and Ishmael were attempted in 
real time during the 2010 surveys but were deemed too demanding on the available computer 
resources so they were discontinued after leg I. Therefore, the acoustic data are being postprocessed 
using automated and semiautomated techniques. These methods are expected to yield more detec-
tions and possibly localizations. The results of the automated detections and localizations will be 
reviewed and validated manually to ensure their reliability. Localizations obtained from the towed 
hydrophone array data will be compared with localizations collected from the BSURE seafloor 

  Fig. 1    Map of acoustic detections of minke whale boings made during 2010 vessel-based line-transect surveys of 
Kauai study area (~650 km 2 ). Locations of boings are plotted at location detected on ship track and do not  necessarily 
indicate locations of calling animals       
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hydrophone array. These automated methods will be used to assess localization estimates of animals 
and track movements and eventually to estimate the density and abundance of calling animals in the 
two main study areas using modified distance sampling analysis methods. 

 Assessment of localization accuracy is important to verify the assumptions of statistical methods 
being developed in a related effort called the density estimation of cetaceans from passive acoustic 
fixed sensors (DECAF) to estimate densities of calling animals from fixed hydrophones (Thomas 
et al.  2008  ) .  A case study was conducted from the BSURE seafloor hydrophone dataset containing 
over 6,000 boings automatically detected over a 6-h period in late April 2009. Comparisons of 
localizations from the two seafloor array methods described above indicated good agreement (mean 
difference = 142.7 m; range: 67-280 m). 

 Researchers on the survey vessel were able to acoustically detect, track, and sight the same indi-
vidual that was being tracked from the seafloor array.  The position of the sighted animal indicated 
relatively good accuracy (within a few hundred meters) of the positions obtained using the two 
seafloor localization techniques described earlier. Interestingly, the localizations determined from 
the towed array, although relatively precise, indicated biases based on the different algorithms used 
to plot the bearings from the towed hydrophone array to the calling animal. These errors were inves-
tigated further by manually plotting data. Results indicated that uncertainties in the true heading of 
the towed array can significantly affect localization error. 

 Based on the results of this case study, more fully automated techniques are being developed to 
facilitate the localization analysis. In addition, improvements were made to existing Matlab-based 
detectors used to detect boings for the automated localization algorithm. These automated methods 
were used to reduce processing time during the 2010 field effort. 

 One year of data collected at the ACO were analyzed (February 2007 to February 2008). These 
data showed that boings occurred seasonally from October to May, with little diurnal variation.  

   4 Discussion 

 Analyses of minke whale boings are underway to identify signal characteristics that might be useful 
for individual identification and as indicators of population structure. We have already found statis-
tically significant differences in the pulse repetition rates of boings from Hawaiian waters compared 
with those recorded in the Mariana Islands in the western North Pacific. Interestingly, preliminary 
results from analysis of boings recorded on the seafloor hydrophone array (work conducted by 
S. Martin) indicate that there may be reliable signal characteristics that can be used for individual 
recognition. If so, these signal characteristics can be used to identify and track individuals using 
passive acoustic methods. 

 We are continuing to analyze data from both Hawai’i field seasons and the Marianas effort. Our 
immediate efforts are focused on obtaining density estimates for our two main study areas. We are 
also examining the effects of noise produced by our own vessel on the calling rates and acoustic 
behavior patterns of minke whales. It is important to assess any effects of vessel noise on calling 
rates in order to evaluate any biases in these data caused by our survey vessel and in future vessel-
based surveys.  The results of these investigations will provide important information about a 
 species that is common in the subtropical waters of the North Pacific Ocean but about which there 
is little information regarding their ecology and behavior.      
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   1 Introduction 

 The improvement in tagging technology and passive listening devices has allowed researchers to 
measure the echolocation clicks of many species of free-ranging odontocetes. Although the data 
collected by these instruments provide valuable information on the clicks these animals produce, 
these tags cannot provide information on the hearing abilities of these species. A reasonable 
assumption is that animals produce sounds in the same frequency regions of hearing, but recent 
studies suggest this may not be the case. The development of a portable auditory evoked potential 
system has allowed for recent hearing measurements of stranded and rehabilitated animals. The 
white-beaked dolphin ( Lagenorhynchus albirostris ) has the most sensitive hearing between 45 and 
128 kHz (Nachtigall et al.  2008  ) , but free-ranging individuals produce echolocation clicks with 
considerable energy in frequencies up to 250 kHz (Rasmussen and Miller  2002  ) . Risso’s dolphin 
( Grampus griseus ) has the most sensitive hearing between 22 and 90 kHz (Nachtigall et al.  2005  ) , 
but free-ranging individuals produce echolocation clicks with considerable energy in frequencies up 
to 120 kHz (Madsen et al.  2004  ) .  

   2 Relationship Between Click Production and Hearing 

 Thus far, the data with free-ranging odontocetes suggest that animals produce signals with higher 
frequencies than they can hear. The relationship between hearing and echolocation was further  studied 
in a laboratory setting with the same subject, a female false killer whale ( Pseudorca crassidens ). 
The whale was housed in the floating pen structure at the Hawai’i Institute of Marine Biology, 
Kaneohe Bay, HI. Hearing measurements were obtained with auditory evoked potential techniques, a 
noninvasive method for rapidly collecting the hearing capabilities of trained and untrained animals. 
As an older animal, the best hearing sensitivity was found between 15 and 27 kHz, with a high-
frequency cutoff above 34 kHz (Yuen et al.  2005  ) . Clicks were collected with LABVIEW software 
with a star-shaped array of 16 hydrophones while the animal performed an echolocation task, 

        What You See Is Not What You Hear: The Relationship 
Between Odontocete Echolocation Click 
Production and Hearing       
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 discriminating between hollow aluminum cylinders with differing inner wall thicknesses. On-axis 
clicks were identified from the maximum peak-peak source level (dB re 1  m Pa) and spectral charac-
teristics were obtained for each on-axis click with Fourier analysis and custom analysis programs in 
MATLAB. The peak frequency of recorded signals averaged 35 kHz, which was outside the range of 
best hearing for the animal. Additionally, the majority of clicks contained components within 3 dB of 
the peak frequency that extended up to 70 kHz, which is well beyond the hearing capabilities for this 
animal. Thus, this animal consistently produced echolocation clicks with frequencies higher than she 
could hear. 

 The question of why an animal would produce clicks outside her range of hearing is one for 
which, at present, we can only speculate an answer. Because it is hypothesized that higher frequency 
echoes may provide better target resolution, animals may simply be producing clicks with the 
 highest audible frequencies possible. Perhaps it is simply an artifact of the click production mecha-
nism that remains fixed after the loss of high-frequency hearing. Alternatively, the higher  frequencies 
in the clicks may serve some yet unknown function. Regardless, it is evident that many odontocetes 
produce signals with frequencies outside the range of hearing. This has led to the hypothesis that 
odontocetes only pay attention to a small band of their echolocation signals, a concept termed 
“functional bandwidth” (Ibsen et al.  2009  ) . This functional bandwidth can be reduced with presby-
cusis; as an animal loses its ability to hear at higher frequencies as it ages, its ability to hear at higher 
frequencies is diminished. To fully understand the relationship between odontocete click production 
and hearing, it is imperative that both hearing and echolocation click production parameters are 
studied in concert.      
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   1 Introduction 

 The rapidly increasing pressure of human activity in coastal and pelagic marine environments has 
led to concern regarding the effects of anthropogenic noise on marine mammals. Recent studies 
dealing with acoustic communication and behavioral responses to sound along with investigations 
of auditory anatomy, acoustic sensitivity, and noise impacts have established a knowledge base that 
has proven vital to regulators charged with determining safe sound exposure limits for some ceta-
ceans and pinnipeds (Southall et al.  2007  ) . Comparable data are presently unavailable for sea otters 
( Enhydra lutris ), which have been largely ignored in the context of this issue. To date, only one 
study has addressed the bioacoustics of  Enhydra lutris  from the standpoint of sound production and 
communication (McShane et al.  1995  ) , and there have been no formal anatomical, physiological, or 
behavioral studies of sound reception in this species. Due to the lack of available data, decision 
makers must use less than optimal, indirect evidence to evaluate the potential effects of anthropo-
genic noise on  Enhydra lutris . This information comprises mainly unpublished technical reports 
describing observed behavioral reactions to various noise sources; most of these studies are not 
systematic and none of them consider auditory sensitivity to airborne or waterborne sound sources 
(Richardson  1995  ) . To begin addressing the critical data gaps that exist concerning the bioacoustics 
of  Enhydra lutris , we used a twofold approach to systematically evaluate captive individuals of this 
species as both sound emitters and sound receivers. We opted to begin these studies in air because 
these amphibious marine mammals spend a majority of their time at the water’s surface where they 
carry out many important life functions, including those related to communication.  

        Sound Production and Reception in Southern 
Sea Otters ( Enhydra lutris nereis )       

         Asila   Ghoul and          Colleen   Reichmuth           
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   2 Sound Production 

 Currently, the only available information regarding the significance of sound to  Enhydra lutris  
comes from observations of vocal communication. Southern sea otters ( Enhydra lutris nereis ) pro-
duce a range of aerial vocalizations in different social contexts. However, sound production under-
water has never been observed, and there is no information on how aerial calls may be transmitted 
beneath the water’s surface. Although many of the vocalizations emitted by  Enhydra lutris nereis  
are thought to be used for short-range communication at the surface, scream calls are relatively loud 
signals with potentially large effective communication distances. These harsh calls are most com-
monly produced by mothers and their young when separated from one another and can be heard by 
human listeners up to 1 km away (McShane et al.  1995  ) . The ranges over which these signals may 
be detected by conspecifics is unknown, in part because the source levels of these calls have not 
been measured. 

 To obtain quantitative measures of the source level and full spectral content of scream vocaliza-
tions, we recorded these aerial calls from adult females and dependent pups at close range (1–3 m) 
in a captive setting. Vocalizations were analyzed to determine duration, frequency range, dominant 
frequency, and source sound pressure level (SPL), given here as root mean square decibels (dB 

RMS
 ) 

re 20 mPa. Durations varied from 0.5 to 2 s, and all screams were harmonic in structure and 
extremely broadband, with energy extending above 60 kHz. Dominant frequencies ranged from 6 to 
8 kHz in screams from adult females and from 4 to 7 kHz in screams from dependent pups. Source 
level measurements from all age and sex classes showed a high degree of variability both within and 
between individuals and ranged from 50 to 113-dB SPL re 20 mPa. 

 The extremely wide bandwidth of these contact calls raises questions about what portion of the 
signals are available for functional communication in natural settings. Specifically, frequencies 
above 10 kHz represent only a small percentage of the total energy contained in these signals, and 
these high-frequency components are likely to undergo high transmission loss when emitted in air. 
To estimate potential communicative ranges, the source level and frequency range characteristics 
measured in this study must be considered in the context of vocal behavior and combined with direct 
information on auditory sensitivity and the frequency bandwidth of hearing in this species.  

   3 Sound Reception 

 In the absence of any quantitative measures of hearing capabilities in  Enhydra lutris , we developed 
a simple behavioral approach to conservatively estimate the upper and lower frequency limits of the 
auditory system. This controlled exposure experiment (CEE) began as a part of a larger project 
aimed at investigating hearing sensitivity of  Enhydra lutris nereis  and was designed to provide 
estimates of the aerial frequency range of hearing from multiple captive subjects in a relatively short 
period of time. 

 The design of the CEE called for subjects to be exposed to 1-s pure-tone stimuli while resting 
calmly in an acoustically mapped enclosure. The subjects were not trained for active participation 
in this study. Exposures were only presented when the subject was in a relaxed behavioral state, with 
its head above water. Behavior during and immediately after each sound exposure was compared 
with baseline behavior to determine if a positive response was observed. Blank exposures, during 
which no sound was present, were included as control trials and responses were evaluated in the 
same manner. The auditory stimuli were presented at fixed source SPLs of 80–100 dB re 20 mPa, 
generating received levels exceeding 70 dB re 20 mPa. Sessions were remotely conducted by an 
experimenter who viewed the animals on high-definition video. Each session was recorded, and 
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both sound exposures and blank exposures were identically visually marked using video editing 
software. Responses to both trial types were later scored by blind observers. Statistically reliable 
differences in exposure versus blank conditions were used to determine audible frequencies between 
0.125 and 45.3 kHz. 

 These data revealed an upper frequency hearing limit extending to at least 32 kHz and a low-
frequency limit below 0.125 kHz, results that are generally consistent with comparable data for 
other carnivores, including some terrestrial mustelids (Heffner and Heffner  1985  ) . Reasonable 
 estimates of frequency bandwidth of hearing will allow decision makers, for the first time, to iden-
tify or exclude potential sounds of concern when evaluating  Enhydra lutris nereis  in the context of 
environmental noise impacts. These data also improve understanding of vocal communication by 
suggesting that the portion of vocalizations below 32 kHz are most likely to contain biologically 
relevant information.  

   4 Summary 

 Because of their dependence on a highly restricted coastal habitat,  Enhydra lutris  is especially 
 vulnerable to a variety of different environmental and anthropogenic threats. This species is presently 
listed as threatened and is protected throughout the northern and southern portions of its range. 
Resource managers are presently faced with uncertainty when responding to and prioritizing poten-
tial threats to these animals due to insufficient understanding of the factors that may disturb or disrupt 
normal behavior patterns both above and below the water’s surface. The objective of these studies 
was to obtain direct measurements of the source characteristics of vocalizations and the limits of 
auditory reception in  Enhydra lutris . These data are necessary to form a basic but essential under-
standing of bioacoustics in this species. To further develop this knowledge base, psychoacoustic 
profiles of aerial and underwater hearing sensitivity as a function of sound frequency are imperative 
to adequately consider sea otters alongside other marine mammals within the issue of anthropogenic 
noise impacts. These studies are presently ongoing in our laboratory. As these coastal-living carni-
vores have only recently transitioned to a marine lifestyle, an improved understanding of their acous-
tic communication and auditory adaptations will also provide insight into their evolutionary biology 
and behavioral ecology as well as the evolutionary pressures shaping underwater perception in 
marine mammals.      
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   1 Introduction 

 A growing body of scientific evidence shows that the increasing noise pollution in coastal environments 
due to human activities has detrimental effects on marine animals, including many endangered spe-
cies. As a consequence, research studies and subsequent conservational actions are needed to miti-
gate the effects of noise pollution. One important step is to safeguard sensitive areas known as 
marine protected areas (MPAs) from anthropogenic noise; these ecologically rich areas, critical 
habitats for key species, are often located in highly populated coastal zones. This is the case of the 
WWF-Miramare Natural Marine Reserve, a UNESCO-Man and Biosphere Programme (MAB) 
Biosphere Reserve located in the Gulf of Trieste (Italy) and considered an important seasonal nurs-
ery area in the North Adriatic Sea (Guidetti et al.  2005  ) . Although a recent study (Codarin et al. 
 2008  ) , based on daytime acoustic monitoring, shows that the Miramare fish population is living in 
a heavily noisy underwater environment year-round, relatively little is known about the features and 
anthropogenic factors of nocturnal sea ambient noise (SAN) in the Reserve. This information is 
particularly relevant considering that intraspecific communication of many marine species (i.e., the 
brown meager,  Sciaena umbra , during spawning season; Bonacito et al.  2001  )  occurs after sunset 
and during night. As a consequence, the present study aims 1) to quantify the nocturnal ambient 
noise levels at the Reserve, 2) to distinguish and quantify the biological versus anthropogenic com-
ponents of the noise, and 3) to discuss their possible interaction.  

        Nocturnal Acoustic Activity in the Shallow 
Waters of the WWF-Miramare Natural Marine 
Reserve (Trieste, Italy)       

         Antonio   Codarin,       Marta   Picciulin,          Linda   Sebastianutto,       Giuliana   Calcagno,  
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   2 Materials and Methods 

 Ten separate surveys were carried out from dusk until dawn inside the core zone of the Reserve, close 
to an artificial submerged rocky reef with high animal density, from June to September 2009. A new 
prototype of an autonomous underwater recorder was used to record continuously 11 h/survey. The 
sonobuoy was provided by a preamplified Reson TC 4013 hydrophone (sensitivity −170 dB 
re 1 V/ m Pa; frequency range 1 Hz to 170 kHz) and a Gemini iKey Plus Recording Device, which 
created 10-min samples in WAV format at a rate of 44.1 kHz, 16 bit. During the monitoring sessions, 
the buoy was suspended in a midwater column from a PVC frame (10-m water depth). Water 
 temperature was measured at the same depth with a multiparametric Ocean Seven 316 CTD-Idronaut 
probe and ranged from 15 to 20°C during the study period. 

 A subset of the collected acoustic data (for a total of 332 10-min samples or 55 h) has been 
analyzed and described minute by minute by hearing and by visual assessment using Avisoft 
SASLab Pro software. The source of each noise, where possible, was described. In addition, a sub-
set of 264 10-min samples (43 h) was analyzed with SPECTRA RTA software calibrated with a 
signal of 100 mV root mean square (RMS) @ 1 kHz and hydrophone sensitivity, obtaining a one-
third octave-band analysis and an equivalent continuous sound pressure level (SPL) value ( L  

Leq
 , 
10min

 ) 
for each acoustic sample. Considering that most of the fish vocalize within 2,500 Hz (Amorim 
 2006  ) , noise levels in the 50- to 2,500-Hz frequency band were also calculated over each 10-min 
sample. Analyses of variance on  L  

Leq
 , 
10min

  and on 50- to 2,500-Hz SPL were performed to assess the 
differences among different nocturnal phases and recording day.  

   3 Results 

 The nocturnal noise at the Miramare MPA was mainly biological in origin. The sources were identi-
fied as snapping shrimp “crackle,” an unknown biological sound source, and vocalizations of 
 S. umbra  (Sciaenidae). The latter produces three different pattern of acoustic emissions (Bonacito 
et al.  2001   2002  )  named “irregular sounds” (I), “regular sounds” (R; where the temporal delay 
between following emissions is highly constant), and “chorus” (C; characterized by overlapping and 
merging of sounds). Three phases have been distinguished: the first one (20.00-24.00) is character-
ized by high acoustic activity of  S. umbra  (43% C sounds, 40%, R sounds, 7% I sounds), a second 
phase (00.00-04.00) with a sharp decrease in  S. umbra  vocalizations (17% R sounds, 83% no 
sounds) and an increasing occurrence of the unknown sound, and a third phase (04.00-08.00) when 
 S. umbra  vocalizes again (44% R sounds, 3% I sounds, 53% no sounds). Boat noises have also been 
identified. They are produced by outboard and/or small inboard engines during the first and the third 
night phases (Fig.  1 ).  

 The average wideband  L  
Leq,10 min

  and 50- to 2,500-Hz SPL of the nocturnal SAN are equal to 123.7 
and 104.9 dB re 1 mPa, respectively. During the day, these values were 114 and 113.8 dB re 1 mPa 
SPL, respectively (Picciulin and Codarin, unpublished data). Nocturnal  L  

Leq,10 min
  ranges from 115.98 

to 133.26 dB re 1 mPa during the night and the 50- 2,500-Hz SPL ranged from 107.22 to 132.55 dB 
re 1 mPa. There was a significant effect of the recording day ( F  

(3,222)
  = 209.25;  P  < 0.001), the phase 

of the night ( F  
(2,222)

  = 21.22;  P  < 0.001), and their interaction ( F  
(6,222)

  = 3.10;  P  = 0.006 for L 
Leq,10 min

 ). 
The same occurred for the 50- to 2,500-Hz SPL (recording day:  F  

(3,222)
  = 43.63;  P  < 0.001; phase of 

the night:  F  
(2,222)

  = 44.37;  P  < 0.001; and interaction:  F  
(6,222)

  = 2.58;  P  = 0.02).  
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   4 Discussion 

 The present study investigated the changes in nocturnal ambient noise at the Miramare Reserve 
during the summer. The results show some clear differences regarding the prevailing noise sources 
and the broadband noise levels during the night. The most consistent source is due to the activity of 
the snapping shrimp, which are considered an almost ubiquitous biological component of ambient 
noise in the frequency band of 2,000 Hz to 15 kHz (Radford et al.  2008  ) . The vocalizations of the 
brown meager are the second largest component; most of these sounds are produced from late eve-
ning up to midnight. Unfortunately, from 20.00 to 24.00, we also found the highest frequency of 
occurrence of boat noises during the night. This is a cause of concern because boat noises recorded 
within the Reserve may diminish fish hearing ability, mask intraspecific relevant signals (Codarin 
et al.  2009  ) , and cause behavioral changes in local soniferous fish species (Picciulin et al.  2010  ) . 

 The wideband  L  
Leq,10 min

  data integrated by the previous daytime SAN sampling (Codarin et al. 
 2008  )  showed that during the summer, day is the quietest time in the Reserve followed by night 
whereas dawn and dusk are the noisiest moments. Nevertheless, if we consider only the frequency 
range below 2,500 Hz, the opposite trend is emerging: day is the noisiest time, followed by dawn 
and dusk, whereas night is the quietest time despite the high biological acoustic activity. This is 
likely due to the daytime low-frequency noise energy input caused by port activity and shipping. 

 Codarin et al.  (  2009  )  showed that a daytime-recorded Miramare SANsample, with  L  
Leq,1min

  
equal to 97 dB re 1 mPa, barely masked the hearing thresholds of  S. umbra . Nevertheless, the 
average wideband  L  

Leq,10 min
  and 50- to 2,500-Hz SPL of the SAN recorded at the submerged reef 

are ~13–15 dB higher during the day (Picciulin and Codarin, unpublished data) and 8–27 dB 
higher during the night than the above value. Considering that SPLs show a high variability in 
intensity and frequency composition during the 24 h and the summer season, further studies are 
needed to determine to what degree SAN influences acoustic communication and other important 
activities such as orientation (ambient sound is a source of orientation information for animals; 
Simpson et al.  2005  )  in local species.      

  Fig. 1    Temporal distribution of nocturnal acoustic activity within the Miramare marine protected area and the iden-
tified sound sources       
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   1 Introduction 

 Acoustic communication plays a major role in the behavioral ecology of various marine organisms 
(Busnel  1963  ) , especially marine mammals and fish. However, little attention has been given to 
acoustic communication in marine crustaceans (Popper et al.  2001  ) . Furthermore, the interplay 
between anthropogenic noise and the acoustic ecology of marine crustaceans remains virtually 
unexplored. In this study, we investigated the acoustic environment of a benthic stomatopod crusta-
cean, the California mantis shrimp ( Hemisquilla californiensis , Crustacea, Stomatopoda). 

 California mantis shrimp produce a “rumble” sound that has been anecdotally observed in the 
field (Haderlie et al.  1980  )  and first documented in the scientific literature in 2006 (Patek and 
Caldwell  2006  ) . Patek and Caldwell’s recordings were obtained in tanks and sounds were recorded 
when the animals were physically handled or approached by a stick. Fifty percent of the adult males 
produced rumbles, whereas none of the adult females produced sound. The rumbles were produced 
by vibrations of a pair of muscles that attach to the edge of the carapace. Rumbles lasted less than 
2 s and the mean dominant frequency was 45 ± 10 (SD) Hz ( n  = 53 rumbles). The general function 
of this sound and whether or not females are capable of generating it remains unknown. 

 Although the laboratory-based recordings of rumbles provide a starting point for identifying the 
source of the sound, field recordings are essential for interpreting the rumble’s function and role in 
the ecology of mantis shrimp. However, to our knowledge, no field recordings have been published 
for any stomatopod crustacean. The three primary goals of this study were to 1) characterize the 
sounds of  H. californiensis  in its natural habitat, 2) describe diel patterns of behavior and sound 
production, and 3) examine the presence of anthropogenic noise in the acoustic habitat of the 
California mantis shrimp. We employed several tools and techniques to accomplish these goals, 
including a coupled audio-video system and a passive acoustic device.  

        Acoustic Ecology of the California Mantis Shrimp 
 (Hemisquilla californiensis)        

         Erica   R.   Staaterman,          Christopher   W.   Clark,       Austin   J.   Gallagher,       Thomas   Claverie,  
     Maya   S.   de  Vries, and       Sheila   N.   Patek        
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   2 Recording Methods and Results 

 Recordings were obtained in the naturally occurring communities of  H. californiensis  off the coast 
of Santa Catalina Island, CA, in March 2009. A coupled audio-video system was placed in front of 
several animals’ burrows by a SCUBA diver, and the resulting footage was later imported into digi-
tal audio files for analysis. These recordings (48 kHz, 16-bit sampling rate) were used to describe 
general characteristics of the rumbles (Fig.  1 ). The average rumble had a dominant frequency of 167 
± 40.9 (SD) Hz and lasted 0.2 ± 0.08 (SD) s ( n  = 3,858 rumbles from an undetermined number of 
individuals). We found that the rumbles were typically produced in groups of twos, threes, and 
fours, which we now refer to as “rumble bouts.” The leading rumble of each bout was louder by an 
average of 4.8 ± 0.185 dB and longer in duration by an average of 0.093 ± 0.005 s than the second 
rumble in the bout ( n  = 304 rumbles from ~17 individuals). Despite these general similarities, 
recordings from various individuals’ burrows yielded rumbles that differed in dominant frequency 
and temporal patterning.  

 An autonomous recording unit (see Clark and Clapham  2004  )  was deployed ~9 km from the first 
site in a different mantis shrimp population and was run continuously (32 kHz, 16-bit sampling rate) 
for an 8-day period. We scanned this recording’s spectrogram both visually and aurally and found 
distinct trends across the 8 days. During crepuscular periods, loud rhythmic rumbles were audible. 
At night, the mantis shrimp were acoustically active, but their rumbles were quieter and lower in 
frequency than during the day. We observed few rumbles during hours of peak sunlight. 

 We found that at the site of the 8-day recorder, boat activity was substantially higher during the 
day and during weekdays than during nights and weekends (Fig.  2 ). When averaging the acoustic 
energy across 1-h periods, we saw that midday energy values in the 100- to 500-Hz range, e.g., 
were, on average, 15.6 ± 0.7 dB louder than midnight energy values (Fig.  3 ; matched-pairs  t -test; 
 n  = 8;  t -ratio = 23.08;  P  < 0.0001).   

 Rumbles produced amid boat noise were compared with rumbles produced during normal ambient 
noise conditions. When the rumbles were not completely obscured by boat noise, rumble dominant 
frequencies decreased when boats were present (difference = 37 ± 1.3 [SD] Hz,  t -test; degrees of 
freedom [DF] = 3893.01;  P  < 0.0001).  

  Fig. 1    An example of a 
rumble bout consisting of 3 
rumbles. Spectrogram 
settings: discrete Fourier 
transform (DFT) = 8192; 
Hann window: 0.0512 s; 
3-dB fi lter bandwidth at 
5.62-Hz resolution       

 



167Acoustic Ecology of the California Mantis Shrimp (Hemisquilla californiensis)

  Fig. 2    A typical 24-h spectrogram from the autonomous recording unit showed substantial variation in noise levels 
across each day. The continuous lines at 50, 75, 125, and 160 Hz are an artifact of the recorder’s hard drive. The 
intense (red) bands of broadband energy, especially between ~0700–1900, are a result of vessel noise. Spectrogram 
settings: DFT = 819; Hann window = 0.435 s       

  Fig. 3    Power spectra for the 8-day period comparing the distribution of acoustic energy at midnight (0000–0100) 
and midday (1200–1300). Shaded regions are SE. Peaks at 125 and 160 Hz are artifacts of the recorder’s hard drive. 
Daytime periods were significantly louder than nighttime periods due to vessel traffic       

   3 Conclusions 

 We found an active acoustic scene in the benthos off the coast of California, an area that was previously 
unexplored acoustically. Furthermore, we demonstrated that the sounds produced by   H. californiensis  
are highly variable; different individuals produce rumbles that differ in dominant frequency and 
 number of rumbles per bout. Our recordings took place during the early part of the mating season when 
males are highly competitive for burrow space and actively attempt to recruit females into their burrows 
to mate (Basch and Engle  1993 ; J. Engle, personal communication). It is possible that the rumble plays 
a role in establishing territories and/or attracting potential mates. 

 We also observed that  H. californiensis  species spends a large portion of its day producing sound, 
which highlights the potentially important contribution of the rumble to this species’ behavioral 
ecology. One interesting finding was that during crepuscular periods, when  H. californiensis  is typi-
cally found guarding its burrow entrance (Basch and Engle  1993  ) , rumbles were loud and produced 
in rhythmic sequences. During times when the burrow is typically closed for protection from predators 
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(Basch and Engle  1993  ) , we observed very few rumbles or rumbles that were lower in frequency 
and relatively less intense. This may indicate that sound production continues even when the burrow 
is closed. This initial exploratory study reveals a system that is rich with future questions and dis-
covery, including the central question: what is the function of the rumble? 

 The waters near Santa Catalina Island are frequented by small boats and large shipping vessels, 
which collectively produce a tremendous amount of acoustic energy in the communication band of 
 H. californiensis  (i.e., 100–500 Hz). During periods of intense vessel noise, we could not resolve 
whether mantis shrimp ceased rumbling or whether complete acoustic masking was taking place. 
However, given the fact that vessel noise was detectable during a large portion of the day, we suspect 
that acoustic masking is a frequent phenomenon in this habitat. Given the deleterious effects of 
acoustic masking in other taxa (e.g., Clark et al.  2009 ; Nowacek et al.  2007 ; Popper and Hastings 
 2009  ) , this omnipresent and acoustically overlapping vessel noise may substantially impact the 
acoustic ecology of the California mantis shrimp. Marine invertebrates should be included in future 
studies and consideration of the effects of anthropogenic noise on aquatic animals.      
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   1 Introduction 

 Increased sound production by fishes, which is used for communication during mating, in territorial 
defense, and possibly in echolocation, has been associated with decreased light and increased temperature 
and salinity (Luczkovich et al.  2008 ; Mok and Gilmore  1983  ) . There has not been an attempt to associate 
changes in sound production with other environmental factors such as turbidity. Sediment deposition and 
resuspension commonly occur in estuaries due to changes in current velocity and direction, water runoff, 
and wave height. These factors can lead to shearing on the bed surface and thus an overall increase in 
water column turbidity (Whitehouse et al.  2000  ) . It has been hypothesized that increased water column 
turbidity will lead to increased sound production in fishes because visual cues will be impaired. The goal 
of this research is to associate the incidence of sound production by  Micropogonias undulatus  (Atlantic 
croaker) to variations in estuarine temperature, salinity, dissolved oxygen, and particularly turbidity.  

        Influence of Turbidity on the Incidence of Sound 
Production in Atlantic Croaker ( Micropogonias 
undulatus ) in Pamlico Sound, North Carolina       

         Cecilia   S.   Krahforst,          John   P.   Walsh,       Mark   W.   Sprague,       Devon   O.   Eulie,   
    D.   Reide   Corbett, and       Joseph   J.   Luczkovich        
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   2 Materials and Methods 

 Water quality and sound production by  M .  undulatus  were monitored at one site (PCS) in Pamlico 
River, NC, from March through December 2008. A long-term acoustic recording system (LARS), 
which recorded 10-s wave files every 10–15 min at frequencies < 10 kHz, was used to monitor fish 
calls. Environmental conditions were logged one to three times per hour with a Hydrolab DS5X (to 
monitor temperature, salinity, and dissolved oxygen) and an optical backscatter sensor (D&A OBS-
3, 8-Hz sampling rate; to monitor turbidity). All LARS files were analyzed with extensible 
bioacoustics tools (  http://www.XBAT.org    ) developed for MATLAB (version 7.0.1). A spectrogram 
detector with a minimum correlation rate of 54%, using known  M .  undulatus  sounds, identified 
sound recordings of this species throughout the recording period. Any sounds with a correlation 
below 60% were analyzed by hand. Sounds that were not made by  M .  undulatus  were removed from 
further analyses.  Micropogonias undulatus  sounds were analyzed using the number of croaks per 
hour and normalized by the number of recorded seconds in a given sampling hour. Sounds were 
averaged over a day to obtain the mean number of sounds per recorded hour per day. Correlations 
with water quality parameters were produced.  

   3 Results 

 At PCS,  M .  undulatus  sound production was greatest in October and was highly correlated to water 
quality. Sound production was positively correlated to temperature (0.72;  P  < 0.001) and turbidity 
(0.61;  P  < 0.001), whereas salinity was negatively correlated with  M .  undulatus  sound production 
(−0.65;  P  < 0.001) (Fig.  1 ). Dissolved oxygen levels did not significantly influence sound produc-
tion (0.30;  P  = 0.114) at PCS.   

   4 Discussion 

 Sound production by  M .  undulatus  is related to a variation in water quality parameters. Luczkovich 
et al.  (  2008  )  found that salinity, temperature, depth, and location in the estuary are contributing fac-
tors for four other sciaenid sound-producing fishes; however, sound production intensity, as mea-
sured by a qualitative index, was dependent on species and time of year. Luczkovich et al.  (  2008  )  
did not look at  M .  undulatus  sound production nor did they assess turbidity levels. In this study, we 
found that the most influential factors in  M .  undulatus  sound production were temperature, turbid-
ity, and salinity. Temperature and turbidity were positively correlated with sound production, 
whereas salinity was negatively correlated with  M .  undulatus  sound production. The relationship 
with temperature and sound production was expected because other sciaenids have been shown to 
become reproductively active as the temperature increases and dissolved oxygen remains above a 
threshold (Luczkovich et al.  2008  ) . However, the increased sound production in high turbidity has 
never been documented and suggests that sound cues may become more useful to Atlantic croaker 
when light levels are diminished by sediment resuspension events (e.g., storms and waves). 
Alternatively, Atlantic croaker activity levels may increase for other reasons and cause resuspension 
of sediments due to their feeding activities. Because temperature and salinity changes, low dis-
solved oxygen (hypoxia), and high-turbidity events may occur only for short periods of time during 
the passage of weather systems and stratification of the water column, a continuous recording sys-
tem of fish sounds and environmental parameters was required in this study. Hurricanes cause mas-
sive sediment resuspension (Goni et al.  2007  ) , yet the passage of hurricanes has not been found to 
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influence the sound production of spawning sand sea trout (Locascio and Mann  2005  ) . This 
 suggests that not all scaienids react similarly to changes in their environment. It is evident that 
 M .  undulatus  sound production is tied to turbid events within the estuary.      

   References 

    Goni M, Alleau Y, Corbett R, Walsh JP, Mallinson D, Allison MA, Gordon E, Petsch S, Dellapenna TM (2007) The 
effects of hurricanes Katrina and Rita on the seabed of the Louisiana shelf. Sediment Rec 5:4–9.  

    Locascio JV, Mann DA (2005) Effects of Hurricane Charley on fish chorusing. Biol Lett 1:362–365.  
    Luczkovich JJ, Pullinger RC, Johnson SE, Sprague MW (2008) Identifying the critical spawning habitats of sciaenids 

using passive acoustics. Trans Am Fish Soc 137:576–605.  
    Mok HK, Gilmore RG (1983) Analysis of sound production in estuarine aggregations of  Pogonias cromis, Bairdiella 

chrysoura , and  Cynoscion nebulosus  (Sciaenidae). Bull Inst Zool Acad Sin (Taipei) 22:157–186.  
    Whitehouse RJS, Soulsby R, Roberts W, Mitchener HJ (2000) Dynamics of estuarine muds. Thomas Telford 

Publishing, London.      

0

10

20

30

S
al

in
ity

 (p
su

)

0

10

20

30

T
em

pe
ra

tu
re

(C
)

0

5

10

15

D
is

so
lv

ed
 o

xy
ge

n 
(m

g/
l)

0

50

100

150

T
ur

bi
di

ty
(m

g/
l)

04/01 05/01 06/01 07/01 08/01 09/01 10/01 11/01 12/01 01/01
0

0.2

0.4

0.6

0.8

Date

C
al

ls
/d

ay

  Fig. 1    Salinity (practical salinity units [psu]), temperature, dissolved oxygen, turbidity, and sound production by the 
Atlantic croaker (mean number of calls per recorded hour per day) for the PCS site in Pamlico River, NC, from March 
through December 2008. Breaks indicate periods of instrumentation failure       
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   1 Introduction 

 Many aquatic organisms, including teleost fishes, rely on acoustic signals for communication (Bass 
and Clark  2003  ) . Open-water animals can communicate with low-frequency sounds over kilometers 
due to reduced thermodynamic absorption (down to 0.001 dB/km) and increased sound velocity 
(5 times higher) compared with terrestrial habitats (Rogers and Cox  1988  ) . Many coastal teleost 
fish, however, face increased sound propagation constraints due to strong attenuation of their low-
frequency communication sounds in shallow water (Bass and Clark  2003  ) . In addition, interaction 
of the sound waves at boundary layers affects propagation, and, typically, a signal produced near 
the bottom or at the surface will not propagate as far as one produced in midwater (Fine and 
Lenhardt  1983  ) . Indeed, bottom type and water depth limit which frequencies propagate, and low 
frequencies may be strongly affected in shallow water if they are below the cutoff frequency 
(Rogers and Cox  1988  ) . For example, with a sandy bottom, a sound with a frequency of 100 Hz will 
only efficiently propagate in a water depth above 10 m, the theoretical cutoff frequency (Rogers and 
Cox  1988  ) . Consequently, only when the sound frequency is above the cutoff frequency is its 
spreading loss the major source of fish sound attenuation (Mann  2006  ) . Thus to understand the 
acoustic communication system of social fish, it is important to determine how sounds propagate in 
their natural habitat because it will constrain the communication range and the maintenance of 
signal quality as it spreads away from the source.  

        Propagation of Lusitanian Toadfish Sounds 
in Estuarine Shallow Waters       

         Andreia   Ramos,       M.   Clara   P.   Amorim, and       Paulo   J.   Fonseca           
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   2 Study Species 

 Male Lusitanian toadfish,  Halobatrachus didactylus  (Batrachoididae), produce long and tonal 
advertising calls (boat whistles) in shallow waters to attract females at distance during the breeding 
season (Amorim et al.  2006  ) . The sounds are produced by vibration of the swim bladder that is 
produced by a pair of embedded sonic muscles (Amorim and Vasconcelos  2008  )  that determine the 
fundamental frequency of boat whistles at ~50–60 Hz. Sound energy is restricted to low frequen-
cies, with the dominant frequency usually corresponding either to the first or to the fundamental 
harmonic (Amorim and Vasconcelos  2008  ) . 

 Previous studies suggested that the sound features of this call, such as the fundamental frequency 
and harmonic structure, are distorted with distance.  

   3 Our Study 

 We tested the propagation of boat whistles and low-frequency sound sweeps at different water 
depths by playing back these sounds in a natural toadfish breeding area in the Tagus estuary. 
Moreover, we broadcast the boat whistles of different males and measured the propagation loss at 
different water depths to estimate the distance over which a female may distinguish an individual 
male’s call. 

 Finally, by comparing the properties of the sounds recorded at different distances and water 
depths with the measured hearing sensitivity of the toadfish, an estimation of the possible acoustic 
communication range is obtained.  

   4 Preliminary Results 

 Our preliminary results showed that attenuation of boat whistles, especially the one with a 60-Hz 
dominant frequency, increased considerably with the decrement of water depth, in particular below 
2.5 m (Fig.  1 ). In higher water depths, the acoustic signals propagated better up to a 30-m distance 
(to the sound speaker), whereas in more shallow waters, played-back sounds were no longer recog-
nizable much beyond 8 m. Previous observations indicated that the male toadfish calling rate 
decreases in lower tides, which might be an adaptive behavior due to this strong sound attenuation. 
Ongoing research includes a more detailed analysis of propagation loss of toadfish communication 
signals in lower water levels.       
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  Fig. 1    Propagation loss 
registered for boat whistles with 
different dominant frequencies 
(60, 120, and 240 Hz). Sound 
pressure levels (relative 
amplitudes) were measured at 
different distances to the 
underwater speaker at different 
depths       
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   1 Introduction 

 One of the basic channels of communication and orientation of fish in an environment is the sound 
channel. A highly developed system of acoustic reception by fishes and the sound production and 
acoustical signaling abilities of many sea hydrobionts represent this channel as the most perspective 
for the control of behavior of fishes from positions, distant opportunities, and multipurpose of influ-
ence. Other channels of communication and the corresponding physical fields (light and electric) 
have much smaller distant opportunities and serve in water, basically, for near orientation of 
hydrobionts. 

 There are two types of impact of a sound field on fishes: energetic and informational (Protasov 
 1978  ) . The sound field causes painful or other unpleasant sensations in fishes at energetic impact 
and they aspire to go away from a dangerous zone. The reaction is carried out under the pattern of 
the existing stereotype of the response determined by natural programs of behavior according to the 
biological contents and structure of a signal at information impact.  

   2 Sound Production in Fish 

 The acoustic behavior of the five species of Far East physostomous fishes  Oncorhynchus keta  (chum 
salmon),  Oncorhynchus gorbuscha  (pink salmon),  Clupea harengus pallasii  (pacific herring), 
 Sardinops sagax melanosticta  (Japanese sardine), and  Engraulis japonicus  (Japanese anchovy) has 
been investigated. 
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   2.1 Daily Rhythm of Acoustic Activity of Fish 

 All these species have high acoustic activity. The daily distribution of sounds shows certain cyclicity. 
The maximum number of sounds by salmon was recorded at twilight. There were two peaks of 
acoustic activity of salmon: in the evening from 10 p.m. to 2 a.m., with some alleviation at midnight, 
and at daybreak from 6 to 10 a.m.  Clupea harengus pallasii ,  Sardinops sagax melanosticta , and 
 Engraulis japonicus  have maximal acoustic activity also at night. In contrast to Salmonidae, they 
have a monophasic type of diurnal distribution of sounds. The quantity of emitted sounds increases 
at twilight. Until midnight, the acoustic activity reaches a maximum and then it slowly decreases, 
with a slight increase in the morning. The amplification of function of an acoustic channel in com-
munication and orientation between individuals in a school in dark time is assumed because of 
difficult visual contacts.  

   2.2 Sounds of Fish 

 The generalized spectral-energy characteristics of biosignal processing are shown in Figure  1 . The 
spectrum of most frequent meeting sounds of physostomous fishes is concentrated mainly in two 
certain frequency subranges, different for each species of fish. Spectral-energy distribution and the 
level of the signals depend on the size (species) of fish: the smaller the object, the higher the fre-
quency and the lower the amplitude of a signal. Characteristic attributes of sounds by fishes are the 
pulse structure of signals with a smooth increase and an exponential decrease in the amplitude in 
pulses, the deviation in frequency of a spectral maximum in certain zones of a spectrum from the 
beginning to the end of a pulse, the high variability in duration (0.25-3.0 s), and the amplitude 
modulation of the signals.   

   2.3 Sound Production Mechanism 

 We have confirmed that the sound-producing organs of physostomous fishes are the swim bladder 
and pneumatic duct with the muscular sphincter (Kuznetsov  2009  ) . Specific distribution of the 
spectral energy of signals in two frequency subranges (Fig.  1 ) is related to the simultaneous partici-
pation of these organs in the sound production by fish. Experiments with swim bladders of various 
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physostomous fishes have shown that the increase in the sound pressure level in the first frequency 
subrange is produced by effective pulsations of the swim bladder at the frequency corresponding to 
its resonance size and to the pressure of air in it. A rise in the level of signals in the second frequency 
subrange of the spectrum is created by vibrations of the pneumatic duct walls. Deviation in the 
spectral maximum within the subranges of the spectrum, typical of most signals from fish, depends 
on flow rate in the pneumatic duct and air pressure in the swim bladder (and thus its volume), regu-
lated in a random way by the force of compression (relaxation) of the swim bladder walls and the 
locking muscles of the sphincter during radiation.   

   3 Effects of Biological Sounds on Fish 

 The second purpose of this work is an estimation of the reactions of fish to acoustic signals of 
transducers, imitating sounds of fish. The radiation of biosignals causes the reinforcement of mov-
ing and acoustic activity of feeding  Clupea harengus pallasii  and  Sardinops sagax melanosticta  in 
a cage at distances to 100 m (confidence level > 0.05) and tracks fish moving to the source of the 
sound. The average location of the fish characterizes the preferred value of their stay near the trans-
ducer zones of the cage. 

 Studies of the impact of a fish sound simulator on the behavior of prespawning  Oncorhynchus 
keta  in natural conditions of the habitat on the catch of the checking nets were performed. The nets 
were installed 90° from the main paths of fish migration in the bay (Fig.  2 ). The estimates of the 
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net catches under background conditions and under impact of the acoustic stimulus are presented in 
Table  1 . The catch ratio in net #2 proves the attracting influence of signal simulators on passing fish 
( P  < 0.001). Fish approach from the sea side and, accordingly, catches in net #2 were only acciden-
tal under background conditions. The catches sharply increased under the impact of the acoustic 
stimulus in zones 4–5 of the nets (in the area of the directed radiation) compared with those in zones 
1–3 (Table  1 ). The comparative estimate of the moving reaction of fish in the open basin shows the 
signal source localization capability of the fish and the presence of a directed reaction accompany-
ing the attraction of fish from the main path of migration to the source of the sound.        
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   1 Introduction 

 Over 50 years ago, N. B. Marshall of the British Museum of Natural History hypothesized, based 
on anatomical studies, that biological sound production by fishes is widespread in the deep sea 
(Marshall  1954,   1967  ) . Since that time, only a handful of studies have reported observations of pos-
sible sound production by deep-sea fishes based on acoustic recordings (Cato  1978 ; Griffin  1955 ; 
Kelly et al.  1985 ; Mann and Jarvis  2004 ; McDonald et al.  2006  ) , but no direct attempts to use 
acoustics to address Marshall’s hypothesis have yet been published. The failure of scientists to 
investigate the ecological importance of deep-sea sound production has resulted partially from a 
lack of adequate low-cost technology (Rountree  2008 ; Rountree et al.  2006  ) . As the first step to 
begin to address Marshall’s hypothesis, we developed a simple deep-water autonomous underwater 
listening system (DAULS) for use by ships of opportunity, funded by an MIT Sea Grant College 
Program seed grant and in collaboration with commercial fishermen.  

   2 Methods 

 The housing for the DAULS was adapted from a deep-water trawl float ( Panther Plast A/S , 
Vordingborg, Denmark) with an 1,800-m working depth that was split in half and fitted with an 
alignment groove and O-ring. The DAULS housing contained a Nomad Jukebox (Creative Labs, 
Inc., Milpitas, CA) digital recorder programmed to record continuously at an 11-kHz sampling rate 
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for up to 60 h. The DAULS included two HTI-96-MIN hydrophones (High Tech Industries, 
Gulfport, MS; sensitivity −165 dB re 1 V/mPa; frequency response 2 Hz to 30 kHz) mounted 1 m 
apart. Fishermen deployed the DAULS inside a commercial deep-sea crab trap within a string of 
100 traps during normal fishing operations along the shelf break and retrieved it when the traps were 
hauled after ~24 h. The spectral density of selected frequencies was determined at 15-min intervals 
over the deployment period using the method described by Locascio and Mann  (  2008  ) . This method 
is particularly useful for detecting chorus sounds. In addition, the entire recording was monitored 
by an observer to detect potential fish and other biological sounds.  

   3 Results and Discussion 

 We successfully obtained a 24-h recording on 18 October 2005 from the seafloor in 682 m of water 
in Welkers Canyon located south of Georges Bank (latitude N 40.0883, longitude W 68.53167). The 
recording contained a wealth of biological sounds including sounds from fin whales ( Balaenoptera 
physalus ), humpback whales ( Megaptera novaeangliae ), pilot whales ( Glopicephala  spp.), and 
dolphins (Delphinidae) as well as frequent examples of at least 12 unique unidentified sounds that 
we attribute to either undescribed cetacean or fish sounds. An examination of spectral density peaks 
within selected frequency bands did not detect chorus activity (Fig.  1 , top). Peaks in low- to 
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 midfrequencies resulted from periodic movement of the traps (dragging noise), whereas peaks in 
higher frequency bands resulted from passing ships. Ships that passed nearby produced strong peaks 
at all frequencies and completely masked biological sounds. Temporal patterns in received sound 
levels (Fig.  1 , top) provided unexpected data on fishing operations. The DAULS took ~1 h to reach 
the seafloor and then was dragged along the bottom for another 4-5 h before coming to a stop, fol-
lowed by periodic dragging throughout the recording, thus contradicting fishermen’s assumptions 
of little trap movement after placement. Although chorus activity was not detected, biological 
sounds exhibited strong temporal patterns (Fig.  1 , bottom). Low-frequency (<30 Hz) fin whale and 
high-frequency delphinid (3-5 kHz) sounds dominated the recording and peaked at night. 
Unidentified calls could not be enumerated but were present throughout the recordings, except when 
masked by ship or dragging noises (e.g., gap just before 0500h). Most individual biological sound 
types were infrequent, but several distinct sounds labeled “drumming,” “ducklike,” “unknown 3,” 
and “unknown 6” occurred throughout the night and early morning hours (Fig.  1 , bottom). Most 
unidentified sounds that we attributed to biological sources had fundamental frequencies below 
1,200 Hz, well within the range expected for fishes. However, at this time, we have insufficient data 
to distinguish between fish sounds and not described low-frequency cetacean sounds. In addition, 
we noted that most of these sounds exhibited very low received source levels and were often diffi-
cult to detect above the background noise. Samples of the most common unidentified sounds 
together with their spectrograms can be obtained at   http://www.fishecology.org    .   

   4 Conclusions 

 More than 50 years after Marshall hypothesized the importance of sound production in deep-sea 
fishes, we still have little understanding of the importance of fish sounds and the undersea sound-
scape in the ecology of the deep sea. However, our observations suggest that sound production by 
deep-sea fishes is likely to be important. Furthermore, if deep-sea sounds tend to be low amplitude, 
as suggested here, then continued increases in anthropogenic noise may be particularly 
problematic.      
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   1 Introduction 

 This paper might perhaps be described as the prologue to a detective story that will reach its 
denouement some years in the future. The authors are aware of the presence of click-making ani-
mals in our local marine environment. They sound like snapping shrimp but probably are not. We 
have alternative suspects and we have research in progress to help unravel the mystery.  

   2 Background 

 During the summer of 2003, Seiche Ltd. had occasion to make underwater recordings of the noise 
signatures of commercial ferries entering and leaving Holyhead Harbour, Anglesey, UK. While 
recording the signature of the ferry Stena Forwarder, it was noted that each record was contaminated 
by what sounded like the characteristic noise produced by snapping shrimp. As the closest approach 
was attained, noise from the vessel completely swamped the “snapping shrimp noise.” The record-
ings were made with a pair of hydrophones deployed at 3-m water depth from the extreme outer end 
of the Holyhead breakwater. 

 Although snapping shrimps are ubiquitous in warm-temperate and tropical seas, the northern 
limit of their range is usually considered to be the Channel Islands. It is not beyond possibility that 
snapping shrimp may have been introduced to Holyhead Harbour by a foreign fishing vessel flush-
ing ballast water. The presence of clicking sounds having been observed, however, we attempted to 
investigate further. A careful underwater visual search of the seafloor at the end of the breakwater 
revealed no snapping shrimp. This was not particularly surprising because these crustacea, living as 
they do at the end of mud burrows that may be several meters in length, are hard to uncover even in 
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tropical regions where they are relatively common. In the years that followed the 2003 observations, 
Seiche Ltd. has maintained at Holyhead Harbour a yacht that we have used to tow hydrophone 
arrays within and beyond the harbor. We find click makers along the breakwater but only toward its 
extreme end. We find their habitat to extend perhaps 50 m outward into the harbor, which appears 
to be the limit at which their noise can be detected. They can also be heard on the inshore rock reefs 
in Holyhead Bay and beyond. Most regions of the harbor and the local bays are, however, devoid of 
them. Consequently, we believe that there is a need for longer term acoustic observations and visual 
surveys.  

   3 The Nature of Marine Animal Clicks 

 From an engineering viewpoint, a click is an impulsive time-domain waveform. It is a central tenet 
of Fourier methods that the narrower a temporal function, the broader is its spectrum in the frequency 
domain. The snapping shrimp “click” is not, as was long believed, produced by a “hammer-and-
anvil” mechanism. Instead, it is a consequence of the generation and collapse of a cavitation bubble, 
itself caused by the production of a tiny but rapid jet of water as the snapping claw is triggered to 
shut. At least one other marine animal also produces a cavitation “click,” the mantis prawn (order 
Stomatopoda). These crustaceans employ their “praying mantis” claws to spear prey. So fast is the 
stab that the claw spear point trails a cavitation bubble as it moves toward its target. Once again, a 
sharp “click” is heard as the bubble collapses and a very broadband signature results. Often, the pulse 
width is described as being as short as, perhaps, 5 ms. This figure is probably more a consequence 
of the bandwidth of the measurement hydrophone than of an intrinsic property of the bubble 
collapse. 

 There are other click-making candidates that do not employ a cavitation bubble-generating 
mechanism. One large group of click makers are the syngnathid (“fused-jaw”) fish. This family 
includes the sea horses. When a sea horse feeds, it sucks in a microscopic planktonic organism 
through a very tiny mouth. The sucking action is produced by a rapid flexing of the opercular 
plates. The flexing generates what, to the human ear, is a distinct click. Because the click is of 
mechanical origin, its bandwidth must, inevitably, be much smaller than that of the “singularity” 
of theoretical physics, which results when a cavitation bubble is snapped out of existence by exter-
nal water pressure. If the bandwidth of the mechanical click is much smaller than that of the 
cavitation click, its duration must be much longer. So we have, in principle, a test to establish 
whether the Holyhead click maker is a cavitation bubble maker, and thus possibly a snapping 
shrimp, or whether it is a mechanical click maker. The test is to measure, using standard proce-
dures, the bandwidth of the click. This is simple to state in principle, yet far from easy to achieve 
in practice because of the corrupting influences of local reflecting and reverberant surfaces on the 
click waveform. 

 Why introduce sea horses into the debate? If snapping shrimp, with their normally tropical habi-
tat, are alien invaders, should not the same be true of sea horses? As it happens, there are native 
species of sea horsed in UK waters (long snouted,  Hippocampus guttulatus;  short snouted, 
 Hippocampus hippocampus ). It is true that they are rare in the waters of North Wales (the short 
snouted is probably not present), but  H. guttulatus  could potentially be a suspect. However, there is 
another reason for considering the Syngnathidae because the family also includes the pipefishes. 
Pipefish feed in the same manner as sea horses and they also click when they feed. Although sea 
horses are rare in Welsh waters, pipefish are very common (great,  Syngnathus acus ; worm,  Nerophis 
lumbriciformis ; straight nosed,  Nerophis ophidion) . Their preferred habitat consists of beds of thong 
weed. Such beds occur around most of the inshore rock reefs of Holyhead Bay.  
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   4 Exotic Species in Welsh Waters 

 In May 2004, Dr. Ivor Rees (School of Ocean Sciences, University of Wales, Bangor) caught a 
specimen of  Alpheus glaber , a red snapping shrimp, during scientific trawling somewhere to the 
east of the Isle of Man from RV Prince Madog, the research vessel of the school. If there is 
one snapping shrimp near the Isle of Man, there are likely to be more, and it is by no means impos-
sible that they are to be found around the coast of Anglesey, some 70 km to the south. Nor would 
it be remarkable if they had been introduced into the harbor as a consequence of trawling or, perhaps 
more likely, commercial dredging for common whelks ( Buccinum undatum ), which represents a 
not-inconsiderable local fishery on the Island of Anglesey. 

 If snapping shrimp are a viable suspect for our click sounds, and it is right that they should be, 
then so also must the mantis prawn. One report available through the MarLIN Web site states that 
colonies of the stomatopod  Rissoides demaresti  have been found near the southern tip of the Lleyn 
Peninsula, some 30 km from Holyhead Harbour (  http://www.marlin.ac.uk/speciesinformation.
php?speciesID=4255    ).  

   5 Experimental Procedures and Conclusions 

 We intend, first, to obtain as near-perfect acoustic signatures of as many of the “vocalizing” suspects 
as we can. This will enable us to formulate a procedure for acoustic identification. The easier spe-
cies to acquire and stimulate are our various species of pipefish and other possible local click-maker 
fish, including several species of wrasse known to be common in Holyhead Harbour (goldsinny, 
 Ctenolabrus rupestris ; corkwing,  Crenilabrus melops ; ballan,  Labrus bergylta ). Anglesey Sea Zoo 
is also, as it happens, the sole successful UK breeder of native sea horses. Snapping shrimp and 
mantis prawns are available through the aquarium trade and, with the help of Anglesey Sea Zoo, we 
shall resource suitable specimens. 

 High-quality signature acquisition will be achieved by the field use of reverberation-free speci-
men containment. The prototype container is currently under construction at the School of Ocean 
Science, Menai Bridge. It is our intention to provide, within the container, a brine-shrimp drip-
feeding capability to stimulate feeding and thus click making. Video cameras and Seiche wideband 
acoustic sensors are also being installed on the container. The acoustic sensors employ broadband, 
uniform sensitivity 1-3 composite hydrophones specifically designed for this task. The sensor 
output is digitally transmitted over plastic or glass fiberoptic cable to a cabin in the support boat. 
Fiberoptic transmission eliminates wharfside and shipboard electrical interference. It greatly 
reduces the expense, weight, handling and corrosion issues consequent on the use of copper cable. 
Finally, it eliminates the problem of work hardening and fracture of a copper conductor when in 
long-term use in buoyed and anchored equipment. The only penalty is the need for battery power in 
the seafloor equipment. By using 3.7-V Li-Ion batteries and modern circuit techniques, excellent 
deployment lifetimes can be achieved. 

 We are undertaking the construction of shallow landers employing video camera recording. It is 
our intention to add to existing lander technology developed at the School of Ocean Science wideband 
acoustic detectors developed by Seiche Ltd. together with their associated recorders. This will permit 
long-term monitoring of regions of the sea floor around the Holyhead breakwater and near selected 
inshore reefs. Our objective will be to assess, on a continuous basis, the variability of average click 
rate with time. We hope to identify diurnal, lunar, or longer cycles in the click-rate analysis. 

 It may well transpire that it is not snapping shrimps or mantis prawns that are the Holyhead 
click makers. Nonetheless, species within the genera  Alpheus  and  Synalpheus  and the family of 
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stomatopods are, as has been mentioned, available to us locally. It is therefore also important that 
we attempt to monitor click rate, commencing with the most readily accessible stomatopod colony 
near the Lleyn Peninsula. As time and resources permit, we also propose to deploy landers at the 
 Alpaheus glaber  site, to the east of the Isle of Man. This will be possible during normal cruises of 
the RV Prince Madog. Hopefully, click-rate measurement and click analysis will allow us to home 
in on what we, for the moment, presume must be a significant colony of these animals. 

 Although the investigation of unexpected click makers may be thought to have little core scien-
tific value, the key aspect of what we are engaged in is the devising of passive acoustic monitoring 
equipment and methods that will help us acquire long-term environmentally sensitive data. This, in 
turn, may be employed to establish the viability of certain classes of marine ecosystems. 

 A major area of concern where such methodology would prove massively beneficial is in the 
passive acoustic monitoring of mangrove. Throughout the developing Far East, mangrove is, quite 
literally, a dying habitat. Snapping shrimp are widespread and plentiful within the mangrove. 
Monitoring average click rate may yet prove to be a key indicator of habitat quality.       



     Part IV 
  Physiological Effects of Sounds         
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   1 Introduction 

 Exposure to noise results in neural swelling, hair cell loss, and strial damage. Toxic-free radical 
accumulation also contributes to cell death in the inner ear. The type and extent of pathology and 
amount and permanence of hearing loss all vary with the level and duration of the insult as well as 
the dynamic level change. New data indicate that temporary changes in hearing are potentially much 
more harmful than previously believed. The potential for the use of free radical scavengers as thera-
peutic agents varies with the noise insult; new studies are essential for determining the potential to 
prevent the previously unknown long-term sequellae of noise insults that induce temporary changes 
in hearing. Evaluating the effect of noise on the human inner ear and the potential for protection 
using novel therapeutic agents presents multiple challenges.  

   2  Relationship of Temporary Threshold Shift 
and Permanent Threshold Shift 

 Some data suggest that temporary threshold shift (TTS) and permanent threshold shift (PTS) 
deficits fall along a functional continuum. PTS increases with TTS as TTS increases above 50 dB 
(Henderson et al.  1991  ) , and TTS measured 24 h postnoise is correlated with PTS (Hamernik et al. 
 2002  ) . Other data reveal a morphological continuum of damage. Elegant survival-fixation tech-
niques show that PTS is best predicted by hair cell loss and neural degeneration, not TTS deficits 
(Nordmann et al.  2000  ) . Anatomical changes after noise have been well reviewed (Ohlemiller  2008 ; 
Wang et al.  2002  ) . Unlike functional and morphological changes after noise, molecular responses 
to TTS- and PTS-inducing sounds are different. The Bcl-2 gene family includes both proapoptotic 
genes (Bax, Bak) and antiapoptotic genes (Bcl-2, Bcl-xl) (for a review, see Danial  2007  ) . PTS 
exposure induces Bak gene expression and cell death, whereas TTS exposure induces Bcl-xl 
expression (Yamashita et al.  2008  ) . 
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   2.1 Clinical Relevance of TTS 

 The issue of whether repeat TTSs result in a PTS is clinically relevant; indirect evidence from real-
world populations supports such a relationship. For example, TTS and PTS are detected at the same 
frequencies in motorcycle riders tested for a TTS postride or an existing PTS (McCombe et al. 
 1995  ) . Other new data indicate a direct link between TTS and PTS. Noise exposure that resulted in 
a TTS accelerated hearing loss as a result of progressive neural degeneration with age (Kujawa and 
Liberman  2006  ) . Kujawa and Liberman  (  2009  )  recently revisited the issue of neural degeneration 
after a TTS. They found a rapid, extensive loss of synaptic contacts between hair cells and nerve 
fibers within 24 h of noise as well as progressive long-term neural degeneration. Neural loss 
occurred even though the hair cell population was intact and normal threshold function had returned. 
These data suggest that a TTS may be more harmful than previously believed. Given this, it may be 
clinically beneficial to reduce the TTS.   

   3 Relationship of Chronic Noise and Impulse Noise: Kurtosis 

 Loud sounds can be present for hours, such as in some occupational settings or at some recreational 
events; other loud sounds are brief and impulsive (such as gunfire or fireworks). The equal energy 
hypothesis states that two sounds with equal energy should be equally harmful (with the exception 
of extreme impulse noise, which can induce rupture of the tympanic membranes and fracture of the 
ossicular chain). However, hearing loss after noise is not necessarily well correlated with the total 
energy of the exposure. We now know that another major dimension of sound is rapid amplitude 
change or kurtosis. Hamernik et al.  (  2002  )  have systematically explored a continuum of noise expo-
sures from Gaussian to Gaussian+impact to pure impact noise. The kurtosis statistic of the ampli-
tude distribution, describing “peakedness,” contributes importantly to the extent and distribution of 
sensory cell death and hearing loss induced by noise exposure, with greater trauma associated with 
higher kurtosis values (for recent review, see Davis et al.  2009  ) . 

   3.1 Gaussian Noise 

 Gaussian noise is spectrally flat, with all frequency components at relatively equal levels. Broadband 
noise has been used to induce a TTS; increasing the sound level or the exposure duration results in 
a PTS (for one example, see Gao et al.  1992  ) . The extent of anatomical damage and its relationship 
to exposure time and level has been carefully explored (Spoendlin  1971,   1976  ) .  

   3.2 Octave Band Noise 

 Octave band noise centered at 4 kHz is widely used to induce sensory cell death and hearing loss in 
guinea pig and chinchilla subjects; noise trauma tends to be a higher frequency octave band 
(8–16 kHz) when rats or mice serve as subjects. There is a trade-off between exposure level and 
duration, and exposures show a wide range across studies: from 86-dB sound pressure level (SPL) 
× 5 days (Salvi et al.  1982  )  to 120-dB SPL × 5 hours (e.g., see Le Prell et al.  2007a  ) .  
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   3.3 Kurtotic Noise 

 Kurtotic noise is a Gaussian-like broadband noise that is distinguished from Gaussian noise by the 
presence of brief narrowband impulses. This exposure is a potential model for industrial noise 
exposure, in which high background noise levels are punctuated by brief noise bursts.  

   3.4 Impulse Noise 

 Impulse noise typically consists of brief noise pulses modeled after the sound of gunfire. Impulse 
noise exposures can produce a TTS or PTS based on the number of pulses (Duan et al.  2002  ) . The 
effects of varying pulse rate and peak SPL have been systematically explored in chinchillas 
(Henderson et al.  1991  ) .  

   3.5 Conditioning Noise 

 Sound conditioning was initially described by Canlon et al.  (  1988  )  as a phenomenon in which long-
term exposure to continuous low-level sound reduces deficits associated with exposure to a subse-
quent sound that otherwise induces significant deficits in auditory sensitivity. Sound exposures that 
occur for hours rather than days more closely model occupational noise conditions, and a now com-
mon conditioning paradigm is a 4–6 h/day exposure to a noise band for multiple days (see, e.g., 
McFadden et al.  1997  ) . The protection conferred by conditioning exposures does not depend on 
intact middle ear muscles (Ryan et al.  1994  ) . Instead, the efferent system was implicated when 
disruption of the olivocochlear efferents eliminated protection against a PTS with prior lower-level 
exposure (Zheng et al.  1997  ) . We now know that the dopaminergic lateral olivocochlear system is 
involved in conditioning (Niu and Canlon  2002  ) , whereas the medial olivocochlear pathway does 
not appear to contribute (Yamasoba and Dolan  1998  ) . Increased levels of endogenously produced 
antioxidant enzymes (in the stria vascularis as well as the organ of Corti) may also play a role 
(Jacono et al.  1998  ) .   

   4 Potential for Protection 

 Until the mid-1990s, we believed that most, if not all, noise-induced hearing loss (NIHL) occurred 
largely as a consequence of mechanical trauma that induced morphological damage. Because NIHL 
was assumed to result from direct mechanical destruction, mechanical devices (ear plugs, ear muffs) 
that reduce sound coming into the ear were assumed to be the only strategies for reducing NIHL. 
Although some impulse noise exposures can cause mechanical damage, we now know that cell 
death after a noise insult is largely driven by oxidative stress (for reviews, see Henderson et al.  2006 ; 
Le Prell et al.  2007b  ) . Free radical formation in the inner ear is well characterized, with immediate 
noise-induced free radical production (i.e., within 1–2 h of noise exposure; see Ohlemiller et al. 
 1999 ; Yamashita et al.  2004  )  and continued free radical production for 7–10 days postnoise 
(Yamashita et al.  2004  ) . These key findings have opened the door for the potential use of free radical 
scavengers or antioxidants to reduce NIHL after noise. 
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 Early work with antioxidant agents revealed that glutathione (GSH) and GSH-related molecules 
reduce PTS, and multiple groups quickly extended these findings to other free radical scavengers 
(for reviews, see Henderson et al.  2006 ; Le Prell et al.  2007b  ) . Delivery of individual dietary anti-
oxidants that directly scavenge free radicals has been effective (for a review, see Le Prell et al. 
 2007b  )  and nutrient combinations have the potential for additive and/or synergistic effects, with 
combinations proving effective even with a short prenoise treatment onset (Le Prell et al.  2007a  ) . 
Recent reviews are available for several therapeutics that increase the availability of the GSH 
precursor cysteine ( d -methionine, see Campbell et al.  2007 ;  n -acetylcysteine, see Kopke et al. 
 2007  )  or catalyze the formation of GSH (ebselen, see Lynch and Kil  2009  ) . Of particular relevance, 
there is a window of up to 3 days during which postnoise rescue treatment is feasible (Yamashita 
et al.  2005  ) . 

 Antioxidant therapy has been perhaps surprisingly effective in reducing hearing loss induced by 
impulse noise exposure (for examples, see Henderson et al.  1999 ; Kopke et al.  2005  ) . Data such as 
these suggest metabolic stress after impulse noise importantly contributes to a PTS postnoise. The 
extent to which antioxidant therapy can effectively attenuate long-term neural degeneration after 
TTS-inducing noise exposure remains to be determined; however, long-term auditory nerve protec-
tion achieved via antioxidant vitamins delivered during an ototoxic drug insult (Maruyama et al. 
 2007  )  suggests the potential for enhanced neural survival with antioxidant treatment. 

 Given data suggesting the potential to protect the ear against NIHL, human clinical trials are a 
critical next step. Evaluating the potential for protection using novel therapeutics presents multiple 
challenges, such as the identification of appropriate subject populations, assurance that human sub-
ject hearing is not put at an increased risk of harm, and selection of appropriate test metrics that are 
both sensitive to small changes in auditory function and clinically relevant. Several groups are now 
evaluating a variety of agents in human trials; these data have the potential to drive changes in 
evidence-based clinical practice.      
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   1 Introduction 

 A common result of noise exposure is a noise-induced threshold shift, defined as an increase in 
auditory threshold that persists after cessation of a noise exposure. If the hearing threshold returns 
to normal after some period of time, the threshold shift is called a temporary threshold shift (TTS). 
If the threshold does not return to normal, the remaining amount of threshold shift is called a per-
manent threshold shift (PTS). Observed PTS/TTS may be the result of a variety of mechanical and 
biochemical processes, including physical damage or distortion of the tympanic membrane and 
cochlear hair cell stereocilia, oxidative stress-related hair cell death, changes in cochlear blood flow, 
and swelling of cochlear nerve terminals resulting from glutamate excitotoxicity (Henderson et al. 
 2006 ; Kujawa and Liberman  2009  ) . Although the outer hair cells are the most prominent target for 
noise effects, severe noise exposures may also result in inner hair cell death and loss of auditory 
nerve fibers (Henderson et al.  2006  ) . 

 Threshold shifts are determined by first measuring preexposure hearing thresholds at one or 
more discrete frequencies, exposing the subject to a “fatiguing” noise exposure, and then measuring 
postexposure thresholds at one or more frequencies. The amount of threshold shift (in dB) is deter-
mined by subtracting the preexposure threshold (in dB) from the postexposure threshold (in dB). If 
the threshold eventually returns to normal, the measured threshold shift is denoted as a TTS. TTS 
measured at a specific postexposure time is denoted with a subscript, e.g., TTS 

4
  indicates the 

amount of TTS measured 4 min after cessation of the fatiguing noise exposure. 
 A large number of TTS/PTS studies have been performed in humans and terrestrial mammals to 

identify the relationships between noise exposure and induced threshold shifts and to develop safe 
exposure guidelines for people working in noisy environments. Although much information has 
been learned, the applicability of these data to marine mammals is limited, in part because of the 
differences between the peripheral auditory systems of marine and terrestrial animals but also 
because the types of noise exposures most relevant for people (e.g., 8-h exposure to broadband 
noise) may not be relevant to marine mammals exposed to shorter duration, intermittent sources 
such as sonar systems, pile driving, and seismic air guns. For these reasons, a number of TTS mea-
surements have been conducted with marine mammals to determine noise-exposure conditions 
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necessary for TTS in these animals. This paper reviews some of the major findings arising from 
TTS experiments with  Tursiops truncatus  (bottlenose dolphins) and  Delphinapterus leucas  (beluga 
whales).  

   2 Major Findings 

 The major findings to arise from TTS experiments with  Tursiops truncatus  and  Delphinapterus 
leucas  parallel findings from terrestrial mammal experiments. As in terrestrial mammals, the most 
significant factors that affect TTS in  Tursiops truncatus  and  Delphinapterus leucas  are the hearing 
test frequency, exposure sound pressure level (SPL), exposure duration, exposure frequency, tem-
poral pattern, and recovery time. 

   2.1 Hearing Test Frequency 

 The amount of TTS measured will vary with the hearing test frequency, with the maximum TTS 
after tonal exposures not occurring at the exposure frequency but instead occurring one-half to one 
octave above the exposure frequency (Finneran et al.  2007 ; Schlundt et al.  2000  ) . The overall spread 
of TTS from tonal exposures can thus extend over an extended frequency range, i.e., narrowband 
exposures can produce broadband (greater than one octave) TTS. Figure  1  illustrates the frequency 
spread of TTS after a tonal exposure. For impulsive sounds, there has not been a systematic effort 
to explore the relationship between exposure frequency content and the resulting frequency spread 
of TTS. TTS in a  Delphinapterus leucas  exposed to a water gun impulse occurred at frequencies 
above the predominant energy in the exposure, suggesting an upward shift in TTS as one would 
expect based on terrestrial mammal data.   

   2.2 Exposure SPL and Duration 

 As in terrestrial mammals, the amount of TTS increases with exposure SPL and the exposure dura-
tion, but the relationships are not monotonic. At low-exposure levels, there will exist some SPL 

  Fig. 1    Upward frequency 
spread of temporary thresh-
old shift (TTS) after tonal 
exposures in a human and 
 Tursiops truncatus . Human 
data from Ward  (  1962  ) . 
 Tursiops truncatus  data from 
Finneran et al.  (  2007  )        
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below which no TTS will occur regardless of exposure duration; this level is called “effective 
quiet.” To date, there have been no studies performed to measure effective quiet in a marine mam-
mal. As the exposure SPL increases, the amount of TTS at a particular frequency will grow expo-
nentially, then approach a linear relationship with SPL as the amount of TTS increases (Fig.  2a ). 
Above effective quiet, TTS will also increase with duration, approaching a linear relationship with 
the logarithm of time (Fig.  2b ). Although not yet demonstrated in marine mammals, terrestrial 
mammal data have shown that if the exposure SPL and duration are increased sufficiently, the 
amount of TTS will reach a plateau where further increases in exposure do not result in additional 
threshold shift. This region is called asymptotic threshold shift (ATS).  

 Because TTS is a function of both the exposure SPL and exposure duration, the use of sound 
exposure level (SEL) as a single metric has become increasingly common. TTS is correlated with 
SEL, especially if the range of exposure durations is relatively small. As the exposure duration 
increases, however, the relationship between TTS and SEL begins to break down. Specifically, 
duration has a more significant effect on TTS than would be predicted on the basis of SEL alone 
(Finneran et al.  2010a ; Mooney et al.  2009a  ) . This means that if two exposures have the same SEL 
but different durations, the exposure with the longer duration will tend to produce more TTS. 
Despite this, SEL continues to be used in many situations because it is simple and more accurate 
than SPL alone.  

   2.3 Exposure Frequency 

 Early TTS data did not reveal significant differences in TTS onset at 3, 10, and 20 kHz despite 
significant changes in  Tursiops truncatus  hearing thresholds over this range of frequencies (Schlundt 
et al.  2000  ) . For this reason, most acoustic impact criteria have used similar effects threshold for the 
onset of TTS regardless of exposure frequency (e.g., Southall et al.  2007  ) . More recent data, how-
ever, have revealed large differences (~15 dB) between TTS onset at 3 kHz compared with 20 kHz 
(Finneran and Schlundt  2010 ; Finneran et al.  2007 ; Fig.  3 ). TTS growth rates in  Tursiops truncatus  
have also been shown to increase with exposure frequency above 3 kHz (Finneran and Schlundt 
 2010  ) . These data demonstrate the need for frequency-specific criteria for TTS onset and/or more 
accurate auditory weighting functions.   

  Fig. 2    Growth of  Tursiops truncatus  TTS 
4
  with exposure sound pressure level (SPL; a) and exposure duration (b) 

for 3-kHz tones. Modified from Finneran et al.  (  2010a  )        
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   2.4 Exposure Temporal Pattern 

 Most marine mammal TTS experiments have featured single continuous or impulsive exposures; 
however, some preliminary studies have been conducted to examine the effects of intermittency and 
temporal pattern on TTS (Finneran et al.  2010b ; Mooney et al.  2009b  ) . These studies have shown 
that TTS can accumulate across multiple exposures but that the resulting TTS will be less than the 
TTS from a single, continuous exposure with the same SEL (or the same SPL and exposure “on 
time”). This means that predictions based on total, cumulative SEL will overestimate the amount of 
TTS from intermittent exposures. For the specific exposure conditions used by Finneran et al. 
 (  2010b  ) , the modified power law model (Humes and Jesteadt  1989  )  fit the growth of TTS across 
multiple exposures; however, it is unknown to what extent this approach would apply to other 
exposure conditions.  

   2.5 Recovery Time 

 The amount of observed TTS tends to decrease with increasing time after the exposure; however, 
the relationship is not monotonic. The amount time required for complete recovery of hearing 
depends on the magnitude of the initial shift; for relatively small shifts, recovery may be complete 
in a few minutes, whereas large shifts (e.g., 40 dB) require several days for recovery. TTS recovery 
functions in  Tursiops truncatus  exposed to 3-kHz tones have exhibited complex patterns (Fig.  4 ) 
that often contain regions where TTS is linear with the logarithm of time but also typically contain 
regions with varying slopes. Double exponential functions used to fit human TTS recovery data 
(Keeler  1968 ; Patuzzi  1998  )  also fit the  Tursiops truncatus  recovery data and, for the 3-kHz expo-
sures with durations from 1 to 128 s, the recovery functions can be described using TTS 

4
  and 

  Fig. 3    Growth of TTS 
4
  in a 

 Tursiops truncatus  after 16-s 
exposures at 3 and 20 kHz. 
SEL, sound exposure level. 
Modified from Finneran and 
Schlundt  (  2010  )        
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recovery time only; i.e., recovery functions did not depend on the specific SPL and duration but 
only on the resulting TTS 

4
 . The extent to which this result may be extrapolated to other exposure 

conditions is unknown.    

   3 Conclusions 

 TTS data remain one of the few direct measures of the effects of noise exposure and are therefore 
an important component for predicting and mitigating the effects of anthropogenic noise on marine 
mammals. Although much progress has been made in understanding the auditory effects of intense 
sounds on odontocetes, data gaps still exist regarding the effects of exposure frequency, TTS growth 
and recovery after exposure to intermittent noise, and the extent and manner in which TTS data 
from  Tursiops truncatus  and  Delphinapterus leucas  may be extrapolated to other species.      
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   1 Introduction 

 Obtaining extended and detailed information from instrumented whales is important for 
understanding whale behavior and interpreting responses to anthropogenic noise but has been dif-
ficult to achieve with tags because of short attachment times, poor spatial/temporal resolution, or 
lack of adequate acoustic data. In 2007–2008, sperm whales were tagged in the Gulf of California 
with Wildlife Computers TDR-PAT-MK-10 tags. While attached, the tags sent Fastloc-GPS loca-
tions and summary dive data (shape, duration, and depth) via ARGOS after dives >10 min and 
>10 m. Tags released from the whales floated to the surface and were recovered. Downloaded data 
revealed high-resolution time-depth recorder (TDR; 1-s and 2-m dive-depth increments) and GPS 
data within 60 m (Mate  2008  ) . The tags provided insights into resting, foraging, and traveling 
behaviors, diving to depths over 1,200 m for periods of up to 28 days. Fast zigzag patterns during 
dives likely represented foraging attempts on Humboldt squids. Despite coordinated travels, whales 
in the same social unit did not  usually dive synchronously or to the same depth and displayed con-
siderable variability at the same position and time. 

 A principal components analysis (PCA) was used to detect changes in dive behavior during a 
sperm whale’s GPS/TDR dive record over a 28-day period as it moved from 14 days in a deep-water 
habitat to 14 days in a shallow-water habitat (Fig.  1 ). The technique was sufficiently sensitive to 
identify changes in the first 5 dives of the shallow-water habitat as substantially different from those 
of the previous 5 or 14 days of deep-water dives. The whale did not consistently dive to the bottom, 
so these differences were not just a reflection of bottom depth. This environmental change probably 
affected the behavior of squid, sperm whale prey, and therefore sperm whale dive behavior. The 
detection of this dive change was possible from the ARGOS-relayed summary dive data (and thus 
feasible with near real-time monitoring) rather than having to wait for the detailed dive data obtain-
able only by recovering the tag at the end of the experiment. This could be important for a con-
trolled-exposure experiment (CEE) or behavioral-response study (BRS) strategy designed to expose 
animals to sequentially higher levels of sound so there is a means of recognizing changes in dive 
behavior in real time to avoid extreme noise exposures, which may be injurious or problematic for 
the subject animals. The capability of maintaining tags on animals for longer periods of time and 
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monitoring their responses to sound exposures allows for adaptive modifications in the experimental 
exposure protocol, which can potentially document recovery from temporary effects, changes in 
response to repeat exposures, and possible habituation.  

 Although we used an environmental change rather than a noise as a “change proxy,” these results 
provide evidence that the tag technologies (attachments, GPS, and dive-sensing records), data gath-
ered, and the PCA tools can inform a dose-response experiment involving noise and dive behavior 
changes. 

 The extent to which whales change their behavior in the presence of anthropogenic sound is still 
in doubt for most whale species. Although it seems intuitive that loud sounds like military sonar 
systems and seismic surveys might affect the habits of whales, their underwater behaviors are dif-
ficult to study. It is also hard to understand why whales do not always respond to the noises of ships 
by getting out of the way (Berman-Kowalewski et al.  2010  )  The development of long-term satellite 
tracking of whales (Mate et al.  2007  )  and sophisticated geographic information system analyses 
(Bailey et al.  2010  )  now make it possible to do both broad-scale habitat characterization (Cotte et al. 
 2009  )  and the collection of detailed diving behavior (Mate  2008  ) . 

 The development of an acoustic dosimeter is underway at Cornell University, Ithaca, NY 
(C. Clark, personal communication) and will be incorporated into the next generation of the GPS/
TDR tag. It will provide detailed records of up to five predetermined acoustic events designed to 
provide insight into how anthropogenic noise affects whale behavior during future CEEs or BRSs 
lasting over a month. The dosimeter is being incorporated into the GPS/TDR tag structure but is 
totally self-sufficient. It measures the sound exposure level (SEL) for echolocation clicks, codas, 
creaks (a proxy for a foraging attempt), vessel noise, and seismic/sonar sources during 5-min sum-
mary periods. The GPS/TDR-acoustic dosimeter tags will record GPS locations and the depth of 

  Fig. 1    The movement of a sperm whale equipped with a Wildlife Computers GPS/TDRPAT-MK-10 tag in the central 
Gulf of California during 14 days of dives in deep water to the south (left) and 14 days of dives in shallower water 
to the north (right). The view is from the east looking west over Tiburon Island in the foreground       
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whale dives every 2 s as well as the SEL and time stamp of the preselected acoustic events. Thus 
the tags will provide a huge database including pre- and postexposure dive behavior during “con-
trol” periods and noise-exposure events. Potential responses to experimental noises can then be 
viewed in the context of nonexposure (control) variability. Analyses will be undertaken to look for 
possible effects of just vessel noise in the absence of intentional exposures, which may help inform 
if and how whales respond to the approach of vessels. 

 The highest accumulated sound level will be measured for each acoustic event category occur-
ring every 5 min, integrating over full 1-s periods, not just the highest sound pressure level value. 
Before field deployment, the dosimeter will be tested in conjunction with a calibrated acoustic buoy 
to affirm the quality of its measurements. 

 The tags come off 1) at a preset date and time, 2) if they don’t change water depth for an extended 
period of time (suggesting they have come off the animal and sunk to the bottom in their attachment 
sleeve), or 3) when the tag batteries are down to 25% of their capacity. The final criterion ensures 
sufficient battery power for the tag to send its GPS location so it can be located for recovery. The tag-
recovery vessel uses the ARGOS-relayed or tag-uplink GPS message in a Fastloc proprietary software 
system and the vessel’s own GPS system to display the relative position of the vessel to the tag. 

 The first application of these amalgamated technologies is likely to be on blue and fin whales in 
the southern Gulf of California during the 2010 Southern California BRS. For this study, the mea-
sured wave forms will be 1) low-frequency social vocalizations, 2) ship noise, 3) naval sonar, and 
4) pseudonoise of the same frequency range as the sonar source but with different time characteris-
tics. Although we do not expect social vocalizations to be very routine in August when we start this 
experiment with blue/fin whales, we will determine if their vocalization rate changes in response to 
dive depths, noise exposure, or time of day. During that experiment, other team participants will be 
applying B-probes, and it is hoped that the double tagging of individual whales will provide a cross-
correlation between the two techniques.  

   2 Conclusions 

 The long-term attachment of GPS/TDR tags can provide detailed data over extended periods before, 
during, and after the CEE/BRS. The incorporation of an acoustic dosimeter into this tag provides 
the information on SELs for biologic sources (vocalizations, clicks, codas, and creaks) and anthro-
pogenic noises, both controlled (seismic or sonar) as well as uncontrolled (ship noise). PCA tech-
niques can recognize changes in dive behavior when whales move between different habitat types 
from both ARGOS-relayed summary dive data and detailed TDR data on tag recovery, suggesting 
that significant noise-induced charges will also be detectable.      

   References 

    Bailey H, Mate BR, Palacios DM, Irvine L, Bograd SJ, Costa DP (2010) Behavioural estimation of blue whale move-
ments in the Northeast Pacific from state-space model analysis of satellite tracks. Endang Species Res 10:93–106.  

    Berman-Kowalewski M, Gulland F, Wilkin S, Calambokidis J, Mate BR, Cordaro J, Rotstein D, St. Leger J, Collins 
P, Fahy K, Dover S (2010) Association between blue whale mortality and ship strikes along the California coast. 
Aquat Mamm 36:59–66.  

    Cotte C, Guinet C, Taupeir-Letage I, Mate B, Petiau E (2009) Scale-dependent habitat use by a large free-ranging 
predator, the Mediterranean fin whale. Deep-Sea Res Part I Oceanogr Res Pap 56:801–811.  

    Mate BR (2008) Technical instrumentation issues related to the design and execution of a controlled-exposure experi-
ment for larger cetaceans to assess possible behavioural responses and potential impacts. Bioacoustics 17:334–336.  

    Mate B, Mesecar R, Lagerquist B (2007) The evolution of satellite-monitored radio tags for large whales: One labora-
tory’s experience. Deep-Sea Res Part II Top Stud Oceanogr 54:224–247.      



207A.N. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life, 
Advances in Experimental Medicine and Biology 730, DOI 10.1007/978-1-4419-7311-5_46,
© Springer Science+Business Media, LLC 2012

    D.  R.   Ketten (�) 
      Woods Hole Oceanographic Institution ,   Woods Hole ,  MA   02543, USA 

     Harvard Medical School ,   Boston ,  MA   02115 ,  USA 
   e-mail: dketten@whoi.edu    

   1 Introduction 

 Sound is an inevitable element of every human activity in the oceans. Some, like exploration and 
military sonar exercises, produce impulse sounds that are intense but infrequent; others, like ship-
ping, generate nonimpulsive, less intense, but continuous noise. A recent National Research Council 
review  (  2003  )  found that the ocean’s acoustic budget has increased by 3 dB, i.e., doubled, per 
decade in the last half century. In effect, in some ocean areas, and particularly along our fragile 
coasts, we are creating an environment akin to that of human workplaces. 

 It is reasonable that we are concerned that any sound added to the marine environment may 
adversely impact a species within its “acoustic reach.” Our concern for marine mammals is particu-
larly acute because many species are endangered and hearing is arguably their primary sense. In 
fact, the important issues are multifactorial: what species will be exposed, for how long, to what 
frequencies, and at what levels, and then how do these parameters compare with an animal’s hearing 
abilities. Only with all these factors in hand can we reliably determine the probability of adverse 
impacts affecting fitness or endangering populations. 

 Before we can have a useful perspective, much less responsibly impose regulations and sanctions 
to prevent impacts from anthropogenic oceanic noise, it is first necessary to understand the suscep-
tibility to noise damage in marine mammal stocks and the current status of their hearing. In the last 
decade, we have gained substantial ground in testing and documenting both normal and impaired 
hearing in some marine mammals, but we must still infer hearing characteristics for the majority of 
species. This paper summarizes our knowledge of sound impact mechanisms in land mammals, the 
current evidence for marine mammal hearing loss, and, finally, in the context of these data, the 
implications for when and how marine mammal ears may suffer noise damage.  
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   2 Noise-Induced Hearing Loss 

 Noise is not synonymous with sound. Sound is a physical phenomenon perceived through hearing, 
whereas noise is defined essentially as an aperiodic signal that interferes with the perception of sound 
and has a negative physiological impact. Experimental and human noise effect data reviewed by 
Davis et al.  (  2003  ) , Kryter  (  1996  ) , and Slepecky  (  1986  )  are summarized in the following sections. 

   2.1 Human Incidence 

 Humans are, in one sense, an on-going, natural experiment for noise impacts. Noise-induced hear-
ing loss (NIHL) is second only to aging effects as a cause of loss among humans. We have long 
been aware that repeated exposure to loud noises may result in hearing loss. Early-stage NIHL in 
humans manifests itself as a “notch,” or preferential loss, near 4 kHz but may extend as high as 
6 kHz for extensive impulse exposures (Humes  2010  ) . As NIHL progresses, distinctive threshold 
increases occur near the peak frequency and at partial-octave intervals of the offending signal as 
well as frequencies above 4 kHz. Current OSHA regulations permit chronic exposures at an average 
sound pressure level (SPL) of 85 dB (A-weighted) over an 8-hour period, with a mandatory halving 
of exposure time for each 3-dB increment in SPL. European standards are comparable. Recent 
statistics indicate that ~15% of people over 20 years of age in the United States have high-frequency 
hearing loss attributed solely to noise exposure. By age 45, 20% have substantial NIHL; by 75, 
~50% of the population has profoundly impaired hearing from presbycusic, i.e., age-related, loss 
that is the result of long-term noise exposure compounded by diminished cellular recovery (  http://
www.nidcd.nih.gov    ). 

 Although other mammalian species are often used to investigate NIHL mechanisms, natural 
hearing loss is not commonly studied in any other species. Consequently, we know little about the 
incidence and nature of long-term noise effects in most mammals, making it difficult to estimate the 
state of health of “natural” marine ears and the probable risks from anthropogenic sources for wild 
marine mammal populations.  

   2.2 Mechanisms of NIHL 

 There is no simple single factor or formula for estimating loss from noise. Any noise exposure will 
not necessarily result in a measureable hearing loss, but every ear has tolerance limits. Sounds 
within an individual’s hearing range may be noisome or damaging depending on the synergistic 
effect of several factors, e.g., intensity, frequency, duration, whether the signal profile is impulsive 
or continuous, and the subject’s sensitivity at that frequency. 

 The fundamental cause of NIHL is overstimulation of the inner ear sensory cells, which results 
in metabolic exhaustion of the hair cells, organ of Corti support cell damage, and, in severe cases, 
retrograde ganglion cell and axonal degeneration. First-order damage, the protracted bending and 
shearing of auditory hair cell stereocilia, prevents production of neurochemical releasers that initiate 
auditory fiber impulses. In effect, the impacted area of the inner ear becomes chemically “silent” as 
a result of the loss of the stereociliary triggers. If the stereocilia recover to any extent, the function 
returns but may require greater energy than previously to respond and thresholds increase. 
Longitudinal and radial variations in cell structure along the cochlea also produce microregions with 
different vulnerabilities. Finally, adjunct conditions, such as exposure to ototoxins, heavy metals, 
hypertension, or stress hormones, may accelerate or exacerbate losses. 
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 Whatever the incipient cause of damage, some structural correlates for loss types are now fairly 
well understood. Damage to inner hair cells results in a total lack of response, whereas the loss of 
outer hair cells produces elevated thresholds. If hair cells recover from noise insults, the attendant 
loss is a temporary threshold shift (TTS). In experiments, threshold elevations as large as 50 dB 
returned to baseline sensitivity, although recovery sometimes required as much as 30 days. Shifts 
over 50 dB are often permanent (PTS). In humans, they most often result from an extreme, acute 
exposure or from accumulated TTS insults to the ear, some of which may occur without allowing 
recovery from a prior TTS. It is generally assumed that TTS represents a full recovery with no 
attendant physical injury, but it has been difficult to explain how even a reversible loss occurs with-
out at least submicroscopic physical damage. Recent data (Kujawa and Liberman  2009  )  show that 
in TTS, sensory cells appear to remain intact but that there can be acute afferent nerve terminal 
damage and eventually cochlear nerve degeneration. Thus TTS to PTS may not have fundamentally 
different mechanisms but rather are a graded, although nonlinear, continuum. 

 There are two intriguing features in threshold shifts. One is that continuous high SPL exposures 
result in losses at the center frequency (CF) and at higher loci at half-octave intervals that are 
explained by cochlear nonlinearities. However, this does not account for anomalous damage near 
the hook nor for the notch phenomena that may be related to spiral topography. The second is that 
individual responses to identical exposures can be as great as interspecific differences except in 
genetically identical individuals as demonstrated in mice (Fig.  1 ), suggesting that there is a large 
genetic element in NIHL susceptibility.   

   2.3 NIHL Summary 

 Common findings across species for noise effects are as follows: inner ear damage locations and 
severity correlate with the power spectrum of the signal but higher frequencies may also be 
impacted; intensity and duration can act synergistically to broaden the loss; there is a critical limit 
beyond which shifts grow rapidly; continuous exposures over time are asymptotic; impulse noise 
produces more profound effects than continuous noise at equivalent levels; onset limits for TTS are 

  Fig. 1    (a) Guinea pigs exposed to 12-kHz narrowband noise for 4 h, 109 dB sound pressure level (SPL). (b) CBA/
CaJ mice exposed to 1- to 16-kHz octave-band noise for 2 h, 103 dB SPL. CAP, compound action potential. Updated 
from Yoshida and Liberman  (  2000  ) , courtesy of C. Liberman       
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the same for normal and hearing-impaired individuals, thus there is a smaller “shift window” for 
impaired individuals; effects spread more to higher frequencies from any stimulus, possibly because 
the tonotopic structure of the basilar membrane means all incoming signals first traverse higher 
frequency encoding regions at the base of the cochlea before reaching lower frequency regions. 
Temporal integration is reduced, but frequency discrimination is often preserved in both TTS and 
PTS. Signal rise time and duration of peak pressures are significant factors in PTS but not in TTS.   

   3 Marine Mammal Hearing Loss: Evidence 

 Potential impacts from noise in marine mammals, just as in land mammals, may be physiological, 
pathological, acute or chronic, and even subclinical or largely behavioral. Many papers in this 
 volume provide details on all these aspects; therefore, this review is confined to the key points of 
the physiological and anatomical elements of hearing loss. 

 It is not news that some marine mammals may be hearing impaired. This is evident in hearing 
curves published over the last 50 years (Fig.  2 ). In the last 10 years, awareness of preexisting loss 
and testing to determine the onset of TTS via behavioral and noninvasive auditory evoked potential 
(AEP) techniques have both increased.  

 Published results are now available for 12 species of odontocetes and pinnipeds for tonal, 
impulse, and octave-band noise (OBN) stimuli. With the exception of tests on a few stranded juve-
nile whales and dolphins, all data were obtained from captive animals with prior test experience, 
some of which are older subjects with high-frequency losses. Southall et al.  (  2007  )  provides a 
detailed discussion and original citations for the studies summarized below. All SPLs are in decibels 
re 1  m Pa and SELs are in decibels re 1  m Pa 2 -s unless otherwise noted. 

 For two odontocete species,  Tursiops truncatus  (bottlenose dolphin) and  Delphinapterus leucus  
(beluga whale), tested in a natural harbor, a 6-dB or greater shift for single, short-duration pulses 
required exposures of 160 kPa peak (SPL 226 dB peak-peak; SEL 186 dB), whereas for pure-tone 
stimuli (3–80 kHz) with short exposures (up to 8 s), the mean shift onset was 195 dB SPL (SEL 
192–201 dB). The lowest onset was at 182 dB SPL for 1 subject at 75 kHz. With longer exposures 
(up to 130 s), greater shifts occurred (23 dB) at equal or lower exposures. As seen in land mammals, 
shifts occurred also at octave intervals and at frequencies above the probe stimulus. Equivalent 
shifts were obtained at similar received SELs under more controlled pool conditions, implying that 
masking from harbor noise was not a factor. Studies with longer stimuli (30 min) using OBN 
reported 11-dB shifts with stimuli of 179 dB SPL and 212–214 dB SEL, but exact exposures 
required monitoring the subject for surface breaths. Parallel AEP studies for  Tursiops  using longer 
exposures at surface (50-min OBN) found 4- to 8-dB shift onsets at 160 dB and 193–195 dB SEL. 
AEP and auditory steady-state response (ASSR) studies show the same trends as behavioral studies 
but often report shifts 10–20 dB greater. SEL growth is the most consistent finding among these 
studies, with a typical rate of 1 dB TTS/dB SEL. Recovery rates vary somewhat from 1–2 dB per 
doubling of time for short exposures to low- or midfrequency signals versuss 5–6 dB per doubling 
of exposure time for frequencies closer to peak sensitivities. 

 TTS studies in pinnipeds have been conducted in air and in water for 6 species with parameters 
similar to those for cetaceans. TTS, like basic hearing, among pinnipeds covaries with aquatic 
versus aerial adaptation and body mass; i.e., smaller phocids are impacted at lower exposures 
underwater than larger species and more air-adapted otariids. At 152 dB SPL (SEL 183 dB),  Phoca 
vitulina  (harbor seals) sustain a TTS of 6–8 dB after a 30-min exposure to 2.5-kHz OBN compared 
with TTS onsets near 170 dB (SEL 205 dB) for  Zalophus californianus  (California sea lion) and 
an adult  Mirounga angustirostris  (northern elephant seal). In air, measures of the same subjects 
and regimens required 99 dB re 20  m Pa (SEL 131 dB) for 6 dB of TTS in the harbor seal versus 
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121–122 dB re 20  m Pa (SEL 154–163 dB) in the sea lion and elephant seal. As in cetaceans, 
 recovery times were relatively short, but longer exposures of 50 min required 3 days recovery, in 
common with land mammal data. SEL values were lower than in cetaceans, with a growth rate of 
~2.5 dB TTS/dB noise and ~2.5 dB/doubling.  

   4 Conclusions 

 Undeniably, there have been serious consequences from noise exposures for marine mammals, 
including mass strandings. However, despite the importance of such events in bringing underwater 
noise to our attention, ironically, to date, there has been no demonstrable evidence of acute, trau-
matic, disruptive, or profound auditory damage in any marine mammal as the result anthropogenic 
noise exposures, including sonar (D’Amico et al.  2009 ; Ketten et al.  2003  ) . This does not negate 
our concern but rather underscores our need for a better understanding of the many facets and con-
sequences of sound use. 

 Although we are still uncertain about how robust or fragile these ears are, we have clear evidence 
that despite adaptations for diving and high-pressure environments, they are not impervious to per-
manent noise damage. Longitudinal studies report broad hearing losses and steep notches in both 
odontocetes and cetaceans (Ridgway and Carder  1997 ; Schusterman et al.  2002  ) . Recent postmor-
tem studies of ears from some of these subjects (Ketten et al.  2008  )  found evidence of sensorineural 
hearing loss in the form of extensive ganglion cell and auditory nerve fiber degeneration consistent 
with profound hearing deficits. Ears from strandings also show NIHL and age-related changes as 
well as other ear pathologies, including labyrinthitis ossificans, parasitic infestations, trauma, and 
chronic otitis media. 

 Despite these indicators that marine mammal hearing losses likely occur by the same mecha-
nisms and etiologies as in land mammals, current data are insufficient to formulate population-level 
hazard criteria. Southall et al.  (  2007  )  attempted a risk-matrix approach for noise exposures using 
available audiometric and anatomical data and weighted SEL and peak SPL criteria but concluded 

  Fig. 2    Odontocete (a) and pinniped (b) audiograms. Elevated thresholds for one of the bottlenose dolphins, fur seals, 
and harbor seals indicate hearing deficits. Modified from Wartzok and Ketten  (  1999  )        
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that data gaps prevent assigning definitive exposure criteria. Furthermore, the fact that marine 
 mammals sustain natural hearing loss from aging, trauma, and disease complicates definitive attri-
bution of hearing loss from anthropogenic sources based on sampling a few individuals in coastal 
populations. Multiple possible loss causes should be considered and eliminated in any animal for 
which there is little or no history; therefore, the simple finding of a single animal with a hearing 
decrement cannot be taken as a clear indicator of a population-level hazard from any source without 
corroborative evidence. Protracted exposures and TTS to PTS conversions rather than acute 
 individual impacts may be our major concern for populations. A high incidence of NIHL is unlikely 
to occur naturally across genders and ages in any wild population. Such a finding coincident with 
long-term or frequent intense exposures would be an appropriate cause for significant concern and 
action.      
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   1 Introduction 

 Intensive human activity in the ocean brings up the important issue of the negative impact of man-made 
noises on the behavior and physiology of marine animals. All living organisms are exposed to hazards, 
but cetaceans call for special attention. These highly developed marine mammals show complex 
behavior, their hearing is very sensitive, and the spectrum of perceived frequencies is very wide. 
Presently, researchers are focusing on disturbances of behavior and the parameters of auditory percep-
tion of some fairly intensive sounds simulating man-made noises (Southall et al.  2007  ) . Also of impor-
tance is the effect of noises on perception thresholds at sound levels that do not cause lasting threshold 
shifts. The noises may mask the perception of communication signals, and in toothed whales, the opera-
tion of the sonar may be disturbed, which is the main tool for distance orientation in those animals. It 
appears of interest to investigate the relationship between the auditory thresholds and the level of broad-
band auditory signals.  

   2 Methods 

 The methods are based on the registration of the compound response (the set of evoked potentials) 
on the combination of several series of tone pips, with various frequencies and various rates of the 
pips in the series. The use of amplitude-modulated auditory stimuli in combination with recordings 
of overall evoked potentials proved to be an effective method for testing the auditory system of 
toothed whales (Finneran and Houser  2007 ; Popov et al.  1997  ) . The magnitude of response at each 
frequency can be estimated on Fourier transformation of the compound response. By varying the 
parameters of tone components in a complex stimulus, we can estimate the magnitude of the 
response to signals with different carrier frequencies. 

 The experiments were performed on a mature  Delphinapterus leucas  (beluga whale) at the Utrish 
Marine Station, Institute of Ecology and Evolution, Russian Academy of Sciences. All the experi-
ments were performed in conformity with the regulations for the use of animals in biomedical 
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research of the Ministry of Science and Education, Russian Federation. For noninvasive 
evoked-potential recordings, suction-cup electrodes consisting of a 15-mm stainless-steel disk 
mounted within a 60-mm silicon suction cup were used. The electrical potentials were amplified 
within a range of 200 to 5,000 Hz; the amplified signal was digitized to be sent to the computer. To 
distinguish the signal from the noise, the digitized signals were coherently averaged. 

 The digital synthesis of auditory stimuli with an update rate of 512 kHz was used. The signals 
were converted into an analog form to be presented to the animals through a piezoceramic trans-
ducer (B&K 8104). The transducer was located 1 m in front of the animal’s head. The signal level 
was controlled by a calibrated hydrophone (B&K 8103). The whale was exposed to a mixture of 
four series of tone pips with definite carrier frequencies. The envelope of each signal was a single 
cosinusoid; the ratio of the number of cycles of the carrier frequency to the envelope was invariably 
8:1. Series were formed with pip rates of 0.875, 1, 1.125, and 1.25 kHz for the carrier frequencies 
of 45, 54, 64, and 90 kHz, respectively. The number of pips in each series was 40. All four series 
were summed up. A fragment of the resultant stimulus is represented in Figure  1a . The respective 
amplitude spectrum of that stimulus is shown in Figure  1b . The spectrum of that mixture was fairly 
broadband, with a considerable overlap of the spectra of the individual series. The intensities of all 
series of signals were leveled according to the frequency characteristics of the transducer, different 
durations of the tone pips, and different pip rates in the series. In the course of the experiment, both 
the intensity of the entire mixture and the intensities of individual components (series) could be 
controlled.   

