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1 INTRODUCTION

1.1 Background

As authorized by the Outer Continental Shelf Lands Act (OCSLA), and amended by the Energy
Policy A ct of 2005, t he B ureau o f O cean E nergy M anagement ( BOEM) i s r esponsible f or
oversight of various activities on t he O CS, including oil and gas e xploration and pr oduction;
sand and gravel resource assessment and mining; future offshore wind site assessment, turbine
installation, and operation; and other renewable energy projects. T he O CSLA and supporting
regulations, in addition to other environmental statutes (Magnuson-Stevens Fishery Conservation
and Management Act [MSFCMA], Endangered Species Act [ESA], and National Environmental
Policy Act [NEPA]) to which BOEM must adhere, require that information suitable to assessing
impacts to marine resources (including fishes, fisheries, and invertebrates, among other species)
from t hese act ivities b e co llected. Fishes and i nvertebrates o f p articular 1 nterest f or i mpact
analysis include those species that are commercially or recreationally imp ortant, are threatened
or endangered, or are keystone (for example, important prey) species.

Sound from man-made sources has be en increasing in the world’s oc eans. B OEM regulates
activities, all of w hich include one or m ore sources that i ntroduce sound i ntot he marine
environment. Geological and geophysical exploration, pile driving, drilling, dredging, and vessel
traffic all have this p otential. B OEM is responsible for e valuating the effects o f th ese noise
sources on biota. While advances continue to be made in understanding the effects of man-made
sound on ma rine ma mmals (Southall e tal. 2007),t he s heer taxonomic a nd e nvironmental
diversity o f fi shes and invertebrates has m ade the t ask of unde rstanding t he ef fects on t hese
species a much more onerous task than for marine mammals (Popper and Hawkins 2012). Much
remainst o be 1 earned a boutt he h earing o rs ound-producing capabilities of f ishes a nd
invertebrates, let alone how they respond to, and are potentially affected by, man-made sounds.

In order to further their unde rstanding of the issues surrounding the analysis of the e ffects of
man-made sounds on fishes, fisheries and invertebrates, BOEM funded a three-phase project that
consisted of: a synthesis of available literature on the subject; a Workshop of experts convened
to discuss the state of knowledge (http://www.boemsoundworkshop.com/); and an analysis of the
information that is needed to improve BOEM’s understanding of the issues (“Gap Analysis”).
The Literature Synthesis was prepared in advance of the Workshop and is appended to this report
(Appendix E). The Workshop was convened in March 2012; discussions are summarized in this
report (Section 2) and presentations are appended (Appendix B). The Gap Analysis is an integral
part of this report (Section 3). It includes a full “wish” list of questions and data needs; many of
these e xtend w ell be yond w hat i s ne eded to c onduct a thorough i mpact analysis but may be
invaluable in he lping BOEM and others unde rstand the e xtend of out standing issues and also
direct research priorities for years to come on a national and international s cale. T hese issues
were w innowed dow n to t he pr iorities representing attainable d ata needs th at w ill a llow
significant i mprovements 1 n unde rstanding i mpacts from man-made s ound in t he ne ar future
which can then be included in future BOEM environmental analyses (NEPA, ESA, MSFMCA).
Anticipating the imp lementation of one or more of their mandated missions in the U.S. Arctic
and the U.S. Atlantic OCS, this project was focused by BOEM on those geographic areas.
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1.2 Purpose of the Workshop

BOEM’s E nvironmental S tudies P rogram conceived of and f unded the Workshop. T he
Workshop offered a means to identify the most critical information needs and data gaps on the
effects of various man-made sounds produced by sound-generating devices used by the energy
and offshore minerals industries upon fishes, fisheries, and invertebrates. It was intended to aid
in decision-making for future studies. The information provided by the workshop will be used by
BOEM to direct future research, assist with NEPA and other environmental analyses, de velop
monitoring and mitigation measures in lease stipulations and provide information to lessees. The
Workshop i ncluded expertsi n: ( a) the s ound-producing t echnologies a nd a ctivities; ( b)
physiology, behavior, and hearing of fishes and invertebrates; and (c) environmental regulation.
A first step was to bring all participants to a common level of und erstanding on the issues of
concern. The goal in b ringing t ogether t echnical ex perts from each of t hese fields w as to
stimulate a cross-fertilization of knowledge and ideas about the issues and animals of concern
and then to use this to enhance the identification of data needs by the entire group.

1.3 Literature Synthesis Overview

In a dvance of the Workshop, t he organizers compiled a s ynthesis o f available lite rature o n
natural and man-made sounds in the marine environment; hearing, sound detection, and sound-
production in fishes and invertebrates; and effects of sound on these organisms. The goal of this
synthesis was three-fold:

e Toprovidea toolto Workshop pa rticipants t o br ingt hemt oa common | evel of
understanding of the “state of the science”;

e To provide a preliminary assessment of information gaps; and,

e To aid in organization of the breakout discussion groups at the Workshop.

An important, and very basic, finding of the Literature Synthesis was that there is a wide, often
confusing, array of terminology in use to describe similar features (e.g., noise versus sound) or
metrics. T his can make it v ery d ifficult to ¢ ompare r esults r eported b y d ifferent s cientists.
Where it was possible to do so, the Literature Synthesis attempted to present information using
common terminology. P romoting standard terminology is certainly not BOEM’s responsibility
buti npoi ntingout the inherentdi fficultiesi ni nterpretation, BOEM ¢ an e ncourage
improvements in the science.

A number of general questions were posed at the beginning of the Literature Synthesis. T hese
honed in on why man-made sounds in the marine environment are potentially an issue and were
used to structure the document. T o summarize, the Literature S ynthesis initially asked these
questions:

e How well can we characterize the e xisting s ounds, both natural and man-made, in the
marine environment? Is the sound environment ch anging? W hich m an-made s ources
have the greatest effect?

e Do man-made s ounds harm m arine fishes and invertebrates? 1fso, how isthat harm
manifested?
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e Do some levels of sound elicit acute impacts? Can lower levels of ¢ ontinuous s ound
cause chronic effects?

e Isa responsetoman-made s ound b yindividual or groups of fishes or i nvertebrates
ecologically significant (and, therefore, of regulatory interest)?

e Can we identify which species or habitats are of greatest concern considering such factors
as st atus of t he popul ation ( e.g., pr otection un der t he E SA; poor s tatus i nt erms of
fisheries), importance to commercial or recreational fisheries; ecological importance?

e Are th ere mitig ating measures available ( e.g., t echnological solutions; s ensitivity to
critical biological factors)?

Within t he ar eas encompassed b y t his s tudy, d ozens of fish and i nvertebrate s pecies a re
harvested commercially and two dozen species are protected under the ESA. These species and
the associated fisheries are discussed in the Literature Synthesis. While sound is known to be
important in t he g eneral be havior of m any fish a nd i nvertebrates (e.g., codfishes, s nappers,
groupers), the use of sound is simply not know n for most s pecies, and, in particular, for the
invertebrates. However, status of the species (whether ESA or overfished), value of the fishery,
and p resence o f i mportant h abitats in ar eas w here sound-producing a ctivities under BOEM’s
purview are expected to occur are important factors in determining the species of concern.

As w ith m any other t ypes of i mpacts, t he e nvironment t o w hich an organism ha s b ecome
acclimated has a big influence on the magnitude of the effect from a new man-made source. In
compiling the Literature Synthesis, it was clear that humans have had a substantial influence on
levels of sound in the sea but that the levels, as well as natural sound levels, vary greatly from
one place to another. This variability has significance in the ability to predict the response of an
organism tested in the laboratory or in an environment with background noise that differs from a
project ar ea. The Literature S ynthesis a Iso reviewed t he t ypes of s ounds pr oduced b y
invertebrates an d fishes. It w as ¢ oncluded t hat s ounds pr oduced b y aquatic i nvertebrates,
particularly crustaceans, ar e i mportant f or communication. M any fish s pecies h ave b een
documented as producing sounds that appear to have specific functions (e.g., sounds produced by
spawning fishes are often distinctive) although it is not known w hether a majority o f s pecies
vocalize. Hearing ability in fishes can be inferred, to some degree, from anatomy however. The
proximity and/or connection between a swim bladder (or other air chamber) and the ear provides
a reliable indicator of species that hear relatively well compared to other species without such a
connection.

The activities that BOEM regulates have the p otential t o i ntroduce a dditional s ound into the
marine e nvironment i n several ways: s eismic exploration, s onar, i mpact a nd vi bratory pile
driving, explosives to remove infrastructure, dredging to extract minerals, and increased vessel
traffic. The Literature Synthesis has characterized these sources and, to the extent possible, the
range o f sounds that they generate. An understanding of ho w man-made s ounds overlap with
hearing capabilities is critical to evaluating potential impacts and to establishing any regulatory
criteria for noise exposure.

All of these discussions build up to the fundamental question driving this project - what are the
effects of man-made sounds on fishes, fisheries, and invertebrates? C learly, there is no s imple




Gap Analysis

answer t o t hat. T he e ffects can range f rom p hysical t o ph ysiological t o be havioral. T he
available r esearch h as generally i nvolved a v ery limited n umber o f's pecies i n v ery s pecific
situations, mostly in the laboratory and less frequently in a field environment. The results of this
research is provocative in that there are many indications that fishes and invertebrates do indeed
react to man-made sound sources under some circumstances, though not necessarily under all.
The question that BOEM faces is whether these reactions are of a magnitude that could affect the
stability of a population or affect fisheries.

Summarizing over 300 j ournal articles and government reports on these subjects, the Literature
Synthesis can be used as a guidance reference for impact analyses for s pecific projects in the
future.

2. THE WORKSHOP

The W orkshop on the Effects of N oise on F ish, Fisheries, and Invertebrates w as he 1d 20 -22
March 2012 at the Town and Country Resort in San Diego California. More than 150 pe ople
participated in t he t hree-day Workshop (see p articipant lis tin A ppendix D ), including
representatives f rom F ederal and S tate agencies, acad emia, N GOS, co nsultants, an d p ublic
interest groups to meet the goals described in Section 1.2.

2.1 Overview of Meeting

The Workshop was di vided into four m ajor areas that included a series of presentations and
breakout discussion groups designed as building blocks to address the key questions posed by
BOEM at the onset of this project. Speakers, invited experts in their fields (Appendix C), were
asked to focus on an overview of fairly broad topics with a charge to identify key areas they felt
required additional research. The breakout groups were designed to flesh out specific areas that
emerged during preparation of the Literature Synthesis as being particularly relevant to BOEM’s
needs. The complete agenda is provided in Appendix A.

Plenary S essions One (Introduction and O verview) and Two (Priority H abitats, S pecies, and
Fisheries) were designed to set the stage, defining why BOEM needs information on the effects
of noise and how it will be used (Session One) and which fish and invertebrate resources are of
concern (Session Two). Characterizing the sounds likely to emanate from BOEM activities was
the s ubject of P lenary Session Three ( Sources a nd S ound E xposure). Session T hree was
followed by three concurrent breakout sessions discussing: characterization of sources and how
best to determine exposure; mitigation through technology; and noise measurements and metrics.
During Plenary Session Four (Effects of Sound on F ishes and Invertebrates), papers describing
how fishes and invertebrates detect and use sound as well as how man-made sounds affect these
species were presented. Concurrent breakout sessions on this topic discussed: how to determine
the effects of exposure to sound on catches; behavior of wild fishes and invertebrates relative to
sound exposure; and defining injury, physiological damage, and stresses from sound exposure.