  Fig. 1    (a) Oscillograms of an integral stimulus. (b) Amplitude spectrum of the stimulus. (c) Evoked potentials 
recorded in response to the integrated stimulus. The intensity of the component with a carrier frequency of 64 kHz 
and a pip rate of 1 kHz is indicated at the oscillograms, the intensity of the integrated stimulus being 85 dB. 
(d) Amplitude spectra of the responses. Dashed line shows the component with a carrier frequency of 64 kHz and a 
pip rate of 1 kHz       
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   3 Results 

 A compound response was recorded from the surface of the animal’s head in response to a combina-
tion of four series of tone pips (Fig.  1c ). 

 In that experimental series, the intensity of the integrated stimulus was a constant 85 dB, and the 
intensity of the component with a carrier frequency of 64 kHz at a 1-kHz signal sequence varied. 
The component intensities are indicated near the oscillograms. Some portion of the overall response, 
from 6 to 36 ms, was Fourier transformed. The spectra obtained contain four spectral peaks at the 
frequencies of the pips rate in each series: 0.875, 1, 1.125, and 1.25 kHz (Fig.  1d ). The decrease in 
the intensity of the component with a carrier frequency of 64 kHz caused a decline of the spectral 
peak amplitude at a frequency of 1 kHz. The diagram of the relationship between the amplitude of 
the spectral peak at a frequency of 1 kHz (carrier frequency of 64 kHz) and the intensity also dem-
onstrate a decrement of the amplitude with a reduction in intensity (Fig.  2a ).  

 The intersection of the regression line with a near-threshold amplitude value of 0.05 mV was 
assumed to be the threshold of response. Figure  2b  shows the dependence of the thresholds of 
responses to carrier frequencies of 45, 54, 64, or 76 kHz on the integrated intensity of the three other 
components. The increase in the intensity of the integrated stimulus results in an increase in the 
threshold of response. The threshold values obtained are approximated by regression lines. For the 
central frequencies of the integrated stimulus (54 and 64 kHz), an increase in the complex intensity 
by 1 dB resulted in an increase in the threshold of 0.7 and 0.8 dB, respectively. For the lateral fre-
quencies of 45 and 76 kHz, the thresholds increased 0.5 dB/dB. These data are in good conformity 
with those on the effect of broadband noise on thresholds of the cat auditory nerve response 
(Costalupes et al.  1984  ) .      
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  Fig. 2    (a) Relationship between the amplitude of the spectral peak at a frequency of 1 kHz (carrier frequency of 
64 kHz) and the intensity. (b) Dependence of thresholds on the intensity of the three other components       
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   1 Introduction 

 The Effects of Sound in the Marine Environment (ESME) Workbench (  http://esme.bu.edu    ) is a 
software tool designed to predict the impact of anthropogenic sounds on marine mammals. The 
ESME Workbench allows the user to select site-specific environmental data such as bathymetry, 
sound-speed profiles, sediment type, and average wind speed to predict sound propagation in a wide 
range of scenarios and to record the sound exposures received by virtual animals. The Workbench 
provides access to raw exposure information as well as summarized exposure information at the end 
of the simulation run. These data are made available in formats suitable for postprocessing utilizing 
a variety of data analysis tools.  

   2 Modules 

 The current version of the ESME Workbench is based on a series of interacting modules: 
Environment Builder, Acoustic Simulator, Scenario Simulator, and Data Viewer. 

        The ESME Workbench: Simulating the Impact 
of Anthropogenic Sound on Marine Mammals       

         David   C.   Mountain,          David   Anderson,          Andrew   Brughera,          Matthew   Cross,  
        Dorian   S.   Houser,          Nael   Musleh,          Michael   Porter, and          Martin   Siderius           
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   2.1 Environment Builder 

 The Environment Builder module allows the user to choose a region for the simulation by either 
specifying the coordinates or clicking and dragging a box on a map. The user then can browse the 
ESME Environmental Database and choose the data sources for environmental parameters (e.g., 
wind, sound-speed profile, bottom type, and bathymetry).   

   2.2 Acoustic Simulator 

 The acoustic propagation models use range-dependent depth profiles and depth-dependent sound-
speed profiles to compute the received sound level for the simulated animal from each simulated 
source. The propagation models use bottom and sea surface characteristics to account for losses that 
occur during reflection at these boundaries. Sound sources are specified through parameters such as 
source location and depth, frequency, intensity, and beam pattern. 

 The current version of the simulator uses the Bellhop algorithm (Porter and Liu  1994  ) . Bellhop 
uses a ray-tracing algorithm that computes relatively quickly and produces good results for water 
depths greater than 20 wavelengths. Source code, executables, and documentation can be down-
loaded from the Ocean Acoustics Library (  http://oalib.hlsresearch.com/    ).  

  Fig. 1    The Effects of Sound in the Marine Environment (ESME) Environment Builder and Workbench modules       
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   2.3 Scenario Simulator 

 The ESME Scenario Simulator consists of three closely interacting subsystems: Animal Behavior, 
Source Behavior, and Acoustic Exposure. 

 The Animal Behavior subsystem uses a Markov model for each individual. Animals are assumed 
to be in one of a finite number of behavioral states (descending, foraging, ascending, surface travel) 
and to transition from one state to another in a probabilistic manner (Houser  2006  ) . Animal location 
as well as instantaneous and cumulative sound exposure is logged for subsequent analysis. 

 The Source Behavior subsystem is a simple movement model intended for surface and sub-
merged sources moving in a deterministic manner. Initial location, depth, course, and speed are 
provided (or are defined as being randomized within specified limits), and (optionally) a closed, 
simple polygon is provided for the source to bounce around inside of. Acoustic duty cycle informa-
tion (ping duration and repetition rate) is also specified. Source speed is presumed to be constant 
throughout the duration of the simulation. 

 The Acoustic Exposure subsystem combines the output of the Animal Behavior, Source 
Behavior, and Acoustic Simulator modules to predict animal exposure to each active source, once 
per second of simulated time. The exposure data are logged in both raw and summarized forms, 
which are output to a text file suitable for postprocessing using any of a number of commercial or 
custom analysis packages.  

   2.4 Data Viewer 

 The Data Viewer module allows users of the ESME Workbench to visualize different data that are 
used by or produced by the various modules described above. For example, environmental param-
eters such as sound-speed profiles and surface loss can be displayed as line graphs. When a param-
eter data layer (e.g., sound-speed profile) is the active layer, the sound-speed graph is displayed 
when the user clicks on one of the sound-speed profile locations in the user console window. 

 Sound fields can be plotted as transmission loss (TL) in decibel attenuation or as sound level 
(dB re 1  m Pa). The range and offset of the color scale can be adjusted by clicking and dragging the 
mouse over the color bar. Images can be exported in a number of standard formats (BMP, GIF, 
JPEG, or PNG), and data can be exported to comma-separated text (CSV) files. A cursor tool tip 
that shows numerical data values can be used to explore the color plots.       
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   1 Introduction 

 The mammalian auditory system is a highly evolved acoustic signal-processing system that 
 performs well even in highly reverberant and cluttered acoustic environments. In cetaceans, the 
auditory system is even more highly evolved and is generally more important than vision for naviga-
tion, foraging, and social communication. As humans inject more and more acoustic energy into the 
marine environment, these important acoustic functions may become compromised. Unfortunately, 
little is known about the hearing capabilities of many marine species in quiet and much less is 
known about the impact of anthropogenic sounds that could mask biologically significant signals. 

 Biophysical computer models based on physiological and behavioral experiments performed on 
easily studied species can be extrapolated to those species that are not easily studied. We have used 
the EarLab (  http://earlab.bu.edu    ) desktop simulation environment to study masking effects in a 
variety of scenarios. Model parameters for species of interest are estimated from behavioral audio-
grams and other available data. The models can be used to predict how different types of biologi-
cally significant sounds are represented in neural firing patterns and how the neural representation 
degrades in the presence of anthropogenic noise.  

   2 Methods 

 To create a corpus of waveforms with known signal-to-noise ratios (SNRs), we used cetacean vocal-
izations recorded under relatively quiet conditions and added scaled recordings of shipping noise. 
Because animal vocalizations are commonly transient in nature while shipping noise represents a 
more continuous signal, we have defined the SNR in terms of the peak-to-peak amplitude of the 
signal ( V  

 S 
 ) and the noise ( V  

 N 
 )
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 For each vocalization-noise pair, several files were prepared with different SNRs. The SNR 
values were chosen to bracket the SNR for which human listeners found the vocalization to be 
barely detectable. 

 To simulate the cetacean auditory system, EarLab modules representing the middle ear, cochlear 
mechanics, inner hair cells, and the auditory nerve were used. If audiograms for the species of inter-
est were available, they were used to estimate the middle ear cutoff frequency and the range of the 
cochlear frequency-place map. If no audiogram was available, a human model was scaled to match 
the putative frequency range for the species. The output of the model was the average instantaneous 
firing rate for 256 populations of auditory nerve fibers, with each population representing fibers 
tuned to a specific frequency range. The spacing between the best frequencies of these populations 
were chosen to represent equal spacing along the length of the cochlea.  

   3 Results 

 For data-visualization purposes, cochleagrams were created. These plots are similar to spectrograms 
in that they are a form of time-frequency representation and color is used to represent the response 
amplitude. One difference is that the frequency axis is scaled to represent equal increments in 
cochlear position rather than equal increments in frequency. We should also point out that the band-
width of the cochlear filters changes with best frequency, whereas in the classical spectrogram, the 
filter bandwidths are constant. 

 Figure  1  illustrates the cochleagrams for a  Balaenoptera physalus  (fin whale) vocalization in 
quiet and in the presence of shipping noise (0-dB SNR). A scaled human model was used for this 
simulation, and only frequency channels corresponding to the vocalization frequencies are shown. 

  Fig. 1    Simulated auditory nerve activity for a fin whale call in quiet (a) and the same call with background shipping 
noise (b)       

 



223Using EarLab to Study Masking Due to Anthropogenic Sound

The brief, frequency-modulated vocalizations (Fig.  1 , arrows) are clearly visible in the quiet 
 condition but barely detectable visually in the noise background. At this SNR, the vocalization was 
barely detectable acoustically.  

 Biologically plausible detectors (e.g., energy detection, cochleagram correlation) are currently 
being tested with the simulated auditory nerve output for their ability to replicate human detection 
performance for these signals. Our preliminary results indicate that model performance is similar to 
that for human listeners.  

   4 Conclusions 

 Physiologically based models provide a method for more realistic estimates of masking effects in 
complex acoustic environments than conventional approaches because they include phenomena 
such as the upward spread of masking and forward masking that are not included in conventional 
techniques.       
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   1 Introduction 

 The hearing of marine mammals has been extensively studied in the last decades and has focused 
primarily on species available in captivity such as the bottlenose dolphin  Tursiops truncatus . Recent 
work has shown that mass stranding events could be related to anthropogenic sound exposure such 
as naval sonar activities, seismic surveys, or oil drilling exploration. Although little is known about 
the hearing abilities of most odontocete species, it is primordial to be able to obtain a rapid hearing 
assessment of stranded animals. A portable system was designed to be easily transported and used 
during stranding events, at rehabilitation facilities, and in laboratory settings. This overview provides 
a description of this system as well as an overview of the data collected so far.  

   2 Materials and Methods 

 The system was first presented by Taylor et al.  (  2007  ) , and additional modifications have been 
implanted to provide more flexibility and portability to the system. 

   2.1 Background Noise Measurements 

 For any new facility or stranding, background noise measurements were collected with a RESON 
TC-4032 (−170 dB re 1 V/mPa; Slangerup, Denmark) connected to a Microtrak II two-channel 
digital recorder (M-Audio, Irwindale, CA). Noise files were recorded at a 96-kHz sampling rate 
with one channel with no gain and the second channel with variable gain. Files of 1-s duration were 
then extracted, averaged, and analyzed with Adobe Audition 3.0 and a custom MATLAB program.  

        Portable Auditory Evoked Potential 
System to Assess Odontocete Hearing       
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   2.2 Acoustic Stimulus Presentation 

 At the start of each data session, the animal was stationed at the surface and three electrodes encased 
in soft latex rubber suction cups were positioned on the animal’s back. The acoustic stimuli were 
presented through a hydrophone positioned 1 or 2 m in front of the animal’s ears at a depth of 
50 cm. Different hydrophones were used depending on the range of frequencies tested: an ITC 1032 
(Santa Barbara, CA) for frequencies between 4 and 50 kHz and a RESON 4013 for frequencies 
above 50 kHz. Because of the limited time usually available during stranding events, the hydro-
phones were normally calibrated after the data collection. 

 Sound stimuli were sinusoidally amplitude-modulated (SAM) tone bursts. The tones were usually 
modulated at 1,000 Hz based on modulation rate transfer functions obtained in the past or before 
the hearing measurements. For frequencies below 50 kHz, the update rate was 256 kHz and was 
raised to 512 or 800 kHz for frequencies above 50 kHz. The tones were digitally synthesized with 
a custom LabVIEW program and a National Instrument PCMIA-6062 E DAQ card (Austin, TX) 
implemented in a laptop. The tone bursts were normally 19 ms in duration followed by 30 ms of 
silence so that the acoustic stimuli were presented at a rate of 20 ms -1 . Output voltages were 
measured peak to peak with a Tektronix TPS 2014 oscilloscope (Beaverton, OR) and were then 
converted to equivalent root mean square voltages (peRMS) to calculate the sound pressure level 
(SPL) for each individual frequency. SPL was varied in 1- to 10-dB steps with a Hewlett-Packard 
P-350D (Palo Alto, CA) attenuator.  

   2.3 Auditory Brain Stem Response Recording 

 Three gold human EEG electrodes embedded in latex suction cups were used to collect the animal’s 
neurological responses to the acoustic stimulus. The first electrode was positioned 5 cm posterior 
to the blowhole, the second electrode was on the back, and the third ground electrode was on the 
dorsal fin of the subject. The three suction cups were connected to a Grass CP-511 bioamplifier 
(West Warwick, RI), and the signal was amplified 10,000 times and filtered from 300 to 3,000 Hz. 
Additional filtering was performed by a Krohn-Hite 3384 bypass filter (Brockton, MA) with similar 
settings. The response signal was then digitized at a 16-kHz rate with the same PCMIA computer 
card that generated the acoustic stimulus. A complete record consisted of collecting and averaging 
1,000 responses, which were 26 ms long and triggered with the acoustic stimulus.  

   2.4 Data Analysis 

 During a stranding event, a complete audiogram can be collected in less than an hour and can 
include up to 10 frequencies ranging from 4 to 128 kHz. For each frequency, an average of seven 
stimulus-level trials was necessary to obtain a threshold. SPL was decreased until no response was 
visible for at least two trials. Previous work has shown that SAM tone bursts generate an envelope 
following response (EFR) (Nachtigall et al.  2007 ; Popov and Supin  2007  ) . For each frequency and 
SPL, a 256-point fast Fourier transform (FFT) was performed on a 16-ms window of the EFR. Each 
FFT provided a frequency spectrum, and the peak response at 1,000 Hz was used to estimate the 
response of the subject to the acoustic stimulus. For a given frequency, the peak responses were the 
repetition rate and were then plotted as a function of the stimulus SPL. A linear regression was used 
to calculate the hypothetical zero value that was used as the approximation of the threshold for that 
frequency. An audiogram consisted of compiling all the thresholds for each frequency and the corre-
sponding SPL threshold (Fig.  1 ).    
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   3 Conclusions 

 Absolute thresholds cannot be obtained using the auditory evoked potential (AEP) because of the 
inherent biological electrical noise. However, previous studies have indicated that behavioral audio-
grams are very similar to hearing measurements obtained with the AEP technique (Yuen et al.  2005  )  
Therefore, this method seems to be ideal to measure hearing in stranded animals either during their 
rehabilitation or soon after the stranding event if portable pools are available. In addition to the basic 
system, additional measurements can be collected. The use of a jaw phone to produce sound in 
localized areas directly on the head of the subject has been used to examine sound paths with the 
described system (Mooney et al.  2008  ) . The modulation rate transfer function can easily be collected 
by varying the modulation rate of the acoustic stimulus (Mooney et al.  2009  ) . This system has been 
used in many situations including in the laboratory, in collaboration with marine mammal parks, in 
long-term rehabilitation facilities, in portable pools after stranding events, and during capture and 
release of wild animals. Continuous improvements will provide a reliable and adaptable platform to 
use on new species and perhaps on mysticetes.      
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  Fig. 1    Audiograms of three 
captive adult  Tursiops 
truncatus  collected in French 
Polynesia. SPL, sound 
pressure level       
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   1 Introduction 

 In general terms, barotrauma is defined as an injury or disorder resulting from the establishment of 
a pressure difference across the wall of an anatomical structure or an injury of a body part or organ 
as a result of changes in pressure. In fish, barotrauma is physiological damage to nonauditory tissue. 
Barotrauma may be expressed as physical injury or changes in behavior and may result in immediate 
or delayed direct or indirect mortality. 

 Barotrauma injury in fish can be quite variable in both cause and effect depending on details of 
the exposure to pressure change and the physiology and physiological state of exposed fish. 
Barotrauma end points include mortal injury (McKinstry et al.  2007  )  and a number of injuries with 
varying severity and impact not linked to immediate or delayed mortality. Injuries that are not 
mortal injuries, such as temporary stunning (Sutherland  1972  ) , loss of buoyancy, or any of many 
other temporary or permanent injuries which reduce fitness, can, nonetheless, result in mortality 
by predation. 

 Changes in pressure that can cause barotrauma in fish can be divided into two general categories: 
decompression and mechanical. Decompression can be subdivided into rapid and impulsive decom-
pression. These categories of barotrauma are not mutually exclusive but may co-occur depending 
on exposure.  

   2 Decompression 

 Essentially all decompressive barotrauma is caused by changes in the state (in solution or free) and 
volume expansion of air-containing structures (e.g., swim bladder). The most important driving 
physical principals are 1) the relationship between the volume of a bubble or structure (swim blad-
der) and the change in pressure acting on the air-filled bubble or structure (Boyle’s law) and 2) the 
relationship between the solubility of gas in blood and other body fluids and the pressure acting 
on the fish (Henry’s law). Both the magnitude and direction of change in pressure are important. 

        Barotrauma in Fish and Barotrauma Metrics       
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In general, for the pressure changes fish experience during rapid decompression, the compression 
of air-filled structures and bubbles does not cause barotrauma; it is expansion that causes injury. 

 There is an increase in the volume of any air-filled enclosure within the body of the fish when 
external pressure decreases. The change in volume (V) is proportional to the magnitude of the 
change in pressure (P; Boyle’s law: P 

1
 V 

1
  = P 

2
 V 

2
 ). The rate of change in volume is essentially the 

same as the rate of change in pressure. Simultaneously, an increase in blood volume is caused by 
the formation of bubbles from gas released from solution in the blood (Henry’s law: P =  k  

g
 C, where 

 k  g  is Henry’s law constant for a gas and C is concentration, or, for a particular gas, P 
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The increased blood volume puts pressure on arteries and veins and can disrupt the function of 
internal organs and biological processes essential for the survival of the fish. These physical 
phenomena are the causes of commonly observed decompressive barotrauma injuries that include, 
but are not limited to, rupture of blood vessels, bruising, severe physical damage to organs, swim 
bladder rupture, and occlusion of the circulatory system (Beyer et al.  1976 ; Cramer and Oligher 
 1964 ; Rummer and Bennett  2005 ; Tsvetkov et al.  1972  ) . 

 For physoclistous fish, it has long been known that the depth of acclimation before pressure change 
exposure is a critical factor influencing the magnitude of injury and mortality rates (Abernethy et al. 
 2001,   2002,   2003 ; Beyer et al.  1976 ; Cada  1990 ; Cada et al.  1997 ; Rummer and Bennett  2005  ) . 

 The susceptibility of physoclistous fish to barotrauma during hydroturbine passage, given accli-
mation to depth, has been found to be proportional to the ratio of absolute pressure at their acclimation 
depth to the lowest absolute pressure experienced during turbine passage. Recent evidence suggests 
that not including physiological state as an element of treatment most likely results in a bias in 
assessing the risk of barotrauma from exposure to a higher rate of change of rapid decompression 
(Carlson and Abernethy  2005  ) . It is likely that the same caution is true for barotrauma assessment 
for exposure to near-field impulsive sound.  

   3 Rapid Decompression 

 Rapid decompression, which is sometime referred to in the published literature as “catastrophic 
decompression” (Rummer and Bennett  2005  ) , typically refers to a decrease in the static pressure 
acting on a fish that may be more or less rapid. Rapid decompression is almost always caused 
by the forced movement of a fish from a greater to a lesser depth, thereby from higher to lower 
static pressure. It occurs when a fisherman brings a fish at depth to the surface more rapidly than 
the fish can remove gas from its swim bladder (D’Aoust  1973 ; D’Aoust and Smith  1974 ; 
Feathers and Knable  1983  ) . Fish without swim bladders are at a low risk of injury from rapid 
decompression, whereas the risk to fish with swim bladders depends on their physiology and 
physiological state. 

 Another source of rapid decompression, the passage of fish through hydroturbines, has been 
extensively studied. In this case, water flowing through a hydroturbine experiences changes in 
pressure associated with a transfer of energy to turn a rotor, thereby generating electricity. 
Figure  1  shows how pressure changes as water flows through a hydroturbine. Depending on the 
nature of the hydroturbine, the rate of change in pressure experienced by a fish carried with flow 
through the machine can occur at rates very similar to those occurring during impulsive 
decompression.  

 The response of juvenile Chinook salmon to rapid decompression during passage through a 
hydroturbine is shown in Figure  2  (Skalski and Seaburg  2010  ) . The  x -axis is in terms of a derived 
variable, which is the natural log of the ratio of acclimation to nadir (minimum) pressures. The 
 y -axis is the probability of mortal injury.   



  Fig. 1    Two examples of the pressure change a fish might experience while passing through a Kaplan hydropower 
turbine. One is a pressure-time series for a fish acclimated to near-surface static pressure (blue line) and the other is 
for a fish acclimated to the static pressure at a depth of 30 ft (red dashed line).   From Abernethy et al.  (  2002  )        
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   4 Mechanical (Impact) Injury From Impulsive Sound 

 A major mechanism of injury to fish from impulsive signals is believed to be impact experienced 
by the fish as a significant difference in pressure across tissue. The difference in pressure, if large 
enough, could cause tearing and other mechanical injury of almost any organ or other tissue in the 
body of the fish. Almost all observations of impact injury come from studies of exposure of fish to 
high-energy impulsive signals caused by explosions (Keevin and Hempen  1997 ; Weston  1960 ; 
Yelverton et al.  1975  ) . The severity of damage, in addition to the characteristics of the impulsive 
signal, is a function of the physiology of the exposed fish, which can vary widely with species, age, 
and condition factors.  

   5 Barotrauma Metrics 

 The most common barotrauma metric is direct, immediate mortality. However, research indicates 
that there are a number of barotrauma injuries that do not result in immediate mortality and may not 
even be severe enough for direct delayed mortality but may increase the risk to the fish of indirect 
mortality by predation. For rapid decompression studies, we derived a new response metric, mortal 
injury. 

 In a study of rapid decompression (Brown et al.  2007  ) , juvenile Chinook salmon were exposed 
to rapid decompression. Those fish that died during exposure were necropsied after removal from a 
test chamber. The surviving fish were held for 48 hours after exposure. Those that died during holding 
were immediately necropsied. At the end of the holding period, all surviving fish were necropsied. 

 A series of statistical tests were conducted to identify observed injuries that had high odds of 
occurring in fish that died during the period from exposure through the end of the holding period. 
These tests found that a set of 22 barotrauma injuries had high odds of occurring in fish that died. 
A logistic model-building exercise found that 8 of the 22 higher odd barotrauma injuries were 
sufficient to satisfy goodness-of-fit measures for a model predicting mortality given the occurrence 
of immediate and delayed mortal injuries in test fish (McKinstry et al.  2007  ) . For subsequent 
studies, the mortal injury metric permitted necropsy of test fish immediately after exposure to rapid 
decompression without sacrificing consideration of delayed mortality. Mortal injury also permits 
the test fish to be classified into one of two classes depending on observation of a mortal injury 
during necropsy. This binomial classification of test fish permit use of logistic regression and 
similar analysis tools to derive stimulus-response functions that facilitate quantitative assessment of 
exposure risk. 

 Studies currently underway of barotrauma in juvenile salmonids after exposure to pile driving 
and blasting impulsive sounds are exploring additional barotrauma metrics.      
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   1 Introduction 

 Concern continues about the potential effects the sounds produced during pile-driving activities 
have on fish (e.g., Popper and Hastings  2009  ) . We investigated the effects of high-intensity sound 
on juvenile Chinook salmon ( Oncorhynchus tshawytscha ). State-of-the-art equipment was developed 
to expose fish to pile-driving signals in the laboratory.  

   2 High-Intensity Controlled Impedance–Fluid-Filled Wave Tube 

 The equipment is called a high-intensity controlled impedance–fluid-filled wave tube (HICI-FT) 
that was designed and built by Peter Rogers and James Martin at the Georgia Institute of Technology, 
Atlanta, GA. The HICI-FT is made of a stainless-steel tube with an electromagnetic shaker at each 
end. Adaptations to the HICI-FT were vibration isolation feet to decouple the system from the 
building and a water-conditioning system, including a chiller, for the health of the fish and compli-
ance of water inside the HICI-FT. Also the HICI-FT needed to be cooled to function properly; 
therefore, cool air was brought to the electromagnetic shakers and adaptations were made to remove 
heat from the room.  

   3 Pile-Driving Impact Signals 

 Eight pile-driving signals, recorded during driving of steel shell pile and provided by the Washington 
Department of Transportation, were used in these studies. These eight signals differed slightly in 
their spectral content and their time waveform; however, they were normalized to have the same 
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single-strike sound exposure level (SEL). These 8 signals were randomized into a block of 96 
strikes in which each signal was represented exactly 12 times randomly within the block. The block 
of 96 was then repeated to achieve the desired number of pile strikes, i.e., the block of randomized 
signals was repeated 10 times to produce 960 strikes.  

   4 SEL Target 

 Each data point (i.e., exposure-treatment group) had a specific cumulative SEL target. Some data 
points were paired in that the elements of the pair had the same cumulative SEL target but were 
obtained with a different number of pile strikes, i.e., a different single-strike SEL for the signals 
within a block. This pairing was done to test whether the same cumulative SEL caused similar 
barotrauma injuries regardless of the number of pile strikes and different single-strike SEL.  

   5 Physiological Condition 

 At the start of each experiment, after handling, juvenile salmon were allowed to acclimate in the 
HICI-FT acrylic entry chamber to fill their swim bladder and achieve neutral buoyancy. Experimental 
findings from rapid decompression studies indicated that negatively buoyant physostomous fish 
(i.e., salmonids) at the time of exposure were at lower risk of barotrauma than those that were 
neutrally buoyant (Brown et al.  2007  ) . These findings support other experiments that found that fish 
without a swim bladder were at a much lower risk of barotrauma than fish with a swim bladder 
(Yelverton et al.  1975  ) .  

   6 Data Management 

 It is important to perform and demonstrate quality control of data. Quality was achieved by utilizing 
a one-over system where one person digitally entered the data and another person double-checked 
each cell for accuracy. Often the data were further ensured with a third check of each cell along with 
inspection for compliance with experimental protocols. Quality assurance was applied to every part 
of the experiment, which included observations of the sound presented to the test fish in the 
HICI-FT, observation of fish during acclimation, fish physical metrics, and the score for each 
barotrauma injury. After quality assurance was completed, the data for each fish went through a 
rigorous ranking assignment with justification for the ranking. The rankings used were 1) full 
acceptance of the data for a fish, 2) conditional acceptance of the data for a fish, and 3) deletion of 
data for a fish from study. The criteria for these rankings included fish physiological condition, 
buoyancy at exposure, food in gut, weight/length ratio, and compliance with experimental protocols 
during experimental procedures. Finally, after removal of unacceptable fish, the data were analyzed, 
including the number of injuries per test fish and the frequency of occurrence of injuries for the 
sample of fish within each treatment.  
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   7 Barotrauma Scoring 

 After exposure to a block of pile-driving impact signals, fish were individually examined for 
barotrauma injuries. Exposed fish were examined using a panel of 63 potential barotrauma injuries. 
The occurrence of an injury was scored as 1 and absence by 0. In the first step of analysis, physi-
ologically significant injuries and those that occurred with the highest frequency throughout the 
entire study regardless of SEL or strike number exposure were identified. The result was a group of 
~20 injuries that had the highest frequency of occurrence and were also physiologically significant 
for fish health. Further statistical analysis was conducted using the smaller grouping of injuries. 

 Data analysis continues. Initial results indicate a strong trend in increase in the number of injuries 
per fish and the frequency of occurrence of injuries within treatment with increasing severity of 
exposure.      
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   1 Introduction 

 A shipboard system for measurement of auditory evoked potentials (AEPs) in fish was developed to 
investigate the effects on hearing in tropical reef fish after exposure to emissions from an air gun array 
used in a three-dimensional marine seismic survey at Scott Reef, Western Australia (Woodside Energy 
Ltd.  2007  ) . Scott Reef is a coral atoll located in the Indian Ocean ~430 km north of Broome. The 
species studied included  Myripristis murdjan  (pinecone soldierfish),  Chromis viridis  (blue green 
damselfish),  Sargocentron spiniferum  (sabre squirrelfish), and  Lutjanus kasmira  (bluestripe seaperch).  

   2 Methods 

 Fish were collected in the field by professional divers using standard methods developed by 
aquarium collectors and marine scientists. All fish were caught in water depths less than 20 m, with 
the majority of fish caught in depths between 5 and 15 m. The fish were placed in covered buckets 
with small holes drilled in the lids and stored at holding locations in a sand habitat at the northwest 
edge of South Scott Reef. 

   2.1 Sound Exposure Sites 

 Three exposure sites were identified in the center of South Scott Reef lagoon. Sites were selected 
to be representative of bathymetry and habitat types within the area. The three sites were located on 
a line at distances from 45 to 2,743 m from a planned seismic survey vessel track. Water depth at 
these sites was between 25 and 45 m. 

 At each site, two groups of three 1.0-m 3  soft net cages were suspended 5 m below the water 
surface and tethered to the seabed. The fish were transferred by boat in their holding buckets to the 
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sites where specimens were placed in the three cages based on species ( Myripristis murdjan  and 
 Sargocentron spiniferum  replicates were placed in the same cage). Two three-cage groups at each 
location allowed for single-pass and double-pass exposure testing without disturbing the separate 
replicates. 

 The experimental fishes were then exposed to discharges from a seismic air gun array with a 
combined capacity of 2,055 in 3  and a shot point interval of 18.75 m as it was towed along a single 
seismic survey line. Exposures to either one or two air gun array passes occurred over five days. 
After exposure, the experimental animals were immediately removed from the cages and trans-
ported in buckets to the holding location before testing. 

 Sound pressure was recorded using underwater noise loggers from the Centre for Marine Science 
and Technology (CMST) at Curtin University, Perth, Western Australia. Loggers were attached to 
the fish cages to record the sound pressure received by the fish. 

 Control fishes were treated exactly as experimental animals, other than for the actual sound 
exposure from the air gun array. They were placed in cages 45 m from the seismic survey track line, 
held for the same amount of time as fishes later exposed to one and two passes of the air gun array, 
and removed and transported to the holding location before testing.  

   2.2 Assessment of Hearing Thresholds 

 A test chamber suitable for measurement of AEPs in fish was designed for shipboard use and 
fabricated at CMST. A tank was constructed using a 1-m length of 400-mm-diameter Schedule 60 
steel pipe. The pipe was flanged to a steel plate at the bottom and oriented upright. An underwater 
sound transducer (Lubell Labs LL9162T) was placed at the bottom and embedded in sand to minimize 
rattle and structural flanking. The tank and baseplate were mounted inside a plywood enclosure 
lined with foil to reduce electromagnetic interference and with damping material to minimize 
airborne noise interference. A rectangular PVC pipe frame with four legs filled with sand for stabi-
lization was placed inside the enclosure and isolated from contact with the tank to support the fish. 
In addition, the enclosure sat on top of four automobile tires to minimize interference from 
structural vibration through the deck of the boat. The enclosure had a hinged lid for access to the 
test tank from the top. The tank was filled with local seawater to a height of 800 mm and then 
drained and refilled daily. Seawater temperature was 21–22°C throughout the study. Hearing sensi-
tivity of each specimen was determined by measuring AEPs. Baseline animals were held on deck 
in tanks with continuous freshwater flow but were not transported and placed in cages. 

 Each fish specimen was held in a plastic mesh sling secured with a clamp across the dorsal fin 
and suspended in the test tank 200 mm below the water surface. Slings were cut to size for each 
individual so as to minimize movement while allowing for normal respiration. Stainless-steel needle 
electrodes were used to record the AEP signal. A recording electrode was inserted subdermally into 
the dorsal surface of the fish directly over the brain stem and a reference electrode was inserted 
subdermally either between the nares or into the dorsal musculature near the tail. A ground electrode 
was placed directly in the water near the fish. 

 Sound stimuli were produced and AEP waveforms recorded using EVoked REsponse Study Tool 
(EVREST) software (Finneran  2009  ) . This system was implemented on a ruggedized computer with 
an expansion chassis for a 16-bit data-acquisition board and an integrated custom programmable 
electronic output attenuator to control the level of acoustic stimuli. Stimuli consisted of 50-ms 
pulsed tones with 4-ms rise-and-fall times for frequencies below 1,200 Hz, and 22-ms pulsed tones 
with 1-ms rise-and-fall times for frequencies above 1,200 Hz. The phase of the tone was flipped 
between presentations to eliminate any electrical artifacts in the AEP signal. Stimulus tones were 
amplified using an automotive power amplifier and 12-V battery. 



241Shipboard Assessment of Hearing Sensitivity of Tropical Fishes Immediately…

 Acoustic stimuli were calibrated and background acoustic noise was recorded each day with a 
Reson TC 4033 hydrophone (sensitivity −202.2 dB re 1 V/mPa) connected to a Reson VP1000 
preamplifier set to provide a gain of 6 dB. Discrete test frequencies between 100 and 2,000 Hz were 
chosen a priori to minimize distortion. During each trial, the stimulus was presented at a level high 
enough to elicit a clear evoked potential and then decreased in 5-dB steps until a threshold level was 
no longer visible.  

   2.3 Data Reduction 

 Hearing thresholds were determined by visual inspection of AEP waveforms and power spectra. 
Signal levels at each frequency were changed in minimum 5-dB steps until a typical AEP waveform 
and corresponding spectral signal amplitude could not be seen above the noise. AEP waveforms 
were examined for latency and periodic response, and then AEP power spectra were analyzed for 
signal amplitude at twice the stimulus frequency, typical of the AEP recordings in fish (Suga et al. 
 2006  ) . Figure  1  displays a typical AEP waveform and spectrum.  

  Fig. 1    Auditory evoked potential (AEP) recording from a  Chromis viridis  specimen for a 140-dB (re 1 mPa) stimulus 
at 845 Hz       
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 Data at each test frequency from the baseline, control, and exposure groups for each species were 
compared using a one-way analysis of variance (ANOVA) with  a  = 0.05 to determine any differ-
ences in threshold. In each case, the Bonferroni adjustment was applied to the  p  values of statistical 
significance. Any differences were verified using Tukey’s honestly significant difference (HSD) 
post hoc comparison ( a  = 0.05).   

   3 Results 

 AEP measurements were made on 51 specimens of  Chromis viridis  with an average standard body 
length of 39 ± 7 mm and mass of 2.6 ± 1.0 g; 47  Lutjanus kasmira  with a standard length of 164 ± 
14 mm and mass of 123 ± 29 g; 10  Sargocentron spiniferum  and 10 other holocentrid fishes, 
primarily from the genus  Sargocentron , with standard lengths of 237 ± 25 mm and 152 ± 18 mm 
and mass of 400 ± 107 g and 103 ± 31 g, respectively; and 20  Myripristis murdjan  with a standard 
length of 164 ± 22 mm and mass of 192 ± 75 g. 

 No significant differences in auditory thresholds were found among exposure groups or between 
exposure groups and baseline or control thresholds at any test frequency for any species, except for 
the group of  Chromis viridis  exposed to a single pass of air gun emissions. This exposure group 
suffered from a bacterial infection that was not apparent until they were retrieved from the cages. 
There was no difference between thresholds measured 0-6 h postexposure and baseline thresholds; 
however, because of deterioration of these fish over time, thresholds measured 6–12 h postexposure 
were significantly higher than thresholds measured during the 0- to 6-h period: 18 dB higher at 
225 Hz and 16 dB higher at 455 Hz. These specimens were dying at an exponential rate after being 
brought onboard for testing, so the threshold shifts were not related to sound exposure. 

  Myripristis murdjan  had the lowest AEP thresholds above 400 Hz of any species tested at Scott 
Reef. Even though sample sizes were small, no differences in AEP thresholds were found among 
exposure groups or between exposure groups and baseline or control thresholds at any test frequency 
for  Myripristis murdjan  specimens. The exposure groups included 3 specimens tested within 0–6 h 
after a cumulative exposure of at least 190 dB re 1 mPa 2 -s. Figure  2  shows the baseline and control 
AEP thresholds along with the overall average thresholds for exposed specimens.   

  Fig. 2    AEP thresholds measured for  Myripristis murdjan . SPL, sound pressure level. No significant difference was 
found among baseline, control, and exposed groups       
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   4 Summary and Conclusions 

 This is the first study to examine the potential effects of emissions from an air gun array on hearing 
of tropical reef fish using AEP thresholds measured in the field. Over 7 days, 51  Chromis viridis , 
47  Lutjanus kasmira , 20  Myripristis murdjan , and 10  Sargocentron spiniferum  were tested. AEP 
thresholds were determined before and after exposure to emissions from one or two passes of an air 
gun array. Temporary threshold shift resulting from sound exposure was not found in any species, 
even when cumulative sound exposure levels reached 190 dB re 1 mPa 2 -s.      
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   1 Introduction 

 Offshore marine petroleum seismic surveys involve the repetitive use of intense, short bursts of 
low-frequency noise, the reflections of which are used to image subsea geology. The seismic signal 
is produced by a spatial array of sources, usually air guns that violently release high-pressure 
compressed air into the water column. Although the signal produced by a single air gun is largely 
omnidirectional at low frequencies (typically, most energy over 10–150 Hz), the signal received by 
a spatial array of individual air guns is highly directional and dependent on the array configuration 
and receiver orientation. 

 There have been several studies that have looked at the behavioral response of fish to air gun 
signals and that have attempted to quantify damage to fish hearing systems and changes in hearing 
sensitivity from air gun signal exposure. Popper and Hastings  (  2009  )  present the most recent 
review of these works. For hearing damage, McCauley et al.  (  2003b  )  found significant damage to 
the hearing epithelia of  Pagrus auratus  (pink snapper) 58 days after they were exposed in an 
approach-departure fashion, multiple times to a single 20-cui air gun at ranges from 5 to 300 m in 
Jervoise Bay, Western Australia (termed JB). A vigorous behavioral response was observed from 
these fish on the first set of seismic passes that led to the hearing damage, but 58 days later, the same 
fish failed to respond to a second set of seismic passes (McCauley and Fewtrell  2008 ; McCauley et 
al.  2003a  ) , supporting the histological observations of hearing damage occurring after the first set 
of passes. In contrast, Popper et al.  (  2005  )  exposed several fish species to a small seismic array 
in a shallow-river system and found limited loss of hearing in two species that recovered hearing 
within 18–24 h and that showed no damage to sensory hair cells (Song et al.  2008  ) . 

 Using experiments carried out in Australia, we briefly present further observations of hearing 
damage experiments in fish that support the case of Popper et al.  (  2005  )  and Song et al.  (  2008  )  for 
no or limited hearing damage to fish ears from seismic array passes. The pressure waveforms of 
received seismic signals from the Australian experiments are examined to explore what differences 
occur between the small single air gun used in the JB experiments and larger arrays of air guns used 
to expose shallow-placed fish that do not appear to show significant damage to fish ears.  
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   2 Ear Damage Based on Caged-Fish Observations in Northern Australia 

 Two sets of observations of damage to the hearing epithelia of caged fish exposed to air gun signals 
have been made in northern Australia recently, one in the Timor Sea in 2006 (10°15 ¢  S) and one on 
a coral atoll complex in the Kimberley area (14° S) of northern Western Australia in 2007. These 
works are unpublished, but a brief summary is presented here. In the Timor Sea,  Pristipomoides 
multidens  (gold band snapper, around 55-cm standard length) were removed from 2.5-m-long × 
1.5-m-wide × 1.5-m-high fish traps set on the seabed and that had captured fish on a prior seismic 
pass. The fish hearing structures were fixed, preserved for histology at sea, and processed ashore. 
A 3,090-cui air gun array towed at 5-m depth passed the traps set at 112-m depth on the seabed at 
ranges of 370 m, 2.1 km, and 58 km from the closest air gun pass. Damage to the hair cells lying 
on the sensory epithelia surrounding the sagittal otolith was quantified as per McCauley et al. 
 (  2003b  ) . There was an exponentially increasing amount of hair cell damage with decreasing range 
from seismic pass or increasing cumulative sound exposure, although the sample size was low, making 
the results indicative only. This experiment is termed Timor Sea (TS). In 2007, an experiment was 
conducted in a large coral reef lagoon (averaging 45-m depth at the study site) where several fish 
species were held in 1-m 3  cages at 7-m depth at ranges from 45 m to 2.7 km abeam a seismic vessel 
track, with various exposure regimens and control passes. Fish were sampled in the field by fixing 
and preserving the cranial structure, with the sensory epithelia surrounding the sagittal otolith 
removed in the laboratory and quantified for damage to hair cells as per McCauley et al.  (  2003b  ) . 
Exposed fish were sampled in a time series to 60 days postexposure. The primary species sampled 
was  Lutjanis kasmira  (sea perch or snapper) of ~150-mm standard length. In these experiments, a 
2,055-cui air gun array towed at 5-m depth ran past the cages. When data of hair cell damage for 
seismic-exposed fish was lumped and compared with those for control fish, a statistical increase in 
damage to hair cells was found, but this damage covered much less than 1% of the hair cell-populated 
portion of the sensory epithelia and was considered to be small. No relationships could be found 
between hair cell damage and the number of seismic passes (one or two), intensity of signals 
received, or time after exposure, indicating that the damage observed was marginal and not a clear-cut 
response to the seismic passes. This experiment is termed Kimberley (KI). 

 In summary, four sets of observations of damage to the sensory epithelia of fishes exposed to 
seismic air gun array passes exist, with one (McCauley et al.  2003b  )  showing significant damage to 
passes of a single air gun, one (Popper et al.  2005 ; Song et al.  2008  )  showing a small amount of 
hearing loss and no hair cell damage to passes of a small air gun array in a shallow river, one (TS) 
showing an increasing amount of hair cell damage with increasing cumulative seismic energy 
received but with low sample size, and one (KI) showing low levels of hair cell damage to passes 
of a 2,055-cui array but no clear patterns based on exposure type.  

   3 Nature of Seismic Sources 

 Seismic air gun arrays comprise a planar array of elements, the air guns in several strings aligned 
in the tow direction. Based on the configuration of seventeen 1,500–4,000 cui, mostly 3-dimensional 
seismic survey arrays available to the author, each gun string is from 14 to 20 m long, with gun 
elements on average 2.7 m apart; most arrays have two strings of guns, the separation across the 
array is from 10 to 20 m, and the guns are towed at 5- to 7-m depth. Typically, a wide size range of 
air guns is used in an array to spread the frequency content of the primary pulse with gun elements 
ranging from 20 to 40 cui up to 300 to 500 cui. The larger gun elements are usually clusters of two 
or three air guns, with these located at the tow end of the string and the smaller guns at the rear. 
Some arrays are asymmetrical in design. The resulting array will be directional in noise energy 
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output, designed to focus energy downward for subsea imaging. Signals received in any orientation 
other than directly below will contain multiple time-offset air gun signals that will interfere with 
each other. 

 With respect to the results available for caged fish exposed to commercial seismic arrays, the 
directionality patterns inherent in the spatial grid of air gun sources imply that 1) the caged-fish 
experiments carried out to date have not been in the focal zone of any air gun array (directly below 
the array) and 2) the signal received at the fish cages has been the sum of a complex mix of signals 
from multiple air gun elements. Figure  1  shows the air gun waveforms for the highest level signals 
received at the caged fish experiments using a single 20-cui air gun at approximately the same depth 
as the fish (fish 2–3 m, air gun 5-m depth, range 5–10 m at closest approach; McCauley et al.  2003a ; 
Fig.  1a ); for cages at 7-m depth, 74 m abeam a 2,055-cui passing air gun array in an approximately 
45-m-deep coral lagoon (cage 1.5° below array horizontal; Fig.  1b ); and for a fish trap on the seabed 
at 112-m depth, 370 m abeam a 3,090-cui source towed at 5-m depth (cage 16° below array hori-
zontal; Fig.  1c ). For comparison, Figure  1d  shows the signal received by a 3,040-cui array towed at 
6-m depth passing 250 m abeam a receiver on the seabed at 152-m depth (receiver 30° below array 
horizontal). These signals were collected under various programs, not detailed here, using calibrated 
sea noise logging systems set up for intense air gun signals, with receivers at the fish cages or on 
the seabed (Fig.  1d ). The waveforms for the Popper et al.  (  2005  )  and Song et al.  (  2008  )  fish expo-
sures were not available, but the cages were believed to be close to the same plane as the air gun 
array, implying interference from the different air guns at the received location and waveforms 
possibly similar to those shown in Figure  1b-d .  

 There are some differences in the signal shapes received when comparing the maximum signal 
received in the McCauley et al.  (  2003b  )  experiment and the maximum signals received from 
commercial air gun arrays passes at elevations of  £ 30° from the array horizontal plane. Details of 

  Fig. 1    Four air gun waveforms as a maximum signal received in experiments by McCauley et al.  (  2003a,  b ; a); a 
maximum signal from a 2,055-cui air gun array at a cage 7 m deep at a 74-m range (1.5° below array plane; b); a signal 
of 3,090-cui array received at a 370-m horizontal range for a receiver on the seabed at 112-m water depth (16° below 
array plane, signal has clipped on positive pressures; c); and a signal of a 3,040-cui array measured by a receiver 
250 m abeam the array on the seabed at 152-m water depth (30° below array plane; d)       
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the maximum signal levels reached during the JB, TS, and KI sets of fish-exposure experiments and 
the 3,040-cui array passing are listed in Table  1 . The time sequence of exposures aligned over 
the same time frame as the McCauley et al.  (  2003b  )  experiment duration are shown in Figure  2 . 
The magnitudes of the maximum signals experienced in peak-peak (p-p) and sound exposure level 
(SEL), as given by the pressure waveforms at the JB and KI experimental passes and the 3,040-cui 
array passing given in Table  1 , are similar in decibel values (the JB p-p is twice that of the KI 
exposures in linear terms), whereas the TS measurements are ~10 dB down from p-p and 3 dB down 
in SEL. The number of signals >200 dB re 1 mPa p-p experienced was similar for the JB, KI, and 
3,040-cui measurements, whereas for the >190 dB re 1 mPa category, the JB exposure had approxi-
mately double the number of signals (the same values in SEL units were similar in trend to p-p 
shown). This was due to the nature of exposures delivered. Figure  2  shows the JB exposures varying 
from a seismic vessel passing, where the signal ramps up, reaching a peak often slightly before the 

   Table 1    Maximum air gun signal exposures received in caged-fi sh experiments   

 Site  Max p-p  Max SEL 
 Time between max 
peaks, ms  >190 p-p  >195 p-p  >200 p-p  >205 p-p  >210 p-p  CSEL 

 JB  210  181  1.972 ± 0.3742  83  33  8  2  1  188 
 TS  198  175  8.864 ± 5.0922  36  9  0  0  0  188 
 KI  209  179  8.023 ± 3.6897  43  22  11  2  0  190 
 3040  206  178  8.955 ± 3.1462  37  17  5  1  0  189 

  Legend   : JB, Jervoise Bay, Western Australia (McCauley et al.  2003a,  b  ) ; TS, Timor Sea; KI, Kimberley; 3040, 
measurements from a 3,040-cui array passing a receiver; Max p-p, maximum peak-peak (dB re 1 mPa); Max SEL, 
maximum sound exposure level (dB re 1 mPa 2 -s); time between max peaks, time between maximum +ve/−ve peak 
and the following maximum –ve/+ve peak, with 95% confidence limits based on the highest 11 signals received in 
each dataset; 190, 195, 200, 205, 210 p-p, number of signals greater than the thresholds for peak-peak (dB re 1 mPa); 
CSEL, cumulative sound exposure level (sum of all linear SEL values of received air gun signals; dB re 1 mPa 2 -s).  

  Fig. 2    Time sequence of air gun signals (sound exposure level units). Expt-1, McCauley et al.  (  2003a,  b  ) ; seismic 
pass-1, equivalent to measurements from the Timor Sea fish cages but made during a seismic line (this noise logger 
was on a duty cycle and did not sample continuously); Expt-2, Kimberley experiments for the 2,055-cui array passing; 
seismic pass-2, the 3,040-cui array passing. The datasets are arbitrarily aligned by time to match the Expt-1 duration       
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array passes abeam, and then dropping rapidly away on leaving. The JB exposures used multiple 
short approach-departures rather than a single pass-by because the experiments were designed to 
capture fish behavior (McCauley et al.  2003a  ) . The cumulative sound exposures received in all 
measurements were within 2 dB of each other. Although the TI exposures had lower maximum 
signal pressures, they had a similar cumulative SEL exposure because the air gun was not being 
operated in a data-collection mode but in a free run at a 3.3-s shot spacing compared with 8.2 s for 
the KI experiments, 15 s for JB, and 10.4 s for the 3,040-cui array.   

 A feature that showed significant differences between signal types at the fish cage experiments 
was the time between the first maximum signal peak (+ve or –ve) and the following maximum 
signal peak of opposite sign. All signals at short range measured from the single 20-cui air gun had 
a leading +ve peak with the time between this and the following –ve peak of ~2 ms or approximately 
one quarter of that experienced from the air gun arrays (8–9 ms). The signals received from 
the commercial arrays at <30° elevation from the array plane had a mix of leading positive and 
negative peaks followed by a peak of the opposite sign (at the TS traps, it was 8/3 leading +ve/−ve 
peaks; at the KI cages, it was 6/5 leading +ve/−ve peaks; for the 3040 measurements, it was 0/11 or 
all leading −ve peaks).  

   4 Conclusions 

 The pressure waveforms of maximum air gun signals received during experiments with caged fish, 
which have and have not caused apparent significant hearing damage, differ in their shape and time 
between minimum and maximum pressure peaks but do not differ greatly systematically in expo-
sure magnitudes as individual signal or cumulative energy delivered when measured as pressure 
parameters. The measurements were of signal pressure, not particle motion, particularly particle 
acceleration, which is what drives the fish hearing system. Although involving only a single air gun, 
the experiment that has shown considerable damage to fish ears involved short-range exposures 
(<10 m), well inside the near field where particle motion is not proportional to the pressure magni-
tude and was not measured. The experiments with air gun arrays have all taken place at elevations 
<30° from the array horizontal plane, out of the array focal zone, at elevations with considerable 
interference from different array elements, and at ranges where the particle motion may have been 
proportional to the measured pressure, although because it has never been measured, this is not 
known. This implies that as yet the issue of hearing damage in fish resulting from exposure to 
intense impulse signals is a poorly resolved issue. 

 What has been resolved is that in at least some instances, reasonably short-range exposures 
(down to 45 m; KI experiments here; Song et al.  2008  )  to air gun arrays up to 2,500 cui at shallow 
elevations below the array horizontal plane in shallow water (<50 m depth) have not shown signifi-
cant damage to the hearing epithelia of several fish species.      
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   1 Introduction 

 Anthropogenic noise can elicit a significant elevation in plasma cortisol levels in fish (Smith et al. 
 2004 ; Wysocki et al.  2006  ) . In response to a stressor, fish attempt to compensate by using a series 
of biochemical and physiological changes that start with a neuroendocrine response. This response 
includes the release of cortisol into the circulatory system (Wendelaar Bonga  1997  ) . 

  Sciaenops ocellatus  (red drum) and  Cynoscion nebulosus  (spotted sea trout) are highly vocal fish 
that commonly inhabit Texas bays and estuaries. These areas are widely traveled by motor-driven 
recreational and fishing boats, and the number of fishing boats is increasing (Tseng et al.  2006  ) . 
This study evaluates the short- and long-term effect of boat noise on cortisol levels in  Sciaenops 
ocellatus  and  Cynoscion nebulosus .  

   2 Materials and Methods 

   2.1 Noise Acquisition 

 Noise recordings were made of a sport fishing vessel approaching and passing a stationary hydro-
phone in Corpus Christi Bay, TX. A 15-s segment of the recording was digitalized and projected via 
an amplifier into fish holding tanks using underwater speakers. In the long-term study, both continu-
ous and intermittent sounds were carried by a dual-channel transmission.   

   3 Experimental Setup and Protocol 

   3.1 Short-Term Study 

 Juvenile fish of both species were exposed to continuous boat noise (180 dB re 1  m Pa) for periods 
of 0, 15, 30, and 60 min. Each tank was divided into eight cylindrical units, and curtainlike 
structures were built to prevent fish in different groups from interacting with each other. At the 
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end of the designated treatment period, fish were removed, flash frozen in liquid nitrogen, and 
analyzed using an ELISA assay.  

   3.2 Long-Term Study 

 Juvenile fish of both species were exposed to ambient background noise (120 dB re 1  μ Pa), 
continuous noise (175 dB re 1  μ Pa), and intermittent noise (175 dB re 1  μ Pa, 30-min periodicity). 
A baseline subsample of 50 fish was collected with a net for initial cortisol analysis followed by 
immediate flash-freezing in liquid nitrogen. The duration of noise exposure was 8 wk. At the end 
of the trial, an additional 50 fish were collected for cortisol analysis using an ELISA assay.   

   4 Results 

   4.1 Sciaenops ocellatus 

 Fish exposed to either of the two noise treatments in the long-term study did not show an elevation 
in the whole body cortisol level at the end of 8 wk. In the short-term exposure study, 30 min of noise 
exposure significantly increased plasma cortisol levels ( P  < 0.01). Plasma cortisol declined thereafter 
to a level lower than that of the no-noise control group after 60-min exposure time.  

   4.2 Cynoscion nebulosus 

 Fish exposed to either of the two noise treatments in the long-term study did not show an elevation 
in the whole body cortisol level at the end of 8 wk. A significant elevation in whole body cortisol 
concentration was shown after 15 min ( P  < 0.001) and after 30 min ( P  < 0.001) in the short-term 
study. The concentration of whole body cortisol decreased after 60 min of noise exposure.   

   5 Discussion 

 When fish are exposed to stressors, there is an immediate release of catecholamines followed by the 
activation of the hypothalamic–pituitary–interrenal axis, which stimulates the synthesis and secre-
tion of glucocorticoid hormones (cortisol) in teleosts (Wendelaar Bonga  1997  ) . We found that short-
time boat noise had the potential of being a stressor for fish. However, long-term exposure to noise 
did not elicit elevation to either continuous or intermittent noise. Moreover, we noted that fish in the 
long-term study showed behavioral changes at the onset of noise, including startling and swimming 
in tight circles with increased acceleration. This response diminished within 1 wk. This suggests 
that fish of both species became acclimated to both noise treatments over time. We therefore infer 
that acclimation to noise under the present experimental conditions is relatively rapid. This is further 
substantiated by the observation that both species of fish reacted to short-term noise exposition by 
increasing whole body cortisol concentrations.  Sciaenops ocellatus  showed a significant elevation 
in cortisol after 30 min; however, the cortisol concentration declined after 60 min of noise exposure. 
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Cortisol levels in  Cynoscion nebulosus  peaked after 15 min of exposure and remained significantly 
higher after 30 min but, as with  Sciaenops ocellatus  and  Cynoscion nebulosus , returned to lower 
values.  

   6 Conclusions 

 Boat noise similar to that projected by recreational fishing boats elicits in juvenile  Sciaenops 
ocellatus  and  Cynoscion nebulosus  a rapid increase in cortisol levels; however, these higher levels 
do not persist for more than 60 min. Despite persistence of stressful sound, acclimation in the 
species of fish studied occurs rapidly.      
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   1 Introduction 

 Fishing and recreational boats are common vessels in coastal waters and contribute to underwater 
noise, with levels and frequencies related to their size. Texas bays and estuaries are widely traveled 
by motor-driven recreational and fishing boats and the number of them has increased in the past few 
years (National Marine Manufacturers Association  2008  ) . Studies have shown that fish react to 
underwater noise from boats by displaying abnormal behavior (Fuiman et al.  1999 ; Popper et al. 
 2004  )  and reduced growth (Davidson et al.  2009 ; Wysocki et al.  2007  ) . Fish react to stressful condi-
tions by modulating metabolic rate and repartitioning energy, with the subsequent conversion of 
stored to available energy at the expense of growth (Wendelaar Bonga  1997  ) . 

  Sciaenops ocellatus  (red drum) and  Cynoscion nebulosus  (spotted sea trout) are sport fish that 
commonly inhabit Texas bays and estuaries. There is substantial concern that increased anthropo-
genic noise could have a negative impact on the growth and development of these fish. In these 
preliminary experiments, we examine the effects of long-term exposure of  Cynoscion nebulosus  and 
 Sciaenops ocellatus  to boat noise on growth, survival, and metabolic balance.  

   2 Materials and Methods 

   2.1 Noise Acquisition 

 Noise recordings were obtained of a sport fishing vessel approaching and passing a stationary 
hydrophone in Corpus Christi Bay, TX. A 15-s segment of the recording was digitalized and projected 
via an amplifier into fish holding tanks using underwater speakers. The dual-channel digital sound 
file contained both continuous and intermittent noise.  
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   2.2 Experimental Setup and Protocol 

 Juvenile  Sciaenops ocellatus  and  Cynoscion nebulosus  were provided by a local hatchery and 
stocked in six fiberglass tanks. The tanks were organized by species according to the following 
treatments: one control tank with ambient background noise (120 dB re 1 mPa), one tank with 
continuous noise (175 dB re 1 mPa), and one with intermittent noise (175 dB re 1 mPa, 30-min 
periodicity). The duration of noise exposure was 8 wk, with a mid-trial sample obtained after 4 wk 
for determination of total length. At the end of the trial, the fish were enumerated for survival 
and measured for total length, mass, and derivation of other growth factors (e.g., condition factor, 
specific growth rate). Whole fish were then individually lyophilized, ground to a dry powder, and 
analyzed for protein and energy determinations with an automated nitrogen analyzer and bomb 
calorimetry, respectively.   

   3 Results 

 Both species of fish reacted to the initial playback of noise, either intermittent or continuous, by 
swimming in tight circles and by accelerating. In the intermittent-noise tank, fish startled when the 
noise was present. These behaviors were not presented after 1 wk of exposure to noise. There were 
no significant differences among treatments ( P   >  0.05) for the dependent variables determined in 
this experiment for either species of fish. Regardless, some of the initial assumptions were confirmed 
by the results. 

   3.1 Sciaenops ocellatus 

 The percent survival of fish was similar among treatments at the end of the 8 wk, although it was 
numerically lower in fish subjected to noise treatments. The rate of growth, expressed as mean 
percent weight gain, was lower during the first month than at termination, whereas the specific 
growth rate and mean total length were higher. An analysis of the frequency distribution of condition 
factor indicated a shift toward higher values for treatment fish compared with those in the ambient 
noise control tank. Mean percent whole body protein of the fish subjected to boat noise treatments 
was lower than that of the control fish at the end of the 8-wk study period. The protein-to-energy 
ratio declined in the fish exposed to boat noise. Higher feed conversion ratio values were shown by 
the fish subjected to continuous noise.  

   3.2 Cynoscion nebulosus 

 The percent survival was highest in fish under intermittent-noise conditions. Mean weight gain was 
lower during the first month than at the end of the trial. Specific growth rate and mean total length 
were higher after 4 wk than at the end of the experiment. Fish showed lower mean condition factor 
values when exposed to continuous noise than those subjected to ambient or intermittent noise. Fish 
subjected to intermittent noise had the highest mean whole body protein levels, whereas fish 
exposed to continuous noise were the lowest. The protein-to-energy ratio increased in a manner 
similar to that of protein concentration. Fish showed the lowest feed conversion values when 
exposed to continuous noise.   
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   4 Discussion 

 Most studies evaluating the effect of noise on fish have shown a disruption of normal behavior and 
physiology, all having the potential to impair the ability of fish to forage, escape predators, and 
reproduce (Richardson et al.  1995  ) . In this experiment,  Sciaenops ocellatus  and  Cynoscion nebulosus  
showed an initial response to noise, which was not presented after 1 wk of treatment. It can be 
inferred that both of these species habituated to increased noise levels. Habituation might be a con-
sequence of their living in noisy habitats such as estuaries and bays and, therefore, is a manifestation 
of their capacity to maintain normal activities in variable conditions. Neither species of fish showed 
long-term impairment of growth due to noise exposure, although both grew slowly during the first 
month of noise exposure (e.g., lower mean percent weight gain). Future research should attempt to 
further characterize this decrease in growth rate and the physiological responses associated with it. 
As a source of stress, underwater noise can induce a relocation of energy. The stress response to noise 
in this experiment was determined by measuring whole body protein and energy retention after 8 wk. 
Protein content and the protein-to-energy ratio declined for  Sciaenops ocellatus  exposed to both 
continuous and intermittent noise. On the other hand,  Cynoscion nebulosus  exposed to continuous 
noise had the lowest whole body protein content, and those exposed to intermittent noise had the 
highest whole body protein values and protein-to-energy ratio values. This suggests that both species 
are affected by long-term noise exposure and display different abilities to use protein as energy. The 
overall feed conversion rate was high in both species of fish when subjected to either noise treatment, 
suggesting that noise and the stress it imparts could induce a reduction in feed intake.  

   5 Conclusions 

 Long-term exposure to boat noise similar to that projected by recreational fishing boats does not 
appear to influence the growth, survival, and nutrition of  Sciaenops ocellatus  or  Cynoscion nebulosus , 
although behavioral observations indicated an initial response to noise (either intermittent or 
continuous). Further studies should include replications and growth trials to assess when the accli-
mation happens.      
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   1 Introduction 

 Exposure to intense sounds can damage the auditory hair cells of terrestrial vertebrates, and this 
damage and/or loss results in reduced hearing sensitivity. This is also true for aquatic vertebrates 
such as fishes exposed to underwater sounds. Exposure to sounds at high intensities has been shown 
to induce hearing loss in a number of fish species (e.g., goldfish  Carassius auratus  [Smith et al. 
 2004a  ] ; fathead minnows  Pimephales promelas  [Scholik and Yan  2001  ] ; northern pike  Esox lucius  
and lake chub  Couesius plumbeus  [Popper et al.  2005  ] ). Because data on the physiological effects 
of sound on most fish species is generally lacking, models predicting sound-induced hearing loss in 
fishes would be useful. The application of such models would be of tremendous value for policy 
decisions concerning anthropogenic noise exposure, especially when threatened or endangered 
species are involved.  

   2 Linear Threshold Shift Hypothesis 

 Mammalian models have long been used to predict the effects of noise on humans. Temporary 
threshold shifts (TTSs) increase with the duration of sound exposure until an asymptotic threshold 
shift (ATS) is reached (Clark  1991  ) . Once the ATS is reached, further noise exposure no longer 
increases TTS, but ATS increases linearly with the sound pressure level (SPL) of the stimulus 
(Carder and Miller  1972  ) . 

 Smith et al.  (  2004b  )  tested the hypothesis that noise-induced threshold shifts in fishes would 
increase linearly with increasing sound pressure differences (SPDs) between the exposure noise and 
baseline hearing thresholds across multiple frequencies in the fish audiograms. This relationship 
was coined the linear threshold shift (LINTS) hypothesis. The advantage of using SPDs instead of 
raw SPLs is that it accounts for differences in hearing loss at different frequencies. In other words, 
if a sound stimulus has much of its energy near 400 Hz, one might expect that the greatest hearing 
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loss would also be near 400 Hz. Using SPDs also accounts for differential hearing sensitivity 
across frequencies. For example, goldfish exposed to white noise exhibited the greatest threshold 
shifts between 800 and 1,000 Hz, which is near the frequency where their hearing is most sensitive 
(Smith et al.  2004b  ) . 

 Threshold shift data were compiled for five species of fishes (bluegill sunfish  Lepomis macrochirus  
[Scholik and Yan  2002  ] ; fathead minnow  Pimephales promelas  [Scholik and Yan  2001  ] ; catfish 
 Pimelodus pictus  [Amoser and Ladich  2003  ] ; goldfish  Carassius auratus  and tilapia  Oreochromis 
niloticus  [Smith et al.  2004b  ] ). When threshold shifts were plotted as a function of SPD above 
baseline hearing thresholds, a significant linear relationship was evident (TTS = 0.23(SPD) − 
2.44;  r  2  = 0.62). The LINTS relationship predicts no or minimal hearing loss when the exposure 
stimulus is <20 dB above baseline hearing levels and ~20 dB of hearing loss when the exposure is 
100 dB above baseline levels. 

 Although the LINTS hypothesis is robust and predictive on many levels, it has limited utility. 
This model was developed using long-term continuous-noise exposures in which fish were exposed 
for at least 24 h, and, presumably, an ATS was reached. Shorter exposures would result in lower 
threshold shifts than the LINTS model would predict. For example, goldfish exposed to 160–170 dB 
re 1 mPa white noise for 10 min, 1 h, and 24 h exhibited mean threshold shifts of ~5, 12, and 27 dB, 
respectively (Smith et al.  2004a  ) . In addition, most anthropogenic noises that have the potential to 
damage fish auditory systems are not long-term continuous sounds but impulsive or repetitive 
sounds that are temporary or sporadic. Thus a better measure of cumulative acoustic exposure is sound 
exposure level (SEL), the squared weighted sound pressure integrated over time instead of peak or root 
mean square (RMS) SPL per se.  

   3 Equal Energy Hypothesis 

 The concept of using the total amount of energy received by an organism’s auditory system as a 
means of predicting hearing loss has been conceptualized and defined by Elredge and Covell  (  1958  )  
as the equal energy hypothesis (EEH). It states that equal amounts of sound-induced hearing loss is 
expected from varying sound sources as long as their sum amounts of energy are equal. In other 
words, the EEH states that the frequency, level, and duration of a given sound are not important 
as long as their total energy is equivalent. The EEH has been shown to have predictive values in 
mammals (Elredge and Covell  1958  )  but has only been recently tested in fish. 

 Smith and Gilley  (  2008  )  exposed three species of fishes to five equal-energy combinations of 
exposure times (from 6 to 1,440 min.) and SPL (from 155 to 179 dB re 1 mPa) following a 3-dB 
trade-off rule for a doubling of exposure duration. They exposed  Carassius auratus  and channel 
catfish  Ictularus punctatus  to a 1,000-Hz tone and rainbow trout  Onchorynchus mykiss  to a 400-Hz 
tone. Although all exposure combinations resulted in threshold shifts in all three species, there were 
significant differences between the five duration-intensity combinations. Despite the variability 
found across the exposure combinations, there was some degree of consistency found between the 
threshold shifts of  C. auratus  and  I. punctatus  that were exposed for intermediate intensities and 
durations (i.e., 23 and 90 min at 173 and 169 dB re 1 mPa, respectively). This suggests that the EEH 
may have some predictive value in a limited range. At higher SPLs, the shorter duration times may 
not be long enough for the fish to exhibit the physiological effects of acoustic trauma because there 
is likely a lag between noise exposure and damage to the auditory sensory cells that would lead to 
greater hearing loss. Lower SPLs may not have enough energy to cause auditory damage no matter 
how long the exposure. Thus this preliminary data suggest that the EEH is not a very predictive 
model of hearing loss in fishes.  
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   4 Particle Motion 

 In the models discussed above, the sound stimuli were quantified in terms of SPL (dB re 1 mPa), but 
fish can also detect particle displacement (Fay  1988  ) . In the past, fish species were often characterized 
as either hearing “specialists” or “generalists,” with specialists having anatomical structures that 
connect or bring an air bubble (e.g., swim bladder) in close proximity to the inner ear. Fish with 
such specializations are more sensitive to sound pressure and can detect higher frequencies than 
those without (i.e., generalists). In reality, there is a continuum of both anatomical structures and 
hearing abilities in fishes. Popper and Fay  (  2011  )  proposed placing fish species on a continuum of 
pressure-detection methods, with fish that have extensive use of pressure (like Otophysan fishes) on 
one extreme and fish that only use motion detection (such as fish with no swim bladders like sharks 
and flatfish) on the opposite extreme. 

 In both of these extremes, sensory hair cells in the inner ear are deflected due to shear forces 
produced by the relative motion of the sensory epithelia and the overlying otolith (or otoconia), 
which is much denser than the surrounding tissue. Larger relative motions will presumably produce 
greater shear forces with a greater probability of damaging hair cells. Hastings  (  2010  )  recently 
proposed using a lumped-parameter mechanical and fluid mathematical model to predict hearing 
loss in fishes. Inputs into this model include swim bladder geometry, otolith size, anatomical 
connections between the swim bladder and inner ear, number of hair cells, and frequency and amplitude 
of the sound stimuli. Preliminary data from five fish species suggest that the model predicts excessive 
relative motion in the ear that is correlated with hair cell damage (Hastings  2010  ) . Although this 
type of modeling shows great promise in our understanding of the relationships between peripheral 
auditory structures of various fish species and their susceptibility for noise-induced damage to the 
auditory system, the large number of parameters needed as model inputs may not be practical for 
most managers attempting to mitigate the effects of anthropogenic sound.  

   5 Conclusions 

 Early models of hearing loss in fishes were dependent on measurements of pressure level of sound 
sources. Although the LINTS model is predictive for pressure-detecting fishes, it is not appropriate 
for all species. Thus models that incorporate particle motion, of both the sound stimulus and the 
resulting vibration in the inner ears of fish, will be important to our understanding of the effects of 
noise on hearing loss in fishes.      
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   1 Introduction 

 Underwater sounds from anthropogenic sources may affect the behavior and physiology of aquatic 
organisms, including a variety of salmonid fishes protected under the US Endangered Species Act. 
One mechanism of effect is underwater sound generated by pile driving in and near aquatic habitats 
(Popper and Hastings  2009  ) . In 2008, several state and US federal agencies convened the Fisheries 
Hydroacoustic Working Group (FHWG) to evaluate the available scientific evidence and determine 
interim criteria for the onset of injury to fish from underwater sound generated by pile driving. 
Interim criteria were subsequently agreed to by the National Marine Fisheries Service, United States 
Fish and Wildlife Service, Federal Highway Administration, California Department of Fish and 
Game, and the California (Caltrans), Oregon, and Washington State Departments of Transportation 
(FHWG  2008  ) . The interim criteria for the onset of injury were set at a peak sound pressure level 
of 206 dB re 1  μ Pa and accumulated sound exposure levels (SELs) of 187 dB re 1  μ Pa 2 -s for fish 
>2 gm body weight and 183 dB for fish <2 gm body weight. The accumulated SEL is a measure of 
the cumulative energy to which a fish is exposed to over the course of a pile-driving event (<1 day). 

 Laboratory data for a variety of sound sources have been used to estimate the thresholds of physical 
effects of pile driving on fish (Popper and Hastings  2009  ) . However, there have been only a few 
experiments that evaluate pile-driving sound propagation and the attendant physical effects of pile-
driving sound on fish in natural environments, particularly in riverine systems. This study was 
undertaken to evaluate whether exposure to underwater sound from pile driving in excess of the 
interim criteria can result in damage to juvenile salmonid tissues.  

        Effects of Pile-Driving Noise on  Oncorhynchus 
mykiss  (Steelhead Trout)       
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   2 Methods 

 Caltrans is in the process of replacing the two Highway 101 bridges that cross the Mad River in 
McKinleyville, CA. The bridge replacements involve driving several 2.2-m-diameter cast-in-steel 
shell piles immediately adjacent to the river with a Pileco D225 diesel impact hammer. This study 
used caged-fish deployments within the Mad River to expose juvenile  Onchorhynchus mykiss  to a 
variety of peak sound pressures levels and cumulative SELs during pile driving. Four experimental 
trials were conducted (on 1, 6, 8, and 10 July 2009). Each trial consisted of driving 1 pile section 
(20-24 m long). During each trial, cages containing juvenile  Oncorhynchus mykiss  sourced from a 
nearby fish hatchery were placed at 4 exposure locations at various distances from the pile-driving 
activity (from 35 to 150 m away) and at an in-river control location (350 m away). Equipment 
deployed at each exposure location included identical, paired cages; one contained a hydrophone 
and the other contained 10 fish. The cages were submerged to a depth of 0.5 m in 1- to 3-m-deep 
water. Underwater sound (peak and SEL) was recorded at each location during the experiments. 

 Hatchery, transport, and overnight control groups of fish were necropsied before each pile-driving 
event. After cessation of each pile-driving event, a necropsy was performed on each exposed and 
in-river control fish. Gross observations and necropsy included condition of the skin, eyes, fins, 
mesenteric vasculature, and swim bladder as well as general observations for parasites on the skin 
and gills. 

 Tissue samples were collected from all fish. For each trial, fish from the cage closest to the pile 
driving, fish from any other cage that received an accumulated SEL of >187 dB, and the respective 
in-river control groups underwent histopathology. Histopathology included examination of tissues 
from the head, gill, liver, and a body wedge comprising the swim bladder, trunk kidney, spinal cord, 
vertebrae, skeletal muscle, and skin. All on-site necropsies and subsequent histopathology of fish 
were conducted by Gary D. Marty, DVM, Fish Pathology Services, Abbotsford, BC, Canada.  

   3 Results 

 During pile driving, fish were exposed to underwater maximum peak sound pressure levels ranging 
from 163 to 188 dB, well below the interim peak criterion of 206 dB (Caltrans  2010a  ) . Cumulative 
SELs ranged from 178 to 194 dB. The cumulative SEL exceeded the cumulative SEL criterion of 
187 dB during 2 trials. In both trials, the criterion was exceeded in the 2 cages closest to the pile 
being driven, which were at distances of 35 and 50 m from the driven pile. Thus 4 exposure groups 
experienced cumulative SELs in excess of 187 dB. Control fish in a cage 350 m from the pile driving 
experienced total accumulated SELs of 159–166 dB. 

 A total of 159 exposed fish and 156 control fish were necropsied, and histopathology was 
performed on tissue from 60 exposed fish and 37 in-river control fish (Caltrans  2010b,  c  ) . Necropsy 
and histopathology identified no significant differences between the incidence of pathological 
conditions in exposed and control fish. Relatively few of the 35 pathological conditions evaluated 
were detected in either the necropsied fish or the fish that underwent histopathology. The principal 
detected conditions included fin fraying (which is fairly common in hatchery fish), enlarged liver 
cells (hepatocellular megalocytosis), foci of inflammation in the liver (focal/multifocal parenchymal 
leukocytes), inflammation around the ducts that carry bile from the liver to the gallbladder (cholan-
gitis/pericholangial leukocytes), and granulomatous inflammation in several organs. The observed 
frequency of these conditions was consistent with the low incidence of such lesions common in any 
juvenile salmonid population.      
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   1 Estimates of Acoustic Impacts to Marine Mammals 

 Many nations that conduct acoustic activities within the oceans are required to address the potential 
impacts to marine mammals resulting from those actions. In the United States, federal government 
agencies must comply with the regulations established under the National Environmental Policy Act 
(NEPA), the Marine Mammal Protection Act (MMPA), and the Endangered Species Act (ESA). 
Under the MMPA, the determination of potential impacts to marine mammals requires estimates of 
both behavioral and physiological responses that result from sound exposure. Both determinations 
are fraught with difficulty and uncertainty. 

 Temporary threshold shift (TTS), a temporary reduction in hearing sensitivity, has been used as 
a criterion for the onset of physiological responses resulting from sound exposure. The sound exposure 
level (SEL; dB re 1  m Pa 2 -s) required to induce TTS in  Tursiops truncatus  (bottlenose dolphins) 
exposed to midfrequency tonal signals has served as the threshold for the physiological impacts to 
both odontocete and mysticete whales in US Navy environmental compliance efforts involving 
midfrequency active sonar (MFAS). The TTS data have been acquired over more than a decade 
(Finneran et al.  2005,   2010 ; Schlundt et al.  2000  ) , yet there is still uncertainty as to appropriate 
thresholds for exposures to higher and lower frequencies and from multiple sound exposures. 
Nevertheless, data regarding the sound exposures that result in TTS are far more grounded than are 
data for predicting the behavioral responses to sound exposure. 

 Behavioral responses to sound are potentially impacted by the sound source (type of sound), 
duration and amplitude of the exposure, the animal’s prior experience with the sound source, and 
the exposed animal’s state of motivation. The significance of the response is dependent on the 
behavior at the time of the exposure (e.g., foraging or breeding), the magnitude and duration of 

        Controlled Exposure Study of Dolphins 
and Sea Lions to Midfrequency Sonarlike Signals       
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the response, and the life history stage of the animal. Although many studies have been conducted 
exploring the relationship between sound exposure and the behavioral reactions of wild marine 
mammals (for a review, see Richardson et al.  1995  ) , the complexities of animal behavior, unknowns 
about animal motivation and experience, and inherent uncertainties regarding the sound field to 
which animals are exposed have made interpretation of these studies difficult and subjective. Still, 
federal agencies within the United States are required to estimate behavioral impacts to marine 
mammals that result from the noise generated by their activities. 

 The evolving approach to behavioral harassment estimates in US Navy environmental compliance 
documents is based on the development of a risk function, which predicts the probability of a behav-
ioral response as a function of the sound pressure level (SPL; dB re 1  m Pa) received by the animal 
(i.e., the received level). The current US Navy risk function for odontocetes exposed to midfrequency 
sound (1-10 kHz) is derived from 3 datasets: an analysis of behavioral observations made during TTS 
experiments with trained  Tursiops truncatus  (Finneran and Schlundt  2004  ) ; reported alterations in 
 Orcinus orca  (killer whales) behavior from animals exposed to MFAS in the coastal waters of 
Washington State; and behavioral responses of  Eubalaena glacialis  (North Atlantic right whales) 
exposed to alarm signals within the frequency range of 500-4,500 Hz (Nowacek et al.  2004  ) . Each 
of these datasets has, to some extent, been criticized for its relevancy. TTS studies utilized positive 
reinforcement to increase the tolerance of subjects to high-exposure levels, and these studies were 
not designed as a behavioral response studies. Observations of  Orcinus orca  exposed to MFAS are 
complicated by the proximity of whale-watching vessels and no direct measures of sound exposure. 
 Eubalaena glacialis  are mysticetes, and their response to alarm signals (i.e., signals intentionally 
designed to elicit a response) may not be representative of odontocete species and/or other sound 
types. Nevertheless, at the time the risk function was created, these studies provided the only data 
suitably related to the midfrequency range of US Navy tactical sonar.  

   2 Behavior Response Studies in Wild Marine Mammals 

 Risk functions, which are dose-response functions, provide an intuitive means by which to explore 
relationships between sound exposure and the behavioral reactions of marine mammals. Ideally, 
data for these functions would be collected from wild animals across a broad range of exposure 
conditions. Exposures of different species within and across phylogenetic groups could potentially 
provide insight into the degree of tolerance of phylogenetically related species to sound type and 
novelty. A number of behavioral response studies are currently underway with wild marine 
mammals. Most notable of these are those involving sound exposure to marine mammals previously 
tagged with dive and acoustic recorders. Eventually, these studies will provide the bulk of the infor-
mation for use in determining the relationships between sound exposure and the behavioral 
responses of marine mammals. However, the logistical difficulties of deploying tags on wild marine 
mammals, particularly cetaceans, and exposing them to desired sound levels will take time. The 
acquisition of a robust dataset for the development of a risk function for any species or sound source 
will likely take many years to build.  

   3 Stress Responses of Marine Mammals Exposed to Anthropogenic Sound 

 The relevance of a risk function to an individual or population of marine mammals is limited in its 
broader management application. Whether certain types of behavioral responses are of biological 
significance is currently under debate. In this regard, physiological measures of the generalized 
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stress response coupled to observations of sound-induced behavioral reactions are warranted. 
Both acute stress markers (e.g., catecholamines) and chronic stress markers (e.g., cortisol and aldos-
terone) can provide a more comprehensive view of the impact to the exposed animal, potentially 
shedding light on the animal’s allostatic load. Several investigators have attempted to link the 
generalized stress response to sound exposure in marine mammals held in collections (Romano et 
al.  2004 ; Thomas et al.  1990  ) , but the few results obtained have been variable, inconclusive, and/or 
hampered by small sample sizes.  

   4 Controlled Exposure Studies With Animals of the US Navy 
Marine Mammal Program 

 The US Navy Marine Mammal Program (MMP) maintains a collection of  Tursiops truncatus  
and  Zalophus californianus  (California sea lions) for defense purposes. The availability of 
these animals for research provides an opportunity for a large sample size study of marine 
mammal behavioral responses to midfrequency sonarlike signals. In addition, because many of 
the  Tursiops truncatus  are trained to wear harnesses and voluntarily present themselves for 
blood draws, there is potential to relate behavioral reactions to measures of the generalized 
stress response. 

 A group of  Tursiops truncatus  ( n  = 30) and  Zalophus californianus  ( n  = 15) have been trained 
to leave a station (A), travel to another station (B) and touch a paddle, and then return to the 
original station (A) for a fixed fish reward. Subjects are trained on the task until there is 100% 
completion across a 10-trial block. On meeting the nominal performance criterion, the subjects 
perform a 10-trial control session followed by a 10-trial sound-exposure session. Control and 
exposure sessions are performed in a 9- × 18-m floating pen with an underwater sound projector 
placed 1 m behind station B. Trials are limited to 30 s. The fixed reward for completing a trial 
is a number of fish equal to ~1% of the weight of the daily allotment of fish for each animal. 
For control sessions, trials are performed without an acoustic exposure. During an exposure ses-
sion, the animal receives an acoustic exposure in each trial at the midpoint along its trajectory 
to station B. Acoustic exposures consist of a 0.5-s upward frequency-modulated sweep (center 
frequency ~3,250 Hz) followed by a 0.5-s tone (~3,450 Hz). Subjects are assigned to groups, 
and the SPL received by subject groups ranges from ~115 to 185 dB re 1  m Pa. The study is 
designed so that a subject receives the same exposure across all trials and is part of a group that 
receives the same exposure level. 

 Sessions are video recorded, and intercom and underwater recordings are mixed with the 
video for use in the analysis of behavioral responses. Behavioral responses anticipated to occur 
have been a priori scored for severity by an independent group of scientists to avoid potential 
biases in the behavioral analysis. At the completion of data collection, the behavioral responses 
will be scored, and the results will be used to investigate the dose-response relationship between 
sound exposure and the severity and occurrence of behavioral reactions. The series of 10 trials 
will be used to investigate whether acute sensitization/desensitization occurs during the trial 
sequence. 

 Blood samples are collected from  Tursiops truncatus  1 wk before and immediately after the 
exposure session and 1 wk after testing. Samples are analyzed via radioimmunoassay to assess 
circulating levels of cortisol, aldosterone, and epinephrine. A subset of  Tursiops truncatus  wear an 
ECG system to record heart rate during the sessions. Hormone levels and heart rates will be compared 
with exposure levels to determine whether acute or chronic stress responses resulted from the sound 
exposures. 
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   4.1 Utility of the Study 

 Behavioral response studies with wild marine mammals are needed to enable the prediction of 
behavioral disturbances resulting from exposure to anthropogenic noise. However, collection 
animals can also be studied and can facilitate a more rapid acquisition of both behavioral and 
physiological data. Although information obtained from behavioral-response studies with collection 
animals will not supplant data obtained with wild populations, it can serve as a useful interim source 
for seeding risk functions used in the quantitative prediction of impacts to marine mammals exposed 
to anthropogenic sound.       
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   1 Introduction 

 The majority of noise produced by air guns from seismic surveys are recorded at sound pressure 
levels focused in the low frequencies (0 to 300 Hz) of ~240 dB re 1 mPa at 1 m. Bottlenose ( Tursiops 
truncatus ) and common ( Delphinus delphis ) dolphins are sensitive to a broad range of frequencies, 
from just 50 (Turl  1993  )  to 300,000 Hz and from 100 to 150,000 Hz (Richardson et al. 1998), 
respectively. This paper uses combined data collected during 21 offshore seismic surveys over 8 
years (2001–2008) from Europe, West Africa, and Australia to investigate the observed behavioral 
variations caused by seismic air gun activity on bottlenose and common dolphins.  

   2 Methodology 

 Behavioral observations were split into six categories: “foraging,” “milling,” “traveling,” “close to 
boat,” “surface-active displays,” and “traveling with active displays.”  

 The relative proportions of behaviors when the air guns were firing were statistically analyzed 
with the  c  2  test, assuming the expected levels to be the same across all behaviors. This analysis was 
also carried out for the sightings collected during no air gun activity. After this, each behavioral 
category was examined using a  z -test, directly comparing the proportions of each behavior when the 
air guns were and were not firing. The z-test takes into account both the proportion and sample size 
of each behavioral category for this comparison. A confidence level of 95% ( P  = 0.05) was 
employed for all statistical analysis.  

        A Direct Comparison of Bottlenose Dolphin 
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Surveys When Air Guns Are and Are Not Being Utilized       
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   3 Results 

 Analysis of both species with the  c  2  test showed significant variations in behavior from the 
expected equal chance of sighting all behavioral categories. Bottlenose dolphins sighted during 
air gun activity demonstrated predominant proportions of “foraging” and “traveling” behaviors 
( c  2  = 67.28;  df  = 5;  P  < 0.001). Conversely, the predominant behaviors while the air guns were 
inactive were “close to boat” and “traveling” ( c  2  = 55.04;  df  = 5;  P  < 0.001). However, a direct 
statistical comparison between each behavioral category with a z-test demonstrated no significant 
differences between the bottlenose dolphin behavior in regard to air gun activity. 

 Common dolphins demonstrated predominant behaviors of “close to boat” ( c  2  = 106.4;  df  = 5;  P  < 0.001) 
when the air guns were not firing and “traveling” and “traveling with active displays” ( c  2  = 31.16;  df  = 5; 
 P  < 0.001) when the air guns were firing. In addition, in contrast to the bottlenose dolphin results, common 
dolphins were found to show a significant difference in behavior with air gun activity, with more “close to 
boat” behavior when the air guns were not firing ( z -test statistic 2.31;  P  = 0.021).   
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  Fig. 1    Relative percentage of behaviors during seismic air gun activity (black bars) and inactivity (dotted bars) for 
bottlenose (a) and common (b) dolphin sighting data       

   Table 1    Behavioral definitions   
 Foraging  Foraging and lunge foraging, diving, fluking 
 Milling  Logging, milling, slow swimming 
 Traveling  Normal and fast swimming, shallow diving, traveling, transiting, porpoising 
 Close to boat  Bow riding, close to boat, spy hopping 
 Surface-active displays  Breaching, leaping, head/tail slaps, fin slapping, lobtailing, sexual 
 Traveling/active displays  When traveling and active displays were listed together 
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   4 Discussion 

 Our results show some interesting contradictions to the current findings. During air gun activity, 
common dolphins demonstrated predominant behaviors of “traveling” and “traveling with active 
displays.” Interpreting the purpose of surface behaviors in wild cetaceans is continually subject to 
a variety of speculative hypotheses. It is now generally accepted that elements of active displays 
are a form of nonvocal communication between individuals advertising a motivational and/or an 
intentional state (Lusseau  2006  ) , such as to transfer information about the direction of travel 
(Herzing  2000  ) . 

 Although the air guns were inactive, both bottlenose and common dolphin observations dem-
onstrated predominantly “close to boat” behavior. Goodwin and Cotton  (  2004  )  grouped behaviors 
into classes, listing approaching the vessel, bow riding, or rubbing alongside vessels as “positive” 
behaviors, all of which would be included in the “close to boat” behavioral category. Despite the 
use of such behavioral categories being potentially biased (Slooten  1994  ) , it is generally accepted 
that if a cetacean approaches a vessel, it is doing so in a relaxed manner and does not feel threat-
ened by the vessel. 

 Stone’s  (  2003  )  report on cetacean observations during seismic surveys highlights a decreased 
tendency for cetaceans to engage in “foraging” activity during periods of air gun firing. 
Conversely, our results show that bottlenose dolphins were observed predominantly displaying 
“foraging” behavior when the guns were firing. Bottlenose dolphins are well known to be 
opportunistic feeders (dos Santos et al.  2007  )  with a variety of foraging strategies worldwide 
(Perrin et al.  2009  ) . With this in mind, it would not be unreasonable to suggest that dolphins 
may be feeding opportunistically on fish that may be suffering from temporary threshold shift 
(TTS), a startle response (McCauley et al.  2000  ) , or hearing damage due to the air gun activity 
(Popper et al.  2005  ) . 

 Bottlenose dolphins are the most cosmopolitan in distribution of all dolphin species; their 
opportunistic nature has resulted in them becoming highly adaptable to a great variety of niches 
worldwide (Perrin et al.  2009  ) . We speculate that such adaptability may explain why the bottle-
nose dolphin does not appear to show any reaction, agitation, or distress to firing seismic air guns. 
Common dolphins demonstrated significantly more “close to boat” behavior when the air guns 
were not firing compared with sightings during air gun activity. Monitoring studies have shown 
that various small and medium-sized odontocetes are sufficiently tolerant of air gun sounds 
(Richardson et al.  2004  ) ; however, these results suggest that different species of small cetaceans 
differ in their sensitivity to air gun sounds, with common dolphins affected more than bottlenose 
dolphins.  

   5 Conclusions 

 The data suggest that not all species of cetaceans are affected by seismic air guns as previously 
speculated. Some species may even use seismic air guns to their own advantage. The results also 
show consistencies with studies and reports already published on the impact of seismic surveys on 
cetaceans. It appears that different species adapt to seismic air gun emissions in different ways. 
However, it is important to keep in mind that there is still a long way to go in terms of understanding 
and interpreting what is “normal” and unaffected cetacean behavior regardless of anthropogenic 
activities.      
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     1  Introduction 

 Pile driving of large steel monopiles in offshore waters has increased rapidly in recent years due to 
the expanding development of offshore wind energy. In particular,  Phocoena phocoena  (harbor 
porpoise) has been the focus of attention with respect to a possible negative impact. Impact pile 
driving, where a large steel monopile is driven 20-30 m into the seabed, is capable of generating 
very loud sound pressures, exceeding 230 dB re 1  m Pa peak-peak in source levels and detectable at 
distances of tens of kilometers (Bailey et al.  2010  ) . Such high sound pressures, coupled with the 
repetitive emission of sounds (1–2 strokes/s) at a high duty cycle (10%) gives the potential for 
exposing nearby animals to very high and potentially damaging sound exposure levels (Gordon 
et al.  2009  ) . Besides the potential to inflict acute injury, the pile-driving noise has the potential to 
affect behavior of marine mammals over an even larger area.  

    2  Regulation of Pile Driving and Other Loud Sound Sources 

 Focus on the regulation of pile driving has so far been mainly on acute injury, i.e., measures to 
reduce the risk that marine mammals are exposed to sound levels that could damage their auditory 
system. Mitigation is primarily in the form of deterrent devices (pingers and seal scarers) deployed 
before pile driving and soft start (ramp up) of the piling procedure. Deterrent devises and soft start 
protocols (ideally) allow animals to vacate the zone of injury before the full-power pile driving 
commences, but they do not reduce the size of the zone of injury nor the size of the zone of 
behavioral reaction. 

 Thus, even with a carefully designed protocol to protect against injury, there may still be an 
impact due to behavioral reactions to the sound. Because the zone of behavioral reactions for pile 
driving could be very large, the number of individuals affected by behavioral reactions is likely to 
be considerably larger than the number of individuals potentially exposed to injuring sound levels. 

        Behavioral Reactions of Harbor Porpoise 
to Pile-Driving Noise       

         Jakob   Tougaard,          Line   A.   Kyhn,       Mats   Amundin,       Daniel   Wennerberg,    
and    Carolina   Bordin       
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The large difference between the size of zone of injury and the zone of behavioral reaction 
 highlights a central question in terms of mitigation: Is it sufficient to protect only against acute 
injury or must measures be taken to reduce the impact on behavior? The simple answer is that it 
depends. It depends on the species involved and, more importantly, on the management objectives 
for that species in the relevant area. This is illustrated in Figure  1 .  

 In general, the protection of marine mammals is regulated at two levels: individuals and 
 populations. In most cases, individual marine mammals are specifically protected from deliberate 
injury. At the same time, the species are generally protected, with the aim of maintaining favorable 
living conditions and viable populations (or appropriate management units). Population-based 
 management clearly allows for some impact on the individuals as long as this impact does not affect 
the overall management objective. This means that although injury to individuals should be 
 minimized whenever possible, the level of behavioral impact tolerated from a particular activity 
should depend on the status of the relevant species. The greater concern there is for a population, 
the less the behavioral impact should be tolerated. On the other hand, for species where there is little 
concern over the long term, the need for mitigating behavioral effects is small and the focus should 
be on acute injury.  

    3  Assessing the Impact on Population Parameters 

 The difficulty of assessing behavioral effects is that they can only rarely be observed directly. 
Even when a behavioral reaction can be quantified, the real impacts will most often only manifest 
themselves later in the life of the affected individuals through changes in their survival and repro-
ductive success and ultimately in the size of the population (Fig.  2 ). In most cases, the impact must 
be inferred indirectly from behavioral observations, which requires a firm understanding of the links 
between behavior and population parameters (National Research Council  2005  ) .  

 Evident from Figure  2  is that the commonly seen practice of quantifying impact in terms of habi-
tat exclusion is problematic. Because habitat exclusion is not a population effect per se, a reduction in 
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Exposure Behavioral Injury
effects

Population

Level of
regulation

Any impact on population critical
Behavioral effects not tolerated

No concern at population level
Injury to individuals not tolerated

Some concern at population level
Some behavioral effects tolerated

  Fig. 1    The accepted exposure levels depend not only on the physiology and behavior of the species in question but 
also on management objectives. Left: Increasing exposure leads to larger effects. Right: The less concern there is for 
significant impact at population level, the larger the behavioral impact that can be tolerated       
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abundance in the impact area does not in itself imply a significant effect. At the same time, because 
there are other effects than exclusion, a lack of response (no reduction in abundance) cannot be 
taken as evidence for no effect.  

    4  Behavioral Effects of Pile-Driving Noise 

 Several studies have demonstrated the behavioral reactions of harbor porpoises to pile driving at 
distances up to 25 km from the pile-driving site by use of passive acoustic monitoring (Brandt et al. 
 2009 ; Diederichs et al.  2009 ; Tougaard et al.  2009  ) . The observed reaction was a reduction in acoustic 
activity of porpoises within the impact area during pile driving and up to 48 h after. A reduction in 
acoustic activity can be interpreted as animals vacating the area or, alternatively, a reduction could 
arise because animals remained in the area but with an altered behavior leading to fewer echoloca-
tion clicks being emitted or fewer clicks being picked up by the detectors. 

 To address the question, Do the animals leave the area or remain but with changed behavior?, a 
controlled-exposure study was conducted. Pile-driving sounds were played back at reduced levels 
from underwater loudspeakers (Lubell 9162) located close to shore at Fyns Hoved, Great Belt, 
Denmark, a location where porpoises can be tracked visually by theodolite from a nearby cliff top. 
Results in Figure  3  clearly show that porpoises avoided a zone with a distance of~200 m around the 
loudspeakers when sound was transmitted. Received levels of sound were, on average, 140 dB re 
1  m Pa (peak-peak) at a distance of 200 m from the loudspeakers. This threshold level for reactions 
is consistent with the results from the real pile driving. Bailey et al.  (  2010  )  measured sound 
 pressures of ~150 dB at distances 10-30 km from a pile-driving site. Thus, even though the source 
levels in this controlled-exposure study was 50-60 dB lower than a real pile driving and hence that 
the size of the impact area was greatly reduced, the thresholds for reaction are consistent. This gives 
confidence to concluding that porpoises likely reacted in a similar way to real pile driving, i.e., by 
vacating the impact area.       
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for nursing

Fewer mating
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Population effects
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  Fig. 2    Behavioral reactions to noise can have effects on population parameters directly and indirectly       
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reduced levels and tracked visually by theodolite. Two different underwater sound sources were used.       

 



281A.N. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life, 
Advances in Experimental Medicine and Biology 730, DOI 10.1007/978-1-4419-7311-5_62,
© Springer Science+Business Media, LLC 2012

    M.  J.   Brandt (�)    •    A.   Diederichs    •    G.   Nehls    
   BioConsult SH ,   25813   Husum ,  Germany  
  e-mail: m.brandt@bioconsult-sh.de    

    K.   Betke    
   itap GmbH ,   26129   Oldenburg ,  Germany   
  e-mail: klaus.betke@web.de   

   1 Introduction 

 The world’s growing demand for sustainable and environmentally friendly energy has led a growing 
number of countries to explore the options for the installation of offshore wind farms. In particular, 
noise emissions during the construction phase, when, in many cases, steel foundations are driven 
into the seafloor, are expected to cause temporal avoidance of the area by marine mammals and even 
have the potential to inflict physical damage to their sensory system (Madsen et al.  2006  ) . 

 The harbor porpoise ( Phocoena phocoena ) is the only regularly occurring cetacean species in the 
German North Sea. Due to its wide distribution, all wind farm constructions in the North Sea inevi-
tably affect this species to a certain extent. To assess these impacts, a profound knowledge of the 
behavior of the species in relation to noise levels created by offshore pile driving is essential. The 
main task is to describe the temporal and spatial extent of disturbance and thereby assess the scale 
of habitat exclusion. 

 During two different wind farm construction projects in the North Sea, we examined the impacts 
of offshore pile driving on harbor porpoises using passive acoustic monitoring (T-PODs).  

   2 Methods 

 The responses of harbor porpoises to wind farm construction were monitored by continuous regis-
tration of echolocation clicks using hydrophones with data loggers (T-PODs, version 4,   www.
chelonia.demon.co.uk    ). The T-POD is accompanied by the software package T-POD.exe (version 
7.41) that uses a train detection algorithm (version 3.0) to discriminate cetacean trains from other 
sources. Clicks are then appointed to different probability classes depending on the likelihood of 
being of porpoise origin. We only used the two highest probability classes for analyses. 

      Effects of Offshore Pile Driving on Harbor 
Porpoises ( Phocoena phocoena )       

         Miriam   J.   Brandt      ,    Ansgar   Diederichs   ,    Klaus   Betke,       and    Georg   Nehls        
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 T-PODs were placed in the water column ~1 m above the sea bottom. At Horns Rev II, six 
T-PODs were deployed along a transect line reaching from inside the wind farm area to a maximum 
distance of ~22 km to the southeast. The distance of the T-POD positions to single wind turbines 
ranged from 0.5 to 25 km. Water depth was 9-18 m. At Horns Rev II, data were recorded during the 
construction of 95 monopile foundations in 2009. Pile-driving events lasted on average 46 min. At 
Alpha Ventus offshore wind farm, seven T-PODs were deployed at a mean distance of 1.7–3.1 km, 
two at 8.3–9.1 km, and three at 15.6–19.6 km to single turbines. Water depth was ~30 m. Here four 
piles were rammed into the seabed during construction of the transformer platform in 2008. In 2009, 
42 piles were driven into the seabed during the constructions of 6 jacket and 6 tripod foundations. 
Ten pile-driving events (separated by at least 60 min) lasting on average 5.5 h could be identified 
during construction of the tripod foundations, and 64 pile-driving events lasting on average 60 min 
could be identified during construction of the jacket foundations. 

 T-POD data were analyzed using GAM procedures where the parameter “porpoise-positive 
minutes per hour (PPM/H)” was used as the response variable; hour after pile driving, distance to 
pile, and time of day were entered as continuous nonlinear predictor variables; and in the case of 
Alpha Ventus data, T-POD position and year and in the case of Horns Rev II, month were entered 
as factors. One model was calculated for each of the three distance categories at Alpha Ventus and 
for each T-POD position at Horns Rev II. The duration of the effect was then visually defined as 
the time between the points when porpoise activity reached the first local maximum.  

   3 Results 

 At Horns Rev II, hour after pile driving had a significant effect on PPM/H at all positions. The curve 
that the GAM fitted to the data was of different shapes at the different T-POD positions (Fig.  1 ). 
At position 1, PPM/H steadily increased after the pile-driving event. PPM/H was substantially below 
the overall mean up to 24 h after pile driving. However, PPM/H continued to increase, with a narrow 
confidence interval, until leveling off at ~72 h after pile driving. At positions 2 and 3, the patterns are 
similar. At position 2, the effect lasted between 18 and 40 h; at position 3, it was between 17 and 
42 h. At positions 4 and 5, the effects were substantially shorter: 9–21 h and 10–31 h, respectively. 
At position 6, the shape of the curve differed: PPM/H was higher than the overall average up to ~35 h 
after pile driving while decreasing and fluctuating around the overall mean afterward.  

 A similar pattern was found at Alpha Ventus. Here the effect of hour after pile driving was 
significant at 1.7–3.1 and 8.3–9.1 km but not at 15.6–19.6 km from the pile-driving site. The effect 
lasted between 20 and 35 h at 1.7–3.1 km and 9–12 h at 15.6–19.6 km (Fig.  1 ).  

   4 Discussion 

 We found a clear negative impact of pile driving during wind farm construction on porpoise 
acoustic activity. Porpoise activity measured as PPM/H was temporarily reduced during and after 
pile driving at a minimum distance of up to 17.8 km at Horns Rev II, whereas no such effect was 
found at a mean distance of 21.7 km. At the closest distance studied (2.5 km), porpoise activity was 
reduced between 24 and 70 h after pile driving. Results at Alpha Ventus were similar, with an effect 
still being detectable up to 9 km and no effect between 16 and 20 km. In the near vicinity, porpoise 
activity was reduced for 20–35 h after pile driving. Sound pressure levels during pile driving were 
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higher at Horns Rev II than at Alpha Ventus. At Horns Rev II, 176 dB re 1  m Pa (sound exposure 
level [SEL]) were measured 720 m from the pile driving. At Alpha Ventus, a sound pressure level 
of between 167 and 170 dB re 1  m Pa (SEL) was calculated at 750 m based on measurements at 
greater distances. During both studies, the duration of the negative effect on porpoise activity 
decreased with distance. The mean time between pile-driving events was 38 h during both projects. 
This is within the time it took for porpoise activity to recover in the near vicinity to the construction 
site. Thus porpoise activity was lower for the whole construction period lasting 5 mo at Horns Rev 
II and 4 mo at Alpha Ventus. 

 Our results partly confirm findings by Tougaard et al.  (  2009  )  who found an effect up to a 
similar distance of ~20 km. However, the effect we found at both construction sites lasted con-
siderably longer then the increase from 5.9 to 7.5 h between porpoise encounters after pile driving 
that they found. Unlike them, we also found a spatial gradient in the duration of the effect during 
both projects. 

 To keep negative effects on harbor porpoises at a minimum, these results should be taken into 
account for future spatial and temporal planning of pile-driving activities in the North Sea.      

  Fig. 1    Deviance of the overall mean of porpoise-positive minutes per hour (PPM/H) at different hours after pile 
driving at the offshore wind farms Horns Rev II and Alpha Ventus as calculated by GAM. Gray shaded areas, confi-
dence intervals; gray vertical bars, duration of the negative effect as defined in  Methods . The Figures from Horns Rev 
II are taken from Brandt et al.  (  2011  )        
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    1  Introduction 

 The German offshore wind energy production will be largely expanded in the next years. As a test. 
the first offshore wind turbines in German waters were installed in 2009 at the “alpha ventus” wind 
farm site off the island of Borkum in the southern German Bight. The whole process is accompanied 
by environmental impact assessments (EIAs) covering all marine taxa and other relevant aspects 
such as noise emissions. A regulatory framework for conducting these investigations, the so-called 
StUK 3 (Bundesamt für Seeschifffahrt und Hydrographie [BSH]  2007  ) , is set by the permitting 
agency (BSH [Federal Maritime and Hydrographic Agency]). To evaluate whether these require-
ments are appropriate and lead to scientifically robust results, a comprehensive research study was 
conducted simultaneously at a larger scale and by using methods additional to the ones of the EIA 
studies. The aim of these investigations was to validate the existing requirements or improve meth-
odologies and the scope of their use wherever appropriate. 

 A key species in this context is  Phocoena phocoena  (harbor porpoise), the only resident odontocete 
species in German waters. The presence, habitat use, and behavior of this species is studied by 
passive acoustic monitoring using C-PODs (Chelonia Ltd., Long Rock, Cornwall, UK). A focus is 
put on the construction period and the effects of pile driving on the presence and distribution of 
harbor porpoises in the study area.  

    2  Materials and Methods 

 The C-POD is a fixed autonomous logging device designed to passively detect the presence of 
 Phocoena phocoena . It uses digital waveform characterization to select clicks and registers the time, 
frequency, intensity, envelope, and bandwidth of cetacean clicks. This information is used as input to 
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an automated train detection and classification algorithm. Its detection range varies depending on the 
existing background noise level, with a maximum of several hundred meters. The output format was 
chosen as “detection positive 10 minutes” (dp10m; i.e., 10-min periods with at least 1 detection). 

 A total of 22 devices were installed, and data were regularly retrieved from them starting in 
August 2008 over an 80- × 30-km area stretching from the Dutch waters in the west toward shipping 
lanes leading toward Wilhelmshaven, Germany, in the east. The northern and southern boundaries 
were set by two shipping lanes for large commercial vessels. This design allowed determination of 
potential gradients in the presence and habitat use of  Phocoena phocoena  along an east-west 
transect (i.e., parallel to the coastline and depth contour) as well as from north to south (i.e., with 
increasing water depth). All positions were placed at comparable distances to the shipping lanes to 
eliminate bias due to shipping activity. The C-PODs (V0 and 1) were calibrated in a tank and 
deployed 10 m above the ground in water depths of 25.5–34.5 m.  

    3  Results 

 The C-POD data revealed that during the pile-driving activities for the construction of the trans-
former platform as well as for the first offshore wind turbines, the detection rate for  Phocoena 
phocoena  decreased significantly. This effect occurred over a distance of at least 8 km but possibly 
ranging up to 25 km, a range comparable to results from other wind farm studies (Tougaard et al. 
 2009  ) . Data allowed for discriminating seasonal variation in the presence of  Phocoena phocoena  
from effects driven by external factors. A comparison of mean dp10m values per day with the stan-
dard variation of these values showed that seasonality can be ruled out as a cause for the observed 
decrease. 

 A decrease in harbor porpoise abundance before the start of pile-driving activity, as observed 
in some instances, indicates that other events, most likely of an acoustic nature, have affected the 
animals’ presence negatively in the area. Underwater sound recordings were conducted only over a 
limited period of time during the pile-driving period that lasted from April to September 2009. 
Consequently, these data were insufficient to conduct a comprehensive assessment of the acoustic 
underwater scenario during the whole period and identify potential external sound sources (i.e., 
unrelated to the pile driving). Therefore, all available information on such additional disturbance 
factors, such as the use of deterrent devices (pinger, seal scarer), military sonar, research sonar, and 
other piling activities were collected and statistically analyzed for correlation with the C-POD data. 

 Deterrence devices were shown to have a short range effect, but due to incoherent use of these 
devices before, during, and after the pile driving, the resulting correlation is statistically not 
unequivocal. There was no correlation with the use of a fisheries sonar used for scientific purposes 
as well as military sonar (as far as relevant information was made available). 

 The C-POD data showed an increase in the presence of  Phocoena phocoena  near the pile-driving 
site (<3 km) toward the end of the piling-driving period in August-September 2009, i.e., during the 
installation of the last of the 12 wind turbines.  

    4  Discussion 

 The most likely explanation for the premature decrease in dp10m values in the vicinity of the piling-
driving site is the arrival of the construction ships, including large barges equipped with heavy gear 
to lift the components of the turbines and vibratory pile driving (used to initially install some pile 
foundations). These activities would explain the decrease in some but not all of the incidents when 
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the dp10m values dropped to zero before the impact pile driving was commenced. Therefore, the 
analysis of Automatic Identification System data (i.e., information on shipping activity in the area) 
and the use of noise loggers will probably provide some declarative strength in this respect. The 
other activities analyzed in this context can be ruled out as the main cause for the absence of 
 Phocoena phocoena  before the pile driving. 

 The increasing presence of  Phocoena phocoena  in late summer 2009 cannot be unequivocally 
explained; it could be due to either seasonal variation, disturbance, or deteriorating conditions in 
adjacent areas; habituation; or other factors. However, the detection of  Phocoena phocoena  close to 
the active pile driving gives reason for severe concern about the acoustic exposure of these animals 
from the piling impulses. It took >15,000 piling strikes on average to install each turbine (a tripod 
or jacket construction installed on three to four pile foundations), with source levels calculated to 
be in excess of 230 dB re 1 μPa at 1 m (Matuschek and Betke  2009  ) . Each animal that returned to 
the construction site and remained during the construction period was consequently exposed to a 
high number of piling impacts, thereby accumulating the acoustic energy in their hearing system. 
Although a temporary threshold shift limit of 200 dB peak to peak re 1 μPa at 1 m was determined 
for  Phocoena phocoena  (Lucke et al.  2009  )  for an exposure to single impulses, the received sound 
energy from a high number of piling strikes at high received intensities is clearly above any safe 
exposure limit. 

 To avoid any negative effect for the animals, mitigation measures such as a soft start (even 
though its efficacy is not proven) and the use of sound reduction methods such as an air bubble 
curtain are required. The best solution in this respect would, of course, be the use of an alternative, 
less noisy installation technique.      
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    1  Introduction 

 The impacts of high-energy impulsive sounds generated by underwater explosions on individual 
marine mammals are diverse, ranging from behavioral reactions to injury or even death. 

 Unexploded ordnance (ammunition) in the marine environment and its safe disposal is a recur-
ring problem in German waters. After World War II, large amounts of ammunition, mainly mines 
and chemical weapons, were dumped into the Baltic and North Seas. One of these ammunition 
dump sites is located in shallow water in the Kiel Bight (German Baltic Sea), which is a protected 
area (EU-Code: DE 1528–39), and is inhabited by the endangered Baltic Sea population of 
 Phocoena phocoena  (harbor porpoise). Porpoises, like other odontocetes, use sound for echoloca-
tion to navigate and locate prey (Verfuss et al.  2005  ) . They have an acute sense of hearing; thus they 
are highly susceptible to the effects of high-energy impulsive sound emissions. 

 In 2006, the “explosive ordnance disposal service” of Schleswig-Holstein began removing the 
more than 100 mines and warheads dumped in the Kiel Bight by detonating them. After concern 
was raised about the lack of an impact assessment for this work, the work was stopped for one year 
to establish a monitoring program and to allow for appropriate mitigation measures to be investi-
gated. In April and June 2008, air bubble curtains (ABCs) were tested as an alternative mitigation 
measure by detonating a series of small charges in controlled experiments. To systematically inves-
tigate the efficacy of ABCs in reducing the acoustic power of the explosive shock waves, a series of 
25 explosive charges were exploded underwater 2.5 km off the coast of Northern Germany (Kiel 
Bight, Baltic Sea). This paper describes the results of the acoustic monitoring program.  

    2  Static Acoustic Monitoring 

 Static acoustic monitoring devices (T-PODs) were used to monitor the porpoise echolocation activity 
before, during, and after blowing of test charges. The T-POD (Chelonia Ltd., Penzance, UK) is a self-
contained data logger that logs echolocation clicks from  Phocoena phocoena  and other cetaceans. 
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The calibrated T-PODs were deployed at two positions close to the dumping site and at five 
 reference positions from June 2007 onward. A 5-yr T-POD monitoring had previously been performed 
at the reference stations. Data were analyzed using T-POD.exe software, which detects harbor 
porpoise click trains. The output format was chosen as “detection-positive 10 minutes” (dp10m; i.e., 
10-min periods with at least 1 detection). The parameters “waiting time” (number of minutes in a 
silent period >10 min) and “porpoise-positive days per month” (dpd/mo) have been used to assess 
a change in the presence of  Phocoena phocoena . 

 The analysis of T-POD data from 2005 to 2008 revealed a seasonal variation in porpoise presence 
in the Kiel Bight. The long-term observations from 2005 to 2008 showed the lowest percentage 
of dpd/mo from February to April. From July to November, porpoises were registered nearly 
every day. 

 The dp10min showed that  Phocoena phocoena  utilizes the area continuously if undisturbed by 
explosions but that detonations of the test charges in April and June 2008 led to a prolonged absence 
of porpoises. The results indicate that porpoises avoided the test site over a range of at least 10 km 
for 12 h after the detonations. Waiting times showed similar results. 

 The calculated sound pressure level of the explosions, derived from actual measurements, falls 
below the limit for a temporary threshold shift (TTS) for  Phocoena phocoena  of 200 dB peak to 
peak re 1  m Pa (Lucke et al.  2009  )  at a distance of 14 km (Nützel  2008  ) .  

    3  Mitigation 

 During the test detonations, three ABC configurations were deployed on the seabed in 10-m water 
depth. These were 1) a single perforated pipe and 2) a double and (3) a triple pipe forming half-
circles of increasing diameters (7.5–11.5 m). The half-circles were facing away from the coastline 
to reduce the sound emitted into the open water. A total air volume of up to 20 m 3 /min was pumped 
into the pipes. During these tests, deterrent devices were used and the area was also surveyed for 
 Phocoena phocoena  by visual observers. 

 Sound measurements conducted at different water depths showed a reduction in peak sound 
pressure level between 11.1 and 17.3 dB re 1 μPa (Nützel  2008  ) . However, comparing the attenu-
ation achieved with different numbers of ABCs led to unequivocal results because the highest 
attenuation was reached when two ABCs were used.  

    4  Conclusions 

 This is the first study using T-PODs to investigate effects of underwater explosions on  Phocoena 
phocoena . The results show that  Phocoena phocoena  was avoiding the impact area. The conse-
quences for individuals or the porpoise population cannot be assessed yet. 

 In comparison to the rather small test charges, the detonation of the sea mines and warheads (up 
to 350 kg) represent an even greater threat for porpoises due to their higher source levels. At very 
short ranges, death, physical damage, or impairment of the auditory system may occur (TTS, 
 permanent threshold shift [PTS], or deafness), whereas at greater distances from the site of an 
explosion, a range of psychophysical or behavioral effects including stress, masking, and habitat 
exclusion may be observed (Ketten  2000 ; Richardson et al.  1995 ; Southall et al.  2007  ) . Severe 
physical effects can only be avoided if either the animals can be effectively excluded from the risk 
zone or the emitted levels can be reduced substantially. Blasting of the ammunition was resumed 
recently with only the ABCs, visual monitoring, and the use of deterrent devices as mitigation measures. 
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However, the results of test detonations indicate that a more effective set of mitigation measures 
would be required. To reduce negative effects on porpoises to the lowest possible extent, further 
removal of ammunition by blasting should be avoided under any circumstances.      
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   1 Problems With Behavioral-Response Study Experimental Design 

 The behavioral-response study (BRS) is an experimental design used by field biologists to 
determine the function and/or behavioral effects of conspecific, heterospecific, or anthropogenic 
stimuli. Although this has been used for many years in studies of acoustic stimuli and whales, many 
of these studies have been limited by lack of true replication, otherwise known as “pseudoreplication” 
(Hurlbert  1984 ; Kroodsma  1989 ; Searcy  1989  ) . 

 The term “pseudoreplication” covers a specific range of experimental errors in which the sample 
size ( n ) used in a particular statistical test is not sufficient to test the hypothesis (McGregor  2000  ) ; 
either the stimulus is not representative (i.e., a true replicate) of the class of stimuli or the subject 
animals are not representative of the class or animals to which they belong. In a review of playback 
studies with marine mammals, Deeke  (  2006  )  found that only 17 of the 46 studies reviewed avoided 
pseudoreplication. A frequently used experimental design is a “before, during, and after” (BDA) 
design in which the subject is monitored before, during, and after presentation of a stimulus. One 
of the most common errors in the analysis of BDA data is to treat subjects within each BDA period 
as independent samples rather than as a repeated-measures design. Also, subjects may interact biologi-
cally within an experimental BDA (which relates to internal validity errors) or each subject may be 
repeatedly presented with the stimulus; therefore, samples are not independent, although they are 
treated as independent samples in the analysis. A number of variations of a stimulus may be used 
within the experiment, but the analysis wrongly pools the samples and treats these multiple recordings 
as one treatment. Finally, conclusions may be wrongly drawn about the function of, or response 
elicited by, a specific stimulus without true replication of the experiment. Invalid conclusions are 
then made about how applicable the result is to the population or species. 

 Part of the problem is balancing the need to obtain adequate sample size to ensure statistically 
significant results against the high cost and logistical difficulty of such experiments. Many previous 
studies have been inconclusive through inadequate sample size, but this was not evident until after 
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the data were analyzed. Hence it is important to make a reliable estimate of the sample size required 
as part of the experimental design, such as by using a statistical power analysis. A power analysis 
calculates the number of samples needed to detect a change based on the variance in the response, 
but this requires some initial information about the statistical variability expected. Ideally, the power 
analysis should be carried out as part of a pilot study and, based on the results of this analysis, the 
sample size needed for the full experiment should be determined. In reality, field experiments are 
limited by time, money, or logistics, and such an ideal situation rarely exists.  

   2 BRS With Australian Humpback Whales 

 Experiments were carried out during the humpback whale acoustic research collaboration (HARC) 
project in September-October 2004 and 2008 during the humpback whale southward migration. The 
study site was located at Peregian Beach, which is 150 km north of Brisbane, on the east coast of 
Australia (26°29 ¢  S, 153°06 ¢  E). Acoustic observations were made from a fixed array of hydrophones 
moored offshore. Visual data collection (from an elevated survey point) involved two platforms of 
observation: “scan sampling” (all groups in the area were sampled as often as possible) and “focal 
follow” (one group was focally followed throughout the experimental period and all surfacing 
behaviors were captured from this group). 

   2.1 Experimental Design 

 This experiment followed a typical BDA design. The “B” period consisted of a preexposure (stimulus-
off) control; the “D” period was when the stimulus was turned on and was followed by a postexpo-
sure (stimulus-off) “A” period. Exposure treatments were one of three: a silent control, conspecific 
social vocalizations, and artificial tones. The silent control was a recording of “silence” to provide 
a control scenario in which the recording equipment was deployed from the boat but with no audible 
stimulus. To increase the sample size of this treatment, groups that migrated within 2 km of a sta-
tionary vessel (the research boat or a similar-size vessel) were also included in this control category. 
The social-sound recording was a random collection of social vocalizations spliced together to 
make a 204-s recording. Social sounds were taken from a DTAG recording of a mother-calf-escort 
group. This 204-s recording was repeatedly played for 20 min. The artificial-tone recording con-
sisted of a 1.5-s tone ascending from 2 to 2.1 kHz, repeated every 8 s, for 20 min. Nonexposed 
groups were focally followed during times when no playback experiments were underway. These 
groups were randomly selected from groups that were migrating through the study area and were 
focally followed for at least 1 h.  

   2.2 Response-Model Development 

 Each response variable (e.g., direction and speed of travel, dive profile, surface behavior) was 
analyzed separately using general linear mixed models (GLMMs) that included the random effect 
of group (and associated variance) and takes into account covariance due to repeated sampling of a 
group (eliminating a common source of pseudoreplication error). The response model initially 
tested two independent factors: experimental period (before, during, and after) and stimulus 
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(nonexposed, silent control, social sounds, and tones). Various response models were developed but 
due to the small sample size of focal-follow data, only a few of the covariates such as “proximity 
of group from source vessel,” “received level of stimulus,” and “background noise levels” could be 
added in to this model. For scan-sampled data (where there were more data points), additional 
independent parameters such as group composition and the “nearest neighbor” could be added to, 
and eliminated from, the response model based on their significance to the response variability. The 
final models were developed separately for both scan-sampled and focally followed groups. 
Table  1  illustrates some of the results obtained for the movement-response parameter “course traveled” 
and behavioral-response parameter “deep-dive time.”   

   2.3 Problems With Power 

  A  power analysis assesses the probability of accepting the null when it is false (beta error) and 
rejecting the null when it is correct ( α  error), otherwise known as a type I and a type II error, respec-
tively. Typically,  α  is set at 0.05 and  β  at 0.2, which means that the power of the experiment (which 
is calculated as 1 –  β ) should be at least 0.8. The analysis calculates the sample size necessary (from 
means and variances generated from the results) to achieve this power. Table  2  illustrates the sample 
size for the Australian behavioral-response study.  

 The power calculation presented here used “course traveled” as a response variable and used 
only focally followed groups as the sample population. It is based on a balanced design, where the 
number of controls equals the number of exposures. The power-analysis graph (Fig.  1 ) generated 
for the response to tones indicates that a sample size of 10 per treatment (that is 10 controls and 10 
exposures) was needed to detect a significant change in course traveled. With 6 replicates (the num-
ber used in this experiment), the power of the experiment is only 0.55. For the response to the 
social-sound stimulus (Fig.  1 ), 8 replicates produce a power of only 0.45, and the analysis indicates 
that 15 samples (15 control and 15 exposed groups) are required for significant response detection 
with minimal chance of a type I or type II error.    

   Table 1    Significant factors dictating changes in course-traveled and mean deep-dive times in humpback whale 
groups during the Australian behavioral-response study   
 Dependent Measure  Platform  Significant Factors Included in the Final Model 

 Mean course traveled per 
experimental period 

 Focal  Stimulus 
 Scan  Stimulus, experimental period, proximity to the source vessel 

(within or beyond 3.5 km from the vessel during exposure) 
 Mean deep-dive time per 

experimental period 
 Focal  Stimulus, experimental period, background noise levels 

(including noise from singers) 
 Scan  Biased sampling, no result 

   Table 2    Number of groups used in the behavioral-response study analysis for each platform of observation   

 Platform of 
Observation 

 Sample Size 

 Nonexposed  Silent control 
 Social-sound 
exposure  Tone exposure 

 Focal follow   6  0   8   6 
 Scan sampling  15  5  24  22 
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   3 Conclusions 

 An improvement in modeling techniques over the years and the development of more sophisticated 
statistical-analysis packages have allowed a more complex analysis of data to be carried out, and, 
therefore, some of the analysis issues can be addressed. Modeling techniques can also incorporate 
other environmental effects that may influence the response of whales to the experimental stimulus 
(as shown in the Australian BRS results) and can incorporate a random effect in the statistical model 
(which accounts for the “within-group” variance and therefore repeated measurements within the 
dataset). 

 This paper illustrates that, despite the improved statistical ability to model data, the power of the 
focal-follow result is low due to small sample size. It is difficult to achieve reliable results in these 
experiments due to the high cost and logistical difficulties balanced with the need to obtain an 
adequate sample size to ensure statistically significant results. However, by having two platforms 
of observation, we were able to retest the result using the larger sample size from the scan-sampled 
data. There is a trade-off between data quality and sample size; the focal-follow data are more con-
centrated in terms of the quality of data collected for each group (higher resolution), but the 
increased effort to collect these data results in a smaller sample size in term of numbers of groups 
of whales for which data are collected. The scan-sampled data could be viewed as lower quality 
(because there is a reduced effort of data collection for each group), the trade-off being that sample 
size is greater. However, it is not possible to use scan sampling to assess some behavioral responses 
(e.g., deep-dive time). To accurately calculate this, a focal follow of the group is required. Future 
experiments will increase focal-follow effort and use the scan-sampling platform as a way of putting 
the focal-follow groups into social and environmental context.      

  Fig. 1    Power analysis generated for focal groups exposed to “tones” ( n  = 6) and groups exposed to “social sounds” 
( n  = 8) using the results of the behavioral-response study. Graph illustrates the sample size and the associated power 
based on the mean and variance of course traveled within the ”during” period for exposed and nonexposed groups       
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    1  Introduction 

 Shipborne, quasi-continuous visual marine mammal observations for mitigation or research require, 
while being restricted to daylight hours, the utmost concentration by observers as well as large 
teams when conducted during month-long cruises. To overcome such limitations, the use of thermal 
imaging has first been examined in the context of offshore oil exploration by Greene and Chase 
 (  1987  ) . The approach exploits the thermal signature of a whale’s blow, which, at least at high lati-
tudes, is warmer than the environment. Their study and additional research by Cuyler et al.  (  1992  )  
recorded thermal images of both odontocete and mysticete blows at ranges up to 100 m. Significantly 
larger detection ranges were achieved by Perryman et al.  (  1999  )  who detected gray whale blows at 
several kilometers range in thermal images taken from ashore. Most recently, Baldacci et al.  (  2005  )  
tested a handheld naval infrared (IR) camera in the Mediterranean Sea, reporting detections of vari-
ous species at typically 1–2 nautical miles. 

 However, the limited field of view of IR cameras used in these studies poses a significant con-
straint when continuous monitoring of a ship’s entire perimeter is required. This problem is over-
come in this study by using a shipborne, 360° cooled thermal imager, FIRST-Navy, mounted on an 
actively stabilized gimbal. The sensor, developed by Rheinmetall Defense Electronics (Bremen, 
Germany) provides a continuous 5-Hz video stream of the ship’s perimeter with a horizontal resolu-
tion of 0.05°/pixel and a vertical resolution of 0.03°/pixel. The system was installed on the crow’s 
nest of the  R/V Polarstern  in autumn 2009 and was tested during two expeditions to the Greenland 
Sea and the Southern Ocean, generating thermal-imaging streams that allow detection, location, and 
track of whales in the ship’s vicinity.  

    2  Results 

 The FIRST-Navy sensor was operated for a total of 837 h. Because the significant data rates (3.5 
TB/day) prohibit continuous saving of data, independent information on the presence of marine 
mammals was used to trigger archiving of relevant video sequences (spanning the speed-dependent 
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relevant period of ±3 to 60 min around each sighting). This ensured the acquisition of video data 
sequences with whales known to be present. Retrospectively, the ensuing dataset of 35-h duration 
was visually screened for IR signatures of whale spouts, so far revealing over 300 spouts (i.e., 
Fig.  1 , top) at ranges up to 3 km.  

 From a blow’s position within a given thermal image, the relative distance of the blow to the ship 
was calculated using simple triangulation, similar to the methods used with distance sampling tech-
niques (Lerczack and Hobbs  1998  ) . The bearing under which the blow was detected can be extracted 
from the image with an extremely high resolution of 0.05 angular degrees. The vertical resolution 
of 0.03 angular degrees surpasses those of “Big Eye” binocular (small) reticules (0.06–0.08 angular 
degrees) and is comparable to angular resolutions that may be achieved by visual interpolation 
when using “Big Eye” under ideal conditions. However, the fact that the FIRST-Navy sensor is 
stabilized against the ship’s roll and pitch and the possibility to scroll forth and back in the recorded 
video material allows avoiding overlooking blows while providing highly accurate and objective 
relative blow positions (Fig.  1 , bottom left). Concurrent 1-s-resolution records of the ship’s naviga-
tional data then allow calculation of absolute, geo-referenced whale tracks (Fig.  1 , bottom right). 
Figure  1  exemplifies such results for an encounter with a minke whale. Similar tracks have so far 
been processed for 19 events for humpback, sperm, minke, fin, and bowhead whales. This provides a 
unique opportunity of documenting in detail the locomotive behavior and blow rates of cetaceans in 
the near vicinity of ships equipped with such systems.      
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  Fig. 1    Top: Infrared signature of a minke whale blow at ~250-m distance. Inset: FIRST-Navy sensor. Bottom left: 
Relative locations of whale blows. Bottom right: Geo-referenced blow (triangles) and ship (circles) positions. Colors 
express time, progressing from blue to red       
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    1  Introduction 

 Bowhead whales ( Balaena mysticetus ) migrate west parallel to the north coast of Alaska during the 
late summer and autumn. In 2000, BP Exploration (Alaska) Inc. (BPXA), Anchorage, AK, began 
constructing its Northstar oil production facility on an artificial gravel island 5 km seaward of the 
natural barrier islands in the Beaufort Sea, AK, and a few kilometers inshore of the southern edge 
of the migration corridor of bowheads. Construction of Northstar continued during the 2001 bow-
head migration season. Oil production and gas injection began in late 2001 and continue. Gas tur-
bines operate continuously on the island to generate electricity. During the summer and autumn, 
vessels, helicopters, and since 2003 a hovercraft travel to and from Northstar. 

 There has been concern about the effects of underwater noise emanating from Northstar and its 
support vessels both on migrating whales themselves and on their accessibility to Inupiat subsis-
tence hunters based on Cross Island, 27 km east of Northstar (Streever et al.  2008  ) . Hunters were 
concerned that migrating whales might be deflected offshore. 

 We expected that the level of underwater sound emanating from Northstar would fluctuate as 
industrial operations on and around the island varied, and we hypothesized that this fluctuating 
sound could affect the distribution of bowheads in the southern part of their migration corridor. 
Aerial surveys have been a standard method of monitoring bowhead whale distribution, but an a 
priori statistical power analysis showed that aerial surveys would not provide sufficient sightings to 
detect or characterize a deflection of the small size that was expected. Instead, for four migration 
seasons (2001–2004), we used an acoustical approach to determine whether the closest detectable 
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whale calls tended to be farther offshore when levels of underwater sound produced by Northstar 
and its support vessels were above average. If so, that would be evidence of a Northstar effect on 
whale distribution, calling behavior, or both.  

    2  Methods 

 Throughout 4 field seasons, each ~1 mo in duration, low-frequency underwater sounds were 
recorded via a bottom-mounted cabled hydrophone or autonomous recorder located ~450 m sea-
ward of Northstar (Blackwell and Greene  2006  ) . From the recordings, we extracted the overall 
broadband level (10–450 Hz), the 28- to 90-Hz level (mainly from industrial sources), and the 
occurrence and levels of transient sounds (mainly from vessel traffic) and tonal sounds (from 
machinery and vessels). 

 Throughout the same four field seasons, bowhead calls were recorded by an array of 10 direc-
tional autonomous seafloor acoustic recorders (DASARs) located 7–22 km offshore of Northstar 
(Greene et al.  2004  ) . There were two overlapping hexagonal DASAR arrays, with each DASAR 
spaced 5 km from its nearest neighbors. Each DASAR incorporated the directional sensor from a 
DIFAR sonobuoy to provide bearings to recorded calls. When two or more DASARs detected the 
same call, the calling whale’s location was plotted by triangulation. The offshore distance of each 
call was determined relative to a baseline through Northstar and parallel to the coast. 

 Weighted quantile regression (Koenker  2005  )  was used to relate the 5th quantile of the offshore 
distances of calls to the various measures of anthropogenic sound near Northstar after allowing for 
the apparent effects of natural environmental covariates (McDonald et al., in press). Call location 
data were weighted, with weights inversely proportional to both the probability of detection and 
uncertainty in locations of the calls. Because individual whales could not be distinguished and some 
whales called repeatedly, offshore distances of calls were not all independent. To overcome this 
difficulty, cluster analysis was used to identify groups of potentially interdependent calls. Following 
cluster analysis, block permutation of uncorrelated call clusters was used to assign significance 
levels to coefficients in the quantile regression model. The magnitude, duration, and type of anthro-
pogenic sound that would induce deflection or a change in calling behavior were unknown before 
data collection. Hence several measures of industrial sounds were computed over 7 sound-averaging 
times (15, 30, 45, 60, 70, 90, and 120 min preceding each call), and statistical model selection was 
used to determine the best combination of predictors. Normal within-season variation in the migra-
tion corridor’s apparent southern edge was accommodated by treating day–night changes, distance 
of the call east or west of Northstar, and date as covariates.  

    3  Results 

 Simultaneous data on Northstar sounds and locations of calling whales were obtained for 31, 24, 
29, and 28 days during the autumns of 2001–2004, respectively (Blackwell et al.  2007  ) . In those 
periods, 2,325, 5,124, 25,176, and 43,932 call locations, respectively, were determined in circum-
stances with detection probability >10%. 

 Although the overall distribution of calling bowhead whales each year appeared similar at times 
with low versus higher underwater noise near Northstar, detailed analysis indicated that after allow-
ance for natural covariates, the apparent southern (proximal) edge of the call distribution was sig-
nificantly ( P  < 0.01) associated with industrial sound output each year. In 2001, the 5th quantile of 
offshore distance was an estimated 1.58 km farther offshore when sound at industrial frequencies 
(28–90 Hz), measured 440 m from Northstar and averaged over 45 min preceding the call, increased 
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from 94.3 to 103.7 dB re 1  m Pa. (In 2001, 94.3 dB was the median level in the absence of 
 appreciable Northstar sound; 103.7 dB was the median level near Northstar when the level there 
exceeded 94.3 dB.) In 2002, the 5th quantile of the call distribution was an estimated 1.66 km 
 farther offshore during times when transient sounds associated with boat traffic were present during 
the preceding 2 h. In 2003 and 2004, the 5th quantile was estimated to be farther offshore when 
tones were recorded in the 10- to 450-Hz band just before the call. In 2003, the apparent offshore 
shift was an estimated 0.67 km when tones were present within the preceding 15 min. In 2004, the 
apparent shift was 2.24 km when tones were present within the preceding 2 h. 

 Thus, during each of the four seasons studied, there was an apparent offshore displacement of 
the southern edge of the distribution of whale calls when underwater sound levels from Northstar 
and associated vessels were above average.  

    4  Discussion 

 Visual observations of bowheads and other baleen whale species have shown that some individual 
whales are displaced on exposure to continuous industrial sound, with received sound pressure level 
exceeding roughly 120 dB re 1  m Pa (Richardson et al.  1995  ) . In this study, measured levels of 
Northstar sound ~450 m from Northstar rarely exceeded 120–125 dB re 1  m Pa. The closest bow-
heads were several kilometers farther offshore, where received levels of sound (Northstar plus 
background) rarely exceeded 105–110 dB re 1  m Pa. Based on previously available data, one would 
not expect to detect much, if any, displacement of bowheads by the weak Northstar sounds typically 
occurring in the southern part of the bowhead migration corridor. At the whale locations, those 
sounds are either below ambient levels or barely above ambient levels. However, in each of the four 
seasons of study, the southernmost calls tended to be slightly but significantly farther offshore when 
Northstar sounds increased. This finding in part demonstrates the high statistical power of methods 
that provide a large number of observations (here, thousands or tens of thousands of calls per sea-
son) and of statistical methods that account for natural covariates before assessing the effect of main 
interest (here, the effect of industrial operations). 

 The acoustic data alone cannot distinguish whether the apparent displacement of calls was attrib-
utable to actual displacement of whales, to noise-induced changes in bowhead calling behavior, or 
both. It would be desirable to quantify the relative contributions of actual displacement versus the 
change in calling behavior in causing the observed change in whale call distribution, but that cannot 
be done from passive acoustic monitoring alone. The advantages of a passive acoustic approach 
over visual methods in detecting and monitoring cetaceans are widely known and were the reason 
for adopting an acoustic approach in this study. However, even though acoustic monitoring may (as 
in this study) be able to provide a very large sample of data collected continuously over a large area, 
acoustic monitoring alone may not show whether distribution of cetaceans is affected by a human 
activity. For that, additional data are needed, such as whale distribution data collected via a method 
not dependent on calling behavior or data on the effect of human activity on calling rate and on the 
source levels of the calls.      

  Acknowledgments   We thank BP Exploration (Alaska), Inc., Anchorage, AK, for active participation in design and 
implementation of the project as well as financial support. Alaska Clean Seas, Anchorage, AK, was very helpful in 
providing vessels. For advice on design and interpretation as well as encouragement, we thank the peer/stakeholder 
group including representatives of US National Marine Fisheries Service, Silver Spring, MD; Department of Wildlife 
Management and Science Advisory Committee, North Slope Borough, Barrow, AK; Alaska Eskimo Whaling 
Commission, Barrow, AK; US Bureau of Ocean Energy Management, Regulation and Enforcement, Washington, 
DC; and various external reviewers. Also, we thank the many additional participants from Greeneridge Sciences Inc., 
Santa Barbara, CA; LGL Alaska, Anchorage, AK; LGL Limited environmental research associates, King City, ON, 
Canada; and WEST Inc., Cheyenne, WY.  



306 W.J. Richardson et al.

   References 

    Blackwell SB, Greene CR Jr (2006) Sounds from an oil production island in the Beaufort Sea in summer: 
Characteristics and contribution of vessels. J Acoust Soc Am 119:182–196. Doi: 10.1121/1.2140907.  

    Blackwell SB, Richardson WJ, Greene CR Jr, Streever B (2007) Bowhead whale ( Balaena mysticetus ) migration and 
calling behaviour in the Alaskan Beaufort Sea, autumn 2001–04: An acoustic localization study. Arctic 60:255–270. 
Available via   http://pubs.aina.ucalgary.ca/arctic/Arctic60-3-255.pdf    . Accessed 2 May 2010.  

    Greene CR Jr, McLennan MW, Norman RG, McDonald TL, Jakubczak RS, Richardson WJ (2004) Directional fre-
quency and recording (DIFAR) sensors in seafloor recorders to locate calling bowhead whales during their fall 
migration. J Acoust Soc Am 116:799–813. Doi: 10.1121/1.1765191.  

    Koenker R (2005) Quantile regression. Cambridge University Press, Cambridge, UK.  
   McDonald TL, Richardson WJ, Greene CR Jr., Blackwell SB, Nations C, Nielson RW, Streever B (in press) Detecting 

changes in the distribution of calling bowhead whales exposed to fluctuating underwater sounds. J. Cetac. Res. 
Manage.  

    Richardson WJ, Greene CR Jr, Malme CI, Thomson DH (1995) Marine mammals and noise. Academic Press, San 
Diego, CA.  

    Streever B, Angliss RP, Suydam R, Ahmaogak M, Bailey C, Blackwell SB, George JC, Greene CR Jr, Jakubczak RS, 
Lefevre J, McDonald TL, Napageak T, Richardson WJ (2008) Progress through collaboration: A case study 
examining effects of industrial sounds on bowhead whales. Bioacoustics 17:345–347.      



307A.N. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life, 
Advances in Experimental Medicine and Biology 730, DOI 10.1007/978-1-4419-7311-5_68,
© Springer Science+Business Media, LLC 2012

    G.   Castellazzi (�)      
 DISTART ,  University of Bologna ,   40126   Bologna ,  Italy  
  e-mail: giovanni.castellazzi@unibo.it       

 P.   Krysl      
 Department of Structural Engineering ,  University of California ,   San Diego, La Jolla ,  CA   92093 ,  USA  
  e-mail: pkrysl@ucsd.edu       

 L.   Rojas      
 San Instituto Nacional de Ecología (INE) ,  Fraccionamiento Zona Playa ,   Ensenada ,  BC   22860 ,  Mexico  
  e-mail: lrojas@cicese.mx       

 T.  W.   Cranford      
 Department of Biology ,  San Diego State University ,   San Diego ,  CA   92182,   USA   
 e-mail: tcranfor@mail.sdsu.edu    

   1 Introduction 

  Phocoena sinus  (vaquita) is a small marine harbor porpoise endemic to the Gulf of California that 
is believed to be the most endangered cetacean in the world as reported by the International Union 
for Conservation of Nature (IUCN) red list (see Rojas-Bracho et al.  2008  ) . Simultaneous use of the 
same habitat by fishermen and  Phocoena sinus  has led to the precipitous decline of the porpoise. 
 Phocoena sinus  is easily entangled in fishing nets, resulting in drowning. 

 Our challenge was twofold: first, to understand the pathway by which  Phocoena sinus  receives 
sound and second, whether  Phocoena sinus  should be able to detect nets using their echolocation 
system. Recently, research cruises have focused attention on recording sounds present in the 
 Phocoena sinus  habitat. We used numerical analysis to understand how sound propagates through 
the anatomy of  Phocoena sinus . Finite element modeling (FEM) offers the capacity to simulate 
what happens when anatomic geometry interacts with sound pressure waves. An example of a 
similar application of FEM can be found in Cranford et al.  (  2008  )  where they constructed a 
numerical simulation of the acoustic pathways in the head of a Cuvier’s beaked whale. This kind 
of simulation is valuable because marine mammal hearing is not fully understood and contradic-
tory suggestions have been put forth to explain it. It is clear that toothed whales have a well-
developed sense of hearing, probably as a result of selective pressures that compensate for the 
diminishing penetration of light in water. It is not yet clear how toothed whales detect, receive, 
filter, or amplify sounds. 

      Assessment of the Effect of Natural and Anthropogenic 
Aquatic Noise on Vaquita ( Phocoena sinus ) Through 
a Numerical Simulation       
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 We focused our attention on simulating interactions with pinger sounds because they have been 
used in entanglement mitigation efforts around the globe with other porpoise species. It is worth 
emphasizing that the interaction between porpoise anatomy and high-frequency sounds has not been 
investigated previously.  

   2 Materials and Methods 

 We had access to two postmortem  Phocoena sinus  specimens thanks to the generosity of the 
Government of Mexico. The specimens were scanned using X-ray computed tomography (CT). The 
3-dimensional image data provide a detailed map of anatomic structure, which is the starting point 
for building an acoustic simulation. 

 The material parameters needed for the isotropic constitutive equation are density, bulk modulus, 
shear modulus, and dynamic viscosity. The sample density can be mapped from the CT image using 
a conversion from the Hounsfield units. Because the dynamic viscosity is not available as a map of 
the Hounsfield units and needs to be estimated from the literature, we used data from Krysl et al. 
 (  2006  )  to assign representative average mechanical properties to tissues in the following groups: 
hard bone, soft bone, connective tissue, muscle, and acoustic fats/blubber. 

   2.1 Numerical Simulation 

 The CT data provide the anatomic geometry for the model: a voxel in the CT image corresponds to 
a hexahedral height-node finite element. No approximations or interpolation is made on the CT 
image resolution. For simplicity, the computational box is assumed initially at rest and unstressed. 
Such an assumption makes it easy to reconcile the boundary and the initial conditions. It also implies 
that the specimen and its bounding box are near the sea surface and that the system is not exposed to 
significant hydrostatic pressure. The three velocity components are prescribed along all the bounding 
surfaces of the computational box. In particular, these initial and boundary conditions correspond to 
plane sound waves propagating in the left-to-right direction (see Fig.  1 ), with an exponential ramp-up 
from a rest/unstressed state to full power within a fraction of a millisecond. In this paper, we consider 
a preliminary set of traveling sound waves of frequencies from 80 to 120 kHz directed along the line 
connecting the tip of the nose to the first vertebra of the animal. The subsequent step, which we will 
investigate in the future, is to consider different angles for the traveling sound waves to realize 
whether or not the anatomy of the animal can filter out the entering sound waves.    

   3 Results 

 These preliminary results are given in terms of pressure map distribution. For the sake of brevity, 
we focus our attention on pressures over the bony ear complex (tympanoperiotic complex [TPC]). 
Figure  1  shows the distribution of the pressure due to a traveling 80-kHz frequency-pressure wave. 
Figure  1a  shows a close-up of the left TPC and Figure  1b  and  c  shows the whole body model. The 
lateral view of the left TPC is shown in Figure  2 , where the pressure map is overlaid on the TPC in 
detail. Figure  2  shows the pressure resulting from a set of frequencies from 80 to 120 kHz, where 
warm colors indicate high pressure and cold colors indicate low pressure.  

 These maps show that the various acoustic frequencies illuminate the TPC in different ways. For 
example, Figure  2a  shows a low frequency that is strongly amplified at the ear. Going toward 
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120 kHz (upper limit of  Phocoena sinus  hearing; see Gregory  1991  ) , the pressure is focusing, as 
expected, on a specific spot, presumably responsible for the mechanical functioning of the TPC.  

   4 Conclusions 

 This paper addresses  Phocoena sinus  conservation through better understanding of their interaction 
with the acoustic components of their habitat. An advanced numerical simulation of the interaction 
of sound with an entire toothed whale is presented here for the first time. The unique FEM model 
provides a window of understanding into the acoustic functioning. This information may allow us 
to propose conservation actions to help protect this species. This approach produced the capability 
to model the acoustic pathways for sound entering the head and the body of these animals.      
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  Fig. 1    Sagittal view of the left bony ear complex (a) and coronal (b), and axial (c) views of the whole body of the 
porpoise. Pressures are shown for an 80-kHz frequency. Arrow indicates position of the left ear       

  Fig. 2    Pressure results for frequencies of 80 (a), 95 (b), 110 (c), and 120 (d) kHz at the left bony ear complex. The 
pressures are normalized using the external pressure measured at the tip of the porpoise nose. Red indicates twice the 
pressure at the tip of the rostrum; green shows a pressure that is equal to that at the tip of the rostrum; blue indicates 
half and lower pressures relative to the tip of the rostrum       
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    1  Introduction 

 Anthropogenic underwater sound in the seas and oceans is increasing.  Phocoena phocoena  (harbor 
porpoise) is sensitive to underwater sound because of its very acute hearing, wide hearing frequency 
range, and high responsiveness to sounds. The detection of sounds by animals and the degree to 
which sounds have an effect on animals involve the characteristics of sounds at the source, the 
propagation of sound between the source and the receiver (the animal), and the hearing character-
istics of the receiver. Here, we focus on the hearing properties of  Phocoena phocoena , factors affect-
ing sound detection, and effects of detected sounds on the physiology, behavior, and echolocation 
ability of the species.  

    2  Hearing and the Basic Audiogram 

 For a sound to have an impact on marine organisms, it has to be heard. The audibility of a sound 
depends on the frequency range of the hearing of an animal, which can be established experimen-
tally in the form of hearing thresholds for several frequencies (audiograms). For  Phocoena phoc-
oena , audiograms have been established by using the psychophysical (behavioral) technique 
(Andersen  1970 ; Kastelein et al.  2002,   2010  )  and the electrophysiological technique (by measuring 
the auditory brainstem response; Bibikov  1992 ; Lucke et al.  2007 ; Popov et al.  1986  ) . The psy-
chophysical technique provides more realistic hearing thresholds than the electrophysiological 
technique but is much more time consuming. The electrophysiological technique is best suited to 
the quick establishment of relative changes in hearing thresholds, e.g., during temporary threshold 
shift (TTS) studies. 

 It is incorrect simply to use the basic audiogram to calculate detection ranges of sounds by 
 Phocoena phocoena  at sea. Basic audiograms, because they are determined under very quiet back-
ground conditions, can realistically be used to determine whether a species is physically able to 
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detect a sound of a particular frequency or not. Actual detection of a sound at sea involves many 
other factors, e.g., the directionality of hearing, masking of the sound, and signal duration. Detected 
sounds can have many, and varied, adverse effects. 

    2.1  Factors Affecting Sound Detection 

 Hearing is directional: its sensitivity varies depending on the angle from which a sound reaches the 
listener; therefore, the location of a sound source relative to the listener affects the audibility of the 
sound. This phenomenon is frequency dependent because the higher the frequency of the sound, 
the more pronounced is its directionality. The hearing of almost all marine mammal species has only 
been tested for sounds coming from directly in front of them. This method usually provides the 
highest hearing sensitivity. In  Phocoena phocoena , the directionality of hearing in the horizontal 
plane has been established for sounds of three frequencies (Kastelein et al.  2005a  ) , and based on 
these data, the directivity index has been calculated for these frequencies. Individuals of  Phocoena 
phocoena  can use their directional hearing, combined with head movements, to determine the loca-
tion of a sound source or to reduce the perceived sound level of an annoying sound. 

 The sound source localization ability of the species depends on the characteristics of the sounds 
as well as on the hearing properties of  Phocoena phocoena . The longer a signal and the higher the 
received signal-to-noise ratio, the greater the ability of  Phocoena phocoena  to localize it (Kastelein 
et al.  2007  ) . Being able to localize a sound is important if an individual wants to reduce the received 
level by swimming away from a sound. 

 The background noise level and spectrum also affect the audibility of a sound. Masking occurs 
when one sound (the background noise) interferes with the detection of another sound (the signal). 
The degree of interference depends on the amplitudes of the two sounds and on the difference in 
frequency of signal and noise; masking is greatest when the two sounds have a similar spectrum. 
A pure tone is masked mainly by noise at adjacent frequencies in a critical bandwidth around the 
frequency of the tone. Noise at frequencies outside this masking band has little influence on 
 detection of the signal unless the noise level is very high. Some information exists on the critical 
bandwidths of  Phocoena phocoena  (Popov et al.  2006  ) . The lowest signal-to-noise ratio at which a 
subject can detect a tonal signal in broadband masking noise is defined as the critical ratio (CR; 
Fletcher  1940  ) . The CR of  Phocoena phocoena  is slightly lower than that of other odontocetes in 
which the CR has been measured (Kastelein and Wensveen  2008 ; Kastelein et al.  2009  ) . This sug-
gests that porpoises can detect signals in noise relatively well. 

 The duration of a signal affects its audibility because the mammalian ear integrates energy over 
time until an integration time threshold is reached. Therefore, the amplitude of a signal required for 
detection increases as its duration decreases below the integration time threshold. The integration 
time for tonal signals over the entire hearing range of  Phocoena phocoena  has been measured; the 
lower the frequency, the higher the integration time (Kastelein et al.  2010  ) . This information is 
important for the calculation of audibility ranges of sounds such as those made by pile driving, 
seismic surveys, and detonations, which have a high source level but are of short duration.  

    2.2  Hearing Damage Caused by Detected Sounds 

 Loud sounds may cause direct physical injury in  Phocoena phocoena  or permanent hearing damage 
in the form of permanent threshold shifts (PTSs). Loud sounds of sufficient duration may cause 
permanent hearing loss to animals at close range and TTSs to animals further away. Permanent 
hearing loss reduces the ability of an animal to perceive sounds that are important for its survival, 
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fitness, and ability to reproduce, and exposure to sounds at levels causing permanent damage needs 
to be avoided. However, the levels at which permanent hearing damage occurs in marine mammals 
are not known. For a variety of reasons (e.g., governmental regulations, practical issues, and ethical 
issues), studies designed to cause permanent hearing loss in marine mammals have not been con-
ducted. TTS, which is followed by complete recovery, has been studied. The course and time of 
recovery generally depend on the amount of exposure to noise and the amount of shift incurred. 
Determining the amplitudes and durations of noises that begin to initiate a TTS will allow the esti-
mation of sound levels at which interference with the animal’s life history events and behavior may 
occur. TTS reduces the acoustic communication range of an animal and lessens its ability to detect 
certain important sounds for a certain period of time. TTS in  Phocoena phocoena  has been mea-
sured after exposure to seismic air gun stimuli, although the results of the hearing tests may have 
been influenced by very high levels of background noise (Lucke et al.  2009  ) .   

    3  Behavioral Effects of Detected Sounds 

 Once a sound has been heard by an individual of  Phocoena phocoena , the effect of the sound on its 
behavior depends on the characteristics of the sound (e.g., level, spectrum, duty cycle, signal dura-
tion), the characteristics of the animal (e.g., responsiveness, age, sex, history, reproductive state, 
hunger level), and the context (e.g., animal alone or in a group, water depth, location, weather). 
Behavioral effects occur in steps, which show gradients in severity. 

    3.1  Startle Response 

 After simply hearing a sound without responding behaviorally, the first step on the gradient of 
behavioral effects is the occurrence of a startle response to a single sound stimulus. In recent startle-
response studies, individuals of  Phocoena phocoena  were subjected to approximately six received 
sound levels that caused startle responses in 0–100% of study sessions. From the psychometric 
functions, the received sound levels causing a startle response in 50% of sessions could be derived 
(Kastelein, Hoek, de Jong, in preparation).  

    3.2  Increased Anxiety 

 Increased anxiety, measured as an increase in respiration and surfacing rate, occurs when individu-
als of  Phocoena phocoena  are subjected to several sound stimuli in a series (Kastelein et al.  1995, 
  1997a,  b,   2000,   2001,   2006  ) . Increased respiration and surfacing rates lead to higher energy expen-
diture, which may have negative impacts on the health, survival, and reproductive success of 
 Phocoena phocoena .  

    3.3  Deterring Effect 

 If received sound levels are increased further,  Phocoena phocoena  may avoid the vicinity of, or be 
deterred away from, the sound source. Avoidance threshold levels have been determined for specific 
stimuli (Kastelein et al.  2005b,   2008a,  b  ) . In recent experiments, deterring stimuli were projected in 
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various levels of background noise mimicking sea states 0–8. The higher the sea state, the smaller 
the deterring effect of the stimuli (Kastelein et al.  2011  ) . It is important to quantify sound levels that 
deter  Phocoena phocoena  so that such sound levels can be avoided in ecologically important areas 
used by the species for feeding, breeding, and suckling.   

    4  Effects of Sounds on Echolocation Ability 

 It is possible to compromise the ability of  Phocoena phocoena  to echolocate by increasing the 
 background noise level in the frequency range of its echolocation clicks (Kastelein, Verboom, de 
Haan, Au, in preparation). However, because  Phocoena phocoena  produces narrowband echolocation 
signals of high frequency (120–130 kHz; Verboom and Kastelein  1995  )  and because anthropogenic 
underwater noise has most of its energy in the low-frequency range, it is unlikely that current anthro-
pogenic noise will reduce the echolocation ability of  Phocoena phocoena  (Kastelein et al.  1999  ) .  

    5  Conclusions 

 Knowledge of the hearing of  Phocoena phocoena  is gradually increasing as research continues. 
Information on the audibility of anthropogenic sounds and their effect on the detection of biologi-
cally relevant sounds by  Phocoena phocoena  has increased. Knowledge on the effect of anthropo-
genic sound on the behavior of  Phocoena phocoena  is also increasing, although the effects of many 
broadband sounds, resembling sounds from various human activities at sea, still need to be quanti-
fied. The next step is to useg behavioral data to predict the effects of anthropogenic sounds on the 
size, dynamics, and health of populations of  Phocoena phocoena .      
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    1  Introduction 

 Social communication requires the detection and recognition of a signal from a sender by a receiver. 
Sources of noise in the environment can limit the range for successful detection of signals (Brumm 
and Slabbekoorn  2005 ; Wiley and Richards  1978  ) . A number of compensation mechanisms are used 
by individuals producing acoustic communication signals in increased noise to increase the proba-
bility of detection. These types of changes are called “vocal adjustments,” indicating that changes 
in sound production occur over short time scales, with individuals actively changing their signals in 
response to exposure to changing noise levels (Patricelli and Blickley  2006  ) . This plasticity enables 
animals to compensate actively for changing noise spectra and levels in their environment. A diverse 
range of vertebrate taxa, ranging from small bird species to marine mammals, exhibit similar “vocal 
adjustment” capabilities (Brumm and Slabbekoorn  2005 ; Tyack  2008  ) . 

 Four general types of vocal adjustment have currently been described that increase the signal-to-
noise ratio of the signal. These include changes to the 1) amplitude of the signal, 2) frequency 
content of the signal, 3) temporal structure within the sound, and/or 4) the timing of sound produc-
tion (Patricelli and Blickley  2006  ) . For these changes to occur, there has to be plasticity in the vocal 
production mechanism of the species (Tyack  2008  ) . 

 Most marine mammals rely on sound for communicating, navigating, and foraging, and the 
potential impact of anthropogenic sources of sound on marine mammals has received increasing 
attention in the past two decades (Nowacek et al.  2007 ; Richardson et al.  1995  ) . Several studies have 
demonstrated a pronounced increase in sound levels below 100 Hz in deep water for the Northeast 
Pacific (Andrew et al.  2002 ; McDonald et al.  2006  )  and in shallow coastal waters in the North 
Atlantic on the Canadian continental shelf (Zakarauskas et al.  1990  )  since the 1960s. Distant ship-
ping has been suggested as the most likely source for these observed increases in low-frequency 
noise. If ambient sound levels increase due to human activities, the range over which individuals 

        Changes in Vocal Behavior of North Atlantic Right 
Whales in Increased Noise       

         Susan   E.   Parks,          Mack   P.   Johnson,       Douglas   P.   Nowacek, and       Peter   L.   Tyack        



318 S.E. Parks et al.

can locate one another will be reduced unless marine mammals can modify their calling behavior 
to improve the probability of detection of these signals. 

 Many studies have investigated short-term changes in the vocal behavior of cetaceans related to 
increased background noise levels from vessels. These studies indicate that marine mammals employ 
all four of the currently described vocal adjustments to improve the signal-to-noise ratio of their calls, 
including increasing the intensity of their calls, shifting the frequencies (Hz) of their calls to a fre-
quency band with lower noise levels, increasing the duration of their calls, increasing the repetition 
rate of their signals, or waiting until the noise decreases before calling (Tyack  2008  ) . Here we inves-
tigate how one species of baleen whale,  Eubalaena glacialis  (North Atlantic right whale), modifies 
its communication system to compensate for increases in low-frequency noise in the environment.  

    2  Right Whale Communication in Noise 

  Eubalaena glacialis  is a highly endangered species of baleen whale (Kraus et al.  2005  )  that uses 
sound for social communication (Clark  1983 ; Parks and Tyack  2005  ) . The primary habitat for this 
species is off the east coast of the United States, an area with high levels of shipping traffic. Concern 
has been raised over the impact of increased environmental noise on this species, with potential 
impacts ranging from limiting the communication range for critical behavioral functions such as 
locating and selecting mates and reuniting with offspring after separation to chronic increase in stress 
levels (Parks and Clark  2007  ) . The primary contact call in  Eubalaena glacialis , the upcall, is pro-
duced in a frequency range that overlaps with the peak noise from distant shipping (50–350 Hz; Parks 
et al.  2009  ) . In this low-frequency, long-duration noise regimen, the most effective compensation 
mechanism would be to increase the intensity or shift the frequency of the contact calls (Fig.  1 ).  

 A recent study indicates that there may be long-term population-level changes occurring in 
response to shifts in ambient noise in some species (Parks et al.  2007  ) . Comparisons were made 
between the call parameters of  Eubalaena  upcalls in both low- and high-noise environments by 
collecting both modern (high-noise) and historical (lower noise) recordings of upcalls from 
 Eubalaena  populations in the North Atlantic (high noise) and South Atlantic (lower noise). The 
results of these comparisons indicated that right whale contact calls were produced at higher fre-
quencies in higher noise habitats, but no measures were available for individual call-intensity 
responses to increasing noise (Parks et al.  2007  ) . 

 Individual call variation of  Eubalaena glacialis  in response to noise was investigated using the 
DTAG, an archival acoustic recording tag, that was attached to individual whales using suction cups 
in the Bay of Fundy, Canada, during the summers of 2001, 2002, and 2005 (Johnson and Tyack 
 2003  ) . Calls produced by the tagged whales were identified by high-intensity received levels, the 
presence of multiple high-frequency harmonics, and visual observations confirming that the whale 
was not with other right whales. Eleven individual whales produced at least two upcalls during tag 
attachment to compare differences in call parameters in different noise conditions. Measurements 
were made of the background noise level and the received level, duration, and minimum frequency 
of the calls. Analyses indicate that the received level of calls was significantly affected by the noise 
level, whereas frequency changes were not consistent, with some individual whales increasing and 
others decreasing their call frequency in increasing noise.  

    3  Discussion 

 Selection should favor modifications in calling behavior that maximize the detectability of a signal 
in noise while minimizing the costs associated with signal production. New tools provide insight 
into the studies of individual acoustic behavior of free-ranging marine mammals. We are now able 
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to ask questions concerning how individual whales respond to acoustic cues in their environment 
while submerged beneath the ocean’s surface. These studies are significant as they demonstrate that 
 Eubalaena glacialis , a highly endangered species, is capable of modification of its long-distance 
contact calls in moderately increased levels of noise. Several questions remain to be answered, 
including the cost of compensation, whether these compensation mechanisms are sufficient to allow 
 Eubalaena glacialis  to communicate in their industrialized environment, how much noise is too 
much for them to compensate for, and at what noise levels will their acoustic communication start 
to break down? Answers to these questions will help us to assess what impact noise may be having 
on limiting the recovery of this species.      
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 Seafloor recorders were deployed in the western Mediterranean Sea and adjacent Atlantic waters 
during 2006–2009 to monitor noise levels and fin whale presence. Acoustic parameters of 20-Hz 
pulses (pulse duration, pulse bandwidth, interpulse interval, and center and peak frequencies) were 
compared for areas with different shipping noise levels and different shipping intensities in the 
Strait of Gibraltar and during seismic air gun events. Significant differences were detected between 
noise contexts. In general, acoustic parameter values decreased with increased noise levels. In high-
noise conditions, 20-Hz pulse duration shortened, bandwidth decreased, and center and peak fre-
quencies decreased. Similar results were obtained in the presence of air gun events, and bearings to 
singing whales indicated that whales moved away from the air gun source and out of our detection 
area for a time period that extended well beyond the duration of the air gun activity. This study 
provides evidence that fin whales modify their acoustic behavior to compensate for increased ambi-
ent noise and shows that under some conditions they will leave an area for an extended period. 
Sensitization and habituation processes may play a role in these behaviors and are discussed in the 
context of these results. The biological consequences of these behavioral changes are not known, 
but the potential negative effect in their reproductive success and survival is discussed.      
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    1  Introduction 

 The Cres-Lošinj archipelago represents an important nursing and feeding ground for the resident 
 Tursiops truncatus  (bottlenose dolphin) population. Scientific research on  Tursiops truncatus  in this 
area has been conducted since 1987, and the population abundance is currently estimated to be 113 
individuals (95% CI = 107–121; SE = 6.967), showing a significant decline of 39% between 1995 
and 2003 (Fortuna  2006  ) . Being top predators, dolphins represent the symbol of a healthy environ-
ment; hence a reduction in their abundance is considered an indication of the endangered status of 
this population. The low  Tursiops truncatus  density in the region may be related to the habitat deg-
radation of the northern Adriatic waters, particularly to the scarce availability of food resources in 
an environment subject to high anthropogenic pressure (Bearzi et al.  2004  ) . 

 The Cres-Lošinj archipelago is characterized by a strong nautical tourism that constitutes the 
primary source of underwater anthropogenic noise that causes an increase in sea ambient noise 
(SAN) over low frequencies (below 1 kHz). This is mainly because of the increased number and 
high mobility of fast-moving recreational vessels that colonize the area during the summer season. 

 Exposure to loud noise can have various effects on marine animals. The most common one is 
behavioral disturbance, with reactions of the disturbed species strongly dependent on the connec-
tions between costs and benefits associated with the environmental conditions. 

        Long-Term Monitoring of Anthropogenic Noise 
and Its Relationship to Bottlenose Dolphin ( Tursiops 
truncatus ) Distribution in the Cres–Lošinj 
Archipelago, Northern Adriatic, Croatia       
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 Studies over the past few decades have demonstrated that dolphins tend to avoid highly disturbed 
places (Richardson et al.  1995 ; Simmonds and Mayer  1997  ) , and changes in habitat use have 
already been reported as potentially related to noise disturbance (Evans et al.  1992 ; Foote et al. 
 2004  ) . Recent work on the critical habitats and factors affecting  Tursiops truncatus  distribution 
within the Cres-Lošinj archipelago has suggested the possibility of anthropogenic noise being a 
long-term factor impacting dolphin habitat use (Fortuna  2006  ) . 

 The aim of this study was to identify critical areas in terms of noise and vessel presence and to 
correlate these types of anthropogenic pressure to  Tursiops truncatus  distribution within the Cres–
Lošinj archipelago.  

    2  Materials and Methods 

 The Cres-Lošinj archipelago is situated in the Kvarneri  (northern Adriatic Sea, Croatia). The study 
area extends over 2,000 km 2  along the eastern side of the islands of Cres and Lošinj. In 2005–2008, 
380 boat surveys were undertaken, covering 6,515 nautical miles (nmi) in adequate survey condi-
tions. During these surveys, a long-term monitoring of SAN was carried out twice a month at 10 
predefined locations, giving a total of 710 5-min SAN samples. The 10 acoustic stations were put 
into 3 groups of different anthropogenic impact, high, medium, and low, characterized by different 
proximities to tourist and municipal locations on land. 

 Acoustic recordings were made from a 5.70-m inflatable research vessel using a RESON TC4032 
hydrophone and a calibrated Pioneer DC-88 DAT recorder. Collected data were analyzed using 
SPECTRA RTA software calibrated with a signal of 100 mV root mean square (RMS) @ 1 kHz and 
hydrophone sensitivity, obtaining a one-third octave band analysis for each acoustic sample. 

 During the acoustic sampling, data on vessel presence, type, and distance from the monitoring loca-
tion were collected. Different vessel types observed in the study area were scored for later comparison 
of their produced noise. At the same time, data on  Tursiops truncatus  distribution were collected by 
recording the presence of each dolphin encounter coordinates (using GPS) and photo identification 
techniques. Data were analyzed by calculating the overall and seasonal encounter rates weighted by the 
research effort inside the area. All the graphic outputs were obtained using GIS software.  

    3  Results 

 The results of the acoustic analysis gave a description of the local background noise in the study area, 
indicating a progressive increase over the years. Furthermore, the results showed that critically noisy 
areas may bear some relationship to the spatial and temporal distribution of dolphins. In particular, 
the area around three marine petrol stations and tourist beach camps situated along the coast of the 
islands of Lošinj and Cres was highlighted as important. In this area of high anthropogenic impact, 
we found a significant difference in the SAN intensities measured over frequencies below 1 kHz 
compared with the other two groups of medium and low impact during the summer seasons. 

 Data collected on bottlenose dolphin distribution showed a concomitant season-dependent avoid-
ance of this area, with the lowest dolphin encounter rates over the summer months. Analysis of the 
underwater emissions produced by different vessel types indicated that fast-moving recreational 
vessels are particularly noisy, producing the highest noise intensities over the low range of frequen-
cies. Additionally, data on vessel presence within the study area indicated that a significantly higher 
number of fast-moving recreational vessels are found in the high-anthropogenic impact area during 
the summer months.  



325Long-Term Monitoring of Anthropogenic Noise and Its Relationship to Bottlenose Dolphin…

    4  Discussion 

 To identify the critically noisy areas, long-term monitoring of SAN was undertaken within the study 
area. Results of this study indicated the high-anthropogenic impact group as the noisiest area, show-
ing significantly higher levels of underwater noise compared with the other two impact groups. This 
increment of the noise was shown over the range of low frequencies, which is consistent with the 
data obtained from monitoring the vessel. In fact, different vessel types recorded in the study area 
emitted most of the noise energy in the range below 1 kHz. Of all the recorded vessels, the noisiest 
were fast-moving recreational vessels, producing the highest levels of noise over the low range of 
frequencies. They were found in the highest number in the group of high-anthropogenic impact 
during the tourist season. It is therefore more than likely that the observed increase in the SAN was 
correlated to the intense human activities in this particular area. 

 Studies have shown that a large percentage of important marine habitats are exposed to high 
levels of anthropogenic noise (Allen and Read  2000 ; Gisiner  1998 ; Perry  1998  ) . Coastal dolphins 
can tolerate some degree of chronic exposure to man-made noise, but localized displacement has 
been reported when they are exposed to a particularly strong disturbance as in the case of a simul-
taneous presence of multiple noise sources (Richardson and Wursig  1995  ) . This seems consistent 
with data gathered on  Tursiops truncatus  distribution within the study area. In fact, the particularly 
low encounter rate found in the area of high-anthropogenic impact may suggest avoidance of this 
critically noisy area. Alternately, the low number of dolphin sightings, despite a high search effort, 
may indicate that dolphins cross this area using longer dives to avoid the proximity of sources of 
loud noise. This would then reflect on the possibility of detection of the animals by researchers. 

 Based on our overall results, we conclude that there is a negative impact on the distribution of 
bottlenose dolphins within the study area associated with the presence and noise of fast-moving 
vessels. In this case, SAN proved to be a good indicator of this anthropogenic pressure.      
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   1 Introduction 

 Investigations on the behavioral responses of cetaceans to a variety of anthropogenic sounds are 
numerous, with a large proportion of these studies focused on responses to vessels (Nowacek et al. 
 2007 ; Richardson et al.  1995  ) . Behavioral responses that affect activities associated with survival 
and reproduction are of particular concern because they have clearer repercussions on life functions. 
Furthermore, populations that are repeatedly exposed to vessels such as those that frequent urban 
ports and/or those targeted for vessel-based whale-watching activities also get particular attention 
given the consistency of the exposure (Clark et al.  2009 ; Jensen et al.  2009  ) . Behavioral responses 
of killer whales to vessels include a decrease in foraging activity, an increase in dive duration and 
swim speed, and an increase in some surface-active behaviors (Lusseau et al.  2009 ; Noren et al. 
 2009 ; Williams et al.  2009  ) . However, it remains unclear whether the physical presence and/or the 
sound emitted from motorized vessels is associated with the observed behavioral effects because 
information about received sound levels and other sound exposure variables were not reported in 
previous investigations. 

 The waters surrounding the San Juan Islands, WA, are areas that endangered southern resident 
killer whales (SRKWs) use extensively for feeding (Hanson et al.  2010  ) . This region is also an area 
where recreational and commercial vessel traffic is common, and in particular, there is a well-
developed whale-watching industry, with an average number of ~20 boats surrounding SRKWs 
during summer daylight hours (Koski et al.  2006  ) . There are ~85 individual SRKWs divided among 
three (J, K, and L) pods, and as part of their Endangered Species Act (ESA) recovery plan, several 
risk factors that could hinder SRKW population recovery were identified. One is prey availability 
and/or quality because, at least in their summer range, these killer whales target  Oncorhynchus 
tshawytscha  (Chinook salmon), many of whose stocks are also depleted (Hanson et al.  2010  ) . 
Another risk factor is disturbance by vessel presence and/or noise from vessels that can result in 
behavioral and acoustic responses because killer whales rely on sound for many important life 
functions. 

 Fish-eating killer whales produce echolocation clicks for sensing prey in the water and population-
specific pulsed calls and whistles that serve communicative functions (Ford  1989  ) . Calls likely 
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function to maintain cohesion and coordinate movement among killer whales within matrilineally 
related groups (Ford  1989  ) , and they commonly share prey among members of their matriline (Ford 
and Ellis  2006  ) . Ford  (  1989  )  classified the pulsed calls of killer whales as discrete, aberrant, or vari-
able. Discrete calls are structurally distinct, stereotyped, and repeated. Ford  (  1989  )  reported that the 
proportion of discrete call types observed among J pod members of the SRKW community differed 
depending on whether the whales were foraging or traveling. Hoezel and Osborne  (  1986  )  also 
reported that the density (calls per minute) and diversity of SRKW calls increased during foraging 
and milling (both involved in feeding) compared with traveling, but these data were not adjusted for 
group size. 

 Given the uses of sound associated with foraging in killer whales, there is concern that noise 
levels from nearby vessels are high enough in the whales’ summer range to result in masking of 
these sounds, which has implications for foraging success. Previous research efforts have shown 
that as the number of vessels surrounding this killer whale population increased, so too did back-
ground noise levels (Holt et al.  2009  ) . Furthermore, SRKWs vocally compensated for changes in 
vessel noise by increasing their call source levels (Holt et al.  2009  )  and call duration (Foote et al. 
 2004  ) . These results indicate that masking of communicative sounds by vessel noise is a potential 
auditory challenge to the whales. 

 The objectives of the present study were to determine how sound-type usage and vessel noise 
levels vary with group activity states in the current population of SRKWs. We placed a particular 
emphasis on foraging behavior given the risk factors of this population and determining from an 
acoustic perspective why they might decrease foraging activities in the presence of vessels.  

   2 Methods 

 We collected data in waters surrounding the San Juan Islands, WA, off an 8-m research vessel,  RV 
Noctiluca , during the summer months of three years (2007–2009). When SRKWs were sighted, the 
research vessel was positioned ahead and in the general path of the whales (~1,000 m), the motor 
was shut down, and recording equipment was set up. We collected call and background sound data 
continuously while also conducting 1-min observations every 10 min of the following: total vessel 
number within 1,000 m; pod identity; composition and group size; group activity state (forage, travel, 
social, and rest; based on Ford  1989  ) ; group spatial distribution (tight, loose, spread, flank, or non-
linear); group swim speed (fast or slow); and group direction (directional or nondirectional). 

 Details about our calibrated acoustic recording system and measurements of call and background 
sound levels are described in Holt et al.  (  2009  ) . We determined the occurrence of different sound 
types (fast clicks, slow clicks, buzzes, calls, whistles, and other sounds) produced by SRKWs for 
each 1-min observation, and we collected behavioral data when the group was within 1 km of our 
research vessel. Within each of these sound-type categories, we statistically compared their occur-
rence (presence or absence) and also call rate (call per minute per whale) and discrete call-type 
diversity (number of call types per minute per whale) among activity states.  

   3 Results and Discussion 

 Results based on data collected in 2007 and 2008 are reported here and those from 2009 are still 
being analyzed. The majority of data we collected in 2007 and 2008 were in the presence of J pod 
members (either in single pod, subpod, or multiple pod groups). Forage and travel were the most 
often observed activity states. Because we rarely observed social and resting whales, we did not 
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include these data in the subsequent analyses. The occurrence of both fast and slow clicks and 
(marginally) calls were significantly higher when the whales were foraging compared with traveling. 
Call rate and call-type diversity were also significantly higher when the whales were foraging com-
pared with traveling. These results illustrate that the production of calls as well as clicks are integral 
for foraging and that a broader expression of their vocal repertoire occurred while foraging. 

 In contrast, both the total number of vessels and background sound levels were significantly 
higher when the whales were traveling compared with foraging. These differences to some extent 
reflect differences in spatial distribution of the whale-watching fleet that mirror the spatial distribu-
tion of the whales within a group (i.e., whales are more dispersed when foraging). However, the rate 
at which the J pod individuals increased the amplitude of their calls (S1 call type) as background 
levels increased was lower when they were foraging compared with traveling. These preliminary 
results suggest that when the whales were foraging, they were less effective at compensating for 
higher noise levels, and, consequently, vessel noise may limit the range at which calls can be 
exchanged. Lusseau et al.  (  2009  )  reported that SRKWs spent less time foraging and more time 
traveling in the presence of vessels. One very plausible reason why is because the active space of 
their communicative sounds when foraging (and dispersed) is reduced from the masking effects of 
vessel noise.      
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   1 Introduction 

 Under some circumstances, fish detect and avoid approaching vessels, often well before the vessel 
passes over the fish (Mitson  1995  ) . Such vessel-induced avoidance behavior is potentially a major 
source of error in surveys of fish populations. Sound propagates a long distance in water compared 
with other stimuli, and fish are generally most sensitive to sound in the frequency range at which 
the underwater-radiated noise from ships is most intense (Mann et al.  2009  ) . Thus the primary 
stimulus for this avoidance behavior is thought to be auditory (Mitson  1995  ) . The concern that ves-
sel noise causes fish avoidance has led to the formulation of recommendations for maximum low-
frequency (<1-kHz) underwater-radiated noise levels for fisheries research vessels (Mitson  1995  ) . 
These recommendations, made under the auspices of the International Council for the Exploration 
of the Seas (ICES), are based on the hearing capabilities of  Clupea harengus  (Atlantic herring) and 
 Gadus morhua  (Atlantic cod), two species with sensitive hearing; the recommendation is therefore 
expected to minimize noise-induced vessel avoidance for other species as well. 

 Several nations have constructed vessels that comply with the ICES radiated-noise limits. 
Specialized vessel designs, including diesel-electric propulsion, fixed-pitch propellers, and quiet 
hull designs have resulted in substantial reductions in noise levels over a wide frequency range. 
Despite the existence of and investment in noise-reduced vessels, little is known about the impacts 
of noise reduction on vessel avoidance (reviewed in De Robertis et al.  2010  ) . 

 In the United States, the National Oceanic and Atmospheric Administration (NOAA) has built 
four noise-reduced fisheries research ships. The first of these, the NOAA ship  Oscar Dyson  (OD), 
is now being used to conduct a long time series of acoustic-trawl surveys of  Theragra chalco-
gramma  (walleye pollock) in Alaska that have previously been conducted with the conventional 
(i.e., not noise-reduced) NOAA ship  Miller Freeman  (MF). Because the OD emits much less radi-
ated noise than the MF (see De Robertis et al.  2008  ) , there is concern that the survey abundance 
estimates used to manage fisheries, derived from the two vessels, will differ due to differences in 
fish reactions to the vessels. Thus a series of field experiments were conducted to establish if 
 Theragra chalcogramma  differentially avoid the two ships.  
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   2 Methods 

 Experiments comparing the acoustic estimates of  Theragra chalcogramma  abundance derived from 
the OD and MF were conducted concurrently with established abundance surveys. Five experiments 
were conducted in four survey areas. The vessels traveled at 11–12 knots in a side-by-side arrange-
ment (separated by 900 m) to generate acoustic abundance measurements with a vertical 38-kHz 
echo sounder. These paired measurements were used to estimate the ratio of fish abundance 
observed by the two vessels as detailed by De Robertis et al.  (  2008  ) . 

 In three locations, an echo sounder mounted in a free-floating buoy (cf. De Robertis and Wilson 
 2010  )  was used to characterize the behavioral responses of  Theragra chalcogramma  when 
approached by the ships. The vessels took turns passing the buoy at 15-min intervals. Each vessel 
approached the buoy at ~11.5 knots and passed within <10 m of the buoy.  

   3 Results 

 The side-by-side vessel ratio exhibited strong contrasts among study areas (Fig.  1a ). In the eastern 
Bering Sea, the area where the fish were shallowest (<140 m), there was no significant difference 
in acoustic abundance estimates between vessels during the day (i.e., the 95% confidence interval 
includes 1.0) in experiments in 2006 and 2008. However, there was a pronounced and significant 
vessel difference at night. Significant differences were also observed in the Shumagin Islands and 
Shelikof Strait, although diel differences were not detected. No significant differences were detected 
in the Bogoslof area where the fish were deepest (400–700 m). At each location, the differences in 
acoustically measured fish abundance were greater for shallower fish. The acoustic records from the 

  Fig. 1    (a) Summary of comparisons of acoustic fish abundance measurements from the  Oscar Dyson  (OD) and 
 Miller Freeman  (MF). Values are means ± 95% CI. Day and night results are shown separately for the eastern Bering 
Sea (EBS) because there is a significant diel difference. (b) and (c) Echograms from the acoustic buoy during vessel 
approach where the layer of  Theragra chalcogramma  at ~75 m depth is disturbed by passage of the MF (b) but not 
by the OD, which passes 15 min later (c). Orange line, vessel’s closest approach to the buoy       
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buoy confirmed that  Theragra chalcogramma  exhibited a stronger avoidance response to the MF 
than to the OD, as evidenced by a deepening of the fish layer and a reduction in acoustic backscatter 
when the MF passed overhead (Fig.  1 ,  b  and  c ).   

   4 Conclusions 

 The noise-reduced vessel detected more fish than the conventional (i.e., non-noise-reduced) vessel 
under some survey conditions. More backscatter from  Theragra chalcogramma , in some situations 
as much as 44%, was observed with the OD compared with the MF due to a differential behavioral 
response to the vessels. These vessel-specific reactions were independently confirmed with the 
acoustic buoy. The buoy observations also indicated that in an absolute sense, walleye pollock 
responses to the OD were small. The vessel discrepancy in each area was stronger for shallower 
fish, consistent with the expectation of a stronger response for fish closer to the vessels where 
acoustic transmission loss is lower. However, there was substantial variability among areas and a 
strong diel effect in the eastern Bering Sea. Thus fish depth (i.e., range to the vessel) is not the only 
factor influencing fish reactions to vessels and other aspects of fish behavior must be considered. 
The ICES vessel noise recommendations were designed such that one-third octave band underwater-
radiated noise from the vessel should not exceed 30 dB above the hearing threshold of fish (Mitson 
 1995  ) . Therefore, fish including  Theragra chalcogramma  can perceive acoustic stimuli from com-
pliant vessels at distances of hundreds of meters (Mann et al.  2009  ) . Thus the factors influencing 
the decision to react rather than perceptual limits likely play a key role in determining avoidance 
reactions. 

 This and other studies indicate that vessel avoidance behavior is variable and that the current 
understanding of the processes influencing the behavior is insufficient to accurately predict when 
vessel avoidance will occur and what the strength of the response will be. For example, one could 
not have predicted the diel difference in the eastern Bering Sea a priori. Uncertainty also remains 
regarding the impact of vessel noise reduction; for example, in the one other direct comparison of 
a noise-reduced vessel to a conventional vessel, Ona et al  (  2007  )  observed a stronger response by 
 Clupea harengus  to a noise-reduced rather than a conventional vessel. Although the present study 
was not designed to identify the stimuli triggering vessel avoidance responses, radiated noise is an 
obvious candidate as the OD is substantially quieter than the MF. Nonetheless, other potential 
stimuli such as near-field particle acceleration or infrasound should not be discounted. 

 The vessel-specific differences in acoustic survey results have fishery management implications. 
For example, the acoustic survey-based estimates of abundance from the OD are expected to be 
higher than those from the MF in several of the study areas. The resulting biases could be introduced 
into the fish abundance time series used to manage the fishery by switching vessels. Thus consider-
ation of fish reactions to vessel noise is of great importance for fish abundance surveys.      
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    1  Introduction 

 Many marine species have evolved mechanisms to use sound to communicate, interact, and hunt in 
aquatic environments (Fudge and Rose  2009 ; Tyack and Clark  2000  ) . For these reasons, human 
activities that introduce noise to the world’s oceans may be of concern for marine life. It is the 
opinion among many scientists that whales and dolphins in particular may be sensitive to elevated 
sound levels and that noise may potentially result in negative physical and/or behavioral impacts 
(Hildebrand  2005  ) . For example, mass strandings and serious injuries found in groups of marine 
mammals have been linked to the operation of low-frequency military sonar systems (Bernasconi et al. 
 2009  ) . Concerns that the impact of sound may be widespread and detrimental has led to “bad press” 
about the application of active acoustic techniques to marine life. Nonetheless, ad hoc groups of 
experts have concluded that sonar used in fishery research is not a source of high potential risk for 
marine mammals (O’Brien  2004  )  and thus blanket “bad press” is unjustified. We have collected data 
on the acoustic target strength (TS) of cetaceans since 2007 and analyze here the observational data 
collected in conjunction with the acoustic data to see if any impact and disturbance of the vessel or 
its sonar systems on the animals under investigation can be detected.  

    2  Materials and Methods 

 Acoustic observations of whales were included as an integrated subgoal of annual acoustic surveys 
of pelagic fish stocks that covered substantial areas (7,395 nautical square miles [nmi 2 ]) of the 
Norwegian Sea between 62°30 ¢ -75.00° N and 18° W-22° E. This region is a well-known marine 
mammal feeding and migration area. The data were collected in summer 2008 onboard the 
Norwegian fishing vessel  Eros , a 72-m combined purse seiner and pelagic trawler adapted and 
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equipped as a modern scientific platform. Its acoustic instrument suite included 2 omnidirectional 
sonar systems (20 and 110 kHz; sound pressure level [SPL] 210 dB re 1  m Pa) and a scientific echo 
sounder with 5 frequencies (18, 38, 70, 120, and 200 kHz; SPL 185 dB re 1  m Pa). From a platform 
13 m above the sea surface, 2 marine mammal observers collected whale data during the breathing 
cycles and recorded the distance, position of the animals relative to the ship, and swimming 
 direction. Observations were logged using a GPS radio-linked software synchronized by time to the 
acoustic data logging. Sonar data processing, whale position, speed, and directional changes 
were computed with dedicated MATLAB scripts. The main goal of the observations was to measure 
whale TS in situ from different body aspects (head, side, and tail). The vessel interactions with 
the whales were in two modes: 1) the animal interacting freely with the ship (TS experiment [TSE]) 
at distances between 50 and 400 m and 2) the ship attempting encircling maneuvers (EMs) around 
the animal at a distance of ~200 m. We hypothesized that during the TSE, the whales would not be 
perturbed by the operating sonar systems. However, EMs may cause a disturbance to the whales due 
to the combined vessel and acoustic noise influencing the whales’ swimming pattern. Variability in 
whale breathing interval, speed, and heading between these two observational modes were  examined 
using an ANOVA type II Wald test to analyze possible behavioral changes.  

    3  Results and Discussion 

 A total of six individuals of the Balenopteridae family were observed, but EMs were attempted with 
only four individuals. The whales were exposed to a maximum source level of 183.9 dB re 1  m Pa 
at 20 kHz (see Table  1  for details). Collection of data on cetaceans’ body reflectivity was the main 
goal of the experiments, with no specific protocol for behavioral data analysis being in place a 
priori. Our observations can nevertheless provide some insight into potential behavioral changes by 
animals in the vicinity of a vessel operating standard fishery acoustic instruments commonly used 
by the Norwegian fishing fleet. The breathing intervals, with an average of 62 s during EMs, did not 
increase at all compared with an average of 60 s observed during the TSE, and examination with 
ANOVA gave a resulting  P  = 0.12 ( N  = 284). We believe that this parameter has limitations for 
behavioral inference. However, persistent light in summer at high latitudes influences the depth 
distribution of main prey such as herring, mackerel, and krill, and whales do not need to dive deeper 
than ~50 m to reach aggregations of suitable prey (Skjoldal  2004  ) . Short dive durations and con-
comitantly short recovery periods are thus needed by whales. No significant changes in swimming 
speed were observed, with an average of 5.3 knots during the TSE and 6.6 knots while attempting 
EMs, with a resulting  P  = 0.15 ( N  = 280). More consistent changes in headings in response to the 
ship maneuvers were observed (Fig.  1 ), with an average of 19.7° during the TSE and an average of 
35.8° during EMs ( P  = 0.014;  N  = 229).   

   Table 1    Single whale observations   

 Whale  fw01  fw02  fw03  hw01  hw02  bw01 

 Time exposure, min  57:49  25:51  41:22  48:35  33:51  26:11 
 Max SPL exposure at 20 kHz (dB re 1  m Pa)  165.2  176.0  175.3  183.9  176.0  160.9 
 EM attempts  No  Yes  Yes  Yes  Yes  No 
 Blow intervals (TSE/EM), s  24/NA  51/56  30.5/29.0  51/32  28/26  82.7/NA 
 Speed (TSE/EM), knots  3.9/NA  7.0/5.3  3.5/6.3  3.6/5.4  0.8/0.8  5.2/NA 
 Directional changes (TSE/EM), degrees  13.0/NA  20/21  22/40  5/20  0/20  28.5/NA 
 Distance from ship after dive,* m  350.0  205.0  182.0  140.0  95.0  438.0 

  Values are medians. Max SPL, maximum sound pressure level; EM, encircling maneuver; TSE, target strength 
experiment; fw, fin whale; hw, humpback whale; bw, blue whale. *Apnea longer than 90 s (NA 37)  
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  Fig. 1    (a) Sonar screen showing humpback whale (hw) 01 swimming during the target strength experiment (TSE) 
and acoustically tracked automatically (purple line). (b) Plot of direction changes by a whale (red line) during an 
encircling maneuver (EM).Blue line, vessel track       

 Individual whales swam most of the time in line with the main axis of our sonar transducers. 
However, whale heading changes were observed when an EM was attempted. Based on surface 
observations, it seems likely that the vessel and/or the active acoustic instrumentation onboard 
did not have any apparent impact on baleen whales. The whales did not leave the area, increase 
dive duration, or swimming speed. The whales only kept some distance to the vessel, which can 
be looked on as a minimum safe “predator” distance. We believe that whales gradually adapt over 
time to operating fishing vessels and sonar systems and identify noises that do not represent any 
immediate threat. This is not to say that noise from fishing vessels and their sonar do not repre-
sent any disturbance, but they can probably live properly with such noise; adaptation to a noisy 
environment has been observed for many bird species. Future studies should focus on testing 
hypotheses containing more reliable parameters that can be translated into clear quantities. In 
theory, animals that communicate in the infrasound bandwidth should not be affected by the 
fishery sonar frequencies we used. Using fishery sonar with applicable frequencies and low 
source levels as tools for whale mitigation measures onboard seismic ships seems promising. This 
may lead the way toward more operational measures on when, where, and why seismic shooting 
should be allowed or not.      
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   1 Introduction 

 This presentation provides observations on the effects of noise from a seismic and bathymetric 
survey on the behavior of bottlenose dolphins ( Tursiops truncatus ). It is a counterpart of the study 
presented in 2007 at the 1st International Conference on the Effects of Noise on Aquatic Life, 
Nyborg, Denmark (van der Woude  2008  ) . While the previous study focused on the dolphins’ acous-
tic responses to the survey, the present study focuses on the visually observed responses. Both studies 
include detailed data on the noise source and the receiver. Because the animals under observation 
were captives, the main objective of the study was to contribute methodologically to future field 
studies.  

   2 Methods 

 The geophysical survey covered the northern tip of the Gulf of Aqaba (Red Sea), an area ~6 × 7 km 
that includes an extensive open-sea enclosure in Eilat, Israel, and can accommodate 10 dolphins. 
Five different devices producing pulses with peak frequencies between 1 and 375 kHz were simul-
taneously applied in different combinations (see Table 1 in van der Woude  2008  ) . GPS log files of 
the devices supplied information on their distance to the dolphin enclosure (varying between 5 km 
and 50 m), relative direction, and relative speed. 

 The dolphins’ behavior was monitored visually and acoustically. Commented video recordings 
were made from an observation tower and linked to acoustic recordings obtained from a spacious 
three-hydrophone array. To relate visual data to acoustic data, only simultaneous recordings were 
analyzed and examined in 10-s intervals. Visual data were examined for the locomotive behavior of 
individual dolphins, i.e., quantitatively scored whereabouts, swimming associations, and speeds.  

        Assessing Effects of an Acoustic Marine Geophysical 
Survey on the Locomotive Behavior of Bottlenose 
Dolphins,  Tursiops truncatus        
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   3 Results and Discussion 

 In contrast to continuous acoustic recordings, visual recordings were discontinued because animals 
submerged out of sight. However, similar to vocal activity, locomotive behavior clearly differed 
between survey days (15 h on 9 days) and control days (13 h on 8 days). This effect was more pro-
nounced the closer the noise-producing devices were and the faster they were moving. Detailed results 
will be presented in a poster and published in a peer-reviewed paper (van der Woude, in preparation). 
Methodological limitations will be discussed as well as the interpretation and biological significance 
of behavioral modifications and possible long-term effects. Although there were no indications for 
injuries like deafness (temporary and/or permanent threshold shift), most locomotive changes are 
considered costly to the animals and some may have profound consequences in the wild.      
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    1  Introduction 

 Beluga whales ( Delphinapterus leucas ) in Cook Inlet, Alaska, are listed as endangered and share 
habitats with a variety of anthropogenic activities including coastal development, oil and gas explo-
ration, shipping, and military activities. Their population has declined from an estimated 653 ani-
mals in 1994 to 321 in 2009 (Hobbs et al.  2009  ) . As a result, there is an urgent need for data that 
will help regulatory agencies such as the National Oceanic and Atmospheric Administration 
(NOAA) and Alaska’s Department of Fish and Game (ADF&G) implement effective management 
and recovery plans. Among the principal types of information needed are quantifiable measures of 
seasonal presence in the inlet, temporal and spatial patterns of habitat preference, and the occur-
rence of animals in areas impacted or considered for industrial development. 

 To address these information needs, a research partnership was formed in 2007 between the 
University of Alaska Fairbanks (UAF), ADF&G, and the Hawai’i Institute of Marine Biology (HIMB) 
to apply an acoustic-monitoring strategy to study the occurrence of beluga whales in Cook Inlet. 

        Acoustic Monitoring of Beluga Whales ( Delphinapterus 
leucas ) in Cook Inlet, Alaska       
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  Fig. 1    Location of ecological acoustic recorder (EAR) deployment sites in Cook Inlet, Alaska. 1: North Eagle Bay; 
2: Eagle River; 3: South Eagle Bay; 4: Cairn Point; 5: Fire Island; 6: Beluga River; 7: Trading Bay; 8: Kenai River; 
9: Tuxedni Bay; 10: Homer Spit       

This approach is based on the use of ecological acoustic recorders (EARs), digital, low-power 
 systems that record ambient sounds at frequencies up to 40 kHz on a recording schedule (Lammers 
et al.  2008  ) .  

    2  Methods 

 Between June and December 2009, a network of 10 EARs was deployed in both upper and lower 
Cook Inlet (Fig.  1 ). These units were coupled with echolocation click detectors called C-PODs 
(Chelonia Ltd., Cornwall, UK) into an acoustic-mooring package. The objectives of colocating the 
two instruments were to compare the effectiveness of the two beluga detection methods and to 
improve detection range and efficiency during behavioral states when the animals might only pro-
duce certain types of signals (e.g., echolocation clicks, best recorded by the C-POD) or transit in 
the distance and produce faint calls (best recorded with the EAR). Here, only results obtain by 
EARs are presented because the C-POD data are being analyzed separately by M. Castellote.   

    3  Results 

 Beluga whale acoustic signals (Fig.  2 ) were detected at the following locations: Eagle River, Beluga 
River, Fire Island, and Trading Bay. No belugas were heard at Eagle Bay, Cairn Point, Tuxedni Bay, 
Kenai River, and Homer Spit. The unit deployed at North Eagle Bay was lost and not recovered. All 
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confirmed that beluga detections occurred in the upper Cook Inlet. Belugas were not heard at any 
lower inlet locations south of Trading Bay, but signals produced by killer whales ( Orcinus orca ) 
were recorded on 6, 9, and 15 October at Homer Spit and on 11 November at Kenai River. These 
killer whale calls were tentatively identified as belonging to resident killer whales of the AB clan 
(C. Matkin, personal communication).  

 Beluga detections were highest during two multiday episodes at Beluga River and Eagle River. 
At Beluga River, signals were recorded nearly continuously between 7 July, when the EAR was 
deployed, and 13 July. These sounds were highly variable and included many forms of whistles, 
calls, buzzes, and echolocation pulse trains. At Eagle River, a similar episode of nearly continuous 
detections occurred between 16 August, when the EAR was first deployed, and 22 August, when 
the EAR stopped recording due to a hardware malfunction. Of the EARs that recorded throughout 
their deployment, belugas were detected most consistently at Fire Island, where signals were 
recorded on 31 of the 118 (26.2%) deployment days. Of note, however, is that the Eagle River EAR 
detected belugas on all six days that it recorded.  

    4  Discussion 

 The results of this initial phase of the acoustic monitoring project reveal that during the summer and 
fall months belugas appear to restrict their occurrence to the upper part of Cook Inlet. Although only 
six days of recordings were obtained at Eagle River, the high number of detections made during this 
time suggests that this is likely an important part of their range. The fact that similarly high numbers 
of detections occurred episodically at Beluga River suggests that this too, at times, is an important 
part of their habitat. 

 The more sparse but consistent level of detections at Fire Island suggests a different pattern of 
occurrence in the area. No episodes of sustained high-acoustic activity were noted at Fire Island, 
but belugas were heard on more than one-fourth of the days that the EAR was deployed. This pat-
tern suggests that animals were frequently nearby and transited by Fire Island. Lack of any direc-
tional information in the data precludes speculation about in which direction the belugas moved. 

 The pattern of occurrence of belugas at Trading Bay resembled that observed at Fire Island. 
Detections were sparse but relatively consistent after the beginning of September. This may indicate 
that belugas gradually transitioned further down the inlet in the fall. If this is the case, they did not 
go very far because no detections were made at the four lower inlet EARs well into November. 

  Fig. 2    Sonogram of beluga signals recorded on the EAR at the Beluga River mooring site        
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 Interestingly, killer whales were heard several times at two of the lower inlet EARs. These were 
likely fish-eating resident killer whales and therefore not predators of belugas. The lack of detection 
of both belugas and killer whales at any of the EAR locations suggests some degree of resource 
partitioning may be happening, with belugas occupying mostly upper inlet waters to avoid competing 
for resources with killer whales. Alternatively, belugas may choose to remain in heavily sedimented, 
high-current upper inlet waters to avoid predation by their main predators, marine mammal-eating 
transient killer whales. 

 The detection of beluga calls in the recordings was a challenge because of considerable amounts 
of vessel and water flow noise within the frequency range of beluga calls. Consequently, the auto-
mated analysis algorithms designed to detect calls required significant manual ground truthing, 
which was time and labor intensive. However, the results to date are encouraging and validate the 
acoustic-monitoring approach as a method of learning about beluga whale occurrence and distribu-
tion in Cook Inlet. Continuing work will focus on the analysis of data from the EARs that have been 
deployed over the winter, on further characterizing habitat use by belugas, and on quantifying the 
natural and anthropogenic noise characteristics of Cook Inlet.      
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    1  Introduction 

 The School of Ocean and Earth Science Technology (SOEST) of the University of Hawai’i, 
Honolulu, HI, installed a nearshore coral reef observatory in 2005 to study the geochemistry and 
physics of bentic processes, wave boundary layer processes, water quality, and sediment pore water 
processes. Kilo Nalu (“observe the wave” in Hawai’ian) provides underwater nodes for data 
 connectivity to the shore via a fiberoptic link and the availability of 24-V DC power so that a suite 
of observational  instruments can be used to resolve waves, tides, currents, and nearshore water 
 quality. The observatory is in the offshore waters of the Kaka’ako Waterfront Park in Honolulu, HI. 
In 2008, an  acoustic- monitoring system was added to monitor the soundscape for biological entities. 
The Kilo Nalu acoustic- monitoring sensor (Fig.  1 , red dot) is mounted on the bottom on a coral reef 
at a depth of 20 m.   

    2  Acoustic Sensor Package 

 The acoustic sensor consists of a Sensor Technology Limited SQ-26 cylindrical hydrophone that has 
a sensitivity of approximately −193 dB re 1 V/ m Pa and a receiving response that is flat from 1 Hz 
to 28 kHz and is usable to 40 kHz. The hydrophone is attached to the front face of a 10-cm-diameter 
aluminum cylinder that houses the electronics as shown in Figure  2 . The electronics consist of an 
amplifier-filter board of an ecological acoustic recorder (EAR), a remote autonomous acoustic 
recorder developed jointly by the Hawai’i Institute of Marine Biology and the Coral Reef Ecology 
Division, National Marine Fisheries Service, Honolulu, HI (Lammers et al.  2008  ) . For our applica-
tion, the CF-2 microcontroller was replaced by a “Rabbit” microcontroller that controls the fre-
quency cutoff of an eight-order Bessel anti-aliasing filter and the sampling rate of a serial 
analog-to-digital (A/D) converter and interfaces the output of the A/D converter to an Ethernet 
converter module driving a fiberoptic cable back to shore. A custom-built low-noise DC-to-DC 
converter converts the 24 V provided by the node to the 5 V required by the sensor electronics. With 
the electronic gain set at 47 dB, the total sensitivity of the acoustic sensor package is approximately 

        Soundscape of a Nearshore Coral Reef Near 
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−146 dB re 1 V/ m Pa. A sample rate of 24 kHz and a anti-aliasing cutoff frequency of 9.6 kHz are 
used. The sensor package is mounted on the bottom at 20 m depth ~300 m from shore. A laptop 
computer on shore collects and stores the acoustic data on a portable disk drive.   

    3  The Soundscape: Biological Sounds 

 The predominant biological sound at this and all other coral reef environments in the tropics and 
subtropics is the sound produced by snapping shrimp. The frequency spectrum of a single snap of 
any individual shrimp is extremely broad (Fig.  3a  for  Synalpherus paraneomeris ) and is the broadest 

  Fig. 1    Location of the Kilo Nalu acoustic sensor in a coral reef environment near a rural center       

  Fig. 2    Photograph of the components of the acoustic sensor package. EAR, ecological acoustic recorder       
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of any animal (Au and Banks  1998  ) . The spectrogram of an ensemble of snapping shrimp sounds 
is shown in Figure  3b .  

 Fish sounds are also a part of the biological soundscape at the Kilo Nalu site. These sounds tend 
to be detected during the sunrise and sunset periods. An example of the sounds produced by a 
 squirrelfish ( Sargocentron xantherythrum ) is shown in Figure  4 . The sounds consist of a series of 
broadband clicks typically produced by stridulation (Au and Hastings  2008  ) . There is a main click 
followed by three much smaller clicks, and the interaction of the four clicks caused the spectrum in 
Figure  4c  to have local minima and maxima or a rippled pattern. Most of the energy of the fish 
sound is between 0.5 and 1.4 kHz, slightly below the peak frequency of the snapping shrimp, which 
is ~2.5 kHz.  

 During the winter months, humpback whales ( Megaptera novaeanglaie ) migrate to Hawai’i from 
Alaska and other high latitude areas. Songs can be detected from about early December until the 
end of April at the Kilo Nalu site. Humpback whale songs consist of different units arranged in 
phrases that are, in turn, arranged in a pattern to form themes and the themes are themselves formed 
in a pattern to produce a song (Payne and McVay  1971  ) . An example of a portion of a humpback 
whale song is shown in Figure  5 . Most of the energy of humpback whale songs is between 200 Hz 
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  Fig. 3    (a) Frequency spectrum of a single snap from a  Synalpherus paraneomeris . (b) Spectrogram of an ensemble 
of snapping shrimp       
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  Fig. 4    (a) Broadband clicks produced by a squirrelfish. (b) Waveform of a single click. (c) Spectrum of a single click       

  Fig. 5    Portion of a humpback whale song detected at Kilo Nalu       
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and 2 kHz, although harmonics can extend to over 24 kHz (Au et al.  2006  ) . There are also many 
instances in which the songs of several humpback whales sound like a chorus, and these chorusing 
sounds can be detected by the acoustic sensor.   

    4  The Soundscape: Anthropogenic Sounds 

 The dominant sounds during the day are boat sounds. The Kilo Nalu site shown in Figure  1  is close 
to the opening of a small boat harbor (Kewalo Basin), and all sorts of boats go in and out of the 
harbor during the day. Tour boats, boats associated with sunset dinner cruises, dive boats, fishing 
boats, pleasure craft, and sport fishing boats move in and out of the harbor and produce noise that 
is part of the daylight soundscape. An example of noise from a boat is shown in Figure  6 . Different 
boats will produce different sounds so that during any given day, a wide variety of boat sounds will 
be present during the daylight hours. The frequency spectrum of most of the boats covers a broad 
range, and all produce sounds in the frequency range of the biological sounds. Although sounds 
from an individual boat do not last long as it transits through the area, there are a sufficient number 
of boats to produce disturbing daylight-hour noise to interfere with the acoustic functioning of 
 biological sounds.  

 Examples of the soundscape for a typical day and for a typical week are shown in Figure  7  based 
on the root mean square (RMS) sound pressure level (SPL). As is obvious, boat sounds dominate 
the soundscape during the day and are considerably louder than the snapping shrimp sounds by 
~10–15 dB. The snapping shrimp sounds are lower in amplitude during the day than at night by 
~4 dB in contrast to the 2 dB that Lammers et al.  (  2008  )  observed at the Waikiki Marine Life 
Conservation District that is only several miles away.  

 The only biological sound that boat sounds will not drown out are songs of humpback whales. 
An example of humpback whale sounds mixed with boat sounds during the day is shown in 
Figure  8 . The levels of humpback whale sounds can be as high as the levels of boat sounds as can 
be seen in the nighttime display of humpback whale and snapping shrimp sounds in Figure  8 . When 
listening to files containing boat and humpback whale sounds, there are frequency bands that 

  Fig. 6    Spectrogram of a boat sound passing in the vicinity of the Kilo Nalu site       
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 contain mainly humpback whale sounds without any components of boat sounds and vice versa. 
Also, the comparable SPLs of humpback whale songs with boat noises make it possible to hear both 
simultaneously.   

    5  Conclusions 

 There can be no doubt that anthropogenic noise in the form of boat noise continues to impact the 
marine life in the vicinity of the Kilo Nalu observatory. However, precise and definitive statements 
on the severity of this impact cannot be made mainly because of our poor understanding on how 
various marine life uses sounds and a complete lack of data of the soundscape of this area when it 
was more “pristine.” Our understanding of the role of sound emission by different species of fish, 
snapping shrimp, and marine mammals has to improve substantially. Whether these sounds are used 
for territorial purposes, for mating purposes, or merely for contact purposes we do not know. What 
we do know is that the boat noise will limit the range at which conspecifics will be able to detect 
emitted signals. Whatever the functioning of these signals are, their effectiveness will no doubt be 
affected during the daylight hours.      
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   1 Introduction 

  Pagophilus groenlandicus  (harp seal) underwater vocalizations have sound durations that average 
385 ± 550 (SD) ms but 51% are  £ 200 ms (data reanalyzed from Perry and Terhune  1999  ) . The 
detection thresholds for short duration sounds increase when sounds are <780 cycles (Kastelein 
et al.  2010  ) , thus reducing the effective source level of such a call and its communication range. 

 Within  Pagophilus groenlandicus  breeding herds, call rates often exceed 90 calls/min, and this 
determines the ambient noise level (Terhune and Ronald  1986  ) . A common description of ambient 
noise presents the sound pressure levels (SPLs) that are exceeded 95, 50, and 5% of the time. This 
description does not take into account the “fine structure” of the noise, however. For communication 
to occur, individual calls must be unmasked for some minimum period of time. Thus the temporal 
distribution of the noise levels will be important because communication will be possible during 
quieter times that exceed the duration of individual vocalizations. 

 The goal of this pilot study was to measure the variability of the underwater ambient (biotic and 
abiotic combined) noise levels within the  Pagophilus groenlandicus  breeding herd to determine if 
the durations of quieter gaps interacted with the higher detection thresholds of short duration calls 
when estimating the harp seal communication range. Limited sets of data were examined to deter-
mine if there was sufficient evidence to warrant a more detailed study.  

   2 Methods 

 A calibrated recording of  Pagophilus groenlandicus  underwater calls (Sony TDC-100 digital audio-
tape recorder and Vemco VHLF hydrophone) obtained in the Gulf of St. Lawrence on 1 March 2003 
was examined. Five 240-s segments, widely spaced throughout the recording, were sampled. Each 
sample was played back through a Krohn-Hite 3364 filter set to bandpass an approximately one-
third octave bandwidth centered at 1 kHz. The 3-dB down points were at 860 and 1,140 Hz and the 
slopes were −35 dB/octave. The amplitudes of consecutive 100-ms durations were measured using 
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the energy contour function of the Multi-Speech Signal Analysis Workstation model 3700, version 
2.5.2, at a digitization rate of 11,025 Hz. The maximum amplitudes per 100 and consecutive 200, 
300, etc., to 2,000 ms durations were determined. This measures the duration over which a new call 
could be made at a particular masking level. Thus if the highest noise amplitude of 3 consecutive 
100-ms periods was 90 dB re 1  m Pa, then a 300-ms duration call that occurred in this time period 
would be masked at a level of 90 dB, even if the noise level was lower for the other two 100-ms 
periods. This procedure enables measuring the potential for seals to call for differing durations at 
different masking levels. An assumption of this analysis is that a call would be masked by the high-
est background noise level that occurs momentarily during that signal. Thus long duration signals 
would be more subject to masking than shorter signals. 