During Session Five (Conclusions), rapporteurs from each breakout session presented the major
findings from their discussions. Dr. Hawkins summarized the research issues and data needs that
emerged from the technical presentations during the Workshop. Combined with the Literature
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Synthesis, the plenary presentations and the rapporteurs’ summaries formed the basis of the Gap
Analysis.

2.2 Annotated Agenda

Presentations f rom t he pl enary s essions a nd di scussions f rom t he br eakout groups a re
summarized in this section. The themes and ¢ oncepts pr esented at t he w orkshop w ere a lso
discussed in the Literature S ynthesis and the reader is referred to A ppendix E for additional
discussion and references supporting statements in these summaries.

2.2.1 Session One: Introduction and Overview

Session One Chair: Ms. Ann Pembroke, Normandeau Associates, Inc.
Session One Rapporteur: Dr. Jennifer Miksis-Olds, Penn State University

Introduction to the Workshop, Purpose and Goals (presentation: Appendix B, p. 1)
Ms. Ann Pembroke, Normandeau Associates, Inc.

Ms. Pembroke described the overall goals of the Workshop which would be discussed during
four sessions:

Session One:  Introduction a nd O verview: Establish a n unde rstanding of the policies an d
procedures BOEM must follow to implements its missions, and summarize the
current understanding of the science as described in the Literature Synthesis.

Session Two:  Priority H abitats, S pecies and F isheries: Define the or ganisms of ¢ oncern to
regulators, managers, and the fisheries and conservation communities.

Session Three: Sources and S ound E xposure: Define the s oundscape and s ounds emanating
from v arious a ctivities, f ollowedb ybr eakoutg roupst odi scusst he
characterization of s ources, r eductions of s ound ¢ missions, a nd ¢ umulative
effects.

Session Four:  Effects of Sound on Fishes and Invertebrates: Discuss w hich o rganisms can
hear, how they hear, which make sounds, and how the organisms are affected by
man-made sounds. Breakout groups would discuss the implications in terms of
behavioral r esponses of or ganisms, s ound-related i njuries, a nd e ffects upon
fishing.

Session One focused on t hree que stions relative to the s cience ne eds, policies, and mitigation
approaches of BOEM:

1) Why does BOEM need information on t he e ffects of man-made underwater sound on
fishes, fisheries, and invertebrates?

2) What is a significant impact of man-made sound under NEPA? Under ESA? Under the
MSFCMA?

3) What authority does BOEM have to require mitigation for impacts of man-made sound?

To address these questions, Session One included three presentations:
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e BOEM Introduction and Overview;
e Impact Statements and Regulatory Requirements for Offshore Developments; and

e The State of the Science - Introduction to the Literature Synthesis.

BOEM Introduction and Overview (presentation: Appendix B, p. 2)
Dr. Alan Thornhill, Bureau of Ocean Energy Management (BOEM)

Dr. Thornhill presented an introduction and overview of BOEM including its mission, structure,
program goals, and process flow. BOEM is interested in gaining more knowledge on the effects
of man-made s ound on fi shes, fisheries, a nd i nvertebrates because t hey are r esponsible f or
regulating 1 ndustry activities s uch a s e xploration, ¢ onstruction, de velopment, ope rations,
maintenance, and de commissioning t hat all produce noise. B OEM needs t o unde rstand t he
potential impacts of man-made sound from these activities on various animals and ecosystems.

BOEM’s mission is to provide the information 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 framework for how BOEM assesses annual information needs and how that information is
then a pplied t o pr ogram di scussion w as de scribed ( Figures 1 and 2). Thel evel o f cu rrent
information and identification of the need for more information on a particular topic begins in
the Environmental Studies Program (ESP) and proceeds through risk analysis stages governed by
all ap plicable 1 aws, 1 ncluding, but not 1 imited t o, t he N ational E nvironmental P olicy Act
(NEPA), M arine M ammal P rotection A ct (MMPA), and t he E ndangered S pecies A ct (ESA).
NEPA is an overarching mandate and requires consideration of all Acts at the same time. The
NEPA process provides information that is used to make appropriate decisions.
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Figure 1. BOEM applied science and informed decisions framework.

The Environmental Studies Program (ESP) is tasked with: 1) establishing the information needed
for as sessment and m anagement o f environmental i mpacts; 2) p redicting imp acts o n ma rine
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biota; and 3) monitoring human, marine, and coastal environments. To accomplish these goals,
study p riorities a re d etermined b y: 1) m ission r elevance; 2) s cientific me rit; 3)t echnical
feasibility; 4) timing; 5) applicability to mission; and 6) affordability. Programs of study are then
launched to direct adaptive management efforts in a specified area.
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BOEM Environmental Studies Program (ESP) is dynamic and flexible to the changing information requirements. New information
needs routinely arise outside the annual planning process and in response proposed studies are often added/deleted. This zchema is a
simplified version of the program process and does not entirely capture its complexity and variability.

Figure 2. Environmental Studies Program (ESP) process flow. The workshop feeds into the first flow
circle as noted in the figure.

Dr. Thornhill pointed out that this Workshop was convened to:
e identify information needs and gaps related to the impacts of man-made sound,
e identify the feasibility of studies to fill the information needs and gaps; and

e develop priorities for addressing identified needs and gaps.

Results from the Environmental Studies Program will be used to direct future research, conduct
NEPA analysis; inform BOEM models; and, develop mitigation actions, stipulations, and issue
Notice to Lessees (NTLs) to minimize impacts to fishes and fisheries.

Impact Statements and Regulatory Requirements for Offshore Developments (presentation:
Appendix B, p. 7)
Ms. Kimberly Skrupky, Bureau of Ocean Energy Management

Ms. Skrupky presented the BOEM strategy to address man-made noise and the related effects on
the e nvironment. Activitiesth ata rer egulatedb y BOEM andB SEE include
geological/geophysical s ources, as well as construction, dr illing, pr oductiona nd
decommissioning, w ind and w ave e nergy activities, and m arine m inerals dr edging in federal




Gap Analysis

waters. The development of management strategies for environmental protection, as it relates to
BOEM’s m ission, w as i dentified a s ong oing a nd a daptive, w hereby e ffectiveness m ust be
evaluated through monitoring, re-analysis, and using new information for improvements. Noise
is pr oduced i n s everal w ays i n B OEM’s t hree pr ogram areas. G eological a nd geophysical
surveys require the use of several sound-producing devices such as air guns, boomers, sparkers,
chirpers, s ub-bottom pr ofilers, de pth s ounders, a nd s ide-scan s onar. D uring construction,
drilling, production, and decommissioning, noise is produced by pile driving, routine operations
on rigs a nd pl atforms, vessels, d ynamic pos itioning s ystems, explosives, dr edging, and i ce
breaking. BOEM uses several measures to monitor or provide mitigation for species of concern
(primarily marine mammals and sea turtles) during sound-producing activities. T hese measures
include us e of de dicated obs ervers ont he ve ssels ( with a planto halt w ork i f ne cessary),
monitoring of exclusion zones, passive acoustic monitoring, sound source verification, ramp-up,
shut-down, and time-of-year c losures. Effective mitigation me asures for fishes are generally
lacking, however.

State of the Science — Introduction to the Literature Synthesis (presentation: Appendix
B,p.9)

Dr. Arthur N. Popper, University of Maryland

Dr. Anthony Hawkins, Loughine Limited

Dr. Popper and Dr. Hawkins summarized the BOEM Literature Synthesis. Two regions of focus
had been identified: the U.S. Atlantic Outer Continental Shelf (OCS) and the Arctic OCS. The
Atlantic w as s elected as at argeted interest ar ea due to t he importance of fishing, continued
dredging projects, development of new renewable energy projects, and oil and gas exploration
activities that may be under consideration in the future. The Arctic OCS was selected because it
is a relatively new region of interest that is considered comparatively pristine, with few shipping
routes a nd relatively small fisheries. The A rctic O CSis o f's pecial i nterest b ecause o f't he
challenges related to foreseen/potential oil and gas development in the region.

It is anticipated that these two OCS regions will see an increase in BOEM-regulated activities, so
new and updated data are needed as ocean use changes. The Literature Synthesis (Appendix E)
highlights these pl anning a reas a nd t he i mportant fisheries. The S ynthesis i dentifies whatis
known about fish and invertebrate resources and fisheries within the A tlantic and A rctic OCS
and what types of data are needed in order to understand more about the impacts of man-made
sound on these resources and uses. Currently it is known that: 1) energy developments generate
substantial sound; 2) many marine fishes and invertebrates can detect sound and use sound in
their everyday | ives;an d 3)t herei st he pot ential f or the s ounds p roduced dur ing energy
development to adversely affect species and habitats, and to thereby indirectly affect fisheries.
How do we bridge the knowledge gaps?

The Literature Synthesis focused on four broad questions:

* Are levels of sound in the sea changing as a result of human activities?

* Do man-made sounds have detrimental effects upon fishes and invertebrates?
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*  Which sound-generating activities are most damaging to fishes and invertebrates?
* How might effects be reduced or mitigated?

Discussion of Presentations of Session One

The discussion raised some important questions and areas of concern related to both mitigation
and communication. First, there was a question on how much authority BOEM has to require
mitigation. BOEM c an imp ose mitig ation r equirements if they are feasible, ef fective, and
necessary. Often the ef fectiveness o f mitigation methodologies i s que stionedandsoitis
important to assess whether mitigation actually works. Mitigation based on unproven strategies
is often proposed, but decisions should be should be based on their actual effectiveness. BOEM
has initiated research on mitigation measures.

A second question centered ont he need to bridge the gap b etween s cience an d r egulation.
Researchers need to communicate with BOEM and other regulators to help advance management
and regulation. Opportunities for interaction include public comment on NEPA documents and
environmental impact statements, workshops, and one-to-one conversations.

Session One Summary

In summary, the session considered the drivers and rationale for BOEM’s interest in the effects
of man-made sound on marine life and described how the BOEM process worked and applied
the results o f's cientific studies in decision-making. The importance o f evaluating mitigation
proposals was also underlined. It was noted that BOEM’s sister agency, Bureau of Safety and
Environmental Enforcement, wast asked w ithde velopinga nde nforcings afetya nd
environmental regulations.

The Workshop sessions had been designed to address these over-arching questions. In addressing
the larger picture, it was noted that no single answer would fit all sound s ources, s pecies, or
energy or mineral projects. Two data gaps already identified were the need to consider the effects
on a nimals of particle mo tion as w ell a s s ound pr essure, and t he n eed to r elate obs erved
responses to the environmental context in which they occurred.