 The amplitudes were entered into a column of a spreadsheet and copied to 19 columns, each with 
a lag of one 100-ms step. Then the maximum amplitudes that occurred over different durations of 
time (“window width” in 100-ms units) were determined. This was accomplished by determining 
the maximum amplitudes per case for 1, 2, 3, 4, etc., up to 20 lagged columns in the data sheet. To 
avoid replication, the data were subsampled to include only measurements obtained every  x  time 
units. Thus when examining the maximum noise levels over a 600-ms duration, every sixth case was 
selected. The lagged variables would not permit a complete analysis at the beginning and end of the 
240-s sample so, for analysis purposes, 2,000 consecutive cases selected from the middle of each 
dataset from each of the 5 samples were used in the analyses. 

 A communication range model was constructed using the assumptions that the sound spread-
ing was spherical, that high-frequency absorption was negligible, and that the “almost certain” 
detection threshold of the seal would be 20 dB above the highest one-third octave noise level that 
occurred during the time window. The detection threshold for short duration sounds was increased 
by the amounts determined using  Phoca vitulina  (harbor seal) data (Kastelein et al.  2010  ) . 
Communication range calculations for a call with a source level of 160 dB re 1  m Pa at 1 m, using 
ambient noise levels that are exceeded 95, 50, and 5% of the time, were performed for sound 
window durations of 100–2,000 ms and for the simple average of the noise levels measured in 
100-ms segments. This latter calculation did not assume a threshold increase due to the shortness 
of the call.  

   3 Results 

 Overall, the mean ambient SPL was 92.1 ± 3.6 dB re 1  m Pa, with the 95 and 5% levels at 87.4 and 
98.7 dB re 1  m Pa, respectively. The mean SPL differences between 2 and 3 adjacent 100-ms samples 
were 2.6 ± 2.2 and 3.3 ± 2.9 dB, respectively. The maximum differences were 26.0 and 26.8 dB, 
respectively, but these large shifts were infrequent and the 5% values were 6.9 and 8.8 dB, respec-
tively. Only 44 of 9,995 cases exhibited more than a 12-dB shift between 2 adjacent 100-ms 
segments and 140 of 9,990 cases exhibited more than a 12-dB shift between 2 measurements sepa-
rated by 100 ms. 

 The interaction of the distribution of noise windows of various durations and the impact of 
threshold increases associated with short duration sounds resulted in the longest communication 
ranges occurring for 300-ms windows for the ambient levels that are exceeded 95, 50, or 5% of the 
time (Fig.  1 ). Using only the average noise levels and not taking the higher detection thresholds for 
short duration sounds into account resulted in communication range estimations that were 40% 
longer than the 300-ms calculations.   
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   4 Discussion 

 The communication range calculations for ambient noise levels that are exceeded 95, 50, and 5% of 
the time indicate that the use of the distribution of the ambient noise levels alone will result in 
ranges that exceed all of the calculations based on the “noise windows” concept. This is because the 
model for the ambient level alone assumes that the hearing threshold of the listener is constant and 
does not take into account the 6-dB increase when the sound duration is shortened to 100 ms 
(Kastelein et al.  2010  ) . This effect would be further increased if even shorter durations were used 
when measuring the average ambient noise levels. 

 This preliminary analysis indicates that the “fine structure” of the masking noise (for irregular 
noises at least, as opposed to the rhythmic noise of a ship’s propeller or a pile driver) is important. 
If we assume that the communication range of a  Pagophilus groenlandicus  call would be deter-
mined by the highest background noise when the call is made and we measure the noise of a 
 Pagophilus groenlandicus  herd over consecutive 100-ms intervals, the actual masking level is 
higher than would be predicted by just the statistical distribution of the noise levels. Noise measures 
should be analyzed over periods similar to the call durations of the species concerned, and the 
occurrence of short duration calls must be considered. The distribution of quieter periods when 
communication can occur cannot be assessed by examining just the statistical distribution of the 
noise levels, especially if very short duration samples were measured. Finally, for short duration 
sounds, the higher detection thresholds must be considered. This is especially true for  Pagophilus 
groenlandicus  calls, the majority of which are very short sounds.      

  Fig. 1    Preliminary model of the underwater communication ranges of a  Pagophilus groenlandicus  (harp seal) call 
(1 kHz, 160 dB re 1  m Pa at 1 m) in the presence of ambient noise levels that are exceeded 95, 50, and 5% of the time. 
The noise levels were measured as the highest level over durations of 100–2,000 ms or as a statistical average (AV) 
of 100-ms measurements. No short duration detection threshold correction was made for the AV range calculations 
(see text)       
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   1 Introduction: The Possible Role of Sound in Underwater Migration 

 Aquatic mammals and fishes often migrate over large distances through oceans, seas, and river 
systems. Many aquatic mammals migrate seasonally between mating and feeding areas (Stevick et al. 
 2002  ) . Many species of fishes show a similar seasonality with spring and autumn migration between 
spawning and feeding areas. Some species also have a distinct migration cycle related to phases in 
life, which can include marine and freshwater stages, covering distances of more than 6,000 km 
such as the eel (e.g.,  Anguilla anguilla ; van den Thillart et al.  2009  ) . 

 Sound can play an important role in underwater migration because light conditions are often a 
constraint and water has excellent sound transmission properties. There are three possible ways in 
which sound can play a critical role in migratory behavior. First, sounds of biotic and abiotic origin 
can be exploited as acoustic cues for orientation. Second, echolocation sounds can be actively 
applied for probing the environment during migration. And third, social calls of conspecifics can 
synchronize and coordinate movements of members of more or less coherent groups. 

 The first way in which sound can play a role, as an acoustic beacon, depends on distinct acoustic 
variation along the migratory routes. Local water conditions and local animal communities that 
make both abiotic and biotic sound sources vary spatially. Consequently, different underwater areas 
can have distinct acoustic signatures (Radford et al.  2010  )  with habitat-specific spectral profiles, 
much in the same way as in above-water habitats (e.g., Slabbekoorn  2004  ) . Although aquatic mammals 
can show avoidance responses or slow down in response to playbacks of sounds of predator species 
and certain industrial sounds (Moore and Clarke  2002  ) , there are no data on the use of sounds for 
soundscape orientation (Slabbekoorn and Bouton  2008  ) . Similarly, there are little or no data on 
adult fish using environmental sounds for orientation or navigation (Simpson et al.  2008 ; Sonny et 
al.  2006  ) . However, data on pelagic larvae of reef fishes attracted to reef sounds are accumulating 
(Montgomery et al.  2006  ) . 

 In the context of the second way in which sound can be important for migration, it is well known 
that toothed whale and dolphin species use echolocation clicks for orientation and localization of 
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prey, whereas baleen whales have also been suggested to use reflections of their low-frequency calls 
from natural boundaries as a form of echo ranging (Clark and Ellison 2003). Humpback whales 
produce clicks during nighttime foraging that are also thought to generate echoes that provide 
information about the seafloor and other large objects (Stimpert et al.  2007  ) . Except for some 
species sensitive to environmental influences on their own electric fields, we are unaware of fishes 
exploiting some sort of echolocation with sounds. 

 For the third way in which sound can be important for traveling underwater, there is again more 
evidence for mammals than for fishes. Aquatic mammals migrating in groups often rely on acoustic 
cues for group cohesion. Harp seals ( Pagophilus groenlandicus ), for example, are thought to use 
vocalizations to coordinate herd movement during migration (Serrano and Miller  2000  ) . Many 
baleen whale species produce sounds that are also likely to function in keeping track of each other 
during migration. Also, nonvocal sounds such as those generated by specific aerial displays in 
dolphins have been suggested to convey information about diving or travel intentions (Lusseau 
 2006  ) . Many fish species also produce sounds that could serve in activating and aggregating, but 
we currently have very little empirical evidence. Trains of low-frequency “thumping” sounds have, 
for example, been attributed to eel passing through the river Dee in Scotland (Hawkins  2006  ) , and, 
theoretically, such sounds could influence synchronization and coordination of migratory activity.  

   2  Conclusions: The Possible Impact of Anthropogenic Noise 
on Underwater Migration 

 Underwater migration may be affected by noisy human activities in several ways. Deterrence from 
high-level noise sources could lead to changes in optimal migration routes, obstruction of passage 
ways through river systems, or disturbance of group coherence. Deterioration of signal-to-noise 
ratios can cause masking of critical orientation cues, reflections from echolocation clicks, and social 
calls (Slabbekoorn et al.  2010  ) . Furthermore, artificial noise conditions may further raise physiological 
stress levels in periods of already increased pressure due to migratory swimming expenses. The 
presence of anthropogenic noise may therefore result in considerable detrimental effects on migration 
efficiency in both aquatic mammals and fishes. However, a thorough understanding of the impact 
of noise requires more insight into the role of sounds in migration. There is especially a lack of 
insight into the importance of environmental sounds for orientation in both aquatic mammals 
and fishes and into whether communicative sounds from conspecifics also play a role in migratory 
decisions in fish.      
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    1  Introduction 

 Anthropogenic sound caused by recreational boat traffic is a major concern for many marine animals 
because it may alter their behavior, mask sounds necessary for survival, and cause hearing loss. These 
alterations could potentially lower the chance of survival for individuals and lead to population 
declines. In this study, the diamondback terrapin ( Malaclemys terrapin terrapin ) in Barnegat Bay, NJ, 
is used as a model organism to understand how boat engine sound influences behavior. Previously, we 
used the auditory brain stem response (ABR) technique to determine that terrapins can hear a limited 
range of low-frequency tones less than 1,000 Hz. Most anthropogenic activities such as recreational 
boating also produce sound with low-frequency components (Richardson and Würsig  1997  ) . 

 During the summer months, Barnegat Bay has one of the highest densities of recreational boating 
in the world (BBNEEP  2002  ) . Terrapins are likely exposed to high levels of anthropogenic sound 
in Barnegat Bay. Diamondback terrapins are listed as a species of special concern in New Jersey 
(Hart and Lee 2006); population declines have been caused by anthropogenic impacts such as habi-
tat destruction, roadkill, bycatch in crab traps, commercial harvesting, and increased recreational 
boating. Of over 3,000 terrapins that have been captured as part of a population study in Barnegat 
Bay, 14% have scars caused by boat propellers. Thus our research goal was to determine whether 
terrapins behaviorally respond to playback recordings of approaching recreational boats.  

    2  Methods 

 An underwater recording was made with a C54XRS hydrophone and a Sound DSA ST191 digital-recording 
computer of an approaching Lowe Boat (14 ft, 9.9 hp, 22.9 km/h). The experimental site consisted 
of a 60-m section of a mosquito ditch. Mosquito ditches are dug to drain marsh surface waters (espe-
cially intermittent pools that are used by mosquitoes as breeding habitat) to decrease the  mosquito 
population. Each terrapin was exposed to a 1-min playback recording of boat engine sound using 
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an underwater speaker (Lubell LL9816) that was suspended in the water at the center of the 
 experimental site during high tide. 

 Terrapins were exposed to playback recordings of boat sounds in situ. An individual terrapin was 
placed in the mosquito ditch at one end and allowed to swim 60 m. The playback recording was 
started when the terrapin was 10 m from the speaker. Six experimental trials were run for each ter-
rapin: three sound trials and three control trials in which no sound was played. Flags were placed 
at 10-m increments along the side of the mosquito ditch to divide the ditch into 6 sections. The 
amount of time that the terrapin spent swimming in each section was monitored as an estimate of 
its speed before, during, and after sound exposure. A DST milli-L temperature and depth data log-
ger was secured with epoxy on each terrapin’s carapace to measure its depth every second during 
the trials. The depth data logger allowed us to determine if the terrapin was attempting to escape the 
sound by sticking its head out of the water, burying in the substrate, or climbing out of the ditch.  

    3  Results 

 There was high interindividual variation of behavioral responses to the playback recordings of boat 
sound. Some terrapins spent more time near the surface during sound exposure, whereas others 
spent more time buried in the substrate at the bottom of the mosquito ditch. The swimming rate of 
the terrapins before, during, and after sound exposure also varied considerably among the individu-
als. Some terrapins increased swimming speed in response to the sound; however, other terrapins’ 
swimming speed slowed or remained constant.  

    4  Discussion 

 Boat injuries are prevalent in terrapins captured in Barnegat Bay, NJ, and may be detrimental to 
long-term population viability. Kemp’s ridley sea turtles ( Lepidochelys kempii ) alter behavior in 
response to anthropogenic sound by increasing the mean submergence time (Samuel  2004  ) . By 
increasing the mean submergence time,  L. kempii  minimize the risk of boat strike. Although terra-
pins are sensitive to boat sound frequencies, many of the individuals in this study did not alter 
behavior during and after exposure to the playback recordings. The failure of many terrapins to 
behaviorally respond to anthropogenic sounds may be detrimental to survival in areas with intense 
boating. Partial or complete closure of some estuarine areas to boating may be necessary to decrease 
injury and mortality rates of terrapins and possibly other wildlife.      
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   1 Introduction 

 Resource development is increasing in northern Canada and with it comes the potential for a variety 
of impacts to aquatic environments (Birtwell et al.  2005 ; Cott et al.  2003  ) , e.g., impacts from anthro-
pogenic noise (Mann et al.  2009  ) . Compared with what is known about aquatic environments in 
southern areas, there is a dearth of information on the ecology of fishes living in northern boreal 
environments (Birtwell et al.  2005  ) . In the absence of northern-specific information, southern mod-
els are often used to assess environmental impacts of northern developments. Yet, northern and 
southern systems likely behave differently due to large differences in climate and productivity and 
therefore likely differ in their sensitivity to potential impacts. As such, unsuitable or incorrect 
resource management decisions may be made if northern-based information is not used. 

 Sound is important to fishes in several ways, such as in the detection of predators and prey, 
defense, courtship, and reproduction (Hawkins  1993  ) . Since little is known about how fishes in 
boreal ecosystems use sound or the potential impacts anthropogenic sound may have on them, the 
assessments of noise-related impacts from northern developments may be difficult. The level of 
impact from disturbance is dependent not only on the proximity to and the type of sound source 
(Mann et al.  2009 ; Popper et al.  2005  )  but also on the physical environment, the life stage of the 
fish (Popper et al.  2005  ) , and the life process the fish is undergoing at a specific point in time 
(e.g., spawning) (Finstad and Nordeide  2004  ) . 
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 Here we identify some sources of under-ice noise and their potential to disturb these fishes and 
describe what is known about the hearing of northern boreal fishes. Also, we present the potential 
for a widespread boreal piscivore,  Lota lota  (Burbot), to vocalize.  

   2 Under-Ice Noise 

 In northern Canada, the majority of industrial activity occurs during the winter when frozen waters 
and terrain allow access into remote areas. Activities are often conducted on ice (e.g., ice roads) over 
frozen lakes and rivers (Cott et al.  2008  ) . Such activities generate sounds that can enter under-ice 
environments, changing the soundscapes of aquatic ecosystems and potentially disturb fishes (Mann 
et al.  2009  ) . An assessment of noise generated from a diamond exploration camp was conducted in 
response to public and regulatory concern over the impacts of anthropogenic noise on fishes in ice-
covered lakes. Sound from a variety of sources, typical of northern developments, was measured, 
including large- and small-diameter drills, ice road traffic and maintenance (trucks, graders), snow-
mobiles, aircraft (airplanes and helicopters), ice augers, ice chisels, walking, ice cracks, and ambient 
conditions. Although the natural under-ice soundscape is quiet (with the exception of ice cracks; peak 
sound pressure level [SPL] > 145 dB re 1 μPa), anthropogenic noise can be loud under ice (peak SPL 
120–155 dB re 1 μPa depending on the source). Unlike ice cracks, which are intermittent and tran-
sient, anthropogenic noises are often persistent. Most sounds measured were within the hearing range 
of northern fishes (50–1,600 Hz), particularly by fishes with sensitive hearing such as  Couesius 
plumbeus  (lake chub) (Mann et al.  2007  ) . However, away from the source, sounds that attenuate 
rapidly are not likely to cause physical harm to resident fishes (Mann et al.  2009  ) .  

   3 Hearing of Boreal Fishes 

 Anthropogenic noise has been shown to impact the physiology (e.g., McCauley et al.  2003 ; Popper 
et al.  2005  )  and behavior (e.g., Finstad and Nordeide  2004 ; Hawkins  1993  )  of fishes. The effects of 
noise on fish can be correlated to the hearing sensitivity of the fish (e.g., Popper et al.  2005  ) , making 
it important to understand the hearing capability of the fishes impacted at the life stages at which 
they may be. Recently, the hearing of eight species of northern boreal fish was assessed through 
auditory evoked potential of the lowest detectible sound using the auditory brain stem response 
technique. The research showed that the hearing sensitivity of fishes varied depending on the fre-
quency investigated (Mann et al.  2007  ) . In general, all species assessed had the most sensitive hear-
ing at <400 Hz. Fish possessing Weberian ossicles, in this case,  Couesius plumbeus  and  Catostomus 
catostomus  (longnose sucker), had the most sensitive hearing and over the broadest frequency range 
(100–1,600 Hz).  Cottus ricei  (spoonhead sculpin) and  Percopsis omiscomaycus  (trout-perch) had 
sensitive hearing but in a narrow frequency range (>200 Hz) (Mann et al.  2007  ) . Adult  Esox lucius  
(northern pike) had more sensitive hearing than young-of-the-year  Esox lucius  (Popper et al.  2005  ) , 
suggesting ontogenetic shifts in hearing ability.  

   4 Fish Vocalizations 

 Sound is central to the behavior of many animals including fishes, particularly in relation to repro-
duction (Hawkins  1993  ) . Gadids are well represented among fishes that produce sounds.  Gadus morhua  
(Atlantic cod) have been observed making “hum” or “grunt” sounds during spawning courtship 
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(Finstad and Nordeide  2004 ; Hawkins  1993 ; Rowe and Hutchings  2006  ) , and it has been suggested 
that their spawning vocalization is linked to spawning success (Rowe and Hutchings  2008  ) . The 
mechanism by which  Gadus morhua  produce sounds is by movement of sonic muscles that are 
attached to their swim bladder (Hawkins,  1993 ; Rowe and Hutchings  2006 ;  2008  ) .  Lota lota , a close 
relative of  Gadus morhua , also possess sonic musculature on their swim bladders (Hawkins  1993  ) , 
which may enable them to vocalize. 

 Anthropogenic sounds may interfere with fish vocalizations, interfering with and masking their 
communication (Hawkins  1993  ) . For instance, Finstad and Nordeide  (  2004  )  suggest that noise from 
commercial fishing activities may disturb spawning vocalizations and behavior of  Gadus morhua . 
Such disruptions may interfere with mate selection, spawning success, or egg viability (Rowe and 
Hutchings  2006  ) .  Lota lota  may be more sensitive to under-ice noise than other boreal fishes 
because they spawn under ice in the winter (Scott and Crossman  1973  )  when the majority of north-
ern development occurs. The under-ice noise produced by industrial activities may disturb spawning 
 Lota lota  directly or may mask their prespawning vocalizations, reducing their ability to reproduce 
successfully. 

 To assess the potential for  Lota lota  vocalization, a pen net (10 m × 10 m × 10 m) dubbed “the 
 Lota -tron” was positioned in Great Slave Lake, NWT, Canada, with the top of the  Lota -tron frozen 
into the ice and anchored to the substrate. Adult prespawn  Lota lota  ( n  = 31) were collected in the 
vicinity and placed in the  Lota -tron. An autonomous multichannel acoustic recorder (AMAR), 
capable of continuous recording of low-frequency sound (at levels produced by  Gadus morhua ), 
was deployed within the  Lota -tron. The AMAR was deployed in mid-December 2009 and retrieved 
in mid-April 2010. This spanned the spawning period (mid-to-late February) for  Lota lota  in this 
location. These sound data are being analyzed for evidence of  Lota lota  vocalizations (P.A. Cott, 
unpublished observations).  

   5 Summary 

 There are many potential sources of anthropogenic noise that can manifest under ice in boreal lakes 
that are within the hearing ranges of northern boreal fishes. Impacts of noise on fish can be corre-
lated to the fish’s hearing sensitivity. In general, boreal fishes have most sensitive hearing < 400 Hz, 
but this varies by species and life stage. By assessing the hearing capabilities and vocalizations of 
fish species and sound signatures from development activities, it may be possible to forecast poten-
tial impacts resulting from expected under-ice noise exposure. 

 There is still the need for basic information to facilitate the assessment and identification of 
potential impacts (e.g., the hearing capabilities of many species of boreal fishes at different life stages 
and the sound signatures of various anthropogenic noise sources). Additionally, the impacts to fish 
from a particular noise source (e.g., pile driving) or the potential for a sound-related disturbance at 
a particular time in a species life history, such as courtship or spawning, warrants further study.      
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   1 Introduction 

 Air guns are an energy source commonly used by the oil and gas industry for seismic exploration, 
particularly in marine environments. Exposure to air gun noise has been shown to negatively impact 
marine fishes (e.g., McCauley et al.  2003  ) ; however, little is known about the potential impacts on 
fishes in freshwater systems. A proposal to use air guns for a seismic survey along the Mackenzie 
and Liard Rivers (~1,200 km) in the Northwest Territories (NWT) led to considerable public and 
regulatory concern. As a result, the Canadian Department of Fisheries and Oceans (DFO) required 
the proponent to validate their prediction that the project will have no impacts on fish. The propo-
nent conducted a study that showed no acute mortality associated with air gun use, although some 
stunning was observed in caged fish closest (2 m) to the air gun blasts (Cott et al.  2003  ) . Outstanding 
data gaps associated with sublethal impacts of air gun noise (e.g., physical damage, stress, herding, 
and hearing loss) prompted the DFO to initiate a study, in collaboration with academic partners, to 
assess these impacts on northern fish in a riverine setting. The project was split into two compo-
nents: 1) physiological impacts on fish hearing and ear damage and 2) behavioral impacts on free-
swimming fishes.  

   2 Methods 

 The study was conducted in the Mackenzie Delta near Inuvik, NWT, during late July to early 
August 2004. A 730-in. 3  air gun array with an acoustic output analogous to that proposed for the 
river seismic exploration program was used as the sound source (Popper et al.  2005  ) . 
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 Three species of fish native to the Mackenzie River were selected for assessment of impacts on 
hearing and inner ear damage:  Couesius plumbeus  (lake chub), a hearing specialist;  Esox lucius  
(northern pike), a hearing generalist (both juvenile and adults); and  Coregonus nasus  (broad white-
fish), a species important to the aboriginal subsistence fishery (Mann et al.  2007 ; Popper et al. 
 2005  ) . Fish were captured in the Mackenzie River at Inuvik. Treatment fish were placed in a mesh 
holding cage in the river ~15 m from the air gun array and exposed to 5 or 20 shots. The air gun 
array was positioned broadside to the fish cage to attain maximum noise exposure (205–209 dB re 
1  m Pa) (Popper et al.  2005  ) . Fish hearing was assessed using the auditory brain stem technique for 
evidence of threshold shifts in hearing ability. Exposed fishes were tested after exposure and over 
time (18 and 24 h) to assess for delayed hearing loss or recovery (Popper et al.  2005  ) . The inner 
ears of these fish were subsequently removed and examined for physical trauma, focusing on the 
sensory epithelia, using scanning electron microscopy (Song et al.  2008  ) . The hearing and inner ear 
structure of several other species of Mackenzie River fish were also investigated to address data 
gaps associated with northern fish biology (Mann et al.  2007 ; Song et al.  2008  ) . 

 To determine behavioral impacts, free-swimming fish in the Mackenzie Delta were observed 
using hydroacoustics to detect evidence of herding or startle response when subjected to air gun 
noise (Jorgensen and Gyselman  2009  ) . The herding response of fish to oncoming air gun noise was 
assessed by tracking fishes using an acoustic launch anchored over fish targets as the seismic barge 
approached with air guns firing. The startle response of individual fish to a single air gun shot was 
assessed by drifting the acoustic launch over fish targets while the seismic barge was anchored, with 
no engine noise from either vessel (Jorgensen and Gyselman  2009  ) .  

   3 Results and Discussion 

 The temporary threshold shift (TTS) in hearing in  Couesius plumbeus  exposed to both 5 and 20 
shots was significantly different from that in unexposed fish, with the threshold shifts in fish 
exposed to 20 shots being greater than that of those exposed to 5 shots. Trends suggest recovery in 
 Couesius plumbeus  hearing after 18 h. There was a significant difference in threshold shifts in 
hearing in adult  Esox lucius  exposed to 5 air gun shots, but hearing recovered after 24 h. Both of 
these species showed the greatest threshold shifts at 400 Hz, with  Couesius plumbeus  also showing 
large threshold shifts at 200 Hz. No evidence of hearing loss was detected in young-of-the-year 
 Esox lucius  exposed to either 5 or 20 shots, possibly due to incomplete auditory development com-
pared with the adults. The fish with the poorest hearing ability,  Coregonus nasus , showed no effect 
from air gun noise (Popper et al.  2005  ) . There was no damage observed in the sensory epithelia in 
any of the fish exposed to air gun noise, including those held 18-24 h postexposure (Song et al. 
 2008  ) . Hearing loss or hearing damage from exposure to air gun noise is unlikely in free-swimming 
riverine fishes because they would not be exposed to as much noise as in this study (Popper et al. 
 2005 ; Song et al.  2008  ) . 

 No evidence of herding behavior from air gun noise was observed, i.e., fish were not being 
“pushed” by the air gun noise. There was no significant difference between experimental and 
reference fish with respect to horizontal direction, horizontal speed, vertical direction, vertical 
speed, or tortuosity (a measure of the deviation from random movement). Similarly, there was no 
significant difference in the startle response between experimental and reference fish with the 
above-mentioned parameters. Fish did not respond to air gun sound by changing their swimming 
behavior. The fish observed were likely coregonids such as  Coregonus nasus  (Jorgensen and 
Gyselman  2009  ) , a  species shown by Popper et al.  (  2005  )  and Mann et al.  (  2007  )  to have poor 
hearing relative to other species.  
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   4 Conclusions 

 The results of our study indicate that air gun noise can cause temporary hearing loss for some 
 species of riverine fish. However, there was no damage to the inner ears of any of the noise-exposed 
fish examined. Furthermore, no evidence of startle or herding behavior associated with air gun noise 
was detected. Due to the limited air gun array size and the single-pass nature of a riverine seismic 
program, sound exposure to riverine fishes is transient relative to a marine program and adverse 
impacts are unlikely. This information allowed regulators to advise project proponents on the means 
to mitigate the effects on fishes (such as avoiding spawning areas where impacts are unknown) and 
provided new insights on the effects of sound on fishes in lotic environments. Note that this study 
looked at the impacts of air gun-generated noise on northern riverine fish species and is not directly 
representative of marine seismic programs due to differences in sound attenuation in rivers.      
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   1 Introduction 

 Many benthic marine organisms possess a pelagic larval phase that typically results in dispersal 
away from the parental habitat and ends in the larva selecting a suitable benthic habitat in which to 
settle (O’Connor and Gregg  1998  ) . Settlement and metamorphosis often involve a specific cue or 
combination of chemical and/or physical cues (Gebauer et al.  2003  ) . The larvae of many marine 
organisms are known to be capable of extending their larval phase, often for considerable periods, 
until suitable settlement cues or habitats are detected. Some larvae will spontaneously metamor-
phose or even die without metamorphosing in the absence of specific settlement cues (Gebauer et 
al.  2003 ; Pechenik  1990  ) . Brachyuran crabs seem to lack the ability to delay metamorphosis indefi-
nitely because they appear to have a temporal threshold beyond which settlement and metamorphosis 
occur even in the absence of settlement cues (Weber and Epifanio  1996  ) . 

 The focus of research into the effects of anthropogenic noise on the marine environment has 
mostly been on its direct impact on marine mammals and adult fish. However, anthropogenic noise 
may have significant impacts if it interferes with key biological processes involved in maintaining 
populations, such as settlement and recruitment. Numerous experimental studies now indicate that 
ambient underwater sound plays an important role in the orientation and settlement of the pelagic 
larvae of many ecologically and economically important coastal organisms such as fish and crabs 
(Jeffs et al.  2003 ; Leis and Lockett  2005 ; Montgomery et al.  2006 ; Radford et al.  2007 ; Simpson 
et al.  2005 ; Stobutzki and Bellwood  1998 ; Tolimieri et al.  2004  ) . Therefore, the aim of our research 
has been to investigate the potential for underwater sound to trigger settlement behavior and/or 
shorten TTM in settlement stage larvae (megalopae) of common species of brachyuran crabs in both 
temperate and tropical waters.  

   2 Induction of Metamorphosis by Ambient Reef Sound 

 A number of species of megalopae have been shown to orientate and swim toward ambient under-
water reef sound (Radford et al.  2007  ) ; however, the role of underwater sound as a cue for settle-
ment and metamorphosis has not been examined. Experiments in both laboratory tanks and the field 
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have shown that the time to metamorphosis in the larvae of several species of temperate and tropical 
crabs is markedly reduced (34–60%) when exposed to ambient underwater reef sound compared 
with a silent (control) treatment (Fig.  1 ). These results appear to greatly extend the role that ambient 
underwater sound plays in triggering and advancing the behavioral and physiological changes in 
settling larval marine organisms (Stanley et al.  2010  ) .   

   3 Anthropogenic Impacts 

 In addition to natural ambient biotic and abiotic sounds in the ocean, there is also human-generated 
noise from shipping traffic, oil and gas exploration, and coastal construction. Due to the demand of 
renewable energy sources, there has also been an increase in the construction of offshore wind farms 
in the marine environment. Wind farms are also being planned for the shallow waters of inshore 
areas into the medium-term future (Madsen et al.  2006 ; Nedwell and Howell  2004  ) . There are many 
underwater noise sources related to wind farms; these include vessel movements, pile driving, drill-
ing, dredging, rock laying, trenching, and the ongoing operational noise of the wind turbine 
(Nedwell and Howell  2004  ) . Underwater noise in a wide range of frequencies and intensities are 
generated by these activities. Research on existing wind farms and associated activities have shown 
that the operation of wind farms have added to the ambient background noise at frequencies up to 

  Fig. 1    Percentage of total number of megalopae metamorphosed against time.   From Stanley et al.  (  2010  )        

 



373Effects of Underwater Noise on Larval settlement

2,000 Hz and peak pressures up to 200 dB re 1 μPa at 1 m (Nedwell and Howell  2004 ; Thomsen 
et al.  2006  ) . Activities such as pile driving, seismic air guns, and boat engine noise have also been 
shown to significantly increase the auditory threshold (Scholik and Yan  2001  )  and damage the inner 
ear sensory hair cells of fish (McCauley et al.  2003 ; Popper et al.  2004  ) . These activities also have 
the potential to damage the analogous structures in crustaceans, the statocysts, which to date have been 
the only organ with significant evidence for sound reception (Montgomery et al.  2006  ) . 

 Given our findings on the significant influence of natural sound in the settlement and metamor-
phosis of larval crabs, it would seem likely that anthropogenic noise, especially of a continuous 
nature, has the potential to interfere with the critical settlement and recruitment processes of many 
coastal organisms using ambient underwater to locate and settle into suitable habitats. This anthro-
pogenic noise is occurring at biologically relevant frequencies that have the potential to act as ori-
entation and settlement cues. Also, some of these sources of anthropogenic sound have large peak 
pressure levels that may mask natural levels of ambient underwater reef sound used for natural 
orientation and settlement cues (Cato  1992 ; Radford et al.  2008  ) .  

   4 Conclusions 

 Research has shown that ambient underwater emanating from coastal habitats in many parts of the 
world is important to the early recruitment processes of a wide range of coastal organisms. 
Furthermore, the settlement physiology and behavior of some larvae are mediated by ambient 
underwater sound. Consistent results from a wide range of species and locations suggest that under-
water sound plays a significant role in the recruitment to crab populations. It also raises the possibil-
ity that anthropogenic noise could interfere with recruitment processes by disrupting these important 
settlement cues and leading to premature or reduced settlement.      
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    1  Introduction 

 Fishes of the family Sciaenidae (drums and croakers) are well-known for their abilities to produce 
sounds using both sonic muscles and the swim bladder (Luczkovich et al.  2008a,  b ; Rountree et al. 
 2006 ; Sprague and Luczkovich  2004  ) . Calls of sciaenid fishes like  Micropogonias undulatus  
(Atlantic croaker) can be heard with hydrophones throughout the day, producing sounds when dis-
turbed, during aggression, and during spawning (male advertisement calls). In this study, we exam-
ined if the noise associated with coastal vessels (ferry boats and tugboats) that operated daily during 
the early morning through early evening had any effect on the seasonal and daily calling rate of 
 Micropogonias undulatus .  

    2  Methods 

 Fishes were recorded in situ using passive recorders (long-term acoustic recording system [LARS], 
Loggerhead Instruments, Inc., Sarasota, FL). The recordings were time-stamped 10-s wave files 
(<10 kHz) recorded to a compact flash disk at 15-min intervals from March through December 2008 
at a site (Potash Corporation of Saskatchewan site; 35°23.207’ N latitude and 76°44.673’ W) in the 
Pamlico River near Aurora, NC. The fishes were exposed on a regular basis to vessel noises from a 
North Carolina State Department of Transportation ferryboat making sixteen 0.5-h trips each day, 
beginning at 0530 and ending at 2015 EDT. In addition, large tugboats pushing barges from the 
phosphate mine pass by the site intermittently. Passive recordings were analyzed using MATLAB 
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  Fig. 1    Oscillograms (top panels), spectrographs (middle panels), and average power spectra (bottom panels) of a 
ferry with a single  Micropogonias undulatus  (Atlantic croaker) call (left panels) and three  M. undulatus  calls with no 
ferry sounds (right panels)       

spectral analysis to estimate ferry and vessel noise (1,000-8,000 Hz) and fish sound (200-1,000 Hz) 
frequencies. We created automated sound event detectors in XBAT (Extensible Bioacoustics Tools, 
see   http://www.xbat.org    ; Fig.  1 ), which was used to count fish calls and vessel noises and estimate 
minimum, maximum, and mean frequencies of vessel noises. Variation in salinity (10–23 practical 
salinity units [psu]), temperature (5-30°C), dissolved oxygen (1-13 mg/l), and turbidity (1-3,000 
nephlometric turbidity units [NTU]) were measured daily at both sites with automated water quality 
meters (see Krahforst et al.,   Chpater 38    ). We compared the number of fish calls detected in 60 s (six 
10-s recordings) each hour that ferries or other vessels (phosphate mine tugboats and barges) passed by 
the recording station to the number of calls detected in each hour without ferries present. We analyzed 
these data using ANOVA (SYSTAT, log 

10
 -transformed number of  M. undulatus  detections) with 

factors month (March, April, July, August, September, October, November, and December) and 
vessel noise (ferry or no ferry operating during recording). Finally, a plot of the vessel noise 
 midfrequencies (halfway between the minimum and maximum frequencies reported by the XBAT 
detector), which shifted temporally due to varying vessel traffic, was compared with a plot of a 
 calling index for  M. undulatus  during the month of October. The calling index was computed by 
dividing the calling rate for each observation by the maximum calling rate recorded times 100.   
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    3  Results 

 The vessel sounds were broadband, ranging from 200 to 8,000 Hz (Fig.  1 , left panels), and variable, 
especially at the lower frequencies that often overlapped the  M. undulatus  Atlantic croaker calls 
(300-1,000 Hz; Fig.  1 , right panels). We recorded 5,926  M. undulatus  calls at this station, made 
during 906 hourly measurements from March through December 2008. Sounds were made by 
 M. undulatus  both day and night regardless of the presence of the ferry (Fig.  2 ). However, fish 
sounds were less common (the calling index declined) when large vessels with low midfrequencies 
passed by the recorder on 13-15 October 2008 (Fig.  2 , left). These vessel noise frequencies were 
close to the  M. undulatus  calling frequency range, perhaps causing the fish calling index to decline 
(Fig.  2 , right). The rate of fish sound production varied significantly with month (ANOVA,  F  

7,892
  = 

22.4359,  P  < 0.0001), with the greatest number of  M. undulatus  calls occurring in a 3-mo period in 
the fall (August, September, and October; Fig.  3 ). There was no overall significant difference in the 
number of calls detected when a ferry was either present or absent in the recording area (ANOVA, 
 F  

1,892
  = 0.0478,  P  = 0.8269).    

    4  Discussion 

 The number of detections with and without ferry noise suggested that vessel noise has a limited 
effect on  M. undulatus  sound production. Instead, the variation in seasonal changes of acoustic 
sound production may be related to seasonal behavior and migration patterns, water quality param-
eters, and photoperiod. Spawning time for  M. undulatus  occurs from August through December, 
when the sound production, which is typically associated with spawning, increases. Sound production 
by  M. undulatus  persists despite the significant amount ferry noise present at the site. When large 
vessels pass by, the calling rate appears to fall. It is likely that these large vessels may prevent sound 
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  Fig. 2    Vessel and fish sounds detected by the passive acoustic recorder during two weeks in October 2008 at the 
Potash Corporation of Saskatchewan (PCS) site in the Pamlico River Estuary in North Carolina. Left: Temporal 
change in midfrequencies (minimum + maximum frequencies/2) associated with each vessel noise detected (points). 
Solid line is locally weighted (LOWESS) fit to the data. Right: Calling index (number of calls/60 s, scaled as a per-
centage of the maximal number of calls) of  Micropogonias undulatus        
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communication in this species at this location due to masking of the calls as well as a change in 
calling rate. Some vessel sounds (the phosphate tugboat and barge) overlapped the frequency of fish 
calls; when this occurred, calling rate declined. These low-frequency sounds would also prevent 
another fish nearby from hearing the sounds. The impact of noise on the ability of these fishes to 
attract a mate and successfully spawn needs to be investigated.      
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   1 Introduction 

 Modern long-range antisubmarine warfare active sonar systems are typically operating in the 1- to 
10-kHz frequency band (OSPAR  2009  )  and within the hearing range of most clupeid fish such as 
the ecologically and commercially important Atlantic herring ( Clupea harengus ) (Enger  1967  ) . 
Herring behavior in response to such sonar systems have been studied in the wild during the winter 
(Doksæter et al.  2009  )  without revealing any significant behavioral responses. Detecting small-scale 
changes in the wild may be difficult, and herring behavior is also changing over the seasons due to 
differences in physiological and motivational states (Fernø et al.  1998  ) . Therefore, we studied fish 
behavior during sonar exposure in captivity, allowing close-up monitoring of detailed changes in 
behavioral dynamics over extended time periods.  

   2 Methods 

 Herring were held in net pens at an aquaculture facility for a year. Four experiments were conducted 
in different seasons when fish were transferred to a movable, deep net pen located in a sheltered 
fjord. Under controlled conditions, herring were exposed to naval sonar signals from a passing frig-
ate. Two types of signals were used: a 1- to 1.6-kHz hyperbolic frequency-modulated (FM) upsweep 
and a 1-kHz weighted continuous-wave (CW) signal. The frigate followed a predetermined transect, 
passing the pen at a closest point of approach (CPA) of 500 m. The FM signals were introduced to 
the herring in two ways: “gradual” and “sudden.” A gradual introduction involved transmission of 
the signals starting 1 nautical mile (nmi) away from the net pen, thus gradually increasing the 
received level for the fish. During a sudden introduction, the first signal was transmitted at the CPA, 
thus giving maximal levels. Experiments were conducted as a block design, with each block con-
sisting of four runs across the transect, including the two types of FM transmission (gradual and 
sudden), CW transmission, and one control run without any transmission in randomized order. 

        Behavioral Responses of Captive Herring to Sonar 
Signals (1-1.6 kHz) of a Naval Frigate Throughout 
a Yearly Cycle       
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Additionally, positive control experiments were conducted to verify that herring were able to 
perform an avoidance response within the net pen as well as for testing the ability of the experimen-
tal setup to detect and document such a reaction. During these experiments, herring were exposed 
to engine noise from a two-stroke outboard engine and an impulse sound, both known to induce 
avoidance responses in herring. Herring behavior was monitored by an upward-looking echo 
sounder mounted on the bottom of the pen that measured the vertical structure of the fish as well as 
by video monitoring to document fine-scale behavioral changes. A hydrophone was placed in the 
middle of the pen to measure the received sound pressure levels within the pen. The echo sounder 
recordings were used to determine the median depth structure of the herring as a function of time. 
The difference in depth before and during exposure was compared, revealing potential vertical 
escape reactions. The behavior of the herring in the video recordings for all runs was classified 
according to standard criteria with respect to group behavior, vertical behavior, number of fish 
reacting, and overall response.  

   3 Results 

 Some minor startle responses by a few herring were seen on the video recordings in 3 of 14 FM 
“sudden” exposures. None of the other sonar transmission types caused any form of reaction. Both 
the engine noise and the impulse sound generated a typical avoidance response involving strong 
schooling, an increase in school density, and a rapid downward movement by all fish. 

 No significant vertical movement was recorded by the echo sounder for any of the sonar trans-
mission types (CW, FM gradual/sudden) compared with the controls. The positive control experi-
ments, however, showed a significant distribution change toward deeper water. 

 The highest measured received sound pressure level was 168 dB 
RMS

  (root mean square) re 1  m Pa 
during a FM sudden run.  

   4 Discussion 

 This study has documented that herring in a net pen do not react with any significant avoidance 
responses when exposed to naval sonar signals in the frequency range of 1–1.6 kHz and received 
sound pressure levels up to 168 dB 

rms
  re 1  m Pa. The herring did, however, produce a strong vertical 

avoidance response to the sound of a two-stroke outboard engine and an impulse sound at sound 
pressure levels much lower than the sonar. The effects of received levels higher than those tested 
cannot be excluded. However, the total volume covered by such levels will be relatively small due 
to spherical spreading that rapidly reduces the signal level (e.g., the 500-m distance from frigate to 
net pen gave a >50-dB transmission loss). For herring to be affected at the population level, the 
sonar transmission must be conducted at very high source levels in an area of extremely dense con-
centrations of fish in combination with very low stock levels (Kvadsheim and Sevaldsen  2005  ) . The 
present results are in agreement with other military sonar effect studies on adult fish conducted on 
the rainbow trout (Popper et al.  2007  )  and free-living herring (Doksæter et al.  2009  ) . Jørgensen et 
al.  (  2005  )  documented mortality in juvenile herring at exposure levels >180 dB 

rms
  re 1  m Pa. This is 

probably related to the combination of the juvenile being exposed to resonance-frequency, high-
source levels as well as juveniles generally being more sensitive than adult fish. 

 The lack of reactions to the military sonar was consistent throughout all seasons, but the reaction 
to the engine noise tended to be stronger in winter than in summer/autumn. This reflects the situa-
tion in the wild because the herring are generally more responsive during the winter between 
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November and February and least sensitive to stimuli such as noise or predators in spring and 
summer after spawning has ended (Fernø et al.  1998 ; Kvamme et al.  2003 ; Nøttestad et al. 1996).      
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   1 Introduction 

 Herring schools can be studied by standard acoustic methods, but to understand the relationship 
between the individual and school levels as well as the interactions between subpopulations of her-
ring, it is essential to learn more about individual herring behavior. Acoustic tagging has success-
fully been used to track individual fish of various species, but herring are highly sensitive to being 
handled and are therefore not easy to tag. In this study, we tagged herring with acoustic transmitters 
to track prespawning and spawning individuals. The conditions for a tagging experiment were ideal 
because the herring remained in a single school (>100,000 fish) for more than 1 mo within an area 
of ~200 m 2  in the sheltered semienclosed Lindåspollene basins (Johannessen et al.  2009  ) . This is a 
small (7-km 2 ) well-defined ecosystem in western Norway, which comprises 3 distinct 60- to 
90-m-deep basins containing numerous islets along with several sheltered sites. Here we evaluate 
whether acoustic tagging is a suitable method for the study of the natural behavior of herring around 
spawning.  

   2 Tagging Process 

 Herring were caught individually by jigging from the  R/V Hans Brattstrøm  in February in two sea-
sons. This demanded a high effort lasting for ~4 days because herring seldom feed before spawning 
(Nøttestad et al.  1996  ) . The fish were kept in lidded holding tanks (500 l) onboard the vessel for 
~3 h before being tagged. Fish with signs of injuries or abnormal swimming were sorted out. To 
minimize handling time, three to four persons took part in the tagging process: 1) each fish was 

        Acoustic Tagging: A Suitable Method for the Study 
of Natural Herring Behavior Around Spawning?       
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captured by a portable net fitted with soft plastic material to avoid damage; 2) it was then held 
carefully to avoid scale loss (eyes were covered); and 3) the tag was inserted surgically in the 
abdomen just behind the pelvic fins. The wounds were closed with histoacryl (0.1 ml). The whole 
procedure took a maximum of 1 min. The fish were left to recover for 3-4 h in a lidded tank (500 l) 
with circulating seawater and were monitored continuously. Total length of all tagged fish was 
measured and lost scales were sampled for age determination; for fish that were sorted, the stage of 
maturity was also determined (see Mjanger et al.  2007  ) . If neither signs of injury nor abnormal 
swimming was observed, the fish were released at the site where they had been caught. A total of 
45 herring (length 28-35 cm, age 4-12 yr) were tagged in the course of the 2 experiments. 

   2.1 Acoustic Tags and Receivers 

 Two types of acoustic transmitters were used during the two seasons: 1) 17 V9 coded transmitters 
(V9-1H: length 24 mm, weight in water 2.2 g; V9-2H: length 29 mm, weight in water 2.9 g; Vemco 
Ltd., Halifax, NS, Canada;   http://www.vemco.com/products/receivers/vrap.php    ), and 2) 28 Thelma 
Biotel (Trondheim, Norway) acoustic transmitters, of which 19 were LP-7.3 mm (length 18 mm, 
weight in water 1.2 g) and 9 were depth transmitters (ADT-9-SHORT, length 34 mm, weight in 
water 3.3 g). 

 On the basis of the results from pilot studies, VR2 receiver units (Vemco Ltd.; see Skilbrei et al. 
 2009  )  were moored at 6 sites in Lindåspollene, covering a total range of 1,500 m from the innermost 
to the outermost location. The receivers were moored to a weight on the seabed and buoyed to a 
depth of ~10 m. The depth at the receiver sites ranged from 10 to 70 m. The circular detection area 
of the VR2 had a maximum practical range of 200-400 m. 

 For more detailed tracking of behavior, a Vemco radio acoustic position (VRAP) real-time system 
was used (Løkkeborg et al.  2002  ) , with the 3 buoys separated by ~150-250 m. The system is esti-
mated to detect signals from acoustic transmitters at a range of 200-800 m and enables individual 
tracks to be updated every 5-180 s, with an accuracy of up to 1-2 m (  http://www.vemco.com    ) 
depending on the number of fish tracked simultaneously, type of transmitter, hydrographical condi-
tions, and background noise. The buoys were deployed in a herring spawning area, which was 
identified by observations of diving eider ducks, herring roe in the stomachs of sampled cod and 
haddock, and web cameras.   

   3 Evaluation of the Method 

 During first season, 17 of ~50 herring caught were tagged and released, including 2 pressure tags. 
The proportion of tagged fish rose in 2010, with 28 fish tagged and released out of 36 fish caught, 
including 9 pressure tags. The highest discard rate took place after capture. Of the total number of 
discarded herring (33 in experiment 1 and 8 in experiment 2), 30 and 6 fish, respectively, were 
discarded before tagging and only a few fish were discarded after tagging (3 and 2, respectively). 

 The acoustic tags enabled prespawning herring to be reliably tracked to a maximum distance of 
400 m from the buoys for up to 90 days. In the first season, we evaluated whether the recordings 
were in accordance with the expected natural movement pattern of herring. Several types of activity 
patterns were identified. Five tags that repeatedly transmitted signals from a fixed position and 
depth were interpreted as representing dead fish. Three tags transmitted signals for ~1 mo, after 
which contact was lost, and these were interpreted as representing either dead fish or signals lost in 
other ways. The rest of the tagged fish appeared to behave normally. Nine fish remained within the 
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relatively stationary main prespawning school for 1-3 mo after being tagged, with shorter or longer 
excursions to nearby localities, including the spawning site at depths of 0-20 m. This suggests that 
the fish had spawned, with the high level of activity in the upper layers displayed by some fish late 
in the period indicating postspawning feeding (Nøttestad et al.  1996  ) . The tagged herring also 
performed vertical migrations (VRAP and VR2 data) covering the whole recorded water depth.  

   4 Conclusions 

 To the best of our knowledge, this is the first time that herring have been successfully tagged with 
internal acoustic transmitters of these sizes. The condition of the fish should always be evaluated 
before and after tagging, and scale loss must be minimized. Most discards were after capture and a 
few fish were discarded after tagging. The prespawning period in February, with large and develop-
ing gonads, is believed to be a vulnerable period for the tagging of herring, but the low temperatures 
(1-3°C) may have been favorable for tagging (see Krieger  1982  ) . Although some individuals died 
or their signals were lost for other reasons, behavior that was interpreted as representing natural 
herring behavior was monitored in more than half of the fish for several weeks after tagging. These 
data will have to be analyzed in greater detail to evaluate whether the behavior was affected in any 
way by the tagging process. Acoustic receivers ought to be located at sites where there is a low risk 
of interfering sources of sound, and the distances between receivers need to be finely tuned and 
optimized to the distance of detection to avoid double detections. This new miniaturized acoustic 
tagging methodology may help us better understand the relationships between the behavior of indi-
vidual herring and of schools.      
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   1 Introduction 

 Studies on the effects of offshore wind farm construction on marine life have focused on behavioral 
reactions in porpoises and seals (Thomsen et al.  2006  ) . The effects on fish have only very recently 
come into the focus of scientists, regulators, and stakeholders (Popper and Hastings  2009  ) . Pile-
driving noise during construction is of particular concern because the very high sound pressure 
levels (see Thomsen et al.  2006  )  could potentially prevent fish from reaching breeding or spawning 
sites, finding food, and acoustically locating mates that could result in long-term effects on repro-
duction and population parameters. There is also the possibility that avoidance reactions might 
displace fish away from potential fishing grounds that could lead to reduced catches (see, e.g., 
Engås et al.  1996  ) . However, the nature and extent of behavioral reactions of marine fish due to pile 
driving have not been studied in controlled experiments. Therefore, the impacts of pile driving on 
marine fish remain unknown.  

   2 Methods 

 We performed playbacks of pile-driving noise to cod and sole held in two large (40-m) net pens 
located in a quiet bay in West Scotland. Movements of the fish were recorded and analyzed using a 
novel acoustic tracking system. Received sound pressure level and particle motion were measured 
during the experiments (see Mueller-Blenkle et al., this volume).  
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   3 Results 

 Both species showed a significant movement response to the pile-driving stimulus at relatively low 
received sound levels (sole: 144–156 dB re 1  m Pa peak; cod: 140–161 dB re 1  m Pa peak; particle 
motion between 6.51 × 10 −3  and 8.62 × 10 −4  m/s 2  peak). The observed sole significantly increased 
their swimming speed during the playback period compared with before and after playback. Cod 
exhibited a similar reaction, yet the results were not significant. Cod showed a freezing response 
that was significant at the onset and cessation of playback. There were indications that both species 
moved away from the speaker at the start of the playbacks. There was a high variability in the 
behavioral reactions across individuals and a decrease in response with multiple exposures.  

   4 Discussion and Conclusions 

 This study is the first to document the behavioral response of marine fish due to playbacks of pile-
driving sounds. The results indicate that a range of received sound pressure and particle motion 
levels will trigger behavioral responses in sole and cod. Our study further implies a relatively large 
zone of behavioral response to pile-driving sounds in marine fish. Yet the exact nature and extent of 
the behavioral response needs to be investigated further. Some of our results point toward habitua-
tion to the sound. 

 The implications for regulatory advice and the implementation of mitigation measures in the 
construction of offshore wind farms are threefold. First, the concerns raised about the effects of 
pile-driving noise on fish were well founded (Thomsen et al.  2006  ) . Second, the costs imposed by 
some mitigation measures that have so far been applied following the precautionary principle go 
part of the way in addressing a real problem. Third, we suggest that our behavioral thresholds 
should be considered in assessments of the impacts of offshore wind farms. Mitigation measures 
should be further developed and, if meaningful, applied, especially if they could lead to a reduction 
in acoustic energy that is emitted into the water column.      
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   1 Introduction 

 There is an urgent need to obtain information on the effects of underwater sound on marine fish 
due to imminent policy drivers, e.g., the European Union Marine Strategy Framework Directive, 
on one hand and the increasingly noisy activities in the marine environment on the other. Yet 
studying the influence of sound, particularly on the behavior of fish, is a challenging task. Studies 
in tanks can suffer problems with the reflection of sound, especially at the low frequencies that are 
most important for fish. Studies in the field are often limited because the observation of fish is very 
complicated. 

 This paper presents a novel setup for studying fish behavior related to sound under almost natural 
but yet controlled conditions. It also includes measurements of particle motion that are of particular 
importance for hearing in fish but are rarely measured in other studies.  

   2 Experimental Setup 

 The setup was composed of two large net pens (mesocosms), a sound production and monitoring 
system including a particle motion sensor, and an acoustic tracking system for fish installed on the 
seabed in a bay. Pile-driving sound was played back from two locations on either side of the two 
mesocosms, producing different sound fields and thus different environmental conditions for the 
experimental fish. 
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   2.1 Mesocosms 

 Two mesocosms 40 m in diameter and 5 m in height were installed in Loch Ceann Traigh, a shallow, 
quiet bay in West Scotland. The mesocosms were located 15 m apart from each other in a water 
depth between 10 and 15 m with a 4.2-m tidal range. The mesocosms were sitting on and were open 
toward the seabed. Zippers allowed divers easy access to the mesocosms to get the experimental fish 
in and out of the cages.  

   2.2 Sound Playback and Recording System 

 In the experiments, fish were exposed to recordings of pile-driving sound (provided by the Institute 
for Applied and Technical Physics [ITAP], Oldenburg, Germany). A J11 loudspeaker, manufactured 
in the United States, was used because this device can adequately produce frequencies below 1 kHz 
(range 32–10,000 Hz) and thus was most suitable for the playback of pile-driving sound. The loud-
speaker was connected to two amplifiers and a transformer to produce high sound levels and to a 
laptop that held the sound files. Source sound pressure levels of up to 170 dB re 1 μPa 

peak
  could be 

produced using this system. The sound playback system was powered by a leisure battery and stored 
in a waterproof container. 

 The recording system for the playback trials was composed of four Reson TC4013 hydrophones 
and TC4013–12/VP1000 amplifiers connected to a Dell Inspiron Mini 10 laptop running “Raven” 
sound-recording software. A large waterproof case located on a floating platform contained the 
preamplifiers and amplifiers for the hydrophones, a leisure battery as the power supply, and the 
laptop to record the data. 

 The hydrophones were attached to the net located on either side of each mesocosm and measured 
the sound pressure levels at distances of 5, 45, 60, and 100 m from the sound source, providing data 
on transmission loss during playback.  

   2.3 Particle Motion Sensor System 

 A novel instrument measuring particle acceleration that was developed by the Department of 
Meteorology at Stockholm University and the Swedish Defence Research Agency (Sigray et al. 
 2009  )  was used. The system was designed to measure particle acceleration in the frequency range 
of 0.1–360 Hz, with a sampling frequency of 800 Hz employed in the experiments. An underwater 
unit containing amplifiers, filters, and line drivers was placed on the seafloor, with the accelerom-
eters suspended 0.9 m above the substrate at a distance of 5–10 m from the sound source. The dry 
unit consisted of power amplifiers, receiver, analog-to-digital converter, and a recording device 
(laptop). The whole system was powered by a 12-V marine battery. For detailed information, see 
Sigray and Andersson,   Chapter 111    .  

   2.4 Acoustic Tracking System 

 During the experiments, the movements of fish were recorded using an acoustic tracking system 
(Vemco radio acoustic positioning [VRAP]). The VRAP system uses three acoustic tracking buoys 
that detect acoustic pulses from tagged fish, triangulates the fish position, and then relays the data 
to a base station via a radio link. Fish were equipped with VEMCO V9 acoustic pingers/tags 
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transmitting on 1 of 8 frequencies at a range between 63 and 84 kHz. Tags were programmed to 
transmit on 1 day in an 8-day cycle so, e.g., tags 1-8 transmitted on days 1, 9, 17, 25, 33, and so on 
while tags 9–16 transmitted on days 3, 11, 19, 27, and so on. Therefore, different fish were observed 
on different experiment days. Additionally, the system could be programmed to observe certain 
fishes located in both mesocosms in one experiment and switch to observe other fish in the next 
trial. Using the VRAP system, the position of one fish could be monitored about every 22 s. With 
4 fish being monitored during the trial, the position of a single fish was taken about every 90 s.   

   3 Conclusions 

 The setup has proven to be feasible for behavioral studies on fish related to sound. The acoustic field 
in both mesocosms differed significantly in both sound pressure and particle motion levels, exposing 
the fish in the mesocosms to varying sound conditions depending on the position of the loudspeaker. 
But the mesocosms were also large enough for the fish to move away from the sound source to 
avoid higher sound levels if they chose to. Programming tags to observe fish at different times 
allowed larger numbers of fish to be monitored without introducing and removing fish for every 
experiment. Introducing fish on different days allowed the reaction of the fish to the first sound 
stimulus to be observed. 

 An experimental plan with different observed fish, a change in the loudspeaker position, and 
variable sound playback stimuli (different parts of the same sound recording) was chosen to avoid 
the problem of pseudoreplication (McGregor  2008  ) .      
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    1  Introduction 

 Numerous offshore wind farms have been built and will increase in the near future in the coastal 
areas of northern Europe. These locations are often in the direct path of migrating  Anguilla anguilla  
(European silver eel) on their 5,000- to 6,000-km journey from Europe to the Sargasso Sea. At a 
certain time in their life that occurs between the ages of 6 and 20,  A. anguilla  start their long spawn-
ing migration. When this occurs, an irreversible physiological transformation starts in which the 
eyes and pectoral fins are enlarged, the skin color changes, and the digestive organs are regressed. 
Additionally, they stop feeding during the migration phase, which gives  A. anguilla  a limited 
amount of stored energy. If the fish are disturbed or hindered, the energy reserves might not be 
enough for them to reach their destination or it could, at least, result in limited spawning success. 
This effect could be devastating to the already highly threatened  A. anguilla  population that is listed 
as “critically endangered” in the International Union for Conservation of Nature (IUCN) red list. 

 One of several possible disturbances is the operational noise from wind turbines that has been 
measured at several wind farms in Europe. The results show that turbines generate noise below 
1,000 Hz and at intensities, in terms of sound pressure, well above ambient levels (Wahlberg and 
Westerberg  2005  ) . These frequencies and intensities will be detectable by  A. anguilla  when they pass 
the wind farm area because their hearing range is between 10 and 300 Hz (Jerkö et al. 1998). Only 
recently has particle motion been measured from an operating wind turbine (Sigray and Andersson, 
  Chapter 111    ). The authors showed that the turbines generated particle acceleration with an amplitude 
of 0.0019 m/s 2  in the frequency spectrum of 2–200 Hz at a distance of 10 m. This level is not high 
enough to startle or disturb  A. anguilla  during migration (Sand et al.  2000  ) . Therefore, the fish are 
most likely only perceiving sound pressure, whereas particle motion is “inaudible” when the fish pass 
the wind farm unless they pass the wind turbine foundations within a distance of 1–10 m. 

 The sound between Sweden and Denmark in the southern Baltic Sea is a shallow connection to 
Kattegat, important for the water exchange in the Baltic Sea, and is an important migrating route for 

        Do Ocean-Based Wind Farms Alter the Migration 
Pattern in the Endangered European Silver Eel 
( Anguilla anguilla ) Due to Noise Disturbance?       

         Mathias   H.   Andersson      ,    Ingvar   Lagenfelt   ,    and Peter   Sigray        
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 A. anguilla  living in the Baltic Sea area (Westin  1990  ) . In 2007, 48 wind turbines were erected in 
the sound on concrete gravitation foundations, constituting the Lillgrund wind farm. Additionally, 
the sound is heavily trafficked by commercial ships, and 36,900 ships were recorded passing the 
strait in 2008 (Swedish Maritime Administration  2008  ) . These anthropogenic activities increased 
the ambient level in the area, potentially creating a noise barrier for the migrating  A. anguilla . The 
aim of this study was to investigate if the migration pattern of  A. anguilla  was affected by the wind 
farm and if an effect could be linked to the noise generated by the wind farm during operation.  

    2  Methods 

 Two sets of methods were used to monitor the migration pattern of wild-caught  A. anguilla  through 
the sound: active and passive telemetry. For the active monitoring, 23 fish were tagged during 
2001–2004 with ultrasonic tags. The fish were released 1-2 km south of the planned wind farm area 
(Fig.  1 ) and tracked actively using a hydrophone (Vemco model VH40) mounted on a boat. Passive 
telemetry was used in the baseline year 2005 and during the operational phases in 2008 and 2009, 
when 241 fish were tagged (Vemco tag V13) and released during October and November each year. 
The fish were released 11 km south of the wind farm. A receiver array containing 19 receivers 
(Vemco model VR2) was positioned on the seafloor in a 10-km line (maximum 500 m apart) pass-
ing from the Danish border in the west, through the wind farm, and continuing toward the Swedish 
mainland to the east (Fig.  1 ). All  A. anguilla  in the study were metamorphosed (silver eel) females 
with a total length (TL) of 60–100 cm and weighed between 0.5 and 1.6 kg.  

 Noise was measured using the battery-powered hydrophone system DSG-Ocean (Loggerhead 
Instruments) with a hydrophone from High Tech, Inc. The DSG was deployed in October to 
November 2009 1 km south of the wind farm (Fig.  1 ). In addition, measurements at 160 and 400 m 
from the southern tip of the wind farm were performed in May to June 2010. All locations were in the 
path of the fish migration route. The DSG recorded sound for 5 min every 30 min for 2 wk with a 
sample rate of 50 kHz. Data were stored on a 16-GB memory card. Data on wind speed, wind direc-
tion, and production from the wind farm were obtained from the wind farm operator, Vattenfall AB. 

  Fig. 1    Map of the sound with 
the location of the release 
areas, receivers, and hydrophone 
in 2009       
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This study is an ongoing project, part of the monitoring program for the Lillgrund wind farm 
(cf. Bergström et al.  2010  ) , and a research project, supported by Vindval, of the Swedish 
Environmental Protection Agency, Stockholm.  

    3  Results and Discussion 

 During the baseline study (2001-2005), 30% of released fish were detected by the receivers, and 
results showed that most of the fish had swum to the west of the shallow area where the wind farm 
was built the following year (Fig.  2 ). During operation (2008-2009), again ~30% of the tagged fish 
were detected, and the results showed that the fish passage had shifted more toward the east side 
(Fig.  2 ). Several individuals was recaptured on the Danish side, south of Copenhagen, suggesting 
that a large number of eels swam more to the west, thus avoiding the receiver array. Few individuals 
passed directly through the wind farm area both before and after construction. This is most likely 
due to the shallow depth in the area. Noticeable is the time of passage from release to detection 
where the fish to the west were faster on average (143 h) than fish passing to the east (270 h) or 
through the wind farm (257 h). However, the difference was not statistically different due to the 
large variation (Kruskal-Wallis test,  P  > 0.01). In addition, no correlation between swimming time 
and total production of the wind farm was noticed (Spearman correlation coefficient,  P  = 0.35).  

 Sound measurements showed that the wind farm generated a few dominating tones (24, 130, and 
520 Hz). However, the 520-Hz tone was sliding over several tones in frequency and should not be 
regarded as a stationary frequency and was therefore excluded in the analysis. This had little effect 
on the possible impact on the eel because it has limited hearing ability above 300 Hz (Jerkö et al. 
1998). A transmission loss of 15 log(R) was estimated based on the measurements. During maxi-
mum production of 2.3 MW/turbine, the source levels of the 24- and 130-Hz tones were 126 and 
142 dB re 1  m Pa at 1 m, 93 and 109 dB re 1  m Pa at 160 m, 87 and 103 dB re 1  m Pa at 400 m, and 

  Fig. 2    Distribution of tagged  Anguilla anguilla  (European silver eel) passages through the receiver line from the west 
(Denmark) to the east (Sweden) at baseline (2001–2005; open bars) and during production (2008–2009; solid bars). 
Shaded area, those receivers located within the Lillgrund wind farm; solid star, receiver not yet recovered       
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81 and 96 dB re 1  m Pa at 1,000 m, respectively. The measurements also showed intense ship traffic 
in the area, corresponding well with the previously recorded passages (Swedish Maritime 
Administration  2008  )  of four ships every hour. This might result in a masking effect of the wind 
farm operational noise, and the eel will most likely not perceive the wind farm until it is a few hun-
dred meters from the wind farm because the ambient noise in the sound is higher than measured 
(ship traffic included). In conclusion, our results suggest that migrating  A. anguilla  seems not to be 
affected by the noise from the wind farm in the sound. The eels did not shift their migration path 
before or after construction, and the swimming speed did not differ significantly between the monitored 
areas.  A. anguilla  appear not to be disturbed by the wind farm-generated noise because no correla-
tion could be seen between park production and swimming speed. These results are site specific 
because the sound has intense ship traffic and studies in other areas with less noise might show 
different results.      
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   1 Introduction 

 Visual communication in aquatic environments is limited by light, depth, and turbidity. As a result, 
sounds are a vital method of communication for a multitude of marine organisms such as shrimp, 
marine mammals, and fish. Fish possess well-developed auditory systems and can discriminate 
sounds produced in specific frequency bands (Fay et al.  2008 ; Kasumyan  2008  ) . Hundreds of fish 
species are known to produce specialized sounds (Rountree et al.  2003  ) , with many well-studied 
species found in coral reef ecosystems. Signals of reef fishes are used for communication during 
agonistic responses (Lobel  1992  ) , territorial defense (Mann and Lobel  1998  ) , feeding (Kasumyan 
 2008  ) , spawning (Lobel and Mann  1995 ; Luczkovich et al.  1999,   2008  ) , and courtship (Kaatz and 
Lobel  1999 ; Lobel  1992 ; Lobel and Kerr  1999 ; Maruska et al.  2007  ) . However, marine environments 
are becoming subjected to increasing amounts of anthropogenic noise, particularly from shipping 
and vessel traffic. Little is known about how vessel-generated noise affects the communication and 
behavior of fish and many other marine species within coral reef ecosystems. 

 Studies have shown that the introduction of anthropogenic noise into fishes’ environments can 
have physiological and behavioral impacts. It has been demonstrated that elevated cardiac output 
and other physiological stress indicators in  Micropterus salmoides  (largemouth bass) occur in response 
to boating disturbances, with recovery times for these events varying relative to the magnitude of 
disturbance (Graham and Cooke  2008  ) . Vasconcelos et al.  (  2007  )  reported impairment in Lusitanian 
toadfishes’ auditory sensitivity caused by ship noise and noted that communication is negatively 
impacted in noisy coastal environments. Temporary hearing loss in goldfish and catfish in response 
to exposure to 12- and 24-h periods of white noise (158 dB re 1  m Pa) was seen to severely affect 
communication between fishes (Amoser and Ladich  2003  ) . In some cases, the effects may be long 
lasting; McCauley et al. (2002) demonstrated permanent damage to the epithelia of pink snappers 
after exposure to seismic air gun noise. 

        Effects of Vessel Engine Noise on the Acoustic Signaling 
Behavior of  Dascyllus albisella  (Hawaiian Damselfish)       

         Pollyanna   I.   Fisher-Pool,          Marc   O.   Lammers,          and Lisa   M.   Munger           
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 The domino damselfish ( Dascyllus albisella)  is a relatively well-studied species and is known to 
produce sounds in a variety of behavioral contexts, including aggressive “pop” and “chirp” signals 
as described by Mann and Lobel  (  1998  ) . Mann and Lobel  (  1997  )  studied  Dascyllus albisella  sound 
propagation at the Johnston atoll and found that signals attenuate quickly and that sounds therefore 
are used for communication over distances less than 12 m. As a result, this species may be vulnerable 
to behavioral disruption by anthropogenic noise sources. We designed an in vivo experiment to 
examine the effects of vessel noise on the acoustic behavior of  Dascyllus albisella . We hypothesized 
that masking of  Dascyllus albisella  signals by vessel engine noise would affect their behavior by 
resulting in one or more of the following: changes in calling rates, frequency, and timing.  

   2 Methods 

 We exposed a colony of wild  Dascyllus albisella  to controlled vessel engine noise stimuli. The 
colony was located in a marine reserve in Kane’ohe Bay, Oahu, HI. The sound source was the 
University of Hawai’i’s 43-ft  R/V Miriam , which is regularly moored at a dock ~10 m from a  Dascyllus 
albisella  colony. This vessel is equipped with twin 305-HP 8-cylinder diesel engines and is typical 
of many vessels that operate along the Hawaiian coast in reef environments. Data were collected 
using a seafloor-placed ecological acoustic recorder (EAR), which records ambient sounds at 
frequencies up to 40 kHz on a programmable schedule (Lammers et al.  2008  ) . The EAR was 
deployed at ~4 m depth next to a  Porites compressa  coral head with a resident  Dascyllus albisella  
colony and programmed to sample at 25 kHz, providing a recording bandwidth of 12.5 kHz. During 
exposure experiments, only 1 engine was used and the duty cycle was set to record for 60 s every 
120 s for a period of 30 min before noise stimulus, 30 min during the noise stimulus, and 30 min 
after cessation of the stimulus, 3 times each day for 1 wk. 

 Data were analyzed aurally and visually to determine the number of  Dascyllus  signals per 
recording. Periods with no exposure to engine noise were compared with stimulus periods. Calling 
rates (calls per minute) were obtained for 30 min immediately before boat noise stimulus (“before”) 
and 30 min immediately after the stimulus (“after”) and were compared using a paired Wilcoxon 
signed-rank test (Hollander and Wolfe  1999  ) .  

   3 Results 

 The fish in the study produced a series of pulse sounds with 90% of signal energy between 100 and 
1,100 Hz (Fig.  1 ). Vessel noise from the  R/V Miriam  covered the same frequency band (Fig.  2 ).   

 A total of 14 noise stimulus trials were conducted (4 morning, 5 midday, and 5 afternoon). 
Results from trials are given in Table  1 . Calling rates did not differ significantly between the “before” 
and “after” periods ( P  = 0.328) (Fig.  3 ).    

   4 Discussion 

 The sounds produced by  Dascyllus albisella  in this study were similar to the aggressive “pops” and 
“chirps” described by Mann and Lobel  (  1998  ) , with frequencies within the reported range of a 146-
Hz bandwidth around a 442-Hz mean peak frequency. This is expected because we did not record 
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  Fig. 1     Dascyllus albisella  spectrogram recorded by an ecological acoustic recorder (EAR), 2,000-point fast Fourier 
transform (FFT), and 90% overlap       

  Fig. 2    Vessel noise spectrogram, 2,000-point FFT, and 90% overlap       

   Table 1    Summary of  Dascyllus albisella  noise-exposure trial results   
 Number 
of Trials 

 Minutes 
Recorded 

 Median Call Rate 
(Calls/Minute) 

 Minimum 
Call Rate 

 Maximum 
Call Rate 

 “Before”  14  222  0.35  0  3.2 
 “After”  201  0.29  0  2.6 

  Before, before boat noise stimulus; after, after boat noise stimulus  
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during the known spawning season and sounds recorded during our experiment were therefore 
likely aggressive signals rather than the courtship-associated “signal jumps” reported by Mann and 
Lobel  (  1998  ) . 

 Initial analysis of the results led us to believe that stimuli of vessel engine noise did not cause a 
significant change in fish acoustic behavior. However, the environment within the marine reserve 
was exposed to uncontrolled anthropogenic noise that may have confounded the results; sound from 
other small boats traveling from a nearby pier provided intermittent background noise. A spatially 
diverse experiment of fish colonies in remote areas compared with colonies near boat traffic would 
provide further insight on  Dascyllus albisella  acoustic response to vessel noise in reef ecosystems. 
In addition, an analysis of recordings from periods without ship noise throughout the day and night 
would be useful in determining baseline acoustic behavior and temporal patterns in sound 
production.      

  Acknowledgments   We thank Michael Richlen and Anne Rosinsky, Marine Mammal Research Program, Hawai’i 
Institute of Marine Biology, Kane’ohe, HI, for their assistance in the deployment of field instrumentation and noise 
stimuli production.  

  Fig. 3     Dascyllus albisella  calling rates before and after noise stimulus ( N  = 14 trials). Box boundaries represent 
lower and upper quartiles; bold lines are median calling rates; small circles are outliers. Whiskers are drawn to data 
values within 1.5 times the box range       
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   1 Introduction 

 Numerous species of soniferous fish, such as  Epinephelus morio  (red grouper) and  Opsanus beta  
(gulf toadfish), have been recorded in the Gulf of Mexico off west-central Florida. These waters are 
also used by vessels ranging from small recreational craft to large commercial ships. The low-
frequency (50- to 6,000-Hz) sounds produced by vessels can mask the low-frequency (50- to 500-
Hz) sounds produced by fishes (Bradbury and Vehrencamp  1998 ; Webb et al.  2007  ) . Communication 
ranges for fish may thus be impacted. Therefore, the spatial and temporal patterns of both boat noise 
and fish sounds are an important consideration to understand the potential impact of boat noise on 
fish communication.  

   2 Acoustic Array 

 From June to September 2008, 23 autonomous acoustic recorders were deployed in the eastern 
Gulf of Mexico covering ~3,600 km 2  (Fig.  1 ). Each Digital SpectroGram (DSG) acoustic recorder 
was bottom mounted in a trawl-resistant housing in waters up to 30 m in depth. The DSGs recorded 
10 s every hour at a 50-kHz sample rate for up to 4 mo. Sound was recorded from 10 June to 15 
September 2008, producing over 40,000 acoustic files. Both fish sounds and boat noise were 
commonly found in these recordings.   

        Distribution and Potential Impact of Boat Noise on Fish 
Sound Production From an Autonomous Acoustic Array 
in the Eastern Gulf of Mexico       

         Carrie   C.   Wall       ,    Peter   Simard,    and    David   A.   Mann          
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   3 Sound Production 

 The immense number of files produced during these deployments precludes manually verifying 
every file. However, analysis of a subset of files has identified sounds produced by  Opsanus tau , 
 Epinephelus morio ,  Bairdiella chryosoura  (silver perch), more than six unknown species, and 
verified boat noise. 

 Composite spectrograms were used to examine the duration and frequency range of boat noise 
(Fig.  2 ). Two frequency bands were used to identify potential boat and fish noise (100–300 Hz) and 
potential boat and ambient noise (1,800–2,000 Hz), which serves as a baseline, over a 24-h period 
(Fig.  3 ). The values were calculated by subtracting the 1,800- to 2,000-Hz band median root mean 
square (RMS) per hour for all days from the 100- to 300-Hz band median RMS per hour for all days. 
A peak in the sound level at 2000h was observed for all sites in Figure  3 , suggesting a high likeli-
hood of fish communication during this time. To identify the frequency spectrum and potential 
overlap of boat noise at this time, band sound pressure levels were calculated for 30 July 2008 at 
2000h (Fig.  4 ).     

  Fig. 1    Acoustic array deployed from June to September 2008. Open stars are locations where data were collected 
from July to September 2008 only. Numbers indicate locations of the array in the eastern Gulf of Mexico       
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  Fig. 2    Composite spectrogram showing band sound pressure level (100-Hz resolution) from 11 June to 15 September 
2008, at Station 1. Inset is a spectrogram (200-Hz resolution) on 7 August 2008, illustrating higher sound intensities 
associated with boat presence below 500 Hz and near 2,000 Hz       

  Fig. 3    Median hourly difference between the 100- to 300-Hz band and the 1,800- to 2,000-Hz band sound pressure 
level at 4 sites from 10-26 June 2008. RMS, root mean square, DSG, Digital SpectroGram       
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   4 Conclusions 

 Peaks in band levels between 500 and 1,500 Hz indicate broadband low-frequency sounds during a 
period of suspected high fish sound production. Future research will determine the extent of temporal 
overlap and possible impact on communication range for fishes due to the presence of boats across 
the entire study area.      
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    1  Introduction: Cichlid Sounds and Sexual Selection 

 Cichlid fish are well known for their diversity and the role of sexual selection in speciation. The 
species-specific mate preferences that have received the most attention in this context are based on 
visual (e.g., Couldridge and Alexander  2002 ; Seehausen et al.  2008  )  and chemical signals 
(Plenderleith et al.  2005  ) . However, it has been known for a long time that cichlids also generate 
species-specific sounds during courtship (Amorim et al.  2008 ; Lobel  1998 ; Myrberg et al.  1965 ; 
Verzijden et al.  2010  ) . Therefore, sounds may also have been an important factor in the rapid 
 evolutionary diversification of cichlids in African lakes (Kocher  2004 ; Kornfield and Smith  2000  ) . 

 All fish can hear sound, and various fish species have been reported to be able to discriminate 
between their own and other species’ sounds or synthetic stimuli (Lugli et al.  2004 ; McKibben and 
Bass  1998 ; Myrberg and Spires  1972 ; Rollo and Higgs  2008  )  and, in some cases, even seem to 
recognize individuals acoustically (Myrberg and Riggio  1985  ) . We performed a series of recordings 
and experiments (Fig.  1 ) that elucidate the importance of sound to courtship behavior in the African 
cichlid  Pundamilia nyererei  (Verzijden et al.  2010 ; Estramil et al., unpublished data; May et al., 
unpublished data).  

 We used laboratory-reared fish that were descendents of wild-caught individuals from Makobe 
Island in Lake Victoria, Tanzania (Seehausen  1997  ) . We used recordings of male cichlid sounds 
made during courtship displays to test the impact on female cichlids. The experimental tank was 
divided into three compartments with the use of two grids, which allowed females to pass through 
but confined the larger males to their compartments. We placed two males, matched for size and 
nuptial coloration, in the outer compartments and a female cichlid in the middle. Opaque dividers 
initially obscured both males from the female. We played back a sequence of sounds from one side 
three times, after which the blinds were removed and the female could see both males and interact 
with the male of her choice. 

 We scored the courtship interactions between the female and the males that are predictive of mate 
choice in East African cichlids (Seehausen  1997 ; Verzijden and ten Cate  2007  ) . The female 
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approach response to male quiver was the most stereotypic interaction and was used to quantify 
response strength and side preferences. We found that the presence of conspecific sounds influenced 
the female choice when selecting one male over another to court. Males that were associated with 
the playback of sounds were preferred over males that were not associated with sound. These 
playback results provided the first experimental evidence of sounds affecting mate preferences in 
any fish species (Verzijden et al.  2010  ) . 

 In follow-up experiments, we were able to confirm that the cichlids modify their behavior  especially 
when hearing conspecific sounds and that they do not respond to just any sound (Estramil et al., 
unpublished data). We also tested the impact of more noisy water conditions on the natural swimming 
behavior of male cichlids in a solitary enclosure and the intensity of courtship behavior of male 
cichlids that encounter an unfamiliar female. We used an external loudspeaker placed beneath the fish 
tank and observed the fish behavior under low and high noise levels under dim and bright light condi-
tions. Both the solitary and the social context revealed significant reductions in activity levels and 
aberrant swimming behavior related to increased noise levels (May et al., unpublished data).  

    2  Conclusions: Acoustic Signals and Artificial Noise Matter 

 Our results provide evidence for conspecific sound to affect mate choice decisions of female 
cichlids interacting with two live male cichlids. We confirmed that directional hearing and side 
preferences can be tested in relatively small fish tanks (cf. Rollo and Higgs  2008  ) . We believe that 

  Fig. 1.    Schematic representation of the experimental setup for the mate choice trials (a–c) and for the experimental 
exposure to artificially increased noise levels (d). Pictures courtesy of Martine Maan       
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our setup is also suitable for testing the communicative significance of acoustic variation in fish 
sounds related to species, size, context, and motivation. The impact of noise on the swimming and 
reproductive behavior in a fish tank could be indicative of a similar impact of artificial sounds on 
free-living fish. However, field studies are needed because hardly any data exist on the impact of 
anthropogenic noise on the behavior of free-living fish, although human activities are making the 
underwater world increasingly noisy on a global scale.      
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 Norway has been a petroleum nation for several decades, with most of its offshore activities 
originally concentrated in the North Sea. As these reserves diminish, focus is shifting to areas further 
north, some of which, particularly the Lofoten/Vesterålen area, are crucial for the reproduction of 
major fish stocks such as  Gadus morhua  (northeastern arctic cod),  Melanogrammus aeglefinus  
(haddock), and  Clupea harengus  (herring) in the Barents Sea. Cod stocks are the basis for enormous 
seasonal fisheries during the spawning season in late winter, but other species such as  Pollachius 
virens  (saithe),  Melanogrammus aeglefinus ,  Brosme brosme  (tusk),  Molva molva  (ling),  Sebastes 
marinus  (golden redfish), and  Lophius piscatorius  (angler) provide a living for local fishermen the 
whole year-round. Although the area has not yet been opened for exploitation, seismic surveys 
for petroleum reserves have been carried out by the Norwegian authorities during the summers of 
2008 and 2009 (Fig.  1 ). Seismic air gun investigations are major sources of low-frequency noise in 
areas of petroleum industry activity. The sound from the guns has its peak energy in the most sensitive 
hearing range of fish. It has already been documented that air gun activity can have a negative impact 
on fish catch rates (Engås et al.  1996 ; Skalski et al.  1992  ) . Fishermen in the area are, quite natu-
rally, anxious about the effect of seismic activity on their livelihoods. To determine whether the 
seismic exploration carried out in the Lofoten/Vesterålen area has had an effect on the local fish-
eries, data from official databases of landed catches have been analyzed.  

 The fisheries in the Lofoten/Vesterålen area are dominated by coastal vessels less than 28 m in 
overall length fishing with gill nets, longlines, jigs, and Danish seines. The catch data were taken 
from the official databases of landed catches managed by the Norwegian Directorate of Fisheries, 
Bergen, Norway. Records of vessel identification, date of catch delivery, catch location, type of 
fishing gear used, and the weight of delivered catch by species were selected from the databases. 
These suffered from several shortcomings for our analyses. 1) The recording of catch locations is 
coarse (given the International Council for the Exploration of the Sea [ICES] location with an accuracy 
of 0.5 × 1°; Fig.  1 ), and in any case, some fish buyers are known to register catch location rather 
arbitrarily. 2) Fishing dates are not supplied, only delivery dates. Fishermen occasionally accumulate 
their catches from several sea trips for one delivery. 3) There is a lack of fishing effort data because 
only gear type is given, with no information on gear quantity or effort changes. In our analyses, we 
have used catch per delivery as a measure of catch per unit effort (CPUE) and assumed that there 
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were no systematic changes in fishing effort during the period analyzed. The spatial and temporal 
identification of the seismic vessel transects were much more accurate. We considered the catch 
rates within one ICES location as possibly affected by air gun sound if the seismic vessel was operating 
in that location simultaneously with fishing. However, the distance from the seismic vessel to the 
fishing ground could have been as much as 30 nautical miles if the vessels were operating in the 
opposite corners of the same ICES location. To be revealed by our analyses, the effects of seismic 
sound would therefore had to have been severe. 

 The seismic surveys in summer 2008 were a series of two-dimensional surveys lasting from May 
to September, covering a large area (Fig.  1 ). Some locations were only affected by occasional visits 
by the seismic vessel scattered over the whole survey period. The effects of the air gun sound were 
analyzed in three ways. 1) Catch rates from individual fishing vessels using stationary gears (gill 
nets or longlines) close to seismic survey transects before, during, and after seismic activity were 
compared. 2) Average catch rates from all fishing vessels operating in each location before, during, 
and after seismic activity in summer 2008 were compared. 3) Catch rates during the seismic 
survey in 2008 were compared with the previous 5 years. The data were analyzed under the null 
hypothesis that catch rates did not differ between years or periods (before, during, or after 
shooting). 

 The analyses showed that seismic air gun activity can influence fish catch rates, but in this study, 
the direction of the changes was not consistent. The effects varied between subareas, species, and 
fishing gears used, and the daily variation in catch rates of single vessels was too wide to discover 
any effect on vessel level. When analyzing the average catches of all vessels operating within each 

  Fig. 1    The study area was located in International Council for the Exploration of the Sea (ICES) statistical area 05, 
northern Norway. Subarea Lofoten refers to locations 9, 13, 14, 15, 17, and 18 and Vesterålen to locations 19, 21, 22, 
23, 24, and 28. The intensity of the color reflects the number of catches taken in each location. Black lines, survey 
transects of the seismic vessel       



413Using Catch Statistics to Investigate Effects of Seismic Activity on Fish Catch Rates

location, a decline was found in delivered catches of  Pollachius virens  and  Melanogrammus 
aeglefinus  caught by gill nets in the Vesterålen subarea (Fig. 1 ), but a similar effect was not seen 
for other fishing methods (longline, hook and line, or Danish seine) or in the Lofoten subarea. A 45% 
decrease in the quantity of  Pollachius virens  delivered from the whole study area in summer 2008 
compared with 2006 and 2007 was found. However, the catches were not less than in the period 
from 2003 to 2005. The total stock of  Pollachius virens , and thus the fishing quotas, however, were 
higher in 2008 than in the previous years, giving an expectation of increasing catch rates, which is 
the opposite of what was found in these analyses. On the other hand, the catch rates of  Sebastes 
marinus  and  Lophius piscatorius  caught by gill nets increased significantly during the air gun shoot-
ing period, whereas the catch rates of  Gadus morhua ,  Molva molva  and  Brosme brosme  did not 
appear to be significantly altered. In the cases where no effects of seismic sound were observed, this 
may be either because there was no effect or because the data used in the analyses were not adequate 
for the purpose. Earlier experiments (Engås et al.  1996 ; Løkkeborg and Soldal  1993  )  have clearly 
demonstrated that trawl and longline catches of  Gadus morhua  were negatively affected by air gun 
sound. It is therefore important to bear in mind that during the season analyzed in this study,  Gadus 
morhua  was not a target species but was only caught incidentally as bycatch. The small and varying 
catches may have obscured evidence of effects of seismic activity. 

 The alterations in catch rates indicate that air gun sound affects fish behavior in several ways. 
Different fishing gears use different behavioral traits to catch fish. Whereas gill nets only catch 
moving fish that accidentally encounter the net, longlines exploit the feeding motivation of fish by 
attracting them to baited hooks. There is reason to believe that stationary bottom-dwelling species 
such as  Lophius piscatorius  increase their swimming activity when scared by air gun sound, thus 
making them more available to gill nets. This may also be true for  Sebastes  spp., but it has also 
been documented (Pearson et al.  1992  )  that  Sebastes  swim above the bottom dive when scared 
by air gun sound, making them more available for bottom-set fishing gears.  Pollachius virens  and 
 Melanogrammus aeglefinus  are more mobile species. The reduced catch rates of these species in gill 
nets may indicate that they migrate out of the investigation area.     
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    1  Introduction 

 Seismic surveys are performed to explore for oil and gas resources. During these surveys, air guns 
are discharged about every 10-15 s and sound pulses with a short rise time and very high peak sound 
pressure level (SPL) are emitted (source levels at ~250 dB re 1 μPa). Concerns have been raised 
about the impacts of seismic air gun emissions on marine life, and fishermen in particular claim that 
seismic surveys have a serious negative influence on fish distribution and commercial catch rates 
due to avoidance responses. 

 Research on the effects of seismic air gun sounds on marine fish includes studies on behavioral 
effects (e.g., Hassel et al.  2004 ; Pearson et al.  1992  )  and how catch rates are affected (Engås et al. 
 1996 ; Løkkeborg and Soldal  1993 ; Skalski et al.  1992  ) . Here we provide an overview of the main 
findings of these studies and focus on their implications for commercial fisheries. 

 A comprehensive field study of this issue was recently carried out in the Norwegian gillnet and 
longline fishery, and the objectives and experimental design of this study are described and some 
preliminary results are presented. A thorough analysis of these data and findings will be presented 
elsewhere.  

    2  Behavioral Effects 

 Behavioral changes in fish exposed to human-generated sounds range from startle and avoidance 
responses to more subtle reactions such as changes in swimming activity, vertical distribution, and 
schooling behavior. A relationship between sound source level and the strength of the response is 
often observed, leading to behavioral responses of stronger intensity when a sound stimulus is 
progressively increased (Blaxter et al.  1981 ; Pearson et al.  1992  ) . 

 A startle response (also called the C-start response) is a stereotyped response in which the fish’s 
body forms a C-shape that usually points away from the sound source. The startle response is the 
most intense behavioral reaction to sounds observed in fish and often occurs after brief loud 
noises with a rapid rise time (see Blaxter et al.  1981 ; Eaton et al.  2001  ) . Startle responses have 
been observed in several species exposed to seismic air gun discharges ( Sebastes  spp. [rockfish], 
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Pearson et al.  1992 ;  Dicentrarchus labrax  [European sea bass], Santulli et al.  1999 ;  Gadus morhua  
[cod],  Pollachius pollachius  [Pollack],  Pollachius virens  [saithe], and  Merlangius merlangus  
[whiting], Wardle et al.  2001 ; Ammodytes marinus [sandeel], Hassel et al.  2004  ) . This response 
pattern may initiate an avoidance reaction to a noxious source, and observations of startle responses 
in studies of enclosed fish may thus be an indication of an avoidance reaction that would have 
taken place had the fish not been confined but observed in their natural environment. 

 Detailed observations of behavioral changes have been made in  Sebastes  spp. exposed to air gun 
sounds (Pearson et al.  1992  ) . Fish held in a field enclosure showed changes in both swimming pattern 
and depth distribution during 10-min exposures to sounds from a single air gun. These observations 
suggested that subtle changes in behavior (changes in depth distribution and shifts to active behaviors 
such as eddying and milling) to sounds became evident at 161 dB re 1 μPa, and that changes in these 
behaviors became more extensive as sound level rose. The threshold for alarm responses (increases 
in activity and changes in schooling and position in the water) was observed at ~180 dB re 1 μPa, 
and the threshold for startle responses appeared to be between 200 and 205 dB re 1 μPa. Differences 
in response patterns were observed between the five  Sebastes  species studied. 

 This field experiment was performed on fish confined in enclosures and avoidance reactions 
would not have been observed. However, the changes in schooling behavior observed in  Sebastes 
mystinus  (blue rockfish) and  Sebastes melanops  (black rockfish) after air gun discharges may be 
analogous to the alarm responses seen in schools under attack by predators (Pearson et al.  1992  ) . 

 Free-swimming gadoids ( Gadus morhua ,  Pollachius pollachius ,  Pollachius virens , and  Merlangius 
merlangus ) inhabiting an inshore reef were observed during air gun firing (Wardle et al.  2001  ) . All 
fish observed showed a C-start response at all ranges tested, with the maximum range being 109 m, 
giving a sound level of 195 dB re 1 μPa at the reef. The movement pattern of the fish was slightly 
changed, but no movements away from the air gun or the reef were observed. This lack of directional 
avoidance reaction raises some interesting points of difference between this study and several 
others, which demonstrate that gadoids leave the survey area during seismic shooting (see below). 
In the study by Wardle et al.  (  2001  ) , the gun was stationary so that the sequences of shots showed 
no increase in intensity as with an approaching seismic vessel towing an array. The authors suggest 
that the air gun shot on its own is either too complex or variable in composition or too short to 
provide directional information that will allow the fish to respond with directed movements away 
from the sound source. In addition, this study was performed at a shallow inshore site that may 
cause reflections and give rise to a complex combination of pressure waves. Furthermore, a resident 
fish population inhabiting a reef may show marked site fidelity, whereas fish in the open sea may 
respond more freely to stimuli presented by seismic activities (Wardle et al.  2001  ) . 

 Studies on behavioral changes in free-swimming fish exposed to air gun sounds have also been 
carried out in offshore waters. The vertical distribution of  Merlangius merlangus  was found to 
change in deeper waters during a seismic survey (Chapman and Hawkins  1969  ) .  Sebastes  spp. and 
 Micromesistius poutassou  (blue whiting) were found in deeper waters in periods with seismic air 
gun shooting than during periods without shooting (Skalski et al.  1992 ; Slotte et al.  2004  ) . 
Horizontal movements away from seismic survey areas have been observed in both demersal (Engås 
et al.  1996  )  and pelagic (Slotte et al.  2004  )  species.  

    3  Effects on Commercial Catches 

 Reduced catches on fishing grounds exposed to seismic survey activities have been demonstrated 
in three scientific studies (Engås et al.  1996 ; Løkkeborg and Soldal  1993 ; Skalski et al.  1992  ) . These 
studies demonstrated pronounced catch reductions during periods of air gun sound emissions 
compared with preshooting levels, and the findings also indicate size- and species-specific differences 
in response pattern to air gun sounds. 
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 Engås et al.  (  1996  )  adopted an experimental approach to investigate the spatial and temporal 
extent of the effects of seismic survey activities on local fish abundance and commercial catch rates 
in the Barents Sea. Continuous 3-dimensional (3-D) seismic shooting using an 18-gun array was 
performed over a 5-day period within an area of 3 × 10 nautical miles (nmi). Trawl catches of  Gadus 
morhua  and  Melanogrammus aeglefinus  (haddock) and longline catches of  Melanogrammus aeglefi-
nus  in an area of 40 × 40 nmi centered around the shooting area declined by ~50% during the shooting 
period compared to a 7-day preshooting period, whereas longline catches of  Gadus morhua  were 
reduced by 21%. The catch reductions were most pronounced within the shooting area where trawl 
catches of both species and longline catches of  Melanogrammus aeglefinus  were reduced by ~70% 
and longline catches of  Gadus morhua  by 45%. The local abundances of  Gadus morhua  and 
 Melanogrammus aeglefinus  in the experimental area were estimated from acoustic mapping and found 
to decline in line with the catch reductions. A relatively greater reduction in catches and acoustic 
estimates was found in large (>60 cm) compared with small  Gadus morhua . This comprehensive 
investigation demonstrated that seismic survey activity caused pronounced reductions in local abun-
dance and catch rates of  Gadus morhua  and  Melanogrammus aeglefinus  within an area of at least 
18 nmi from the shooting area, and these effects lasted for at least 5 days. 

 Similar reductions in catch rates caused by seismic activity were founded in an analysis of catch 
data obtained from commercial fishing vessels that happened to be operating on fishing grounds 
where seismic surveys were being carried out (Løkkeborg and Soldal  1993  ) . This analysis found a 
55-80% reduction in longline catches of  Gadus morhua  and a reduction of 80-85% in the bycatch 
of  Gadus morhua  in shrimp trawling. 

 Skalski et al.  (  1992  )  examined how single air gun emissions affected catchability in the  Sebastes  
spp. hook-and-line fishery on the coast of California. A survey vessel traversed over fish aggrega-
tions on rock pinnacles at depths of 82-183 m and produced sound levels of 186-191 dB re 1 μPa at 
the base of  Sebastes  aggregations. There was an average decline in total catch rates of 52% during 
periods of sound emissions. This overall decline was reflected in the individual catches of three of 
the five most abundant  Sebastes  species caught. There was no sign of fish dispersing from the 
pinnacles, and the reduced catchability was explained by decreased responsiveness to baits and 
behavioral changes because fish schools were observed descending in the water column.  

    4  Effects on Norwegian Gillnet and Longline Fisheries: New Knowledge 

 A research project aimed at improving our understanding of how seismic surveys affect fish distri-
bution and commercial fisheries was carried out in connection with the Norwegian Petroleum 
Directorate’s seismic survey off the coast of Vesterålen (northern Norway) in the summer of 2009. 
The main objective of the project was to study the degree to which the species of fish occupying 
this area were affected by seismic shooting activity, whether by leaving the area or changing their 
behavior in other ways that might affect the fisheries. 

 Seismic 3-D data were collected during a period of 38 days within an area of 8 × 46 nmi, which 
overlapped with traditional fishing grounds for  Reinhardtius hippoglossoides  (Greenland halibut), 
 Sebastes marinus  (golden redfish),  Pollachius virens , and  Melanogrammus aeglefinus . Two local 
gillnet boats that fished for  Reinhardtius hippoglossoides  and  Pollachius virens / Sebastes marinus  
were chartered as were two local longline boats that fished for  Reinhardtius hippoglossoides  and 
 Melanogrammus aeglefinus . The fishing trials commenced 12 days before the start of seismic shooting 
and continued until 25 days after termination of the seismic survey. A research vessel carried out an 
acoustic survey of the distributions of fish to determine whether these changed between before, 
during, and after the seismic survey. Sound measurements were also made at a range of depths and 
distances from the seismic air gun array (see Øvredal and Totland,   Chapter 109    ). 
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 The project revealed that the sound of the air guns affected the fisheries in the study area in 
different ways, including both increased and reduced catch rates for the different species and types 
of gear. Gillnet catches of  Reinhardtius hippoglossoides  and  Sebastes marinus  increased during 
seismic shooting and remained higher after the end of the seismic shooting compared with preshooting 
catches. On the other hand, longline catches of  Reinhardtius hippoglossoides  fell during the seismic 
survey. The results for  Pollachius virens  showed a decline in gillnet catches both during and after 
seismic shooting. This decline in gillnet catches of  Pollachius virens  was in agreement with the 
acoustic survey estimates, indicating that  Pollachius virens  left the area in response to the seismic 
survey. 

 There were large day-to-day variations in longline catches of  Melanogrammus aeglefinus , and 
differences in catch rates from before and during the seismic survey could not be demonstrated. The 
area in which the  Melanogrammus aeglefinus  fishing took place was less affected by the sound of 
the air guns than the fishing grounds for the other species because there was no direct overlap 
between this area and the seismic vessel transects. Nevertheless, there was a declining trend in 
 Melanogrammus aeglefinus  catches towards the end of the period of seismic activity when the 
distance to the survey vessel diminished. 

 The acoustic survey of the distribution of demersal fishes in this area largely confirms the results 
of the fishing experiments. During seismic shooting, lower densities of  Pollachius virens  were mea-
sured in the area, whereas no changes were demonstrated in the abundance or distribution of the 
other demersal species that could be ascribed to the seismic survey. 

 The results of this study provide clear indications that the fish reacted to the sound of the air guns 
in that catch rates changed (rose or fell) during the period of seismic shooting. These results can be 
explained by the fish raising their level of swimming activity, thus making the  Reinhardtius 
hippoglossoides  and  Sebastes marinus  more vulnerable to be taken by gillnets, whereas  Pollachius 
virens  may have migrated out of the area.  

    5  Conclusions 

 The studies cited above demonstrate that fish show behavioral responses to seismic air gun sounds 
by increasing their swimming activity and changing depth distribution and avoidance reactions. The 
hearing abilities of fish differ, and sensitivity and responses to seismic sounds are thus likely to vary 
among different species. 

 Observations indicate that fish that inhabit different habitat types behave differently to seismic 
sound. Avoidance responses have been observed in pelagic fish and fish staying close to relative 
smooth and featureless seabeds (e.g., Chapman and Hawkins  1969 ; Engås et al.  1996 ; Slotte et al. 
 2004  ) , whereas fish associated with underwater structures (e.g., reefs, rock pinnacles) tend to be 
more stationary and are less likely to disperse during seismic air- gun emissions (Skalski et al.  1992 ; 
Wardle et al.  2001  ) . Resident fish populations inhabiting a reef may thus show strong site fidelity, 
whereas fish in the open sea or on featureless banks may respond more freely to sound stimuli. An 
optimal strategy for fish associated with underwater structures should be to stay in shelter in 
response to loud sounds that may comprise a threat. 

 The recent Norwegian study on the effects of seismic surveys on gillnet and longline catches 
showed that the species studied all reacted to the air gun sound but that this effect was not reflected 
in movements out of the area and reduced catches of all species. Earlier studies, however, have 
revealed pronounced reductions in catch rates of several species for trawl, longline, and hook-and-
line (Engås et al.  1996 ; Løkkeborg and Soldal  1993 ; Skalski et al.  1992  ) . In these studies, the 
seismic shooting was concentrated within much smaller areas, which meant that the fish were 
exposed to stronger and more continuous sounds (number of air gun shots per unit area and period 
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of time) than was the case in the recent study where the seismic vessel operated within a large 
survey area (i.e. along 46 nmi-long transects). Seismic air gun emissions distributed over a large area 
may thus produce lower sound exposure levels and thus have less impact on commercial fisheries.      
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    1  Introduction 

 In an effort to know how measurable short-term responses result in biologically meaningful changes 
in populations, a National Research Council Committee developed the population consequences 
of acoustic disturbance (PCAD) framework (National Research Council  2005  ) . This framework 
detailed how behavioral responses to sound may affect life functions, how life functions are linked 
to vital rates, and how changes in vital rates cause population change through a series of transfer 
functions. However, many of these transfer functions are poorly understood. Here a bioenergetics 
model is described that can be used to parameterize these transfer functions and can identify species 
and/or particular life history characteristics that are likely to be sensitive or resilient to acoustic 
disturbance.  

    2  Energetic Model 

 Energetic models provide a means to quantitatively assess the effort animals spend acquiring 
resources as well as the relative way in which they allocate those resources. Measurements of 
energy acquisition and allocation provide a quantitative assessment of how animals organize their 
daily or seasonal activities and how they prioritize their behaviors. Thus, energy flow can be 
described as what goes into the animal as food and what comes out in the form of growth, reproduction, 
repair, waste, and metabolic work (Fig.  1 ). Survival and reproduction require a positive balance 
between the costs of maintenance and the acquisition of food energy. If a marine mammal cannot 
compensate for decreases in energy acquisition, it must either reduce its overall rate of energy 
expenditure or utilize its stored energy reserves. Conversely, to grow and reproduce, animals must 
obtain more energy than is needed to survive. The rate of prey energy acquired is directly related to 
the availability and quality of prey. As prey becomes less available, the cost of finding it increases 
and a greater proportion of time and therefore energy is expended searching for it (Fig.  2a ). 

        A Bioenergetics Approach to Developing a Population 
Consequences of Acoustic Disturbance Model       

         Daniel   P.   Costa           
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Eventually, there is a threshold when more energy is spent searching for prey than is obtained and 
the animal goes into negative energy balance (Fig.  2a ). Many marine mammals (especially capital 
breeders) undergo profound variations in this feast-or-famine dynamic equilibrium as they gain 
significant amounts of energy while feeding in highly productive environments followed by pro-
longed negative energy balance while fasting during migration or reproduction (Brodie  1975 ; Costa 
 1993 ; Lockyer  2007  ) . This ability to store energy for later use provides some marine mammals with 
an ability to withstand periodic reductions in foraging time and thus may provide tolerance to acous-
tic disturbance. This is particularly relevant if the disturbance occurs during a period when foraging 
is less important, e.g., during migration. However, these species may also be more sensitive to 
acoustic disturbance if it occurs during these short intense foraging periods, especially if the avail-
able foraging habitat is spatially limited. Finally, this model does not account for all forms of cost 

  Fig. 1    Energy-flow diagram showing the relationship between energy acquisition and allocation. IE, ingested energy       

  Fig. 2    (a) Response of an animal to reductions in prey availability due to environmental perturbation such as an EI 
Niño-Southern Oscillation (ENSO) event. (b) Response to acoustic disturbance. Vertical dotted line (A) is the point 
beyond which the animal can no longer adjust its behavior to accommodate the perturbation and goes into an energy 
deficit. In b, in a bad year, animals have less ability to accommodate to acoustic disturbance, whereas in a better than 
average year (good year), animals have a greater capacity       
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because some activities may expose an animal to different risks of predation or disease. For 
 example, an increase in foraging time may also result in a greater risk of predation.   

 It follows that we should be able to quantify the impact of acoustic disturbance by observing the 
change in the time-activity budget associated with a specific acoustic disturbance or, in the worst 
case scenario, we can assume that the animal does not forage over the entire period of disturbance. 
A similar model can then be developed where the acoustic disturbance results in a reduction in 
foraging time. Similar to the previous model, there is a range of disturbance that can be compen-
sated for except here the animal compensates by working harder, spending less time in other activi-
ties, or increasing the intensity of its foraging effort. As long as the animal reduces its activity 
during the exposure period, its energy expenditure won’t increase and the net energy intake will 
remain relatively constant. However, the ability of the animal to compensate will be lower during a 
“bad” year when resources are low and will be higher during a “good” year when resources are more 
abundant than normal. 

 The parameters needed to inform such an energetic model can be obtained from studies of 
 animals responding to natural environmental fluctuations (e.g., El Niño-Southern Oscillation 
[ENSO] events; Costa  2008 ; Crocker et al.  2006 ; Le Boeuf and Crocker  2005 ; Testa et al.  1991  ) . 
The response to these natural fluctuations can be used to quantify the linkage between changes in 
the time-energy budget (and associated energy deficit) and reductions in pup growth, weaning mass, 
and subsequent juvenile survival. 

 Because marine animals have evolved to live in a dynamic environment, it is likely that they have 
some ability to respond to environment perturbation. There are data to support the idea that some 
species are quite capable of accommodating to perturbations in their environment whether they are 
natural or human induced. For example, Goebel  (  2002  )  found that the weaning mass of northern fur 
seals was not tightly linked to success over an individual foraging tripbecause females could 
 compensate for the difficulties encountered during a single trip on subsequent foraging trips. This 
suggests that success averaged over a series of foraging events may be more important than what 
occurs over a single foraging trip or period. Other studies indicate that some species are already 
working at their maximum capability and have little, if any, capacity to increase their foraging effort 
and thus any environmental perturbation is likely to result in reductions in offspring growth, 
 weaning mass, and subsequent survival (Costa  2008  ) . Finally, although animals may be resilient 
when resources are abundant, the opposite is true: animals will be more sensitive to acoustic distur-
bance during a bad year when resources are less available (Fig.  2b ). 

 The ability to respond to environmental change appears to differ both between individuals and 
between species and has also been linked to differences in foraging behavior (Costa et al.  2004 ; 
Forcada et al.  2008  ) . There are also striking differences in the ability of some animals to adjust their 
foraging tactics because they are already operating at or near their physiological limits (Costa  2008 ; 
Costa et al.  2004 ; Fig.  2 , line A). This suggests that there may differences in the intrinsic ability of 
animals to respond to environmental fluctuations and human disturbance. That is, some species may 
be more tolerant to acoustic disturbance and others more sensitive, but we should be able to gain 
insight into these differences by examination of the plasticity in the animals’ foraging behavior and 
ability from their response to natural environmental perturbations.  

    3  Life History and Behavioral Correlates 

 Although marine mammals exhibit an array of life history traits, they can be described as either a 
capital or an income breeder. Mysticete cetaceans and most phocid seals, like elephant seals, are 
capital breeders (Costa  1993 ; Lockyer  2007  ) . Capital breeders accumulate and store the energy and 
resources needed for lactation before giving birth. On parturition, the female fasts during lactation 
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to provision their young with milk that is derived from stored body reserves. The primary advantage 
of this life-history pattern is that the foraging grounds can be spatially and temporally separate from 
breeding grounds. All other marine mammals are income breeders. This is a more conventional 
life-history pattern where the female forages more or less continuously while she is lactating. These 
strategies confer different benefits and costs. Capital breeding disassociates reproductive success 
from local food availability. The nutritional provisioning of young by capital breeders (phocid and 
mysticete cetaceans) is thus largely unconstrained by traveling time to and from the foraging 
grounds, thereby allowing them to utilize prey that are more dispersed, patchy, unpredictable, or 
distant from the breeding grounds. The necessity of feeding during lactation constrains income 
breeders to forage closer to the rookery, thus linking reproductive success and local prey abundance 
(Costa  1993  )  and thereby potentially connecting population status to localized environmental 
changes (e.g., ENSO; Boyd and Murray  2001 ; Costa  2008 ; Testa et al.  1991 ; Trillmich et al.  1991  ) .  

    4  Conclusions 

 A bioenergetic model can be used to assess the potential impact of an acoustic disturbance. 
Quantitative data on the range of disturbance that animals can tolerate and the linkage to population 
processes can be obtained from studies of animals responding to natural environmental variation. 
The PCAD working group, which is sponsored by the Office of Naval Research, is working on 
developing such models.      
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   1 Introduction 

 Several studies have shown that cetaceans respond to the physical presence and/or acoustic emissions 
from marine vessels. For example, cetaceans perform surface-active behaviors (SABs) in response 
to an increase in the number of and/or close approaches by vessels (Lusseau  2006 ; Noren et al. 
 2009 ; Williams et al.  2002,   2009  ) . SABs are often performed in bouts of one or more behaviors 
performed sequentially, and the majority of SABs provide both visual and acoustic signals that 
are important to social marine mammals. Indeed, the use of sound is essential to the survival and 
reproduction of cetaceans (National Research Council  2003  ) , and because of this, anthropogenic 
sound exposure in marine mammals is a concern. Individuals may compensate for increased vessel 
noise by changing the amplitude (Holt et al.  2009 ; Scheifele et al.  2005  ) , duration (Foote et al. 
 2004  ) , repetition rate, and/or frequency of the sounds they produce. 

 Although many studies have described changes in the performance of SABs and acoustic signals 
in cetaceans relative to changes in vessel presence and background noise, it is difficult to quantify 
whether these changes in behavior impact marine mammal populations. The population conse-
quences of acoustic disturbance (PCAD) model provides a framework to assess the biological 
significance of behavioral responses to disturbance (National Research Council  2005  ) . This 
model describes several stages required to relate acoustic disturbance to the effects on a marine 
mammal population. Data on the physiological effects of sound exposure, including the energetic 
costs of performing behaviors in response to increased exposure to vessel noise, are critical to the 
PCAD model. 

 The aim of this study is to fill a data gap in the PCAD model by determining the metabolic cost 
of behaviors performed in response to vessel presence and associated noise. Specifically, in terms 
relative to the PCAD model (National Research Council  2005 , Fig.  3–1 ), this study provides data 
on transfer function 2 (metabolic cost) of behavioral changes (performing SABs and vocalizations) 

        Energetic Cost of Behaviors Performed in Response 
to Vessel Disturbance: One Link in the Population 
Consequences of Acoustic Disturbance Model       

         Dawn   P.   Noren,       Robin   C.   Dunkin,       Terri   M.   Williams,    and    Marla   M.   Holt           
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that can immediately affect life functions (e.g., feeding rates). For example, if metabolic costs 
associated with these behavioral changes are significant, it is possible that cetaceans would need to 
increase their daily food consumption to meet their increased metabolic demands. 

 It is interesting to note that vessels can also disrupt foraging behavior in cetaceans. For example, 
 Orcinus orca  (killer whales) switch from foraging behavior to travel in the presence of vessels 
(Lusseau et al.  2009  ) . Thus foraging opportunities and, consequently, energy acquisition can be 
reduced in the presence of vessels. If energetic demand is also increased due to the performance of 
SABs and vocalizations, then vessel impacts to cetaceans’ daily energy budgets could be exacerbated.  

   2 Methods 

 Two trained adult male  Tursiops truncatus  (Atlantic bottlenose dolphins) were used in experiments 
to determine the metabolic cost of behavioral responses (SABs and vocalizations) to vessels by 
free-ranging animals. To determine the metabolic costs of performing SABs, oxygen consumption 
from the two dolphins was measured via flow-through respirometry immediately after they swam 
the length of the research pool, had bouts of tail slaps, and had bouts of bows (a proxy for breaches; 
Fig.  1 ). Oxygen consumption values were recorded continuously until levels reached resting values. 
To assess the energetic cost of sound production, oxygen consumption from the same dolphins 
was measured via flow-through respirometry before performing distinct stereotypical vocalizations, 
during the performance of the vocalizations, and during recovery after the performance of vocaliza-
tions. For both studies, respiration rates were also measured before, during, and after the perfor-
mance of behaviors.   

  Fig. 1    Schematic of experimental trial to measure the energetic cost of performing surface-active behaviors       
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   3 Results 

 Respiration and oxygen consumption rates after the performance of behaviors differed across trial 
types for both dolphins. Not surprisingly, respiration rates were highest after bouts of 10 bows and 
lowest after swimming. Metabolic rates measured after 10 bow bouts were higher than those after 
5 bow bouts, whereas metabolic rates after tail slaps and slow swimming were the lowest. Energetic 
costs of slow swimming and bouts of tail slaps were similar to metabolic rates measured during rest. 
Recovery periods required for metabolic rates to return to resting values were greatest for the most 
energetically costly SAB bouts (10 bows and 5 bows). Furthermore, recovery periods after bouts of 
10 bows were surprisingly long ( ³ 14 min), particularly compared with the time required for the 
performance of these bouts ( £ 1 min). Data on the metabolic cost of sound production are still being 
analyzed so the results are not yet available. However, results from studies on sound production in 
other organisms suggest that these costs could be significant (e.g., Oberweger and Goller  2001  ) .  

   4 Discussion 

 Experimental studies on trained marine mammals can be used to determine the energetic costs 
of behaviors performed in response to increased vessel presence and anthropogenic noise. These 
studies can provide useful data to populate information gaps in the PCAD model. Quantifying the 
energetic costs of behaviors performed in response to vessel disturbance will help us determine 
if short-term behavioral responses to disturbance have long-term individual- and/or population-
level impacts. 

 The results of this study show that behaviors performed in response to increased vessel presence 
and anthropogenic noise can increase metabolic rates in cetaceans. As a consequence, the perfor-
mance of energetically expensive SABs (e.g., breaches) in response to vessel presence and/or close 
approaches by vessels may impact daily energy requirements. For example, if the frequency of 
disturbance and the resulting behavioral responses are great enough to increase daily metabolic 
rates, daily food consumption will need to increase to meet these higher energetic demands. 
Furthermore, because cetaceans utilize sound to find food and/or coordinate feeding activities with 
conspecifics, increased noise due to vessel activity can also have the confounding effect of masking 
cetacean acoustic signals during foraging, consequently reducing the efficiency of foraging efforts. 
Moreover, some cetaceans actually cease foraging behavior in the presence of vessels (Lusseau et al. 
 2009  ) . Thus vessel presence and the associated increase in ambient noise levels have the potential to 
increase energetic demand, reduce the efficiency of energy intake, and/or reduce opportunities for 
energy intake.      
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    1  Introduction 

 The analysis and assessment of the impact of anthropogenic sound on the ocean environment 
require a clear understanding of the spatial, spectral, and temporal properties of the sources that 
generate the sounds and the animals that are exposed. The mantra “spatial, spectral, and temporal” 
is one that applies to all acoustic assessment problems and should serve as the underlying basis for 
the analysis toolbox anyone brings to bear on these issues. Table  1  correlates the salient aspects of 
the three features of sound production, transmission, and reception with this mantra.  

 Recently proposed criteria for the onset of physical injury from sound (Southall et al.  2007  )  has 
suggested levels potentially as high as 230 dB re 1  m Pa (peak) or 215 dB re 1  m Pa 2 -s (frequency 
weighted) for selected combinations of sound type and marine mammal species. These levels are 
near to the maximum sound level that some sources can generate even at quite close distances and 
pose the issue of needing a better understanding of the properties of these sources and how the 
resultant sound field changes with distance, frequency, and time. Most sound sources used for 
military, resource exploration, or scientific purposes use an array concept to focus the resultant 
sound field in a given direction as well as to magnify the level of sound created, and the underlying 
principles of this source type is addressed below. The objective here is to provide the nonengineer-
ing professional the ability to make a first estimate on array source properties as well as simple 
formulas for some of the underlying terms.  

    2  Spatial Properties of Sources 

 The spatial character of typical underwater sound sources would appear to be the most intuitive of 
the three, yet is probably the most difficult. The typical symbolic representation of a sound source 
is a point in space from which sound emanates and progresses out into the surrounding medium, 
yet most productive sound sources, such as seismic air gun arrays, military sonar systems, and 
multibeam depth sounders, are not pointlike at all but rather a precisely distributed and operated 
array of transducers, each operating at a specified time and amplitude sequence. The two most 
important features of an array are its near-field character and its final beam-formed far field. 

        A Common Sense Approach to Source Metrics       
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Understanding the underlying physical principles governing the sound field in these two regions is 
needed to assess the acoustic impact within each region. Fortunately, the most important features 
of these two regions may be illustrated using a very simple linear array of equally spaced point 
sources and are further simplified by the fact that they are well described by a nondimensional 
variable, the ratio of all dimensions to the acoustic wavelength ( l  = sound velocity/frequency). 

    2.1  Near Field of an Acoustic Array 

 An array example is shown below in Figure  1 , where the array is made up of four individual trans-
ducers (or elements), each with a known source level, SL 

E
  in dB re 1  m Pa at 1 m, typically measured 

in a calibrated facility and known quite accurately as a function of input signal strength and time-
frequency characteristics.  

 Line arrays are designed to create a focused beam in a direction normal to the axis of the array. 
Thus a vertical array, such as surveillance towed array sensor system low-frequency active 
(SURTASS LFA), produces an axis (also called a beam) of sound horizontally, and a horizontal array, 
such as a seismic air gun array, produces a vertical beam. Used in this manner, the amplification 
capable of such an array magnifies the output of a single element (SL 

E
 ) by a factor of 20 log( N  

E
 ), 

e.g., 12 dB for a 4-element array. If the elements of the array are spaced a fraction of a wavelength 
apart, say  l / b , then the calculation of the far-field “on-axis” transition, R 

FF
 , for any array of ( N  

E
  + 1) 

elements is quickly determined. First, the length,  L  =  N  
E
  l / b , and the far-field transition point must be 

greater than ( N  
E
 / b ) 2  l /2. Thus, the far-field transition point grows as the square of the number of ele-

ments in a simple array and grows as well with increasing space between elements. A well-known 
misinterpretation of the sound levels associated with array sources comes from the fact that the pub-
lished source levels are those needed to calculate the sound field in the far field. In reality, as one 
approaches the near field and closer to the source, the sound field defocuses, and very near the source, 
the field is actually dominated only by the sound field from the nearest source elements.  

   Table 1    Sound production, transmission, and reception features partitioned into spatial, spectral, and temporal 
categories   

 Source Characteristics  Sound Propagation  Sound Reception 

 Spatial  • Beam forming  • Ducted  • Receiver directivity (DI) 
and threshold (DT) 

 • Near field/far field  • Refractive  • Noise field 
 • Source level (SL)  • Bottom interacting  • Signal excess [SE = 

RL − (NL− DT)] 
 • Particle velocity  • Transmission loss (TL) 

 • Receive level (RL = SL – TL) 
 Spectral  • Narrowband  • Interface losses  • Hearing spectrum 

 • Broadband  • Absorption  • Sound spectrum 
 • Noise spectrum 
 • Weighting 

 Temporal  • Pulse  • Multipath  Metrics (see Southall et al.  2007 , 
Appendix) 

 • Nonpulse 
 ○ Tone  • SPL (root mean square) 
 ○ Frequency modulated 

(FM) 
 • Peak 

 ○ Continuous  • SEL 
 • CSEL 
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    2.2  Beam Pattern of a Simple Line Array 

 As with the near-field calculations, the beam-forming attributes of an array can also be formulated in 
terms of the nondimensional array-spacing term,  l /b. Figure  2  shows the resultant beam pattern for 
a 10-element line array at three different nondimensional element spacings,  l /8,  l /2, and 2 l .  

 There are several key features that are observed from this plot. First, the amplitude of the main 
lobe and each of the succeeding ”numbered” side lobes are the same independent of spacing. 

  Fig. 1    Characteristics of the near and far field of a simple four-element line array       

  Fig. 2    Beam patterns for a 10-element line array spaced at  l /8,  l /2, and 2 l        
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Recall that the main axis amplification is primarily a function of the number of elements, 20log( N  
E
 ), 

but so are the side-lobe levels. However, they vary at what angle (relative to the axis) at which they 
occur. So the first side lobes (at ~40° for  l /8, 12° for  l /2, and 2° for 2 l ) for each spacing example 
are each ~14 dB less than the main beam. The underlying pattern here is a classical [sin( x )/ x ] 2  
pattern where the side lobes occur at odd multiples of  x  = [ n  p /2],  n  = 3,5,7,9,…. and 20log[1/( n  p /2)] = 
−13.5, −17.9, −20.8, −23.0….dB as roughly depicted in Figure  2 . (See   Chapter 3     in Urick  [  1983  ]  
for a more detailed exposition of different array configurations and formulas). Although some 
arrays are two and even three dimensional, knowing the spacing and number of elements in any 
given direction can provide a quick and simple and relatively accurate estimate of both the near-field 
extent, source amplification, and resultant beam pattern and side lobe levels at any given transmit-
ting wavelength.  

    2.3  Particle Velocity 

 Particle velocity (U) is an integral component of any acoustic field. In the derivation of the wave 
equation for propagation of acoustic waves, one must consider the necessary elasticity (bulk modu-
lus;  B ) and density ( r ) of the medium and the mechanical nature of the rarefaction and compression 
resulting from the presence of an acoustic field. Particle velocity is directional in nature. An easy 
way to visualize particle velocity is to place oneself in the far field of a sound source. Looking back 
toward the source, the particle velocity can be felt coming from that direction, and its local ampli-
tude at distance is equal to the local acoustic pressure divided by the acoustic impedance of the 
medium, which is equal to the density times the sound velocity ( c ), or U = P/( r  c ). In this idealized 
case and in the absence of other sources, the radial toward the source will be the only direction in 
which the particle velocity will be felt. However, as one approaches the source (and enters into the 
near-field range), the particle velocity increases faster than P/( r  c ), and depending on the spatial 
extent of the source and its nearness to other boundaries (sea surface or bottom), particle velocity 
from other directions may also arise. Figure  3  provides a visual depiction of a simple one-element 
source in the presence of the ocean surface modeled as a dipole (Junger and Feit  1972 , Eq. 3.10 et 
seq). The pressure field, radial particle velocity, and the tangential particle velocity are graphically 
illustrated at 50 Hz for a single-element array.   

    2.4  Absorption 

 The absorption of sound in the ocean is a well-documented effect, and although the primary governing 
variable is frequency, its effect is primarily noticed with propagation range because the loss is 
directly proportional to range, i.e., decibels/kilometer, and is primarily a dominant effect at frequencies 
greater than 10 kHz. Figure  4  shows the frequency dependence of absorption on transmission loss, 
calculated as 20log( R ) +  a  R , where  R  is range in kiloyards and  a  represents the absorption loss in 
decibels/kiloyard.    

    3  Spectral and Temporal Properties of Sources 

 Just as frequency (wavelength) and distance combine in a useful nondimensional way ( l /distance), 
so too do frequency and time combine in a very useful nondimensional construct termed time ( T ) 
and bandwidth ( W ) product, or  TW . A limiting form of this term,  TW  = 1, actually provides a wealth 
of information about a number of common source signals. 
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  Fig. 3    Pressure field (a), radial particle velocity field (b), and velocity field in a tangential direction normal to the 
radial (c) from a single element at 7-m depth, broadcasting at 50 Hz       

  Fig. 4    Effect of absorption on transmission loss (TL) of different frequencies. Absorption increases with frequency, 
increasing TL. Note that the 50-Hz and 500-Hz curves barely differ       
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    3.1  Pulsed Sounds 

 In Southall et al.  (  2007  ) , the properties used to define pulsed sounds included a transient nature, 
high peak pressure values (both positive and negative), fast rise time, short duration (possibly non-
linear), and broadband. Common source types fitting these characteristics included explosions, pile 
driving, and air guns. Almost any text on signal processing will contain a mathematical definition 
of an impulse as it is an elegant function in itself as well as a building-block function in transform 
theory. The following definition from Burdic’s (1984) text is typical. He defines an impulse of 
strength  A  as

      ( ) ( ) ( ) ( )   lim a 0 / rect /  A t A Aa a t ta ad ⎡ ⎤= → − −⎣ ⎦     

 where

     
rect( / )  1,  / 2 / 2

0,  elsewhere

t a a t a= − ≤ ≤
=     

 Or the impulse exists only for a vanishingly short time as  t  approaches zero. In the frequency 
domain, achieved by a Fourier transform, this same result reveals the impulse as having infinite and 
uniform bandwidth. So from a very simple view, this is the ultimate  TW  = 1 function: short, peaky, 
and very broadband. And a useful rule of thumb on short pulse sounds of duration  T  is that the 
resultant bandwidth is well approximated by  W  = 1/ T .  

    3.2  Tonal and Frequency-Modulated Sounds 

 The second  TW  = 1 set of sounds are pure tones, with vanishingly narrow bandwidth and infinitely 
long duration. Tonals have long played a major role in evaluating hearing thresholds. They are also 
used in sonar systems as the primary signal for discerning the Doppler shift from a moving target 
but are poor at resolving the distance accurately. Very short pulse sounds are good at range resolu-
tion but poor at Doppler. The most interesting signal is the frequency-modulated (FM) signal; it has 
the best range resolution and can carry extra energy so that it can be discerned in noise better than 
either tones or pulses.       
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   1 Introduction 

 In 2009, the California Department of Transportation (known as Caltrans) published a guidance 
manual known as the  Fish Guidance Manual  on how to evaluate noise impacts from pile driving on 
fish (ICF Jones and Stokes and Illingworth and Rodkin, Inc.  2009  ) . This manual provides detailed 
information and guidance in the process of assessing and mitigating potential impacts to fish. The 
manual includes as an appendix a detailed compendium of the underwater pile-driving sound data 
collected. 

 Underwater sound data of pile installation noise for the  Fish Guidance Manual  have been 
compiled for measurements collected over the period 2000 to 2006 during marine pile driving in 
coastal and river environments of northern California. Since that time, numerous other measure-
ments have been conducted. The Washington State Department of Transportation (WSDOT) has 
conducted numerous field measurement studies during pile driving and has made the reports 
available on their Web site at   http://www.wsdot.wa.gov/Environment/Air/PileDrivingReports.htm    . 
Many projects included attenuation systems, such as bubble curtains, dewatered or bubbled casings, 
and cofferdams used to reduce underwater sound. Information on the effectiveness of the attenua-
tion systems is presented in the compendium of the  Fish Guidance Manual  and reports provided by 
WSDOT. These reports describe the measurement and data-analysis methods as well as methods to 
attenuate sounds during the acoustical measurements. 

 The  Fish Guidance Manual  offers the most extensive set of underwater sound measurements 
made for pile driving. Much of the data collected were made near the source (e.g., at 10 m) to represent 
source levels. Many projects described included measurements at further distances and differing 
water depths. These measurements demonstrate the complexity of predicting underwater sound 
levels from these relatively shallow water environments. Predicting sound from pile-driving activity 
is difficult, but the compendium provides valuable data to assess these impacts.  

        Underwater Sounds From Unattenuated and Attenuated 
Marine Pile Driving       

         James   Reyff           
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   2 Discussion 

 For all of the projects described in the  Fish Guidance Manual , peak sound pressures were always 
measured along with root mean square (RMS) sound pressure levels (measured over the duration of 
a sound pulse). Since marine pile driving became an issue in the United States, peak sound pressures 
were suspected of being associated with fish injuries, so initial protective criteria were peak-pressure 
based. The RMS sound pressure level for a pulse has been used by the National Oceanic and 
Atmospheric Administration (NOAA) as criteria for assessing the exposure of marine mammals to 
sound. After an extensive review of studies involving fish exposure to underwater sounds, Hastings 
and Popper  (  2005  )  and Popper and Hastings  (  2009  )  identified the unweighted sound exposure level 
(SEL) as an indicator of injuries to fish. Carlson et al.  (  2007  )  documented the concept of accumu-
lated SEL that was used to identify interim criteria to assess the dose of acoustical energy that a fish 
would receive from repetitive pile-driving sounds during a day. Currently, the descriptors peak pressure 
and accumulated SEL are used to assess possible adverse impacts to fish from pile-driving sounds 
(Fisheries Hydroacoustic Working Group  2008  ) . The National Marine Fisheries Services use of 
peak sound pressures and SEL as criteria for assessing impacts on fisheries is described by Stadler 
and Woodbury  (  2009  ) . The RMS sound pressure level continues to be used by NOAA to establish 
safety zones to protect marine mammals from these sound effects. 

 Underwater sound pressures from pile driving depend primarily on the size of the pile and the 
size of the hammer. Other factors, however, can cause large variations in measured sound pressures 
at a particular project site or from project site to project site. These factors primarily include water 
depth, tidal conditions or currents (if sound attenuation systems are used), geotechnical conditions 
that determine how difficult it is to drive the pile, and the contribution of groundborne sound. 

 Data from many of the projects that are described in the  Fish Guidance Manual  are summarized 
in Table  1  for impact hammers and vibratory installation. Not included in this table are sound levels 
associated with use of attenuation systems. Results from these projects were highly variable and 
cannot be summarized into one level for a certain type of pile or pile size. The  Fish Guidance 
Manual  includes an extensive set of pile-driving sounds from various projects. Information includes 

   Table 1    Summary of near-source (10-m) unattenuated sound pressures for in-water pile driving   

 Pile Type and 
Approximate Size 

 Relative Water 
Depth, m 

 Average Sound Pressure, dB 

 Peak  RMS*  SEL** 

 Impact pile driving 
 0.30-m Steel H type – Thin  <5  190  175  160 
 0.6-m AZ steel sheet  ~15  205  190  180 
 0.61-m Concrete pile  ~15  188  176  166 
 0.36-m Steel pipe pile  ~15  200  184  174 
 0.61-m Steel pipe pile  ~15  207  194  178 
 0.8-m Steel pipe pile  ~10  210  193  183 
 1.5-m Steel CISS  <5 m  210  195  185 
 2.4-m Steel CISS  ~10  220  205  195 

 Vibratory pile installation 
 0.30-m Steel H type  <5  165  150  150 
 0.30-m Steel pipe pile  <5  171  155  155 
 0.8-m Steel pipe pile  ~5  180  170  170 
 0.6-m AZ steel sheet  ~15  175  160  160 
 1-m Steel pipe pile - loudest  ~5  185  175  175 
 1.8-m Steel pipe pile  ~5  183  170  170 

  *RMS, root mean square; impulse level (35 ms average) 
 **SEL, sound exposure level for 1 s of continuous driving. CISS, cast-in steel shell  
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the pile type; pile size; location of the project; water depth; distance from the pile where the data 
were collected; measured peak, RMS, and SEL levels where available; and an approximation of the 
attenuation rate. These data can be used as a ready reference and for comparative purposes when 
predicting sound levels for an upcoming project.   

   3 Signal Analysis 

 The  Fish Guidance Manual  includes selected acoustical analysis of recorded pile-driving signals. 
This includes pressure plotted over time (waveforms), and narrowband frequency spectra are usually 
provided. In addition, the accumulation of unweighted SEL is provided over a majority of the 
duration of the sound pulse or signal. From these data, measures of peak pressure, RMS, and SEL 
of the pulse can be obtained. 

 An example of these data are shown in Figure  1  for measurements at 0 m from a 0.76-m-diameter 
steel pipe pile driven with an air bubble curtain operating. This type of pile has an unattenuated 
sound level of ~210-dB peak, 193-dB RMS, and 183-dB SEL. The data presented in Figure  1  indicate 
the air bubble curtain system provided ~10 dB of sound reduction.   

   4 Accumulated SEL 

 Not included in the  Fish Guidance Manual  are measurements of accumulated SEL. This descriptor 
was not used before 2008 when most data were acquired. Since an interim agreement was reached 
with US west coast agencies, the accumulated SEL for pile-driving events are now measured or 

  Fig. 1    Analysis of pile strike pulses for a 0.76-m-diameter pile with an air bubble curtain system. RMS, root mean square       
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calculated for pile driving. Figure  2  shows the daily history of pile-driving sound during the 
installation of three piles for one project. These data are based on measurements at 10 m from each 
pile. In this case, the accumulated SEL for all 3 piles was 198 dB, whereas the single-strike SEL 
ranged from 160 to 175 dB. The actual duration of pile driving that day was less than 60 min or 
2,400 pile strikes.   

   5 Vibratory Pile Installation 

 Vibratory hammers are routinely used to install piles before impact driving. Although peak sound 
levels can be substantially less than those produced by impact hammers, the total sound energy 
imparted can be comparable to impact driving because the vibratory hammer operates continuously 
and requires more time to install the pile. To meet or demonstrate pile-resistance requirements for 
some projects, piles need to be struck multiple times with an impact hammer; this can preclude the 
use of vibratory hammers in many cases.  

   6 Attenuation Systems 

 Various measures have been developed to reduce underwater sound generated by in-water pile 
driving. These measures fall into two general categories: 1) treatments that reduce the transmission 
of sound through the water, and 2) treatments to reduce the sound generated by the pile. The first 

  Fig. 2    Time history of sound pressure levels during the driving of 3 piles in 1 workday. SEL, sound exposure level       
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category includes simple unconfined air bubble curtains, multiple-stage unconfined air bubble 
curtains, confined air bubble curtains, and cofferdams. The second category includes alternative 
hammer types such as vibratory hammers and oscillating, rotating, or press-in systems. The use of 
wood, nylon, and micarta pile caps also would fall in the second category. Information is currently 
available on the general effectiveness of various air bubble curtain systems and cofferdams. The 
WSDOT  (  2006  )  has tested the effectiveness of pile caps.  

   7 Conclusions 

 The  Fish Guidance Manual  offers the single most extensive set of underwater sound measurements 
made for pile driving. Much of the data collected were in accordance with agency requirements, 
which is near the source (e.g., at 10 m), representing source levels. Many projects described 
included measurements at further distances and differing water depths. The measurement data 
demonstrate the complexity of predicting underwater sound levels from these relatively shallow 
water environments. Predicting sound from pile-driving activity is difficult, but the dataset in the 
 Fish Guidance Manual  provides valuable data to assess these impacts. 

 The predictions of possible sound impacts are conducted during the design phase of projects in 
order to protect fish resources. This information is used by designers, engineers, and resource 
agencies to develop strategies to reduce the potentially harmful effects of pile-driving sounds to 
fish. Methods to predict the resulting underwater sound levels from pile driving are described in the 
 Fish Guidance Manual . These methods are similar to those developed by NOAA’s National Marine 
Fisheries Services, which is based on a spreadsheet calculator. Inputs to both of these methods 
require knowledge of the source levels and possible transmission losses over distance. Both of these 
data inputs may be estimated from the large volume of measurement data contained in the  Fish 
Guidance Manual . 

 It is hoped that the compendium of sound data contained in the  Fish Guidance Manual  will be a 
continuously expanding document because additional data are almost constantly being acquired. 
For instance, underwater sound data for pile-driving activities in or near shallow rivers have been 
collected extensively since the compendium of sound data was developed. There are several projects 
that have provided a wealth of information on sound levels associated with these activities in these 
environments.      

   References 

   Carlson T, Hastings M, Popper AN (2007) Update on recommendations for revised interim criteria for fish during 
pile driving activities. Memorandum to California and Washington Departments of Transportation. Available via 
  http://www.dot.ca.gov/hq/env/bio/fisheries_bioacoustics.htm    . Accessed 28 April 2010.  

   Fisheries Hydroacoustic Working Group (2008) Agreement in principle for interim criteria for injury to fish from pile 
driving activities. Memorandum to National Oceanic and Atmospheric Administration’s Fisheries Northwest and 
Southwest Regions; US Fish and Wildlife Service Regions 1 and 8; California, Washington, and Oregon 
Departments of Transportation; California Department of Fish and Game; and Federal Highway Administration. 
Available via   http://www.dot.ca.gov/hq/env/bio/fisheries_bioacoustics.htm    . Accessed 28 April 2010.  

   Hastings MC, Popper AN (2005) Effects of sound on fish. Report to California Department of Transportation. 
Available via   http://www.dot.ca.gov/hq/env/bio/fisheries_bioacoustics.htm    . Accessed 28 April 2010.  

   ICF Jones and Stokes and Illingworth and Rodkin, Inc. (2009) Technical guidance for assessment and mitigation of 
the hydroacoustic effects of pile driving on fish. Prepared for the California Department of Transportation. 
Available via   http://www.dot.ca.gov/hq/env/bio/fisheries_bioacoustics.htm     Accessed 28 April 2010.  

    Popper AN, Hastings MC (2009) The effects of anthropogenic sources of sound on fishes. J Fish Biol 75:455–489.  



444 J. Reyff

    Stadler JH, Woodbury DP (2009) Assessing the effects to fishes from pile driving: Application of new hydroacoustic 
criteria. Proceedings of Inter-Noise 2009, 38th International Congress and Exposition on Noise Control 
Engineering, 23-26 August 2009, Ottawa, ON, Canada. Available via   http://www.itre.ncsu.edu/ADC30/
10WinterWrkshop_presentation_links.htm    . Accessed 28 April 2010.  

   Washington State Department of Transportation (WSDOT) (2006) Underwater sound levels associated with pile driv-
ing at the Cape Disappointment boat launch facility, wave barrier project. Available via   http://www.wsdot.wa.gov/
Environment/Air/PileDrivingReports.htm    . Accessed 28 April 2010.      



445A.N. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life, 
Advances in Experimental Medicine and Biology 730, DOI 10.1007/978-1-4419-7311-5_100,
© Springer Science+Business Media, LLC 2012

    M.  A.   Ainslie (�)   
     TNO Sonar Department ,   The Hague ,  NL-2597   AK ,  The Netherlands        
  e-mail: michael.ainslie@tno.nl  

 C.  A.  F.   de   Jong   
     TNO Monitoring Systems ,   Delft ,  NL-2628   CK ,  The Netherlands  
  e-mail: christ.dejong@tno.nl  

      S.  P.   Robinson   
     National Physical Laboratory ,   Teddington ,  Middlesex ,  TW11 3TU ,  UK  
  e-mail: stephen.robinson@npl.co.uk     

     P.  A.   Lepper   
     Loughborough University ,   Loughborough ,  Leicestershire ,  LE11 3TU ,  UK   
  e-mail: p.a.lepper@lboro.ac.uk    

   1 Introduction 

 To meet the growing demand for carbon-free energy sources, the European Union (EU) has ambitious 
plans to increase its capacity for generation of offshore wind power. The United Kingdom and The 
Netherlands, for example, plan to increase their offshore power-generating capacity to 33 and 6 GW, 
respectively, by the year 2020. Assuming that this power is generated entirely by wind and that a 
single wind turbine can generate up to 10 MW, at least 3,900 offshore turbines would be required 
by these two states alone to achieve this goal. A popular turbine construction method known as “pile 
driving” involves the use of hammering a steel cylinder (a “monopile”) into the seabed. A concern 
has arisen for the possible effect on mammals (Southall et al.  2007  )  and fish (Popper and Hastings 
 2009  )  of the sound produced by the succession of hammer impacts required to sink the pile to its 
required depth (tens of meters). 

 The EU plans to meet this concern by monitoring the sound of impulsive sound sources, including 
pile drivers, although a consensus has not yet developed over the most appropriate acoustic metric 
to be used. It is impractical to measure sound at every point where an animal might be so it makes 
sense instead to characterize the source in such a way that its impact can be estimated by modeling. 
It is conventional to parameterize a source of underwater sound by means of its “source level (SL),” 
which is a measure of its radiated power or energy. We describe the difficulties associated with both 
the meaning and measurement of source level in this context. The environmental impact is addressed 
in a companion paper (Lepper, Robinson, Theobald, Ainslie, and de Jong,   Chapter 102    ).  

       What is the Source Level of Pile-Driving Noise in Water?       

         Michael   A.   Ainslie,          Christ   A.  F.   de   Jong,          Stephen   P.   Robinson,          and Paul   A.   Lepper           
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   2 Definitions 

 We adopted the standard definitions (Morfey  2001  )  in terms of the acoustic pressure  p ( t ) 

during a time period ( T ) of sound exposure level:     ( ) ( ) ( )( ) ( )2 2
SEL 10log Pa s Pa s10T E T E T≡ −⎡ ⎤⎣ ⎦μ μ   , 

where  E  is the sound exposure     ( )= ∫
T 2

0
dE T p t   ; of sound pressure level: 

    ( ) ( ) ( )( ) ( ) ( )( )( ) ( )2 2
SPL 10 log / / / Pa Pa1  0T E T E T T T E T E T T T≡ − − −⎡ ⎤⎣ ⎦μ μ   ; and of peak pressure: 

    ( )peak maxp p t≡   . No frequency weighting is applied. SL is sometimes defined as the SPL at
a distance of 1 m from the source. Alternatively, it can be defined in terms of the product 
of the distance ( s ) from the source and the root mean square (RMS) pressure at that 
distance measured in far-field and free-field conditions [ p  

FF
 ( s ); Morfey  2001  ] :

    ( ) ( ) ( ) ( )2 22 2 2 2 2 2
SL 10 log / Pa m Pa mFF FFRMS 1  0 p s s p s s≡ −⎡ ⎤

⎣ ⎦μ μ   . Because of the  s  2  scaling and its far-

field nature, this quantity is more closely related to the free-field radiated power than to intensity or 
mean square pressure. It is equal to SPL at 1 m only in very special conditions (de Jong et al.  2010  ) . 
For transient sources, such as a pile driver, the averaging time for SL 

RMS
  is not well defined, so it is 

useful instead to define an energy SL (SL 
E
 ) in terms of the far-field and free-field sound exposure 

( E  
FF

 ) and scaled by  s  2  in the same way, i.e.,    ( ) ( ) ( ) ( )2 2 2 2 2 2
SL 10 log / Pa sm Pa smE FF FF10 E s s E s s≡ −⎡ ⎤⎣ ⎦μ μ   . 

The definition of propagation loss (PL) to an arbitrary position  x  relevant to a transient signal is 

     ( ) ( )PL SL SEL .E≡ −x x     (1)    

   3 Methods and Measurements 

 Measurements are made of SEL in one-third octave bands as a function of distance from the pile 
driver. Use of Equation  1  makes it possible to estimate SL 

E
  from a measurement of SEL and a model 

calculation of PL. If the duration ( d  t ) of the transmitted pulse is known (at the sound source), SL 
RMS

  
can be estimated using     [ ]SL SL 10log / 1s 1sERMS 10 t t≈ − −δ δ   . However, it is not clear how this dura-
tion can be estimated. It cannot be measured at the source. Similarly, no simple and unambiguous 
conversion to an SL defined in terms of peak pressure (SL 

peak
 ) is known to the authors. We therefore 

limited our attention to the SL 
E
 , which we calculated by rearranging Equation  1 . 

 Various models are available for the calculation of underwater acoustic propagation loss. The 
sound source is commonly modeled as a point monopole that, for simplicity, is assumed not to be 
in contact with either the sea surface or the seabed. While hiding the real problem under the carpet 
(the real source passes through the sea surface and is in firm contact with the seabed), this pragmatic 
approach is adopted here to make some progress. Uncertainty in the estimated SL associated with 
imperfectly known conditions is estimated by means of parameter variations. The risk of modeling 
error is mitigated by checking selected calculation results against the results of high-fidelity propa-
gation models. 

 Inputs for the SL calculations are data from measurements of offshore piling activities in The 
Netherlands (NL; de Jong and Ainslie  2008  )  and the United Kingdom (Robinson et al.  2007  ) . In 
these studies, a similar hydraulic piling hammer was used at the same nominal energy of 800 kJ/ 
stroke. The pile diameters (f) were 4 m (NL) and 2 m (UK). At the UK site, the water depth ( H ) 
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varied between 8 and 15 m depending on local variations and the tide and the sediment mostly 
consisted of chalk. The water depth at the NL site (Q7) was ~21 m with a relatively flat, sandy 
bottom.  

   4 Results 

 Comparing the underwater noise produced at various piling sites does not require an estimation 
of SL. Interpolation or extrapolation of measurement data to the received SEL at a standard 
distance, e.g., 750 m (the reference distance for evaluating piling noise that is currently applied 
by the German government), introduces less uncertainty than the SL estimation. However, the 
advantage of SL estimations is that these can be used as input for prediction models, e.g., to 
produce noise maps. 

 Figure  1  gives an estimate of the SL 
E
  spectrum for NL site Q7 for various choices of environ-

mental conditions using an implementation of Weston’s (1976) flux method, with all measurement 
points in the “mode-stripping” region. The curves represent the power averaged levels found from 
applying Equation  1  to the various measurement results. The large variations at higher frequencies 
are relevant for the prediction of the impact of piling noise on marine species that have a high-fre-
quency hearing sensitivity (especially “high-frequency cetaceans”; Southall et al.  2007  ) . The total 
broadband SL 

E
  of these spectra varies between 215 and 220 dB re 1  m Pa 2 m 2 s, with most of the 

energy in the frequency range of 100-500 Hz. Measurement distances from the pile were between 
0.9 and 5.6 km.  

 At the UK site, broadband SELs of 178 and 164 dB re 1  m Pa 2 -s were observed at distances of 57 
and 1,850 m, respectively. Interpolation between measurement results at Q7 led to an estimated SEL 
of 168 dB re 1  m Pa 2 -s at 1,850 m, i.e., 4 dB above the SEL observed at the UK site. Applying 
Equation  1  to the UK measurements yields SL 

E
  in the range of 204.5 to 213.5 dB for f of 2 m and 

hammer energy of 800 kJ.  

  Fig. 1    One-third octave energy source level (SL 
E
 ) spectra estimated for The Netherlands site Q7. Pile diameter 

(f) = 4 m; hammer energy = 800 kJ       
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   5 Conclusions 

 We sidestep fundamental questions concerning the definition of “SL” by idealizing the monopile as 
a single-point monopole that is not in contact with either boundary. Applying the energy conservation 
principle, we obtain values for the SL 

E
  between 204.5 and 213.5 dB re  m Pa 2 m 2 s for the UK site (f = 2 m, 

 H  = 21 m, chalk) and between 215 and 220 dB for the NL site (f = 4 m,  H  = 8–15 m, sand), both 
for a hammer energy of 800 kJ. This range of SL 

E
  estimations converts (de Jong and Ainslie  2008  )  

to an acoustic source energy of 2.3 to 18 kJ/piling stroke for the UK site and 26 to 82 kJ/piling 
stroke (NL site). Thus, for the situations considered, the energy radiated as sound is between 0.3 
and 10% of the total stroke energy. 

 An estimate of SL 
RMS

  is possible but only if the duration of the transmitted pulse is known or 
estimated. An estimate of SL 

peak
  is beyond the present scope because this requires a detailed 

understanding of the sound-generation mechanism and time-domain modeling of the radiated 
waveform. 

 Further research is needed to study radiation mechanisms. An internationally accepted standard 
definition of SL is urgently needed in order to facilitate comparison between measurements made 
using different methods, especially if SLs are expressed in the form of RMS or peak pressure.      
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   1 Introduction 

 The influence of acoustic noise in the environment is well known, but ground vibration has been 
less studied, especially underwater. A program measuring anthropogenic noise and vibration 
started in 2010, led by the National Physical Laboratory (NPL), Teddington, UK. Unlike acoustic 
pressure waves, waves in solids take various forms, one of which is usefully described as a “ground 
roll,” including the large waves that damage buildings even when well away from earthquake 
epicenters. 

 For this work, a theoretical simulation has been made of offshore wind-farm piling, a likely 
source of major vibration in the seabed. This understanding helps design instrumentation for the 
measurement task. Water pressure waves are usually measured in pascals (or dB re 1  m Pa), but 
Hawkins and Johnstone  (  1978  )  described how particle motion provides a better measure of the 
impact on fish. Human sensitivity is given as velocity, a vector measured in meters per second. For 
acoustic waves in bulk water, pressures and velocities are linked by a substantially fixed acoustic 
impedance (pascals per [meter per second]), but this link changes dramatically near a boundary. 

 Some sensor designs are described, with details of the simple system currently being evaluated.  

   2 Simulation of Ground Roll Waves by Finite Element Analysis 

 In 1887, Rayleigh showed how waves propagated along the surface of a solid. He considered an 
idealized infinite half-space where a surface divides the solid below from a vacuum above. His 
analytic solution shows how elastic energy is exchanged between the vertical and horizontal 
motions and deformations of the material, described by a wave in which the particles describe an 
ellipsoidal “rolling” motion. There is an analogy with the rolling motion of sea waves where the 
particles, along with a floating cork, follow circular paths, with a radius that reduces with depth. 
These waves suffer little absorption and thus dominate the mechanical energy of the restless seas. 

 An exact solution for the speed of Rayleigh waves was published recently by Mechkour  (  2003  ) . 
Their speed depends on the material properties, in particular the “Poisson ratio” ( n ). This indicates 
how a rod increases in diameter when reduced in length. The figure shows a shear wave front for 
 n  = ⅓, with the Rayleigh wave moving 7% slower. Finite element analysis (FEA) allows  n  to vary 

        Ground Roll Waves as a Potential Influence on Fish: 
Measurement and Analysis Techniques       

         Richard   A.   Hazelwood           
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through the loosely compacted layers of seabed sediment. For a fluid,  n  = ½, and saturated clays 
have been shown to have similar values. 

 The FEA package from PACSYS Ltd., Nottingham, UK, gives this “pafVu,” one frame (time 
step 600) of the animation produced (Fig.  1 ). Later models will simulate a water layer and a pile to 
study the interaction with acoustic propagation to longer ranges. A disadvantage of FEA is that 
models are limited in range if the computation is to be kept within acceptable timescales. Here the 
model is made axisymmetric about the  x -axis. This simplification assumes that the source radiates 
equally in all azimuthal directions so that the model can be represented by this 2-dimensional (2-D) 
diagram. Data from actual piles show that they are maintained at less than 1° tilt as driven.  

 The meganewton downward force creates a ground roll wave moving in ever increasing circles. 
 At a 50-m radius on the surface, a small upward motion precedes the major dip. Little subsequent 

motion occurs until energy arrives from a bottom reflection at 0.17 s (Fig.  2 ), followed by a reflection 
from the outer 100-m radius at 0.27 s. These are artifacts of the finite model, to be discounted.  

  Fig. 1    Exaggerated deformation of a Rayleigh half-space 0.12 s after excitation by a 1-MN force       

  Fig. 2    Single-layer response to a 20-ms force pulse peaking at 1 MN       
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 The analysis of response at the forcing point (2.5-m radius, 10 m deep) shows that the work done 
over the 20-ms pulse was 16 J, small compared with a typical piling-hammer blow where energy is 
measured in hundreds of kilojoules. But a force of 100 MN would inject 160 kJ of energy, more 
comparable with anticipated pile blow energies, and give a very large peak downward velocity of 
35 mm/s. The efficiency of energy transfer by the pile will be investigated in the larger model. 

 This predicted scaling is comparable with data for construction piling given in BS 5228–2:2009 
(British Standards Institution  2009  ) .  

   3 Measuring Real Seabed Motion 

 Whereas acoustic pressure waves are recorded with hydrophones, the seismic industry uses large 
numbers of geophones. These are directional, resolving the vector components of the velocity, often 
used in sets of three, to measure all three components, much as is done with triaxial accelerometers. 
Unlike the typical piezoelectric accelerometer, they are magnetic and similar in structure to moving 
coil loudspeakers. Both vertical and horizontal types with the industry standard sensitivity of 20 V/(m/s) 
were purchased from China, and check calibrations were made using a laser vibrometer at NPL. The 
three geophones were accompanied by an inclinometer (all in one housing) and a separate hydro-
phone, all mounted on a stainless steel “sledge” (Figs.  3  and  4 ). The inclinometer module was used 
to report the sledge attitude because the high geophone sensitivity means they must be correctly 
orientated. A magnetic compass would be affected by the geophone stray fields so the sledge is 
designed to be oriented by a short tow across the seabed, also helping to embed its runners in the 
sediment to improve the coupling.   

  Figs. 3 and 4    Tests conducted at the National Physical Laboratory’s (NPL) Wraysbury calibration facility used a triple 
geophone set. The additional plastic “hull” minimizes the risk of it sinking too far into the soft Wraysbury sediment       
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   4 Modeling the Sediment 

 Reality will involve a sediment layer with lower stiffness than the deeper material. This more 
difficult problem can be considered by FEA, and graded material layers were tested using rough 
estimate properties designed to demonstrate principles rather than the absolute levels at this stage. 

 The  n  varied from 0.5 at the surface to 0.33 in the bulk. The shear wave speed then increases 
from zero while the compression wave speed also rises from that in water. Typical results show an 
oscillatory response as the seabed wobbles after the impact. Similar “wavelet” responses are seen 
in saturated clay soils on land. The peak radial velocity seen in Figure  5  of 0.6 mm/s is now greater 
than the upward velocity, although the energy injected also doubled to 32 J.  

 As well as exceeding the human perception thresholds given by BS 5228–2:2009 (Brititsh 
Standards Institution  2009  ) , it is orders of magnitude greater than the sensitivity of the salmon as 
measured by Hawkins and Johnstone  (  1978  ) . If the same horizontal motion occurred in bulk seawater, 
the acoustic pressure would peak at 900 Pa, a sound pressure level (root mean square) of 170 dB re 
1  m Pa. However, it should be noted that results here are not as yet loaded by water. 

 For a wavelet, energy may be found a more appropriate metric than the peak velocity, in analogy 
to the use of energy integral criteria elsewhere (equivalent continuous sound exposure level [ L  

eq
 ]). 

Robinson et al.  (  2007  )  have shown that the acoustic radiation is proportional to piling energy and 
hammer energy is widely quoted in kilojoules for larger machines.      

  Acknowledgments   Dr. Patrick Macey (PACSYS Ltd., Nottingham, UK) provided considerable help in model building. 
This National Physical Laboratory (Teddington, UK) contract work also benefited from discussions with Steve 
Robinson and Pete Theobald.  
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  Fig. 5    With a graded layer, 
the seabed oscillates at 40 Hz       
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    1  Introduction 

 The installation of offshore wind farms in European waters and the scale of the planned activity 
have led to concern over the generation of noise and its potential impact on marine life. Much of 
this concern is centered around the noise generated by pile driving, which is used for the installation 
of the turbine foundations, and its potential impact on marine life (Thomsen et al.  2006  ) . The noise 
generated by pile driving has the potential to cause injury, induce temporary or permanent hearing 
loss, and evoke avoidance reactions. One injury criterion for marine mammals is defined as the 
onset of auditory permanent threshold shift (PTS) (Southall et al.  2007  ) , which is governed by either 
an instantaneous peak pressure or an integrated sound exposure level. The latter is the total noise 
energy to which the mammal is exposed during a given duration that, for a pile-driving source, 
would be either the duration of the piling or the time over which the mammal is in auditory range 
and is known as sound exposure level (SEL). In this case, cumulative exposure can be a useful 
parameter. This paper considers a summation of the SELs to which the animal is exposed during the 
entire piling sequence.  

        Assessment of Cumulative Sound Exposure Levels 
for Marine Piling Events       

         Paul   A.   Lepper,          Stephen   P.   Robinson,          Michael   A.   Ainslie,          Pete   D.   Theobald,   
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    2  Fleeing Animal Model 

 The levels at the receptor (unweighted sound exposure level [SEL 
0
 ] received levels for a single 

hammer strike) used in this paper are based on the predictions calculated from a typical piling 
sequence measured in UK coastal waters. This allows the calculated cumulative exposures to be 
compared with the thresholds obtained from the literature, e.g., from the criteria published by 
Southall et al.  (  2007  ) . To do this, a trajectory is chosen for each animal whereby the animal swims 
away (fleeing) from the source in a straight line at constant speed, heading, and depth. To calculate 
the cumulative SEL (SEL 

cum
 ), the energy received level is calculated for each individual hammer 

strike (Madsen  2005  )  and the animal’s potential position at that time is then summed over the entire 
piling sequence. 

 Figure  1  shows a recorded SEL 
0
  received level at a single location for a complete piling sequence 

of 4,362 hammer strikes for a monopile in ~15 m of water. In this case, the total piling 
sequence took around 2 h 20 min with an ~8-dB increase in received level from the start to the 
maximum observed SEL 

0
  received level of ~155 dB re 1  m Pa 2 -s about two-thirds of the way through 

the sequence. Using range-dependent modeling and taking into account bottom bathymetry, the 
transmission loss on a bearing from the source at various ranges can then be estimated. Figure  2  
shows an estimate of received level at a specific depth for a given source level as a two-dimensional 

  Fig. 1    Single-strike 
unweighted sound exposure 
level (SEL 

0
 ) received level 

for a piling sequence at a 
fi xed location for a marine 
monopile in shallow water. 
Dashed line: maximum 
received level of 155 dB re 
1  m Pa 2 -s       

  Fig. 2    Two-dimensional 
model of SEL 

0
  received level 

at a given depth surrounding 
a monopile source in a 
range-dependent bathymetry       
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profile around a source. Using this approach and the source variation data taken from Figure  1 , the 
likely received level at the animal can be estimated for each hammer strike at any range and bearing 
from the pile location.    

    3  Cumulative Exposure Calculated for Marine Piling 

 Using the methodology described in Section 2, the fleeing mammal model has been used to calcu-
late the cumulative exposure assuming a number of conditions. Figure  3  shows an example estimate 
of the unweighted SEL 

cum
  for a maximum energy source level of 210 dB re 1  m Pa 2 ·s·m 2  (Ainslie et 

al.,   Chapter 100    ) for the sequence given in Figure  1 , a specific start distance from the source in this 
example of 100 m and an animal swim speed of 1.5 m s -1 .  

 Using the sequence time and amplitude data, the variation in source level for each hammer strike 
was calculated as representing the changes in source levels seen over time (soft start) or gaps (slow 
start) in specific piling sequences (Fig.  3 , black trace and dots). The individual SEL 

0
  received level 

(Fig.  3 , blue trace and dots) at the animal is then estimated for an animal swimming away from the 
source. The total exposure for each successive strike (Fig.  3 , red trace and dots) was then added to 
give the total cumulative exposure for the entire piling sequence. This figure can then be compared 
with the known impact criteria threshold for a cumulative exposure.  

  Fig. 3    Individual strike source level, SEL 
0
  received level, and cumulative exposure at receptor SEL 

cum
  for a given 

piling sequence. The receptor was assumed to start 100 m from the source and swim away at a constant speed of 
1.5 m s -1        
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    4  Impact Zone Prediction 

 The range from a source at which an animal starts, remains, or transects through and the area allowing 
an exposure in excess of predefined impact criteria often form the basis of impact assessments. 
In the case of a fleeing animal, the total cumulative exposure can be estimated for a given piling 
sequence on a known transect and start position. These models are then used to find a start range 
outside of which the total exposure is kept below a predefined threshold. Figure  4  shows the effect 
of start range on total SEL 

cum
  (weighted and unweighted) for the piling sequence example shown in 

Figure  1 , with a maximum example source level of 210 dB re 1  m Pa 2 ·s·m 2  and a swim speed of 1.5 
m s -1  applied to frequency-weighted functional hearing groups for marine mammals in both static 
and fleeing animal models as outlined by Southall et al.  (  2007  ) . In this case, the difference in the 
static and fleeing animal models shows a marked increase in minimum start range to avoid 
exposure.   

  Fig. 4    Total SEL 
cum

  versus start range for a typical piling sequence applied to different marine mammal functional hear-
ing groups for both static and fleeing animal scenarios. LF, low frequency; MF, midfrequency; HF, high frequency       
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    5  Conclusions 

 Both the fleeing and static model methods have been used to calculate the cumulative exposure/
SEL 

cum
  for a typical piling event during the installation of a wind turbine monopile in shallow 

water. The actual sequence timing, number of hammer strikes, and variation in source level and 
shallow-water propagation loss properties are considered. Total exposure examples for functional 
hearing groups proposed by Southall et al.  (  2007  )  are given for each functional hearing group. 
This approach has also been applied to model variation in total source level (use of barrier meth-
ods) and effectiveness of soft start as an aid to development of mitigation strategies of various 
marine operations.      
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   I ntroduction 

 Many soniferous fishes live in very shallow water (less than 20 m) close to shore and in estuaries, rivers, 
and lakes. Often these shallow-water fishes produce transient, or pulsed, sounds containing many 
frequency components (Fish and Mowbray  1970 ; Mann et al.  1997 ; Sprague and Luczkovich  2001  ) . 

 Sound propagation in very shallow water is dominated by interactions of the sound waves with 
the water surface and bottom. These boundary interactions cause sound energy to spread cylindri-
cally instead of the spherical spreading characteristic in deep water (Urick  1983  ) . Multiple reflected 
propagation paths between the source and receiver result in a superposition of waves forming a 
combined sound that is a jumble of reflections arriving at different times and phases. 

 In this paper, we use the finite difference time domain (FDTD) method to model transient sound 
propagation in shallow water. This technique is useful for predicting the propagation of transient 
pulses in confined and irregular environments.  

   2 FDTD Method 

 The FDTD was first used to model electromagnetic wave propagation (Yee  1966  ) , but it has been 
adapted for acoustics to model sound propagation in confined spaces such in ducts (Botteldooren 
 1994  )  and indoor spaces (Sakamoto et al.  2002  ) . In the FDTD, the acoustic propagation equations 
for pressure and particle velocity are converted from differential to finite difference equations on a 
space and time grid. Spatial variations in pressure are used to calculate the changes in particle velocity, 
and spatial variations in particle velocity are used to calculate the changes in pressure in an alternating 
sequence known as leapfrogging.  

        Modeling the Propagation of Transient Sounds 
in Very Shallow Water Using Finite Difference 
Time Domain (FDTD) Calculations       

         Mark   W.   Sprague       and    Joseph   J.   Luczkovich           
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   3 Shallow-Water FDTD Calculations 

 We adapted the FDTD to underwater acoustics to demonstrate its usefulness for modeling shallow-
water propagation. To reduce computation time, we used a cylindrically symmetric geometry with 
a perfectly matched layer (PML) to eliminate reflections from the end of the spatial grid (Teixeira 
and Chew  1997  ) . We used a simplified source-receiver geometry with constant depth and horizon-
tally stratified acoustic parameters. Our shallow water had a sound speed of 1,536 m/s and a density 
of 1,024 kg/m 3 , and the seafloor had a sound speed of 1,700 m/s and a density of 2,035 kg/m 3 . The 
seafloor was at a depth of 3 m, and the sound source was at a depth of 2.38 m. We used the FDTD 
to calculate the propagation of a pressure impulse (Sakamoto et al.  2002  )  at the source to the 
receiver locations. Then, we performed a convolution of our impulse results at the receiver locations 
with a recorded  Cynoscion regalis  (weakfish) pulse to obtain the propagated pulse waveform. 
Figure  1  shows the plots of the waveform and power spectrum of the pulse as it propagates in the 
3-m deep water. The pulse shape and the frequency components change significantly as the pulse 
propagates away from the source.   

   4 Discussion and Conclusions 

 This calculation shows how a transient pulse evolves as it propagates in very shallow water. The 
dominant frequency of the pulse does not change, but the pulse has very different time and 
frequency characteristics at each distance. This calculation demonstrates the usefulness of the FDTD 

  Fig. 1    Finite difference time domain (FDTD) calculations of the propagation of a single  Cynoscion regalis  pulse in 
3-m deep water. The source and receivers were at a depth of 2.38 m. Left: Waveforms; right: corresponding power 
spectra. r, Radius       
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for modeling pulse propagation in very shallow water. The FDTD can be used in more complicated 
noncylindrical geometries such as those with asymmetrically varying depths (e.g., channels and 
sandbars) to predict pulse propagation in realistic geometries.      

   References 

    Botteldooren D (1994) Acoustical finite-difference time-domain simulation in a quasi-Cartesian grid. J Acoust Soc 
Am 95:2313–2319.  

    Fish MP, Mowbray WH (1970) Sounds of the western North Atlantic fishes. The Johns Hopkins University Press, 
Baltimore, MD.  

    Mann DA, Bowers-Altman J, Rountree RA (1997) Sounds produced by the striped cusk-eel  Ophidion marginatum  
(Ophidiidae) during courtship and spawning. Copeia 1997:610–612.  

    Sakamoto S, Seimiya T, Tachibana H (2002) Visualization of sound reflection and diffraction using finite difference 
time domain method. Acoust Sci Technol 23:34–39.  

    Sprague MW, Luczkovich JJ (2001) Do striped cusk-eels  Ophidion marginatum  (Ophidiidae) produce the “chatter” 
sound attributed to weakfish  Cynoscion regalis  (Sciaenidae)? Copeia 2001:854–859.  

    Teixeira F, Chew W (1997) PML-FDTD in cylindrical and spherical grids. IEEE Microwave Guided Wave Lett 
7:285–287.  

    Urick RJ (1983) Propagation of sound in the sea: Transmission loss, 1. In: Principles of underwater sound, 3rd edn. 
McGraw-Hill, New York, pp 99–146.  

    Yee KS (1966) Numerical solution of initial boundary value problems involving Maxwell’s equations in isotropic 
media. IEEE Trans Antennas Propagation 14:302–307.Doi: 10.1109/TAP.1966.1138693.      



463A.N. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life, 
Advances in Experimental Medicine and Biology 730, DOI 10.1007/978-1-4419-7311-5_104,
© Springer Science+Business Media, LLC 2012

    V.  L.  G.   Todd    
   Ocean Science Consulting Ltd., Ocean House, Belhaven ,   Dunbar ,  East Lothian   EH42 1PD ,  UK   

  Institute of Sound and Vibration Research ,  University of Southampton ,   Southampton ,  Hampshire   SO17 1BJ ,  UK    

    P.  R.   White    
   Institute of Sound and Vibration Research ,  University of Southampton ,   Southampton ,  Hampshire   SO17 1BJ ,  UK    

 Underwater sound recordings were obtained from the Noble Kolskaya jackup gas-exploration 
drilling rig in the North Sea on the Dogger Bank. The aim was to document received levels, char-
acteristics, and range dependence of sounds produced by the rig’s site installation and drilling 
during the winter. Sound pressure levels (SPLs) generated by the Kolskaya were similar to previ-
ous measurements from metal-legged bottom-founded rigs both in level (120 dB re 1  m Pa) and in 
frequency range of dominant tonalities (2-1,400 Hz). Received levels were highly variable over 
short periods and generally varied by 15-20 dB between quietest (holding) and loudest (drilling) 
operations. The rig was significantly quieter than its associated support vessels at low frequency, 
although radiated noise levels were higher above 2 kHz. Rig high-frequency SPLs dropped rapidly 
above 8 kHz. Noise is discussed with reference to the hearing capabilities of the harbor porpoise 
( Phocoena phocoena ).      
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    1  Introduction 

 As of 2009, there were 75 licensed areas within UK waters for marine aggregate extraction, with 
dredging activity taking place at any given point in time. In 2008, the dredged area totaled 137.9 km 2 , 
extracting 21.24 million tons of sand and gravel for the building and construction industry. There is 
concern that the extraction of marine aggregate has the potential to generate noise levels that could 
have a negative impact on marine species in or around the dredging area. Although this paper deals 
only with the underwater noise generated and the potential impact it might have, there are many ways 
in which dredging can have an impact on marine life. For marine aggregate extraction, the type of 
dredger used is a trailing suction hopper dredger (TSHD). This type of dredger lowers a drag head 
and suction pipe to the sea floor, in water depths of up to 50 m, to extract the sand or gravel, depositing 
it in a hopper on the vessel. The vessel will often screen the dredged material for granular size and 
return    the unwanted material and water over the side of the vessel. Such an operation can take from 
as little as 3 h to up to 12 h, concentrated in a relatively small area. The vessels usually dredge in 
tight lanes, usually less than 2 km in length and up to 100 m in width. 

 There has been very little work in the United Kingdom on assessing the noise generated by 
marine aggregate extraction operations and its potential impact on aquatic life. The most extensive 
measurements of dredging activity was undertaken in the Beaufort Sea during oil exploration 
activities in the 1980s, which included a number of examples of suction dredgers that are summarized 
in publications by Greene  (  1987  )  and Richardson et al.  (  1995  ) . Although mostly lower frequency 
measurements and not strictly comparable with dredgers used in the United Kingdom for marine 
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aggregate extraction, the measurements did indicate that suction-dredging activities can generate 
source levels similar to those of larger tanker vessels when underway. Other measurements around 
Sakhalin Island, which were compared by Ainslie et al.  (  2009  )  with other vessels, including the 
Overseas Harriette measured by Arveson and Vendittis  (  2000  ) , do support this finding that dredgers 
while extracting aggregate generate noise levels in the lower frequency region similar to those of 
larger tanker or cargo carriers while underway, as do other measurements in the United Kingdom 
that are not reported in the open literature. 

 This paper reports some initial results from measurements of one of the largest TSHD vessels in the 
UK fleet, the Sand Falcon, and considers the noise it generates under different operating conditions.  

    2  Generation of Noise From TSHDs 

 The potential sound sources during a dredging activity are numerous and their relative contributions 
to the overall noise generally are mostly unknown. Due to the suction pipe, drag head, and return 
of high volumes of excess water from the vessel’s hopper over the sides from both spillways and 
screening towers   , the noise generated by this type of vessel is very different from that of conven-
tional ship noise. Even though their transit speed is very slow while dredging, typically less than 1.5 
knots, they have been shown to generate one-third octave source levels at lower frequencies that are 
comparable to larger tankers and cargo vessels while underway at speed (Ainslie et al.  2009 ; 
Richardson et al.  1995  ) . 

 The possible source mechanisms for a TSHD vessel while dredging will be propeller/thruster 
noise (very low speed), general hull-radiated hull noise (this could include internal pumps), drag 
head noise, overboard pump noise, suction pipe noise, and water and sediment discharge noise. The 
first two of these are common to other surface vessels, possibly with the exclusion of the large 
internal pumps on some vessels, but the others are unique to this type of dredging vessel and could 
radiate sound into water at higher frequencies than those normally associated with surface vessels. 
The water and sediment discharge has the potential to generate bubbles in the water and therefore 
broadband noise. The suction pipe and overboard pump also have the potential to generate broad-
band noise through friction and cavitation, respectively. The effect of the drag head is more difficult 
to postulate, but it is possible that it could generate some vibration in the seabed.  

    3  Measurement Methodology 

 To measure the noise generated from the dredging vessel, a series of static measurement locations 
were used while the dredger passed by dredging with screening, pumping only water (drag head 
lifted), and dragging its drag head while not pumping (pumps off). 

 The static measurement locations were provided by noise-monitoring buoys, designed and manu-
factured by Loughborough University, Leicestershire, UK, positioned at ~20-40 and 500 m and by a 
survey vessel positioned ~100 m off the dredging lane. The buoys were aligned to form a normal 
intersect with the dredging lane while the measurement vessel was set off this transect slightly. Both 
the buoys and the measurement vessel were positioned to measure the dredger along the center portion 
of its dredging lane length, which was ~1 km in length. The positions of the buoys and measurement 
vessel were marked with GPS while the complete track for the dredging vessel, the Sand Falcon, was 
provided by the vessel operators, Cemex, Surrey, UK, for the entire duration of dredging. 

 The survey vessel was used to deploy a broadband acoustic measurement system and a conductivity, 
temperature, and depth (CTD) sensor to determine the sound-speed profile. The acoustic measurement 
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system deployed from the survey vessel consisted of two Reson TC4032 low-noise hydrophones on a 
weighted line with an integral bungee cord length, subsurface resistor, and surface float arrangement to 
reduce the low-frequency influence of wave motion. The water depth was ~30 m and the hydrophones 
were each at a depth of ~6.5 and 10 m. The hydrophones were attached to a B&K Pulse system and 
sampled with a 24-bit resolution at a sample rate of 200 kHz on each channel, providing a measurement 
bandwidth of 100 kHz. The hydrophones were deployed throughout the measurement period for around 
6 h while the survey vessel was anchored and silent. The tidal flow peaked at ~3 knots during the mea-
surements, and although some of the measurements were performed over a slack tide, local conditions 
resulted in relatively high-flow conditions even around the slack tide. The sea state was relatively flat 
during the measurements at around Force 2. The water temperature was measured to be ~4.6°C and 
showed negligible changed over a depth of 20 m.  

    4  Results and Discussion 

 The data gathered were extensive, and so only a small sample of the data is presented here. Given 
that full analysis has not been completed at this stage in the project, only the one-third octave band 
received levels at the measurement locations are presented. To assess the characteristics of the noise 
generated by the dredging activity, the received levels are shown (see Fig.  1 ) for the different opera-
tional conditions of the Sand Falcon. These are full dredging (sucking sand and gravel from the 
seabed), pumping only water (with drag head lifted but all pumps still running), and no pumping 
but still dragging (pumps off with the drag head on the seabed). Background noise measurements 
were also performed on the following day once the Sand Falcon had left the area and these are also 
included in Figure  1 .  

  Fig. 1    One-third octave band spectra for the Sand Falcon full dredging, pumping only water (drag head lifted), drag 
head on seabed with pump off, and background noise measured at ~100 m       
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 The results shown in Figure  1  are from when the Sand Falcon was at its position of closest 
approach to the survey vessel and are taken using a 4-s spectral average over ~90 s of data in each 
case, except for the background noise that was from 7 min of measurement data. This was measured 
from the survey vessel using the shallower of the two Reson TC4032 hydrophones. The data clearly 
show differences in the higher frequency noise levels (above 1 kHz), with full dredging approaching 
levels that are 20 dB higher above 16 kHz compared with pumping water only or dragging the drag 
head with no pumping. Although this has not been fully analyzed, this does indicate that it is the 
effect of the sand and gravel passing through the suction pipe and pump that generates much of the 
higher frequency noise. It should be noted that dragging the drag head with no pumping is not an 
actual operational state for dredging activities and was done as part of this exercise to help identify 
the different sources that contribute to the spectra. 

 To assess the impact of the noise generated from marine aggregate extraction operations, it is 
necessary to analyze the existing data to calculate the one-third octave source level data and then 
use these, with detailed knowledge of the transmission loss in the area, to estimate the zones of 
potential impact on different marine species. The work reported here is just the initial results from 
the first part of such a study.  

    5  Conclusions 

 A comprehensive set of acoustic measurements has been completed of the underwater noise radiated 
from a large trailing suction hopper dredger in shallow UK coastal waters while extracting sand and 
gravel    from the seabed. Initial analysis of the received level data in one-third octave bands shows 
significant variation between operational dredger conditions at higher frequencies, which also 
indicates that the dominant noise source at frequencies above 2 kHz might be caused by the sand 
and gravel passing through the suction pipe and pump. The peak levels, however, do occur below 
500 Hz and are consistent with ship noise and hull noise.      
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   1 Introduction 

 Marine seismic exploration is a method for collecting geophysical data that offer an opportunity for 
a detailed look at the geological structure beneath the seabed. The product of a seismic survey can 
be either a two-dimensional or a three-dimensional image, which can then be used to identify poten-
tial areas for oil and gas exploration and production. Seismic imaging is analogous to the ultrasound 
technology that is commonly used in the medical profession for imaging the human body. 

 A typical marine seismic operation uses a source that consists of several acoustic source elements 
and a receiver, usually a cable or streamer that houses many hydrophone sensors. Both source and 
receiver arrays are deployed from and towed behind the seismic vessel. Today, the high-pressure air 
source or air gun is used almost exclusively during marine seismic operations. The source releases a 
pulse of energy that travels downward through the water column and into the seabed and the subsur-
face. When it reaches the various sediment formations, some of the energy is reflected and travels 
back to the receivers, where the data are then digitally transferred and recorded onboard the survey 
vessel. For typical seismic operations, the useful frequency band is in the 0- to 100-Hz range. 

 The time taken to complete a seismic survey is affected by factors such as obstructions, tides, and 
weather as well as the turns between sail lines. Therefore, although a seismic vessel can operate on 
a 24-h basis, the seismic source is not continuously active all day every day. Fair weather conditions 
and wave heights below 4 m are usually needed to ensure data quality and image of the subsurface. 

 In many areas of the world, governments and regulatory authorities strive to embrace the latest 
scientific data or best available science/technology as the basis for implementing up-to-date and 
practical mitigation and monitoring methods for protection of the marine environment. In 2006, the 
Exploration and Production (E&P) Sound and Marine Life Joint Industry Programme (JIP) was 
established. The JIP is a multimillion-dollar multiyear commitment to support research activities 
that will improve our understanding of the potential interactions between marine life and E&P 
operations offshore. The JIP is administered by the International Association of Oil and Gas 
Producers (OGP; London, UK) and is supported by multinational exploration and production 
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companies and the International Association of Geophysical Contractors (IAGC; Houston, TX) 
representing the geophysical industry. There are five broad subject categories in which the JIP 
supports research activities: sound source characterization and propagation; physical, physiological, 
and hearing effects of sound; behavioral reactions and biological significance; monitoring and 
mitigation; and research tools. Under the sound source characterization and propagation 
research category, Petroleum Geo-Services (Lysaker, Norway) conducted the Svein Vaage broad-
band air gun study.  

   2 Measurements 

 The emission characteristics of a seismic air gun below 200 Hz are well known and have been well 
documented by the industry. There has also been significant research at frequencies up to 500 Hz; 
however, so far there has never been a thorough investigation at higher frequencies. Extensive new 
measurements, up to 50 kHz, have now been made of the most commonly used air gun types in the 
industry. These new data will help improve the theoretical models of air guns, particularly at very 
high frequencies, and will also greatly improve our understanding of how the seismic air gun might 
affect the marine environment (Mattson  2008  ) .  

   3 Test Site and Duration 

 A test site was specifically designed and constructed in a fjord on the west coast of Norway. Both near-
field and far-field measurements of single air guns and clusters (two air guns located side by side) were 
conducted from June to October 2007 and June 2009 to June 2010. To minimize any risk to nearby fish 
farms, the nearest fish farm was monitored by a local research group. There was also a fishery repre-
sentative onboard the test platform at all times during the measurements (Mattson  2008  ) .  

   4 Test Setup 

 Measurements had to be conducted in a test area with a water depth of more than 400 m to ensure 
that the water bottom reflection did not degrade the recorded pulse signal (Mattson  2008  ) . The test 
platform was a converted barge containing a compressor, high-pressure system, generators, crane, 
workshop, work boat, and an instrument room with a high-resolution recording system. Highly 
sensitive hydrophones were positioned on a floating collar connected to the barge. Two hydrophone 
arrays were built up. One array was positioned in the corner of the floating collar and one array was 
centered below the air gun. A set of near-field hydrophones was deployed at fixed positions around 
the seismic source. The source was positioned with a crane to allow different firing depths (Mattson 
 2008 ; Fig.  1 ).   
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   5 Test Program 

 The most commonly used air guns and two-element cluster configurations within the geophysical 
industry were measured. Air gun type, volume size, operating pressure, and depth of the source were 
varied in the experiment. The effect of varying the separation between individual air guns within 
clusters was also measured (Mattson  2008  ) . At the end of the test program, particle velocity mea-
surements at different positions relative to the seismic source were conducted.  

   6 Conclusions 

 The test setup was able to produce very consistent measurements. The ambient noise conditions at 
the barge were such that energy at 50 kHz could be seen above the noise floor (Mattson  2008  ) . An 
initial quality control of the data has been done, but all data still have to be thoroughly analyzed. 
Development of software codes and implementation of new source modeling capability in existing 
software tools will follow.      
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  Fig. 1    Test setup with hydrophones and air gun       
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   1 Introduction 

 In deep marine seismic surveying, a vessel tows a large array of hydrophones that measure the 
echoes from the subsurface resulting from the periodic firing of the seismic source. These echoes 
are processed to generate images many kilometers deep in the earth so that geologists can try to 
locate oil and gas. Such surveys typically collect over five terabytes of data per day. Typically, the 
vessel moves at 2.5 m/s. The seismic source array uses ~5,000 in. 3  (~80 l) of compressed air at 2,000 
psi (~140 bar) distributed among 18 air guns at a depth of 6 m and emits almost all of its energy 
below 200 Hz. In three-dimensional (3-D) surveying, there are usually two source arrays fired alter-
nately 25 m to the port and starboard of the sail line. Each one typically has an in-line interval of 
37.5 m. In two-dimensional (2-D) surveying, there is a single source array that is normally fired at 
an in-line interval of 25 m. The source wave field can either be calculated from hydrophone mea-
surements made close to the array following the method of Ziolkowski et al.  (  1982  )  be modeled 
using the method given by Laws et al.  (  1990  ) . In this paper, I use the former with data that are 
sampled at 4,000 Hz. I assume reflection coefficients of −1 and +0.3 for sea surface and seabed, 
respectively, and use an ocean depth of 300 m. I use the method of images to compute the pressure 
signal in the water. 

 In a landmark paper, Southall et al.  (  2007  )  reviewed the current state of knowledge of hearing 
damage in marine mammals. They defined damage thresholds for various species groups that they 
categorized by hearing abilities. Of interest here are low-frequency cetaceans, midfrequency ceta-
ceans, and high-frequency cetaceans. They defined two damage thresholds, one based on the peak 
pressure (PP) received by the animal and the other based on the sound exposure level (SEL). SEL 
is the integral of the acoustic power received by the animal, and it is weighted by the standardized 
hearing curve for its group. The SEL integral is defined to be over 24 h, and I have taken this to 
mean a complete transit of a long seismic line. The damage thresholds for an impulsive source are 
230 dB (re  m Pa 2 ) for PP and 198 dB (re  m Pa 2 -s) for SEL. I assume that the animal remains stationary 
in the water and does not flee. 
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 Using the above, I calculated the zones around the seismic line where the damage thresholds 
defined by Southall et al.  (  2007  )  are exceeded. Figure  1  shows the damage zones for the three 
groups around a 3-D seismic line. The source array positions are marked with grids of black lines, 
and the vessel is sailing out of the page. Only a short “slice” across the line is shown, but the whole 
line was used in the calculation.   

  Fig. 1    Hearing damage zones for high-frequency cetaceans (top left), midfrequency cetaceans (top right), and low-
frequency cetaceans (bottom). The peak pressure (PP) criterion is shown in green and the sound exposure level (SEL) 
criterion is shown in red. The figures show a slice across the seismic line, with the seismic source marked as a grid       
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   2 Damage Zones 

 The PP damage zone (Fig.  1 , green) is confined to a roughly conical shape (point downward) 
centered on the source and extending down to a depth of ~30 m. It is the same for all three groups. 
There is such a PP damage zone around each shot of the survey. The SEL damage zones for 
midfrequency and high-frequency cetaceans are very similar to the PP zone. However, for low-
frequency cetaceans, the SEL zone is much larger. It is tubular in shape, with a roughly circular 
cross-section radius of 150 m almost touching the surface along the sail line. This zone is large 
because the low-frequency cetacean hearing sensitivity overlaps more of the seismic band.  

   3 Exclusion Zone 

 Although it is not directly relevant to the calculations done here, it is instructive to bear in mind the 
size of the current :exclusion zone” around the seismic source. If a marine mammal is seen inside 
the zone, the source is switched off. The exclusion zone is 1,000 m wide. The calculations show 
that even the largest damage zone is much smaller than the exclusion zone.  

   4 How Many Shots Contribute to the SEL? 

 It is instructive to look at the whole of a short seismic line to see how many shots significantly 
contribute to the SEL for a low-frequency cetacean. Figure  2  shows that the significant part of the SEL 
is accumulated while the source is within about 500 m of the animal, that is, about 50 shots.   

   5 Conclusions 

 By combining the hearing damage criteria defined by Southall et al.  (  2007  )  with the measurements 
of the output of seismic source arrays and an assumption of no avoidance action by the animal, 
I have shown the extent of the hearing damage zone around a deep marine seismic line. 

 The midfrequency and high-frequency cetaceans have damage zones that are confined to a 
roughly conical region centered on the shot position, with a lateral extent of ~20 m and extending 
down to ~30 m. 

 The low-frequency cetaceans have a much larger damage zone and it results from the SEL criterion. 
This is because the hearing of this group overlaps more with the frequency range emitted by the 
seismic source. The low-frequency cetacean damage zone forms a continuous tube below the seismic 
line ~300 m wide and extending to a depth of ~300 m or more. 

 The seismic source “exclusion zone” is much larger than the largest damage zone.      
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    1  Introduction 

 Guidelines and regulations for underwater noise exposure tend to focus on single events. For 
example, the noise field from a single strike on a pile during pile driving or from a single discharge 
of a seismic air gun array is mapped through either modeling or field measurements, and mitigation 
zones are defined based on ranges to thresholds commonly expressed as sound pressure level (SPL) 
or sound exposure level (SEL). In many situations, however, animals will experience ongoing or 
repeated exposure. The effects of cumulative exposure, the way in which effects from single exposures 
accumulate, and the potential for recovery between repeated exposures are poorly understood. 
Another (computational) challenge is to predict, through modeling, cumulative levels received by 
animals from multiple sources, from moving sources, and from multiple exposures over long 
durations and large areas. The following sections outline the steps to solve the computational 
problem for selected example cases.  

    2  Stationary Source, Moving Receiver 

 This example is based on pile-driving measurements taken in a dolphin habitat (Erbe  2009  ) . Taking 
a bird’s-eye view, the pile is driven at 0 m east and 0 m north and a dolphin travels in a straight line 
at a speed of 5 m/s, with a closest point of approach (CPA) at 200 m (Fig.  1 , top). In situ transmis-
sion loss measurements showed that the received SEL as a function of the range ( R ) followed the 
equation SEL = 207 – 6 log 

10
 ( R ) – 0.04 R  for a large steel pile (150-cm outer diameter, 25-mm wall 

thickness, 30-m length) driven with a hydraulic hammer (14-t weight, 280-kJ maximum energy). 
The hammering interval was 1.8 s. Modeling the dolphin path from ~700 m west to 700 m east, this 
animal received 160 pulses, 80 pulses on either side of the CPA (shot numbers −80 to +80; Fig.  1 , 
bottom). The SEL per shot is the received level for each shot accounting for transmission loss 
between the source and receiver and is maximum at the CPA (shot number 0; Fig.  1 , bottom). The 
cumulative SEL is the sum of all levels and asymptotically approaches a value of 202 dB re 1  m Pa 2 -s 
in this scenario.   
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    3  Multiple Stationary Receivers, Moving Source 

 The reversed situation of a stationary receiver and a moving source can be modeled in the same way 
as the previous example. Sometimes, however, the modeling of multiple stationary receivers is 
desired, e.g., if the target species are benthic organisms underneath a seismic survey transect. Modeling 
a 1,500-in. 3  generator/injector (GI) gun array with JASCO’s air gun array source model (AASM; 
MacGillivray  2006  )  and using the ray-tracing sound-propagation model described in Erbe and Farmer 
 (  2000  ) , cumulative received SEL from 9 shots spaced 25 m apart along a west-east transect was com-
puted on a receiver grid spanning 120 m in Northing and 200 m in Easting (Fig.  2 ). Cumulative 
received levels are plotted at the seafloor, which was 10 m deep. Given the short source-receiver 
ranges, in particular right beneath the array, each air gun in the array was modeled separately and 
waveforms were superposed at each receiver location (Erbe and King  2009  ) .   

    4  Multiple Stationary Receivers, Multiple Sources 

 A more complex situation arose when multiple intersecting transects were shot over a coral reef and 
where fish were expected not to flee the reef but to hide among the coral for the duration of the 
survey, thus receiving pulses for a few weeks (Erbe and King  2009  ) . Thousands of shots were fired 
over a few hundred square kilometers, and the regulator was asked to compute maps of cumulative 
SELs that were to be overlaid with habitat maps to identify regions of high risk. It was computation-
ally impractical to model every single sound-propagation path from every shot to every receiver. 
The approach taken followed these steps. 1) Place an evenly spaced receiver grid over the survey 
area. 2) Extract bathymetry profiles for all shot-receiver pairs. 3) Cluster bathymetry profiles with 
a self-organizing neural network. 4) Model transmission loss along all cluster centroids. 5) 
Extrapolate transmission loss for all other shot-receiver pairs. 6) Integrate energy at all receivers 
over all shots (= integration over time and area). The error introduced by the neural net was −1 ± 
3 dB re 1  m Pa 2 -s. The error was largest where bathymetry varied “steeply” over short ranges (Erbe 
and King  2009  ) .  

  Fig. 1    Top: Dolphin swimming past pile-driving location. Bottom: Per shot and cumulative received sound 
exposure level (SEL)       
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    5  Discussion 

 In the above example, bathymetry was the single most important factor affecting sound propagation. 
Bathymetry varied from being very steep on the outside of the reef to very flat in the reef center. 
Large coral outcrops existed all over the reef, sometimes reaching the water surface and stripping 
energy at high frequencies. Geology (geoacoustic parameters of the seafloor) and sound-speed 
profiles of the water column did not vary substantially over the reef. In other environments, where 
the geology or water properties are not homogeneous, environmental provinces should be defined 
and the model run for each province separately. 

 The tool is useful for moving sources or for very large numbers of sources where an integration 
in area (over all source locations) is desired. If only a few stationary sources exist, it will be easier 
to model sound propagation once for each source and to integrate over time. The tool is useful to 
assess the impact on marine species that are confined to the area modeled (i.e., they don’t flee the 
area), e.g., fish at a coral reef or dugong confined inside a bay. The tool produces a sound-exposure 
map, which can be overlaid with habitat maps to estimate the percentage of habitat that receives 
certain threshold levels. Although it is feasible to model cumulative exposure over large areas and 
multiple sources, the biological effects of cumulative exposure remain largely unknown.      
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   1 Introduction 

 Two new sound-recording systems were developed as part of a study on the effects of sound from 
seismic air guns on fish behavior. The systems were used to record sound pressure levels (SPLs) at 
several depths and distances from the seismic vessel during a geophysical survey carried out on a 
Norwegian fishing ground during the summer of 2009. The recordings were used to calculate sound 
exposure levels (SELs) and as input to models describing sound propagation of acoustic noise from 
seismic air gun arrays.  

   2 Sound-Recording Systems 

 To be able to record sound at several depths relative to both the surface and bottom without sound 
pollution from the support vessel, two separate hydrophone sound-recording systems were developed. 
The systems were designed to be able to function as stand-alone self-recording data loggers. 

   2.1 Drifting Antiheave Surface Buoy With Vertical Hydrophone String 

 A surface buoy system was developed to enable SELs to be recorded at three different depths 
(Fig.  1 ). To minimize vertical movements of the hydrophones due to wave actions, which create 
noise, the buoy was designed with a long slim shape that allows the waves to climb on the buoy 
instead of moving it up and down. The buoy was kept upright by lead weights and batteries 
placed in its base and by a sea anchor at the end of the hydrophone string. The buoy contained an 
UNO-2170 embedded computer with an internal hard drive for data logging and instrumentation 
control. A GPS receiver enabled the buoy to be tracked and a radio Ethernet link allowed remote 
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control and monitoring of the system from a distance of several nautical miles. Three Naxys 02345 
Ethernet hydrophones were attached to the buoy via cables along a string at depths of 8, 32, and 64 m. 
The buoy also contained an Argos satellite transmitter for satellite tracking in case the buoy was 
lost. The system can be operated either as a stand-alone unit or from the research vessel via a radio 
Ethernet link. Sound data from the hydrophones can be recorded either continuously or at fixed 
times and intervals. GPS position data are logged continuously. The Naxys hydrophones are omni-
directional, with a frequency range of 5 Hz to 300 kHz, a sensitivity of −211 dB re V/μPa and a 
configurable sampling frequency of 6–768 kHz. The hydrophone has an amplifier with an adjustable 

  Fig. 1    The buoy systems       
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gain from 0 to 40 dB. Remote control software enables the operator on the research vessel to have 
a remote desktop view of the buoy computer via the Ethernet radio link, permitting real-time tracking 
of the buoy’s position, monitoring of hydrophone signal, and adjustment of gain settings and recording 
intervals. Before deployment, the hydrophones were calibrated with a Brüel & Kjær 4229 piston 
calibrator. Star-Oddi DST depth tags attached to each hydrophone recorded their depths and vertical 
movements.   

   2.2 Self-Recording Submersible Hydrophone Platform 

 Four submersible acoustic hydrophone platforms were used to record sound on the seabed at a number 
of locations during seismic shooting (Fig.  1 ). An underwater housing of anodized aluminum con-
nected to a Naxys 02345 Ethernet hydrophone via an Ethernet cable was mounted in a steel frame. 
The frame was made buoyant with floats and was attached to weights (100 kg) by a 3-m rope. An 
acoustic release unit enabled the unit to be retrieved when the recordings had been completed. The 
underwater housing contained an Advantech PCM-3370F-JOA1 single-board computer for data 
logging and system control. The computer used a flash drive for data storage to avoid noise from 
the disk during data logging. The electronics were powered by rechargeable A123 lithium-ion bat-
teries with automatic low-battery capacity shut-down circuitry, enabling the system to operate for 
~48 h. Logging interval, start time, gain, and sampling frequency were configured via remote con-
trol software with a serial connection before deployment. Recorded sound data were downloaded to 
an external PC by disconnecting the hydrophone and using the Ethernet connection.   

   3 Discussion 

 The sound-recording systems had to meet a number of criteria. A primary requirement was that they 
had to be able to operate in the same area and under the same weather conditions as the seismic 
vessel. The study area (Vesterålen, northern Norway) has a variety of bottom types and depths rang-
ing from 50 to 900 m and can have rough weather and high seas. Because the research vessel was 
also engaged in acoustic mapping of fish distribution during the seismic survey, the systems had to 
be able to operate independently, with continuous logging of sound recordings for at least 48 h 
without the need for a cable connection to the vessel. A minimum signal-to-noise ratio (i.e., high 
sensitivity) was important to enable sound recordings to be made at distances up to 50 km from the 
seismic vessel. The surface buoy was therefore designed to record sound with minimum interfer-
ence from sea noise. To enable recordings to be made over a wide range of distances (i.e., wide 
range of sound levels), the hydrophones had an amplifier with an adjustable gain. The depths at the 
fishing grounds were up to several hundred meters and the bottom hydrophone systems were con-
structed to operate at depths up to 500 m. The sound data were saved in a standard WAV file format 
for ease of postprocessing. 

 The sound recordings from the hydrophones were synchronized in time with the position of the 
sound source (i.e., the air gun array) during seismic shooting. The WAV files were processed to 
calculate SPL, SEL, peak pressure level (PPL), and impulse (I 

imp
 ) (Carey  2006 ; Madsen et al.  2006  ) . 

These metrics provide various ways of describing the type and level of sound that affected the fish 
in the study area. The sound data recordings will also be used as input during the development of a 
sound-propagation model (Hovem  2007  ) , which describes how sound from a seismic air gun array 
propagates.      
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    1  Introduction 

 Boat noise represents a chronic source of harassment for fish species, whose communication for 
inter- and intrasexual selection is based mainly on low-frequency sound signals (Amorim  2006  ) . 
Investigating the impact of boat noise on target fish species is particularly relevant for coastal 
marine protected areas (MPAs), which are biologically rich locations deserving protection from 
anthropogenic pollutants. Although many fish species are primarily sensitive to the kinematic com-
ponents of the sound field (Popper and Fay  1999  ) , namely, to particle acceleration, boat noises have 
been characterized so far mostly by means of sound pressure measurements. In this work, the under-
water acoustic background noise and the noise produced by a small outboard-engine boat moving 
at 6 knots were recorded inside the WWF-Natural Marine Reserve of Miramare (Trieste, Italy) by 
using a novel hydrophonic probe (“Soundfish”) placed on the sea bottom (8 m depth). This allowed 
for characterization of the sound field not just in terms of sound pressure but also of the three 
Cartesian components of particle velocity.  
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    2  Description of the  “ Soundfish” Probe and the Digital Signal Processing 

 The system is based on a modified ZOOM H2 digital sound recorder, renamed Brahma, capable of 
recording the signals coming from a probe consisting of four hydrophones placed at the vertices of 
a tetrahedron; this is the underwater equivalent of a Soundfield microphone. The recorder operates 
at 48 kHz and 24 bits and records standard uncompressed WAV files over a 16-GB secure digital 
(SD) card, which can be easily processed later on a PC. A software tool, named Brahmavolver, was 
developed for converting the raw signals coming from the four hydrophones to output signals 
representing, respectively, the sound pressure and the three Cartesian components of particle 
velocity. The processing is based on the use of a matrix of 4 × 4 finite impulse response (FIR) filters, 
currently 2,048 points long. In our approach (Farina et al.  2007  ) , the filter coefficients are computed 
numerically, inverting a matrix ( M ) of measured impulse responses obtained with the sound source 
placed at a large number ( D ) of positions all around the probe, as shown in Figure  1 .   

    3  Preliminary Tests in a Pool 

 A suitable number of impulse-response measurements were performed on the Soundfish probe 
inside the test pool kindly made available by WASS (Livorno, Italy), as shown in Figure  1 . A turn-
table, controlled by our Aurora software, was employed for automatically rotating the probe in steps 
of 30° along both azimuth and elevation, yielding a set of 6 × 12 impulse responses. Figure  2  shows 
some of the results of these preliminary tests: the polar patterns of the pressure and particle velocity 
in two octave bands.   

    4  Field Recordings 

 The probe and the Brahma recorder were placed on the sea bottom at a depth of 8 m in the 
center of the protected area of the Miramare Reserve. A 30-min-long recording of the sea ambient 
noise (SAN) was performed, followed by recordings of a boat passing near the probe. The analysis 
of these recordings allowed for the computation of one-third octave band spectra of both 

  Fig. 1    Impulse response measurements performed inside a pool       
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  Fig. 2    Polar patterns of the Soundfish probe at 500 and 1,000 Hz       
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  Fig. 3    Sound pressure level (SPL) and particle velocity level (PVL) spectra of sea ambient noise (left) and boat 
 passage above the probe (right)       
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sound pressure level (SPL) and particle velocity level (PVL), computed with reference to the 
standard quantities for underwater acoustics (1  m Pa and 1 nm/s, respectively). Furthermore, the 
particle acceleration levels (PALs) can be easily derived from the PVL values, following the 
procedure described in Picciulin et al.  (  2010  ) . 

 Figure  3  presents the analysis of the recordings, showing the one-third octave band spectra in 
terms of SPL and PVL of the SAN and the boat passage.  

 Although only the overall magnitude of the particle velocity vector is reported here, the data 
obtained allow for computation of the direction of the vector, making it possible to know, at any 
instant, the position of the sound source, which resulted in good agreement with the real trajectory 
of the boat.  

    5  Conclusions 

 The new Soundfish probe can be employed for an analysis of the cause-effect relationship because 
at every instant, the position of the source relative to the receiver is known, along with the quantities 
relevant for assessing the impact of human-produced noise over marine species sensitive to either 
sound pressure or particle motion. The reliability of the new measurement system must now be 
assessed by employing it in a number of surveys, under different sea conditions, at different depths, 
and with various kinds of noise sources. It could also be advisable to repeat the calibration in the 
pool, employing narrower angular steps, for ensuring computation of even better digital filters.      
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   1 Introduction 

 During the last decade, there has been a major interest in wind energy production. The number of 
offshore wind farms is increasing rapidly. Several nations are planning to switch to “green” power, 
increasing the numbers even more. The public awareness and the general focus on the environment 
require that wind-based energy should be ecologically harmless. Lately, it has been realized that the 
aquatic environment is also a soundscape, not at least due to the fact that many species make use of 
sound for communication, mating, finding prey, and avoiding predators. Furthermore, most studies 
have been concerned with the effect of the sound pressure component of sound, even though many 
species are sensitive to particle motion. For this reason, a particle motion sensor was built and 
deployed in close vicinity to a wind turbine where the generated particle motion in the ocean was 
characterized. The results are presented here. 

 As part of a Swedish research program (led by Vindval, Stockholm, Sweden, and financed by the 
Swedish Energy Agency, Eskilstuna, Sweden) dealing with the environmental effects of wind power, 
the acoustical sound in close vicinity to an offshore wind turbine was investigated. The aim was to study 
the particle acceleration induced by a single wind turbine and relate the observed levels to fish hearing. 
The field trials were carried out in August and September 2007 in the Baltic Sea at the Utgrunden wind 
farm near the town of Kalmar, Sweden. During this period, the wind varied in both direction and speed. 
It was thus possible to make observations during different operational conditions.  

   2 Field Trials 

 A specially designed particle sensor was built to enable the measurement of particle motion. It 
consisted of a near neutrally buoyant sphere that co-oscillated with the acoustical sound. The opera-
tional frequency range was 0.1–300 Hz, limited by the built-in accelerometers. Before the trials, the 
sensor response was compared with hydrophones connected in gradient mode. 
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 A reference accelerometer was attached to the pillar of the wind turbine to measure the vibrations 
of the foundation. The data were compared with those from the particle motion sensor. It is clear 
that the observed particle motion in the sea was induced by vibrations generated by the wind turbine 
(cf. Fig.  1 ). The same frequencies as well as the amplitude relationships were observed, which 
strongly suggested that the sensor is doing justice to particle motion. Measured particle motion in 
the frequency range of 0.1–200 Hz is shown in Figure  2  for strong wind and for when the wind 
turbine was out of operation. As expected, the background level is the lowest, showing that the 
observed levels in the frequency interval of 0.1–200 Hz is affected by the wind turbine. Two inter-
esting effects were observed. First, the blade-rotation frequencies (between 1 and 6 Hz) were not 
observed in the sea, indicating that low-frequency wave propagation was not effective in shallow 
environments. Second, below 2 Hz, the soundscape was dominated by wave-induced motion, and 
thus the influence of the wind turbine was most probably negligible.    

   3 Results 

 The analysis showed that the wind turbine generates a number of tones as well as a broadband 
background (cf. Fig.  1 ). At full power (wind speed greater than 11 m/s), 3 tones dominate at 29.5, 
36.5, and 178 Hz, where the third tone was the strongest. At lower wind speed, the dominating 
tones were found at 29, 34, and 141 Hz, where the first tone was the strongest. During strong wind 
conditions, a dedicated test was performed where the wind turbine was started and allowed to 
reach full power production. Nonstationary tones were observed by the reference accelerometer as 

  Fig. 1    Spectra showing generated accelerations in the ocean and on the wind turbine. (a) Particle acceleration meas-
ured by the particle motion sensor at a 1-m distance from the outer rim of the wind turbine foundation. (b) Vibration 
measured on the pillar of the wind turbine       
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  Fig. 2    Sound levels measured in the ocean 1 m from the wind turbine foundation. Black line, background level 
measured with a stopped wind turbine. Gray line, wind turbine generating power at 12 m/s wind speed       

well as the particle motion sensor. Somewhat surprisingly, the maximum sound levels were generated 
at low wind speeds. A possible reason is that the gear box of the wind turbine was optimized for 
higher wind speeds and thus was noisier at lower speeds. It was possible to perform a test in which 
the sound in water was observed while the wind turbine was spinning up. It was clear that the tones 
are nonstationary; therefore, a better description is to characterize the tones as sliding. The sliding 
stops at ~10 m/s wind speed when full power production is reached. It was also observed that with 
weak winds, the wind turbine was frequently adjusting its pitch, resulting in the aforementioned 
sliding phenomena.  

   4 Effects on Fish 

 Particle motion levels were measured between 0.1- and 10-m distance from the outer rim of the 
foundation by moving the particle motion sensor. The sound levels were compared with known 
audiograms of  Gadus morhua  (Atlantic cod),  Perca fluviatilis  (European perch),  Salmo salar  
(Atlantic salmon), and  Pleuronectes platessa  (European plaice). It can be concluded that at a 10-m 
distance, the levels are comparable in their hearing ability; thus the area where the wind turbine is 
affecting fish is small. Taking into account that fish disturbance requires even higher levels leads to 
the conclusion that this area is even smaller than 10 m. However, this conclusion is only valid for 
particle motion and hence is not applicable to sound pressure, which is known to be sensed by fish 
at larger distances.  

 



492 P. Sigray and M.H. Andersson

   5 Outlook 

 The awareness of the influence of sound on the aquatic environment has grown. New regulations 
are being prepared to put restrictions on aquatic sound levels (e.g., European Union Marine 
Strategy Framework Directive). The aim is to determine baseline levels, which are not to be exceeded. 
To be applicable, both components of sound have to be determined, i.e., pressure and particle 
motion. The latter can be studied employing the particle motion sensor as demonstrated here. Our 
present knowledge of specific sources and their effect is still scarce. Examples of important studies 
to be conducted are sound generated by ships, piling (Mueller-Blenkle et al.,   Chapter 89    ), and air 
guns, all of which are known to generate high levels of sound but also to map the general sound-
scape in anthropogenic choke points such as the sound between Denmark and Sweden that is known 
to be of great importance for some species such as  Anguilla anguilla  (European eel) (Andersson 
et al.,   Chapter 90    ).       
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 In 1993, Donald Ross indicated a long-term trend of a low-frequency anthropogenic noise increase 
of 0.55 dB/yr between 1958 and 1975. This trend in ocean ambient-noise levels due to an expansion 
in global shipping has yielded an increase in the ambient-noise floor of the ocean that is anywhere 
from 6 to 12 dB higher than what it was in 1958 (depending on location). What became known as 
the “Ross Prediction” did not incorporate other anthropogenic sources of noise such as navigation 
and communication signals, noise from offshore fossil fuel exploration and extraction, and the 
noises from other marine industrial enterprises. There is a concern that the increase in ambient noise 
is masking biologically significant sounds, although the evidence for this is still scarce and some-
what speculative. Meanwhile, perhaps 90% of the biomass of complex vertebrates has been removed 
from the ocean since 1850 due to industrialized whaling and fishing operations (Meyers and Worm 
 2003 ; Roberts  2007  ) . 

 Definitive population counts of marine mammals from prewhaling times are difficult to confirm; 
many models have been assembled by evaluating catch-and-kill records from commercial whaling 
logs. Townsend  (  1935  )  is one of the more commonly cited, although it only evaluates records from 
“primitive” whaling ships from 1751 through 1905, mostly under sail and not using explosive harpoon 
heads found from the early 20th century on. 

 Townsend  (  1935  )  estimates that only 5,114 bowhead whales were taken over the period of his 
study. Meanwhile, Bockstoce and Botkin  (  1977  )  indicated that prewhaling stocks of northern Pacific 
bowheads were ~30,000 and that some 18,650 were killed by 1914 when the industry collapsed. By 
1978, Evans and Underwood estimated that Arctic populations of bowheads were between 2,000 
and 3,000 animals, less than 10% of their 1847 Arctic population. Similarly, Kemf and Phillips 
 (  1994  )  indicated a prewhaling blue whale population of 275,000 whales, which is currently estimated 
to be “probably under 5,000.” 

 Along with the uncertainties in population data, other uncertainties include unknown aggregation 
behavior that various whales would exhibit among larger populations. Although it is becoming 
apparent than most mysticetes have seasonal migrations driven by feeding and breeding opportu-
nities, which would have some bearing on aggregation behavior, there is no density-dependent habitat 
selection analysis for mysticetes. Do animals increase or decrease their vocalizations in the presence 
of larger groups? Do they disperse or congregate? How do the contemporaneous variations in food 
supply impact their vocalization and aggregation behavior? 

        Is the Ocean Really Getting Louder?       
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 Although the population counts vary widely, the operating assumption for the purpose of this 
inquiry is that “commercially viable” populations of whales had been so depleted by the mid-1940s 
that management of the fishery was largely prioritized toward rebuilding stocks and that perhaps as 
much as 90% of the great whales had been harvested since the beginning of commercial whaling in 
the mid-18th century. 

 Despite the disparities in population estimates and unknown behavioral responses to variability 
in population and food supplies, it is highly likely that the amplitude of biological noise from 
mysticete vocalizations was significantly lower in 1964 than in prewhaling times as a consequence 
of population depletions from industrial whaling. This paper attempts to model various biological 
noise scenarios in the North Pacific in 1800 and again in the 1958 baseline year of the “Ross 
Prediction.” 