2.2.2 Session Two: Priority Habitats, Species, and Fisheries

Session Two Chair: Dr. Christopher Glass, University of New Hampshire
Session Two Rapporteur: Dr. Joseph Luczkovich, East Carolina University

The focus of Session Two was to identify the species, fisheries, and habitat in the Arctic Ocean
and the South and North Atlantic Ocean that may be impacted by noise. There were six questions
to be addressed for each of these three ocean regions:

1. Are there species (or life stages of species) or habitats that are particularly vulnerable to
man-made sounds?

2. Are there areas within the OCS that should be protected from increased noise?
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Are there seasonal aspects to the need for protection?
4. Can risk be mitigated? How?

5. Do we know enough to make recommendations on the protection of species and habitats?
If not, what do we need to learn?

6. Do fisheries themselves need protection from the effects of man-made sounds?

Protected Species/Habitats (presentation: Appendix B, p. 12)
Dr. Craig Johnson, National Oceanic and Atmospheric Administration

Atlantic salmon (Salmo salar), shortnose sturgeon (Acipenser brevirostrum), four subpopulations
of Atlantic sturgeon (A. oxyrhincus), and the smalltooth sawfish (Pristis pectinata) are currently
listed as endangered by NMFS in the Atlantic. The Gulf of Maine subpopulation of A tlantic
sturgeon, elkhorn coral (Acropora palmata) in state waters and staghorn coral (A. cervicornis) in
state w aters are lis ted a s threatened in the A tlantic. C ritical h abitat h as b een id entified for
smalltooth sawfish and NOAA is expecting to identify critical habitat for Atlantic sturgeon in the
next several years. In the Arctic Region, NMFS has not listed or proposed for listing any marine,
anadromous, or catadromous fishes or invertebrates as endangered or threatened.

Offshore energy development activities are associated with several physical, chemical, and biotic
stressors t hat pos e pot ential r isks to endangered and t hreatened f ishes and i nvertebrates.
Activities of ¢ oncern i nclude s eismic s urveys, unde rwater de tonations, ve ssel t raffic, pi le
driving, coastal dredging, oil spills, chemical contamination, and potential introduction of non-
native species. Dr. Johnson cited research showing evidence of hearing in sturgeon and salmon.
Coral and fish larvae have been documented as using sound for orientation and larvae of coral
reef fishes can be affected by sound.

NOAA scientists use a risk assessment model that starts with the measured sound levels then
tries to assess potential damage to all species in the area. NOAA risk analysis starts with the
species of concern (listed as endangered or threatened under E SA or o verfished s pecies w ith
management plans), then moves to proposed project, and then considers damages from sounds
and o ther factors that may alter E ssential Fish Habitat (EFH) or H abitat Areas o f Particular
Concern (HAPC). T he most difficult information to determine for this analysis is the overlap
between the activity and the protected resource. Two types of risks must be assessed: increases
in mortality and reductions in reproductive success. When looking at effects on individuals, if it
can be determined that there is no effect on the population, the analysis is concluded. Exposure
to multiple stressors limits the ability to understand the effects of sound exposure on pr otected
species.

Arctic Fisheries and Habitat (presentation: Appendix B, p. 15)
Dr. Steve MacLean, North Pacific Fishery Management Council

Although there is currently no commercial fishing in the Arctic and the North Pacific Fishery
Management C ouncil (NPFMC) p repared a Fishery M anagement P lan (FMP) for this area.
Recognizing that de veloping e nvironmental issues ( e.g., ¢ limate change) and hum an s tressors
(international fisheries; oil and gas exploration and development; US Coast Guard operation; US
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Navy o perations; and the US Arctic Policy) are likely to a ffect the fisheries resources in the
Arctic, the NPFMC saw the need for an FMP to establish a policy and process for orderly fishery
development and to address potential future issues proactively.

Arctic cod (Boreogadus saida), s affron ¢ od (Eleginus gracilis), and s now c rab (Chinoecetes
opilio) are the species with fisheries potential that have the highest biomass in the Chukchi and
Beaufort Seas. Bering flounder (Hippoglossoides robustus), P acific herring (Clupea pallasi),
and warty sculpin (Myoxocephalus verrucosus) are also abundant. Subsistence fisheries focus on
pink a nd ¢ hum s almon (Oncorhynchus gorbuscha and O. keta). P opulations of s pecies of
commercial and subsistence fishery interest in the Arctic are probably not distinct from those in
the Bering Sea and North Pacific.

The A rctic M anagement A rea, en compassing waters n orth o ft he Bering S trait al ong t he
maritime borders between the US and Russia and the US and Canada, is receiving heightened
interest f rom t he C ouncil b ecause o fcl imate w arming, th e limite d s cientific in formation
available, and the desire to manage this area on an ecosystem basis. C limate change (warmer
temperatures) has the potential to reduce sea ice and shift fisheries to the north. It is predicted
that Arctic cod, haddock (Melanogrammus aeglefinus), herring (clupeid), and capelin (Mallotus
villosus) populations will shift to the east causing a shift in productive fishing grounds. Walleye
pollock (Theragra chalcogramma), currently focused in the Bering Sea, is one of the largest
fishery in the world but increases in sea temperature may be shifting the population northward,
potentially into areas of interest for oil and gas development.

Current r esearch i1s directed t o de veloping a be tter unde rstanding of t he A rctic environment
overall. T he Council feels there is insufficient i nformation yet to d efine the baseline for the
system. In addition to considering commercial fisheries, the interactions between fish stocks and
marine mammals and sea birds are critical. T here is some information that suggests an HAPC
for skate eggs should be considered.

South Atlantic Fisheries and Habitat (presentation: Appendix B, p. 18)
Ms. Jaclyn Daly, NOAA and Mr. Roger Pugliese, South Atlantic Management Council

There are many fish and invertebrate species in this region that are considered overfished by the
Southeast Fishery Management Council (SAFMC); the habitats of federally-managed species are
protected unde r t he E ssential F ish H abitat ( EFH) r egulations of the M SFCMA. Overfished
species include but are not limited to: snapper-grouper complex, clupeids, and multiple species
of drum, tuna, mackerel, and billfish. Invertebrates that have fishery management plans and are
potentially sound-sensitive include deep-water corals (zoanthatria), squid (teuthida), golden crab
(Chaceon fenneri), spiny lobster (Panulirus argus), and brown (Farfantepenaeus aztecus), pink
(F. duorarum), rock (Sicyorzia brevirostris), royal red (Pleoticus robustus), and white shrimp
(Litopenaeus setiferus). A c omprehensive list of s pecies can b e found in Chapter 3 of the
Literature Synthesis.

Through the de velopment of Fisheries M anagement P lans and E FH de signations, the SAFMC
has also i dentified Habitat A reas o f P articular Concern (a s ubset o f E FH), Marine P rotected
Areas, and S pecial M anagement Zones from C ape H atteras NC to Cape Canaveral F L. These
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habitats are d esigned t o af ford p rotective s pace t o co mmercially and r ecreationally i mportant
fisheries; t he e ffects o n m anaged s pecies from el evated n oise | evels and bot tom di sturbing
activities in these protected areas should be assessed.

North Atlantic Fisheries and Habitat (presentation: Appendix B, p. 24)
Dr. Kevin Friedland, NOAA

A num ber of s pecies managed b y the N ew England or M id-Atlantic F ishery M anagement
Council ( American1 obster [Homarus americanus], A merican p laice [Hippoglossoides
platessoides], Atlantic c od [Gadus morhua], A tlantic halibut [Hippoglossus hippoglossus],
butterfish [Peprilus triacanthus], goosefish [Lophius americanus], haddock, ocean pout [Zoarces
americanus], s cup [Stenotomus chrysops], t horny skate [Amblyraja radiata], w hite ha ke
[Urophycis tenuis], w indowpane flounder [Scophthalmus aquosus], w inter f lounder
[Pseudopleuronectes americanus], and yellowtail flounder [Limanda ferruginea]) are considered
overfished, at l east r egionally. T he s tatus of an additional 14 species i s unknow n how ever.
Habitat for many of these species is widespread in this region. Although general distributions
are well-known, specific areas that have important life history functions (e.g., spawning areas)
are 1 ess w ell unde rstood. H APC ha s be en de signated for one s pecies — the s andbar s hark
(Carcharhinus plumbeus).

Cold w ater (or deepwater) corals do not f ormt he m assive reefst hatt ropical corals do.
Distribution of deepwater corals is primarily on t he shelf break, but these species also occur in
deeper portions of the Gulf of Maine.

Dr. Friedland noted that in addition to the direct effects of fishing, these populations may also be
affected by changes in temperature patterns, shifts in the plankton and forage fish populations,
and habitat impacts of fishing.

Session Two Summary

The p anelists w ere cl ear that endangered or threatened s pecies are an i mportant consideration
under any N EPA analysis. E ffects from unde rwater s ound on t hese s pecies or their ha bitats
(including f ood r esources) ¢ ould r esulti n m itigation r equirements, i ncluding r estrictions
developed during ESA or E FH c onsultations or permitting negotiations. F ederally m anaged
species that are in low stock abundance (whether by overfishing or by other stressors) or are
under a fishery management plan (stock rebuilding) should also be given priority review. Drs.
Lusczkovich and Glass recommend that these s pecies be categorized based on their ability to
produce or detect sound. Sound producing or sound sensitive (i.e., those with swim bladders)
species s hould b e given a h igher r esearch p riority t han s pecies with n either ¢ haracteristic.
Further, certain habitats should receive priority consideration, in particular coral reefs because of
evidence that fish and invertebrate larvae associated with these reefs use sounds from the reefs to
navigate. S ound-sensitivity of other t ypes of habitats has not documented at this point. An
example of a sound-sensitive habitat might be areas where soniferous fishes congregate (e.g., cod
spawning areas in Massachusetts Bay).
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There is much that remains to be learned. While there are clearly seasonal changes in the spatial
distribution of soniferous or sound-sensitive species (spawning, seasonal migrations), these areas
cannot a lways b e de signated pr ecisely. T her iskst ot hese s pecies f rom s ound-producing
activities have not yet been clearly defined; the need and ability to mitigate these risks is not well
understood. Presentations in Session Four certainly suggest that consideration of effects on the
fisheries themselves will be important.

2.2.3 Session Three: Sources and Sound Exposure

Session Three Chair: Dr. Roberto Racca, JASCO Applied Sciences (Canada)
Session Three Rapporteur:  Dr. James H. Miller, University of Rhode Island

Session T hree focused on the qua ntitative de scription of unde rwater s ound from na tural a nd
man-made sources. Standardizing how researchers describe and measure sound is essential for
successful regulation, mitigation, and monitoring of underwater noise that can potentially affect
fishes, fisheries, and invertebrates, as well as for analysis of potential e ffects on animals. The
presentations within this session focused on providing a better understanding of characteristics of
sources and sound exposure, and on identifying information needs and data gaps by focusing on
three questions:

1. What are the levels and characteristics of natural and man-made ocean sound in the areas
of interest?

2. What are the likely future trends in sound levels from man-made sources in those areas?

3. Which man-made sources are likely to have the strongest adverse effects on animals?

To address these questions, Session Three included six presentations as follows.

Measurements, Metrics, and Terminology (presentation: Appendix B, p. 33)
Dr. Michael Ainslie, TNO(The Netherlands)

Dr. Ainslie reviewed the fundamental properties of underwater sound (see Appendix A for the
specific metrics and their definitions from this presentation) and pointed out the need for having
precise terminology that is applied internationally. Ambiguity and discrepancies were identified
in de scribing s ounds, generally, selecting ex amples o f relevance to fishes such as the interim
criteria for injury to fishes from pile driving activities set out by the Fisheries H ydroacoustic
Working G roup (FHWG 2008). S ome of the ambiguities in de scribing s ounds s temmed from
differences b etweent he A merican National Standards Institute ( ANSI 199 4) andt he
International Organization for Standardization (ISO 2007) definitions of sound pressure level. In
addition, di fferent w ays of m easuring and de scribing s ounds ha ve be en a dopted by different
researchers. T he ne ed f or i nternational terminology s tandard for und erwater s ound w ill be
considered at an inaugural meeting at W oods Hole O ceanographic Institution on 11 -13 June
2012 (ISO TC 43, SC 3).

Sea Noise (presentation: Appendix B, p. 37)
Dr. Robert McCauley and Dr. Christine Erbe, Curtin University (Australia)

Dr. M cCauley de scribed the marine acoustic environment c onsisting of natural and man-made
sounds ( marine s oundscapes) andt he relationship be tween animals a nd t heir e nvironment
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mediated through sound (acoustic ecology). The de finition of “noise” depends on t he c ontext,
but w as g enerally d efined as a s ignal t hat i nterferes w ith d etection o f a s ignal o f b iological
interest to an organism. Sounds from animals appear to substantially contribute to the variability
of a mbient noi se, o ften in c yclic pa tterns. B ecause m arine s oundscapes de pend on t he 1 ocal
environment, the spatial variability makes prediction of ambient noise for the world’s oceans and
regional environments difficult. A consistent approach to measuring and reporting characteristics
(e.g., s pectral de nsity) of s oundscapes a re e ssential t o unde rstanding a coustic e cology a nd
assessing potential noise impacts on or ganisms, a point that paralleled comments made by Dr.
Ainslie in the previous presentation. Long-term, publically av ailable d ata s ets co llected from
ocean observatories will be important in the future to better characterize marine soundscapes. An
important que stion remains as to how much noise is “too much,” and w hat criteria should be
used in regulation. S pecific data gaps and information needs are highlighted in the Data Gap
Analysis.

Seismic Sources (presentation: Appendix B, p. 42)
Mr. Mike Jenkerson, ExxonMobil Exploration Co.

Mr. Jenkerson provided an overview of the output of air gun arrays characterized by historical
and current studies. The importance of calibration, measurements, and modeling was emphasized
for characterizing the sound field produced by seismic sources used in oil and gas exploration.
The important point was made that near field measurements could be 20 dB lower than the back-
calculated far field measurements after accounting for transmission loss because at close ranges
the s ound field i s dom inated b y s ingle air guns r ather t han t he entire air gun array. T he
presentation focused on improving current airgun modeling by increasing the model frequency
range to 25+ kHz, testing accuracy of modeling at higher frequencies with calibration data, and
improving pa rticle ve locity m easurements. M arine vi broseis, us ing a f requency m odulated
sweep r ather t han an i mpulse, w as d escribed as a p otentially v aluable al ternative t o ai rguns
because it produces a lower spectral density, particularly at higher frequencies. Marine vibroseis
transducers are currently b eing ev aluated b y j oint-industry r esearch t hat i ncludes g eophysical
and e nvironmental t esting of pr ototypet ransducersa ndc onducting pa rticle ve locity
measurements.

Pile Driving (presentation: Appendix B, p. 45)
Mr. James Reyff, Illingworth & Rodkin, Inc.

The methods for m easuring t he i ntensity and i mpact of unde rwater s ound g enerated b y pi le
driving a ctivities were p resented. Assessment o f imp act on or ganisms can vary based ont he
metric used for describing the sounds. Standardization of the metrics would help with assessing
the impact of pile driving on fishes and invertebrates. Furthermore, there is disagreement among
researchers on t he current criteria (FHWG 2008) being used in regulation of s ound produced
from pile driving (See talk by A inslie who raised the same issue; see talk by Halvorsen w ho
presented research that contradicts the FHWG criteria levels).

Pile types and driving methods were discussed, and the equipment used for different construction
applications was identified. Cast or steel shell piles are of greatest interest because they are used
for de ep w ater c onstruction and/or for larger projects. T hese require the bi ggest hammers for
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impact driving. The largest piles driven (e.g. 350 ft length) use large hydraulic impact hammers,
which use over 1700 kJ of energy during driving events. Methods for minimizing the impact of
sound produced from pile driving were discussed, including: air bubble curtains (confined and
unconfined), dewatered casings, and dewatered cofferdams.

Wind Farms (presentation: Appendix B, p. 52)
Dr. Jeremy Nedwell, Subacoustech Ltd. (United Kingdom)

The sounds created by wind farms were d escribed. The | argest i ssue facing t he w ind p ower
industry in the UK is the e nvironmental e ffects of noi se, p articularly during the pile d riving
phase of construction.

Impact driving is used during the construction of wind platforms, with 4-m diameter piles as the
current industry standard, although piles up to 12 m in diameter are being considered for future
projects. Studies of sound production have only been reported for piles up to 6.5 m in diameter,
so the issues with driving very large piles cannot be addressed with current information.

Currently in the UK op erational noise must be measured when the wind turbines be gin pow er
generation. T o d etermine t he i mpacts, t he p re-existing ¢ onditions of the s oundscape must be
known. T ypically wind farms are situated in shallow (<50 m) co astal waters where there are
numerous ot her s ources of noi se i ncluding oil platforms and c oastal s hipping, flow and s urf
noise, pingers, and oil-gas exploration. In these areas, shipping noise is considered to be the most
important biological concern.

Comparing noise levels at short distances from the turbines (14-28 m) to standard coastal noise
allows the estimation of the c ontribution o f ope rating wing turbines to the total sound in the
water. The unweighted SPL was estimated to be 128 dB when extrapolated back to 1 m from the
source. However, it is difficult to determine the effects of this noise level because of a lack of
specific criteria for comparison.

Dr. Nedwell suggested that similar criteria for assessing noise e ffects upon humans should be
applied t o fishes. V alues f or s ound pr essure w eighted t o t he r esponse of t he a nimal w ere
especially useful.

For wind farms, short-term effects resulting from the construction phase are likely (vessel traffic,
pile dr iving, d redging, trenching). T he ¢ umulative e ffect o ver th e f ull time s caleo fth e
operational phase of wind turbines must be considered, as operational noise may result in habitat
exclusion for sensitive species. However, even allowing for long operational time, estimates of
habitat | oss ¢ aused b y operation are dw arfed by t he s ources de ployed dur ing i nstallation,
especially impact pile driving.

In summary, the noise generated during the operational phase of wind farms is unlikely to be a
problem. However, the noise during the construction phase has already become a concern. Ways
of m inimizing t he i mpact of noi se generation during construction s hould be e xamined. T o
accomplish this, research should focus on s imultaneous measurements of sound generation and
related biological responses.
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Other Anthropogenic Sources of Interest (presentation: Appendix B, p. 55)
Dr. Michael Ainslie, TNO (The Netherlands)

The properties of other sound s ources w ere pr esented, w ith focus on t wo s ources: s hips and
explosions. Ships are persistent sound sources that raise background levels, whereas explosions
are short in duration but higher in intensity. Other anthropogenic sources of sound include echo
sounders, s earch s onars (fisheries, military, and coastguard), acoustic de terrents, t ransponders
and c ommunication s ystems, s cientific i nstruments, m inesweeping e quipment, a nd a coustic
cameras.

Measurements r eported by W ales and H eitmeyer (2002) found no c orrelation be tween ve ssel
source level at cruising speed or type of vessel. Based on this result, monopole source level could
be pa rameterized e ntirely a s a f unction of f requency. H owever, ot her w ork ha s 1 dentified
differences in br oadband radiated noi se level b etween different vessel t ypes and traveling at
different speeds.

The energy released from an explosion depends on t he charge mass, and is distributed into the
water in two phases: shock wave (>200 Hz) is approximately one megajoule (1 MJ), and bubble
pulse (<200 Hz). Because of its low frequency, the contribution from the bubble pulse typically
does not travel far in shallow water.

It was concluded that shipping contributes persistent low intensity background noise and can be
characterized by source level (monopole, dipole, or radiated noise level). E xplosions are only
occasional noi se s ources, but are ve ry hi gh i ntensity a nd a re ¢ haracterized b y en ergy, p eak
pressure a nd du ration. T he 1 argest ¢ ontributors t o the f ree-field sound e nergy (Ainslie a nd
Dekeling, 2011) inthe Dutch North S ea, av eraged o ver a year, are probably air g uns and
shipping (both estimated in the range 1 MJ to 10 MJ), followed by pile driving and explosions
(both less than 1 MJ). Worldwide, shipping, airguns, and explosions are estimated to contribute
on the order of 100 MJ to 1000 MJ.

Session Three Breakout Group A: Characterizing Sources and Determining Exposure
Chair: Dr. James H. Miller, University of Rhode Island
Rapporteur:  Dr. Roger Gentry, E & P Sound and Marine Life Joint Industry Programme

The g oal of t his br eakout g roup w as t o ¢ learly 1 dentify i nformation g aps w ith r espect t o
characterizing s ources and determining exposures. T o guide discussion, the Chair framed the
following questions:

1. Can we make meaningful s ound inventories? H ow doe s m an-made s ound af fect 1 ong-
term background sound levels in the oceans?

2. Whatisthenature o fthesound field (spectral, t emporal, an d s patial) g enerated b y
various industry sound sources, in terms of particle motion as well as sound pressure?
How does this change with distance from the source?
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3. Which man-made sounds are most important when considering the masking of sounds of
importance to animals?

4. How might the characteristics of these man-made sounds change with propagation over
larger distances from the source?

5. What are the ap propriate s tandards for m easuring m an-made s ounds that may have an
impact on fishes and invertebrates, particularly for particle motion?

Five m ajor ar eas of concern related to information gaps w ere i dentified: 1) terminology and
communication; 2) standards; 3) available data; 4) tools available to the research c ommunity;
and 5) funding. Specific needs within each of these topics were discussed, and are summarized
below.

Regarding terminology and communication, the research community needs to develop guidelines
for a c ommon t erminology. Agreement is ne eded on how to report data c ollection m ethods,
instruments us ed t o m easure s ources, and m ethods us ed to calibrate them. An agreed way to
measure background noise is needed. Researchers need regulators to specify the types of data
they need, and the length of time (months, years) over which they are to be made. The field
needs more sophisticated researchers who are adept at both acoustics and biology (an education
problem). Biologists generally face a wider s pectrum o f problems to s olve (hearing in many
different species) than do acousticians.

The community needs p ublished standards concerning the m easurement of ba ckground noi se,
and di fferences in e xisting s tandards i dentified by the A merican N ational S tandards Institute
(ANSI) andt he International O rganization f or S tandardization ( ISO) s hould be resolved.
Existing s tandards must be updated using currently available data. S ome of the standards that
acousticians us e ( for i nstrument c alibration, etc.) are only available in Matlab and not in the
software most often used by biologists (e.g. Raven).