 Given all of the uncertainties, prewhaling marine biological noise levels can not be definitively 
determined. Nonetheless, this inquiry serves as a springboard for deeper discussions about the 
impacts of biological and mechanical ambient-noise levels on the marine bioacoustic habitat, 
whether the common masking assumptions are appropriate for marine mammals, whether mysticete 
filters for communication and other biologically significant sound sources might include a temporal 
component, and whether ambient-noise amplitude may be less of a biological aggravator than the 
characteristics of a particular noise source.     
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 Anthropogenic noise is on the rise. Sounds generated by human activities make the world more 
noisy in terms of sound levels as well as through expansion in time and space. The artificial noise 
penetrates all media (air, water, soil, vegetation) where it changes habitat acoustics for animals that 
are able to hear and for which hearing sounds may play a critical role in survival and reproduction 
(Slabbekoorn  2010  ) . Awareness is also on the rise. Policy makers, industrial parties, and scientists 
are all increasingly aware of the potentially detrimental impact of noise pollution (Barber et al. 
 2009 ; Popper and Hastings  2009 ; Slabbekoorn and Ripmeester  2008 ; Southall et al.  2007  ) . Dramatic 
physical consequences for animals in close proximity to sounds of loud intensities often draw the 
most attention. However, it becomes clear that more moderate noise levels, which are often wide-
spread and long term, can also negatively affect many animals (Slabbekoorn et al.  2010  ) . The increase 
in both anthropogenic noise levels and the awareness of the potential impact of high- and low-intensity 
sounds on animals leads to a need for adequate impact assessment methods. 

 The development of noise impact assessment methods is difficult, and there are many reasons 
why any future standardized procedure will likely be complex. First, any impact will depend on the 
transmission properties of the medium and the species-specific sensitivity to sound. Attenuation 
rates in water and air are very different and vary with locality and weather conditions, whereas 
species-specific hearing ranges vary considerably and sometimes do not even overlap. Furthermore, 
being aware of an anthropogenic sound does not necessarily mean being affected by it (Knudsen et 
al.  1992  ) , and, similarly, behavioral changes associated with sound exposure can indicate, but are 
no proof of, negative consequences. There are many impact factors that can occur at the same time, 
that are not mutually exclusive, and that are often interrelated but not necessarily leading to additive 
effects (Table  1 , Fig.  1 ).   

 The six main impact factors of anthropogenic noise include 1) physical damage, such as temporary 
or permanent hearing loss; 2) physiological stress, e.g., reflected by a rise in heart beat or cortisol 
level; 3) auditory masking, meaning a reduced detectability or recognizability of environmental or 
echolocation sounds or communicative signals; 4) spatial deterrence, by which animals move away 
from potentially favored feeding or breeding areas; 5) behavioral interruption, which can involve a 
breakdown of typical signal-response chains or interruption of activities such as schooling or 
spawning; and 6) signal modification, which refers to any temporal or spectral alteration of commu-
nicative signals. These impact factors do not stand alone and are interrelated in a complex network 
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in which all pairwise combinations may influence each other in the sense that one is likely to make 
the other worse or likely to reduce the impact of the other (Table  1 ). 

 For example, any physical damage or physiological stress is likely to further increase the direct 
impact of anthropogenic noise on all other factors, whereas spatial deterrence may be detrimental 
for various reasons, but it could also lead to lower and shorter exposure levels that can release the 
negative impact through physical damage, physiological stress, or auditory masking. Auditory 
masking is in turn likely to contribute to the probability of behavioral interruption, spatial 
deterrence, and signal modification, of which the latter two yield two other examples of negative 
feedback loops through masking release (Brumm and Slabbekoorn  2005  ) . Not all possible impact 
factors are always relevant and not all relationships are always critical to explore, but it is important 
to realize the full complexity of a proper noise impact assessment on individual fitness. Short-term 
consequences in one or two factors can only provide limited insight, whereas incorporation of the 

   Table. 1    An overview of all pairwise relationships among the six main impact factors of anthropogenic noise on 
animals   

 Physical 
Damage 

 Physiological 
Stress 

 Auditory 
Masking 

 Spatial 
Deterrence 

 Behavioral 
Interruption 

 Signal 
Modification 

 Physical damage  +  +  +  +  + 
 Physiological stress  +  +  +  +  + 
 Auditory masking  n  n  +  +  + 
 Spatial deterrence  −  −  −  +  n 
 Behavioral interruption  n  n  n  +  n 
 Signal modification  n  +  −  n  + 

  The impact factors are represented as cause in the first column and as consequence in the first row. One impact 
factor affects the other positively (+; making it worse) or negatively (−; leading to some release) or has no logical 
effect (n; neutral)  

  Fig. 1    Complexity of noise impact assessments and the parts that have received the most attention in studies in birds 
and fish. Relationships between two impact factors can be positively (+) or negatively (−) correlated, in which case 
one factor may be detrimental in itself but may reduce the impact of another at the same time       
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possible relationships among factors elucidates that some factors are inherent properties of noise 
exposure that animals just have to undergo while other factors may not need to be fully detrimental 
and can concern more or less adaptive response patterns. 

 Physiological and behavioral responses are often based on mechanisms evolved in the context 
of more natural noise patterns that could signal an increase or decrease in the probability of danger. 
Such responses can still benefit the animal in the context of artificial noise depending on species-
specific response patterns and the impact factor. The impact of a predator escape response for 
animals nearby pile-driving sounds depends, e.g., on whether they flee or freeze. The impact of 
a habituation response can reduce spatial deterrence but at the same time leave auditory masking 
unaffected. 

 The impact factors are represented as cause in the first column and as consequence in the first 
row. One impact factor affects the other positively (+; making it worse) or negatively (−; leading to 
some release) or has no logical effect (n; neutral). 

 Studies on noise impact assessments in birds and fishes can provide a complementary picture 
because they have been biased to different factors (Fig.  1 ). On the one hand, many studies in birds 
have explored auditory masking and the consequences for spatial deterrence of breeding birds 
away from otherwise suitable habitat alongside noisy highways or industrial sites with noisy com-
pressors (e.g., Francis et al.  2009  ) . Also, the noise-dependent consequences for signal perception and 
signal production have been well studied in birds, which may both cause behavioral interruption in 
terms of a drop in response-eliciting capacity (Slabbekoorn and Ripmeester  2008  ) . On the other 
hand, many studies in fish have explored the physical damage in hearing loss and physiological 
changes in cortisol secretion after sound exposure. Furthermore, understandably in the context of 
fisheries, several studies have addressed the spatial deterrence of fish, e.g., away from areas of seismic 
shooting or behavioral interruption of schooling behavior caused by vessel noise (Popper and 
Hastings  2009 ; Slabbekoorn et al.  2010  ) . The impact factors that are not highlighted reflect relative 
data gaps (but see Ryals et al.  1999  for physical damage in birds; Codarin et al.  2009  and Hawkins 
and Chapman  1975  for auditory masking in fish). 

 In conclusion, conceptual similarities and complementary findings could mean a fruitful scientific 
integration when insights from bird and fish studies are combined in future research efforts to get a 
better understanding of the complexity of noise impact assessments.     
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   1 Introduction 

 A fundamental challenge in assessing behavioral changes made in response to anthropogenic ocean 
noise is that we cannot talk to the animals involved; we can only observe (often subtle) behavioral 
changes and then make inferences or guesses about what they may be experiencing and what the 
motivations behind any changes, or lack of changes, may be. Of particular concern in recent years 
is the possibility that a subset of populations may be more sensitive to noise and thus be dispropor-
tionately affected by repeated exposures to chronic noise sources such as shipping, construction, or 
seismic surveys; some have even suggested that the most sensitive individuals may leave the area 
so quickly or permanently that studies of behavioral responses may be biased by the inclusion of 
predominantly more tolerant animals (Bejder et al.  2009  ) . Also, marine mammals often move a 
moderate distance from a noise source, out of dangerous or “very annoying” range but not neces-
sarily out of audible range; this has raised questions as to whether they may experience longer term 
elevations in stress levels even as they continue to engage in normal activities after being slightly 
displaced (Abdulla and London  2008 ; Bejder et al.  2009 ; Wright  2009  ) . 

 It is clear that there is variability in behavioral responses to noise among ocean species and between 
individuals in a population. Similar individual variability in sensitivity to noise has been studied for 
decades among humans. As we try to ascertain the effects of anthropogenic noise on ocean creatures, 
there are two questions on the table. First, what can each species hear? The lack of direct measure-
ments of hearing in wild populations of most aquatic species has led to the practice of extrapolating 
from results in easier-to-study species, perhaps most notably, in terms of stretching the extrapo-
lation gap, chinchillas. The second question, essentially impossible to answer, is how are these sounds 
experienced by animals? And especially, how might individual variation in the experience relate to the 
observed variability in behavioral responses? Perhaps another leap of extrapolation is in order. 

 Recent surveys of residents living with moderate noise from nearby wind farms as well as studies 
of animal responses to wind farms may offer some insights that are relevant to ocean noise and 
animals. Similar to the results from studies of behavioral responses to ocean noise (Southall et al. 
 2007  ) , there is no clear dose-response function between received noise levels at homes near wind 
farms and population-wide or individual responses, annoyance responses, sleep disruption, or relocation. 

        Extrapolating Beyond Chinchillas: Behavioral Response 
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Of particular note is a repeated pattern in which majorities of people who can hear wind farms are 
not particularly bothered by the noise, whereas a significant minority (10–40%, increasing in closer 
proximity to turbines) is more dramatically affected. This paper examines some of the experiential 
reports from neighbors, both those affected and not, as well as studies of annoyance responses near 
wind farms. In conclusion, I mention some of the potentially biologically significant effects of 
ocean noise exposure that may be informed by considering the likelihood that a subset of the 
population is more affected.  

   2 Individual Variability in Sensitivity to Sound 

 Distinct from individual, age-related, or extreme exposure-related differences in auditory sensitivity 
between individuals, there is a well-documented and long-studied spectrum of behavioral and 
psychological sensitivity to noise among humans. Some people simply are more bothered by any 
given type of noise source or decibel level of noise than are others. These variations have been 
studied since at least the 1970s; although they have been partially correlated with some external 
factors (such as attitudes toward the noise source), there is also a fundamental variability in coping 
with noise. A recent literature review (Minnesota Department of Health  2009  )  captures the essence 
of the conventional wisdom: 

 “Sounds…can evoke different responses from individuals… Some people can dismiss and ignore the signal, 
while for others, the signal will grow and become more apparent and unpleasant over time (Moreira and Bryan, 
1972; Bryan and Tempest, 1973). These reactions may have little relationship to will or intent, and more to do 
with previous exposure history and personality” (p. 15). 

 This individual variability in tolerance is also reflected in the subjective experiences reported by 
wind farm neighbors who can hear turbines at their homes as reported in the local press. In 
Vinalhaven, ME, one resident notes that for him, “It doesn’t sound any different than when you’ve 
got the dishwasher running in your house. I have a brook that runs by my house, and I hear that 
more than I hear the turbines.” Yet other neighbors a bit further away report the opposite reaction 
to the near parity of the brook and turbines: “As I watched the first rotation of the giant blades from 
our deck, my sense of wonder was replaced by disbelief and utter shock as the turbine noise revved 
up and up, past the sound of our babbling brook” (both quotes from Working Waterfront 2009). 

 Similarly, in a Wisconsin farmland wind farm that has generated an unusual amount of contro-
versy over noise impacts, neighbors reacted very differently (Green Bay Press Gazette  2010  ) . An 
apple orchard operator says turbines 300 ft from his property line make a slight “woof, woof, woof” 
sound but that it doesn’t bother him or his customers, and a neighbor agrees: “You get a little 
whooshing sound once in a while. That doesn’t bother me.” Yet, another neighbor who has a turbine 
500 ft from his property line says its sound, which he compares to a jet that never arrives, “is not 
for me. It’s an invasion.” He and his wife plan to sell their house and move elsewhere, a “permanent 
displacement” effect.  

   3 Quantifying the Variability in Sensitivity to Wind Farm Noise 

 Although such direct reports are illuminating, a series of research papers from Scandinavia offer the 
best big picture look at the patterns of response near wind farms (Pederson  2009 ; Pederson and 
Waye  2007 ; van den Berg et al.  2008 ; Waye  2009  ) . Extensive surveys of neighbors of three large 
wind farms, totaling nearly 1,800 responses, show that although annoyance levels clearly rise with 
increasing received noise levels at all sound levels, even more people report not being bothered by 



503Extrapolating Beyond Chinchillas: Behavioral Response Ambiguity Through the Lens…

the sounds. At 30–35 dB, over half of the rural residents reported hearing the turbines, whereas only 
8–12% were annoyed; at 35–40 dB (within most global regulatory limits), 85% heard them, whereas 
just under 20% were annoyed; and at 40–45 dB (within common US regulatory limits), 95% heard 
them, whereas 45% were annoyed. The latter approaches the common 50% behavioral response rate 
sometimes used as a threshold in ocean noise assessment.  

   4 Variability in Response Among Wildlife Near Wind Farms 

 Likewise, studies of the effects of wind farms on wildlife (as well as reports of residents) show 
marked species and individual variability among birds, small mammals, and domestic and wild 
grazing species. One recent study of note (Pearce-Higgins et al.  2009  )  found that five local nesting 
species were relatively unaffected by living within or near wind farms, whereas 7 species were less 
likely to nest within 500–800 m of the turbines; of those displaced, the decrease ranged from 15 to 
52%, again confirming a general pattern that many individuals tolerated the turbines, whereas a 
significant minority was more affected.  

   5 Discussion: Considerations for Marine Species 

 As we come to grips with this pattern, also seen in the ocean, that a significant minority of many 
species’ populations appears to be more sensitive to disruption by anthropogenic noise, the implica-
tions will be particularly relevant in situations where a negative impact on a minority of the popula-
tion may be especially problematic to population health and viability. This may include particularly 
stressed populations (such as the North Atlantic right whale), particularly sensitive times of life 
(especially newborns and perhaps old age), and situations in which synergistic effects with other 
factors (e.g., habitat degradation, toxins) may be triggered by noise-related stress. 

 Of particular note are indications (Williams et al.  2006  )  that the lost energy intake resulting from 
reduced time spent foraging is likely to be the largest impact on the energy budget of disturbed indi-
viduals, far more substantial than energy expended in moving away from noise sources or vocalizing 
more or louder. Many recent studies suggest foraging is reduced by 15–35% in animals behaviorally 
disrupted by boat traffic, seismic surveys, and midfrequency active sonar (Cummings  2009  ) . 

 A central feature of humans reporting noise-related annoyance is that for many of them, their 
experience with the noise triggers a variety of stress-related effects, including headaches, sleep 
disruption, irritability, and a decreased capacity to focus at work or school. Although these impacts 
have created much brouhaha about whether the noise itself is causing health effects, the more likely 
pathway of impact in most cases is that among the subset of the population that is more sensitive to 
noise, noise-related stress, and sleep disruption is the causal factor for various health effects. The 
many clearly articulated reports from humans who are more affected by living with a nearby noise 
source may be especially relevant to our appreciation for the experiential effects of chronic noise-
related stress among ocean creatures. 

 In both wind farm planning and ocean management, it is often tempting to let the majority or the 
mean response become the ground for determination of risk and of regulatory protections, with minor-
ity responses considered to represent negligible impacts. However, just as communities near wind 
farms are coming to grips with the sometimes extreme effects on a minority of their neighbors, thanks 
to their ability to speak loudly and clearly about what they are experiencing, so too should ocean 
policy makers take into consideration the implications of individual variability in sensitivity to noise. 
If and when a significant minority of a population is more significantly or repeatedly affected by noise 
intrusions, the long-term impacts on populations are likely to be far from negligible.      
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   1 Introduction 

 The past decades have seen a growing concern in the scientific community regarding the effects of 
underwater noise on marine life in general and particularly on marine mammals. Some marine species 
use sound as their primary sense, using it to communicate, socialize, feed, and echolocate. As a 
result, any change in underwater noise has the potential to disturb these species through physical, 
behavioral, perceptual, chronic, and indirect effects. Consequently, the increase in anthropogenic 
activities in the ocean is a growing concern that needs to be addressed. 

 Future large-scale implementation of wave energy converters (WECs) in the ocean may prove to 
be one additional source of underwater noise. Although it is not expected that each individual device 
will produce a high level of noise, the deployment of several devices on the same farm operating 
day and night may have an effect on the fauna. 

 In 2006, the Wave Energy Centre (WavEC) in collaboration with the Technological Research 
Centre of the University of Algarve (CINTAL-UAlg), Faro, Portugal, started research in this field 
through the project entitled Wave Energy Acoustic Monitoring (WEAM;   http://www.wavec.org/
index.php/31/weam/    ), which began in November 2007.  

   2 Wave Energy as a Possible New Noisy Activity 

 The increase in sea deployments of WECs raised concerns regarding possible environmental 
impacts. In a general overview, the knowledge about the environmental impacts of offshore renew-
able energy is growing; nonetheless, significant knowledge gaps remain. Developers and promoters 
have demonstrated particular concern regarding the possible effects of underwater noise emitted by 
WECs (Patrício et al.  2009a  ) . There is little information on the characteristics of the noise produced 
during the different project phases of wave energy farms. Acoustical data on the sound produced 
during normal operations of wave energy technologies are not available yet. 

        Underwater Noise Effects From Wave Energy 
Devices on Marine Mammals: A Possible Approach       

         Sofia   Patricio           
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 The research done in offshore wind energy regarding noise emissions can help guide the work 
needed to be done in wave energy, such as baseline studies, procedures, simulations, and monitoring, 
but it will not address the fundamental differences in noise between wind and wave energy devices 
or farms. 

 In offshore wind energy devices, noise is emitted into the water by vibration of the structure 
down to the bottom caused by blades or turbine movement (directly to water), noise transmission 
from air to water from blades or turbine, and cavitation around the structure. In contrast, WECs will 
produce the most noise under water and the project phases differ from wind farm projects mainly 
in the construction phase. The noise generated will be directly transmitted into the water column 
and, depending on the mooring system, to bottom sediments. 

 Just after characterization of the noise emitted by the WECs and potential coincidence with the 
hearing sensitivity range of marine animals, a first assessment of possible impacts on the animals 
can be attempted. 

 The noise emitted by each WEC, the acoustic signature, is expected to be produced from a variety 
of different components (mechanical or other moving parts) related to the device itself and/or by its 
interaction with the environment. There may be some similarity to vessel machinery noise that has 
been well studied by the underwater sound community. Machinery noise has been identified as 
being originated by 1) rotating parts (shafts and motor armatures); 2) repetitive discontinuities (gear 
teeth, armature slots, and turbine blades) like, for example, in Wells and Pelton turbines; 3) explosion 
in cylinders in internal combustion motors; 4) cavitation and fluid flow (pumps, pipes, cylinders, 
and valves); and 5) mechanical friction (Patrício et al,  2009b ; Urick  1983  ) .  

   3 Assessing the Impact 

 Performing in situ measurements in the area of the WEC may be sufficient for a minimal impact 
assessment. However, in some cases, this may not be sufficient to completely characterize the noise 
impact on the marine life (Patrício et al.  2009b  ) . The observed noise may vary with time and space 
due to operating device conditions varying according to the sea state and the sound pressure level 
(SPL) depending on range, depth, and bearing. A complete spatial and time coverage via in situ 
measurements may become time consuming and expensive. Fortunately, there are very accurate 
acoustic propagation models that can be used as a complement to in situ measurements (Jensen 
et al.  1994  ) . 

 A model can be a helpful tool to analyze how the sound will propagate from a single device or 
an array of devices. The deployment of an array of WECs can have a cumulative effect, increasing 
the sound generated or, in some special cases, resulting in the phenomenon of sound annulations in 
some frequencies. To be able to predict this, the oceanographic conditions (temperature, salinity, 
bathymetry, and sediments) as well as the acoustic signature of the WEC in different operational 
conditions need to be characterized in detail. Acoustic modeling could aid in setting up the layout 
of wave energy farms (geometry, number of devices, and distance apart) and the development of 
individual devices such that the environmental performance related to underwater acoustic noise is 
maximized (Patrício et al.  2009b  ) . 

 Because the final aim is to find out to what extent an animal may be affected by a given noise 
source, it is necessary to proceed with a criterion. There are several studies that attempt to character-
ize the hearing sensitivity of marine species, which results in an audiogram. The most common 
effects that these studies can assess are behavioral changes or temporary damages in the hearing 
system, which are usually described as a temporary loss of hearing sensitivity, known as temporary 
threshold shift (TTS) (Richardson et al.  1995  ) . Such studies can be used to evaluate the impact in a 
real scenario by using in situ measurements and application of available criteria. The result of this 
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interpretation may be an evaluation in terms of influence zones where the experimenter roughly 
produces a set of plots as a function of space, indicating whether a certain level of impact is taking 
place or not. These influence zones usually range from audibility to temporary injury, permanent 
injury, or even death in very severe cases (Richardson et al.  1995  ) . 

 Assessing the acoustic impact involves several steps. A possible approach to evaluate the 
impact of underwater noise of WECs on marine life could focus on measuring the frequency and 
duration of noise generated by WECs under different sea states and ocean conditions; monitoring 
and modeling the sound field from a single device and an array, including several farm configura-
tions (device number, density, and geometry), to predict noise propagation; characterizing and 
monitoring the marine species; andcalculating the influence zones and assessing the possible 
effects (Patrício et al.  2009b  ) . 

 To summarize, the three main steps are to characterize the acoustic receptor (the marine species), 
determining its acoustic sensitivity; characterize the acoustic channel through the physical proper-
ties of the ocean; and characterize the acoustic signature of the WECs.      
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   1 Introduction 

 Research into the effects of noise on aquatic life is interdisciplinary, requiring expertise from the 
physical as well as the biological scientists. This paper examines how physicists and biologists 
differ in their approach to research and how these differences need to be reconciled if interdisciplinary 
research is to be effective and avoid major pitfalls. Physicists (in classical physics) are used to dealing 
with relatively simple systems, and it is often possible to find deterministic ways of describing the 
systems (e.g., with mathematical models tested by measurement). Biologists deal with more complex 
systems that include a greater degree of randomness and usually have to treat their data statistically. 
There is no hard and fast division, however, and physicists can learn from the biologists and vice 
versa, and this is most effective when they work together. 

 Scientists are generally trained within a particular discipline, e.g., biology, physics, or chemistry, 
and in their research tend to specialize in one area of their discipline, e.g., animal behavior, physiology, 
underwater acoustics, or fluid dynamics. The substantial growth in scientific knowledge and the 
number of scientists have driven a general trend to increased specialization and compartmen-
talization in research, and scientists generally have limited knowledge of and little insight into other 
discipline areas. Practices and procedures of one discipline may be quite different from those of 
another. This includes methods of designing and conducting experiments and analyzing the resulting 
data. Even the approach to reporting may be different. These differences are well demonstrated 
when biology research is compared with physics research. The extent that scientists can work outside 
their discipline areas is therefore quite limited. 

 Although science has become more compartmentalized, there has been an increasing demand for 
interdisciplinary research, and the effects of noise on aquatic life is a good example. Interdisciplinary 
research presents a challenge that is most effectively met by forming teams of experts from the 
component discipline areas. For example, research into the behavioral effects of noise on aquatic 
life would require at least an expert on animal behavior and one on acoustic propagation and ambient 
noise. The better each understand the differences between the disciplines and the way that they 
work, the better the collaboration will be. 

      Physical Biologists and Biological Physicists: Combining 
Biology and Physics in Research on the Effects of Noise 
on Aquatic Life       

         Douglas   H.   Cato            
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 In this paper, I discuss differences in the approach of biology and physics as applied to aquatic 
bioacoustics and the effects of noise and how these might affect research approaches, experimental 
design, and interpretation of the results. They are based on my experience of decades of collab-
orative work. Differences that are often apparently subtle can have significant effects. I hope that 
this will help early- and midcareer scientists in forming collaborations and getting the most out of 
interdisciplinary work. 

 Some scientists tend to be somewhat cavalier in their approach and chauvinistic in their attitude 
toward other disciplines and do not see the need to have expertise in the other disciplines involved 
when they embark on interdisciplinary research. I give examples of the problems this has caused. 
The history of the study of the effects of noise on aquatic life has many examples of misconceptions 
and errors that have arisen and continue to be widespread as a result of the failure of some scientists 
to obtain advice and participation from experts in fields other than their own.  

   2 Physics and Biology in Aquatic Bioacoustics and the Effects of Noise 

 Any research into the effects of noise on aquatic life involves both biology and physics. The 
physics includes underwater acoustics, which itself covers a number of fields, as well as other 
areas such as the acoustics of hearing. The biology includes animal behavior and communica-
tion, auditory perception, and ecology. It also includes those areas that are needed to investigate 
how the immediate effects of noise relate to longer term effects such as population dynamics and 
energy budgets. In this paper, I compare the areas of physics and biology that are usually 
involved in bioacoustics and the effects of noise on aquatic life rather than physics and biology 
in general. 

 Physics and biology are different in their approach to research and understanding of their subject 
matter. Physics, or at least classical physics, generally deals with simpler systems than biology. 
A common approach in physics is to develop an analogue of the real system of interest in the form 
of a theoretical model, and this is usually expressed mathematically. The idea is to obtain an insight 
into the physical process involved by developing a model that is as simple as can reasonably be 
achieved while retaining essence of the physical process. More complexity to bring the model closer 
to the real system can be added later. As in any area of science, the predictions of the theoretical 
models must, of course, be tested by measurements, and in the end, as with any discipline, the 
success of a theory depends on how well it is supported by measurements and observations. This is 
not to say that theoretical models are not used in biology but rather that physics is more amenable 
to mathematical modeling. 

 Biology deals with living systems, and in bioacoustics, this is typically the level of the whole 
animal or substantial components such as the senses, especially hearing. Animals are both very 
complex and very variable from one individual to the next, even between individuals in family 
groups. There may be many factors that affect this variation, and some may not be known. This 
imparts a degree of randomness that needs to be addressed statistically. As a result, any study of 
animals needs to include a large number of individuals to obtain a representative sample of the 
population. The observations and measurements are expressed as statistical distributions. 

 Mathematical models of physical systems may be deterministic in that the variables are directly 
related without the randomness of stochastic models as in biological systems, even though there are 
physical processes that need to be treated stochastically. Many physicists may not understand the 
importance of the stochastic process in biology, especially the need to obtain an adequate sample 
size in biological experiments.  
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   3 Mathematical Models of Physics and Their Limitations 

 The development of mathematical models requires two important steps: 1) the assumptions: the 
development of a simplified analogue of the real system requires assumptions about the way the real 
system works, and 2) the approximations: in evaluating the mathematical expressions of the model, 
it is usually necessary to make approximations to allow the result to be calculated. 

 The assumptions and approximations used limit the application of the model to conditions in 
which these have negligible effect. The model will not be effective in other sets of conditions, but 
it may be possible to develop other models using different assumptions and approximations, and 
each may be effective within their own range of conditions. 

 The art in modeling is to choose the most effective assumptions and approximations. These 
should, on one hand, allow the model to be simplified enough to obtain a mathematically tractable 
result but, on the other hand, minimize the differences between the model and the real system. The 
way the chosen assumptions and approximations affect the model and its relationship to the real 
system is not always evident in advance or even in retrospect. An assumption may even void an 
essential component of the system. 

 Problems arise when the assumptions and approximations of a model are not considered. There 
are many examples where the physicist’s model shows that an animal cannot perform some function 
and where the animal shows by its behavior that it is perfectly capable of doing just what the model 
“proved” that it cannot. An example is the claim by an underwater acoustician that although we can 
determine the angular direction of a sound source relative to our heads, we cannot tell whether the 
source is in front of us or behind us. Another (by a different acoustician) is the statement that turtles 
cannot localize sound because their ears are too close together for the frequencies of interest (this 
same reasoning would also say that many birds cannot localize). Both were using a simple model 
in which the ears are point receivers and the only information used by the animal is the time-of-
arrival difference, a direct analogy with their own work with localization using hydrophone arrays. 
In both examples, the mistakes could have been avoided either by consulting the literature on hear-
ing or by a simple experiment (it should only take a few moments for a person to realize that they 
can tell whether a source is in front or behind them). Hence biologists need to be skeptical of any 
mathematical model and physicists need to recognize the complexity of biological systems. Both 
need to be aware of what is already available in the literature.  

   4  Textbook Models May Be More a Means of Understanding 
a Phenomenon Than a Method of Predicting the Real World 

 Like scientists in other areas, physicists are trying to understand the phenomena of interest, and they 
will generally use mathematical models as the means of doing this. There are some important points 
to realize in this. A model intended to provide understanding of a process will tend to be simpler 
and will focus on the essence of the process. This is particularly true of ocean acoustics, where the 
results will depend on the environmental conditions. The textbook explanation may not be so useful 
if you are looking for an equation that is going to provide a reasonably accurate prediction of some 
effect of interest. It is up to the physicist to develop the theory further to predict results for particular 
environmental conditions. 

 Sound propagation in water provides examples to illustrate some of these effects. In an acoustically 
simple medium, i.e., one without any variation in sound speed or density and no absorption, sound 
radiates out from a point source equally in all directions. The sound emitted at any time radiates out 
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as a spherical wave, i.e., as though on the surface of a sphere centered on the source. The power 
radiating out from the source is spread over the surface of a sphere and so is spread more thinly as 
the sphere expands. The sound intensity, which is the power per unit area, therefore decreases as the 
distance from the source, the radius ( r ) of the sphere, increases. Because the area is proportional to 1/ r  2 , 
the intensity decreases in proportion to  r  2 . This is the familiar spherical or square law spreading. 

 This simple model gives an insight into the way sound radiates from a source (in fact, the way 
in which other forms of radiant energy travel from a source), but the model has a number of the 
assumptions described above. Under certain conditions, the assumptions do not have a large 
effect and spherical spreading will give a reasonable measure of the real propagation loss. Such 
conditions include distances relatively close to the source so that refraction does not have a large 
effect, distances well short of those required for the wave to reach the sea surface and bottom 
boundaries, and frequencies low enough for absorption to be negligible. Just how close to the 
source, how far from the boundaries, and how low the frequency must be for the assumptions to have 
an acceptably small effect is something that you have to determine. This is part of the art of developing 
and applying mathematical models of physical processes, and why it is important to have someone 
who is expert in this involved. 

 Shallow-water propagation is sometimes said to be by cylindrical rather than spherical spreading. 
This is based on the idea that the sea surface and bottom reflect energy back into the water column 
so that the sound can only spread horizontally as though on the surface of a cylinder. The power is spread 
over an area proportional to the distance  r  so that the intensity, or power per unit area, decreases as 
1/ r  rather than 1/ r  2  as for spherical spreading. The propagation loss in decibels by this simple model 
would be 10 log  r  for cylindrical spreading compared with 20 log  r  2  for spherical spreading. 

 Although some books and papers give this simple model without discussions of limitations and 
some have used this simple model of 10 log  r  to calculate propagation loss from a source in shallow 
water, this underestimates the loss by a substantial amount, usually some tens of decibels. The 
problem is that the sound is not constrained by the sea surface and bottom until it has travelled some 
distance; it will spread spherically initially. There will be some transition between cylindrical and 
spherical spreading. A simple calculation will show that if this transition occurs at around 100 m, 
cylindrical spreading would underestimate the loss by 20 dB. The real ocean is far more compli-
cated. This model assumes that the bottom is a perfect reflector of sound and real sea floors rarely 
approach this ideal. Some sound travels into the bottom and some of the energy is absorbed, depending 
on the properties of the bottom. Some may be so poorly reflective that little is reflected back into 
the water column. A wide variation in loss is evident in shallow-water propagation. 

 There are many sophisticated theoretical models of propagation loss that can be used, but they 
are difficult to use and need an understanding of the theory to run them and this requires experts. 
Different models apply to different conditions and environments because of the assumptions 
involved. All require information about the ocean and the bottom, some of which may be difficult 
to obtain, and so this limits the application of the models. Direct measurement of propagation loss 
avoids modeling but is logistically difficult and again requires experts. It is also limited to the particular 
location and water column conditions of the measurement. Even so, the measurements can be used 
to ground truth the model and to improve its application to that location.  

   5 Problems of Inadequate Knowledge of Disciplines Involved 

 Problems may arise through lack of knowledge of one or more of the areas involved in the research. 
In some cases, this lack may not be readily apparent. Underwater acousticians will have little under-
standing of the complexity of animal behavior or the protocols required for adequate experimental 
design in behavioral studies. Everyone is familiar with animals and this may give the false impression 
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that study of behavior is straightforward. The attitude may be that when the animal is exposed to a 
noise, we will observe what happens. That approach may then lead to inferences or interpretations 
that are not justified because of the failure to understand the difficulties of objective observation and 
analysis of animal behavior. There also may be inadequate experimental design because of lack 
of understanding of the need to obtain a representative sample. Part of the problem may be a 
lack of understanding that animal behavior is a significant field of study in its own right. 

 Behavioral biologists may be so used to applying statistics to experimental data that they apply 
this to the physical aspects without knowledge of what is already known and without considering if 
it could be more effectively studied deterministically. An example is an investigation of potential 
factors influencing an observed difference in vocalizations of dolphins resident in two geographi-
cally separated bays. The researcher tested to see whether this might be an effect of differences in 
the ambient noise between the two bays by taking a series of samples of the noise. Analysis showed 
that the samples were different by an amount that was statistically significant. There is a large 
amount of literature on ambient noise that shows that ambient noise shows wide temporal variation, 
but the researcher was not familiar with this. What had been determined was not a difference 
between the ambient noise in the bays, i.e., a geographic variation, but a temporal variation and a 
smaller difference than would commonly occur in each bay. It is well established that ambient noise 
varies widely as wind speed varies or as biological contribution varies. These need to be held constant 
to compare geographical variation.  

   6 Summary 

 Research in aquatic bioacoustics and the effects of noise is interdisciplinary and to be effective 
requires a collaboration of experts from all the fields involved. The full range of expertise is needed 
for adequate understanding of the processes involved, adequate experimental design, analysis and 
interpretation, and adequate knowledge of the research already published. The biologists need to 
understand how physicists work and make allowance, and vice versa. Both need to understand that 
the other will not be familiar with their practices and approach and that there will be a certain 
amount of negotiation and education on both sides. 

 However, the best reason to develop collaborations with other experts in interdisciplinary 
research is that it is such a rewarding experience from the insights it provides into other disciplines 
and from the opportunity to do really effective and very significant research, well beyond what the 
individuals might have achieved on their own.       
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   1 Introduction 

 Environmental impact assessment and evaluation, no matter how rigorous the underlying scientific 
research and analysis, is fundamentally and unavoidably a question of values judged within prevailing 
social, economic, cultural, and legal frameworks. Whatever researchers and professional environ-
mental scientists may discern, even if done in a totally dispassionate, definitive, and objective manner, 
decisions will be based on other values and imperatives (hopefully) using the scientific data and 
analysis as illumination. In the arcane, often speculative arena of marine anthropogenic noise and 
its ecological effects, the need for decision makers to have a clear and effective understanding of 
the technical aspects of the subject is pivotal to the making of sensible, risk-based assessments and 
conclusions. Alas, this ideal is often not achieved, with less than optimal consequences for rational 
assessments and application of pragmatic management measures. This situation invariably results 
in the inefficient allocation of finite resources.  

   2 Background 

 Environmental impact evaluation of marine anthropogenic noise is a challenging arena. A range of 
anthropogenic noises need to be considered by regulators and industry when dealing with activities 
in marine and coastal areas, encompassing sources such as pile driving, seismic survey, dredging, 
drilling, pipe laying, underwater explosives, and sonar. Many represent minimal source levels or are 
of limited duration, barely warranting further assessment, yet environmental impact assessment, 
screening, and scoping processes have yet to attain the level of maturity where rational, informed 
judgments occur. 

 Given the irreconcilable complexities and uncertainties involved, there is wide variation in the sum-
mation and assessment of likely ecological impact from proposed noise-generating activities. Some 
regulators and proponents seek to undertake or require quantitative analyses, even if based on artifi-
cially derived or highly speculative input data, so that nominally “empirical” assessments are made. 

      “So, Am I Correct in My Understanding That a Decibel 
Is the Same as a Hertz?”: The Quest for Informed, 
Objective Environmental Impact Analysis of Marine 
Anthropogenic Noise       

         John   F.   Polglaze           
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A lack of definitive data does not mean, however, that rational risk-based assessments cannot be arrived 
at, with concomitant, precautionary risk-mitigation measures adopted by proponents. The prevailing 
condition in some jurisdictions, however, is that overly restrictive, arguably unnecessary controls are 
imposed in response to populist causes rather than rational risk-based evaluations. This results in an 
inordinate effort and finite resources focused on areas of minimal risk at the expense of more pressing 
environmental needs. 

 The science of marine anthropogenic noise and its impact on marine fauna is inexact and 
characterized by extensive data deficiency. The august work of Southall et al.  (  2007  )  is rightly 
considered a watershed in the derivation of consistent metrics for the estimation of potential impacts 
of anthropogenic noise on marine mammals, but this work relies to a great extent on anecdotal obser-
vations and extrapolation and interpolation of data between species and across functional groups. 
Similarly, the population consequences of acoustic disturbance (PCAD) model (National Research 
Council  2005  )  is a useful conceptual tool for exploring any potential nexus between marine anthro-
pogenic noise effects on individuals of a species and their translation into population level effects. 
Application of the PCAD model, however, is also hampered by a paucity of data. 

 The challenge for regulators and industry is achieving a common, coherent understanding of the 
physics of marine anthropogenic noise and acoustic propagation and the resultant ecological effects. 
This critical foundation should underpin environmental assessment of marine anthropogenic noise 
and the associated imposition of mitigation controls. Alas, regulatory processes frequently fall short 
of the ideal, with decisions made on the basis of preconceived notions and minimal understanding. 
In some jurisdictions, the prevalent impasse between proponents and opponents is often “resolved” 
through recourse to legal procedures. These adversarial processes are arguably unsuited and ill 
equipped to effectively deal with the uncertainties and technical complexities involved with marine 
anthropogenic noise, resulting in the perpetuation of questionable analyses and conclusions about 
marine anthropogenic noise and its likely ecological effects.  

   3 Examples of Marine Anthropogenic Noise Assessments 

 Recent examples are presented to illustrate where proponents and regulators have demonstrated an 
enlightened approach to these complex issues and are contrasted with cases where this has not been 
evident. 

   3.1 Examples of Iterative, Risk-Based Approaches 

 This section is intentionally left blank!  

   3.2 Examples of Noniterative, Non-Risk-Based Approaches 

 One example is a resources export terminal slated for an Australian port. It is fair to assume that an 
existing, long-established multipurpose harbor, hosting more than 800 annual ship visits while sustain-
ing a small resident dolphin population, would likely be able to accommodate an additional 40 or 
so ship visits per year without a discernible, tangible effect on the dolphins. This view was not that 
of the regulators, who mandated that the environmental assessment was to include recordings and 
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acoustic analysis of ship movements within the harbor and the associated noise modeling. This 
costly exercise produced results essentially no different from those derived from a literature review 
and the basic principles of acoustic propagation. 

 Ironically, within this same harbor, the regulator concerned employs outboard-powered alumi-
num dinghies to seek out the same dolphins for population studies, seemingly unaware that the 
noise from these boats will be as, if not more, audible to the dolphins than will the noise generated 
by large ships. Furthermore, there are no controls on either the number or activities of the multi-
tude of small outboard fishing and recreational boats used by members of the general public in the 
same harbor. 

 Another omnibus example is that of United States Navy (USN) sonar and habitual recourse by 
environmental groups to litigation and subsequent deferral to US courts for arbitration. Since 2003 
at least, the USN has been involved in ongoing court-mediated disputes. This has no doubt incurred 
a diversion of available technical assets and skewed research and assessment resources to counter-
ing claims made in litigation rather than on developing a more effective means of marine fauna 
protection. It is open to debate if emotive, adversarial processes, where the validity of assessment 
and cogitation hinges as much on the nuance of language and legal tactic as on the scientific analysis, 
are best suited to arrive at robust, risk-based conclusions for such scientifically complex questions. 
The inherently “daring” nature of relying on courts to determine the scientific merit of arguments 
of this ilk is starkly revealed in the case of one (who shall remain nameless) judge, who, when summing 
up several days of hearings before retiring to make his determination, uttered, “So, am I correct in 
my understanding that a decibel is the same as a hertz?”   

   4 Conclusions 

 The quest for informed, objective environmental impact analysis of marine anthropogenic noise 
continues. More than a decade since marine anthropogenic noise assessments became topical and 
commonplace and despite improvement in the quality and volume of data and the understanding of 
system complexities, there is scant evidence of any meaningful parallel improvement or maturation 
of the processes within which the significance of potential effects from marine anthropogenic noise 
is assessed. This situation could be improved with wider adoption of standard guidelines and impact 
avoidance and mitigation measures. Given the complexities and uncertainties involved, there is a 
pressing need for such development so that finite resources can be directed to where most ecological 
benefit can be realized.      
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    1  Introduction 

 The construction, operation, and removal of offshore wind power facilities have the potential to 
increase the levels of noise in the surrounding waters. Increased shipping noise can be associated 
with all phases of the life cycle of wind farms. Pile driving during platform construction can be 
short-lived but can introduce very high intensity pulses into the ocean. Operational noise, while at 
a much lower level, can affect the surrounding area almost continuously for the life of the facility. 
The removal of wind platforms at the end of their operational life may use explosives, again short-
lived but very intense. 

 In August 2008, the state of Rhode Island began planning for offshore renewable energy develop-
ment with the establishment of a Special Area Management Plan (SAMP) for the ocean just south 
of Rhode Island. SAMPs are federally recognized management and regulatory tools that promote 
ecosystem-based management as well as reasonable coastal-dependent economic activity. The 
Ocean SAMP is an adaptive planning tool that promotes a balanced and comprehensive ecosystem-
based management approach to the development and protection of Rhode Island’s ocean-based 
resources, specifically offshore renewable energy. Part of the Ocean SAMP involves research into 
the potential effects of noise from construction, operation, and removal of offshore wind power 
facilities on marine animals. This paper concentrates on the low-level but almost continuous ocean 
noise from the operation of offshore wind turbines. The effects of this low-level operational noise 
on the marine environment may be subtle and difficult to observe without detailed measurements. 

 European investigators have measured underwater noise from offshore wind turbines for different 
wind speeds and power production levels. Betke et al.  (  2004  )  found noise levels averaging 112 dB 
re 1  m Pa in a one-third octave band centered near 200 Hz at a distance of 110 m from a wind turbine 
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         James   H.   Miller,          Gopu   R.   Potty,       Kathleen   J.   Vigness-Raposa,       David   Casagrande,    
   Lisa   A.   Miller,       Jeffrey   A.   Nystuen,          Peter   M.   Scheifele,          and John   G.   Clark        



520 J.H. Miller et al.

at full power in the Utgruden wind farm in Sweden. Betke  (  2006  )  also measured noise levels averaging 
118 dB re 1  m Pa in a one-third octave band centered near 160 Hz at a distance of 100 m from a wind 
turbine at the Horns Rev wind farm in Denmark. The turbines in both measurements were mounted 
on monopiles. In Rhode Island, it is likely that the turbines will be mounted on lattice jacket struc-
tures (Schneider and Senders  2010  ) . 

 In this paper, we apply the principles of noise budgets (Miller et al.  2008 ; Nystuen and Howe 
 2005  )  for estimating the potential biological effects from an eight-turbine farm planned for the waters 
south or southeast of Block Island, RI. We report on measurements of the ambient noise field using 
passive aquatic listener (PAL) systems (Ma et al.  2005  ) . With the European measurements of wind 
turbine noise underwater, our measurements of the ambient noise, and transmission loss and esti-
mates of sediment properties, we predict the noise budget for a site 10 km from the 8-turbine farm.  

    2  Noise Budgets 

 As outlined in Miller et al.  (  2008  ) , in an ocean with constant sound speed and density, the instantaneous 

intensity of a wave far from a small source ( n ) is given by     
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where  T  is the averaging time. If one is able to classify the  n th source of sound for all times between 
0 and  T , a noise budget can be estimated using the average intensity from each source in the fre-
quency band. 

    2.1  Measured Noise Budget 

 Two PAL systems were deployed in the waters south of Block Island (PAL labeled Eider at 41°7 ¢  
north latitude, 71°39 ¢  west longitude and PAL labeled Puffin at 41°7.65 ¢  north latitude, 71°33.6 ¢  
west longitude). Descriptions of the PAL instrument and its data-processing schema can be found 
in Nystuen et al.  (  2008  ) . The instruments were deployed on 6 October 2008 and recovered on 14 
November 2008. Figure  1  shows the computed average intensity noise budget for the one-third 
octave band centered at 500 Hz based on the data collected by the Eider PAL. The ambient noise 
field is dominated by shipping in this band (and practically all the frequency bands examined), with 
an average intensity of 5,086 pW/m 2 , corresponding to 99 dB re 1  m Pa in the one-third octave band. 
Wind-generated noise was the next most important source, with 3,869 pW/m 2 , corresponding to 
98 dB re 1  m Pa in the one-third octave band. Biological sources including marine mammals and 
fish contributed 690 pW/m 2 , corresponding to 90 dB re 1  m Pa in the one-third octave band. Rain 
contributed 274 pW/m 2 , corresponding to 86 dB re 1  m Pa in the one-third octave band.   

    2.2  The Effect of a Wind Farm in the Noise Budget 

 Eight turbines are initially planned for the waters south of Block Island. Using transmission loss 
 measurements from the area, the effect of the additional noise from the 8 turbines on the ambient 
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  Fig. 1    The measured average intensity noise budget for the one-third octave band centered at 500 Hz based on the 
data collected by the Eider passive aquatic listener (PAL)       

  Fig. 2    The computed average intensity noise budget for the one-third octave band centered at 500 Hz based on the 
data collected by the Eider PAL with noise from 8 wind turbines at a range of 10 km       
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noise 10 km to the south of the wind farm was calculated. The modified budget is shown in Figure  2 . 
The noise from the wind turbines are estimated to be 424 pW/m 2 , corresponding to 88 dB re 1  m Pa 
in the one-third octave band based on the data collected by Betke et al.  (  2004  ) .    

    3  Conclusions 

 This paper has dealt with the low-level but almost continuous ocean noise from the operation of 
the offshore wind turbines and its potential effects on the marine environment. The effects of this 
low-level operational noise may be subtle and difficult to observe. At a range of 10 km from a 
planned eight-turbine wind farm in the waters south of Rhode Island, it is estimated that the effect 
on the ambient noise budget will be smaller than the average intensity of shipping, wind, and biological 
sources, adding 424 pW/m 2 , corresponding to 88 dB re 1  m Pa in the one-third octave band centered 
at 500 Hz.      
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   1 Introduction 

 Whether and how noise from human activities adversely affects marine life and what to do to mitigate 
negative impacts of industrial activities have been subjects of scientific research and regulatory inter-
est for several decades, beginning with the observations of Payne and Webb  (  1971  ) . In  1995 , the US 
National Marine Fisheries Service (NMFS) began using underwater impulse noise criteria for estimat-
ing the physical injury to marine mammals [190 dB re 1 mPa root mean square (RMS) sound pressure 
levels for pinnipeds and most odontocete cetaceans and 180 dB re 1 mPa for mysticetes and sperm 
whales]. Subsequently, the High Energy Seismic Survey team  (  1999  )  concluded that exposure to air 
gun pulses with pulse-averaged received levels (RLs) above 180 dB re 1 mPa would likely result in 
significant behavioral, physiological, and/or hearing impacts. The NMFS has continued to use the 180-dB 
RL criterion for predicting injury from acoustic exposure for cetaceans and 190-dB RL for pinnipeds 
as well as a behavioral impact level of 160-dB RL; based primarily on observations of mysticete cetaceans 
reacting to air gun pulses (e.g., Malme et al.  1984  ) , a 120-dB RL criterion has been applied by the 
NMFS in some conditions for some nonimpulsive “continuous” industrial noises. 

 Recently, Southall et al.  (  2007  )  reviewed and applied all available scientific literature in proposing 
noise-exposure criteria for marine mammals. Although specific (and quite different from the above) 
threshold values were proposed for predicting physical injury for different marine mammal hearing 
groups, Southall et al. concluded that the available data did not converge on a simple single-
exposure level for predicting behavioral impacts. Rather, they suggested that contextual site- and 
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species-specific factors are of critical importance in predicting behavioral responses and that an 
application of the most similar response data from other conditions to a situation of interest, taking 
into account location and species-specific factors, would be the most appropriate means of predicting 
behavioral impacts; they also suggested that various acoustic metrics were needed to most compre-
hensively predict possible impacts. Here, we provide a specific case study of such an approach in 
establishing and applying behavioral noise-exposure criteria using what empirical data are available 
and taking into account relevant biological factors and the conservation status of marine mammals 
that will be exposed to industrial noise in the course of an upcoming seismic survey in Russia. 

 The western gray whale ( Eschrichtius robustus ) is one of the most endangered cetaceans 
(Clapham et al.  1999  ) . The overall range of the western gray whale population is not well under-
stood. One area of the  E. robustus  habitat that has been well studied is their primary summer feeding 
ground off the northeast coast of Sakhalin Island, Russia. Since 1994, Russian and US research 
teams have been studying the behavior and distribution of the whales as well as documenting indi-
vidual whales using photo identification methods (e.g., Weller et al.  2002  ) . The collected data have 
established the importance of this area for  E. robustus  summer feeding and, particularly, the signifi-
cance of the Sakhalin shelf for mother-calf pairs. The “core” area used by the whales is relatively 
small, reaching from shore ~5–10 km, approximately the 20-m isobath, offshore of Sakhalin. The 
Sakhalin shelf has also been identified by the oil and gas industry to be vitally important for energy 
development because they have discovered massive oil and gas reserves under the shelf. So, this 
brings about a nexus of a critically endangered population of whales and human activity that overlap 
geographically and temporally in very small spatial and temporal windows. 

 In 2002, the International Union for the Conservation of Nature (IUCN) convened the 
Independent Scientific Review Panel (ISRP) to evaluate the risks to  E. robustus  of planned explora-
tion, construction, and oil/gas production by the Sakhalin Energy Investment Company (the 
Company). The ISRP completed a thorough review of the Company’s plans (Reeves et al. 1995),and 
the success of the ISRP led to several subsequent reviews and the formation of the Western Gray 
Whale Advisory Panel (WGWAP) in 2006, also convened by IUCN (see   http://www.iucn.org/
wgwap/     for details and the history of engagement). 

 One area of significant concern has been the production of underwater noise by Company activi-
ties, both continuous noise from offshore construction and pulsed noise from seismic surveys. As a 
result of the ISRP review and the WGWAP process, we identified noise-exposure criteria and the meth-
ods for implementing them. Our overall goals were 1) to extend as much protection to the whales as 
possible given their conservation status and the importance of this habitat; 2) to use the best available 
and most relevant scientific information to set the criteria; 3) to advance the field of noise monitoring 
and mitigation for marine mammals exposed to industrial noise [e.g., incorporate emerging metrics 
such as sound exposure level (SEL)]; and 4) to ensure that the data collected, both acoustic and whale 
focused, could be analyzed with the intent of filling some of the data gaps we encountered.  

   2 Criteria 

   2.1 Continuous Noise 

 Continuous noise has been generated by various Company construction activities: the installation 
of a pipeline on the sea floor, the construction of a drilling platform, and ongoing activities such as 
the transit of crew change vessels. Much of the noise originated from the numerous vessels needed 
inter alia to move assets, to station keep while other activities occurred, and to perform the dredging 
and pipe laying along the offshore pipeline path. 
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 Exposure criteria were developed for continuous noise based on the best available scientific 
information on the potential physiological consequences and behavioral response(s) of gray whales 
to underwater sounds. Generally, the harmful effects of noise on humans and other animals can be 
examined by reference to two consequences of exposure: 1) noise-induced hearing loss as a result 
of mechanical damage to or metabolic/chemical effects on the auditory system and 2) adverse 
effects on health resulting from psychological or behavioral reactions to aversive noise (see Kryter 
 1970  ) . For this population of  E. robustus , we had a third concern: the potential for a compromised 
nutritional state in whales that avoid prime feeding areas due to the proximity of those areas to 
noise-producing activities. Taking into account the Malme et al.  (  1984  )  50% response at 120 dB for 
continuous noise, we infer that the indirect impact of extended exposure to noise at such a level 
could be substantial. 

 The WGWAP made a recommendation for acceptable daily noise-exposure levels (Table  1 ) 
measured at the perimeter of the feeding area, roughly the 20-m isobath offshore of Sakhalin, e.g., 
continuous sounds received at 140 dB  

RMS
  re 1  m Pa within the feeding area have a daily allowable 

maximum of 15 min. Note that the relationships summarized in Table  1  can be extrapolated in both 
directions (i.e., higher or lower levels for more or less time, respectively). However, the extrapola-
tion extends only to 146 dB for high levels, and if this level is ever recorded, mitigation should occur 
immediately. For low levels, the extrapolation continues down to 100 dB or ambient, whichever is 
higher. In practical te RMS, the capabilities of the measurement equipment had also to be taken 
into account because the scale extrapolation could not extend below the self-noise pedestal of the 
monitoring telemetry system.   

   2.2 Pulsed Noise 

 With respect to hearing damage, we adopted the Southall et al.  (  2007  )  criteria, specifically that 
permanent threshold shift onset is expected at 198 dB re 1  m Pa 2 -s cumulative SEL. Based on exten-
sive modeling of the proposed air gun source, the propagation conditions, and the pulse character-
istics downrange, we estimated the cumulative exposure obtained by considering the two shot lines 
nearest the feeding area and one line sufficiently offshore to allow for a “racetrack” turn, i.e., the 
maximum dose that could be expected in a 24-h period (Fig.  1 ). We discovered that the 198 dB 

SEL
  

was less conservative than the single-shot 180 dB 
RMS

  re 1  m Pa radius as estimated by modeling, so 
we adopted the 180 dB 

RMS
  re 1  m Pa criteria for the safety radius.  

 Determining acceptable levels for preventing or even minimizing behavioral disruption is less 
straightforward. No direct measurements of the effects on feeding  E. robustus  have been made, but 
the data from Malme et al.  (  1986  )  have been used previously to predict the sensitivity of feeding 
eastern gray whales and  E. robustus  (Reeves et al.  2005  ) . The Malme et al.  (  1986  )  data led to esti-
mated 10, 50, and 90% probabilities of gray whale avoidance reactions at 164, 170, and 180 dB  

RMS
  

   Table 1    Criteria for daily continuous noise exposure for western gray whales on the Sakhalin shelf   

 Time of Exposure, min 
 Level B: RL for Start of Diagnostics, 
dB 

RMS
  re 1  m Pa 

 Level A: RL for Start of Mitigation, 
dB 

RMS
  re 1  m Pa 

 15  140  143 
 30  135  138 
 60  130  133 

 120  125  128 
 240  120  123 
 480  115  118 

  RL, received level; RMS, root mean square  
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re 1  m Pa, respectively. The RMS measurements reported by Malme et al.  (  1986  )  could not be compared 
directly with predicted values for the Sakhalin Energy four-dimensional survey because inter alia 
the seismic sources, pulse propagation, and bathymetry, the spectral characteristics differed substan-
tially between the two scenarios. In particular, information on the rate and number of pulses to 
which the whales in the Malme et al.  (  1986  )  study were exposed would be required in order to 
determine their total sound exposure in units of dB 

SEL
  and, despite information kindly provided by 

C. I. Malme (personal communication), the vessel approaches that resulted in the documented 
responses occurred on different days, i.e., the distance between a given whale and the vessel at the 
beginning of the approach was unknown. Given this, we realized that we could not estimate the dose 
by this method. The second potential method was based on an approach used by the US Navy to 
assess the risk to animals exposed to multiple sonar pings in an environmental impact statement 
(Jenkins  2005  ) . However, the US Navy’s method is unable to account for the changing amount of 
energy contained in the pulses as the seismic vessel approached and passed an animal or monitoring 
station rendered it inappropriate. Given the limitations in these possible approaches for the specific 
assessment of acoustic impacts for the critically endangered western grey whales, we decided 1) to 
use the widely accepted standard of 163 dB 

RMS
  as a behavioral disturbance threshold; modeling 

showed this to correspond to 156 dB 
SEL

  on a per-shot basis; and 2) that given the need to assess and 
improve a dose-based approach, measures of exposure level and duration should be included in the 
monitoring effort of future surveys as well as the subsequent data analysis. 

 Although in practice current authorizations by NMFS have called for a behavioral disturbance 
threshold for seismic surveys conducted near gray whales to be 160 dB 

RMS
 , we believe the 163 dB 

RMS
  

level was appropriate because there is no scientific rationale for 160 dB 
RMS

  other than perhaps it is 
below the 0.1 probability of disturbance. The first response observed by Malme et al.  (  1986  )  was at 
149 dB 

RMS
 , and thus the 160 dB 

RMS
  level will not necessarily prevent all disturbances. In addition, 

  Fig. 1    Sound energy accumulated during shooting of the two most shoreward lines and one through the middle of 
the area. Inset: Characteristics of a seismic pulse as it spreads downrange       
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significantly more mitigation measures will be in place (see WGWAP reports) for upcoming surveys 
conducted under these guidelines than are commonly employed in standard industry practice, 
providing additional assurance that as few whales as possible will be exposed even to the 163-dB 

RMS
  

level. Finally, the Company has endeavored to facilitate the postsurvey assessment of dose levels 
through measurement and analysis of received acoustic pulse data to yield SEL metrics.   

   3 Implementation of Criteria 

 For both the continuous and pulsed-noise cases, the WGWAP recommended to the Company a set 
of monitoring and mitigation strategies, and these strategies are explained in detail in the WGWAP 
documents available via   http://www.iucn.org/wgwap/    . One of the overarching recommendations 
was to complete industrial activities at times when the whales were present in the lowest numbers, 
e.g., the most effective means for minimizing the effects of seismic surveys is to complete them as 
early in the season as possible before many whales even arrive. In addition to the exposure criteria, 
the recommendations included equipment specifications, methods for monitoring, and even consid-
erable work on defining where the monitoring should take place relative to the density of the whales. 
The program as described here may not fully address all aspects of the noise mitigation issues and 
may not be applicable to all situations, but it represents a more thorough and thoughtful approach 
to minimizing the effects of noise on these whales than previous attempts (Johnson et al.  2007  )  and 
has steps in place to generate valuable new data that will expand the limited current knowledge on 
responses of  E. robustus  to seismic surveys (Gailey et al.  2007  ) .      
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   1 Introduction 

 During the past two years, the Alfred Wegener Institute (AWI) prepared a comprehensive, strategic 
assessment of the risk posed to marine mammals by the use of air guns for scientific, geophysical 
research in the Southern Ocean around Antarctica (Boebel et al.  2009  ) . This strategic risk assess-
ment focuses not only on a single activity (e.g., a specific expedition) as a risk assessment would 
but more generally considers the use of research air guns in this region’s typical operational and 
environmental contexts, which show little interannual variation. The study attempts distinguishing 
between aspects of analysis (based on scientific knowledge and numerical calculations) and evalu-
ation (based on a set of risk criteria and associated thresholds). The term assessment is used to 
describe the overall process, involving both analysis and evaluation.  

   2 Concepts and Methods 

 The analytical part commences with a synopsis of environmental (oceanographic and bathymetric) 
and operational characteristics from all seismic expeditions conducted in the Antarctic by the AWI 
during the past 22 years, obtaining the most typical scenarios for the geophysical research carried 
out there by our institution. This resulted in a set of 4 basic environmental scenarios that, combined 
with a set of 6 air gun configurations, were used to calculate single-shot acoustic fields (sound pres-
sure level [SPL] and sound exposure level [SEL]) by numerical (finite difference 2.5-dimensional 
full waveform) modeling for a realistic ocean of 10 × 10 km dimension, resulting in a total of 24 
different acoustic scenarios (Breitzke and Bohlen  2010  ) . 

 The current state of ecological knowledge was compiled for the 14 cetacean and 6 pinniped spe-
cies for which the Antarctic represents an important habitat. Ecological and physiological informa-
tion such as dive cycles and hearing curves are subsequently used to guide estimations of cumulative 
exposure levels and to develop mitigation measures. Species status (in terms of endangerment) and 
migratory behavior enters the study in its final stage when population level risks are evaluated. 
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 The identification of hazards, including associated evaluation criteria and threshold levels, 
provides the critical link between the sound propagation analysis and the risk evaluation. Because 
no legally binding set of numerical threshold levels exists for this ocean region at this time, 
we conducted a review of the pertinent literature. Three different risk categories were identified, 
for which a set of evaluation criteria was extracted from primarily three recent overview articles: 
1) Southall et al.  (  2007  ) , which provides numerical thresholds for the risk of “direct, immediate 
injury”; 2) Cox et al.  (  2006  ) , from which a list of “abetting factors” was extracted for the risk of 
“indirect, immediate damage,” i.e., the so-called beaked whale scenario; and 3) National Research 
Council  (  2005  ) , which suggests a set of mostly qualitative evaluation criteria for the risk of 
“biologically significant acoustic disturbance.” 

 By applying these criteria to the modeled acoustic fields (under the assumption of the ship 
following a straight course), critical exposure radii were calculated for single and multiple expo-
sures (see Breitzke and Bohlen,   Chapter 138    ). Finally, the resulting risk for individual animals and 
ensuing risks at the population level were evaluated, considering operational scenarios both with 
and without proposed mitigation measures in place.  

   3 Results 

 The analysis reveals that the risk for a marine mammal to incur “direct, immediate injury” from 
multiple exposures cannot be excluded in the immediate vicinity of the air gun clusters (<200 m). 
“Indirect, immediate damage” of an individual, however, appears rather unlikely because several 
important “abetting factors” as extracted from Cox et al.  (  2006  )  are not fulfilled in this study’s 
context. A risk of “biologically significant acoustic disturbance,” although it appears negligible for 
juveniles and adults, cannot be excluded for the (merely hypothetical, hitherto unobserved) possibil-
ity of individual mother-calf pair separations in the vicinity of the ship. The manifestation of any of 
these risks, however, depends on a whale actually being within the respective range of the ship. 
Hence, these risks are conditional on whale-ship encounters and need to be weighted with the 
probability thereof. This implies that the likelihood for a specific whale to be placed at any such 
risk is significantly reduced. 

 Our study estimates further that these findings result in a negligible risk at the population level 
as a result from the individual risk of “direct, immediate injury.” Because the risk of “indirect, 
immediate damage” is already unlikely at the individual level, a transfer to consequences for the 
population can readily be excluded. It is only with regard to “biologically significant acoustic dis-
turbance” that the “not to be excluded” possibility of an individual mother-calf separation may 
transfer to a small but “not to be excluded” possibility of population level consequences for the 
Antarctic blue whale due to their low population numbers. The probability of such an impact is, 
however, estimated to be smaller than estimates of the natural mortality rate or of the possible 
biological removal (PBR) as used in other contexts.  

   4 Controversial Issues 

 Noting the large existing gaps in the knowledge relevant to this issue and the fact that marine mam-
mal behavior will never be fully predictable for an individual animal, it is unavoidable to base parts 
of this and other risk assessments on extrapolations of the current best knowledge, of statistical 
descriptions of typical behavior, and even on educated guessing. When such steps had to be taken 
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here, we attempted to adhere to a conservative approach in our calculation and evaluation of 
contingent risks. The term conservative, therefore, stands for a selection of parameters or proxies, 
which chooses those that overestimate the risk while providing increased protection for the marine 
mammal. The phrase “a risk is not to be excluded” as used above therefore by no means implies 
that the risk is likely to occur. The phrase rather describes that our current knowledge is insufficient 
to be certain that a risk will not occur once the respective risk threshold is exceeded while, to the 
best of our knowledge, the risk will not occur at exposure levels below that threshold. Nevertheless, 
with the risk evaluation being critically dependent on the thresholds used, it was no surprise that 
some selections made in this study were met with disagreement when discussed with various stake-
holders. Additionally, some rather fundamental issues also emerged as a possible matter of dissent. 
Most prominently, the following topics spurred the discussions.

   What is the subject of protection: an individual animal (commensurate with an animal welfare • 
approach) or a local population or breeding group (the species/population protection 
approach)?  
  Does the derivation of the “dual criteria” by Southall et al.  (  • 2007  ) , which includes several 
(partially substantiated) extrapolations, provide conservative thresholds for injury levels or must 
this evaluation be challenged on the basis of (new) scientifically supported facts?  
  What is a suitable acoustic metric to describe acoustic exposure in the context of “biologically • 
significant acoustic disturbance,” i.e., behavioral response?  
  Last but not least, to what extent should the precautionary principle be applied, e.g., should a • 
mere hypothetical scenario resulting in a residual risk provide sufficient reason to ban a proposed 
activity?    

 It is with these issues that the scientific community’s expertise and guidance, preferably in form 
of peer-reviewed publications, would be most helpful to further develop balanced and objective risk 
assessments acceptable to the majority of stakeholders.      
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   1 Introduction 

 Blasting operations to prepare for new infrastructure in port areas will result in underwater noise 
that has the potential to impact on marine animals in the vicinity. It is therefore necessary to 
establish a safety zone to protect marine species such as  Megaptera novaeangliae  (humpback 
whales),  Dugong dugon  (dugongs),  Tursiops aduncus  (bottlenose dolphins; also known as the Indo-
Pacific bottlenose dolphins), and  Natator depressus  (flatback turtles) from potentially harmful 
underwater noise levels. This paper describes the derivation of such a zone as part of a project being 
declared a controlled action under the Australian Commonwealth Environment Protection and 
Biodiversity Conservation Act 1999.  

   2 Prediction of Underwater Blasting Noise Levels 

 Two sound metrics, the maximum instantaneous pressure (P 
max

 ) and sound exposure level (SEL), 
were to be predicted. The SEL integrates the received sound energy over all detonations in a shot 
and therefore directly addresses the potential cumulative impacts of successive detonations of the 
individual charges over short time intervals. In this instance, the modeling of 24 detonations of a 
50-kg maximum instantaneous charge (MIC) represented the maximum potential sound emission 
from a shot. Acoustic modeling was conducted by Huson  (  2009  )  using the parabolic equation (PE) 
model and was based on

   a blasting design of 24 blastholes with a 50-kg MIC each and a 60-ms delay;  • 
  confined blasts, using an unconfined charge size equivalence factor of 0.014, meaning that a • 
confined 50-kg MIC blast is equivalent to a 0.7-kg MIC unconfined blast;  
  bathymetry digitized from charts; water depth was up to 20 m; and  • 
  assumed acoustic properties of the seabed and seawater.    • 
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 Sound emissions from blasting will consist of a series of 24 detonations at 60-ms intervals. At close 
range, these will be perceived as discrete pulses, but at a longer range, the sound will be perceived 
as a single event. The sound is dominated by low frequencies.  

   3 Blasting Noise Criteria 

 Blasting and other anthropogenic sound sources can have a hierarchy of effects on marine animals 
depending on their level of exposure and sensitivity, including severe organ trauma and mortality, 
permanent hearing loss (permanent threshold shift [PTS]), temporary hearing loss (temporary 
threshold shift [TTS]), and behavioral disturbance. Vulnerability to organ trauma depends on size, 
with small animals generally more sensitive than larger ones (Yelverton et al.  1975  ) . Fishes are 
therefore more vulnerable to organ trauma than marine mammals and turtles. 

 Based on their low-frequency hearing, humpback whales are expected to be the fauna potentially 
occurring in the area that are most susceptible to blasting-induced TTS. Turtles and fishes also hear 
at low frequencies but have less-sensitive hearing and are therefore expected to be less likely to 
experience TTS than humpback whales. Dolphins are expected to be less vulnerable to blasting-
induced TTS (and by extension PTS) than humpback whales, sea turtles, and fishes because dolphin 
hearing is poor at the low frequencies that dominate blasting noise. Dugongs are probably similar 
to dolphins in their vulnerability to TTS from blasting noise, but there is large uncertainty regarding 
dugong hearing. 

 The impact criteria used in this assessment are defined on the basis of criteria established in other 
studies and jurisdictions. The criteria adopted in this assessment are shown in Table  1 .   

   Table 1    Summary of sound exposure criteria used in this assessment   

 Criterion  Effect/Application  Source  Comments 

 Peak pressure criteria 
 224 dB re 1 μPa  Onset of TTS and behavioral 

disturbance in cetaceans. 
Also applied here to 
dugongs and turtles. 

 Southall et al.  2007   Application to turtles is 
conservative. 

 230 dB re 1 μPa  Onset of PTS and organ trauma 
in cetaceans. Also applied 
here to dugongs and turtles. 

 Southall et al.  2007   Application to organ trauma is 
conservative. Application 
to turtles is conservative. 

 SEL criteria 
 183 dB re 1 μPa 2 -s  TTS and behavioral disturbance 

in cetaceans. Also applied 
here to dugongs and turtles. 

 Southall et al.  2007   Application to turtles is 
conservative due to their 
poor hearing relative to 
cetaceans. 

 195 dB re 1 μPa 2 -s  No-injury level for 0.1-g fish.  Yelverton et al. 
 1975 ; Hastings 
and Popper  2005  

 198 dB re 1 μPa 2 -s  PTS and organ trauma in 
cetaceans. Also applied here 
to dugongs and turtles. 

 Southall et al.  2007   Application to organ trauma is 
conservative. Application 
to turtles is conservative 
due to poor hearing 
relative to cetaceans. 

 200 dB re 1 μPa 2 -s  No-injury level in 1-kg fish.  Yelverton et al. 
 1975 ; Hastings 
and Popper  2005  

  The sound level exposure (SEL) criteria are applied without frequency weighting to baleen whales, turtles, and fishes. 
M-weighting for midfrequency cetaceans is applied to the temporary threshold shift (TTS) and behavioral disturbance 
in dolphins and dugongs. PTS, permanent threshold shift  
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   4 Results 

 The predicted ranges to meet the adopted acoustic criteria are shown in Table  2 .  
 Based on the results, it is recommended that the exclusion zone should be 1,150 m during 

initial preliminary blasting and subject to review on the basis of acoustic monitoring (and revised 
modeling if necessary). Humpback whales are more likely to be affected than the other animals 
considered because of their relatively sensitive low-frequency hearing. The 1,150-m range is still 
conservative for humpback whales because the acoustic criteria are based on the even more 
sensitive hearing of dolphins. For turtles, a 1,150-m exclusion zone to avoid TTS and behavioral 
disturbance is conservative because of the low hearing sensitivity of turtles relative to that of 
cetaceans. The 1,150-m range is also very conservative for dolphins and dugongs because of their 
relatively poor hearing at the low frequencies that dominate blast noise. This is demonstrated by 
the reduced range of 793 m to meet the SEL criteria for TTS and behavioral disturbance when 
M-weighting is applied.  

   5 Conclusions 

 The potential noise impact of underwater blasting on marine mammals needs to be considered. 
Given a good blasting design of 24 blastholes with a 50-kg MIC each and a 60-ms delay, a 
1,150-m safety zone is recommended for protection of humpback whales, dolphins, dugongs, and 
turtles.      

   Table 2    Predicted ranges to meet the selected noise exposure criteria for confined shots of 20- and 50-kg MICs with 
a constant bottom depth of 13 m   

 Criterion  Metric  Type of Impact  Applies To 

 Range, m 

 20-kg MIC  50-kg MIC 

 P 
max

  criteria, no-frequency weighting 
 224 dB re 1 μPa  P 

max
   TTS/behavioral 

disturbance 
 Humpback whales, 

dolphins, dugongs, 
and turtles 

 165  230 

 230 dB re 1 μPa  P 
max

   PTS/organ trauma  Humpback whales, 
dolphins, dugongs, 
and turtles 

 80  115 

 SEL criteria, no-frequency weighting 
 183 dB re 1 μPa 2 -s  SEL  TTS/behavioral 

disturbance 
 Humpback whales 

and turtles 
 840  1,150 

 195 dB re 1 μPa 2 -s  SEL  No injury  0.1-g fish  205  280 
 198 dB re 1 μPa 2 -s  SEL  PTS/organ trauma  Humpback whales, 

dolphins, dugongs, 
and turtles 

 145  200 

 200 dB re 1 μPa 2 -s  SEL  No injury  1 kg fish  115  155 

 SEL criteria, using M-weighting for midfrequency cetaceans 
 183 dB re 1 μPa 2 -s  SEL  TTS/Behavioral 

disturbance 
 Dolphins, dugongs  585  793 

  MIC, maximum instantaneous charge; P 
max

 , maximum instantaneous pressure  
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   1 Introduction 

 In 1972, the US Congress passed the Marine Mammal Protection Act (MMPA), effectively giving 
the National Marine Fisheries Service (NMFS) of the National Oceanic and Atmospheric 
Administration (NOAA) responsibility for conserving and managing all species of cetaceans and 
pinnipeds (except walrus). The MMPA prohibits, with certain exceptions, the “take” (to harass, 
hunt, capture, collect, or kill or attempt to do so) of marine mammals in US waters and by US 
citizens on the high seas. Since 1982, the MMPA has allowed for the incidental taking of 
marine mammals by US citizens who engage in a specified activity (other than commercial fishing) 
provided an “incidental take authorization” (ITA) is issued under section 101(a)(5) of the MMPA. 
The NMFS’s Office of Protected Resources is responsible for issuing these authorizations. Most 
ITAs cover sound-generating activities, such as naval training (e.g., utilizing sonar or explosives), 
seismic surveys, or marine construction, because they have the potential to result in marine mammal 
harassment. 

 To issue an ITA, the NMFS must determine that the taking will have a negligible impact on the 
affected species or stock and will not have an unmitigable adverse impact on their availability for 
taking for subsistence uses (where relevant). NMFS must also set forth the permissible methods 
of taking and the requirements pertaining to the practicable mitigation, monitoring, and reporting of 
such takings. An applicant must answer 14 questions (  http://www.nmfs.noaa.gov/pr/permits/
incidental.htm    ) designed to inform the NMFS of the nature and scope of the project, the number of 
marine mammals by species or stock anticipated to be taken and by what manner (i.e., serious injury 
or mortality, level A [injurious] harassment, or level B [behavioral] harassment), the impact of those 
takes on the species or stock, and proposed mitigation and monitoring measures, all of which assist 
the NMFS in making its determinations.  

      The Marine Mammal Protection Act: A Regulatory 
Approach to Identifying and Minimizing 
Acoustic-Related Impacts on Marine Mammals       
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   2 NMFS Approach to Acoustic Impacts Assessment 

 Marine mammals hear, produce, and use sound for various biological functions, including 
communication, foraging, navigation, and predator detection (Richardson et al.  1995 ; Southall 
et al.  2007  ) . Interference with producing or receiving these sounds may result in adverse impacts. 
To analyze acoustic-related impacts from a specified activity, the NMFS reviews the application and 
the best scientific data available and considers the likely effectiveness of mitigation measures in 
minimizing any of the identified effects. If, from this analysis, the NMFS can make the necessary 
determinations described above, then an ITA may be issued. 

 The characteristics of a sound source play a large role in determining the potential impacts to 
marine mammals. For example, the NMFS considers whether the source generates impulsive or 
continuous noise, source frequencies (including if tonal or broadband) and sound pressure levels, 
sound-propagation rates, whether the source is moving or stationary, received levels, and duration 
of exposure. These factors must be considered in conjunction with one another. For example, a source 
may have a high source level. but the frequencies may be outside a species’ functional hearing 
range and therefore may not pose a risk. Alternatively, a source with a lower source level, which 
emits chronic detectable noise, may pose greater threats than a higher level source operating in the 
short term and intermittently. 

 The context in which animals are exposed to noise also plays a significant role in the NMFS’s 
impact analyses. Important factors include, among other things, age and reproductive status, use of 
the habitat (e.g., foraging or reproductive areas), and previous exposure to the source or other 
anthropogenic disturbance (i.e., is the animal tolerant or habituated) (Richardson et al.  1995 ; 
Southall et al.  2007  ) . For example, anthropogenic noise may potentially disrupt mother-calf 
bonds. The behavior of a mother-calf pair to reestablish that bond, such as increasing call duration 
(e.g., Van Parijs and Corkeron  2001  ) , and the associated fitness consequences due to bond disruption 
should be carefully considered. 

 Typical acoustic-related impacts that the NMFS considers in an analysis are auditory fatigue, behavioral 
reactions (e.g., avoidance, changes in travel, dive, reproduction, and foraging patterns), masking, 
and stress. These impacts are often difficult to quantify but the science is advancing. For 
example, scientists are measuring glucocorticoid levels to determine degrees of stress (e.g., Rolland 
et al.  2006  )  and developing algorithms to calculate communication masking space (e.g., Clark et al. 
 2009  ) . The MMPA mandates that take be quantified. From a regulatory perspective, the most 
practical way to do this is to establish and apply acoustic harassment thresholds. Thresholds provide 
an objective method to estimate take (amount and severity) and help identify appropriate mitigation. 
Examples of some acoustic harassment thresholds that the NMFS uses are outlined in Table  1 ; 
however, note that these do not apply to all sound types (e.g., explosives and sonar), and the NMFS 
is in the process of revising these thresholds to better reflect current science. A challenge for many 
applicants without access to complex sound propagation models and marine mammal abundance 
information for discrete locations is determining the distances to these thresholds from the sound 
source (especially in coastal, heterogeneous environments) and calculating how many individuals 
may be taken from exposure to sound generated by their activity.   

   Table 1    Examples of NMFS’s current in-water acoustic harassment threshold criteria   

 Sound Source  Level A Harassment  Level B Harassment 

 Impulsive (e.g., impact pile driving, air guns)  190 dB (pinnipeds)  160 dB 
   180 dB (cetaceans)   
 Continuous (e.g., vibratory pile driving, drilling)  190 dB (pinnipeds)  120 dB 
   180 dB (cetaceans)   

  NMFS, National Marine Fisheries Service. Thresholds are in root mean square (RMS) values re 1  m Pa  
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   3 Mitigation and Monitoring Measures 

 One of the most effective methods to reduce noise exposure-related impacts to marine mammals is 
spatial and/or temporal limitation of the activity where practicable. Other mitigation measures 
include delay of source start-up or shutdown if a marine mammal enters into a designated zone of 
exposure, source ramp-up to allow individuals time to leave an area before full power is reached, 
and use of sound attenuation devices (e.g., bubble curtains and pile caps) to reduce noise levels. 
Passive acoustic monitoring (PAM) may also be required in an ITA to augment visual observations 
through acoustical detection of marine mammal presence. The use of PAM to trigger mitigation 
measures (e.g., shutdowns) is less common because of the apparent nonavailability of PAM systems 
that can localize on marine mammals in real time and the practicality of deploying listening devices 
(e.g., hydrophone array and sonobuoy) during activities. 

 The NMFS typically requires protected species observers (PSOs) be on watch during activities 
that could result in take. PSOs are responsible for recording sighting, behavioral, and activity data 
and notifying a source operator if mitigation is necessary. These data are reported to the NMFS and aid 
in the analysis of similar activities where species and environmental conditions are comparable.  

   4 The Path Forward 

 The science of acoustics and noise-related impacts on marine mammals has become a hot topic in 
recent years and much progress is being made. However, there is still a plethora of information 
needed that would better inform the NMFS’s impact analyses and regulatory decision-making 
processes. We suggest further development of, among others, the following research/technologies 
to better support policy decisions aimed at protecting and conserving marine mammals: data on 
behavioral responses to impulsive and continuous noise sources for which ITAs are issued (e.g., air 
guns and vibratory pile drivers); approach to linking individual responses with population-level 
effects; user friendly and cost-effective acoustic propagation-modeling programs; PAM systems 
with species identification and localization capabilities; and research techniques designed to assess 
the effectiveness of current mitigation measures.      
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   1 Introduction 

 Sublethal impacts of noise may suppress reproduction or accumulate to invisibly increase mortality rates. 
Chronic stress in humans has been linked with coronary disease, immune suppression, anxiety and 
depression, cognitive difficulties, and infertility (see Wright et al.  2007a  and references therein). It is 
reasonable to assume that prolonged or repeated exposure to one or more sources of noise can induce 
chronic stress in marine species, either alone or in combination with exposure to other perceived or real 
threats (see Wright et al.  2007a,  b  and references therein). In turn, the consequences of chronic stress 
could make a population more susceptible to exposure to any additional threats (hereafter referred to as 
“drivers”) or slow the recovery of a population in situations where one of a suite of drivers is removed. 

 Accordingly, successfully determining when cumulative exposures may result in population-
level impacts, especially in endangered species or small populations, is a pressing management 
issue. Despite legislative mandates for full cumulative impact assessments (CIAs), current project-
centric processes can actually hinder CIA efforts. Furthermore, consideration of cumulative impacts 
to date (e.g., Halpern et al.  2008,   2009  )  have not generally included noise, partly because there is 
much discussion within the bioacoustics community around how to assess total exposure from 
various noise sources alone. Finally, much of the data required for thorough CIAs are not available 
in marine mammals and other marine species. Accordingly, Okeanos – Foundation for the Sea con-
vened an expert panel to consider the options and propose a way forward. The resulting discussions 
are summarized here. The original report (Wright  2009  )  should be considered the definitive version 
of this material in case of any conflict.  

      Noise-Related Stress and Cumulative Impact Assessment       
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   2 Assessing Cumulative Impacts 

 It was quickly realized that noise could not be given special attention in a CIA. Likewise, any CIA 
that did not include noise would be incomplete. However, because data availability is a key con-
straint for managers attempting CIAs, it was decided that various stages of CIA would be needed. 
Each step could build on previous ones as more data become available. 

 First, the distribution of physical habitats or ecosystems should be mapped out and then overlaid 
with the distribution of each (class of) driver present. Estimates of relative ecosystem vulnerability 
and/or driver importance can then be included to generate a cumulative exposure map (e.g., Halpern 
et al.  2008,   2009  ) . These can be used to identify relatively pristine areas, important habitats already 
under strain, or “sacrifice” areas with already high impact for management decisions. Although the 
Halpern et al.  (  2008,   2009  )  examples required much data, simply overlaying maps of marine activities 
in a more conceptual way can effectively indentify areas of high and low human use. For model 
simplicity, it would probably be sufficient to include noise in two aggregated layers of different 
classes of noise with similar characteristics and/or impacts: 1) chronic or continuous noise (as from 
shipping) that can result in the masking of sounds of interest and the reduction in habitat value 
indefinitely and 2) acute noise sources (such as transient impulses) generally have higher peak noise 
levels, which can result in injury or even death under certain circumstances but tend to be more 
localized and present for shorter durations. 

 Population distributions can simply be overlaid on the total exposure maps to explore the average 
total exposure to a population. Here, the ecosystem vulnerability estimates used by Halpern et al. 
 (  2008,   2009  )  should be replaced by vulnerability estimates for the population of concern. If data are 
available, stage-based population models can estimate the population-level consequences of exposure. 
However, full consideration of cumulative impacts may well require the use of spatially explicit 
individual-based models (IBMs). In these, individual animals can move through the various expo-
sure layers (see Clark et al.  2009  for an example of how this might be done for noise) rather than 
the total exposure index, accumulating a history of exposure to each driver. The aggregation of 
impacts would then occur on an individual basis instead of a population basis. These would then 
accumulate at the population level, producing a more accurate representation of the way that popu-
lation-level effects are actually generated. 

 If data on the specific impacts of exposure to each driver on an animal and the subsequent physi-
ological consequences are available, an additional modeling layer could be incorporated, represent-
ing the physiological processes within an individual. Within this layer, both the immediate effects 
of the various drivers and, most importantly, their subsequent consequences would be able to inter-
act in various ways to ultimately influence the likelihood of mortality or the reproductive potential 
of each animal. Synergistic and antagonistic effects may be produced by the physiological network 
in this model layer, which could then be validated against published data on overall impacts. 
Unfortunately, it is still not clear how all the consequences of chronic stress could be incorporated 
into the model.  

   3 Present and Future Applications 

 The extent to which the above can be achieved for any given species is highly dependent on the data 
available. Cumulative exposure mapping will almost always be possible, at least to a certain extent. 
However, regulatory agencies may need to make efforts to aggregate information on the distribution 
of activities under their jurisdiction. In many cases, it is also possible to integrate population distri-
butions into CIAs, allowing some level of population modeling. However, here the availability of 
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reliable and appropriate datasets may become a limiting factor. IBMs incorporating the multiple 
drivers would require larger amounts of data, making them an option in fewer situations. However, 
for cetaceans, it is expected that full cumulative impact IBMs would be possible for at least two 
populations where relatively large amounts of data exist:  Eubalaena glacialis  (North Atlantic right 
whale) and  Orcinus orca  (southern resident killer whale). Once these models have been built, they 
could be used as proxies for other cetacean species in that they should identify combinations of 
drivers that could be particularly damaging or provide indications of thresholds where different 
consequences are likely to emerge. Despite the legal mandates, much of the above can only be 
incorporated into management given suitable political will and a certain amount of revision in 
management processes. For example, it would be useful for marine mammal Stock Assessment 
Reports in the United States to include a full report on the drivers to which each species is exposed. 
This would be a substantial step toward cumulative exposure mapping. Likewise, a shift away from 
project-based management, perhaps to ecosystem-based management, will inherently facilitate 
better CIAs as the focus will be placed more on the animals and their ecosystems.      
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   1 Introduction 

 In 2004, the California, Oregon, and Washington Departments of Transportation, US Federal 
Highway Administration, and state and federal resource agencies established the Fisheries 
Hydroacoustic Working Group (FHWG) to improve and coordinate information on fishery impacts 
from underwater sound caused by pile driving. The FHWG was supported by a panel of hydroa-
coustic and fisheries experts who prepared several papers that led to an  Agreement in Principle for 
Interim Criteria for Injury to Fish from Pile Driving Activities  in 2008. The key reports and docu-
ments that led to the  Interim Criteria  are briefly summarized. A recent monitoring effort completed 
in response to orders from various regulatory agencies is discussed. A recent preproject assessment 
and its implications for a planned construction project are presented. Recent research supporting 
revisions to the criteria are summarized.  

   2 Background on the Interim Criteria 

 Several key reports and documents were prepared for the FHWG:  The Effects of Sounds on Fish  
(Hastings and Popper  2005  ) ,  Interim Criteria for Injury to Fish Exposed to Pile Driving Operations: 
A White Paper  (Popper et al.  2006  ) , and  Update on Recommendations for Revised Interim Criteria 
for Pile Driving  (Carlson et al.  2007  ) . 

 The Carlson et al.  (  2007  )  memo forms the basis for the  Agreement in Principle . Criteria were 
recommended for three different effects on fish: 1) hearing loss due to temporary threshold shift 
(TTS); 2) damage to auditory tissues (generally sensory hair cells of the ear); and 3) damage to 
nonauditory tissues. Carlson et al.  (  2007  )  provided the basis for their interpretation and application 
of the new recommendations for  Interim Criteria . The criteria for nonauditory tissue damage were 
based on several studies where fish were exposed to either relatively high-amplitude blasts (peak 
pressures of approximately 20 psi or 223 dB re 1 μPa) or sonar signals where maximum pressures 
often exceeded 197 dB re 1 μPa, with the accumulated sound exposure level (SEL) based on a relatively 
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short-term exposure to relatively high-level signal. The most stringent peak sound pressure level 
(SPL) criterion for all hearing generalist fish for all types of effects is 206 dB. 

 The interim cumulative SEL criteria for hearing generalists are nonauditory tissue damage: 
183–213 dB, corresponding to a fish mass between 0.5 and 200 gm; auditory tissue damage: 189- to 
213-dB SEL; and temporary threshold shift: 185-dB SEL. 

 Carlson et al.  (  2007  )  states the following: “Note, when there was variation in data, the values given 
are the minimum level resulting in  any effect  (emphasis added). Also, an 18-h period of rest was identi-
fied as the interval between exposures necessary to restart the calculation of cumulative SEL.” 

  The Agreement in Principle for Interim Criteria for Injury to Fish from Pile Driving Activities  
(FHWG  2008  ) , utilizing information in Carlson et al.  (  2007  ) , identified SPLs of 206 dB peak and 
187-dB cumulative SEL for all listed fish except those that are less than 2 gm. In that case, the criterion 
for the cumulative SEL is 183 dB. The  Agreement in Principle  does not specify the period over which 
the SEL is to be accumulated or a lower limit on single-strike sound levels to be included in the cumu-
lative SEL. Stadler and Woodbury  (  2009  )  address these issues from the perspective of National 
Oceanic and Atmospheric Administration (NOAA) Fisheries in a paper presented at Inter-Noise 2009, 
Ottawa, ON. Stadler and Woodbury  (  2009  )  state, “NOAA Fisheries recognizes that a single-strike SEL 
below a certain level will not contribute to the overall cumulative SEL because there is virtually no 
effect on a fish. The single-strike SEL that has no effect is referred to as ‘effective quiet,’ but there are 
no data for estimating the SEL of effective quiet. Based on this uncertainty, NOAA Fisheries has 
adopted a conservative SEL for effective quiet of 150 dB.” The 150-dB lower limit level is 37 dB 
below the interim criterion level for a cumulative SEL of 187 dB and requires exposure to 5,000 pile 
strikes to reach a cumulative SEL of 17 dB, a conservative threshold indeed. Regarding the rest period 
for recovery, Stadler and Woodbury  (  2009  )  state the following: “Although fishes are expected to 
recover from sub-injurious exposure to these sounds, the time required for recovery is unknown. It is 
unlikely that a fish will fully recover during the time between pile strikes (a few seconds), so it is 
crucial that a longer recovery period be chosen. NOAA Fisheries is currently using a 12-h recovery 
period and accumulates the SEL from all pile strikes that occur prior to a 12-h break in pile driving.” 
In the absence of anything better, this guidance from NOAA has been followed.  

   3 Applying the Interim Criteria 

    3.1 A Field-Monitoring Experience 

 The California Department of Transportation is currently replacing bridges over rivers in north-
ern California to meet certain seismic, scour, and bridge design standards. One project involves 
the impact driving of thirteen 2.2-m-diameter piles outside of the wetted channel of the river 
(with four of these piles at a distance of ~43 m from the wetted channel) and four additional 
1.2-m test piles at the 43-m position. The piles are being driven inside cofferdams excavated to 
a depth of at least 20 ft below the surface. The pile driving would be divided between two sepa-
rate construction seasons. 

 Using the best available data, the Biological Assessment for the project concluded that underwater 
sound levels would be substantially below the 206-dB peak single-strike threshold but that the 
accumulated SEL threshold during a maximum day of impact driving could be exceeded out to a 
distance of ~150 m from the driven piles. 

 The California Coastal Commission had ultimate permit authority, and their staff established 
rigorous acoustic and biological monitoring protocols, required a caged-fish study to expose salmonids 
to pile-driving noise at various distances from the pile-driving activity, and required a fish-exclusion 
zone with a fish passage 300 m long. This for a project with 17 piles, 9 of which were driven more 
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than 40 m from the river, and no piles were actually driven in the water. The estimated cost for the 
monitoring and fish-cage study is $600,000. 

 Orders from the Coastal Commission required that the 187 dB cumulative SEL threshold not be 
reached during a day of pile driving (interpreted as 187.0 dB). Hydroacoustic monitoring in real 
time of the accumulating SEL to the nearest 0.1 dB therefore became the determining factor if pile 
driving should be stopped. The first monitoring occurred in early March 2009. There was swiftly 
flowing water in the river channel. Conditions in the river made it unsafe to enter so the hydro-
phones had to be deployed from the shore without the ability to investigate the subsurface condi-
tions. It was evident that measured levels were elevated as a result of the strong current in the river. 
It was not possible to isolate the small contribution of low-level pile-driving noise from ambient 
noise during the direct measurement of the cumulative SEL. 

 Monitoring results for 11 March 2009 are shown in Figure  1 . It shows the peak level and SEL 
for each 1-s interval as well as the cumulative SEL. These piles were located ~43 m from the edge 
of the wetted channel and 65 m from the hydrophone, the closest point in the river where condi-
tions were suitable for monitoring. Two piles were driven during the day. The pile driven in the 
morning was driven to the required depth, but driving of the pile during the afternoon was stopped 
when the daily cumulative SEL at the hydrophone reached 187 dB. One wonders whether any fish 
received this cumulative dose, considering that one pile was driven in the morning and a second 
pile was driven in the afternoon. The peak pressure from a single strike never exceeded 195 dB 
and the SEL from a single strike never exceeded 160 dB. The cumulative SEL resulted from 
~1,500 low-energy pulses. Nonetheless, the work was stopped pursuant to the permit require-
ments. Fish in the area the next morning were then exposed to elevated sound levels during the 
completion of the driving of the pile. Monitoring continued through the summer. The initial fish-
cage study was completed. From the authors’ perspective, this entire effort was poorly conceived 
but well executed.   

  Fig. 1    Pile-driving sound levels measured in a northern California river. SEL, sound exposure level       
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   3.2 A Preproject Assessment 

 A current project undergoing preproject assessment illustrates the effect of the cumulative SEL 
standard and its current application on proposed construction projects. Construction of a new bridge 
would require installation of four 2.6-m-diameter cast-in-steel-shell (CISS) piles. In addition, the 
construction of a trestle and falsework would use numerous 20-in.-diameter steel-shell piles. The 
large-diameter piles would be driven in a dewatered cofferdam. The small piles would be driven in 
the water, and with attenuation such as a bubble curtain, the assessment concluded that the peak 
pressure would be substantially below 206 dB and the single-strike SEL would be ~165 dB at 10 m. 
Based on the frequency of the hammer strikes, the analysis concluded that after 4 min of pile driving 
and 160 pulses, with attenuation in place, the 187-dB accumulated SEL threshold would be reached 
at a distance of 10 m from the pile. For the permanent CISS piles drive in a dewatered cofferdam, 
analysis from previous projects indicated an expected single-strike SEL of 165–175 dB just outside 
the cofferdam. Peak sound pressures were estimated to range from 185 to 195 dB, substantially 
below the single-strike threshold. The number of hammer strikes predicted to reach a cumulative 
SEL of 187 dB ranged from 16 to 160 strikes. Data from other projects indicated that it could take 
several thousand pile strikes to drive a pile over the period of ~1 h. 

 The engineers concluded that construction of the equipment trestles and falsework could not be 
completed within the work window deadlines established by resource agencies. Driving of each 
permanent pile would require several weeks even if the sound levels were at the lower limit of the 
range, making the construction of the piles impractical. Furthermore, partial driving of the pile 
could result in pile setup, a phenomenon that increases the capacity of the pile with time and makes 
the pile more resistant to driving to the specified tip elevation on subsequent days. The highest 
sound levels typically occur when the pile resistance is the greatest. For this project, the engineers 
were able to develop alternative engineering plans that would result in lower sound levels. This is a 
best case outcome but very unusual given the constraints normally associated with engineering 
options for the design of new bridge foundations.   

   4 Recent Caged-Fish Studies 

 Several recent studies that exposed caged fish to pile-driving sounds were summarized by Reyff 
 (  2010  )  in a presentation at the 2010 Transportation Research Board Annual Meeting, Washington, 
DC. These studies were limited to observable injuries that may have resulted during or shortly after 
exposure to pile-driving sounds. Although fish were examined for physical injury, the effects on 
hearing that include temporary threshold shift, permanent threshold shift, or hair cell damage were 
not evaluated. The studies included concrete piles driven at the Port of Oakland, CA, steel-sheet 
piles installed at the Port of Anchorage, AK (results similar but not yet reportable), steel piles driven 
in northern California previously discussed, and steel piles driven in Lake Washington in the Pacific 
Northwest. When compared with control groups of fish, physical injuries or adverse behavioral 
responses from exposed fish were not observed in any of the experiments. 

 Reyff  (  2010  )  summarized the results. In the Port of Oakland Wharf Reconstruction 2004, fishes 
exposed to single-strike SELs of 165 dB and a cumulative SEL of up to 191 dB experienced no 
physical trauma that could be related to exposure to underwater noise from pile driving. In the Port 
of Seattle Fishermen’s Terminal Study 2006–07, juvenile Coho salmon exposed to maximum peak 
SPLs of up to 208 dB, an average single-strike SEL of 175 dB, and a cumulative SEL of 207 dB in 
1 workday, resulting from 1,627 pile strikes, survived for the 10-day holding period, revealed no 
external or internal injuries related to pile-driving sound exposure, and readily consumed hatchery 
food during the first and subsequent feeding trials. Subtle behavioral changes of fish were noted in 
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response to pile strikes. In the Mad River Replacement Project 2009, fish were exposed to the highest 
levels in the river where the cumulative SELs reached 194 dB. Again, fish showed no physical 
trauma that could be related to exposure to underwater noise from pile driving.  

   5 Conclusions 

 The cumulative SEL threshold contained in the  Agreement in Principle for Interim Criteria for 
Injury to Fish From Pile Driving Activities  (FHWG  2008  )  is having a significant effect on the cost 
and constructability of bridges in the western United States. The cumulative SEL threshold level 
cannot be met even with attenuation systems for piles driven in or near the water without limiting 
the driving during a workday and thereby increasing the construction period and potentially increasing 
the number of fish exposed to elevated sound levels. Recent studies of fish in cages exposed to pile 
driving show no physical trauma for fish exposed to levels significantly above a cumulative SEL of 
187 dB. Extensive acoustical data from unattenuated and attenuated pile-driving sources are avail-
able to researchers interested in determining possible auditory effects resulting from actual pile-
driving sounds. It is time to reexamine the cumulative SEL threshold in light of recent studies and 
conduct additional studies, if necessary, to evaluate auditory and nonauditory effects utilizing actual 
pile-driving pulses either in the laboratory or through additional field studies. Unless we want to 
continue to find only “no-effect” results, field fish-cage studies associated with construction projects 
should only be undertaken after independent experts conclude that useful information could result 
from the study.      
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   1 Introduction 

 In compliance with the Marine Mammal Protection Act (MMPA), the Navy must prepare 
Environmental Impact Statements (EISs) and obtain Letters of Authorization (LOAs) allowing, as 
defined in the MMPA, incidental “takes” of marine mammals for its training activities. The Navy 
has prepared these documents for each of its training ranges addressing the possible effects of noise 
on marine mammals. The authors were asked to determine whether two Navy models and a model 
developed by Science Applications International Corporation (SAIC) were designed and imple-
mented to obtain the best unbiased estimates for the level A and level B (types I and II) takes for 
midfrequency active sonar (MFAS). 

 All three models used National Marine Fisheries Service criteria for received sound exposure 
level (SEL) and sound pressure level (SPL) that would result in level A, level B type I, and level B 
type II harassment (Federal Register  2009  ) . Level A harassment was considered to be the SEL 
that might cause a permanent threshold shift (PTS). For nonexplosive underwater acoustic signals, 
cetaceans were expected to experience PTS when the M-weighted SEL exceeded 215 dB re 1 μPa 2 -s 
and the most sensitive pinnipeds (harbor seals and similar species) when the M-weighted SEL 
exceeded 203 dB re 1 μPa 2 -s (see Southall et al.  2007  for details and references) Fig.  1 . Level B 
harassment was subdivided into two types: type I where the SEL might cause a temporary threshold 
shift (TTS) and type II where the SPL might cause an observable behavioral change. For cetaceans, 
TTS was assumed to occur at a SEL greater than 195 dB re 1 μPa 2 -s and for the most sensitive 
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pinnipeds in water at a SEL greater than 183 dB re 1 μPa 2 -s (see Southall et al.  2007  for details 
and references). Level B type II harassment was based on a logistic-like risk function where the 
essential parameters are the basement value for a behavioral response (taken as 120-dB SPL for 
all marine mammals); a parameter  K  representing 50% risk (taken as 45-dB SPL for all marine 
mammals); and a risk transition sharpness parameter (i.e., an indication of how closely the risk 
function approaches a step function) that was set at 10 for odontocetes and pinnipeds and at 8 for 
mysticetes, which resulted in an increase in the proportion of the mysticete population harassed 
at lower SPL compared with the curve for odontocetes and pinnipeds. For harbor porpoises, a 
“particularly sensitive” species (Southall et al.  2007  ) , a step function at 120 dB was used for the 
probability of harassment.  

 As an example of the type of situations for which these models need to be able to provide take 
estimates, the review specifically considered the use of MFAS for the Southern California (SOCAL) 
Range Complex EIS. The SOCAL Range Complex covers an area of 120,000 nautical square miles. 
The incidental-take authorization would cover 5 years (January 2009 to January 2014). The modelers 
do not know with any precision when or where MFAS activities may take place within the range 
during these 5 years. Nonetheless, they need to estimate the number of takes by harassment in each 
category for marine mammal species found in this area. The SOCAL Range Complex EIS noted 
that in 2007 postaction reports were filed for 797 h of MFAS in the SOCAL Range Complex.  

   2 The Models 

 The Naval Undersea Warfare Center (NUWC) in Newport, RI, has developed two marine mammal 
exposure-analysis models: the area-density model and the NUWC exposure model (NEMO). SAIC 
in Arlington, VA, has developed a third marine mammal exposure-analysis model. In all three 
models, sound propagation is modeled using the comprehensive acoustic simulation system based 
on Gaussian ray bundle propagation (CASS/GRAB). The acoustic field is modeled to a distance 
where the SPL drops below 120 dB re 1  m Pa. 
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   2.1 NUWC Area-Density Model 

 The model computes the three-dimensional (3-D) acoustic field of one or more simultaneously 
operating sources in a geographical region of operation and for the time of year (season) of operation 
based on operational specifications such as duty cycles and acoustic characteristics (such as 
frequency and beam pattern). NUWC handles bathymetry via three analysis points (shallow, sloping, 
and deep seafloor) and typically eight radials around each analysis point to calculate footprints that 
are then used throughout the region. To reduce computational memory requirements, the model then 
reduces the 3-D sound field to a two-dimensional (2-D) footprint by taking the maximum SEL and 
the maximum SPL over all depths. 

 The model then moves the sources through the operational area. The footprints are overlapped 
from one sound emission to the next. On a 2-D receiver grid that evenly spans the operational area, 
SELs are summed. For every new emission of sound, the model compares the maximum SPL 
received at all 2-D receiver grid points to the stored maximum SPL. If the new SPL exceeds the 
stored SPL, then it is replaced; otherwise not. 

 The NUWC model compares the cumulative SEL to assumed thresholds for PTS and TTS. The 
maximum SPL modeled is passed through the risk function to determine the probability of inducing 
a behavioral change. 

 Databases on marine mammal population density are accessed to estimate how many animals of 
which species are likely encountered in the geographic region at the time of operation. These animals 
are then evenly distributed over the 2-D receiver grid but can be distributed with more spatial structure 
if sufficient information is available on the distributions of particular marine mammal species in 
the zone of operation. Animal densities are then multiplied by the total area receiving SEL above 
threshold to yield the total number of exposures likely producing TTS or PTS. Animal densities are 
also multiplied by the probability of behavioral change and then summed over the 2-D grid to yield 
the total number of exposures resulting in a behavioral change, i.e., the number of takes.  

   2.2 NUWC NEMO Model 

 The NEMO model is a true 3-D model. NEMO uses the same sound propagation model as the area 
density model. However, in the NEMO model, SEL and SPL values are not maximized over all 
depths and reduced to a 2-D grid; rather a 3-D footprint of the source is kept. Marine mammals are 
no longer uniformly distributed in space but instead are modeled individually as “animats” using 
the marine mammal movement and behavior simulator (3MB) (Houser  2006  ) . The animats’ move-
ments are stochastically determined by sampling from distributions of rates of movements in three 
dimensions, surface time, and time at depth. These distributions are dependent on the behavioral 
state of the animal. Transitions between behavioral states are also stochastically determined. NEMO 
keeps track of SEL and SPL for every individual animal.  

   2.3 SAIC Model 

 Environmental parameters are grouped into 5-20 provinces in the areas of interest (viz., SOCAL 
Range Complex or Atlantic Fleet active sonar training [AFAST] area), each having a constant sound 
speed profile, seafloor type, and water depth. Bathymetry is ignored except for water depth at the 
source location. Each province has a flat bottom. The entire operational area is split into these 
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provinces. Sound propagation and bioacoustic impact are modeled once for each province. Harassment 
numbers are then combined into a weighted average, weighted according to how much of the opera-
tional area is represented by each province. 