In regards t o d ata t hat s hould b e av ailable t o r esearchers, n oise m easurements ar e n eeded in
different parts of the oceans for better global representation since trends are found by comparing
local budgets against global averages. Data are needed on the elastic properties of the seabed to
improve propagation models. Regulators and researchers need access to data that are owned and
controlled b y in dustry. Descriptive b iological d ata a re n eeded o n h earing abilities in ma ny
species of fishes and invertebrates, as a full assessment of noise effects is impossible without this
information. Operations should be guided by the biological needs of the area; therefore data are
needed on the species that inhabit an area before operations in that area begin.

Tools that must be available to the research community include standard reference sound files for
the output of different kinds of acoustic sources, and out-of-plane reverberation models that exist
but that are not currently accessible.

The ¢ ommunity n eeds funds t o conduct ba sic research ( e.g. m easuring s ound fields, a nimal
sounds, a nimal he aring). Industry s hould pr ovide f undst o m ake noi se r ecordings ove r
biologically-relevant periods of time (often years) instead of just during operations, to e nable
researchers to collect metadata for validating models or other analytical applications.
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Session Three Breakout Group B: Noise Mitigation for Different Sources: Can Outputs be
Reduced? Are There Quieter Alternatives?

Chair: Dr. Roberto Racca, JASCO Applied Sciences (Canada)

Rapporteur:  Mr. James Reyff, Illingworth & Rodkin, Inc.

The goal of this breakout group was to identify ways to mitigate the effects of sound sources and
identify quieter alternatives. The questions posed to the discussion group were:

1. Are there ways of avoiding the use of high level sources or replacing them by other less
damaging sources?

a. What characteristics of sounds make them especially damaging to marine life?
b. Can sources be redesigned to make them less damaging?

2. Aret heret echnological al ternativest o airguns f or o1 1a nd gas e xploration? C an
alternative sound sources be developed?

3. What can be done to existing sound sources to reduce unwanted sound? W hat research
and development might result in quieter sources?

The most important noise sources to mitigate were identified as airguns and other geotechnical
sources, pile driving, s hips, and non -pile driving c onstruction (e.g. dredging). T hese s ources
were discussed in detail to determine the appropriate steps necessary to reduce their impact.

Airguns w ere i dentified a s generating unne cessary a nd e cologically no xious e nergy output.
Industry is exploring new methods to quieten noise from seismic surveys including the use of
vibrators/electro-acoustic s ources ( which a re much I ower i n a mplitude) and und erground
detonations. Other advancements include enhanced airgun technologies and better optimization
of array c onfiguration. T hese de signs are intended t o r educe the out put of hi gher frequency
sound and provide improved focusing of lower frequency sound. There was brief discussion of
the us e of autonomous unde rwater ve hicles (AUV) or ot her de ep-deployed s ources to reduce
insonification of the water column. There is a need to ensure that proper operational procedures
aimed at reducing noise are implemented (e.g., not using hull mounted geotechnical sources until
on site). There was also discussion on ramp-up or soft-start procedures, with a concern about the
lack of guidance to suggest appropriate ramp-up or slow start procedures. It is not even clear if
these procedures work for fishes or invertebrates.

Discussion on pile dr iving f irst f ocused on alternative i nstallation m ethods, s uch a s us ing
vibratory hammers. The problem with vibratory hammers is that they cannot install foundation
piles to standardized e ngineering s pecifications, a nd pr oduce a m ore ¢ ontinuous noise
disturbance ¢ omparedt oi mpactdr iving. A nothera lIternativet oi mpactdr iving is
hydraulic/pushing m ethods, but those are not likely to be feasible of fshore. C hanges in pile
material (concrete or metal) and pile tip design may help reduce noise, and it was noted that
concrete piles produce lower noise than similar size steel piles. Bubble curtains can be used to
reduce noi se, although challenges arise i ns trong currents or de ep w ater. E ncapsulated air
bubbles and air bubble mats were discussed, and identified as potentially feasible but costly.
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There w as a br ief di scussion on m itigating n oise f rom s hipping us ing e nhanced pr opeller
designs. It appears that technology for reducing ship noise is de veloping, and that es pecially
noisy older ships cause much of the problem.

Session Three Breakout Group C: Noise Measurements & Metrics that are Especially
Relevant to Determining Sound Exposure: Including Cumulative and Aggregate Effects
Chair: Dr. Brandon Southall, Southall Environmental Associates, Inc.

Rapporteur:  Dr. John H. Stadler, NOAA/NMFS, Northwest Region, Habitat Conservation
Division

This breakout group began with general discussion centered on three initial questions:
1. What is the difference between acute and chronic exposures?

2. Is it essential to differentiate sources that are near to the receiver from those that are far
from the receiver.

3. How can the toxicological concepts of antagonism and synergism be incorporated into
dose-response curves?

The group reached a consensus that while the line between acute and chronic exposure is clearly
defined i n t oxicology i n t erms of dur ation of e xposure, itisnot well d efined in acoustics.
Agreement was reached that injury is most likely to occur in animals that are near a source (with
distance related to source level), while sources that are far from the animals are more likely to
result in masking and behavioral responses. T here was much discussion as to whether sounds
from concurrent but different sources counteract one another (antagonism) to reduce the overall
effect on an organism or whether they act synergistically to amplify the effects on the organisms.

The remainder of the discussion was spent addressing the six questions posed to the Breakout
Group.

1. Is there suitable instrumentation to operate in the near field (non-linear portion of the sound
field) to measure particle motion as well as sound pressure?

e s particle motion important?

Before the group answered the que stion on instrumentation, it asked the que stion “is particle
motion important?” The consensus was that it is clearly an important factor and needs to be taken
into account when assessing the risk to fishes and invertebrates from underwater s ounds. T his
was based, in large part, on the concept that all fishes, and very likely most aquatic invertebrates,
are sensitive to particle motion. Particle motion is usually considered to be most relevant in the
near-field, where it is not proportional to pressure, but may, in fact, also be important in what is
typically considered to be the far field. Examples of this are the responses of fishes to acoustic
surveys de spite be ing hundreds of m eters fromt he s ound source. P article m otion i s not

considered in any of the current acoustic criteria for fishes, even though it is now recognized as
being fundamental to hearing.

e There needs to be a clear definition of near field and far field.

Currently, there appears to be much confusion over w here the near field transitions to the far
field and there is a mis conception th at n ear field e nergy s tops at the tr ansition r egion. T his
“transition point” will v ary, de pending on t he s ource of the s ound, t he frequencies, and t he
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environment. F or i nstance, the near field from a seismic airgun array can ex tend for tens of
meters from the source due to the low frequency components of the source. Another example is
pile driving, w here the vi bration of the pile induces vibrations in t he s urrounding s ediments,
resulting 1 n s ound e missions f rom s ubstrate a t s ubstantial di stance f rom t he pi le dr iving
operation. T his e xpanded s ource ¢ an pr oduce s ignificant pa rticle m otion a t ¢ onsiderable
distances from the pile.

It as also poi nted out t hat t he ““ dichotomy” be tween pa rticle m otion a nd pr essure mayb e
arbitrary b ecause it i gnores t he ¢ ontinuum of conditions t hat e xist in moving away from the
sound s ource, much the way the old approach of classifying fishes as h earing g eneralists or
specialists ignored the continuum in hearing abilities and mechanisms. As we begin to reliably
and systematically measure particle motion, this distinction will become less important.

e There is a clear need for the development of reliable, easy to use, particle motion
instrumentation and analysis software.

Although t here ar e s everal t ypes o f instruments available to me asure p article mo tion, t he
technology is not mature and the available i nstruments ha ve various drawbacks. The group
recognized the need for the development o f readily av ailable, easy to use instrumentation and
software to systematically and reliably record, analyze, and report particle motion measurements
for a variety of sound sources. In addition, there is a strong ne ed for standardization of how
particle m otioni s m easured a nd r eported a nd s tandardized pr otocols f or ¢ alibrating t he
instruments similar to those for hydrophones.

2. How can measurements be reliably obtained in complex environments, including water tanks,
and at the sea surface and substrate boundaries?

e Studies in small tanks have known limitations.

It was generally agreed that accurate measurements of the sound signal are not possible in tanks
due t o t he c omplex na ture of t he s ound f ield. M easurements of sound pressure ¢ an v ary
considerably even over very short distances. Thus, it is often best to conduct acoustic studies in
the field, and that is the direction of current research.

Limited studies on e ffects of sound on or ganisms can be done in tanks but are better suited to
investigating injury or other physical damage than to examining the effects of sound on behavior.
Tanks for such studies must be designed to allow full calibration of the pressure and particle
motion components of sound field to which animals are exposed. The design and applicability of
tank studies will depend, in large part, on understanding the stimulus presented, the scale of the
tank, and the boundary conditions in it.

e Generating signals of the appropriate intensity (e.g., pile driving) is difficult, if not
impossible, in tanks.

This i s a ¢ onsiderable obs tacle i n de signing t ank s tudies t o 1 ook a t the e ffects of t he hi gh
intensity sounds. Actual sound sources (e.g., a pile driver) cannot be brought into the laboratory
so they mu st be s imulated through ot her m ethods s uch a s pl ayback of r ecording t hrough
underwater speakers. Equipment necessary to generate these sounds is not generally available.
An additional problem with conducting studies on high intensity sounds in tanks is that standard
tanks can fail or be severely damaged by these sounds. The limited equipment that is designed to
both generate and withstand these sounds is complex (e.g., the HICI-FT) and can be expensive
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and difficult to obtain and operate. Field studies, on the other hand, can use actual sound sources,
such as air guns or pile drivers, without the constraints of the laboratory. However, it is often not
possible for the i nvestigator t o ¢ ontrol t he ¢ haracteristics of these s ounds ( e.g., frequency o f
presentation, amplitude), making it difficult to quantify effects of such sounds, or to establish
dose/response curves. In these cases, lab-based tanks, if properly designed, have value.

e Improvements in e xperimental t ank de sign and a coustic s ignal generation e quipment are
necessary to advance the ability to conduct acoustic experiments in the laboratory setting.

3. How can we best specify the sound fields generated by particular sources (e.g., sonar, pile
driving) in terms of their effects upon fishes and invertebrates?

e Full time-series recordings need to be preserved for additional analysis.

There was very wide consensus on this point. The group felt that it is vital that when sound data
from monitored activities are recorded they be archived in a manner that allows for later analysis.
This would provide the opportunity to verify the metrics that were reported as well as to extract
additional metrics, including those that are developed or recognized as being important after a
study has been conducted. For example, there is a growing library of hydroacoustic monitoring
data from pile driving, but sound e xposure 1evel, the currently-recognized m etric for gauging
injury to fishes, was not reported in the earlier e fforts. R e-analysis o f these earlier data could
extract the SEL data and increase their relevance. There is currently no mechanism or standards
for archiving these data, and no central repository for storing them.

e The relevant acoustic metric will vary across exposure scenarios.