 For each province, impact water volumes are computed for PTS, TTS, and behavioral risk. 
For PTS and TTS, the volume around the source in each depth bin where the SEL exceeds threshold 
value is calculated. For behavioral risk, the maximum SPLs are grouped into 0.5-dB bins and then 
a volume histogram is computed showing the volume around the source in each depth bin that falls 
into each SPL bin. The histogram is multiplied by the behavioral risk function to give the percentage 
of animals likely to experience behavioral harassment. 

 Animals are distributed evenly within their geographic areas of occurrence and with depth 
according to published dive profiles. The animals remain stationary relative to the ships.   

   3 Model Evaluation 

 A number of features are similar across the three models. They handle animal distribution at the 
level to which it is known. Lacking any specific knowledge of areas of operation, an average density 
over the range is used. They collapse annual variation in environmental conditions as related to 
acoustic propagation to two seasons, and when seasonal data are available on species occurrence 
within the range, these data are incorporated in the models. 

 Two of the models, NEMO and SAIC, distribute the animals in the  z -axis as well as in the  x - y  
plane. This approach is superior to the NUWC model that overestimates the animal exposures 
because the highest values of SEL and SPL in the water column are selected during the collapse of 
the 3-D calculations to a 2-D footprint. The SAIC model in which the animals are fixed in location 
is probably superior at this time to the NEMO model in which movement of the animats is drawn 
from various statistical distributions that themselves are not well known. The NEMO model is better 
suited for behavioral research at this stage of knowledge about the physical and biological param-
eters that influence an animal’s behavior. In our opinion, the elegance of this model might lead to a 
false sense that we understand the movements of real animals much better than we do. 

 The models are conservative in that they overestimate the number of level B type I takes because 
they do not consider partial, or complete, recovery of the TTS during the 24-h accumulation period. 
A new version of NEMO should be able to record the time of arrival of the pings at each animat, 
and when more is known about TTS recovery, these data can lead to refined predictions of level B 
type I takes. 

 The behavioral risk function is used in all models by relating the probability of a response to 
the maximum level received over a 24-h period. However, an animal is not going to sit in the 
water being pinged at waiting for a higher SPL to come within the next 24 h. At any time that it 
receives a ping, it decides whether to react or not. With the next ping, it faces the same decision. 
The probability of response should be a function of the actual level received at any one time. The 
probability of an animal reacting at least once every 24 h is then equal to the cumulative probability 
for all pings received. 

 Neither the NUWC nor the SAIC models consider ambient noise. Although this will not change 
the propagation models, it can change the animal impact assessments. The SEL for TTS will likely 
be different under masked and nonmasked situations and the behavioral risk curve may be displaced 
under conditions of high ambient noise. Ambient noise may also affect the distribution of animals 
within the operation area. 

 The computational resources required to model out to a 120-dB SPL range could be much better 
used with a finer grain analysis at closer ranges (e.g., more provinces for the SAIC model; more 
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radials and analysis points for NUWC models). Calculated level B type II takes can be increased 
based on the area of the curve that lies below the minimum decibel level modeled. For example, if 
the level B type II takes were modeled out to 157 dB, then the risk function suggests that increasing 
this number by 10% would yield approximately the same number of takes as a complete modeling 
out to the 120-dB range. 

 In the absence of any particular knowledge about future naval operations, NUWC models move 
the ships on random tracks. This will provide an unbiased estimate of takes as will the SAIC 
model in which ships move in straight lines when considered within the complete SAIC mod-
eling paradigm. 

 The NEMO approach has the greatest potential to model the system but is well in advance of 
the available data and, by seeming to take into consideration more than is really known, leads to a 
false level of confidence about its predictions. If NEMO assigned animats to depth levels in pro-
portion to the amount of time tracked individuals spent at various depths and left them in a 
stationary  x-y  position, as does the SAIC model, then NEMO would be the model that could best 
simulate the system. 

 The SAIC model is interesting in that, on the one hand, it is the farthest from simulating the 
system, but on the other hand, it is the best for providing the one thing required of a model in 
the EIS/LOA framework: the expected number of takes by species and by harassment level over 
large ranges with unspecified operations and over a 5-yr time horizon. SAIC has done some sensi-
tivity analyses and found that over reasonable parameter ranges, the model is relatively robust.  

   4 Conclusions 

 The models need to determine the number of takes at three different harassment levels for a variety 
of species of marine mammals over the extended ranges of naval operations during the 5 years for 
which LOAs are sought based on the EIS. If the questions were more specific, the models would 
need to take into consideration more specific biological and physical variables. Because the models 
provide only the expected number of takes and provide no data on stochasticity as reflected in the 
variance in the number of takes, conduct no sensitivity analyses on how uncertainties in the data and 
processes propagate through the model, and require no scenario analyses, the model outputs are not 
very useful for management and mitigation. 

 Given the minimal knowledge available on animal responses to noise, modeling the animals as 
stationary and distributing them evenly throughout a habitat or province will neither consistently 
underestimate nor overestimate takes. Obviously, if we knew more about the response of animals to 
noise and other factors such as prey availability that affect their distribution, the take estimates could 
be improved, but lacking that knowledge and instead guessing the animals’ behavior, e.g., avoid-
ance, can lead to biased estimates. 

 The lack of information on the distribution of animals is a significant impediment to obtaining 
valid estimates of take. Obtaining better data on distribution, particularly with respect to environ-
mental features defining habitat, is more important than fine tuning the movements of individual 
animals in response to noise. 

 The models are being inappropriately used to generate “take” rates as though these rates are both 
accurate and precise and have meaning in their own right. To the contrary, there is no evidence that 
the rates are accurate; they are likely biased, although probably on the conservative side; and 
because they have no stochasticity, they ignore issues relating to likely ranges of takes under variable 
conditions and are unable to predict the potential occurrence of catastrophic events. Furthermore, 
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although the models have potential to be used as tools for designing less invasive exercises or operations, 
they are not used in this regard. They also need to be more closely tied to the design of monitoring 
and reporting procedures that can lead to better estimates of model parameters in the future.      
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   1 Introduction 

 The National Oceanic and Atmospheric Administration (NOAA) is in the process of developing 
acoustic guidelines for assessing the effects of anthropogenic sound on marine mammal species 
under NOAA’s jurisdiction. The guidelines will provide a summary of past policies and updated basic 
science-based guidance. The guidelines are intended for use by NOAA analysts/managers and rele-
vant stakeholders, including federal agencies, and will increase the transparency and consistency of 
how acoustic effects on marine mammals are assessed in the context of our authorizations, permits, 
consultations, and exemptions under the various environmental statutes NOAA administers (e.g., 
Marine Mammal Protection Act, Endangered Species Act, and National Marine Sanctuaries Act). 

 The guidelines are expected to be organized in a manner that reflects the evolution of the under-
lying science and management decisions related to the effects of anthropogenic sound on marine 
mammals. Our past acoustic thresholds will be provided as well as updated procedures for assessing 
acoustic effects based on recent advances in science. NOAA is working toward numerical thresh-
olds where appropriate and possible and general analytical paradigms in other cases (i.e., for 
instances where context- or environmental-specific factors reduce or eliminate the relevance of 
broadly applicable quantitative thresholds). Thus the acoustic guidelines will reflect qualitative 
considerations (e.g., masking, stress, cumulative impacts, and population consequences of sound 
exposure) as well as numerical thresholds for temporary (TTS) and permanent (PTS) threshold shift 
onset. An approach for updating acoustic criteria/thresholds and policy guidance is also presented. 
This abstract highlights a few topics that will be in the guidelines.  
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   2 Updated NOAA Acoustic Guidance 

   2.1 Sound Source Categories 

 NOAA recognizes that different sound source types pose different risks to marine mammals, especially 
in terms of effects on auditory structures, based on the physical features of the resulting wave-
forms. For these assessments, sound is divided into two broad categories (defined at the source). 
Impulsive sound sources are typically transient, brief, and broadband and consist of a rapid rise time 
(American National Standards Institute  1986  ) . They can occur as a single event or be repetitive. 
Nonimpulsive sound sources can be broadband or tonal, brief or prolonged, and continuous or 
intermittent and typically do not have the rapid rise time that impulsive signals do (American 
National Standards Institute  1995  ) . Although similar categories have been used in past assessments, 
they have not been specifically defined.  

   2.2 Quantitative Paradigms 

   2.2.1 Updated TTS and PTS Onset Thresholds 

 The goal is for NOAA’s acoustic thresholds to reflect the best available science, which has increased 
dramatically over the last 10 years. The process for developing the guidelines began with reevaluating 
and updating all the current acoustic thresholds, starting with underwater thresholds for the onset of 
TTS (defined as a 6-dB threshold shift) and PTS (defined as a 40-dB shift). NOAA internally evaluated 
the scientific recommendations of the Southall et al.  (  2007  )  review as well as of relevant peer-
reviewed studies published since Southall et al. (e.g., Lucke et al.  2009 ; Mooney et al.  2009a,  b  )  in 
the context of its various environmental statutes. 

 Recently, the dual metrics of accumulated sound exposure level (SEL) and peak sound pressure 
level have been recommended as most appropriate for establishing TTS and PTS onset thresholds 
for marine mammals (Southall et al.  2007  ) . NOAA is adopting these dual metrics for its updated 
thresholds. These thresholds are still being evaluated internally. The most updated information on 
these thresholds can be found at   http://www.nmfs.noaa.gov/pr/acoustics/    .  

   2.2.2 Behavioral Thresholds 

 NOAA’s past approaches for assessing behavioral effects have primarily focused on broad and very 
simplistic numerical assessments based on the received sound level. However, significant develop-
ments in scientific knowledge are revealing that such simplistic approaches may underestimate or 
overestimate negative effects in that they fail to account for certain contextual factors that are likely 
critical in determining whether and how animals are impacted by a particular sound. Although the 
current state of science does not allow NOAA to update its previously established thresholds for 
behavior, it will be proposed that additional factors be considered qualitatively.  

   2.2.3 Marine Mammal Functional Hearing Groups and M-Weighting Functions 

 Current data indicate that not all marine mammal species have equal hearing capabilities 
(e.g., Richardson et al.  1995  ) . To reflect this, Southall et al.  (  2007  )  recommended that marine 
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mammals be divided into five basic functional hearing groups based on estimated hearing 
ranges. NOAA concurs with dividing marine mammals into functional hearing groups but has 
preliminarily decided to extend slightly the estimated hearing range for low-frequency ceta-
ceans, from 22 to 25 kHz (Table  1 ). This decision is based on data from Au et al.  (  2006  )  for 
humpback whales and from Frankel  (  2005  )  on gray whales, indicating that mysticetes may be 
able to hear beyond 22 kHz.  

 Based on the functional hearing groups and their estimated hearing ranges, Southall et al. 
 (  2007  )  established marine mammal-specific weighting functions (i.e., M-weighting functions) 
to better assess how a sound source of a particular frequency spectrum could affect members of 
a particular hearing group. NOAA considers M-weighting functions (based on the estimated 
hearing ranges presented in Table  1 ) appropriate when assessing the auditory effects of anthropo-
genic sound exposure to the inner ear and/or hearing ability, such as via PTS and TTS onset 
expressed in the accumulated SEL metric (not peak sound pressure metric, where flat-weighting 
is recommended).   

   2.3 Qualitative Paradigms 

 Although qualitative paradigms do not present means of directly quantifying sound source or 
receiver characteristics (often due to limited data or complexity/variability, as with behavioral 
responses to anthropogenic sound), we advise that they be considered within an assessment to the 
extent possible. As more data become available, there may be better means of quantifying these 
qualitative considerations (e.g., stress, masking, cumulative and synergistic effects) in the future. 

   2.3.1 Behavioral Disruption (Additional Considerations) 

 Assessing the severity of behavioral effects of anthropogenic sound exposure on marine mammals 
is challenging due in large part to the inherent complexity of behavioral responses. Behavioral 
reactions can vary not only among individuals but also within an individual depending on previous 
experience with a sound source, hearing sensitivity, sex, age, reproductive status, geographic 
location, season, health, social behavior, or other contextual factors (National Research Council 
 2003  ) . It is recommended that these additional factors be considered qualitatively to the extent 
possible (Table  2 ).  

 Furthermore, certain species (e.g., harbor porpoises, beaked whales) or individuals (e.g., mother-
calf pairs) may be particularly sensitive to anthropogenic sound. It is acknowledged that assessing 
behavioral effects for beaked whales and other particularly sensitive species/individuals will require 
a categorically different approach than many other cetacean species.    

   Table 1    Functional hearing groups   
 Functional Hearing Group  Estimated Hearing Range 

 Low-frequency cetaceans  7 Hz to 25 kHz 
 Mid-frequency cetaceans  150 Hz to 160 kHz 
 High-frequency cetaceans  200 Hz to 180 kHz 
 Pinnipeds in water  75 Hz to 75 kHz 
 Pinnipeds in air  75 Hz to 30 kHz 

  Adapted from the recommendations in Southall et al.  (  2007  )   
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   3 Updating Future NOAA Acoustic Guidance 

 NOAA’s initial guidance for marine mammals will be revised, as the science allows, to update 
behavioral thresholds and various impact thresholds for explosives and airborne anthropogenic 
sounds. As more data become available, acoustic guidance also may be established for other pro-
tected species such as sea turtles and marine fishes. As with this guidance document, public review 
and external peer review will be integral to the creation of acoustic guidance. 

 NOAA will establish an intra-agency team consisting of staff from its various offices, regions, 
and science centers to reevaluate and update acoustic thresholds with new data every three to five 
years or as deemed necessary. In addition to evaluating new, applicable scientific studies, NOAA 
will also examine basic definitions, appropriate metrics, data standards, and methods to account for 
uncertainty, temporal and spatial considerations, and other relevant topics.  

   4 Where Are We in the Process? 

 NOAA’s draft Acoustic Guidelines are undergoing an intra-agency review, which will be followed 
by an external peer-review process. The focus of the peer review is on the scientific and technical 
studies that have been applied and the manner that they have been applied in this guidance docu-
ment. The external peer reviewers will not be asked to focus on policy decisions made within the 
document (e.g., the amount of uncertainty that is acceptable or the amount of precaution that should 
be embedded in the analysis). After the peer review, the public will be invited to provide comments 
on the document. Once the peer review and public comments are addressed, the acoustic guidelines 
will be released. Since our guidance document is in the process of being reviewed and evaluated, 
information provided in this summary paper is subject to change. Thus, for the most recent informa-
tion on our acoustic guidance, please consult   http://www.nmfs.noaa.gov/pr/acoustics/    .      
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   1 Introduction 

 The United States Endangered Species Act of 1973 (ESA) and Marine Mammal Protection Act of 
1972 (MMPA) give the National Oceanic and Atmospheric Administration (NOAA) a mandate and 
the authority to protect numerous species of marine mammals, sea turtles, marine and anadromous 
fish, mollusks, and coral from activities conducted by government agencies, corporations, academic 
institutions, and private individuals, including activities that introduce anthropogenic noise into 
freshwater, estuarine, and marine ecosystems. To satisfy its obligations under these two laws, 
NOAA assesses the effects of sound-producing activities using an exposure-response risk-assessment 
methodology that is designed to satisfy the protective mandates of these laws. 

 This methodology begins with exposure analyses, which are designed to identify the number, age 
(or life stage), and gender of individuals that are likely to co-occur in space and time with any 
acoustic phenomena-produced physical, chemical, or biotic aspects of proposed actions (or “potential 
stressors”) that are likely to have direct, indirect, interactive, or cumulative direct and indirect 
effects on individuals that might be exposed. Exposure analyses are followed by response analyses, 
which are designed to determine whether and how those individuals are likely to respond given their 
exposure. The assessments conclude with risk analyses, which begin with assessments of the 
probable risks any responses might mean for the individuals that are likely to be exposed (here, we 
measure risks to listed individuals using the individual’s current or expected future reproductive 
success); changes in individual fitness are integrated to estimate probable changes in the viability 
of the population(s) those individuals represent; and changes in population viability are integrated 
to estimate probable changes in the viability of the species that comprise those populations. 

 These assessments are strongly influenced by our understanding of relationships between 
potential stressors, relevant exposure pathways, responses given those exposure pathways, and risks 
given those responses. For more than a decade, our assessments have emphasized direct acoustic 
exposure pathways centered on animal hearing mechanisms and the response of those hearing 
mechanisms to acoustic exposure (Southall et al. 2007). More recently, we have reconstructed 
the conceptual models underlying our assessments to recognize and, in some cases, emphasize the 
importance of animal behavior.  

      Regulatory Assessments of the Effects of Noise: 
Moving From Threshold Shift and Injury to Behavior       
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   2 Assessments Centered on Threshold Shift and Their Limitations 

 For more than a decade, assessments of the effects of anthropogenic sound on aquatic fauna have 
focused on the direct physical effects of exposing aquatic animals to the energy produced by a 
sound source. The exposure analyses for these assessments focused on identifying the number of 
individual animals that would be exposed (that is, co-occur in space and time) to particular sound 
sources and the received levels associated with the exposure in either sound exposure level (SEL; 
in dB re 1  m Pa 2 -s), peak sound pressure level for pile driving (in dB 

RMS
  re 1  m Pa at 1 m; RMS, root 

mean square), or both. 
 These assessments focused almost exclusively on determining whether an animal’s auditory 

tissues were likely to be injured or damaged by exposure to sound pressure, with permanent threshold 
shift (permanent noise-induced losses in hearing sensitivity) being treated as equivalent to an injury 
and temporary threshold shift (temporary noise-induced losses in hearing sensitivity) being treated 
as equivalent to behavioral harassment. In most instances, substantial effort was dedicated to estimating 
received levels that would be treated as indicative of permanent or temporary threshold shift or, in 
the case of underwater detonations, tympanic membrane damage. 

 The outputs of these assessments generally consisted of estimates of the number of animals in 
one of five categories: 1) onset of massive lung injury or mortality (based on pounds per square 
inch), 2) tympanic rupture or slight lung injury, 3) permanent threshold shift, 4) temporary threshold 
shift, and 5) behavioral responses. In most cases, the behavioral responses in the last category have 
been treated as monolithic, with no distinction made between responses like long-distance avoidance 
of a sound field and abrupt, evasive dives. 

 These assessments have had numerous limitations. First, they treat “hearing” as a mechanical 
process that only involves structures in the ear that transduce sound pressure waves into vibrations 
and then to electrochemical impulses (rather than as a mechanical-cognitive-perceptual process). 
Second, they have emphasized the intensity of the sound [its received level (in decibels) or the 
integration of received energy] as the primary assessment metric while ignoring other attributes of 
an acoustic exposure (such as distance between an acoustic source and the receiving animal). 
Third, with the exception of lung injury, the outputs produced by these assessments have no explicit 
or implicit relationship to the fitness of the individuals that are expected to be exposed; that is, if we 
accept that an animal has experienced a threshold shift, we do not have sufficient information to 
make an inference about changes in the animal’s fitness. To make any inference about the potential 
consequences of threshold shifts, we would need to know how much of a shift has occurred, the 
frequency ranges affected, and in the case of temporary threshold shifts, how long it might take for 
the hearing sensitivity to recover; this information is rarely provided in published and unpublished 
studies. 

 Finally, by treating behavioral responses as monolithic, assessments that have focused on threshold 
shifts and acoustic injury have not distinguished between behavioral responses that have direct 
fitness consequences (e.g., cows that abandon their calves), those that have probable fitness conse-
quences (e.g., evasive dives in beaked whales), and those that are not known to have fitness 
consequences (e.g., auditory masking and vocal adjustments).  

   3 Moving Beyond Threshold Shift to Assessments Centered on Behavior 

 Because of the limitations in the assessment models discussed in the preceding section, we recon-
structed our assessments on a model of animal behavior and behavioral decision making, which 
incorporates the cognitive processes involved in behavioral decisions. This revised model assumes 
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that exposing aquatic fauna to anthropogenic sounds will primarily have an effect by changing the 
animal’s behavior, although we retained physical trauma and noise-induced losses in hearing 
sensitivity (threshold shift) as components of the model. In addition, the model is based on an 
expanded conception of “hearing” that includes the cognitive processes an animal employs when it 
analyzes acoustic impulses (Blumstein and Bouskila  1996 ; Hudspeth  1997 ; Yost  2007  ) , which 
includes the processes animals employ to integrate and segregate sounds and auditory streams and 
the circumstances under which they are likely to devote attentional resources to an acoustic stimulus. 

 Animals would then combine their perception of the acoustic stimulus with their assessment of 
the auditory scene (which includes other acoustic stimuli), their awareness of their behavioral state, 
physiological state (including whether they have noise-induced losses in hearing sensitivity), repro-
ductive condition, and social circumstances to classify an acoustic stimulus and determine which 
specific behavior it will select from the set of behaviors that are appropriate to the auditory scene 
given its physiological and behavioral state when exposed and its experience. 

 This revised conceptual model produced several improvements in our assessments of the effects 
of anthropogenic noise on aquatic fauna. First, this revised model helped us recognize a broader 
set of variables associated with acoustic exposures, in addition to received level, that we had not 
explicitly considered in earlier assessments (e.g., the number of exposure events, duration of exposure 
events, frequency of exposure events, time interval between sequential exposure events, distance 
between an acoustic source and the receiving animal, the spectral characteristics of the waveform 
during the exposure, and the behavioral state of the animal when it is exposed). Second, the assess-
ments produced by this model consider and are based on a broader array of behavioral and 
physical responses, and those responses explicitly connect to the fitness of animals that we expect 
to be exposed to anthropogenic noise (e.g., changing an animal’s energy or time budgets, forcing 
animals to make life history trade-offs, changing social interactions among groups of animals). 
Because this approach explicitly connects acoustic exposure to the fitness of individual animals, the 
approach also allows us to assess potential population-level and species-level consequences of 
acoustic exposures. 

 Although this approach is more suitable for the assessments NOAA must conduct to satisfy the 
requirements of the ESA and MMPA, it would benefit from further study of the physical and behav-
ioral responses of free-ranging animals that have been exposed to a variety of acoustic stimuli. 
Some exemplary studies have been conducted recently (e.g., Kvadsheim et al.  2007 ; Popper  2008  )  
or are underway, but studies that are designed as either behavioral studies or whole animal studies 
will be especially important for future efforts to regulate and mitigate anthropogenic sound.      
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   1 Introduction 

 The offshore energy industries (both oil/gas and renewables) introduce anthropogenic noise into the 
marine environment through exploration (seismic), development and production (pile driving and drill-
ing), decommissioning (explosives), and activities associated with these actions (i.e., icebreaking, sup-
port vessel traffic, and aircraft overflights). There are scientific uncertainties regarding how and what 
different marine animals hear, the behavioral and physiological effects of sound-producing activities on 
individual animals, and the significance of any effects to individuals on the populations. The uncertain-
ties ultimately lead to more conservative protective measures, additional monitoring requirements, 
public criticism of environmental analyses and decision making, and, ultimately, litigation, additional 
costs, and delays in Bureau programs. The Bureau of Ocean Energy Management, Regulation and 
Enforcement (BOEMRE; formerly the Minerals Management Service), the US federal bureau respon-
sible for regulation of these offshore industries, has developed intricate, comprehensive, and effective 
research programs aimed at filling key information and data gaps so as to better inform regulatory deci-
sion making and developing technologies to minimize the amount of noise put into the water.  

   2 BOEMRE Environmental Studies Program 

 The BOEMRE Environmental Studies Program (ESP) was established in 1973 to provide the infor-
mation needed to predict, assess, and manage impacts from offshore energy and marine mineral 
exploration, development, and production activities on human, marine, and coastal environments. 
The research is geographically diverse, ranging from the Atlantic to the subtropical Gulf of Mexico 
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and the California offshore to the Alaska arctic offshore. It is also topically diverse and includes 
biology, physical oceanography, air and water quality, socioeconomic, and cultural resources 
research. Today, the ESP has evolved into a $30 million (USD) annual program that has significantly 
advanced science in many areas, such as the discovery of deep-sea chemosynthetic communities and 
acoustic impacts on marine life. The ESP works cooperatively with other federal agencies, aca-
demia, and industry (both domestic and international) to provide high-quality, peer-reviewed sci-
ence to the public, stakeholders, and decision makers (see   http://www.boemre.gov/eppd/sciences/
esp/index.htm    ). BOEMRE environmental research consistently has been recognized for excellence 
with US Department of Interior Cooperative Conservation Awards and National Oceanographic 
Partnership Program Excellence Awards.  

   3 BOEMRE Technology Assessment and Research Program 

 The Technology Assessment and Research (TAR) Program was established in the 1970s to support 
research associated with operational safety and pollution prevention as well as oil spill response and 
cleanup capabilities. This program also is dedicated to investigating and assessing industry applica-
tions of technological innovations and ensuring that governing regulations, rules, and operational 
guidelines of the BOEMRE encompass the use of the best available and safest technologies. With 
this in mind, a portion of the TAR Program has focused on reducing the noise of industry operations 
through engineering adjustments (see   http://www.boemre.gov/tarphome/    ). In view of the overlap of 
issues and challenges, participation in jointly funded projects with industry, other federal and state 
agencies, and international regulatory organizations has become the primary funding mechanism as 
well as a broader recognition that participation in these joint projects is the most effective and effi-
cient means to leverage available funds.  

   4 Highlights of Key Acoustic-Related Research 

 For close to 40 years, the ESP and the TAR Program of the BOEMRE have continually produced 
high-quality scientific information and technological advancements that have addressed many data 
and information gaps related to acoustic issues. Some highlights of these efforts include

   a 7-yr, $11 million (USD) study on sperm whales in the Gulf of Mexico, their potential response • 
to seismic exploration, and sperm whale prey studies;  
  funding of National Research Council reviews (e.g.,  • Marine Mammals and Noise  [1995]);  
  a 25+ yr bowhead whale research program assessing migration, feeding, and effects of industry • 
activities on bowheads and other Arctic species;  
  sound source characterization and reduction/mitigation of noise during production activities, • 
dredging, seismic surveys, and pile driving;  
  domestic and international workshops on acoustic-monitoring technologies and effects of seis-• 
mic and pile-driving sounds on fish;  
  $40 million (USD) over the life of the program in developing baseline information on protected • 
species; and  
  a summary and synthesis of seismic survey marine mammal observer reports for 2003• –2008.     
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   5 Identification of Existing Data Gaps 

 Despite the progress made to date, the BOEMRE and others recognize that some scientific 
uncertainty still exists. The BOEMRE also understands that the importance of collaboration and the 
leveraging of resources is critical in bringing our collective understanding of the effects of 
anthropogenic noise to the next level. For this reason, the BOEMRE participated in the US Joint 
Subcommittee on Ocean Science and Technology’s Interagency Task Force on Anthropogenic 
Sound and the Marine Environment. The work of the Task Force produced a report detailing a US 
federal agency roadmap to focus and prioritize federal research efforts addressing marine anthropo-
genic sound over the next decade (see the full report at   http://www.nmfs.noaa.gov/pr/pdfs/acoustics/
jsost2009.pdf    ). The key data and information gaps from this report that are most relevant to the 
statutory mandates and responsibilities (and therefore are focused areas of acoustic impact research) 
of the BOEMRE are: 

   to characterize industry sound sources and propagation characteristics and develop/refine models;  • 
  to improve the ability to identify and understand biologically significant effects of sound exposure;  • 
  to further develop and validate mitigation measures;  • 
  to improve monitoring technologies in order to increase the effectiveness of mitigation;  • 
  to reduce the footprint of existing sound sources and develop alternate, less adverse technologies;  • 
  to support online databases of marine mammal research results and acoustic data;  • 
  to standardize data collection/reporting/training of marine mammal observer programs;  • 
  to develop methods to measure/model the cumulative effects of noise exposure on sensitive • 
species; and  
  to expand/improve baseline data for marine species particularly susceptible to anthropogenic sound.     • 

   6 Feeding Results Into Regulations 

 Importantly, all of the results from the ESP and the TAR Program feed directly into the BOEMRE 
Environmental Assessment Program (EAP; see   http://www.boemre.gov/eppd/assessment/index.
htm    ). The goal of the EAP is to prepare environmental analyses of project impacts, ensure compli-
ance with over 15 environmental laws, and provide environmental policy guidance within the 
BOEMRE. The result of this process is an ongoing feedback loop where environmental assessments 
identify needed information, the BOEMRE research addresses these data gaps, and research results 
are then used to improve future environmental assessments. Stakeholder input and peer review are 
incorporated at every step in the process. Information garnered through BOEMRE-funded research 
is also integral in the BOEMRE development of mitigation aimed at lessening the potential for 
impacts to occur (including technology to reduce adverse sound levels), to monitor and test the effec-
tiveness of implemented mitigation, and to adjust mitigation based on these monitoring results.  

   7 Summary 

 Protecting the environment while ensuring the safe development of our Nation’s offshore energy 
(from both renewable and traditional sources) and marine mineral resources is a critical part of the 
mission of the BOEMRE. The BOEMRE, as with all federal agencies, must consider the potential 
environmental impacts for every decision made. This includes understanding the potential for and 
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degree of adverse effects that may result from the introduction of anthropogenic noise into the 
marine environment from BOEMRE-regulated industry sources. The ESP and the TAR Program 
are integral in helping the BOEMRE achieve this mission because the strength and quality of the 
environmental decision making can only be as good as the science supporting it. Cumulatively, 
these research programs help the BOEMRE pursue an adaptive and ecosystem-based approach to 
its stewardship responsibilities.       
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   1 Introduction 

 The regulation of sound in the ocean has proved difficult to achieve globally. Broadly, attempts have 
been made to ensure that sound does not harm marine life, but this has proved difficult to achieve 
primarily because there is very limited knowledge of which sounds or which features of sound can 
cause adverse effects. In some jurisdictions, the focus has been to avoid effects on animals that 
are particularly protected (e.g., cetaceans or some fish). Although this may be useful in regulating 
some sounds, there are limits to regulatory effectiveness because not all biota are considered and, 
additionally, key aspects of the biology of some protected biota (e.g., special and temporal distribu-
tion in the oceans) are not well known. In addition, regulation tends to be based around peak sound 
pressures or, more recently, around a total sound level over a period of time (sound exposure level), 
whereas adverse effects may derive from some other aspect of noise such as rise time or cumulative 
behavioral effects over a long period of time.  

   2 Recent Developments 

 To partially address some of the shortcomings of existing regulation, new legislation has been intro-
duced in Europe and interpretation of the legislation has been clarified. In the United States, there 
have been some statements of intent but no actual changes yet. 

   2.1 European Union Marine Strategy Framework Directive 

 In the European Union (EU), the Marine Strategy Framework Directive (2008/56/EC) aims to 
improve the condition of all of Europe’s seas and ensure that human usage of these seas is sustain-
able. The Directive requires EU member states to set a series of objectives for 11 Descriptors of 
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Environmental Status. One of these descriptors,  Introduction of Energy, Including Underwater 
Noise, Is at Levels That Do Not Adversely Affect the Marine Environment , concerns underwater 
noise .  A scientific group, established by the European Commission to recommend ways forward, 
focused on sounds that affect relatively broad areas of the marine environment and developed three 
possible indicators of underwater sound. 

 The first of these indicators concerned low- and midfrequency impulsive sounds. The production 
of these sounds is at present regulated under environmental impact legislation. The amplitude of 
some of these sounds is such that a behavioral disturbance will occur to cetaceans and fish (and 
should an individual be very close to the source, physiological damage is likely also). Some of these 
high-amplitude sounds seem unavoidable for certain activities (e.g., geological survey using sound 
sources) and, therefore, some behavioral disturbance seems inevitable. Although little is known 
about the effect of many changes in behavior on the vital life functions of these animals (and there-
fore even less about possible population level effects), it seems a sensible approach to aim to reduce 
the amplitude of peak sound pressures or reduce sound exposure levels for the highest level sounds 
as well as attempt to limit possible cumulative effects through time. The group therefore suggested 
an indicator text: “The proportion of days within a calendar year, over areas of 15 ¢  N × 15 ¢  E/W in 
which anthropogenic sound sources exceed either of two levels, 183 dB re 1  m Pa 2 -s (i.e., measured 
as sound exposure level [SEL]) or 224 dB re 1  m Pa peak (i.e., measured as peak sound pressure 
level) when extrapolated to 1 m, measured over the frequency band 10 Hz to 10 kHz.” The two 
sound level thresholds were based on the work of Southall et al.  (  2007  )  and are the received levels 
likely to cause adverse physiological effects in cetaceans. To manage such an indicator, a “sound 
register” would need to be created that would enable the mapping of high-amplitude impulsive 
sounds in advance of them occurring; this would be based on the environmental impact assessments 
(or equivalent) that are mandatory in Europe for virtually all activities that might generate such 
sounds. Management of such sounds could then be through reducing (perhaps through mitigation) 
the sound level below the threshold or by setting an upper proportion of days in a year that such 
sounds could occur in an area of 15 ¢  N × 15 ¢  E/W. 

 After publication of the group’s suggestion, a process involving the European Commission and 
EU member states led to the Commission to remove many of the suggested levels and suggest a 
draft indicator that at the time of writing (early May 2010) reads: “Proportion of days and their 
distribution within a calendar year, over areas of a determined surface and their spatial distribution, 
in which anthropogenic sound sources after mitigation exceed high levels measured as SEL or as 
peak sound pressure level (in dB re 1  m Pa 2  at 1 m), measured over the frequency band 10 Hz to 
10 kHz.” There are some obvious faults in this (not least in the units!), and these are likely to be 
corrected before the proposal is voted on in June 2010. Should this (amended) proposal be accepted, 
it is not clear how “high levels” and “area of a determined surface” might be defined, but it seems 
likely that this will be left to EU member states working together, perhaps with some European 
Commission guidance. 

 A second indicator suggested by the group addressed high-frequency impulsive sounds. These 
sounds have been increasing in prevalence and derive particularly from certain navigational sonar 
often used on recreational vessels. It appears that in some cases, where such sonar is fitted to a vessel, 
it is not possible to turn it off, even if an operator wished to. The wording of the suggested indicator 
was “The total number of vessels that are equipped with sonar systems generating sonar pulses 
below 200 kHz should decrease by at least  x % per year starting in [2012].” The group understood 
that pulses above 200 kHz would still be useable for navigation (several sonar systems already work 
at these frequencies) and these high frequencies would be above the hearing limits of marine mammals, 
in particular, harbor porpoise. Following the European Commission/EU member state process 
described above, this indicator has been dropped entirely. 

 The third indicator suggested by the group addressed low-frequency ambient noise levels. 
Low-frequency sound is increasing, at least in some parts of the oceans (McDonald et al.  2006  ) . 
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These sounds are believed to mask low-frequency sounds used by whales (Clark et al.  2009  ) . The 
group suggested that a suitable indicator might be, “The ambient noise level measured by statistical 
representative sets of observation stations in Regional Seas where noise within the 1/3 octave bands 
63 and 125 Hz (centre frequency) should not exceed the baseline values of year [2012] or 100 dB 
(re 1  m Pa root mean square [RMS]; average noise level in these octave bands over a year).” This 
indicator would be based on direct independent measurements. The choice of representative sets of 
observation stations would be left to EU member states working together and should benefit from 
existing networks of underwater observatories (e.g., European Seas Observatory Network 
 [ ESONET ] ). The choice of these octave bands is for signatures of anthropogenic noise that avoid 
most naturally generated sources (see Wenz  1962  ) . The proposed threshold (100 dB re 1  m Pa in the 
band) is based on being 10 log  B  above the current known maximum to take into account the fact 
that the measurement is integrated on one octave. The European Commission/EU member state 
process has led to the (early May) draft reading, “Trends in the ambient noise level within the 1/3 
octave bands 63 and 125 Hz (centre frequency) (re 1  m Pa RMS; average noise level in these octave 
bands over a year) measured by a statistically representative set of observation stations and with the 
use of models if appropriate.”  

   2.2 Interpretation of Existing European Directives 

 Article 12 of the European Directive 92/43/EEC (the Habitats Directive) requires that certain wild 
animals including cetaceans, turtles, and Atlantic sturgeon are “strictly protected.” Strict protection 
has recently been more certainly defined to include deliberate disturbance and injuring/killing as 
offenses. Following recent court cases, deliberate actions in this context include those where a person 
“consciously accepts the foreseeable results of his action.” In other words, if a disturbance or injury 
is foreseeable, then there is a risk of an offense. 

 This redefinition of the offense has led the United Kingdom’s Joint Nature Conservation 
Committee to draw up guidance that should be published in the near future to help developers, 
regulators, and courts assess 1) the likelihood of an offense being committed; 2) how this can be 
avoided; and 3) if it can‘t be avoided, the conditions under which the activity could go ahead under 
license. The likelihood of an activity resulting in injury or disturbance to one of the protected 
species will very much depend on the characteristics of the activity and the environment and the species 
concerned. Pursuing mitigation measures, alternative methods, locations, and/or times for carrying 
out proposed activities might, in some cases, be sufficient to reduce the risk of causing offense to 
negligible levels. 

 In relation to injury, the guidance proposes that a permanent shift in the hearing thresholds (PTS) 
of one of the protected species would constitute an injury offense and suggests the use of the 
Southall et al.’s  (  2007  )  precautionary criteria for injury. These criteria are based on quantitative 
sound level and exposure thresholds over which PTS onset could occur for different groups of 
species. If it is likely that one of the protected species could become exposed to sound at or above 
the levels proposed by Southall et al.  (  2007  ) , then there is a risk that an injury offense could occur. 
The risk of an injury offense will be higher in areas where these species occur frequently and/or in 
high densities. 

 That the disturbance offense catches disturbance is significant because it is likely to be detrimental 
to the animals of one of the protected species or significantly affect their local abundance or distri-
bution. Sporadic disturbances without any likely negative impact on the animals, i.e., trivial distur-
bances such as those resulting in short-term behavioral reactions, are not likely to result in an 
offense being committed. It is difficult to prescribe quantitative sound level criteria for the onset of 
disturbance because the level of sound received by the animal is not the only issue in determining 
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its response and its significance. A disturbance offense is more likely when an activity causes 
persistent noise in an area for long periods of time. This guidance proposes that a disturbance 
offense is more likely to occur when there is a risk of 1) animals incurring a sustained or chronic 
disruption of behavior scoring 5 or more in the Southall et al.  (  2007  )  behavioral response severity 
scale or 2) animals being displaced from the area, with redistribution significantly different from 
natural variation. The risk of a disturbance offense being committed will therefore exist if there is 
a sustained noise in an area and/or a chronic noise exposure as a result of an activity. This risk is 
likely to be higher in regions where there are semiresident populations or where animals occur 
frequently and in high densities.       
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 According to the UN General Assembly resolution on sustainable fisheries (2007) “… fish stocks 
in many parts of the world are overfished or subject to sparsely regulated and heavy fishing effort 
as a result of, among other things, illegal, unreported and unregulated fisheries, inadequate monitoring, 
and enforcement actions….” To deal with these problems, a set of principles for ecosystem man-
agement has been recommended by the Food and Agriculture Organization (FAO) of the United 
Nations in the form of a Code of Conduct for Responsible Fisheries. In terms of their impact on 
biota, fisheries can change the structure and function of marine ecosystems significantly. However, 
the theoretical rules for fisheries management have been formulated for the exploitation of homo-
geneous, ideal populations. They are not suitable for ensuring the sustainable development of the 
oceans and conservation of aquatic ecosystems in a wider sense. 

 Trawling accounts for 80% of the total world’s fish catches. Assessing the condition and state of 
the fish stocks is done mainly by trawl and acoustic-trawl surveys. Because fish stocks show complex 
behavior and are subject to environmental change, simple trawl surveys cannot provide a complete 
picture of stock status. As a consequence, stochastic models describing the dynamics of exploited 
fish stocks are used. They often involve a mechanistic representation of the catch parameters (fishing 
effort, catch zone, coefficient of catchability). Fishing effort may be defined in terms of the volume 
of water sieved, the catch zone by the area swept by the trawl, and the coefficient of catchability, i.e., 
the proportion of fish retained from the volume of water sieved. Simple algorithms are used to estimate 
fish density on the ground, but they are often subject to great uncertainty. Canadian researcher Peter 
Larkin  (  1977  ) , during the development of fishery theory, proclaimed an epitaph for the concept of 
maximum sustained yield as it props up the economy of a fishery at the expense of unreported 
discharge of catches and misrepresentation of statistics. The concept is ineffective in counteracting 
the disastrous situation in modern fisheries, i.e., illegal, unreported, and unregulated fisheries. 

 Fish themselves show species- and size-specific differences in behavior. Fishing nets have their 
own technical features and hydrodynamic behavior. Together these factors make an objective 
assessment of the fish stocks almost impossible. In considering the formation of fish aggregations 
and their behavior in the vicinity of the vessel and trawl, the acoustic field of the ship is considered 
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to be an important factor. Vabø et al.  (  2002  ) , Mitson and Knudsen  (  2003  ) , and more recently 
De Robertis and Wilson  (  2010  ) , working with  Clupea harengus  and  Theragra chalcogramma , have 
shown that fish schools dive and disperse at distances of 270-500 m from approaching vessels. The 
more usual shape and density of the fish schools can recover shortly after the vessel has passed. The 
characteristics of hearing in the fish and their swimming abilities affect the response to passage of 
the ship and trawl significantly. However, these features are not used in assessing the fisheries. 

 We carried out research work on hearing and locomotion in some Pacific species. Our research 
has shown that the reactions of fish to various stimuli with different spectral-energy and temporal 
characteristics vary significantly in terms of the direction moved and the duration and the latency 
of the response (Kuznetsov and Kuznetsov  2007  ) . The frequency band in which fishing vessels cre-
ate noise fits with the hearing sensitivity curve of the majority of species. We cannot yet predict the 
distance of the response of different species to the noise field generated by an approaching ship. 
Figure  1  demonstrates the estimated distance of reaction by  Clupea pallasii  (pacific herring) to a 
noisy vessel. Discrepancies in the assessment of the distance arises from the difference in noise 
levels emitted by different ships. For example, the noise-reduced research vessel  Oscar Dyson  
(USA) results in reactions at much closer distances than the research vessel  Miller Freeman  (De 
Robertis and Wilson  2010  ) . The noise of a large-capacity fishing vessel  Prostor  (Russian vessel) 
has a great effect on the behavior of herring.  

 As an alternative to the traditional approach, we consider new methods for examining marine eco-
systems. Hydroacoustic methods and the tools of marine bioacoustics allow us to lift the “veil of 
secrecy” and enable us to discover the ways in which aquatic organisms interact with the natural world 
and also with the new stimuli provided by ships and fishing gears (Kuznetsov and Kuznetsov  2007  ) . 

 To manage fisheries properly, we need to know how many fish there are. Our data allow us to 
predict the activity of fish close to vessels from a knowledge of the acoustic field and the swimming 
abilities of fish. It allows us to reduce any errors in the processes of echo-integration and estimation 
of the volume and composition of the catch through acoustic surveys and trawl surveys. We are able 
to compensate for the effects of noise. By measuring the characteristics of different vessels in a cali-
brated test area, we are able to derive information on the likely reactions of the fish. The data can 
be compiled together with information on vessel activities derived from satellite monitoring sys-
tems (vessel monitoring system [VMS]) and then delivered to users by means of a user friendly 
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interface. Existing VMSs (e.g., in Russia) provide information on the positioning of ships, daily 
reports on catches, and the pattern of operating activities (Koshkareva et al.  2005  ) . 

 With modern VMSs, users will be more demanding in terms of the quality of information. 
Shipowners, fishing operators onboard the vessels, fisheries institutes, control authorities, and fish-
ery managers are interested in obtaining more detailed information on catches. Their need for 
information requires additional analysis of the real mechanisms controlling catches and bycatches. 
Techniques will need to be standardized in accordance with updated technical regulations. The final 
result should be stable instruments for the control of fisheries. These methods should enable us to 
uphold the principles set out by the FAO.     
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   1 Introduction 

 If asked what you know about Nova Scotia, you might mention a diverse landscape that is 
largely resource based, surrounded by the Atlantic Ocean. You most likely would not refer to 
the province’s emerging offshore oil and gas industry. You almost certainly would not mention 
Nova Scotia as an incubator of scientific studies on the effects of seismic exploration on marine life; 
however, this is increasingly becoming the case. Nova Scotia’s offshore has a rich, diverse marine 
life, potential as a major petroleum producer, and a commitment to addressing the scientific 
gaps on what is known and unknown about the possible impacts on marine species during offshore 
exploration. Nova Scotia’s Offshore Energy Environmental Research (OEER) Association is 
leading this effort. The OEER Association was established by the government of Nova Scotia in 
2007 as an independent, not-for-profit research body, strengthened by the province’s first-rate uni-
versities and research communities and committed to collecting the very best research to benefit 
government policy makers and industry stakeholders. The association has a particular interest in 
seismic-invertebrate research. 

 This paper discusses the evolution of seismic-invertebrate research in Nova Scotia, where the 
OEER Association currently stands in terms of an integrated, science-based approach to seismic-
invertebrate research, and where the Association is headed.  

   2 Evolution of OEER Association’s Seismic-Invertebrate Research 

 Nova Scotia has a rich fishing tradition and a more recent petroleum industry that has become one 
of the province’s leading economic drivers. The existence of both of these industries in this small 
region makes it critical to use scientific study, rigor, and evidence to determine potential impacts of 
seismic energy on marine invertebrates. In September 2007, the OEER Association held a workshop 
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with more than 40 stakeholders from academia, government, fishing, exploration, research, and 
consulting. Together, this group considered existing research and set key priorities for future off-
shore research. The group debated three major questions. 1) What are the current issues of concern 
to stakeholders regarding seismic exploration and its impacts on invertebrates? 2) What research and 
capacity development activities should be supported to meet the knowledge needs of stakeholders? 3) 
What is the best operational framework to support relevant research? At the close of the workshop, 
five research priorities emerged: noise sources, behavioral issues, biological functions, population 
impacts, and socioeconomic and environmental outcomes.  

   3 Seismic-Invertebrate Research in 2010 

 A request for proposals (RFP) entitled  Assessing the Impacts of Seismic Exploration on Marine 
Invertebrates  was released in July 2009. The RFP builds on previous experience and will help 
develop qualitative and/or quantitative proof to confirm or disprove potential negative impacts of 
seismic exploration on invertebrates. The OEER Association and external peer reviewers examined 
submissions and in February 2010 awarded funding to three research groups. These studies will be 
completed in 2011. 

   3.1 Dr. Geoffrey Lee-Dadswell, Cape Breton University 

 Title:  Physics of the Interaction Between a Crab and a Seismic Test Pulse – Stage 3: Continued 
Development of a Mathematical Model and Testing of Model via Simulation  

 Dr. Lee-Dadswell’s project builds on earlier phases of his original research that has been funded 
by the OEER Association since 2007. This is a multiphased study examining how seismic energy 
interacts with  Chinocetes opilio  (snow crab). Dr. Lee-Dadswell is currently completing the third 
phase of his research project, building on his previous work by improving the mathematical model 
previously developed and producing a modeling software package for use by other researchers. The 
main goal is to remove several assumptions and approximations in previous mathematical modeling 
to more accurately model the motion of  Chinocetes opilio  tissue when exposed to seismic energy 
from an air gun pulse.  

   3.2 Dr. Chris Purcell, Defence Research and Development Canada (DRDC) 

 Title:  Feasibility of a Marine Vibroseis System to Minimize Potential Impacts of Seismic Surveying 
on Commercial Marine Invertebrates  

 Dr. Purcell and his team from DRDC as well as consultants from Hurley Environment Ltd. and 
GeoSpectrum Technologies Inc. are conducting a study to investigate the feasibility of using a 
marine vibroseis system to conduct seismic testing. The study focuses on forming a hypothesis and 
designing experiments to determine if the impact of seismic energy is reduced by using a marine 
vibroseis system with a lower peak intensity and longer pulse duration. The team will develop 
specifications for a system that could replace conventional air guns and investigate the feasibility of 
using the modular projector system (MPS) as a marine vibroseis source.  
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   3.3 Dr. Mikio Moriyasu et al., Fisheries and Oceans Canada (DFO) 

 Title:  Establishment of Baseline Biological Data on Snow Crab ( Chinocetes opilio ) Offshore Cape 
Breton for Future Assessment of Potential Impacts of Seismic Noise on Snow Crab  

 Dr. Moriyasu leads a team from the DFO along with researchers from Threshold Associates, 
Atlantic Veterinary College (University of Prince Edward Island), University of New Brunswick, 
Dalhousie University, and Gulf Aquarium and Marine Station Cooperative. This team is conducting 
a study that aims to improve understanding of the fundamental biological characteristics of 
 Chinocetes opilio  in their natural habitat and the physiological effects of handling. This is a multi-
phased research project.   

   4 OEER Association and Seismic-Invertebrate Research Beyond 2010 

 In the years ahead, the OEER Association will continue to focus on its commitment to strong science 
and research, with the goal of filling knowledge gaps. With a solid foundation and growing expertise, 
Nova Scotia’s offshore seismic-invertebrate research will continue to provide significant knowledge 
and insight for coastal stakeholders in Nova Scotia and abroad.       
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   1 Introduction 

 The European Union’s (EU) Marine Strategy Framework Directive (2008/56/EC) aims to improve 
the condition of all Europe’s seas and ensure that human usage of these seas is sustainable. The direc-
tive will work by requiring EU member states to set a series of objectives for 11 Descriptors of 
Environmental Status. One of these descriptors,  Introduction of Energy, Including Underwater Noise, 
Is at Levels That Do Not Adversely Affect the Marine Environment , concerns underwater noise. 
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A task group consisting of the authors was established to recommend to the European Commission 
indicators that might be used by member states to define good environmental status (GES) under this 
descriptor. The task group focused on sounds that affect relatively broad areas of the marine environ-
ment and developed three possible indicators of underwater sound.  

   2 Recommendations to the European Commission 

   2.1 Indicator for Low- and Midfrequency Impulsive Sounds 

 High-amplitude low- and midfrequency impulsive anthropogenic sounds (e.g., impact pile driving, 
seismic surveys, explosions, and some sonar systems) are those that have caused the most public 
concern, particularly in relation to perceived negative effects on marine mammals and fish. 
Laboratory studies have found both physiological and behavioral effects in a variety of marine 
organisms, whereas field studies have shown behavioral disturbance and in some cases death (physi-
ological effects are difficult to study in the field). In principle, sound input is likely to have greater 
adverse effects at higher sound amplitudes and with a greater number of inputs (persistence). Lower 
frequency sounds will affect a wider area but may not be detectable by all organisms and therefore 
be less likely to have an adverse effect. The following indicator was proposed as a way of geo-
graphically quantifying the occurrence of these sounds: the proportion of days within a calendar 
year over areas 15 ¢  N × 15 ¢  E/W in which anthropogenic sound sources exceeded either of 2 levels, 
183 dB re 1  m Pa 2 -s (i.e., measured as sound exposure level [SEL]) or 224 dB re 1  m Pa peak (i.e., 
measured as peak sound pressure level) when extrapolated to 1 m, measured over the frequency 
band of 10 Hz to 10 kHz. 

 Recording would be on the basis of subdivisions of European seas. The indicator is focused on 
those impulsive noise sources that are most likely to have adverse effects (as listed above). Most 
sources would be quantifiable from either relevant statutory impact assessments or reports from 
activities rather than on direct independent measurement. The proportion of days would be set by 
member states and could be based on a review of relevant activities in the immediate past and on 
their view on sustainable impact. It is up to member states to evaluate noise distribution and occur-
rence and whether or not the seas are in GES. The size of the grid rectangle was chosen as a 
compromise. An index sensitive to small changes in activity would have small rectangles while 
large rectangles are likely to be administratively easier to use. The choice of frequency bandwidth 
(10 Hz to 10 kHz) is based on the observation that sounds at higher frequencies do not propagate 
as far as sounds within this frequency band. This choice of bandwidth also excludes most depth-
finding and fishery sonar systems. The task group recommended that all values be reviewed in the 
future in the light of any new scientific publications.  

   2.2 Indicator for High-Frequency Impulsive sounds 

 Depth-sounding sonar systems on small vessels typically use frequencies between 50 and 200 kHz. 
Sonar usage, particularly on leisure boats, is increasing and is unregulated. Some marine mammals 
use frequencies up to ~180 kHz for communication, and thus there is an overlap in frequency usage. 
There has been little research on the effects of these sonar systems and the scientific evidence for 
adverse effects is limited. However, the sounds are similar to those used in acoustic alarms (pingers) 
that are designed to scare small cetaceans from gill and tangle nets and can therefore have a potential 
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to cause adverse effects for those animals using high-frequency sound. A precautionary approach 
would be to reduce the usage of sonar systems working at frequencies below 200 kHz. There are 
potential navigational concerns, but because some existing sonar systems use these high frequen-
cies, these concerns must be minor. A possible initial indicator would be that the total number of 
vessels that are equipped with sonar systems generating sonar pulses below 200 kHz should 
decrease by at least  x % per year starting in 2012. This indicator does not include a measure of the 
use of small vessels or the use of sonar on them because these would be virtually impossible to 
monitor; the number of vessels that have such sonar systems should be a sufficient proxy for the use 
of these sonar systems. The target percentage decrease ( x ) in usage would be set by member states 
depending on how rapidly a reduction was deemed necessary.  

   2.3 Indicator for Low-Frequency Continuous Sound 

 Ambient noise is defined as background noise without distinguishable sound sources. It includes 
natural (biological and physical processes) and anthropogenic sounds. Research has shown increases 
in ambient noise levels in the past 50 years, mostly due to shipping activity. This increase might 
result in the masking of biological relevant signals (e.g., communication calls in marine mammals 
and fish), considerably reducing the range over which individuals are able to exchange information. 
It also has been demonstrated that marine mammals can alter their communication signals in noisy 
environments. This response may suffice in moderate situations, but at some higher threshold, 
adverse consequences seem possible. It is further likely that prolonged and/or intense exposure to 
increased ambient noise leads to physiological and behavioral stress. Thus chronic exposure to 
noise can impair important biological functions and may lead to consequences that are as severe as 
those induced by acute exposure. A possible initial indicator would be that the ambient noise level 
measured by statistically representative sets of observation stations in regional seas where noise 
within the one-third octave bands of 63 and 125 Hz (center frequency) should not exceed the base-
line values of year (2012) or 100 dB (re 1  m Pa root mean square [RMS]; the average noise level in 
these octave bands over a year). 

 This indicator would be based on direct independent measurements. The choice of representative 
sets of observation stations is left to the member states working together and should benefit from 
existing networks of underwater observatories. The choice of these octave bands is on the basis of 
scientifically justifiable signatures of anthropogenic noise that avoids most naturally generated 
sources. The baseline year would be set when the observatory system for a regional sea is estab-
lished while the suggested cap on ambient noise is suggested to avoid ambient noise levels that are 
likely to be harmful. Although shipping activities are forecast to increase, the ability to reduce noise 
in new ship designs can make this possible.   

   3 What Happened Next 

 The European Commission has used our work to suggest that indicators 1 and 3 be used by member 
states to assess GES. It is not known why indicator 2 was not adopted. The commission decided not 
to be prescriptive of the areas to be used in assessing indicator 1 and also to open a debate on the 
decibel values suggested in that indicator. Further developments and decisions will occur over the 
next years.       



     Part IX 
  Monitoring, Management, and Mitigation         



589A.N. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life, 
Advances in Experimental Medicine and Biology 730, DOI 10.1007/978-1-4419-7311-5_133,
© Springer Science+Business Media, LLC 2012

    E.   McKeown (�)   
     Biospheric Engineering Limited ,   Bearna ,  County Galway ,  Ireland   
  e-mail: eugene@biospheric.ie    

   1 Introduction 

 The south and west coasts of Ireland are one of the best whale-watching areas in Europe. Twenty-four 
different cetacean species have been recorded in Irish waters (Wilson and Berrow  2006  ) ; arguably, 
Ireland has more marine mammal than native land mammal species. We had an active whaling 
industry in the early 1900s, with an average of 100 large whales killed during each year of operation. 
In 1991, Ireland became the first country in Europe to declare its waters a marine mammal sanctuary, 
protecting pinnipeds and cetacea up to 320 km off the Irish Coast. 

 Acoustic detection of cetaceans has been carried out in Ireland since the late 1980s, and in recent 
years, there has been an increased emphasis on the acoustic detection of cetaceans for mitigation 
purposes because of an increase in seismic exploration, investment in offshore renewable energy, 
and significant port and infrastructure development being carried out. The European Union (EU) 
Marine Strategy Framework Directive (2008/56/EC) has defined anthropogenic noise as “pollution” 
and requires objective measurement and reporting of the environmental state of Irish waters. 

 The National Parks and Wildlife Service (NPWS) has, so far, designated three special areas of 
conservation under the EU Habitats Directive (92/43/EEC) for cetacean protection. Projects located 
in these areas require environmental impact studies and appropriate assessments to be carried out 
at the planning stage. These surveys, in addition to research funded by the Marine Institute and 
the NPWS, are significant sources of acoustic data. Biospheric Engineering Ltd. has carried out 
acoustic surveys in inshore waters since 2004, including recording some species for the first time in 
Irish inshore waters.  

   2 Irish Waters 

 The Republic of Ireland extends to over 70,000 km 2  of land. Our waters, however, are much larger 
in extent. Ireland’s offshore territory is currently defined by the 200-nautical mile limit (426,872 km 2 ), 
with the additional successful United Nations Convention on the Law of the Sea (UNCLOS) 
submission claim of porcupine abyssal plain adding a further 39,495 km 2 . There are currently Irish 
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claims submitted to UNCLOS for the Hatton-Rockall area and Celtic Sea and Bay of Biscay area 
for a further 457,977 km 2 , a combined total of almost 13 times the land area! 

 This extensive portion of the Northeast Atlantic features both deep-ocean and coastal habitats, 
including abyssal plains over 4,000 m deep, deep-water canyon systems, and extensive continental 
shelf waters less than 200 m deep. The most productive areas appear to be along the continental shelf 
edge and the inshore waters. The continental shelf edge is located ~100 km from the coast at the 
southwest and northwest corners of the island. The North Atlantic drift and prevailing winds make the 
island a “lee” shore as well as being a waypoint on north-south migration in the Northeast Atlantic. 
This unique set of circumstances provides almost year-round cetacean activity, weather permitting!  

   3 Irish Cetacean Species 

 Irish cetacean species include both  Balaenoptera musculus  (blue whale) and  Phocoena phocoena . 
Our waters include all the usual inshore species in addition to deep-diving ocean species such as 
 Physter macrocephalus  (sperm whale),  Globicephala melas  (pilot whale), and beaked whales such 
as  Ziphius cavirostris  (Cuvier’s beaked whale) and  Mesoplodon mirus  (True’s beaked whale). 

 The Irish Whale and Dolphin Group (IWDG) maintains a database of sightings averaging ~2,000 
sightings/yr, the vast majority of which are recorded inshore or from headlands. The most common 
species sighted are  Delphinus delphis  (common dolphin) followed by  Phocoena phocoena ,  Tursiops 
truncatus  (bottlenose dolphin),  Balaenoptera acutorostrata  (minke whale),  Balaenoptera physalus , 
 Globicephala melas ,  Grampus griseus  (Risso’s dolphin),  Megaptera novaeangliae  (humpback 
whale), and  Orcinus orca  (killer whale) (Berrow  2001  ) . It is unusual for a whale-watching boat trip 
to return without a sighting, and an average trip would result in three species being sighted.  

   4 Engineering Challenges in Irish Waters 

 A well-known Irish ballad has the line “All God’s creatures have a place in the choir, some sing low 
and some sing higher.” The line is particularly apt in the context of acoustic monitoring of cetaceans 
when fin whale calls at 20 Hz and harbor porpoise echolocation clicks at 130,000 Hz plus have to 
be considered. 

 According to the Nyquist theorem, the sampling frequency must be at least twice the highest 
frequency present in the original signal to avoid aliasing. For  Phocoena phocoena , therefore, a 
sampling rate of 300,000 Hz is required. This can only be obtained using specialized analog-to-
digital hardware. Although PC sound cards have expanded in frequency range, none has yet reached 
this capability. A number of devices and hydrophones that can provide this sampling frequency are 
now commercially available. 

 It is not unusual in Ireland to encounter  Balaenoptera physalus  in the company of both  Delphinus 
delphis  and  Phocoena phocoena  feeding on Clupea harengus (herring) and  Sprattus sprattus  (sprat) 
off the south coast in winter. Similarly,  Phocoena phocoena  can be found in the company of 
 Balaenoptera acutorostrata  and occasionally  Delphinus delphis  or indeed  Grampus griseus  near the 
Blasket Islands in summer. 

 When two species with widely different frequency ranges are encountered, it is desirable but 
difficult to record both with a single acoustic setup. Such a recording can confirm the presence of 
each species and in some cases indicate the number of animals present. 

 The combination of  Delphinus delphis  and  Phocoena phocoena  in one area leads to a second 
engineering challenge, that of dynamic range. Shy animals such as  Phocoena phocoena  echolocating 
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in directional beam patterns can be difficult to detect, whereas  Delphinus delphis  or  Tursiops truncatus  
when close to the hydrophone can easily saturate the hydrophone. The use of 24-bit depth-sampling 
devices and increasing the preamplifier supply voltage can help to overcome these difficulties. 

 Irish weather conditions can also present a significant engineering challenge. We have one of the 
world’s greatest wave resources off our west coast, with average wave heights in summer of 2 m. 
Wave heights of 3-4 m are regularly recorded in winter, with occasional 10-m waves recorded 
inshore. Annual average wind speeds vary from 3 to 8 m/s (Beaufort force 3 to 5) depending on 
where you are, the highest values being recorded on the west and north coasts. Ireland is a leader in 
offshore renewable energy research, and although these are ideal conditions for energy generation, 
they present a challenge for acoustic recordings due to platform noise. 

 Close inshore work can be carried out most weeks, but even in the summertime, working more 
than 1 km from shore requires careful planning and attention to both wind and wave forecasts. 
Recording from a boat in rough sea states practically prohibits the detection of low-frequency vocal-
izations. Due to the rocky nature of the coast, techniques such as dropping a hydrophone to the 
bottom are not practical options. To overcome some of these difficulties, we have been developing 
low-noise recording techniques, such as separating the hydrophone from the boat, and autonomous 
recording buoys.  

   5 Overcoming the Difficulties 

 Due to significant mixing forces, shallow coastal water does not generally have any significant 
thermocline. For this reason, hydrophones located 3-5 m below the surface are as sensitive to 
biological sounds as those located at greater depth. To reduce platform noise, we have developed a 
technique employing a 150-m string of buoyant rope and buoys along which we run a cable to 2 or 
3 hydrophones. The hydrophones are located in an array configuration, with two close together and 
a third located some distance away. The close pair are used to localize a vocalization, with left/right 
ambiguity, and the third hydrophone is used to confirm the direction and estimate a range for the 
signal. The system has been tested in a number of estuaries using calibrated sources and has been 
found to work well. A separation of 150 m is not sufficient, however, to eliminate all platform noise, 
and a reliable operation is only possible in good sea states due to uncertainty regarding the precise 
location of the hydrophones. 

 In 2008, we began to develop a self-contained recording buoy for short-term deployment. This 
device was used to measure noise levels from onshore blasting that could be detected in the marine 
environment and to provide data on attenuation due to distance. The device comprises a hydrophone 
attached to a small notebook computer inside a waterproof housing on a buoy. The device can be 
deployed in more severe weather conditions than boat-based measurements. The system works well 
for short-term deployment during mitigation for blasting or pile driving but does not provide 
real-time data. 

 To obtain real-time data, e.g., the presence or absence of cetaceans, we have recently been working 
with the Marine Institute and IBM to develop a system for deployment as part of the SMARTBAY 
Galway project. This system uses WiMax (a long-range wireless broadband) connection to relay the 
signal back to shore. Due to bandwidth limitations on the signal over water, it is necessary to 
employ “smart” monitoring techniques to limit the data to be transmitted. We are using a buffering 
and envelope detection algorithm to determine when species are present. When detected, data are 
then transmitted to shore for further analysis. Further developments of the system will include 
dynamic sampling rate changes and miniaturization in addition to reducing power consumption. 
The ultimate goal is a network of autonomous buoys capable of relaying real-time acoustic data 
over a wide area.  
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   6  Conclusions 

 The variety of species and the challenging marine environment in Irish coastal waters present 
unique but interesting challenges to monitoring cetacean vocalizations. Developments over the past 
20 years have been significant, and new wireless technologies provide a wonderful opportunity to 
gain real-time data on the marine acoustic environment.      
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   1 Source of Noise Pollution 

 Sources of sound produced by human activities induce physical, physiological, and behavioral 
effects on marine fauna (mammals, reptiles, fish, and invertebrates), effects that can be diverse 
depending on the proximity to the signal source. These impacts include a reduction in the abundance 
of fish species of up to 50% in zones under exploration, changes in cetacean behavior and migration 
routes, and a distinct range of physical injuries in both marine vertebrates and invertebrates. There 
may be further long-term consequences due to chronic exposure, and sound can indirectly affect 
animals due to changes in the accessibility of prey, which may also suffer the adverse effects of 
acoustic pollution (Richardson et al.  1995  ) . These damages could significantly impair the conservation 
of already endangered species that use acoustically contaminated areas for migratory routes, repro-
duction, and feeding. 

 For many reasons, evaluating the acoustic impact of artificial sound sources in the marine 
environment is a complex and expensive proposition. First, we face the relative lack of information 
on the sound-processing and analysis mechanisms in marine organisms. Although we are capable 
of cataloging and recording the majority of these signals, we still do not know enough about the 
important role they play in the balance and development of populations. Second, the possible impact 
of sound emissions may not only concern auditory reception systems but might also interfere on 
other sensorial and systemic levels, possibly lethal for the affected animal. Complicating the situation 
even more is the fact that a prolonged or punctual exposure to a determined noise can have negative 
short-, medium-, and long-term consequences not immediately observed. The lack of provision and 
research resources contributes to the greatest difficulty in obtaining objective data that will allow 
the efficient control of anthropogenic noise in the ocean. 

 In addition, we find ourselves with a most pressing problem that relates to the homogenization 
of measurements. At the moment, there is no well-defined protocol for measuring marine acoustic 
pollution or any agreement on the enunciation of these measurements. Although the effects of noise 
on the marine environment are increasing, the variability of the available parameters to measure 
these effects leads to heterogeneous or fragmented results that appear of little use in orientating 
preventive and precise management actions (André et al.  2010  ) . 
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 Finally, most studies lack information on the long-term effects of noise sources on specific 
populations. There are very few data on current ambient noise levels in most regions and even less 
historical data. Information on trends is not available for any European waters. According to the 
Marine Mammal Commission  (  2007  ) , underwater ambient sound levels will increase over time with 
more human activity (shipping, offshore construction) in the marine environment. It should be 
further noted that the potential increase in ambient sound levels will not affect all areas equally but 
specific regions where offshore activity is high, e.g., some of the exclusive economic zones around 
northwest Europe (see OSPAR Commission  2009  ) . Potential effects might not be proportionate to 
pollution levels due to variation in sound propagation and, most importantly, the distribution of 
marine life that is sensitive to sound.  

   2 Cetaceans and Acoustic Niches 

 To some extent, all marine animals, most notably cetaceans, depend on acoustic exchange for a 
great number of activities and vital behaviors such as communication, geographical orientation, 
habitat relationships, feeding, and a wide range of endeavors within the broader social group (cohesive 
action, warnings, and maternal relationships). 

 The cetacean acoustic capabilities are the result of an evolution of the marine fauna to adapt to 
the sea habitat, the acoustic aspects of which are of vital importance. This acoustic habitat is nowadays 
distorted by anthropogenic noise contributions that have direct and indirect effects at individual and 
population levels. 

 In particular, with regard to the exchange of information, individuals and, accordingly, popula-
tions rely on an acoustic habitat for establishing and maintaining normal interactions. When such a 
habitat is degraded, acoustic communication may be degraded, with dysfunctional consequences in 
the social system. 

 In other words, each species has its specific acoustic niche within a larger acoustic habitat that 
probably requires its own level of acoustic comfort to behave according to its evolution path. 
This then leads to the concept of an “acoustic ecology” and the concern for its conservation. 

 A consideration of the acoustic ecology implies that there are costs associated with the modifi-
cations in acoustic habitat (e.g., in the reduction of feeding efficiency, mating success, predator 
avoidance), and these costs can affect primarily individuals and then populations. Unlike other natural 
modifications in the habitat, these anthropogenic impacts are both quite recent and relatively fast in 
an evolutionary time frame relevant to cetacean species adaptations.  

   3 Monitoring Cetacean Sounds and Anthropogenic Noise 

 Monitoring cetacean distribution from their sounds in their habitats was initiated in the 1970s. The 
technique was rapidly applied to tracking whales over large distances. Advances in electronics, 
computers, and numerical analysis now make passive acoustic monitoring (PAM) technology more 
accessible and affordable to relatively small research budgets. Various systems have been used, 
including shore-cabled and radio-linked systems, drifting buoys, and arrays of autonomous recorders 
for versatile and long-term deployments. The goal of such PAM systems is the continuous mapping 
of the presence and distribution of whales over ocean basins  and assessing their densities.  Recently, 
this analysis was performed in quasi real time. Nevertheless, their performance in effectively 
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accomplishing these tasks depends on the characteristics of the targeted whale calls, the environment, 
the type of equipment used, and its deployment and configuration (André et al.  2010 ; Houégnigan 
et al.  2010 ; Zaugg et al.  2010  ) . This performance may significantly vary from case to case. The 
success of PAM first depends on the capacity to isolate the targeted calls from the rest of the acoustic 
signal in which they are imbedded or mixed, especially for distant sources and low signal-to-noise 
ratios (SNRs). 

 Ocean noise level also exhibits considerable variability in space and time in response to fluctuating 
natural sources such as wind, ice, rain, sounds produced by various organisms, and anthropogenic 
sources (National Research Council  2003  ) . Anthropogenic sound sources have a broad range of 
characteristics, including source level, frequency content, duty cycle/pattern of occurrence, and 
movement (i.e., stationary or mobile). Sound sources can also vary between coastal and open ocean 
regions. For example, shipping activity as a whole adds a component to ocean basin noise levels, 
whereas an individual ship can create a dominant but time-limited noise source within a local area. 
However, as mentioned before, there are almost no data on current ambient noise levels in most 
regions and even less accessible historical data. 

 The combination of both requirements (the monitoring of cetacean sounds and the assessment of 
noise effects) requires finding a protocol that takes into account the acoustic niches of the species 
and the variety of anthropogenic noise sources.  

   4 Automated Real-Time Monitoring of Acoustic Events and Noise 

 PAM has the potential to be implemented continuously and over long time periods, resulting in large 
and representative datasets. However, this inevitably leads to a high rate of audio data acquisition 
that could be problematic when the data need to be transmitted, stored, or analyzed. For observato-
ries with a limited power supply, e.g., radio-linked autonomous buoys, transmission, storage, or 
additional data processing (e.g., automated classification, data compression) have to be optimized, 
which may imply the loss of potentially interesting information. For cabled observatories where 
power and communication are not an issue, limitations arise with storage. In any case, the need on 
one hand for immediate mitigating actions when facing acoustic events that could be harmful to 
individuals or populations and, on the other hand, the necessity of long-term monitoring of noise 
call for the development of a robust technique able to provide both historical statistical data on noise 
and alarms on specific acoustic events, i.e., a fully automated real-time detection and classification 
system that would be able to provide this information while minimizing technical costs (storage, 
computation time). The approach proposed here divides the recording bandwidth in frequency 
bands that cover the acoustic niche of most species and secondly applies to these bands a series of 
detectors and classifiers (as well as localization and tracking algorithms) that also allow assessment 
of the short-, medium-, and long-term contributions of noise sources in these acoustic niches (André 
et al.  2010 ; Houégnigan et al.  2010 ; Zaugg et al.  2010  ) . 

 Figure   1  gives an overview of the system that the Laboratory of Applied Bioacoustics has devel-
oped and is currently applying at several underwater observatories in Europe (European Seafloor 
Observatory Network of Excellence [ESONET]) and North-East Pacific Time-Series Undersea 
Networked Experiments (NEPTUNE) Canada as well as in radio-linked, stand-alone, and autonomous 
buoys. The live audio data stream as well as the output of the statistical analysis (noise measure-
ments, acoustic presence of species over time) can be accessed online at   http://listentothedeep.com    . 
This contribution to the real-time assessment of noise interactions with cetaceans as well as to the 
long-term management of anthropogenic sound sources represents a step toward an improvement of 
the acoustic ecology status for marine organisms.       
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   1 Introduction 

 The Bering Sea is a highly productive marine ecosystem that supports valuable commercial fisheries, 
numerous marine mammal populations, and local communities. The ecological dynamics of the 
eastern Bering Sea shelf are a product of complex oceanographic processes in which physical 
processes are ultimately linked to biological production. Knowledge of how the ecosystem responds 
to variability in climatic patterns and events (i.e., local storms) that influence ice cover and other 
physical-biological interactions will be critical in the future understanding of this important eco-
system. From a bottom-up perspective, the timing, magnitude, and dominant species of phytoplankton 
and zooplankton may shift in response to reductions in the ice cover. From a top-down perspective, 
longer periods of open-water availability allows for an increase in marine mammal and human 
utilization of the habitat area. The indirect impacts of these shifts, particularly by humans, are 
largely unknown. 

 Sound is capable of propagating over great distances in the ocean, and loud, low-frequency 
sources can propagate halfway around the globe given the right conditions (Munk et al.  1994  ) . For this 
reason, acoustic technology is useful in detecting a variety of environmental signals in the marine 
environment, including natural physical phenomena, biological response to changing physical condi-
tions, and anthropogenic activities. Natural sources of sound that contribute to ambient noise levels 
in the Bering Sea include wind, waves, sea ice, precipitation, and marine organisms. Variations in 
the ambient noise level as a function of frequency at a specific location can change by as much as 
10–20 dB from day to day, minute to minute, and even second to second based on variations on the 
noise sources (Richardson et al.  1995  ) . Noise generated by human activities is both explicitly intro-
duced into the environment for a specific purpose, as in the case of navigational sonar or seismic 
exploration, or as an indirect by-product of activities such as shipping, construction, and dredging. 

 Passive acoustic recordings in the marine environment are used to detect, localize, identify, and 
track sources of sound. By examining the spectral characteristics of ocean sound, it is possible to 
identify local sound sources, the percentage of time that a particular source is present, and the loudness 
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of that source. Sound pressure levels at a given frequency have previously been related to physical 
environmental parameters affecting biological productivity and include wind speed, sea state, sea 
ice cracking due to thermal tension, and precipitation (Farmer and Xie  1989 ; Makris and Dyer  1986 ; 
Nystuen et al.  2008 ; Wenz  1962  ) . 

 Knowledge about physical and biological parameters in the aquatic environment can also be 
gained with active acoustics. Active acoustics involves the emission of sound and corresponding 
reception of echo intensities traveling back to the transducer from targets in the environment. 
Analysis of received echoes provides information related to ocean depth, surface conditions, ocean 
temperature, currents, and presence of marine organisms ranging in size from plankton to marine 
mammals (Medwin and Clay  1998  ) . 

 The combination of passive and active acoustics provides information about ecosystem dynamics 
underlying the interactions between physical ocean processes, biological response, and human 
activities in the Bering Sea. Passive acoustics is used to monitor physical processes and weather as 
well as the sound produced by marine mammals and humans (i.e., vessels), whereas active acoustics 
provides a time series of zooplankton and fish density and distribution in the water column. 
Synoptic measurements such as these allow for the interpretation of acoustic measurements in the 
context of the larger ecosystem, including multiple trophic levels and the physical environment. 
Understanding the interactions between different components of the ecosystem is critical in ulti-
mately understanding and predicting the cumulative and synergistic effects of sound on marine 
mammals as the Arctic continues to change.  

   2 Acoustic Ecology of the Bering Sea 

 A combination of active and passive acoustic technology was deployed on National Oceanic and 
Atmospheric Administration (NOAA) Fisheries Oceanography Coordinated Investigations (FOCI) 
moorings at two locations (M2 in the southeast and M5 in the central region) along the 70-m isobath 
of the eastern Bering Sea shelf (Stabeno et al.  2008  ) . Passive aquatic listeners (PALs) were used to 
record environmental sound levels and transient signals produced by marine mammals, humans, 
and geophysical processes (Nystuen et al.  2008  ) . Acoustic water column profilers (AWCP; ASL 
Environmental Sciences, Sidney, BC, Canada) operating at 125, 200, and 460 kHz were deployed 
on each mooring to record acoustic backscatter associated with fish and zooplankton. 

 Examples of interannual, seasonal, and spatial variability between and within the two different 
sites are illustrated in Figure  1 . The acoustic soundscape is dominated by geophysical sources during 
the fall (wind, precipitation) and a combination of marine mammals and ice in the spring (Fig.  1 ). 
Sound levels at 1 kHz also dramatically increased in the spring with the presence of vocalizing ice-
breeding or associated marine mammals at M5 (Fig.  1c , and  d ). Ice was not present at M2 in 2009, 
and no ice-breeding or associated marine mammals were detected at this location. Environmental 
sound levels in the southeastern Bering Sea are louder during the nonwinter months and contain a 
greater number of vessel detections than those in the central Bering Sea.  

 Acoustic backscatter at M5 peaked in the fall and rapidly decreased with the onset of sea ice in 
winter. A spring bloom after the retreat of ice was observed, but it was less intense and shorter 
in duration than the fall bloom. Intense vertical migration patterns and greater intensity acoustic 
backscatter measured in the fall also coincided with the detection of humpback whale and gray 
whale vocalizations. These species were not detected at this location at other times of the year, and 
acoustic detections of these species ended in December before the arrival of seasonal ice.  
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   3 Conclusions 

 Acoustic sampling is playing a vital role in the investigation of how multiple ecological factors 
influence marine mammal habitat use in the Arctic because acoustic sensors can operate year-round 
to record environmental signals at times of the year when the area is typically inaccessible to 
traditional, ship-based sampling methodologies. It is during the ice-covered and transition periods 
that critical overturning events between the shelf and adjacent waters are likely to occur and impact 
marine mammals throughout the year; it is also during this period that there is historically a void in 
observations. Synoptic measurements from active and passive acoustic instruments provide the 
capability to detect and interpret biophysical interactions associated with the presence of different 
marine mammal species. 

 Acoustic time series reveal that upper and lower trophic-level dynamics are tightly coupled to 
sea ice in the Bering Sea. The integration of active and passive acoustic time series indicates that 
migrating humpbacks and gray whales are present in the central Bering Sea during the fall when 
zooplankton levels are elevated but not at other times of the year. Differences in the acoustic 

  Fig. 1    Soundscapes from M2 in Fall 2004 (a), M2 in Fall 2008 (b), M5 in Spring 2008 (c), and M5 in Fall 2008 
(d). The  x -axis is the sound level at 8 kHz. The  y -axis is the sound level at either 20 kHz (blue) or 1 kHz (green). The 
soundscapes in a, b, and d show a linear pattern indicating an environment dominated by wind. Sound levels increase 
linearly as wind speed increases. The variability at M2 in Fall 2008 (b) is due to the presence of vocalizing marine 
mammals and ships. The variability at M5 in Spring 2008 (c) is due to sounds produced by sea ice and ice-breeding 
or associated marine mammals. Interannual variability is demonstrated by comparing a and b. Seasonal variability is 
illustrated by comparing c and d, and spatial variability is observed by comparing b and d       
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soundscapes within and between the two Bering Sea locations highlight the relative absence of 
human activity and presence of ice-breeding pinnipeds and ice-associated bowhead whales in the 
central region compared with the southeastern region. The increase in variability as well as elevated 
sound levels at this location during the winter/spring suggests that the acoustic communication sys-
tems of ice-dependent or associated animals evolved in a loud and complex acoustic environment. 

 Environmental sound levels recorded during the spring at mooring M5 in 2009 may be considered 
a baseline of “normal” seasonal patterns where sea ice is present for a portion of the year and human 
activity is minimal. It is highly likely that the acoustic environment of the Bering Sea will be altered 
as the area experiences warming due to climate change. The Bering Sea has already experienced 
significant warming (~3°C) over the last several decades that has been closely associated with a 
marked decrease in sea ice concentration, duration, and maximum extent over the area (Stabeno 
et al.  2007 ; Wang and Overland  2009  ) . Direct climate effects will be linked to ice coverage, and 
indirect acoustic effects will occur as humans begin to use areas previously inaccessible due to ice 
and the timing of vocalizations produced by ice-dependent marine mammals shifts in response to 
changes in ice coverage. How this will impact the diverse sub-Arctic marine mammal species is 
unknown, but extreme care should be taken in interpreting the effects of sound on animals in this 
area because their entire ecosystem will be in a state of flux.      
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   1 Introduction 

 The management and conservation of the world’s oceans require synthesis of spatial data on the 
distribution and intensity of human activities and their impact on marine ecosystems. There are 
many detrimental influences at sea; among them, man-made noise is recognized as being a serious 
threat to aquatic life. To assess the impact, one must first determine the sound levels received by the 
marine life. 

 Ocean noise is difficult to estimate for the following reasons. 1) There is a diversity of man-made 
sound sources, such as underwater explosions, ships, seismic exploration, offshore construction 
(e.g., offshore wind farms and hydrocarbon production), industrial activities, sonar of various 
types, and acoustic devices. 2) Underwater noise propagates well in the ocean as a function of local 
bathymetry, temperature, and salinity. Depending on location, season, and local climate conditions, 
sound in the ocean can propagate along very long distances and concentrate at various depths ranging 
from tens to hundreds of kilometers from the sound source. 

 Quiet-Oceans has developed a global acoustic prediction tool that combines real-time environmental 
data with human-generated noise sources, including ship noise. This is needed to synthesize the 
acoustic data that represents the three-dimensional noise levels and distribution. This tool is optimized 
for real-time calculations using innovative parallelization technologies. Easily implementable, this 
technology brings new capabilities to assess the evolution of underwater sound levels and distribution 
in the world’s oceans. Its application supports scientific studies, which quantify and prioritize direct 
and indirect anthropogenic pressures on aquatic life. 

 This paper illustrates the potential of the technology by imaging the sound distribution in the 
Strait of Gibraltar during June 2008 at the rate of one image per hour. The Strait of Gibraltar provides 
examples of 1) intense ship traffic, 2) complex Atlantic and Mediterranean oceanography, and 3) marine 
mammal habitats and migration routes. Data from the Strait of Gibraltar are analyzed, and the potential 
of the technology is demonstrated and illustrated.  

      Ship Traffic Noise Distribution in the Strait of Gibraltar: 
An Exemplary Case for Monitoring Global Ocean Noise 
Using Real-Time Technology Now Available for 
Understanding the Effects of Noise on Marine Life       
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   2 An Innovative Imaging Technology 

 Recent regulation combined with emerging technologies now makes it possible to estimate the 
sound levels received by marine animals at any time and almost any place. Meteorological and 
oceanographic prediction systems provide reliable wind field, water temperature, and salinity data 
for present and forecasting modes. The automated identification system (AIS) imposed by the 
International Maritime Organization since 2004 provides real-time information about the location, 
type, and behavior of any vessel larger than 300 tons. When coupled with measured and modeled 
vessel noise databases and with ocean acoustic-modeling tools, a reliable three-dimensional acoustic 
field is produced in quasi real time. 

 This deterministic tool assesses the acoustic, spatial, and temporal variability produced by the 
rapidly changing distribution of sound sources on the surface of the ocean and the spatial and temporal 
variability of climate and ocean. This technology was implemented in the Strait of Gibraltar.  

   3 Distribution of Ocean Noise in the Area of Gibraltar 

 The fusion of oceanographic, bathymetric, and real-time ship traffic data has been implemented to 
dynamically monitor the ocean noise pollution during June 2008 in a 400- × 200-km area centered 
on the Strait of Gibraltar. The real position of the vessels cruising in the area was obtained from the 
AIS network, and a template from 3 June is shown in Figure  1 . Each dot represents a broadband 
noise source located near the surface. The sound field generated by each source is estimated according 
to the oceanography and bathymetry in the area around the vessel. Each individual three-dimensional 

  Fig. 1    The maritime traffic of ships (dots) larger than 300 tons (roughly a 50-m-long vessel) as of 3 June at 00:00 
Coordinated Universal Time (UTC) is mainly organized along an east-west axis. In the Mediterranean Sea, the traffic 
flows in a very organized manner, whereas in the Atlantic Ocean, the traffic spreads toward the northwest and southwest. 
Full video at a one-image-per-hour rate is available at   http://www.quiet-oceans.com           
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energy distribution is summed to produce the total sound that the animals receive. The repeated 
calculation at regular times leads to a survey of the noise distribution over time. An extract of 
snapshots is shown in Figure  2 , right, arbitrarily represented every 12 h at 250 Hz. The noise is 
not evenly distributed with depth and the corresponding maximum energy is displayed in 
Figure  2 , left.   

 A one-image-per-hour ocean noise monitoring has been implemented and has led to three significant 
results. Those results are not dependent on frequency but are based on the geometric properties of 
the acoustic propagation. 1) The most intense noise levels are concentrated inside the narrowest 
and shallowest part of the Strait but expand on both sides in very large areas in both the Atlantic 
and Mediterranean basins. 2) Rapid and large changes in the maximum noise level distribution occur 

  Fig. 2    Left: The sound generated by ship traffic has been simulated in 3 dimensions and the distribution of maximum 
energy is represented in decibels every 12 h for the first days of June 2008. Right: Depth (in meters) of maximum energy 
every 12 h for the first days of June 2008. Full video at a one-image-per-hour rate is available at   http://www.quiet-
oceans.com           
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on both the Atlantic and Mediterranean sides. 3) On both sides of the Strait in June 2008, the most 
intense noise varied between 700 and 1,300 m in depth faster than the hourly timescale (Fig.   2 , left, 
cyan and green). Noise pollution is concentrated in the deepest layers of the ocean but not uniformly 
in either space or time as vessels move on the surface. Foraging activities have been observed at 
those depths by local cetaceans such as pilot whales and Cuvier beaked whales, resident in the Strait 
of Gibraltar and in the Alboran Sea. This result suggests that they probably experience increasing 
difficulties operating their biosonar to detect prey and provide for their feeding needs.  

   4 Conclusions 

 Quiet-Oceans has developed an essential technology that aims to contribute to the understanding of 
noise impact on aquatic life. As demonstrated in the Gibraltar area, the complexity of the ocean 
noise is assessed. Deterministic spatial ocean noise prediction is produced “continuously” over 
large areas, providing a rich and fine description. This contributes to the ability to understand the 
mechanisms of noise impacts on marine life and to assess and possibly demonstrate disturbance and 
masking effects. Habitat models usually focus on environmental parameters. Quiet-Oceans provides 
a man-made noise layer to habitat models and correlates aquatic life behavior and maritime human 
activities. 

 Future developments of the technology will assimilate continuous in situ measurements and 
improve the quality of the assessment of absolute noise levels in real time.       
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   1 Introduction 

 Seismic air gun surveys, used to find oil and gas deposits beneath the ocean floor, produce loud 
sharp impulses that can raise noise levels substantially over large areas. These surveys can last 
months, and the noise they produce is virtually ubiquitous in some areas of the world’s oceans. 
Although noise impacts from seismic surveys on marine life (fish, marine mammals, and even 
invertebrates) are well documented, the biological relevance of these impacts on wild populations 
remains controversial among the various stakeholders. Rather than address the controversy or evalu-
ate the evidence for or against an impact, the purpose of a workshop held in Monterey, CA, in 2009 
was to examine quieter, potentially less harmful technologies that might be able to, at least partially, 
replace air guns. 

 Supported by Okeanos – Foundation for the Sea, a multidisciplinary group of geophysical scien-
tists, seismologists, biologists, and regulators met to find ways to make marine seismic surveys 
quieter. The participants agreed that marine life would benefit from a quieter ocean. This is their 
consensus report.  

   2 Findings and Recommendations 

 The most effective acoustic mitigation remains not exposing marine life (i.e., through avoidance) to 
additional anthropogenic noise. 

   Regulators together with the hydrocarbon and seismic survey industry should reduce sound • 
levels to the lowest practicable and/or use alternative technologies to reduce noise exposure.  
  Impulsive sources like air guns have the potential to physically impact marine life because of • 
the sharp rise times and high peak pressures of air guns. Behavioral effects are also possible even 
at large distances from the air guns.    

      Are There Technological Alternatives to Air Guns 
for Oil and Gas Exploration to Reduce Potential 
Noise Impacts on Cetaceans?       

         Linda   Weilgart           
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   2.1 Air Guns 

    Air gun design can be optimized to reduce unwanted energy.  • 
  Imaging deep geological targets requires a low-frequency (<200 Hz) acoustic source. Currently, • 
seismic air guns produce broadband acoustic energy (>200 Hz) and in directions (both inline and 
horizontal to the plane of interest) that are not useful. Thus unnecessary acoustic energy (noise) 
should be reduced through array, source, and receiver design optimization.  
  Lower source levels could be achieved through better system optimization, i.e., a better pairing • 
of source and receiver characteristics, and better system gain(s). For example, new receiver 
technologies, such as fiber-optic receivers, may allow the use of quieter sources through a higher 
receiver density and/or a lower system noise floor.     

   2.2 Use of Alternative Technologies With Air Guns and/or Instead of Air Guns 

 Controlled sources generally put the same level of geophysically useable energy into the water as 
impulsive sources like air guns but over a longer period of time and at a resulting lower peak sound 
level, i.e., they are quieter. For example, for a rough calculation in the near field, a 1-s oscillatory/
vibrator/projector pulse puts the same level of geophysically useful energy into the water as a 10-ms 
pulse from an air gun but is 100 times quieter, resulting in a 10,000-fold reduction in the area of 
ensonification. These sources include technologies such as the electromechanical modern marine 
vibrator, low-frequency acoustic projector (driving cylinder, e.g., LISA, a low-frequency electro-
magnetic transducer system), the solid-state piezoceramic Helmholz resonator (e.g., The Naval 
Research Laboratory’s DTAGS), and other nonimpulsive, oscillating sound sources. Furthermore, 
controlled sources can produce sound over the frequency range desired, generating signals that can 
be specifically designed to minimize the impact on marine mammals and maximize geological 
interpretability (e.g., pseudorandom sequences). 

 Controlled sources, by using a sweep rather than an impulse, can reduce the amplitude (peak 
levels) by 30 dB by spreading out the energy over time. The use of pseudonoise (PN) sequences 
could reduce the acoustic footprint further (perhaps by an additional 20 dB/Hz by spreading out 
frequencies over time), but more research is needed to fully understand how to implement these 
sequences in an effective and optimized way.

   In certain situations and with certain non-air gun source types, placing the sources and/or receivers • 
near or on the seafloor can reduce the required source level as well as the amount of sound that 
needs to travel through the water column. For example, marine vibrators can operate close to the 
seabed and accomplish increased penetration relative to shallow towing.  
  A controlled source offers improved receiver optimization possibilities compared with air guns. • 
For instance, a combination of fiber-optic sensors with a reduced bandwidth seismic source, such 
as a marine vibrator, may make the most optimal use of these technologies.  
  Front-loading the exploration workflow with the use of silent technologies (e.g., controlled • 
source electromagnetics [CSEM]/3-dimensional [3-D] electromagnetics, gravity, and gravity 
gradiometry) could optimize the exploration process and require less sound. For instance, if 2-D 
air gun surveys followed by quieter technologies (e.g., 3-D CSEM) do not show promising targets, 
proceeding with 3-D seismic surveys may not be worthwhile. Conversely, one may optimize 3-D 
seismic activities based on the results from 2-D seismic and 3-D CSEM.  
  Technologies such as marine vibrators, microseismic monitoring (passive seismic), and fiber-optics • 
could reduce the need for 4-D air gun surveys used to monitor the movement of oil or gas in an 
exploited reservoir over time.  
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  Regulators and/or the seismic and hydrocarbon industries should fund or undertake research into • 
impacts on marine animals of alternative technologies.  
  Although some air gun alternative technologies are available now or will be in the next 1–5 years, • 
an increase in research and development (R&D) funding for alternative exploration technologies will 
accelerate development and expand the application window. Governments should encourage the 
development and use of alternative technologies in an environmentally sensitive manner through 
both regulatory changes and additional funding to regulatory bodies, scientists, and engineers.      

   3 Coordination/Incentives 

    Governments should discontinue programs that discourage the utilization of non-air gun tech-• 
nologies. Rather, they should develop incentives for any environmentally beneficial alternative 
technologies.  
  The academic geophysical community should be encouraged to research quieter alternatives to • 
air guns, with the aid of government and/or industry funding.  
  Regulators should encourage and help fund research and development of quieter, alternative • 
sources and their impact assessments.         
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   1 Introduction 

 Based on the Protocol for the Protection of the Antarctic Environment established in 1991, all 
activities south of 60° S are subject to an environmental impact assessment (EIA). This also applies 
to seismic research surveys, which have come into public and regulatory bodies’ focus due to their 
potential impact on marine mammals. To assess the potential risk of air gun shots on marine mammals, 
numerical modeling of sound propagation is an essential tool. In advance of a seismic survey, computed 
sound fields are used to derive critical exposure-zone radii within which certain hearing thresholds 
are exceeded. Up to now, only ray-tracing approaches, which take the geometry of an air gun array 
and the signatures of its individual air guns into account but neglect the sound-velocity profile of 
the water column and the seafloor, are used in EIAs for sound-propagation modeling of single shots. 
However, increasing demands to consider the effects resulting from a stratified water column, the 
interactions with the seafloor, and the cumulative effects resulting from multiple shots fired along a 
seismic line accentuate the need to use full waveform methods. Therefore, here we summarize the 
results of a detailed 2.5-dimensional (2.5-D) finite-difference (FD) modeling study (Breitzke and 
Bohlen  2010  ) , which fulfills these requirements, approximates compact air gun clusters deployed 
by the  R/V Polarstern  in polar regions by “point source equivalents,” and simulates marine mammals 
as static receivers. It is a contribution to a strategic risk-assessment study on the impact of seismic 
research surveys on marine mammals in the Antarctic Treaty Area (Boebel et al.  2009  ) .  

   2 Study Area and Model Parameters 

 The modeling study focuses on the Amundsen/Bellingshausen and Weddell Seas, where most of the 
multichannel seismic (MCS) research activities were conducted with the  R/V Polarstern  since it was 
put into service in 1982. Most of these MCS lines were collected during the austral summer months 

      Modeling Cumulative Sound Exposure Along a Seismic 
Line to Assess the Risk of Seismic Research Surveys 
on Marine Mammals in the Antarctic Treaty Area       
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and covered water depths between ~200 and 1,000 m and ~3,000 and 4,500 m. Typical sound-velocity 
profiles show an ~150- to 250–m-thick, cold, low-velocity sound channel close to the sea surface, 
which is overlaid by a thin (~10- to 30-m) layer of warmer water masses with higher sound velocity. 
Further below, a positive sound-velocity gradient occurs. Typical deep- and shallow-water models 
with 3,000- and 400-m water depth, respectively, are derived from these data. For the seafloor, a 
normal incidence reflection coefficient of 0.2 is assumed. The model size and seismic profile length 
amount to 10 km.  

   3 Methods 

 The modeling approach consists of three steps: 1) modeling the seismic source, 2) modeling sound 
propagation in the ocean generated by a single shot, and 3) modeling cumulative sound exposure 
levels (SELs) due to multiple shots fired along a seismic line and exposure histories received by 
static marine mammals. 

 The seismic source signatures are computed by the NUCLEUS source modeling package. 
Totally, four compact air gun configurations are considered: a G gun (8.5 l), a 3 GI-gun cluster 
(2.2 l/5.2 l), an 8 G-gun cluster (68.2 l), and an 8 G-gun cluster + 1 Bolt 1500 LL (100.9 l). These 
configurations are approximated by “point source equivalents.” That is, in the case of the single G 
gun, the notional signature [ n(t) ] computed with NUCLEUS is used as a source signal and in the 
case of the compact air gun clusters, the time-integrated far-field signature [ f(t) ] computed with 
NUCLEUS is used as a source signature [ ñ(t) = ∫ f(t)dt ]. 

 A 2.5-D FD code, which implies cylindrical symmetry, is used for modeling sound propagation 
due to a single shot (Bohlen  2002  ) . From the resulting grid of synthetic seismograms, distributed 
equidistantly over the model, 2-D sound pressure and SEL fields of a single shot are derived. 

 The cumulative acoustic impact of multiple shots is determined by superposing 3-D SEL fields 
of single shots moving along the seismic line. This implies that, first, the 2-D SEL field of the single 
shot is extrapolated to a 3-D SEL field by rotating it around the cylinder axis of the 2.5-D FD model. 
Then, the 3-D SEL field is shifted along the seismic line according to the ship speed and shot 
interval to simulate the 2nd, 3rd, 4th, and so forth, shot. Finally, the SELs of the shifted fields are 
added to get the 3-D cumulative SEL field. Additionally, time-dependent exposure histories received 
by static marine mammals are extracted.  

   4 Results 

 The modeling approach is applied to 13 different model configurations ranging from a semi-infinite 
isovelocity model to deep- and shallow-water isovelocity and Amundsen/Bellingshausen and 
Weddell Sea models. The results show the typical dipolelike directivity in the case of single shots. 
In the case of multiple shots, a tubular cumulative SEL field develops along the seismic line, with 
maximum levels vertically beneath the line. Compared with a semi-infinite model, the seafloor 
reflections in the deep- and shallow-water models enhance the acoustic impact of single shots close 
to the sea surface and contribute to the seismically induced noise levels, particularly at far offsets. 
Cumulative SELs decrease more slowly in shallow waters than in deep waters due to the stronger 
reverberations. This leads to seismically induced noise levels at far offsets and close to the sea surface 
of ~140–145 dB re 1  m Pa 2 -s for the 8 G-gun cluster in the deep-water isovelocity model and to ~10-dB 
higher SELs in shallow waters. The near-surface sound channel and the sound-velocity gradient in 
the Southern Ocean models cause distortions of the SEL field contour lines, particularly in the 



611Modeling Cumulative Sound Exposure Along a Seismic Line to Assess the Risk…

deep-water models (Fig.  1 ). However, only low-to-moderate levels not relevant for critical exposure-
zone radii are affected. Time-dependent exposure histories received close to the sea surface depend 
strongly on the marine mammal’s offset crossline. At greater depths, the crossline position becomes 
less important and exposure histories mainly depend on the animal’s diving depth. Exposure-zone 
radii derived for different hearing thresholds depend mainly on the air gun configuration and are 
almost independent of the water depth, the sound-velocity profile, and the physical properties of the 
seafloor. In the case of single shots, the radii can roughly be predicted from the source level using 
a spherical-spreading law. In the case of multiple shots, the radii increase with lower thresholds 
according to a cylindrical-spreading law, and the source level and shot interval contribute to the 
intercept.       
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  Fig. 1    Deep-water model for the Amundsen/Bellingshausen Sea. Center columns show sound exposure level (SEL) 
inline- and crossline-depth sections and the horizontal section in the sound channel axis 80 m below the sea surface 
generated by a single shot (center left) and 241 superposed shots (center right) of the 8 G-gun cluster. Left and right 
columns display a zoom to the upper 400 m. Red arrows mark the position of the ship after 0 and 60 min of survey 
time at 0- and 9,26-m offset inline. Modified from Breitzke and Bohlen  (  2010  )        

 



613A.N. Popper and A. Hawkins (eds.), The Effects of Noise on Aquatic Life, 
Advances in Experimental Medicine and Biology 730, DOI 10.1007/978-1-4419-7311-5_139,
© Springer Science+Business Media, LLC 2012

    K.  L.   Ryan (�)      
   North Atlantic Treaty Organization Undersea Research Centre ,   19126   La Spezia ,  Italy   
 e-mail: ryan@nurc.nato.int  

    S.   Jespers      
   Directorate General of Armaments ,   75005   Paris ,  France   
 e-mail: stephane.jespers@dga.defense.gouv.fr  

   1 Introduction 

 Atypical mass strandings of beaked whales in spatial and temporal proximity to active sonar experiments 
and military exercises increased concern about the possible effects of tactical active sonar on marine 
mammals. North Atlantic Treaty Organization (NATO) nations using tactical active sonar during 
maritime activities were linked to several of these strandings, most notably in 1996 in Kyparissiakos 
Bay, Greece, and in 2000 in the Bahamas (D’Amico  2009  ) . Several hypotheses have been suggested 
for the cause of these strandings; however, the precise behavioral and/or physiological cause is still 
unknown. In addition, numerous tactical active-sonar exercises and experiments have occurred 
without associated atypical mass-stranding events. Therefore, a combination of factors such as the 
presence of multiple ships, the continuous transmission of sound, constricted geographical area, 
and strong surface duct have been suggested for mass-stranding events to occur as a result of the 
transmission of tactical active sonar. 

 Past research efforts to understand the causes of these mass-stranding events related to tactical 
active sonar have included studies to understand the auditory systems of marine mammals. Numerous 
studies documented that intense or prolonged sounds impact the physiology of marine mammals in 
various ways; for example, sounds interfere with mammals’ ability to hear biologically significant 
signals or communications, a condition called auditory masking. Mammals may also undergo a 
threshold shift of their hearing capabilities, either temporarily or permanently, as a result of auditory 
fatigue or damage to auditory components such as sensory hair cells or ear membranes.  

   2 Mitigation Actions by NATO 

 In May 1996, an atypical mass-stranding event in Kyparissiakos Bay, Greece, was associated 
with a Supreme Allied Commander Atlantic (SACLANT) Undersea Research Centre (now 
known as the NATO Undersea Research Centre [NURC]) active-sonar experiment (Frantzis  1998  ) . 

      North Atlantic Treaty Organization Marine Mammal 
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The NURC subsequently hosted a bioacoustics panel composed of subject matter experts to inves-
tigate the relationship between the sonar experiment and the stranding event. The panel concluded 
that although an acoustic link was neither clearly established nor eliminated as a direct or indirect 
cause of the May 1996 stranding, additional research was needed to determine biological and 
behavioral characteristics of the species involved (SACLANT Undersea Research Centre  1998  ) . 
The recommendations of this panel prompted the creation of NATO’s first research project on this 
topic, the sound ocean living marine resources project, now known as the marine mammal risk miti-
gation (MMRM) project. 

 During the next several years, this project supported NATO’s environmental protection policy. 
An international network of scientists with knowledge of sonar and marine mammal distribution, 
behavior, and bioacoustics was established. Numerous sea trials were conducted to understand the 
natural history of the species involved in the stranding events. A database was generated containing 
information related to the distribution, behavior, and bioacoustics of Mediterranean Sea marine 
mammals. From these data, an internal staff instruction was written to ensure that active acoustic 
research was planned and performed in an environmentally sensitive manner (Ryan  2009  ) . 

 The MMRM project and mitigation instructions were only applicable to the NURC’s activities 
and not to NATO’s military maritime activities. Therefore, the Maritime Capability Group (MCG) 
2, under the NATO Naval Armaments Group (NNAG), convened an ad hoc working group for 
MMRM. This working group, composed of scientific and military experts from 10 NATO member 
nations, is developing risk-mitigation principles and guidelines applicable to NATO military 
maritime activities.  

   3 Principles 

 The purpose of the principles document is to list the main environmental protection principles to be 
observed, the organization to be set up, and the implementation to be executed before and during 
the conduct of active-sonar activities. These principles apply to the use of active sonar during the 
preparation for and execution of NATO-led maritime activities. Maritime activities are those per-
formed for the purpose of improving the ability or effectiveness of naval forces, e.g., sea trials, 
system or concept experimentations, and training exercises. These principles apply to all NATO and 
non-NATO participants taking part in NATO-led maritime activities. The document outlines four 
fundamental principles. 1) Under all conditions, NATO-led forces must strive to respect European 
Parliament principles and policies. 2) NATO and participating commanders must consider the 
potential effects of active-sonar operations on marine mammals at the earliest opportunity in their 
planning and throughout the execution and conduct of NATO-led maritime activities. 3) The best 
practicable and feasible mitigation actions must be applied. 4) Observed adverse effects to marine 
mammals must be immediately reported to appropriate NATO authorities.  

   4 Guidelines 

 The objective of the planning guidelines document is to provide planning guidance before and 
suggested mitigation measures during the execution of NATO-led active-sonar maritime activities 
to mitigate the risk to marine mammals. 

 The rationale of the guidelines is that marine mammals may experience physiological effects or 
behavioral changes that could increase their risk of injury when in proximity to active-sonar use. 
Specifically, these guidelines are established to enable NATO-led maritime activities to be 
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conducted while minimizing the risk 1) to a marine mammal of a temporary threshold shift that may 
result from the use of intensive sound sources; 2) to porpoises of a temporary threshold shift and 
significant behavioral disturbance that may result from the use of intensive sound sources; and 3) of 
beaked whale stranding as a result of a behavioral reaction to active sonar. 

 MMRM is primarily achieved in the planning phase before the accomplishment of active-sonar 
maritime activities. Planning includes the consideration of marine mammal distribution information 
and habitats when deciding on the area of maritime activity, the establishment of visual and passive 
acoustic-monitoring plans, the establishment of ranges where active-source transmissions will be 
stopped when in the presence of marine mammals, the consideration of active-source transmission 
characteristics, and the planning of vessel movements. During the planning process, before the 
execution of NATO-led maritime activities, a planning document stating the agreed MMRM measures 
shall be completed by and exchanged between activity planners. The MMRM planning document 
shall include the agreed guidelines to ensure sonar operations are in accordance with NATO envi-
ronmental protection policies.  

   5 Conclusions 

 Atypical mass strandings of marine mammals are temporally and spatially related to NATO active-
sonar maritime activities. In addition to strandings, marine mammals may experience auditory 
injury from high received levels of anthropogenic noise such as active sonar. Recognizing that its 
use of sound in the ocean may pose a risk to marine mammals, NATO developed a proactive 
research program to gather information on sensitive species and to develop tools and techniques to 
minimize the risk to marine mammals. Results from this research and other programs in the field 
were used by the ad hoc working group on MMRM to develop common NATO principles and 
guideline documents to assist NATO maritime forces in the execution of tactical active-sonar mari-
time activities while mitigating the risk to marine mammals. NATO will continue its commitment 
to facilitate the integration of environmental protection into all NATO-led military activities.      
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   1 Introduction 

 The Port of Anchorage, near the head of Cook Inlet in south central Alaska, receives ~80% of all 
the goods that enter Alaska. Several glacial rivers deposit their large silt load into Cook Inlet, and 
each year the US Army Corps of Engineers (Corps) dredges ~1,650,000 m 3  of silt from in front of 
the port. Without annual dredging from May through October each year, the water depth at the port 
would be inadequate for cargo vessels. 

 It is common to observe  Delphinapterus leucas  (beluga whales) near the Port of Anchorage, 
especially in the summer when dredging is underway. In October 2008, the Cook Inlet distinct 
population segment of  Delphinapterus leucas  was listed as threatened under the Endangered 
Species Act. Although it was clear that dredging would need to continue at the Port of Anchorage, 
it was also clear that existing protection measures for  Delphinapterus leucas  would need to be 
reevaluated.  

   2 Project Approval Process 

 As part of the Endangered Species Act consultation process, the Corps prepared a biological assess-
ment to examine the potential effects of underwater noise from dredging on  Delphinapterus leucas . 
The Corps’ analysis focused on underwater noise sources and potential impacts on  Delphinapterus 
leucas  and offered several mitigation measures. Based on this analysis, the National Marine 
Fisheries Service (NMFS) concurred with the Corps’ assessment that dredging and disposal may 
affect but would not adversely affect  Delphinapterus leucas  in Cook Inlet. Although the regulatory 
framework for determining different levels of harassment for cetaceans and pinnipeds is based on 
sound pressure levels (SPLs) without regard for species hearing sensitivities, it is clear that both 
marine life and construction processes would benefit if greater emphasis was placed on frequencies 
and species auditory thresholds. 

      Mitigating Impacts of Underwater Noise From Dredging 
on Beluga Whales in Cook Inlet, Alaska       
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   2.1 Impact Analysis for  Delphinapterus leucas  

  Delphinapterus leucas  have often been observed within a few meters of cargo ships and dredges at 
the Port of Anchorage, but it remains unclear if  Delphinapterus leucas  simply tolerate the underwater 
noise or have become habituated. It is also possible that during certain operational phases the ship 
or dredge noise is at a frequency that does not cross the auditory threshold of  Delphinapterus leucas . 
Although  Delphinapterus leucas  can hear over a wide range of frequencies, their hearing is best in 
the 10- to 100-kHz range. This range is above most noise associated with dredging, and at low 
frequencies (<100 Hz), the hearing threshold of  Delphinapterus leucas  may only approximate or 
exceed the 1-Hz band levels recorded for vessel noise at the Port of Anchorage (Blackwell and 
Greene  2002  ) . The work of Blackwell and Greene, funded in large part by NMFS, was critical for 
the assessment at the Port of Anchorage. It was the centerpiece of the Corps’ biological assessment 
because it went beyond a simple analysis of SPLs and frequencies of various underwater noise 
sources. Instead, it analyzed underwater noise relative to  Delphinapterus leucas  hearing sensitivity 
and thus provided greater protection to  Delphinapterus leucas  and more realistic mitigation measures 
for dredging and disposal. Although this report did not include noise from dredging, the characterization 
of tugboat noise in the Cook Inlet operating environment was critical. Although underwater noise 
data on dredging are very limited, Scientific Fishery Systems, Inc.  (  2009  )  measured underwater 
noise from a clamshell dredge in Cook Inlet. These measurements confirmed the assertion by Richardson 
et al.  (  1995  )  that tug noise was typically stronger than the dredge noise. Like the tug noise reported 
by Blackwell and Greene (2002), underwater noise data from dredging could be evaluated relative 
to  Delphinapterus leucas  hearing sensitivities.   

   3 Benefits for  Delphinapterus leucas  

 It can be beneficial to consider potential underwater impacts to  Delphinapterus leucas  or any 
aquatic animal in the context of how that species perceives sound. Specifically, a decibel measure-
ment of sound such as a species-specific hearing threshold (ht), commonly written as dB 

ht
 (Species) 

level, as recently detailed by Nedwell et al.  (  2007  ) , holds promise for improved analyses of underwater 
noise impacts in the future. At a minimum, a dB 

ht
 (Species) level analysis would present a more 

accurate picture of where anthropogenic underwater noise approaches or crosses the auditory 
threshold for  Delphinapterus leucas  based on available audiograms. Although there are variations 
in  Delphinapterus leucas  audiograms, the limited data, when viewed graphically, put potential 
impacts in far greater perspective than a generalized narrative for all toothed whales. Whether 
behavioral or electrophysiological, audiograms are likely to be refined and improved over time, 
although challenges are likely to persist for large cetaceans.  

   4 Benefits for Construction 

 Mitigation measures can be improved with a dB 
ht
 (Species) level analysis because they can be 

targeted to either reduce underwater noise where it crosses the  Delphinapterus leucas  hearing 
threshold or allow for more effective shutdown radii based on the relation of sound signatures of 
various construction activities to  Delphinapterus leucas  audiograms. Obviously, targeted and effective 
mitigation measures benefit  Delphinapterus leucas  with better protection. An added benefit may be 
achieved when development proponents or contractors understand how underwater noise from their 
project might impact aquatic animal life. Rather than simply being told they cannot exceed a certain 
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SPL, it can be graphically demonstrated that certain frequencies of the project underwater noise 
cross an aquatic animal’s auditory threshold, perhaps to such a degree that the underwater noise will 
be injurious. This conceptual “buy in” by development proponents and contractors may ease the 
negotiations with regulatory agencies during the permit process and reduce some of the litigation 
that often accompanies underwater activities such as construction, seismic surveys, and oil and gas 
exploration and production. Additionally, if certain frequencies from anthropogenic noise exceed 
the auditory threshold for an aquatic species to a potentially harmful degree, it may be possible to 
focus research and development on modifying machinery or targeting mitigation methods so that 
SPLs in a specific frequency range can be greatly reduced.  

   5 Conclusions 

 Although audiograms still need to be refined for many species and have not even been developed 
for large cetaceans, using a dB 

ht
 (Species) level analysis can be beneficial. While a regulatory frame-

work focused on dB 
ht
 (Species) level analysis may be years away, analyses in environmental docu-

ments should move beyond simply reporting SPLs and focus on frequencies and species audiograms 
to put project-derived noise into context. In this manner, it is possible to better understand potential 
impacts to aquatic life and develop more effective mitigation measures.      
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   1 Introduction 

 A group of 14 oil and gas companies and the International Association of Geophysical Contractors 
(IAGC) through the International Association of Oil and Gas Producers (OGP) have been funding 
the Exploration and Production (E&P) Sound and Marine Life Joint Industry Programme (JIP). The 
JIP funds research to reduce the uncertainty around the risk of negatively impacting marine animal 
populations during E&P activities. Although there is little to no scientific evidence demonstrating 
significant negative impacts to marine animal populations, there are some gaps in the scientific 
knowledge that can contribute to uncertainty in industry risk assessments. In the absence of complete 
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data, environmental regulators may, and do, impose conservative restrictions on E&P activities 
intended to prevent or mitigate the possibility of significant impacts (Tsoflias and Gill  2008  ) . 

 The JIP-funded research by independent researchers and contractors will advance understanding 
of the characteristics of industry sound sources, how sound emitted from these sources propagates 
in the marine environment, and what the effects of these sounds are on marine life. The results of 
this research will assist in identifying appropriate mitigation and monitoring strategies. JIP research 
is informing the scientific community and regulators about the potential environmental effects of 
operations, ultimately resulting in improved science-based decisions by regulators and increased 
permitting efficiency for oil and gas activities. 

 The JIP supports a research program to test scientific hypotheses and build a more compre-
hensive understanding of the potential environmental risk(s) from oil and gas operations (Fig.  1 ). 
The goals for this information are to inform and update policy decision makers and regulatory 
development processes affecting offshore oil and gas exploration; determine the basis for mitigation 
measures that are protective of marine life, cost effective, and credible with stakeholders; and feed 
into planning for efficient E&P project development that is environmentally protective.   

   2 Results 

 JIP-funded research is divided into five broad categories.

    • Sound Source Characterization and Propagation : Research to better define the characteristics of 
E&P industry sound and how it propagates.  
   • Physical, Physiological, and Hearing Effects:  Research to measure the physical and physiologi-
cal effects of sound on targeted marine life. To determine if and how industry sound may impact 
marine life, it is critical to understand what and how animals hear and how sound exposure 
affects hearing ability.  

  Fig. 1    Summary of the major areas of Joint Industry Programme (JIP)-funded research, all of which supports developing 
a risk assessment framework for industry operations based on sound science. TTS, temporary threshold shift; PTS, 
permanent threshold shift       
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   • Behavioral Reactions of Marine Life and Biological Significance : Research to understand behavioral 
responses of marine life to industry sound and what, if any, biological significance this exposure 
might have.  
   • Mitigation, Monitoring, and Analysis/Management of Monitoring Data:  Research to reduce 
exposure of animals to sound. Such research allows industry to operate with reduced risk in areas 
that are subject to restrictions and low light and visibility conditions.  
   • Research Tools : Development of improved tools for collecting data in the other research 
categories.    

 JIP-funded research has made substantial progress toward describing industry sound sources and 
propagation. Conducted in the Gulf of Mexico in 2007, the 3D Seismic Source Characterization 
Project recorded seismic source array output in three dimensions. Twenty paired sensitive and 
desensitized hydrophones were deployed at a range of depths on three separate moorings. Special 
positioning equipment was used to locate these moorings continuously in three dimensions. 
Environmental acoustic recording system (EARS) buoys recorded the wide bandwidth data from the 
air gun array for a full range of takeoff angles and azimuths. The data were acquired with sufficient 
shot records to establish a statistically valid sample of sound pressure level and spectral character-
istics in over 1,000 azimuth/takeoff angle bins at frequencies up to 25 kHz. The data are currently 
being analyzed and will be published starting in mid-2010. 

 A calibrated range for air gun measurements operated in a Norwegian fjord from 2007 to 2010, 
making high-fidelity, broadband measurements up to 50 kHz of single and cluster air guns using up 
to 20 hydrophones and 6 velocity sensors. Near- and far-field source signature measurements were 
made for a subset of single air guns and two-gun clusters over a wide range of operating conditions. 
These data will be used to improve existing air gun modeling codes, thereby allowing modeled 
estimations of air gun sound emissions as an alternative to field measurements. 

 Monitoring technologies have been developed that will detect marine animals in the water 
column. PAMGuard is a versatile, real-time, open-source suite of software that includes and extends 
the key capabilities of older open-source PAM software such as the International Fund for Animal 
Welfare suite and Ishmael while maintaining the same look and feel. After several years of develop-
ment and a series of research-based field trials, a core version of the software is now available for 
industry use. 

 Environmental risk assessments need to include sound from all E&P activities in addition to air 
guns. Acoustic-source signature data for nonseismic E&P sound sources such as drilling, dredging, 
pile driving, and vessels have been collected from a number of different geographic areas and 
oceanographic conditions by industry, consultants, and academia and are available at   http://www.
soundandmarinelife.org    . 

 Additional progress has been made toward understanding the sound effects on animal tissue, 
behavior, and the biological significance of any such effects. The JIP has supported several research 
projects to advance potential use of the population consequences of acoustic disturbance (PCAD) 
framework to identify situations where behavioral effects are more likely to be significant. Currently, 
PCAD provides a useful conceptual framework to guide development of mitigation and monitoring 
strategies. 

 In 2009, the JIP extended funding for an additional three years (approximately $11 million 
program total). Initially, a greater percentage of this funding will be spent on a behavioral 
response study (BRS) on migrating humpback whales. The BRS will measure the behavioral 
effects of a full seismic array on humpback whales and will test the reaction to ramp up and 
components of ramp up. Conducted from 2010 to 2013 with migrating humpback whales off 
Australia’s east and west coasts, the study will build stepwise assessment from one air gun to a 
full commercial array.  
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   3 Conclusions 

 JIP-funded studies are providing credible scientific information that is informing decision makers 
and regulators of viable risk assessments and is assisting in developing enhanced mitigation and 
monitoring technologies and methods. Research is assessing, developing, and adapting the tech-
nology needed to enable offshore E&P operations (particularly seismic surveys) to continue under 
limited surface visibility conditions while minimizing the risk of adverse impacts on marine life 
populations. 

 Scientific knowledge about the consequences associated with anthropogenic sound in the marine 
environment will help oil and gas project planners undertake risk assessments and develop miti-
gation plans to address potentially significant risks. In addition, this information and data will 
inform the scientific community and regulators about potential environmental risks of operations. 
These data will allow regulators to make decisions based on scientific data, with the potential to 
reduce permitting delays for industry operations. Improved scientific understanding of the potential 
environmental risks to marine life from oil and gas operations is critical to developing effective 
mitigation strategies.      
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 Potential impacts on aquatic life associated with anthropogenic underwater noise are an emerging 
concern worldwide (Popper et al.  2005  ) . In the Northwest Territories (NWT), Canada, there has 
been an increased interest in natural resources development and the potential for impacts to both 
marine and freshwater areas. Fish (including marine mammals and other aquatic life) and their habi-
tats are managed by Canada’s Department of Fisheries and Oceans (DFO) under the federal 
Fisheries Act and the Oceans Act. The DFO reviews project proposals, assesses potential impacts, 
provides scientific and regulatory advice based on the current state of knowledge, identifies existing 
data gaps, and initiates steps to address them. If residual impacts are expected with mitigative 
measures in place, the DFO is able to account for and authorize impacts under the Fisheries Act. 
Here we identify the types of noise-related impacts that are pertinent to the species and industry 
activities in the NWT and how these concerns are being addressed by the DFO. 

 As exploration and development increases in the NWT, concerns have been raised regarding 
anthropogenic sound impacts in both freshwater and marine ecosystems. For example, known 
hydrocarbon reserves beneath the Beaufort Sea are being further delineated using air gun-based 
two-dimensional and three-dimensional seismic surveys. There is concern that intense seismic 
sounds and the large spatial extent of the seismic coverage may lead to injury, disturbance, displace-
ment, or masking of communication of marine mammals, in particular  Balaena mysticetus  (bow-
head whale) during feeding or migrations. Recent research has identified both physical and 
behavioral effects on  Balaena mysticetus  resulting from the use of air guns in marine seismic sur-
veys, although the extent of such effects and their biological significance is difficult to assess 
(Harwood et al.  2009,   2010  ) . Impacts will vary depending on a number of factors including the 
ambient noise level; the activity of the animals at the time that they are affected; the availability of 
alternative habitats elsewhere; and the type, duration, and frequency of the underwater noise. In 
extreme or repeated cases, deflection or displacement of migrating or feeding  Balaena mysticetus  
could compromise the survival or reproduction of affected individuals. 

 Exposure to underwater noise of 160 dB is thought to cause behavioral changes in baleen whales, 
with noise >180 dB potentially causing physical injury such as hearing loss. The DFO recommends 
an air gun array shutdown if a marine mammal enters a specified shutdown zone relating to exposure 
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to 180 dB (the extent of the zone varies with water depth and substrate). Other mitigative measures 
include “ramping up” of firing air gun arrays to encourage and allow time for marine mammals to 
vacate the area, temporal and spatial restrictions in certain critical habitats, and onboard marine 
mammal observers. On a large scale, the creation of marine protected areas (MPAs) can allow for 
specific regulations to be established in a given area. For example, in the nearshore Beaufort Sea, 
the proposed MPA will protect  Delphinapterus leucas  (beluga whales) and their estuarine habitats 
and ensures subsistence-harvesting opportunities for the local Inuvialuit people (Government of 
Canada  2010  ) . In addition, as part of an Alaskan initiative, the DFO is involved with Alaskan regu-
lators and harvesters in the deployment of satellite transmitters on  Balaena mysticetus . One study 
objective is to monitor the behavior of individual whales in relation to active seismic surveys 
(Alaska Department of Fish and Game  2009  ) . 

 Recent exploratory drilling activity in the Beaufort Sea has been conducted during periods of ice 
cover. This coincides with the breeding, pupping, lactation, and basking periods of the  Phoca his-
pida  (ringed seals) an abundant and widespread species in the Beaufort Sea (Smith  1987  ) . A recent 
study was undertaken to identify and evaluate potential impacts from exploratory drilling in the 
ice-covered season on the local  Phoca hispida  population. The study provided important baseline 
information on the use of the nearshore Beaufort Sea by  Phoca hispida  during the spring and is a 
benchmark for any future studies involving multiple or longer term drilling operations. The results 
suggest that one season of drilling had no detectable effect on  Phoca hispida  in the study area 
compared with winters when drilling did not take place (Harwood et al.  2007  ) . 

 In freshwater systems, energy sources, such as air guns and explosives used for seismic surveys, 
generate noise that has the potential to cause impacts (Cott et al.  2003  ) . The use of air guns in 
riverine systems was thought to cause physical or behavioral impacts to fishes such as hearing dam-
age and the interruption of migrations. To address concerns related to the use of air guns in riverine 
environments, DFO coordinated a study examining the impacts of air gun-generated noise on the 
physiology and behavior of fishes in the Mackenzie River. Although temporary hearing loss was 
documented in some species (Popper et al.  2005  ) , no evidence of physical damage to the inner ear 
structure was found (Song et al.  2008  )  and no significant behavioral effects were identified 
(Jorgensen and Gyselman  2009  ) . 

 To protect fish from the effects of explosives, DFO required companies conducting seismic pro-
grams to monitor instantaneous pressure changes (IPCs) in the water column when detonating 
charges in water bodies not frozen to the bottom. When broad-based monitoring results indicated 
that there were IPCs detrimental to fish, the DFO decided to no longer authorize (i.e., allow the 
killing of fish) seismic programs using dynamite in water bodies (Cott et al.  2003  ) . To conduct these 
programs in the NWT, the onus is now on the company to demonstrate that a conservative IPC level 
of 50 kPa or less can be achieved consistently during a preoperation testing phase. If this cannot be 
accomplished, the water body in question is removed from the seismic program because impacts to 
fish may occur (Cott and Hanna  2005  ) . A study was conducted in collaboration with industry to 
investigate the effects of explosives on fish eggs and fry and to identify an IPC threshold that is 
adequately protective. Tissue damage in fry occurred at an IPC < 70 kPa; however, no impact was 
noted to the eggs (Godard et al.  2008  ) . More research is being conducted to determine the IPC 
thresholds for adult fish (D. Godard, unpublished data). 

 Similarly, noise generated from other aspects of northern development such as pile driving or 
winter road construction traffic can potentially impact fish (Mann et al,  2009  ) . Baseline sound levels 
generated from a variety of sources associated with exploration activity, from drilling to aircraft 
landing on the ice, were documented (Mann et al.  2009  ) . These data can be correlated with informa-
tion on the hearing capability of fish (see Mann et al.  2007  )  that may be in a program area to identify 
and implement effective mitigation measures. Under-ice fish deterrents have also been tested as a 
means to encourage fish to avoid areas but with limited success, likely due to the low metabolism 
of fish in the winter (Racca et al.  2004  ) . Research is currently under way to determine if the winter 
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spawning  Lota lota  (burbot) vocalize. If they do, they may be vulnerable to anthropogenic sounds 
interfering with their vocalizations, hindering reproductive success (P. Cott, unpublished data). 

 Although tangible progress has been made, there are still challenges facing the DFO relating to 
the management of impacts of industrial underwater noise. Significant gaps in baseline ecological 
information for both the marine and freshwater systems of the NWT remain, making it difficult for 
the government to keep pace with industry. Other unknowns include the nature, type, and extent of 
cumulative effects; thresholds that might cause detrimental effects to different species and life 
stages; and how impacts may be exacerbated by overarching factors such as climate change and 
pollution. The use of current research to adaptively manage sound-related impacts to aquatic life is 
paramount in an area with such large gaps in baseline data. As we move forward, it will be essential 
to identify areas of common interest and resources and to continue to expand on collaboration 
opportunities with our regulatory and scientific colleagues within and outside the NWT.     
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   1 Introduction 

 Atypical mass strandings of marine mammals in close spatial and temporal proximity to experiments 
and naval exercises involving tactical active sonar systems have increased concern about the 
possible impact of this type of anthropogenic sound. The North Atlantic Treaty Organization (NATO) 
Undersea Research Centre (NURC) has been at the forefront of research regarding the interaction 
of marine mammals and active sonar. In 1999, NURC established one of the first research programs 
in the world to address this topic, the Sound, Ocean and Living Marine Reso0urces (SOLMAR) 
project, now known as the Marine Mammal Risk Mitigation (MMRM) project. 

 One of the objectives of the project was to develop tools and procedures with which an experi-
menter could determine the presence of marine mammals, specifically, the species of interest, 
Cuvier’s beaked whale ( Ziphius cavirostris ), near a sonar source before and during its use (D’Amico 
et al.  2003  ) . Historically, visual observations have been the primary method of determining marine 
mammal presence; however, this method is limited due to the high percentage of time that beaked 
whales are submerged (Tyack et al.  2006  ) , difficulty seeing the low profile of beaked whales when 
they are on the surface (Barlow and Gisiner  2006  ) , and adverse weather conditions. As a result of 
these limitations, the project is now focusing on passive acoustic detection technologies and associated 
algorithms to detect, classify, and localize (DCL) marine mammals. Several of these technologies 
were tested during the SIRENA ’10 sea trial.  

   2 Application to Risk Mitigation 

 Current methods of MMRM include visual monitoring, ramp-up (i.e., commencing active transmis-
sions at low sound pressure levels and increasing the strength of the transmission over time until the 
required level is achieved), and temporal or spatial restrictions of active sonar use. The effectiveness 
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of these methods may be limited due to environmental conditions, technological limitations, animal 
behavior, and operating restrictions. Passive acoustic monitoring complements these methods by 
allowing additional detections during adverse environmental conditions or during the mammal’s 
diving behaviors that were previously not addressed. 

 Passive acoustic monitors should not be relied on as the sole tool for the determination of the 
location of an animal for which subsequent mitigation techniques are implemented. This method 
has its limitations. Due to the high frequency of the beaked whale signals, the area of detection by 
passive acoustic monitors is limited to 3–4 km (Pavan et al.  2009  ) . Yet, depending on the environ-
mental conditions, the received sound pressure levels of the active sonar may still be significant at 
distances over tens of kilometers from the source. In addition, depending on the active sonar activity, 
the area that requires monitoring may be defined in the hundreds of kilometers. Therefore, various 
methods of deploying passive acoustic monitors such as seeding an area with buoys, deploying 
persistent autonomous oceanographic gliders, or using research vessels with towed bodies should 
be explored.  

   3 Description 

 The SIRENA ‘10 sea trial was conducted from 1 May to 14 June 2010 off the southwest coast of 
Portugal in the North Atlantic Ocean. The main reason why the cruise was located in this area was 
that it is a NATO exercise operating area and the data collected will provide a baseline as to the 
types and density of animals that occur in this area. It also provides invaluable information for the 
habitat-modeling work that we have undertaken and continue to refine for use in mitigating the risk 
to marine mammals from any NATO exercises in the ocean. This effort involved the cooperation of 
42 scientists and engineers representing 17 organizations from 7 countries. A total of five passive 
acoustic systems, three detection and classification algorithms, one identification and data-collection 
system, and one visual data-collection system were tested. As well as the visual and acoustic data 
that were collected, there were both remote sensing and in situ measurements of oceanographic 
parameters collected for inclusion in the habitat-modeling project at NURC. All operations were 
conducted onboard the  NRV Alliance . 

 The operations on the  NRV Alliance  were divided into three phases. During all phases, line-
transect surveys were performed while acoustic and visual methods were used to determine the 
presence and absence of cetaceans. In addition, during phase 1, the bottom-mounted passive acous-
tic detection buoys were placed in beaked whale “hot spots.” The buoys were then recovered at the 
end of phase 3.  

   4 Conclusions 

 Stranding of beaked whales in temporal and spatial relation to the use of tactical active sonar 
brought attention to a possible relationship between marine mammal and sonar. The continued use 
of active sonar for military operations, oil and gas exploration, and scientific research necessitates 
implementation of MMRM techniques and technologies. Several passive acoustic technologies 
including arrays, a towed body, and a buoy were evaluated during the SIRENA ’10 sea trial. These 
technologies will be included in the suite of tools used for MMRM.      
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   1 Introduction 

 Navies self-regulate their impacts and set their own mitigation strategies. Current onboard mitigation 
efforts are generally untested but are probably insufficient for many species. Furthermore, increasing 
scientific evidence demonstrates that the ranges required for successful mitigation based on safety 
zones are usually larger than is feasible to monitor with current real-time onboard practices. 
Additionally, the potential exists for detrimental cumulative impacts arising from multiple exposures 
to sonar in conjunction with other military activities that include exercises incorporating a range of 
vessels such as warships, carriers, aircraft (including helicopters), and submarines and with a variety 
of events such as missile and ordnance testing and “sinking” exercises as well as with civilian activities. 
The adoption by all navies of effective, long-term, and meaningful management measures in 
the planning stage is an urgent priority. Fortunately, a number of navies have already undertaken 
considerable work to protect marine wildlife, demonstrating that environmental duty of care does 
not need to come at the expense of navy training.  

   2 Case Study: North Atlantic Treaty Organization Joint Warrior Exercise 

 The North Atlantic Treaty Organization (NATO) conducted the Joint Maritime Course (JMC) military 
training exercise in coastal waters and in deeper waters to the north and west of Scotland between 
1946 and 2006. The JMC occurred three times a year, in March, June, and November. Military jets, 
submarines, warships (including minesweepers and submarine hunters), landing craft, powerboats, 
and sonobuoys were utilized during these exercises. Many of these activities and their combination 
over a 60-yr time frame can potentially impact marine mammals (Parsons et al.  2000  ) . The JMC has 
recently been replaced by the Joint Warrior (JW) exercise, a twice yearly NATO event usually 
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occurring for two or three weeks in spring (around April) and autumn (September-October). In all, 
up to 30 ships, 5 submarines, and 85 aircraft take part, with the majority of the assets coming from 
the UK forces, with up to 12 other NATO and allied nations taking part. 

 The west coast of Scotland is home to a diversity of marine species, including 24 species of 
cetaceans, vulnerable basking sharks, and internationally significant species of seabirds. Yet, the 
Ministry of Defence (MOD) has not conducted an environmental impact assessment (EIA) to fully 
assess the potential impacts, including cumulative and in-combination effects, from ongoing naval 
activities in this region (Dolman et al.  2009  ) . 

 With this specific case study in mind, some points toward planning to ensure effective manage-
ment and mitigation in all military activities are considered.  

   3 Planning in Naval Exercises to Ensure Protection of Marine Species 

 An ongoing commitment on all, but not limited to, exercise areas should include conducting full 
EIAs based on peer-reviewed science. To enable the identification and evaluation of potential 
impacts from activities on the marine environment and the assessment of reasonable alternatives, an 
EIA is a legislated requirement for all marine users, except navies, under the EIA directive. Such a 
process is undertaken so that environmental uncertainties and consequences can be fully understood 
early in the decision-making process, with public transparency. Although European navies may be 
exempt from this form of assessment, the most effective way to ensure that all possible impacts are 
considered is to conduct a detailed and thorough environmental assessment. EIAs have been undertaken 
for the global operation of the UK’s Sonar 2087 (QinetiQ  2003  ) , and the US Navy (USN) is currently 
undertaking EIAs/environmental impact statements (EISs) for all ranges and operating areas off the 
US coast (and some overseas ranges including the Mariana Islands range complex) but has yet to con-
duct such an assessment for any of its activities in European waters. EIAs can clearly be achieved 
without compromising navy training. 

 Current exposure standards in many countries are flawed as detailed in Parsons et al.  (  2008  ) . 
Assessments to predict the potential impact of military sonar based on physical damage to cetaceans 
are erroneous (Parsons et al.  2008  ) . The MOD’s current use of physical injury as a criterion for harm 
is not appropriate because in many sonar exposures, it is more likely to be behavioral change rather 
than physiological impacts that results in a negative impact. The current level of “sonar risk assessment” 
that is undertaken by the MOD does not provide the level of detail that is required by a recognized 
EIA (as under the EIA directive) and the criterion on which the current level of sonar risk assessment 
to assess physical injury due to active sonar is based is not appropriate for considering disturbance. 
Consideration should include all activities involved in exercises, including but not limited to active 
sonar activities. 

 Additional commitments should include 1) funding for the ongoing (long-term) and independent 
collection of field survey data (marine mammal distribution and abundance and sound-propagation 
studies, including modeling verification); 2) explicitly identifying and avoiding sensitive areas 
(including bathymetric features of possible importance to cetaceans) and employing other 
spatiotemporal restrictions in known sensitive (feeding, breeding, calving) and legislated protected 
sites; 3) identifying a limited number of exercise locations where cetaceans are found in low densities; 
4) reporting back to enable a better understanding of how effective the guidelines are and how well 
implemented, what any observed impacts to cetaceans are, and to help in understanding the effective-
ness of any mitigation measures undertaken as well as employing adaptive management procedures 
to update mitigation practices accordingly; 5) transparency and enforcement in legislative compliance; 
6) acknowledging the limitations and conducting in situ real-time passive acoustic monitoring 
(PAM) and aerial surveys to ensure a more effective detection of cetaceans than by using visual 
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surveys alone; 7) consideration of all navies operating in European waters; and 8) transparency and 
cooperation with stakeholders throughout (including nature conservation agencies within governments, 
conservation groups, scientists, and those involved with a stranding/incident response).  

   4 Conclusions 

 The MOD manages its own environmental responsibilities, allowing for limited accountability. 
A number of elements need to be undertaken before the extent of the potential effects of naval 
activities can begin to be understood. The adoption of effective, long-term, and meaningful manage-
ment measures in the planning stage, including EIA as a starting point, is clearly important.      
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   1 Introduction 

 Seismic surveys remain at consistent levels in US waters, and new marine areas are now available 
for leasing of oil, gas, and renewable ocean energy projects. There is an increasing need to design 
a protected species observer (PSO) program for marine mammals protected under the US Marine 
Mammal Protection Act and species listed as endangered or threatened under the US Endangered 
Species Act to address expanding offshore energy monitoring and data collection needs in US 
waters. The National Marine Fisheries Service (NMFS; the lead agency for protected species con-
servation) and the Bureau of Ocean Energy Management, Regulation and Enforcement (BOEMRE; 
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the lead agency with oversight of offshore energy [oil, gas, minerals extraction, and renewable 
energy] in US federal waters) conducted a national review (K. Baker, D. Epperson, T. Turk, H. 
Goldstein, K. Skrupky, J. Lewandowski, B. Smith, and G. Gitschlag, NOAA Technical Memorandum, 
in preparation) of the seismic survey PSO program. This review resulted in recommended actions 
to implement standards that would benefit protected species management. Core components of the 
program include standards for PSO qualifications, PSO training, data collection, and reporting.  

   2 PSO Qualifications 

 Under the proposed standards, all new PSO training candidates would be required to have 1) a 
bachelor’s degree from an accredited college or university, with a major in one of the natural sci-
ences and a minimum of 30 semester hours or equivalent in the biological sciences; 2) at least one 
undergraduate course in math or statistics; and 3) experience with data entry on computers. 
Successful qualification to become a PSO would require completion of required coursework, e.g., 
field exercises, homework, and tests, in an NMFS-approved training course with a passing grade of 
80% or greater. In addition to educational and training requirements, PSOs would need to assert that 
he or she has no financial conflict of interest with the seismic survey or operator, meet minimum 
physical/medical conditions to perform assigned tasks, be able to clearly and concisely communi-
cate verbally and in writing in English, and have the ability to work legally in the United States.  

   3 PSO Training 

 PSOs play a vital role in collecting data for the NMFS and BOEMRE on species presence, number 
of animals exposed in the noise zones of influence, distance of animals relative to seismic surveys, 
behavioral reactions, and other important data. The consistency and quality of PSO training and 
performance are critical to the successful management of a PSO program. The skill set required to 
be an effective PSO ranges from protected species survey techniques, data-recording protocols, spe-
cies biology and behavior; expertise in passive acoustic-monitoring equipment and computer soft-
ware, and familiarity with offshore industry operations. NMFS has identified criteria for PSOs that 
may be used to assess the qualifications of PSOs to be approved to perform mitigation, monitoring, 
and data collection during offshore activities. Currently, there are a number of training programs in 
the United States and elsewhere that provide training of varying content and quality. Standardized 
training-program requirements will result in PSOs being consistently trained with the scientific 
knowledge, observer techniques, data-collection methods, and a quality assurance/quality control 
process. To meet consistent training needs, the NMFS is considering agreements and partnerships 
to establish regional PSO training centers.  

   4 Data Collection and Reporting 

 Data reporting is routinely required through federal permits and licenses to monitor the effective-
ness of mitigation measures and the take of protected species. Standards are expected to improve 
data quality, analysis of datasets between different regions, and evaluations of mitigation effective-
ness and inform adaptive management strategies. Standardized forms and software will minimize 
discrepancies among datasets and will allow the synthesis and comparison of datasets whose data 
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collection and reporting are otherwise required and collected independently of one another. The 
importance of accurate and complete reporting of the results of the mitigation measures and their 
effectiveness at reducing or avoiding take are critically important components of any adaptive man-
agement strategy. The NMFS and BOERME are developing strategies necessary to migrate to 
electronic data collection and submission of reports to ensure greater consistency in reporting and 
ease in importing the data into a database for subsequent analysis.  

   5 Summary 

 Currently, there is considerable geographic variation in the data-collection requirements and proce-
dures for US-permitted seismic surveys conducted for energy and research purposes. The develop-
ment of standards to train PSOs, standardization of data collection, submission standards, and 
development of quality assurance and quality control standards will make data analysis more effi-
cient and robust. The implementation of national standards for the Seismic Survey PSO Programs 
will increase the integrity of data collected and reported for more effective protected species 
management.       
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   1 Introduction 

 The US Navy has been collecting data on the presence of marine mammals in conjunction with 
Navy exercises involving active sonar activity. During July 2008, the US Navy performed antisub-
marine warfare training exercises in Onslow Bay, North Carolina, using midfrequency active sonar 
(1–10 kHz). The exercises were conducted in one of the potential sites of the proposed east coast 
Undersea Warfare Training Range (USWTR). As part of the monitoring effort for these exercises, 
five bottom-mounted passive acoustic recorders were deployed in Onslow Bay. The recordings 
contain hundreds of odontocete vocalizations, including  Globicephala  sp. (pilot whales) and 
 Physeter macrocephalus  (sperm whales), occurring before, during, and after the sonar events.  

   2 Methods 

 During 6–27 July 2008, five bottom-mounted marine acoustic recording units (MARUs) from 
Cornell University, Ithaca, NY, were deployed ~7 km apart near the shelf break in Onslow Bay. This 
configuration was chosen to maximize the spatial coverage area because the exact location of the 
exercise can vary. Although the spacing between the MARU locations was greater than the average 
detection range of most odontocetes, recordings and subsequent vocal activity identified on each 
MARU were considered to be independent from each other. 

 Each recorder sampled continuously at 32 kHz during the duration of the deployment. The 
MARUs were deployed ~1 wk before a planned US Navy exercise involving active sonar activity 
was to occur at the site. This allowed us to start monitoring for marine mammal vocal activity before 
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the Navy exercise. We analyzed these acoustic recordings for odontocete vocalizations (clicks, 
whistles, and burst-pulse sounds) using a combination of long-term spectral averages (LTSAs) and 
visual review of spectrograms and for sonar activity using a spectrogram correlation detector.  

   2 Results 

 Sonar activity was detected primarily from 16 to 18 July, with some activity also detected from 26 
to 27 July, resulting in a total of 5 days with recorded sonar activity and 17 days without sonar 
present. From these records, we found odontocete vocal events, most of which were classified as 
unidentified odontocetes (i.e., odontocetes that could not yet be classified as to species). Of the 
vocal events identified, ~200 vocal events were made by  Physeter macrocephalus  and 13 were 
likely made by  Globicephala  sp. Because of a significant amount of hard drive noise, we were 
unable to examine the data for low-frequency calls of large whales below 200 Hz. 

 Unidentified odontocete vocal events were detected both day and night on each day. The  Physeter 
macrocephalus  clicks were detected on two MARUs in deeper water (>270 m) throughout the entire 
recording period mainly at night (from 2000h to 0600h). 

 The  Globicephala  sp. vocalizations were also detected on only the two deeper MARUs, but 
unlike  Physeter macrocephalus , they were detected sporadically throughout the day and night and 
only from 14 to 18 July. 

 On a few occasions, we also found unidentified odontocetes that appeared to be mimicking sonar 
signals with frequency-modulated whistles of similar frequencies immediately after the sonar signal. 
The mimicry events would last for several sequential pings before ceasing to be heard. 

 The duration of the vocal events ranged from 1 min to >12 h, with an average duration of 41 ± 
1.23 min. The total duration of vocal events by day for each classification group were compared 
with the total duration of sonar activity by day during the recording period. No statistical correlation 
was found between the number of vocal events heard and the duration of sonar activity.  

   4 Conclusions 

 The recorded acoustic data indicate that marine mammals were present in Onslow Bay when sonar 
was used. The majority of the vocalizations detected were whistles and clicks from unidentified 
odontocetes, with a number of identified clicks from  Physeter macrocephalus  and whistles and 
clicks from  Globicephala  sp. On several occasions, the  Physeter macrocephalus  clicks appeared 
to have been produced by a single individual; however, the clicks were not localized so we cannot 
rule out the possibility that there were multiple whales. It is possible that the same individual was 
consistently foraging near the shelf break at night during July 2008. The probable pilot whale 
vocalizations recorded on 17 July 2008, were recorded shortly after a sighting of  Globicephala  sp. 
was made by the University of North Carolina, Wilmington (UNCW) aerial survey team flying in 
the area on the same day. 

 The unidentified odontocete vocal events are most likely from either offshore bottlenose dolphins 
( Tursiops truncatus ) or Atlantic spotted dolphins ( Stenella frontalis ) because these are the most 
commonly sighted species of odontocetes in the area based on 2 yr of periodic areal and shipboard 
surveys. 

 There was no correlation between the use of sonar and the daily duration of odontocete vocal 
activity. We noted several instances when odontocete vocalizations overlapped with midfrequency 
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sonar and a few instances where odontocetes apparently mimicked the sonar signals. From this 
project, we can determine that marine mammals are being exposed to sonar during this naval exer-
cise, but we do not know at what levels and for what lengths of time they are exposed. Due to the 
extent of the spacing between the MARU locations, we were not able to determine location for any 
of the vocal events. 

 Overall, these recorders yield important information about the presence of odontocetes during 
these naval sonar exercises in Onslow Bay. Since this recording event, the Navy was able to arrange 
two more deployments in 2009 in conjunction with planned naval exercises occurring at the pro-
posed USWTR site off Jacksonville, FL.       
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   1 Background 

 Many noise-producing activities such as naval sonar, seismic surveys, and coastal and offshore 
development have the potential to be harmful to marine species protected under the US Marine 
Mammal Protection Act (MMPA) and Endangered Species Act (ESA). Under MMPA, ESA, and 
Outer Continental Shelf Lands Act (OCLSA) requirements, protected species observers (PSOs) are 
commonly required to monitor protected species and the offshore activities, follow mitigation 
protocols, collect data, and report to government agencies responsible for managing natural 
resources and regulating many noise-producing activities. 
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 The National Marine Fisheries Service (NMFS) and the Bureau of Ocean Energy Management, 
Regulation and Enforcement (BOEMRE) formed a PSO working group (PSOWG) in 2008 to 
review offshore energy PSO programs. The PSOWG recommended standardized training, data col-
lection, and reporting procedures and the establishment and maintenance of a national database to 
house data for routine analysis. To increase the quality and utility of PSO data collected during 
offshore energy projects, improving the collection and reporting of quality data is important to 
monitor the impacts of offshore activities and to inform future adaptive management decisions. 
Using seismic surveys as a model for the national PSO program, standardized training in data-col-
lection methods and reporting procedures, development of standardized forms, and establishment 
of a centralized database will allow the natural resource agencies to more effectively manage off-
shore resources and potential impacts on protected species.  

   2 Development of National Standards for PSO Data 

 Data reporting is routinely required through Federal authorizations to monitor the effectiveness of 
monitoring and mitigation measures and the potential impacts of noise-producing activities on 
protected species. Data standards are expected to improve data quality and analysis of datasets 
between different regions, improve evaluations of monitoring and mitigation effectiveness, and 
inform adaptive management strategies. Standardized forms and software used by PSOs will 
minimize discrepancies among datasets and will allow the synthesis and comparison of datasets in 
which data collection and reporting are otherwise required and collected independently of one 
another. The importance of accurate and complete reporting of the results of the monitoring and 
mitigation measures and their effectiveness at reducing or avoiding potential environmental impacts 
incidental to noise-producing activities are important components of any successful adaptive 
management strategy. 

 Currently, there is considerable variation in the data-collection requirements and procedures 
between the authorized activities occurring in US waters off the coasts of the Gulf of Mexico, 
Atlantic Ocean, Pacific Ocean, Pacific Islands, and Alaska and on the high seas (international 
waters) for seismic surveys conducted for purposes of oil and gas exploration and production and 
research. Past challenges in attempts to analyze these data include no standardized collection and 
reporting procedures, formatting issues, and discrepancies in the metrics reported. Requirements for 
data collection and reporting should include information on PSO effort, survey details, and species 
sightings. Reports should be submitted in a standardized format and in standard metric units. The 
development of quality assurance and quality control standards and the development of data quality, 
format, electronic submission, and analysis standards will make data analysis more efficient and 
robust. The implementation of national standards for these aspects of seismic survey PSO programs 
would increase the integrity of data collected and reported for more effective protected species 
conservation management.  

   3 Development of a National Database 

 The NMFS and BOEMRE are proposing development of a national database for collecting data 
submitted in monitoring reports required under MMPA, ESA, and OCSLA authorizations. Importing 
and organizing electronic data into a national database would ensure greater consistency and timeli-
ness in reporting as well as for subsequent analysis. Other potential benefits of a national database 
include monitoring an applicant’s compliance with authorizations; analyzing cumulative effects on 



647Development of a National Database and Standards for Protected Species…

the human environment under the National Environmental Policy Act (NEPA); presence or absence, 
distribution, and abundance of protected species; and disseminating information to the public who 
are interested in protected species issues, such as sharing or contributing to the Ocean Biogeographic 
Information Systems Spatial Ecological Analysis of Megavertebrate Populations (OBIS-SEAMAP) 
database.       
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   1 Introduction 

 The main population of a critically endangered cetacean species,  Eschrichtius robustus  (western 
gray whale), spends the summer months foraging on benthos-rich feeding grounds in the near-shore 
waters of the Piltun-Astokh region off northeastern Sakhalin Island in the Russian Far East. 
Significant oil and gas interests also make this region a very active offshore development area, with 
activities ranging from subsea pipeline deployment to installation of hydrocarbon production 
platforms. 

 Starting in 2004, a multiyear construction program for the Sakhalin II project was planned and 
conducted according to the principles of anthropogenic noise mitigation tailored to minimize 
exposure of the whales to levels considered disruptive to foraging and calf rearing. This effort 
involved advanced noise-propagation modeling of each season’s activities to assess their potential 
impact, iterative adjustment of operational schedules to minimize noise exposure within the whale 
feeding area, and subsequent real-time monitoring of sound levels during construction at various 
locations to ensure that limits were not exceeded. To date, this operation is likely the most complex 
offshore development yet performed using such an extensive and integrated paradigm of noise 
forecasting, planning, monitoring, and mitigation response.  

   2 Modeling and Planning 

 Each construction season from 2005 to 2007 was characterized by a main focus. In 2005, the floating 
into place and lowering to the seafloor of the concrete gravity-based structure (CGBS) for a new 
hydrocarbon production platform. In 2006, the dredging of a pipeline route connecting two offshore 
platforms to Sakhalin island (the pipeline had to be buried in the sediment at water depths up to 
30 m to avoid winter ice scour) and the laying of said pipeline, In 2007, the floating into place and 
installation atop the CGBS of the entirely prebuilt topsides (including everything from drilling 
machinery to living quarters) of the new platform. For each of these years, the aggregate underwater 
noise levels from the vessels to be involved in the operations were preassessed through modeling 
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to ensure that they would not exceed acceptable limits for the whale population feeding along shore. 
Before the complex 2006 pipeline installation, different staging options were evaluated to minimize 
estimated noise footprints, and a full comparative environmental assessment (CEA) was carried out 
in 2004 to select the pipeline routing that would least impact the whale population during construction. 
The planning of every year of activity required determination of acoustic source levels for every 
major vessel involved, definition of the spatial-temporal scenarios of the operation, and modeling 
of the acoustic footprints; each of these requirements is discussed below 

   2.1 Source-Level Measurements 

 Any source of underwater sound can be characterized as having an intrinsic acoustic strength at 
each frequency that is independent of the environment in which the sound propagates. This source 
level (SL) is conceptualized as being measured at 1 m from a pointlike emitter. Clearly, it is impossible 
to register such a quantity directly for a large marine structure such as a dredger 100 m or more in 
length; it is possible, however, to measure acoustic levels at a sufficient distance from the source 
and, with due consideration to the environment in which the measurement is taken, “back propagate” 
the sound levels to the notional 1-m reference. Knowing the SL for a particular vessel at a given 
regimen of operation enables estimation of its acoustic footprint in any environment through propa-
gation modeling. 

 For certain underwater sound sources, such as geophysical survey air gun arrays, it is possible 
and often preferable to model the SL from physical principles rather than attempting to measure it. 
This is not at all easy for a complex mechanical system such as a vessel, where resonances and 
couplings among different components shape the overall acoustic emission. All of the SL values 
used in the acoustic modeling of Sakhalin II construction scenarios were therefore obtained in 
advance through SL measurements of the vessels to take part in a given operation or of closely similar 
proxies. Extensive SL measurements were carried out in 2004 on many of the vessels to be involved 
in the Piltun-Astokh construction as they performed similar activities at a development site a few 
tens of kilometers to the south, outside the region of potential acoustic impact on the western gray 
whale population. In some cases, however, vessels due to participate in the construction could be 
measured in advance only while operating in vastly different geographic locations; indeed, the SL 
of a large pipe-laying barge was measured by members of the project team off the north coast of 
Australia.  

   2.2 Scenario Definitions 

 For operations such as the 2005 CGBS installation or the 2007 topsides float-in, it was relatively 
simple to “storyboard” the activities in terms of a few notional arrangements of towing vessels and 
support craft. Because of the concentration of vessels and sustained engine power levels required to 
position and hold a very large structure on a precise station, the most critical phase from a noise 
emission standpoint involved a precisely planned arrangement of tugs and could therefore be 
defined precisely for the model scenario. Much more complex was the modeling of the 2006 
dredging and pipe laying in which dozens of vessels would operate in large “spreads” (clusters) at 
constantly shifting locations along the pipeline route. The condensing of months of planned activity 
into a finite number of cases for aggregate acoustic footprint modeling was simplified by defining, 
along the pipeline route, several notional stations at which to place predetermined arrangements of 
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vessels defining the construction spreads. The construction season was then temporally subdivided 
into broad activity phases corresponding to a static distribution of spreads at given stations based 
on the temporal-geographical progression of pipeline construction. This yielded 10 consecutive 
model scenarios, each with up to 10 noise-source epicenters (clusters of vessel sources) at the 
notional stations. The sound propagating from each individual source in a scenario was modeled 
to yield an aggregate footprint for that phase of construction. This process was performed in the 
context of the CEA for three pipeline routing options, which resulted in the eventual selection of 
the longest route to landfall as providing optimally mitigated construction noise conditions. Figure  1  
shows the full set of operation modeling stations along the three pipeline routing options, giving a 
feel for the extensive level of effort involved in the footprint forecasting.   

  Fig. 1    Notional sound modeling stations for construction spreads along three possible pipeline routes       
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   2.3 Modeling and Footprint Rendering 

 An advanced acoustic propagation modeling software, JASCO’s Marine Noise Propagation 
Model (MONM), was used to estimate the noise footprints of individual vessels in each con-
struction scenario, which were then added to produce aggregate noise-level maps. MONM is a 
proprietary implementation of the widely used parabolic equation code RAM (Collins  1993  ) , 
modified to account for shear-wave losses at the seabed, an important consideration in the shallow-
water, absorptive bottom environment on the Sakhalin shelf. MONM uses a complex density 
method (Zhang and Tindle  1995  )  to implement the shear-wave energy conversion in a significantly 
faster computational manner than other approaches. MONM has been used for a variety of environ-
ments and extensively validated against measurements; for the Sakhalin II application, it was 
specifically tuned over the relevant frequency range (from a few tens of hertz to a few kilohertz) by 
adaptively refining the propagation parameters for the best match of the transmission loss (TL) 
estimates of the model with results of dedicated TL studies conducted over numerous transects in 
the relevant geographic area. 

 For each individual noise source in a scenario, MONM estimated frequency-specific TL in one-
third octave bands along a fan of radials from the source location (also accounting for depth at 
the site of principal sound emission, usually the propellers or thrusters for a vessel). Combined with 
the measured SL in the same bands, these yielded radial footprints of frequency-specific received 
levels that were then summed to give broadband levels. Finally, the radial footprints of all sources 
in a scenario were recast onto a common geo-referenced grid and summed into an aggregate noise-
level map for a given phase of an operation. Figure  2  shows a sample modeled noise-level map of 
concurrent dredging and pipe-laying operations in the southern part of the pipeline on the landfall 
segment. Only the principal vessels are labeled; additional vessels (such as barge support tugs) were 
in fact modeled to generate this map.    

   3 Monitoring and Mitigation 

 During each construction season, a real-time acoustic-monitoring infrastructure was deployed to 
enable constant verification of anthropogenic noise levels propagating into the western gray whale 
feeding area, whose expected notional boundary in the 2006 season, estimated from population 
surveys in prior years, is shown as a shaded outline in Figure   2 . Noise levels were monitored with 
moored underwater acoustic sensors with radio buoys that broadcast telemetric data to an onshore 
station. Four such moorings were deployed in construction years 2005 and 2007 and five in 2006 at 
locations following approximately the notional outline of the feeding area shown in Figure  2 . The 
telemetric stations broadcast (over unused channels of the marine VHF band) a modulated signal that 
carried the full acoustic waveform information, thus enabling its analysis onshore to yield not only 
broadband SLs but also spectral distributions and, if necessary, direct audio playback to help iden-
tify sources. A team of acousticians took turns around the clock during active phases of construction 
to monitor the signals for any trend toward thresholds of potential behavioral influence on the 
whales, an eventuality that, thanks to the extensive preseason model-based planning, could reason-
ably be expected to be exceptional in nature. 

 Mitigation criteria were based on a multitier fixed-threshold paradigm aimed at responding both 
to mildly impacting but sustained exposure and to more significantly impacting transient exposure. 
Although a proportional dose-based criterion was not adopted for mitigation-response triggering, a 
time-windowed cumulative index was used by the acoustician on watch to evaluate trends. 
Throughout construction, there was never an outright exceedance of the criteria that would require 
a halt in activities, and in a few instances, the monitoring team was able to advise operations coor-
dinators of unexpected rising trends that were then reversed through localized corrective actions.  
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   4 Conclusions 

 The coordinated noise-management program described here is commensurate in its complexity to 
the level of endangerment of the whale population it is designed to protect. It must be recognized 
that such extensive measures, in both planning and executing an operation, may prove unfeasible or, 
at any rate, unwarranted for other ecosystems, activities, or geographic regions. This approach, 
however, sets a quality standard for comprehensive, end-to-end noise-impact prevention and could 
potentially serve well in a variety of circumstances.      
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 The workshop looked at the assessment of risk to aquatic animals exposed to anthropogenic sound. 
The discussion focused on marine mammals given the worldwide attention being paid to them at 
the present time, particularly in relationship to oil and gas exploration, ocean power, and increases 
in ship traffic. 

 It was noted that risk assessment for fish exposed to sound was of most concern when sound 
exposure affected the catch of fishers, especially as a result of changes in fish behavior. Impacts on 
fish from physical injury to individuals or through population effects, such as a temporary interrup-
tion in spawning behavior, were currently of secondary concern. 

 It was clear to all that the nature of risk assessment may vary greatly with the goals of the assess-
ment. An example was given of the business risk assessments conducted by oil and gas companies 
when an activity such as exploration is being considered. Here the risk assessment is focused on the 
complexity and costs of obtaining access to an area of interest given regulatory concern for the well-
being of marine mammals and fish. Typically, ordinal-scaled data are used to rank alternative out-
comes where the distance between outcomes is uncertain, but their rank in terms of risk of either a 
positive or negative outcome is clear. Sums of ranks are used to assess the merits of alternative 
strategies to pursue access to the area of interest, where both the risk of exposure to animals present 
in the target area and the business risk of investment in the activity being considered are components 
of the analysis. 

 The group also discussed risk assessment where both exposure and response are quantifiable and 
measured using interval and ratio scales. Examples were numerous and included the risk analysis 
possible for individuals and populations given assessment of exposure and dose-response functions. 
The discussion of the range of application of risk assessment led to identification of a number of 
needs that could lead to an improved assessment of the risk to aquatic animals of underwater sound 
and the communication of the results of those assessments to others. 

        Workshop One: Risk Analysis       
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 It was agreed by all that the primary reason for the assessment of risk, particularly as related to 
marine mammals and commercially important fish stocks, is communication between those with 
expertise in business, scientific, and engineering disciplines and those relying on such expertise to 
make decisions. A need for clarity in the definition and communication of the scope, approach, and 
purpose of risk assessment between subject matter experts and decision makers before the assess-
ment was initiated was identified. A need to keep risk scenarios distinct was also evident. It was 
agreed that the more distinct the purpose and scope of a risk analysis, the greater the probability of 
successful completion and communication to others. 

 Workshop participants also discussed the difficulty and complexity of dealing with uncertainties 
and unknowns in risk assessments. Reference was made to newsmakers (e.g., often politicians) 
making statements about “not knowing what we don’t know” when assessing the risk of alternative 
decisions given a difficult situation. It was agreed that paralysis was not the appropriate response 
when faced with such circumstances. Instead, a cautious approach should be taken, with provision 
for including alternative actions in any risk analysis. Strategic factors should be considered in 
assessing risk from exposure to anthropogenic sound. Advice from both experts and decision mak-
ers was needed. 

 The group observed that a recently completed assessment of available data had resulted in thresh-
olds for the exposure of marine mammals to most categories of anthropogenic sound and that such 
an assessment was underway for fish and sea turtles. It was also observed that such assessments 
were based on sparse data in many cases and were generally based on measures of either the onset 
of physical injury or a surrogate for injury onset such as a temporary threshold shift in hearing. It 
was noted that the effects on behavior were becoming more important considerations in the analysis 
of the risk on the impact on aquatic animals from noise exposure. It was also noted that little infor-
mation was available to permit identification of acceptable outcomes for behavioral responses to 
sound. At the moment, we just have thresholds for exposure leading to behavioral responses. The 
key idea here is that the behavioral response to sound exposure does not necessarily mean that the 
well-being of the reacting animals has been affected adversely. 

 Regulators in the session identified a need for improvements in the analysis and reporting of 
events such as the stranding of marine mammals. It was noted that other industries, transportation 
being the example cited, have strategies and standards for the investigation of events such as air-
plane crashes. Such “root cause analysis” has the objective of identifying, without ambiguity, the 
factors that led to the event and communicating that analysis to industry and government so that 
the probability of their reoccurrence can be reduced. Workshop participants noted that although the 
evaluation of such events, particularly for marine mammals, has been improved, the assessments 
still lack the standardization and rigor that would make them more informative and useful. “Root 
cause analysis” should be undertaken for significant events of consequence to marine mammals and 
other aquatic animals. All agreed that the resulting data would have a high value in future risk 
assessments and could identify exposures to be avoided. 

 Workshop participants agreed on the need for standardization in underwater exposure metrics 
and that such standardization would help both the conduct and presentation of risk analyses. 
Participants noted that not only was the mathematical form of metrics important but also clarifica-
tion of when either particular metrics or the preferred measure and standards for acquisition and 
processing of underwater noise signals were appropriate. All agreed that the science of underwater 
acoustics is complicated and that standardization of the basics from the mathematical forms for 
metrics to their acquisition and processing is needed. Those in the group who were members of 
standards committees or were otherwise familiar with the development and application of standards 
noted that actions in some of the identified areas were underway and agreed to carry the workshop 
findings into their standards development activities. 

 A concluding discussion by the workshop participants focused on the means for providing not 
only data but also information of the importance for risk assessments. Workshop participants agreed 
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that not all of the information or elements of data that would be of use in risk assessments were 
available in the peer-reviewed literature. The idea of a Web site that could serve as a “clearing 
house” or other venue for peer-reviewed literature, reports, and other information of value for risk 
assessment was explored.      
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   1 Introduction 

 The working group considered long-term and cumulative effects of acoustic exposure, including the 
effects of acoustic exposure in combination with other stressors. The discussion was initiated by three 
short informal presentations invited by the organizers. This paper summarizes the main points that 
emerged from the workshop. In general, we have avoided specific attribution of comments because 
the points might not always be original to the speaker or the speaker might not always have been 
identified. We are very grateful to the workshop participants who generously shared their expertise 
and insights with us and apologize for any errors, omissions, or misinterpretations on our part. That 
said, we hope these notes will be useful to others exploring this complex and challenging topic.  

   2 Introductory Presentations 

 Andrew Wright (  Chapter 123    ) provided an overview of a 2009 workshop organized by the Okeanos 
Foundation on the cumulative effects of underwater noise (Wright  2009  ) . Dr. Wright noted the dif-
ficulty of managing and assessing the effects of any sound source without understanding the contri-
butions of other sources of noise in an organism’s environment. He also stressed the shortcomings 
of a project-by-project approach to the assessment and management of effects, acknowledging that 
he and his colleagues were not alone in their appreciation of this weakness in current legislative and 
regulatory mechanisms for managing the effects of sound. Increasing emphasis on ecosystem-based 
management by the conservation and resource management community was consistent with this 
shifting emphasis from single-species, single-stressor management to consideration of the commu-
nity of organisms within an ecosystem and all the stressors affecting that community. The Okeanos 
workshop also focused on the challenges of trying to anticipate and manage future noise regimens 
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and their effects. Toward that end, the Okeanos Foundation, like others, is currently exploring the 
merits of individual-based models and sound-field mapping as tools for future underwater sound 
assessment and management. 

 Doug Wartzok (Wartzok et al.,   Chapter 125    ), Chair of a National Research Council (NRC) panel that 
examined this topic (NRC  2005  ) , reviewed the population consequences of acoustic disturbance 
(PCAD) model that had emerged from the panel’s deliberations. Like the Okeanos model, the PCAD 
model employed an individual-based approach to conceptualizing and modeling effects. The relation-
ship between the effects of stressors on individuals and the consequent effect on population dynamics 
was formulated within the context of existing population risk-tolerance models like the potential 
biological removal (PBR) model developed by the US National Marine Fisheries Service, with the 
intent of preventing the decline of healthy populations or delaying recovery for depleted populations. 

 Mike Weise (Office of Naval Research) reported on a newly convened workshop process sup-
ported by the Office of Naval Research, energy industry, and other partners. The workshops follow 
an independent expert working group format developed by the National Center for Ecological 
Analysis and Synthesis (NCEAS). The workshop team has been tasked with examining a number 
of marine mammal populations known to present very rich datasets for the type of analysis set forth 
in the PCAD model. Dr. Weise reported that although the group’s work is not yet published, they 
have discovered that the available data for well-studied species like elephant seals and bottlenose 
dolphins support a surprisingly complete implementation of the PCAD model. Subsequent efforts 
to populate PCAD models with existing data will look at the available data for right whales and 
beaked whales. The initial unpublished results suggest that we may be better able to construct 
complex, realistic models of long-term, cumulative effects than had initially been anticipated when 
the PCAD model was formulated in 2007.  

   3 Terminology and Definitions 

 One of the first emphases to emerge from our discussions was the need for consistency and clarity 
in terminology use to describe stress and cumulative effects. A definition of stress itself was recog-
nized as being difficult at this time, although the medical significance of stress assessment is driving 
a considerable research effort on the topic, including the relationship between behavioral or psycho-
logical stress and its physiological manifestations. Stress was noted to be a normal part of life, 
integral to stimulating and maintaining healthy neuroendocrine responses and immune system activity. 
Predicting when stress becomes excessive or undesirable remains difficult. Individual differences 
in response to stressors are clearly subject, like all other traits, to natural selection and will play a 
role in the observed population effects; we can expect the response within a population to be 
nonuniform even under ideal circumstances as organisms balance stress-response capabilities with 
other biological processes that also contribute to survival and reproductive success. The group also 
noted that energy budget models have also been used as a surrogate for direct measurement of the 
physiological effects of stressors, but these models were not discussed in detail. 

 For cumulative effects, we concurred that it was important to use two different terms to discrimi-
nate the effects that occur over time (cumulative effects) from those that co-occur or overlap in time 
(aggregate effects). The interactions between stressors were recognized to be potentially linear 
(additive) or nonlinear (multiplicative, synergistic, exacerbating, or logarithmic). In describing the 
effects of multiple recurrences of the same stressor or the effects of combinations of stressors, 
development of an interaction factor will be needed in considering nonlinear cumulative or aggre-
gate effects. Examples of chemical and biological effects that illustrate these interactions are well 
documented, but such interactive effects between multiple acoustic stressors or between acoustic 
stressors and other stressors are still not well documented.  



663Workshop Two: Long-Term and Cumulative Effects of Acoustic Exposure…

   4 Relevant Enabling Concepts 

 The group discussed the relationship between the short-term, immediately observable consequences 
of underwater noise and the long-term consequences. The most frequently emphasized and readily 
observed effect is behavioral change, but the degree to which observed behavioral responses predict 
significant deleterious long-term consequences for the individual or population are not easy to 
predict. This was the particular focus of the NRC PCAD workshop (NRC  2005  )  and a recognized 
problem in current environmental protection legislation, particularly the Marine Mammal Protection 
Act, in which all observable behavioral responses to disturbance are scored equally in permits and 
risk analyses. 

 The concept of homeostasis versus allostasis was discussed as a heuristic mechanism for 
discriminating normal or tolerable variations in environmental stress from variation that presents 
meaningful survival and reproductive consequences to the individual and population, often charac-
terized as “biologically significant” effects of a stressor or cumulative stress.  

   5 Modeling Cumulative Effects 

 The modeling efforts described by Wright, Wartzok, and Weise at the start of our discussion were 
not designed specifically or exclusively for the effects of sound on marine mammals; they are gen-
eral models, capable of modeling effects of any and all stressors on any species. All concurred that 
although these models represent a considerable leap forward in the quantitative expression of the 
effects of sound on the marine environment, alternative modeling approaches should continue to be 
considered. For example, we noted that the review by Wartzok et al. earlier in this conference 
(  Chapter 125    ) of three US Navy models of acoustic effects found that under some circumstances, a 
simple model with simplifying assumptions may be a more effective decision-making tool than a 
model that attempts to capture the detailed biology and dynamic acoustic environment of a given 
sound-exposure scenario.  

   6 Suggestions 

 Although considerable work remains to be done in defining stress, in assessing the contributions 
from multiple stressors, and in deriving a measure of cumulative biological effects, the workshop 
participants did concur on some practical suggestions for dealing with the environmental risk from 
man-made sound. First among these was a recommendation to identify priority species, stressors, 
and locations for greatest attention. 

 Although almost every marine ecosystem contains multiple natural and man-made stressors, the 
group considered that the most effective action would be to focus on controllable sources of stress. 
Although animals may experience considerable stress from decadal climate variation and associated 
movement or loss of prey, that is an uncontrollable source of stress, whereas management of con-
trollable sources of stress, usually man-made, would be more likely to produce a positive effect, 
e.g., relocating or curtailing competing fisheries during a decadal climatic oscillation, reducing 
chemical contamination in a noisy harbor area, or managing the use of different sound sources over 
time to reduce synergistic effects from multiple sound sources operating concurrently. 

 The group also recommended efforts to assess the relative importance of different stressors. In 
some cases, it may not be necessary or useful to identify and monitor the full suite of stressors, 
recognizing that in many cases, a single dominant stressor can overshadow aggregate effects. This 
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had been the implicit prevailing reasoning behind the focus on the effects of military midfrequency 
sonar systems. Although the sonar systems are not common or persistent sources of underwater 
noise, the unique combination of loudness, frequency structure, and mode of use for midfrequency 
antisubmarine sonar systems appears to produce effects that are qualitatively different from the 
known effects of other more common sources of anthropogenic noise such as ship noise. However, 
the persistence and continuing increase in sound sources associated with commercial shipping and 
offshore energy exploration and development (both fossil fuel and alternative energy) could poten-
tially have an overall cumulative effect that is greater than that from louder but less ubiquitous 
sources such as sonar systems. As stated earlier in this report, efforts to manage and reduce the 
effects of man-made noise must occur within the context of a fuller understanding of all contributors 
to ocean noise along with their interactions with each other and with other nonacoustic stressors.      
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   1 Background and Objectives 

 The behavioral effects of high-energy acoustic sources such as pile driving, seismic surveys, explosions, 
and sonar on marine mammals and fish have received increasing attention by scientists, policy makers, 
and stakeholders. In both mammals and fish, behavioral responses can potentially occur at relatively 
low levels of noise exposure and, therefore, impact zones can be quite large. These responses may 
prevent marine mammals and fish from reaching breeding or spawning sites, finding food, and 
acoustically locating mates. Any of these effects could lead to potential long-term effects on repro-
duction and population parameters. In the case of fish, avoidance reactions can also result in 
displacement away from potential fishing grounds and might result in reduced catches. Studies have 
been undertaken using a variety of methodologies ranging from purely qualitative observations to 
controlled laboratory experiments. 

 The idea of the workshop was to bring together some of the concepts and ideas on behavioral 
analysis of responses to high-energy acoustic sources that have already been discussed, both in the 
literature and during the Cork Conference. We wished to promote a wider discussion of some 
pressing issues such as general issues (objectives, field vs. laboratory); the design of behavior 
experiments; acoustical problems of presentation and measurement; behavior metrics: how do we 
assess behavioral changes?; and so what? How do we assess the biological significance of behav-
ioral changes? 

 The workshop was divided into three discussion slots covering these issues. Each slot was 
opened with short introductory remarks by Rebecca Dunlop (University of Queensland, Brisbane, 
Australia; experimental design and behavioral-response analysis), Ronald Kastelein (Sea Mammal 
Research Company [SEAMARCO], Harderwijk, The Netherlands; acoustical problems), and Jacob 
Tougaard (Aarhus University, Roskilde, Denmark; quantifying behavior/behavior metrics) followed 
by an open discussion.  
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   2 Discussion 

   2.1 Experimental Design and Behavioral-Response Analysis 

 This part of the workshop addressed the important aspects to consider when planning 
behavioral-response studies. Behavioral studies may be time consuming and expensive to conduct, 
and the sample size per experiment is often low. With some idea of the “normal variance,” a power 
analysis is a useful tool when setting up the number of groups (i.e., the sample size) for a particular 
experiment. Variations within a group may be reduced by using uniform groups (e.g., male vs. 
female), but it is important to note that extrapolation with respect to sex, age, and species must be 
made with great caution. Pilot studies can provide valuable information about sample size and 
variance when designing experimental procedures. The importance of avoiding pseudoreplications 
when carrying out behavior experiments was discussed. This problem can be overcome by ensuring 
that enough and appropriate replicates are chosen. In deciding what type of behavioral-response 
variables are to be observed and measured, it is essential to consider the biological significance of 
changes in behavior. 

 The inferences that can be drawn from behavioral studies was a central topic in the discussion. 
It was emphasized that we have to be cautious. Conclusions should only be made with respect to 
the type of source employed and the stimulus sounds to which the experimental animals were 
exposed. It is essential to use control groups to attribute observed responses and effects to the sound 
source studied. Studies that do not have a control may be confounded by explanatory variables other 
than treatment effect. Thus to be able to attribute unambiguously behavioral changes to a particular 
sound source (i.e., to demonstrate treatment effects), the experiment needs to include replicate 
controls and a before/during/after design.  

   2.2 Acoustical Problems 

 The importance of involving experts in acoustics in the experiments was discussed and emphasized. 
Because of the complexity in sound presentation and measurement in both laboratory and field 
studies, these issues should be handled by persons sufficiently trained in acoustics. In principle, 
using a real sound source in the experiment is recommended. However, this might not always be 
possible or feasible. For example, some types of sound have very high source levels (pile driving, 
seismic air guns) and such sources may injure animals. It is also possible that the exposed indi-
viduals will move out of range of the observer. Playback studies often investigate responses to 
particular sound pressure levels or frequencies, which is only possible using speakers systems where 
the sound can be manipulated. Thus, although it is desirable to use real sound sources, the exact 
design of the study depends on the questions asked. 

 The question whether to perform studies in the wild or under laboratory conditions is a complex 
one. It was noted that laboratory studies usually provide greater control over experimental condi-
tions and might be more cost effective. It was considered important, however, that the response 
being measured should be biologically relevant, e.g., it should fall within the range of behavior 
shown in the wild. Studies in the field could yield very powerful results because animals would 
show “natural” behaviors. But field studies can be costly and gaining full control over experimental 
conditions is challenging. In essence, the methodology must depend on the specific objectives of 
the study. Much can be learned from controlled experiments in the laboratory that is not possible in 
field studies and vice versa. We therefore need both laboratory and field studies to better understand 
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how aquatic animals react to anthropogenic sounds. It is important to test predictions from the 
laboratory in the field. In particular, the consequences of behavioral changes for fitness and survival 
have to be tested in field studies.  

   2.3 Quantifying Behavior: Behavior Metrics 

 Because the discussion on the former two topics was very time consuming, only a relatively small 
amount of time could be dedicated to the issue of how to quantify behavior. It was noted that there 
is a hierarchy of goals related to the quantification of behavioral reactions: determination of the 
zone (range) of reaction, quantification of impact, and establishment of exposure criteria. Several 
examples of relevant behavior metrics were mentioned during the workshop (movement, swimming 
speed, startle response, dive profile, respiration rate and force, vocalization). The behavior metrics 
measured could be related to physiological changes. Measuring group behavior (individuals pooled 
into a group) is often the easiest but fails to capture the most sensitive and susceptible animals. 
Habituation versus adaptation to sounds was discussed in relation to the quantification of behavioral 
responses. Habituation may occur when the benefit of staying is higher than the cost of avoidance 
(moving away).        
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   1 Introduction and Context 

 The goal of the two-hour workshop was to discuss the issue of underwater noise in the context of 
international regulations. 

 To place the topic in context, Camille Mageau, Workshop Chair, listed the diversity of participants 
(e.g., industry, government, advisory agencies, and consulting firms), commenting that they illustrate 
the breadth of interests involved in domestic and international discussions on impacts and mitigation/
management of underwater noise in the marine environment. The Chair also reviewed the different 
types of expertise and parties most often needed in the development of regulations and the usual 
conditions that need to be met before an issue is subject to regulation. 

 The expertise most often needed to support a regulatory initiative includes generators of knowl-
edge: scientists from academia, government, and nongovernmental organizations conducting studies 
to inform decisions; providers of advice: those who synthesize and translate knowledge for use by 
policy makers and regulators; recipients of advice: those who translate advice into policy, regulatory, 
and/or nonregulatory tools and decisions; and stakeholders: those who have the strongest stake in the 
quality of the advice given, including those who are required to comply with policies or regulations. 

 The overarching conditions leading to international regulation of an issue are international 
recognition of the problem; governance: international or, at the very least, a regional management 
body to regulate and enforce regulations; political will to address the issue on an international level; 
and tractability of the issue: whether regulation is the best approach (workshop participants decided 
to focus the discussion on this topic). 

 It was acknowledged by the workshop participants that the issue of underwater noise is inherently 
complex. There are multiple sources of concern, evolving technologies, various techniques to mitigate 
impacts, constantly evolving knowledge, and many areas where uncertainty still exists. It was also 
noted that funding to understand the potential impacts of “new sources” (e.g., alternative energy), 
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about which very little is known, will be particularly challenging and that the international science 
community is still struggling to better understand “traditional sources” (e.g., seismic, sonar). 

 All of these factors often make it difficult to effectively translate rapidly evolving science into 
regulations. Additionally, it was recognized that many of the conditions needed for the regulation 
of noise at the international level are not in place and that many of the challenges associated with 
ocean noise cannot be addressed all at once. To be most effective, the issue needs to be broken into 
smaller and more manageable parts. For example, the regulation of underwater noise first needs to 
be resolved on a domestic level before it can effectively be managed internationally. This is chal-
lenging because most policies and statutes were not created to deal directly with noise, leading most 
countries to address management of ocean noise through nonregulatory or indirect means such as 
environmental impact assessment processes. 

 With these acknowledgements, the workshop participants decided to focus their discussions on 
the tractability of the issue, identifying major knowledge gaps and challenges to addressing these 
gaps and common concerns and ways to collectively improve the international community’s ability 
to move forward toward possible solutions. Everyone agreed that sound science is needed to create 
sound policies and, at this point, getting agreement on the science is probably easier than getting 
agreement on the policy. Thus the discussions focused on issues where potential progress could be 
made within the brief time available for this workshop.  

   2 Perspectives 

 Following the Chair’s introduction, brief presentations were made by Mark Tasker (Joint Nature 
Conservation Committee [JNCC]), Jill Lewandowski (Bureau of Ocean Energy Management, 
Regulation and Enforcement [BOEMRE]), and John Young (ExxonMobil Exploration Company). 
These presenters provided three perspectives on the international regulation of underwater noise 
that helped stimulate further discussion. 

 Mark Tasker: There are no global regulation standards for industry to follow, but some regulation 
standards have been developed nationally and are being developed on a European scale. These may 
include explicit standards in relation to the treatment of noise in environmental assessments. There 
has been a distinct change in emphasis toward behavioral disturbance and masking and away from 
direct injury as undesirable effects of noise. 

 Jill Lewandowski: There needs to be a mechanism/network established to share information on 
the latest science and regulation of the noise issue. A general awareness of the current state of 
knowledge would likely help produce more scientifically sound policies. 

 John Young: There needs to be a balance between the human interests/needs and the environment. 
Industry often has its own standards (“best practices”) that are applied globally. Many navies also 
have established “best practices” for operating beyond international borders  

   3 General Discussion and Conclusions 

 The group discussion focused on several topics ranging from information sharing and education to legal, 
societal, and funding issues. Recognizing that the intent of the workshop was to discuss international regu-
latory issues but that a number of prerequisites needed for the “regulation” of ocean noise at the interna-
tional level were absent, the discussion focused on how some of these “prerequisites” had been addressed 
domestically through the use of streamlined environmental assessments processes, the development of 
government-endorsed codes of practice, and shared government/industry research projects. The discussion 
focused on positive ways to move forward. The group was successful in identifying the key issues as well 
as some potential means of working together better on this topic. A summary is presented in Section  3.4 . 
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   3.1 Information Sharing 

 One of the issues identified during the discussion was the need to better and more regularly facilitate 
exchanges among the science, policy, funding, and regulatory communities (i.e., beyond the  Effects 
of Noise on Aquatic Life  meetings). One idea put forward was the establishment of a Web-based 
information sharing network, with the contents uploaded and organized on a country-by-country 
basis (i.e., each country would have its own Web page within the sharing network). This Web-based 
correspondence system would 1) help those countries with fewer resources and capacity rapidly 
access and track research, policy, and regulatory and nonregulatory developments in other countries; 
2) allow for better consistency in how assessments are completed and decisions are made (e.g., risk 
assessment protocols); and 3) promote an accelerated dissemination of scientific knowledge. It 
could also aid in identifying the best practices for assessments and ways to mitigate and monitor 
effects as well as generating a list of common priorities for research. Most importantly, the Web-based 
system would allow for the establishment of a worldwide professional network of contacts 
(i.e., those working on regulatory issues). 

 Regulators at the workshop presented identified data gaps and uncertainty as some of the greatest 
challenges. This information sharing network might help to more effectively identify common 
global priorities and needs. It was also discussed that it may be best for the information sharing 
network to be structured according to noise sources on an activity-specific basis rather than dealing 
with all sources/activities together. This strategy might allow for quicker and more productive prog-
ress in synthesizing known information, identifying gaps, and translating knowledge into policy and 
guidance (e.g., in the United States, the Fisheries Hydroacoustic Working Group [FHWG], which 
focused on pile driving associated with transportation-related activities on the US West coast, was 
able to develop interim criteria for fish injury by forming a small group of regulators, scientists, and 
stakeholders specifically focusing on this activity and its effects on fishes). Many agreed that this 
was a worthwhile idea but recognized that a country and/or an agency would need to take the initiative 
and establish an information sharing network into which other countries could “feed.”  

   3.2 Education, Communication, and Information Needs 

 Public perception and understanding of underwater noise and its potential impact is fraught with 
misunderstanding and misinformation resulting in delays and/or cancellation of research programs 
and industry-related programs. As a whole, all groups mentioned above need to do a better job of 
educating the public, those in the legal system (e.g., judges dealing with legal issues associated with 
noise), and governments in a way that accurately and fairly communicates the level of knowledge/
uncertainty and mitigation associated with the impact of noise in the aquatic environment. All of 
these considerations are particularly important given the competition for research funding. 
Additionally, both scientific data and policy need to be translated into something the public can 
easily understand. 

 Industry and regulators also have certain needs. From an industry perspective, there needs to be 
better communication and understanding of what should be mitigated (e.g., injury, behavioral dis-
turbance). Industry also wants to know what to expect when operating across jurisdictional bound-
aries and would prefer as much consistency as possible. Regulators have a need for peer-reviewed 
scientific papers as well as summary papers, specifically written with regulators as the target audience, 
as standards to support global decision making. A set of regulatory-specific summary papers would 
identify what is known and what is unknown as well as ensure that everyone is considering and 
using the same data. These papers could be also be distributed by the information sharing network 
mentioned above. The group realistically raised the question as to who could take the lead in writing 
these background synthesis papers and who would fund and conduct the peer reviews.  
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   3.3 Additional Factors for Consideration Among Regulators 

 Although most of the conference focused on the science of studying underwater noise, regulators 
face additional considerations beyond science in the application of policy in the “real world.” Often 
forgotten by those who do not regularly deal with policy issues, the societal/socioeconomic consequences 
of an action are important considerations. One of the challenges is that societal values can vary 
locally and are often difficult to quantify. Furthermore, regulators must simultaneously interface 
with multiple user groups using the same space (e.g., industry, fisheries). Risk assessments also 
need to include the risk of not undertaking the activity being assessed (e.g., societal, economic, 
ecological), and regulators need to effectively communicate these considerations to the public.  

   3.4 Potential Ways Forward 

 During the conference, behavioral and cumulative impacts were identified as the primary issues 
where more knowledge is needed. To address these data gaps, longer term field studies are required. 
Challenges associated with conducting these studies range from social acceptability to funding 
supportbecause these types of studies are expensive and there are limited funders willing to invest 
in these more complicated, longer term studies. Recognizing that industry has developed research 
funding partnerships, participants suggested that a funding mechanism is needed where governments 
and industry can work together to more efficiently and effectively apply their funds to address issues 
of common concern. Again, an information sharing network might be one potential mechanism for 
accomplishing this. 

 Establishing regional noise budgets that include spatial, temporal, and spectral aspects would 
help set priorities, identify sources that need to be further addressed, and offer a means to better 
assess cumulative effects from multiple sources. Once noise budgets are established, they could be 
integrated with other forms of stressors within the environment (e.g., Halpern et al.  2008  )  and help 
regulators and managers focus on those activities most problematic from the “noise” perspective. 
These noise budgets would be useful from both an ecosystem perspective and an environmental 
compliance perspective. 

 In summary, the workshop discussion focused on gaining enough knowledge to better address 
concerns from a science and policy perspective. It was concluded that starting with small, manageable 
steps and moving to address consistency across boundaries was the most realistic approach. The 
need to develop common standards and codes of practice, which might support streamlining 
environmental assessment processes, and to educate the public, the judiciary, and funders would be 
a wise investment in time and effort. The establishment of an information sharing network and, 
ultimately, better communication among the various groups involved in this issue was seen as a 
huge step in the right direction.       
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   1 Introduction 

 This summary covers the 56 oral presentations that were given in the regular sessions of the Second 
Conference on the Effects of Noise on Aquatic Life that took place in Cork, Ireland, in August 2010. 
The summary presents my subjective view, based on experience in this field, of findings that I found 
new or noteworthy. Of course, I recognize that any member of the audience would likely have 
different views and interpretations on all that was heard at the meeting, just as readers of this volume 
will have their own views.  

   2 General Trends Since the 2007 Nyborg Conference 

 The Cork Conference emphasized several general subjects that were only touched on at the First 
Conference on the Effects of Noise on Aquatic Life that took place in Nyborg, Denmark, in 2007. 
This change in emphasis shows that our thinking in this field is evolving. 

   2.1 Masking 

 The most commonly discussed new topic, featured in seven talks, was auditory masking, This subject 
seems to be much on people’s minds these days, possibly because of the paper by Clark et al.  (  2009  )  
about masking from shipping noise. Southall (  Chapter 1    ) mentioned masking in his keynote address, 
and Dooling and Therrien (  Chapter 17    ) and Fay (  Chapter 29    ) discussed the extensive masking data 
that are available for birds and fish, respectively, in their presentations. Au, Richlen, and Lammers 
(  Chapter 28    ) discussed the masking of fish calls by snapping shrimp and boats and the masking of 
humpback whale calls by boats. All these talks focused on the negative aspects of masking. 
Nachtigall, Supin, and Breese (  Chapter 10    ), on the other hand, discussed the positive benefits of 
masking, at least forward masking that he sees as an essential element of the automatic gain control 
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system he has been studying in echolocating cetaceans. Johnson (  Chapter 127    ) listed masking as a 
noise effect that regulations should but do not presently include. 

 To me, a critical paper to consider was that of Reichmuth (  Chapter 4    ) who discussed the various 
ways in which animals are released from masking. Clark et al.  (  2009  )  mentioned none of these 
release processes and thereby may have left the impression that masking is always total. Masking 
is a very complex phenomenon that should be included in the regulatory process and in the next 
version of the marine mammal noise-exposure criteria (Southall et al.  2007  ) . However, much 
remains to be learned if these inclusions are to be science based. Fortunately, the US Office of Naval 
Research has started a new initiative on masking that may eventually produce the needed data, just 
as their former initiative produced needed data on temporary threshold shift (TTS).  

   2.2 Context 

 Another much-discussed topic in this conference was that exposure context may be a better index 
of behavioral response than the dose-response relationship. A dose-response relationship has been 
sought for decades but always unsuccessfully. It was found (US Department of the Navy  2007  )  that 
when migrating gray whales were exposed to a sound source placed in their migratory path, they 
began to deviate around it at a received level of ~120 dB re 1  m Pa. But when the source was moved 
a mile outside the corridor, the animals showed no response to that level. The initial response of the 
migrating whales was caused by the context of the exposure (source placement), not by the exposure 
magnitude. In this conference, Dunlop, Noad, and Cato (  Chapter 65    ) showed how context has 
become a central feature of the Australian humpback whale study that is about to start. Context will 
be woven into their multivariate analysis and modeling effort to measure the responses of humpback 
whales to seismic arrays. Southall’s study (  Chapter 1    ) of beaked whales and other odontocetes in 
Southern California also focuses on context through multivariate analysis. Both studies involve a 
very large number of possibly explanatory variables. Since Nyborg, it seems we have undergone a 
paradigm shift in our thinking about and measuring the behavioral effects of sound exposure.  

   2.3 High-Frequency Exposures 

 Finneran (  Chapter 44    ) presented new data on TTS onset and growth rates when animals are exposed 
to frequencies higher than in his initial study (~3 kHz). He showed that at frequencies of 20 kHz and 
higher, TTS onset occurs at a lower sound exposure level and that it grows at a faster rate toward 
permanent threshold shift (PTS). These findings imply that changes are needed in the weighting func-
tions and criteria for injury onset in the Southall et al.  (  2007  )  noise-exposure criteria. In the mid-1990s, 
the Acoustic Thermometry of Ocean Climate (ATOC) program raised concerns about the effects of 
low-frequency sound (~75 Hz) on whales. After 2000, the concern shifted to midfrequencies 
(3–10 kHz) with the sonar-related stranding of beaked whales in the Bahamas. Finneran’s new data 
shift our emphasis to the higher frequencies (>20 kHz) at which most marine mammals hear best. 

 Ellison and Frankel (  Chapter 98    ) mentioned this high-frequency problem in their talk, and 
Nachtigall and Supin (  Chapter 10    ) expressed concern in their talk about the effect of exposure to 
high frequencies in cetaceans that echolocate. It now seems necessary to determine whether any 
high-frequency sources were being used whenever any new marine mammal strandings occur. We 
may have been on the wrong track by focusing on low and midfrequencies because those frequen-
cies seem to be the ones to which the marine mammal ear is most robust.  
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   2.4 Long-Term Monitoring 

 In his keynote address, Southall (  Chapter 1    ) called for the long-term passive acoustic monitoring 
(PAM) of sites where offshore operations were to occur. He referred to this as a “cradle-to-grave” 
approach. The oil and gas industry has also called for this kind of monitoring. They refer to it as 
“life-of-the-field,” meaning that PAM is used before exploration begins, continues through the 
operational phase, and ends with structure removal decades later. In their talk, Miller et al. (  Chapter 
118    ) appeared to make a start in this direction. He reported on acoustic measurements and modeling 
of noise budgets at a presumptive wind turbine site. He then modified the model to simulate a 12-dB 
decrease in the source level (SL) and multiplied the output of a single turbine by the intended num-
ber of future turbines to predict the future sound field. This kind of planning is highly desirable.  

   2.5 Metrics 

 The search for a metric that provides a good index for acoustic effects continues. Sound exposure 
level (SEL) now seems not to be the silver bullet we were hoping it would be. In his talk and in print 
(Finneran et al.  2010  ) , Finneran (  Chapter 44    ) showed that the relationship between SEL and TTS 
breaks down as duration of the exposure increases. Exposures with longer durations will produce a 
larger TTS. Le Prell (  Chapter 43    ) mentioned kurtosis as a possibly useful metric. Kurtosis was con-
sidered by Southall et al.  (  2007  )  and is being considered by the Acoustical Society of America (ASA) 
working group that is writing noise-exposure criteria for fish and turtles. Peak pressure seems to have 
fallen out of favor as a key metric because it is not a good index to acoustic effects. Also, during a 
question and answer period, Tony Hawkins reminded the audience that some fish do not sense pres-
sure at all and that exposure criteria in units of particle motion are needed. Casper, Halvorsen, and 
Popper (  Chapter 20    ) reported that some shark audiograms have been obtained using a shaker to cre-
ate particle acceleration. But criteria in those units have not yet been attempted. This lack of measure-
ment of particle motion seriously impedes our knowledge of fish hearing and response.  

   2.6 New Taxa 

 At this conference, four papers were given on hearing and sound production in taxa that were not 
discussed at Nyborg. Mooney et al. (  Chapter 28    ) presented some interesting and important results 
on hearing in squid. Staaterman et al. (  Chapter 37    ) discussed sound production in mantis shrimp, 
which are a component of the bottom infauna. And Piniak et al. (  Chapter 18    ) and Lavender, Bartol, 
and Bartol (  Chapter 19    ) reported some very welcome data on hearing in turtles. These new direc-
tions must be continued in the future if we are to have a comprehensive understanding of the effects 
of underwater noise.   

   3 Individual Papers on Noteworthy Subjects 

 In addition to new themes that emerged since the Nyborg meeting, several individual papers 
reported new techniques, directions, or findings that seemed noteworthy. This list does not imply 
importance or merit relative to other papers. It is a subjective list. The papers are discussed in the 
order in which they were presented. 
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   3.1 Le Prell, Chapter 43 

 This paper reviewed the subject of oxidative stress and the possible role of vitamins and antioxi-
dants as mitigation for TTS. This subject has not been discussed in any investigation of TTS in 
marine mammals that the author is aware of. Le Prell cautioned the authors of Southall et al.  (  2007  )  
not to dismiss TTS as noninjurious because her work showed that robust TTS can progress to PTS. 
However, “robust” in this context meant ~40 dB of shift. The Southall et al. criteria defined 40 dB 
of shift as the onset of PTS, not robust TTS, and defined TTS onset as 6 dB of shift. Apparently, 
there are no data showing whether such a small amount of shift can lead to PTS.  

   3.2 Erbe, Chapter 108 

 This paper discussed why it is erroneous to estimate the source level of a distributed source by back-
calculation from the far field. This error occurs quite often and greatly overestimates the actual 
source levels that animals may experience. Also, it called for studies on chronic sound exposure that 
are badly needed but rarely suggested these days. Several opportunities exist to measure chronic 
exposure, especially in fish. The same studies could look for a stress response to exposure.  

   3.3 Carlson, Chapter 51 

 This talk was an excellent tutorial on how to conduct an injury study in the context of a risk assess-
ment. Carlson first established a panel of tissue injury types, reduced this to numbers, and used them 
in a rigorous way to assess the risk in animals and to mitigate the cause of the risk, in this case, the 
blades of hydroturbines. His data led to a redesign of the turbine blades. This did away with the 
injuries he had studied and coincidentally increased turbine output by ~8%.  

   3.4 Halvorsen et al., Chapter 52 

 Halvorsen et al. reported a that uses a wave tube to simulate pile-driving strikes. Their goal is to set 
science-based injury thresholds for pile driving. The wave tube has much potential for future work. 
It can produce exposures to sound pressure, particle motion, or any combination of the two. These 
data will be very helpful to users like Rodkin, Pommerenck, and Reyff (  Chapter 124    ) who called 
for science-based mitigation measures in pile-driving operations.  

   3.5 Houser et al., Chapter 59 

 An experiment is underway that measures the behavioral and physiological responses of naïve dol-
phins and sea lions to intense sound. None of the animals were conditioned to accept intense expo-
sure as part of a test so their responses will suggest how wild animals might react to unexpected 
anthropogenic noise. Regulators have been asking for such data for some time, yet no one has pro-
duced them.  
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   3.6 Cranford and Krysl, Chapter 15 

 Whole head scans of beaked whales and other toothed whales were used to identify a possible new 
sound transmission pathway from the environment to the cochlea. The visualization methods 
included animation of the movements of anatomical features. This approach greatly simplified the 
understanding of how complex anatomical systems function.  

   3.7 Laws, Chapter 107 

 This paper presented three-dimensional graphics that portrayed the size and shape of safety zones 
around an air gun array that would result from applying the Southall et al.  (  2007  )  tissue injury cri-
terion. It showed clearly that the criterion expressed in SEL is much more protective of marine 
mammals than the criterion expressed in peak pressure. It also showed how bottom characteristics 
can affect the shape of the safety zone. This paper combined modern visualization methods with 
current exposure criteria to produce images that will aid regulators and users alike.  

   3.8 Boyd 

 A behavioral-response study on beaked whales has shown that it is very difficult to intentionally 
deliver an intense acoustic exposure to a submerged marine mammal. The common misconception 
is that because intense sources are used at sea, marine mammals will receive extreme exposures. 
But propagation losses reduce extreme exposures to occurring within a fairly small range, meaning 
that intense exposures are probably less common than might be expected. Also, this study showed 
that beaked whales are sensitive to many forms of noise, not just sonar, and that their response is to 
move away slowly underwater for a long distance. Just how this escape response is related to sonar-
related whale stranding is still a matter of conjecture.  

   3.9 Tougaard et al., Chapter 61 

 This paper quantified the distance that harbor porpoises were displaced by a sound source and the 
length of time they stayed away. The extent and duration of displacement are the simplest, yet per-
haps the most important, behavioral responses we can measure at this point given the current state 
of our knowledge. This study seemed to me exceptional in the simplicity of its methods and the 
clarity of its results.  

   3.10 Løkkeborg et al., Chapter 95 

 Løkkeborg reported on an important repeat in 2009 of a study by Engås et al.  (  1996  )  on the effects 
of air guns on commercial fisheries. This has been a contentious issue with fishers for over a decade. 
The present results showed that fish did not move 18 km away from the source as the earlier study 
had shown. Instead, they moved around only locally and stopped feeding. Løkkeborg attributed this 
difference in findings to the greater number of shots that the Engås et al. study produced in a much 
smaller space than in the present work.  
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   3.11 Costa, Chapter 96 

 This paper reported on field research that attempts to obtain data needed to create numeric transfer 
functions between cells of the population consequences of acoustic disturbance (PCAD) model 
(National Research Council  2005  ) . The data describe the flexibility that two different species of 
pinnipeds (seals) have in a foraging effort, specifically elephant seals that store fat for a year and 
deliver it to their young as a large bolus in a short period of time versus fur seals that deliver small 
amounts of fat from local foraging over a long period. Hopefully, numeric transfer functions will 
give the PCAD model some predictive power. The model is a promising tool in assessing the effects 
of noise exposure on animals.  

   3.12 Regulatory Issues 

 Three different regulators (Lewandowski et al. [Bureau of Ocean Energy Management, Regulation and 
Enforcement],   Chapter 128    ; Tasker [Joint Nature Conservation Committee],   Chapter 129    ; and Sholik-
Schlomer [National Oceanic and Atmospheric Administration],   Chapter 126    ) described the process 
each agency uses to bring science into policy and criteria decisions. Rodkin et al. (  Chapter 124    ), 
reported how the full regulatory process can adversely affect users and the animals to be protected. The 
examples he gave suggested that after the policy and criteria decisions were made, regulations were 
applied that were excessive and misdirected. These four talks followed a paper by Cato (  Chapter 116    ; 
presented by Robert McCauley) that concluded that physicists and biologists see the world differently 
and need to work together. Apparently, regulators and users as well as environmental advocates see the 
world differently. It seems possible that perceptual differences among all parties involved in underwater 
noise issues may be as difficult to resolve as the science issues that are presently at issue.   

   4 Future Directions 

   4.1 High-Frequency Sources 

 Results reported in this conference call for more research on the effects of high-frequency sound 
sources on marine mammal ears. 1) More data are needed on TTS onset and growth rate within the 
band of best hearing for selected marine mammal species. 2) New data are needed on the behavioral 
responses of marine mammals to high-frequency sources. 3) The Southall et al.  (  2007  )  noise-
exposure criteria and frequency-weighting curves need to be modified in accordance with these new 
data. 4) In marine mammal mass-stranding events, the output characteristics of all sources being 
operated should be examined, not just the sources of traditional concern (e.g., sonar, air guns). 
5) Depending on the results of the above actions, new regulatory controls on high-frequency 
sources may be required.  

   4.2 Behavioral Response 

 Behavioral response seems to have replaced death or direct tissue injury as the major concern about 
acoustic exposure. However, our community remains undecided about where to begin research 
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because of the following unanswered questions. 1) Which behavioral responses deserve our atten-
tion first? Clearly, not all responses are equally important. 2) On which species should we invest 
our time and resources? Behavioral responses likely do not generalize across species, so choices 
must be made. 3) How do we observe and measure behavioral response in aquatic animals, espe-
cially fish? Until researchers and funding groups together confront these and other questions, our 
progress will likely remain unsatisfactory.  

   4.3 Masking 

 More research is needed on auditory masking, especially using realistic maskers and realistic 
sounds being masked. More research is needed on the various ways and extents to which animals 
derive release from masking. Only through this kind of research can we rationally evaluate the 
importance of masking as an effect of anthropogenic noise and design-appropriate exposure criteria, 
mitigation measures, and protective regulations.  

   4.4 Particle Motion 

 Research is increasing on hearing and the effects of noise on aquatic species that rely on particle 
motion instead of sound pressure. Funding groups should encourage this trend because without such 
data, the effects of anthropogenic noise on some fish and invertebrates will remain unknown and 
exposure criteria will not be possible.  

   4.5 Long-Term Passive Acoustic Monitoring 

 The technological means to detect marine mammal species and estimate their population densities 
using passive acoustic monitoring (Marques et al.  2009  )  are largely available. It is time to apply 
them in evaluating the long-term effects of human activities on species composition and abundance. 
Areas of intense human activity are of greatest concern, as the recent massive oil spill in the Gulf 
of Mexico has shown.  

   4.6 Applied Versus Basic Research 

 Realistically, we can expect to continue receiving new information about the effects of noise on 
aquatic animals on a piecemeal basis. Most of the research in this field is funded by groups that are 
concerned about a specific problem or small set of problems. Research funded by navies will con-
tinue to focus on sonar issues, industry research will focus on air guns and extraction operations, 
and research funded by hunting or fishing groups will focus on any source that jeopardizes harvests. 
These are the realities of modern funding. Ideally, we would have a source of funds for basic 
research that is not constrained by such boundaries. However, the few agencies that fund true basic 
research have shown little interest in this field.       
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A number of errors were introduced during the publication process, as follows:

On page 446, Sec 2, line 2, the definition of sound exposure level appears incorrectly. The 
 definition should read “ ( ) ( ) ( ) ≡ µ 

2
10SEL 10 log Pa sT E T ”.

On page 446, Sec 2, line 4, the definition of sound pressure level appears incorrectly. The 
 definition should read “ ( ) ( )( ) ( )2

10SPL 10 log / PaT E T T ≡ µ  ”.

On page 446, Sec 2, line 8, the text “[p
FF

(s); Morfey 2001]” should read “[p
FF

(s)] (Morfey 
2011)”.

On page 446, Sec 2, line 9, the definition of source level appears incorrectly. The definition 
should read “ ( ) ( )2 2 2 2

RMS 10 FFSL 10 log / Pa mp s s ≡ µ  ”.

On page 446, Sec 2, line 13, the text “energy SL (SL
E
)” should read “energy source level 

(SL
E
)”.

On page 446, Sec 2, line 14, the definition of energy source level appears incorrectly. The 
definition should read “ ( ) ( )2 2 2

E 10 FFSL 10 log / Pa s mE s s ≡ µ ”.

On page 446, Sec 3, para 1, line 3, the text “duration (dt)” should read “duration (δt)”.
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On page 446, Sec 3, para 1, line 4, the approximation to SL
RMS

 should read  
“ [ ]≈ − δRMS E 10SL SL 10 log 1 st ”. 

On page 446, Sec 3, para 1, line 6, the text “to an SL” should read “to a source level”.

On page 446, Sec 3, para 1, line 7, the text “to the SL
E
” should read “to the energy source 

level”.

On page 446, Sec 3, para 3, line 2, the text “Netherlands (NL; de Jong and Ainslie 2008)” 
should read “Netherlands (NL) (de Jong and Ainslie 2008)”.

On page 446, Sec 3, para 3, line 2, the text “United Kingdom” should read “United Kingdom 
(UK)”.

On page 446, Sec 3, para 3, lines 3-4, the text “800 kJ/stroke” should read “800 kilojoules per 
strike”. (The word “strike” appeared incorrectly as “stroke” in our submitted manuscript).

On page 446, Sec 3, para 3, line 4, the text “diameters (f)” should read “diameters (φ)”. (φ is the 
pile diameter).

On page 447, Sec 4, para 3, lines 1 and 3, the text “1 μPa²-s” should read “1 μPa² s”. (Our 
 submitted manuscript adhered to SI guidelines for use of the decibel alongside SI units. These 
guidelines do not permit the use of a hyphen to separate unit symbols).

On page 447, Sec 4, para 3, line 4, the text “204.5 to 213.5 dB for f of 2 m” should read “204.5 
to 213.5 dB re 1 μPa² m² s for φ of 2 m”. (The reference value of energy source level was miss-
ing from our submitted manuscript. φ is the pile diameter).

On page 447, Fig 1 caption, the text “Pile diameter (f) = 4m” should read “Pile diameter (φ) = 
4m”. (φ is the pile diameter).

On page 448, Sec 5, para 1, line 1, the text “… the definition of “SL” by …” should read “… 
the definition of “source level” by …”.

On page 448, Sec 5, para 1, line 2, the text “single-point monopole” should read “single 
monopole”.

On page 448, Sec 5, para 1, line 3, the text “the SL
E
” should read “the energy source level”.

On page 448, Sec 5, para 1, line 3, the text “f = 2 m” should read “φ = 2 m”. (φ is the pile 
diameter).

On page 448, Sec 5, para 1, line 4, the text “f = 4 m” should read “φ = 4 m”. (φ is the pile 
diameter).

On page 448, Sec 5, para 1, line 6, the text “2.3 to 18 kJ/ piling stroke” should read “2.3 to 18 
kilojoules per piling strike”. 

On page 448, Sec 5, para 1, lines 6-7, the text “26 to 82 kJ/ piling stroke” should read “26 to 82 
kilojoules per piling strike”. 

On page 448, Sec 5, para 1, line 8, the word “stroke” should read “strike”. 

On page 448, Sec 5, para 2, line 1, the text “is possible but” should read “is possible, but”.

On page 448, Sec 5, para 3, line 3, the text “if SLs are expressed” should read “if source levels 
are expressed”.

On page 448, References, para 3, line 13, the text “411-522” should read “411-521”.
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