The group recognized that the relevant metrics can vary, depending on the types of effects that
are expected from the exposure to underwater sounds, and the purpose of the recording e ffort.
For instance, the metrics for describing acute exposure to impulsive sounds when close to the
sound s ource ( e.g., those that c an c ause ph ysical i njury) will be di fferent from those used to
gauge chronic exposure to continuous sounds when far from the source (e.g., those that can cause
masking and disrupt behavior). The group identified metrics that are considered important in four
scenarios:

0 Injury from acute exposure to impulsive sounds close to the source
0 Injury from acute exposure to non-impulsive sounds close to the source

0 Masking or behavioral disruption from acute exposure to impulsive sounds near the
source

0 Chronic exposure to non-impulsive sounds distant from the source.

Some of the metrics were considered essential, must-have metrics, while others were considered
optional, or us eful to collect i f pos sible. T he metrics for t hese four s cenarios are s hown in
Table 1.
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Table 1.  Metrics identified by the breakout group that are essential (E), optional (O), or
not applicable (N/A) for four exposure scenarios. Metrics that were not
discussed under a given scenario are left blank.

Acute Acute
Acute close near Chronic
close non- masking or distant
intermittent| impulsive behavior non-

Metric injury injury impulse impulsive

Peak E E E**

SEL E E

RMS N/A* E E E

Rise time E E

Measure of peakiness O

(e.g., kurtosis, crest factor, impulse)

Time-integrated (e.g., 1/3™ Octave band, frequency O o E

spectrum, etc)

A measure of S/N ratio that accounts for E

detectability by species

* this appears to be a vestige of out-of-date regulatory requirements
** only at distance for repetitive impulsive sounds

e Standardization of acoustic metrics and reporting methods are needed.

The group recognized that acoustic metrics are not uniformly reported, and can represent various
measures. For instance, peak pressure is used to describe peak-to-peak pressure change, zero to
positive peak, zero to negative peak, or the maximum variation from zero (maximum absolute
value). While all of these metrics may b e useful, the lack of a convention for di stinguishing
between them can create problems when trying to interpret data. Similar issues can be identified
for other metrics. For time-averaged metrics, such as rms, SEL, the averaging window should be
specified. There are n o co nventions f or reporting t hese. W hile t here ar e s everal s tandard
definitions of acoustic terminology (e.g., ANSI, ISO), they are not consistent with each other,
increasing the chances for misinterpretation.

e The acoustic space around an organism undergoes natural expansion and contraction.

This is important w hen c onsidering the e ffects of man-made sound on masking and behavior.
Most of the sounds produced by fishes are relatively weak, especially compared to man-made
sounds. The spawning sounds of fishes can be weak to reduce the likelihood of interception by
competitors or predators. The distance at which these sounds are audible to the intended receiver
is i nversely p roportional t o ba ckground s ound 1 evels. A t ¢ lose r ange, 1 ntermittent man-made
sounds ha ve a 1 ow pr obability o f m asking biological s ounds, but at far d istances, r epetitive
impulsive s ounds s uch as s eismic a irguns ¢ an merge i nto a ne ar-continuous s ound t hrough
reverberation and cause masking.

4. How should we deal with cumulative effects from multiple pulses from the same sources?

5. What metric is the most appropriate to help in understanding the accumulation of sound
energy?
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These two questions overlapped and much of the discussion centered on the term “cumulative
effects.”

e The definition of the term “cumulative effects” varies with context and user.

In an acoustic context, “cumulative effects” can refer to the accumulation of sound energy from a
single source (e.g., a pile driver) or a combination of sources (e.g., multiple pile drivers or pile
drivers and dredging). In addition, U.S. statutes define this term in various ways (e.g., NEPA and
the ESA). Discussion clearly showed the need for terminology that avoids this contextual issue.
One suggestion was to use the term “aggregate effects” to refer to the accumulation of sound
energy from exposure to multiple sound sources and “cumulative effects” when referring to the
accumulation of sound from repeated exposure to a single source. However, no consensus was
reached indicating that this issue requires further consideration.

e The most widely used metric to describe the accumulation of sound energy from multiple
exposures to a sound source is the “cumulative sound exposure level” (SEL¢ypn).

The advantage of using SEL over other metrics is that it provides a mechanism for summing the
energy over multiple exposures. The Federal Highway A dministration, in coordination with the
California, O regon, and W ashington D epartments of T ransportation, e stablished a F isheries
Hydroacoustic W orking G roup ( FHWG) t o i mprove a nd ¢ oordinate i nformation on f ishery
impacts cau sed b y i n-water pile driving. A dditional m embers of the FHWG include NOAA
Fisheries (Southwest and Northwest), U.S. Fish and Wildlife Service, California Department of
Fish and Game, and the U.S. Army Corps of Engineers which are also supported by a panel of
hydroacoustic and fisheries experts. The FHWG uses SEL,, to describe the cumulative effects
to fishes from exposure to multiple pile strikes. The FHWG has established dual criteria for the
onset of injury to fishes of di fferent s izes from e xposure t o pi le dr iving a Ithough the group
pointed out limitations because these criteria were based on single exposure studies.

e Monitoring for dead or injured fishes would improve our understanding of the magnitude of
the effects of exposure to these sounds as well as provide some verification that current
criteria are appropriate.

Regulatory agencies can require visual monitoring and reporting of dead, injured, or distressed
fishes, but may not have the authority to require more intensive surveys (such as tow nets) for
affected fishes. Some agencies make the decision to do these surveys on their own when carrying
out a project, but do notusually have the facilities to c onduct these surveys. T here are also
problems a ssociated w ith m ore i ntensive s urveys, i ncluding, but not 1imited t o the ability to

collect affected fishes in areas where they are dispersed by currents (i.e., a dead fish may float to
the surface a considerable distance from w here it w as af fected), the 1imited ab ility to co llect
those that sink to the bottom, and the inability to associate the observed effects (e.g., types of
injury) to a received sound level in fishes that are collected.

6. How do effects from different sources and activities accumulate in biological organisms?

While discussion did not conclude by specifically addressing this question, initial discussion at
the be ginning of the breakout session regarding antagonistic and s ynergistic e ffects provided a
partial answer.
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2.2.4 Session Four: Effects of Sound of Fishes and Invertebrates

Session Four Chair: Dr. Rob McCauley, Curtin University (Australia)
Session Four Rapporteur: Dr. Thomas Carlson, Battelle Pacific Northwest National
Laboratory

Session F our w as i ntended t o pr ovide BOEM w ith ba ckground o fc¢ urrent kno wledge,
information needs, and data gaps on the fishes and invertebrates that could be affected by sound
and t heir pot ential ph ysiological and be havioral e ffects from exposure to all o f the B OEM-
regulated s ound s ources. P resentations and di scussion w ith S ession F our were guided by the
following questions:

1. Which invertebrates and fishes might be engaging in acoustic and other activities related
to their long-term fitness, such as spawning, and where do concentrations of them occur?

2. What is the be st way to monitor and catalogue the s ounds m ade by invertebrates and
fishes and characterize the sounds from key marine species?

3. How vul nerable a re di fferent c alls t o m asking or s uppression b y man-made s ound
sources?

4. Do fishes have the ability to compensate for changing background noise conditions? If
so, how?

5. What is the nature of the physiological effects of exposure to man-made sounds?
6. What are the characteristics of man-made sources that cause detrimental effects?

7. Can m an-made s ound c ause a s ignificant i mpact on t he fitness of individuals w ithin
populations that jeopardizes the viability of those populations?

8. Do we know enough about the hearing abilities of fishes and invertebrates?

To address these questions, Session Four included eleven presentations.

Introduction
Ms. Ann Pembroke, Normandeau Associates, Inc.

Ms. Pembroke provided a recap of the prior sessions and set the stage for Session Four.

Diversity of Fishes (presentation: Appendix B, p. 60)
Dr. Brandon Casper, University of Maryland

Dr. Casper provided an overview of the diversity of fishes, contrasting not only their anatomical
differences but also their differences in life history and ecology. It is difficult to generalize about
the exposure of fishes to sound or their response to sound because of the wide range of habitats
they occupy, the wide range of sound exposures they might experience, and the diversity fishes
exhibit in ph ysiological a daptations t o t hose e nvironments a nd i n t heir a bility t o de tect a nd
utilize sound.
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There are advantages in distinguishing between effects upon hearing and barotrauma. Impacts to
fishes in either category can have effects on their ability to survive and, in the case of barotrauma
lead to mortality directly related to the physical injuries sustained during exposure to sound.

There are key anatomical features that might aid categorization of fishes into groups for which
some level of generalization about response to sound may be possible. Anatomical features that
could aid grouping fish species to assist with generalization of response to sound are skeleton, fat
content, reproductive maturity, size, presence of a swim bladder and swim bladder morphology.
Grouping of fishes by their sensitivity (generally affected by the relationship of the gas bladder
to the ear) and ecological association may also be useful (Figure 3). The potential importance of
communication using sound in the life of fishes is now appreciated. It is possible that man-made
sound ¢ ould m ask or otherwise i nterfere with f ish ¢ ommunication. T he consequences of

interruption in communication between fishes are essentially unknown.

Ecolagical Associations

Large Pelagic | Small Felagic Cemersal Reaf Shallew/Estuary In River
gas bladder Herring Weakfish Catfish Dace
connacted Sprat Degp-tes Sauinrel-fish Carp Minnow

to war Shad cod Goldfish
Fish Categories Cod
£as binddar Haddock | Red Snapper
Arranged by close to ear Saithe
Sensitvity gas bladder " a
distant from Darade A Spot Wrasse Sand-smelt kst
i Mackerel Eel
o ear
Sound v
na gas Plaice
bladdar Sharks Blackersl Sale Flounder
fich aggs Dorado Herring cod larvas fed Snapper Calfish larvas Salmon
and larvae larvae Larvae larvas Egs
Figure 3. An example of grouping fishes by sensitivity of seismic sound and ecological association

prepared at the Halifax workshop on the effects of sound on fish behavior (Source: CEF
Consultants Ltd. 2011)

Invertebrates (presentation: Appendix B, p. 62)
Dr. Michel André, University of Catalonia (Spain)

Marine invertebrates are ex tremely abundant and important to a v ariety of ecosystems. W hile
there i s e vidence of s ound pr oduction a nd s ound de tection i n s ome i nvertebrates, s uch a s
snapping s hrimp, c ephalopods, and some bivalves, the role of sound in the ecology of marine
invertebrates is | argely unknown. S ome invertebrates ( e.g., ¢ ephalopods) pos sess s tatocysts,
which consists of sensory hairs attached to a mass of sand or calcareous material, which may
assist 1 n de tection of s ound a nd vibration. However, t he effect of m an-made s ound on

invertebrates is known only from a limited number of studies (See Sections 5.1 and 9.1 in the
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Literature Synthesis for additional information). While this presentation did not elaborate on the
diversity of 1 nvertebrates a nd t heir s ound pr oduction a nd de tection c apabilities, D r. A ndré
presented evidence from a case study (André et al. 2011) that suggested that statocyst epithelia of
selected cephalopod species can be injured from controlled exposure of low frequency (50-400
Hz) sound.

Injury and Effects on Fish Physiology (presentation: Appendix B, p. 65)
Dr. Michele Halvorsen, Battelle Pacific Northwest National Laboratory

Dr. Halvorsen considered t he ¢ oncepts 1 mportant t o unde rstanding a nd a ssessing injury a nd
effects on fish ph ysiology from s ound exposure. S ound e xposure can affect fishes through
barotrauma, injury to inner ear s ensory tissues, reduction in he aring s ensitivity, and m asking.
Most impacts, except the most severe exposures, do not result in immediate mortality but may
lead to delayed mortality if injuries affect vital functions or indirect mortality where reduction in
fitness leads to increased susceptibility to predation.

In general there is too little information t o de velop a dos e-response function for exposure to
man-made sound for most species of fish. The exception is for exposure of juvenile salmonids to
impulsive pi le driving s ound. Dr. Halvorsen presented a case s tudy that showed exposure to
simulated pile driving sound. The onset o f physiological effects only occurred at substantially
higher cumulative S ELs than those specified in the interim FHWG criteria c urrently used for
regulating sound exposure from pile driving.

Fishes at higher hydrostatic pressures (at greater depths) may be less susceptible to injury from
barotrauma associated with pi le dr iving a nd s eismic e xploration, t han t hat t hose a t 1 ower
hydrostatic pressures (in shallow water or close to the surface). There are a w ide range of data
needs regarding the response of fishes to sound exposure, These include, but are not limited to,
improved understanding of the physiological cost and behavioral impacts of sublethal physical
injuries including damage to inner ear sensory tissue, consideration of a broader range of species,
exploration of ot her i njury m easurement approaches s uch as bi oassays, a nd a ssessment of
cumulative response to intermittent exposure.

Injury and Effects on Invertebrates (presentation: Appendix B, p. 67)
Dr. Jerry Payne, Department of Fisheries and Oceans (Canada)

Dr. Payne provided an overview of approaches to assessing the effects of sound on invertebrates.
This is an area of concern for fishers as well as scientists. In addition to the direct use of certain
invertebrate species, the reliance of vertebrates on invertebrates as food and the possible impact
on fish stocks resulting from any decrease in food availability is an issue with fishers.

At present very little is known about the response to invertebrates to sound exposure and it is not
possible to specify levels of sound exposure that are safe for invertebrates. There are few, if any,
data suggesting that exposure to seismic airguns produce immediate mortality for invertebrates.
A more imp ortant issue for invertebrates is likely to be the induction of sub-lethal effects that
may impact life functions without causing death. A ssessment of the occurrence and severity of
sub-lethal 1 njury t o 1 nvertebrates 1 s di fficult, but e xperimental a pproaches d eveloped for
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assessment of the response of invertebrates from exposure to ¢ hemicals ha ve proven he Ipful.
Identification of r esponse va riables i s unde rway and i ncludes c onsideration of m etrics a nd
measures for behavior, physiological functions such as growth, reproduction, and many others.

To improve our capability to assess the effects of sound on i nvertebrates, Dr. Payne advocated
the u se o f laboratory o r s mall-scale m esocosm s tudies t o examine commercially imp ortant
invertebrates (e.g., lobster, crab, shrimp, scallop, and s quid) using behavioral and pathological
parameters (e.g., biochemical, physiological, and histopathological endpoints). These laboratory
studies should focus on deriving dose-response relationships, including those for chronic sound
exposure, for both commercially important species as well as keystone zooplankton species such
as Calanus. Researchers were recommended to provide guidance to agencies and industry on the
extent to w hich field studies c ould be useful for assessing e ffects on a nimal be havior. S ome
field studies can provide an opportunity to obtain biomarker data. Basic studies are encouraged
to investigate issues of subtle but possibly important effects of noise on animal behavior.

Importance of Sounds for Animals - Sound Production and Sound Detection:
Changes in Behavior (presentation: Appendix B, p. 74)
Dr. David Mann, University of South Florida

Dr. Mann played audio recordings and presented spectrograms of a number of different sounds
produced by various fish and invertebrate species. Invertebrates, such as snapping shrimp, make
some of the loudest naturally o ccurring sounds in the oceans. Sounds are al so made by spiny
lobster, but octopus and squid are not known to make sounds.

Many species of fishes make sounds that may accompany behavior such as spawning. It has been
suggested that passive acoustic observation of sound-producing (soniferous) fishes using either
fixed-location r ecorders or r ecorders de ployed a board s ilent pl atforms s uch a s gliders m ay
provide a means for estimating their distribution and observing their behavior.

Many species of fish make sounds that are unique and that permit identification of them based on
sound a lone. F ishes are be lieved t o ¢ ommunicate us ing s ound. T he s ounds g enerated b y
individual fish are not particularly loud with most having source levels on the order of 120 dB re
1 pPa [at 1 m] with the loudest on the order of 160 dB re 1 pPa. Given typical levels of ambient
sound in the sea this means that effective communication distances are probably on the order of
meters.

Research is needed to improve knowledge of sound produced by invertebrates. Some progress
has be en m ade in de veloping a library of fish sounds, but much more is needed to de velop
accessible catalogue of identified sounds from fishes and invertebrates. Work is also needed to
determine th e imp acts to f ish p opulations f rom ma n-made s ound t hat m ay mask f ish
communication or limit its range.
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The Auditory Scene, Communication, and Effects of Masking (presentation: Appendix B, p.
79)
Dr. Richard R. Fay, Marine Biological Laboratory

Dr. Fay provided an overview of the auditory scene in the context of animal communication and
masking communication from man-made s ounds. M asking i s de fined a s the reduction in the
detectability of a signal of interest due to the presence of another sound, which is usually noise.
For a sound of interest to be detected by an animal, the energy in the sound must be greater than
the background noise level in the frequency-selective channels in the animals hearing system.

While much is known about w hite noise masking of a single-frequency tone in fishes, almost
nothing is known about masking of specific signals by noise with particular spectra. In addition,
essentially nothing is known about the consequences of masking in the lives of fishes.

Auditory s cene analysis isthe process b y w hich t he a uditory s ystem or ganizes s ound i nto
individual, perceptually segregated streams according to their likely sources. Experiments with
goldfish (Carassius auratus) have shown that they are capable of auditory scene analysis. It is
believed that other fishes may also be capable of a primitive form of auditory scene analysis.

Man-made s ound m ay affect a uditory s cene analysis b y p reventing or hi ndering t he pr oper
perception of sounds from separate sources, making segregation of such sound from all of the
sounds i mpinging upon t he animal d ifficult o r imp ossible. I t is k nown th at a uditory s cene
analysis requires a signal that has a sufficient signal to noise ratio to be segregated from the
general noise arriving at the fish. Nothing is known about the consequences of a fish not being
able to perform auditory scene analysis in terms of effects on behavior and survival.

Behavior of Pelagic Fish in Response to Anthropogenic Sources (presentation: A ppendix B,
p. 82)
Dr. John Dalen, Institute of Marine Research (Norway)

Dr. Dalen presented s everal cas e s tudies t hat h ighlighted as sessments o f b ehavior o f's elected
pelagic species (e.g., herring, mackerel, blue whiting, sand eel, mesopelagic species, salmon, and
trout) i nr esponse t o s ound s ources t hat i ncluded pi le dr iving h ammers, e xplosives, | ow
frequency military sonars, and seismic exploration sparkers and airguns.

Assessments of t he be havior of fishes to ma n-made s ources s hould be ¢ onducted o n f ree
swimming fish because caged fish do not exhibit normal behavior. However, observations of the
behavior of free swimming fish is very challenging for many reasons and must be conducted in a
way t hat r ecognizes t hat be havioral responses of fish t o m an-made s ounds are | ikely t o be
species specific, size specific, and biological state specific within particular spatial and temporal
contexts.

Fishes avoid fishing trawls but it is not clear if the response is to the trawl or to noise generated
by the fishing vessel. Observations of the response of pelagic fishes to seismic sources show that
the responses are species specific, with herring showing changes in direction of movement but
not in speed of movement.
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Responses of Fish to Ship Noise (presentation: Appendix B, p. 87)
Dr. Alex De Robertis, NOAA/NMFS Alaska Fisheries Science Center

Ships generate high levels of low frequency sound that can propagate long distances. It is known
that fishes respond to the approach of a vessel. B ased on obs ervations of fish avoidance of
vessels, including fishery research vessels, the International Council for the Exploration of the
Sea (ICES) recommended that a special effort be made to make research vessels quieter (e.g.,
research vessel noise shall not be exceed 30 d B above hearing threshold of herring and cod at
distances > 20 m) atlow frequencies based on their audiograms. Noise from vessels canbe
substantially r educed by m aking various modifications t o ope ration s uch a s s low r otating
propellers.

However, results from several studies have demonstrated that the stimuli that actually elicited
reactions w ere unc lear. Indeed, b ehavioral r eactions di ffered b y di el pe riod, 1 ocation, and
physiological state of the fish. Moreover, results suggest that the ICES criteria of 30 dB above
threshold may be overly simplistic.

While it has been demonstrated that research ve ssel noise can be reduced, whether it is worth
doing so has been questioned. Current conjecture is that the response of fishes to vessels, both
noise-reduced and ¢ onventional, 1 s pr obably d ue t o r esponse t o bot h pa rticle mo tion and
pressure. In controlled experiments, individual fish responded more strongly to sounds that were
lower in frequency, had a more sudden ons et, were 1oud, had similarities to sounds made by
predators, and had a larger contribution from particle motion. Information needs for response of
fishes to vessel noise include a better understanding of the responses, the contribution of particle
motion to behavior, and linkages between perception of sound and behavioral response by fishes.

Effects of Noise on Catches (presentation: Appendix B, p. 90)
Dr. Svein Lekkeborg, Institute of Marine Research (Norway)

Dr. Lekkeborg reviewed several studies on the effects of noise on catches. Exposure to impulsive
sound for airguns was found to decrease catch rates of cod and haddock in trawling and longline
gear by as much as 80%. These species were also observed to move away from the trackline of
the s eismic vessels. In another field study, gillnet catches o f Greenland halibut (Reinhardtius
hippoglossoides) and redfish (Sebastes sp.) increased a t ¢ xposure t o airgun s ounds, w hile
longline catches of Greenland halibut and haddock decreased. The proposed explanation was that
gillnets catch more fish when fish are actively swimming while longlines only catch fish that are
actively feeding. The response of halibut and redfish was to swim more actively in response to
airgun s ounds w hile 1 ongline c atches de creased because the halibut and haddock feeding rate
was reduced in response to the sounds. It was observed in the catch data that haddock probably
moved away from the sound source and reduced their feeding rate when the airguns were firing.

In studies that investigate the e ffect of noise, such as seismic air-guns, on fish abundance, the
catch rate of fish depends upon the type of fishing gear, the characteristics of the fishing ground,
the he aring a bility and swimming c apability o f e xposed fish, t he h abitat pr eference and s ite
fidelity of fish, t he na ture of t he f right/avoidance r esponse o ft he v arious s pecies, and t he
characteristics of t he s ound s ource. T he b ehavioral r esponses t 0 a ir guns i nclude 1 ncreased
swimming, decreased feeding motivation, displacement from fishing grounds, decreased longline
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and trawl catches and increased gillnet catches, if fishing is o ccurring in the ensonified area.
Differences i n b ehaviors as o bserved i n cat ch d ata s howed t hat t here ar e s pecies s pecific
differences in the response to air-gun sounds. The data also showed that extrapolation between
species, fishing gear, and habitats should be avoided when considering the likely effect of a noise
producing activity.

Assessing Effects of Noise on Catches: Statistical Approaches (presentation: Appendix B, p.
94)
Dr. Steven Murawski, University of South Florida

Dr. Murawski reviewed the statistical approaches of assessing effects of sound on c atches. Fish
catch d ata ar e d ifferent i n t heir s tatistical p roperties f rom d ata acq uired u singa d esigned
sampling pr oject. D ataa re o ftens kewed a nd z ero i nflated, w hich of ten r equires da ta
transformations. In particular, catch data are biased to high density areas and by regulations that
direct fishing effort to particular areas.

Commercial fishing effort i s unc ontrolled in s pace and time, and fishing is done us ing non -
standardized gear. While catch data can be obtained at little expense, and the amount of data can
be large, it is obtained by effort that is unstructured and lacking any of the features of a statistical
sampling design. In general, catches are not proportional to abundance because of the ratcheting
up of effort when fish abundance declines.

Often it is very difficult to obtain any practical degree of spatial resolution for fish distribution
because o f the nature of the fishing e ffort. It is common for trawlers to tow over distances of
several n autical mile s before h auling th eir ¢ atch, ma king it imp ossible to d etermine th e
distribution of fish, either by species, size class, age group, or abundance, in the catch. Most of
the common commercial fishing gears have this characteristic to one extent or another.

Because c atch da ta ha ve poor s patial a nd t emporal r esolution, hi gh va riability, a nd ot her
undesirable s tatistical p roperties, they are of Iimited ut ility i n unde rstanding t he r esponse of
fishes to sound. New developments in sampling technologies, such as data storage tags or large-
scale acoustic w aveguide s ensing, i n d esigned experiments s hould be used t o i mprove ou r
understanding of fish behavior in response to sound sources of interest.

Session Four Breakout Group A: Effects of Exposure to Sound on Catches
Chair: Dr. Alex De Robertis, NOAA/NMFS Alaska Fisheries Science Center
Rapporteur:  Dr. John Dalen, Institute of Marine Research (Norway)

Discussion among Workshop participants provided more insight into the utility of catch statistics
to studying the effects of sound exposure to fishes and study of the effects of sound on catches.
The focus of discussion was guided by these questions:

1. Can c atch s tatistics pr ovide 1 nsight 1 nto t he be havior of fi shes and i nvertebrates i n
response to man-made noise at relatively low cost.

2. What are the pitfalls in using catch statistics to investigate the impact of sounds?
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3. Are there particular precautions that can be taken to avoid confusion between the impact
of sounds and other factors affecting catches?

While BOEM’s primary interest for ESA species will be noise impacts on individuals and their
populations, a priority for a ssessing noi se e ffects on non-ESA s pecies will be w hether noi se
affects the fisheries, including catch. Generally, analysis of catch data will be most useful when
combined with sound exposure metrics. The phase of projects, type of sound sources and effects
should be taken i1 nto ¢ onsideration because impacts w ill b e d ifferent d uring ¢ onstruction,
operation a nd de commissioning pha ses. Fishery-independent s urveys m ay b e us eful f or
evaluating effects of construction or acute exposure activities while fishery-dependent catch data
may be more v aluable at as sessing o perational i mpacts. Historic ¢ atch d ata can capture t he
natural v ariability that is imp ortant f or d etecting imp acts from particular s ources. Fishery-
dependent c atch da ta m ay be ve ry us eful for e xploring 1 ong-term tr ends. Aggregated cat ch
statistics can be also be useful in marine spatial planning to avoid overlap or conflicts between
the fishing and e nergy industries (e.g. d riftnet fishery c atch s tatistics u sed to p lan a ctivities
within Cook Inlet, Alaska).

While t here w ere N orwegian ex amples o f u sing low and hi gh r esolution of c atch data from
governmental a gencies a nd fishermen ( private | ogbooks on s pecial a greements) t o s tudy t he
effects of sound on fish behavior, in the US, high resolution catch data is available, but access is
limited. Fine-scale catch and effort data based on satellite-tracking data collected by the vessel
monitoring s ystem (VMS) does exist, but gaining access to the data is problematic due to the
propriety nature of catch and e ffort data, particularly when s mall-scale d ata could reveal the
identity of individual fishers and their catch (income). Establishment of good relationships with
the fishing industry is important to gain buy-in to share catch information. However, there are
regional an d cu ltural d ifferences i n r elationships be tween t he f ishing i ndustry, r egulatory
agencies and/or the energy industry. Fishery m anagement s ectors for e xample may d iffer in
cooperation, access, and potentially quality of use of catch data for exploring impacts of sounds.
For example, pollock fishers in Alaska have voluntarily put recorders on their echo sounders and
shared those data with NMFS. Participants agreed that it was important to pursue formal process
with NMFS and fishing industry for improving access to catch data.

Pitfalls in using catch statistics to investigate the impact of sounds were discussed and identified.
Sources o ther t han s ound can influence catch s tatistics: area ¢ losures, q uotas, b ycatch rules,
Marine Protected Areas, and other regulations may influence the interpretation of differences in
catch statistics. Moreover, it is difficult to distinguish a particular sound source of impact from
others (e.g. v essel noi se, trawl noi se) when an alyzing catch d ata. Surveys of abundance may
require consideration o f multiple factors, but catch statistics can be used in a s traight-forward
way to assess the level of economic activity before, during, and after a sound-generating activity.
The recreational fishery may be more vocal over impacts because a majority of de velopment
may b e near the coast w here r ecreational fishing is m ore p revalent. Catch s tatistics may be
limited for species that are recreationally or ecologically important.

Also, b ehavioral e ffects w ill b e imp ortant in interpreting ¢ hanges in ¢ atch s tatistics (e.g.
interpreting a nd unde rstanding ¢ hanges i n c atchability and I ocal m ovements). A number of
Norwegian s tudies (see S ection 6.1.7 of Appendix E , the L iterature S ynthesis, fo r fu rther
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discussion) demonstrate different impacts for different fishing gear types based on their capture
mechanism and fish behavior.

Particle motion has been argued to be the primary acoustic parameter to which fishes and some
invertebrates respond, especially at close range. For example, seismic and pile driving, may have
harmful effects at close ranges, while at far ranges behavioral impacts may have different effects
on cat ch r ates for d ifferent gear t ypes. Scaling i mpactsisa challenge, as s pecific p rojects
primarily look at lethal/harmful e ffects, but have not 1ooked at cumulative e ffects and are not
focused on s ub-lethal effects. Studies of catches can be combined with specific ex periments to
interpret the mechanisms underlying changes in catches.

Session Four Breakout Group B: What Do We Need to Know About Behavior of Wild
Fishes and Invertebrates in Relation to Sound Exposure

Chair: Dr. Rob McCauley, Curtin University (Australia)

Rapporteur:  Dr. Michel André, University of Catalonia (Spain)

Discussions from Session Four Breakout Group 4B attempted to describe what we need to know
about behavior of wild fishes and invertebrates with reference to sound exposure by addressing a
number of questions:

1. At what sound levels do wild fishes and invertebrates start to show behavioral reactions
to man-made sounds? How does this vary by species, motivation, and other be havioral
and physiological conditions?

2. Atw hats ound 1 evels do f ishes startto s how s ubstantial b ehavioral reactions th at
potentially alter fitness (e.g., change mi gration r outes, mo ve fishes from feeding s ites,
alter reproductive behavior)?

3. Do different types of sound sources (e.g., seismic versus air gun) elicit different kind(s)
of behavioral reactions or result in onset of behavioral reactions at different sound levels?

4. How is fish behavior altered in the presence of masking sounds? How loud does a masker
need to be to impact fish acoustic behavior?

Is there masking of sounds involved in key behaviors or inhibition of vocal behavior?
Does habituation to sounds occur and what is its significance?

Does chronic exposure to low level man-made sound sources have physiological effects?

o N W

Can species be grouped in terms of their response to sound? What species would be
representative for future research?

9. Are there differences in behavioral responses to sound by fish of different ages and sex
within a single species?

10. Can fishes and invertebrates be induced to move away from an area, without subjecting
them to stress or injury, in order to allow sounds to be broadcast?

11. Do operational procedures such as ramping-up provide sufficient mitigation?

There is a needto predict the response of fishes and i nvertebrates ove r varying s patial a nd
temporal scales to noise-generating activities in order to identify any potential for disruption to
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economic en terprises such as commercial f isheries, r ecreational fisheries, an d eco tourism.
Insight i nto bi ological r esponses m ay he lp identify wayst o reduce de gradation of t he
environment, population-level consequences, and impacts on subsistence fisheries. Additionally,
it is necessary to comply with various legal mandates (e.g., ESA and MSFCMA) because of the
potential for impacts on endangered or managed species. Currently regulators must often make
decisions in the absence of b aseline information indicating that there is aneed to have more
complete ba seline da ta on s oundscapes, ha bitat, a nd s pecies bi ology. Management a gencies
should establish regulations based on science, and therefore increased certainty in the predicted
responses of organisms to noise is necessary.

Because many fishes and invertebrates are prey species, there is the potential for noise to impact
important ecological interactions. A priority list of species that may be particularly susceptible
to noise should be established, as there are many species that are ecologically, commercially and
recreationally 1 mportant. D ifferent s pecies i nt he s ame e nvironment may r espond t 0 noi se
differently. The current knowledge of individual species responses may not allow inferences on
noise sensitivity of other species, so there is a need for more species-specific understanding of
anatomical, ph ysiological, a nd be havioral r esponses t o s ound. The i dentification of s pecies
groups t hat r espond s imilarly t o s ound m ay be us eful. Identification of r esponses t 0 noi se
throughout all life stages and at small scales is important; therefore laboratory experiments may
help fill knowledge gaps when field measurements are impractical. The identification of both
acute and chronic responses of fishes and invertebrates to sound is necessary. The construction
of ocean observatories to help fill current knowledge gaps and provide baseline and 1 ong-term
information was suggested. These discussions generated many questions that led to identifying
specific information needs, priority areas, and funding recommendations to be included later in
the data gap analysis.

Session Four Breakout Group C: Injury, Physiological Damage, and Stresses as a Result of
Sound Exposure

Chair: Dr. Michele Halvorsen, Battelle Pacific Northwest National Laboratory
Rapporteur: Dr. Jerry Payne, Department of Fisheries and Oceans (Canada)

Discussion was focused on the injury, physiological damage, and stress resulting from sound
exposure. Discussions focused on addressing ten questions:

1. Is Temporary Threshold Shift (TTS) an important consideration in examining the effects
of man-made sounds in fishes or invertebrates? What level of hearing loss has significant
implications for behavior?

What is the best way to measure, present, and interpret TTS?

What is the morphology of TTS in fishes?

Are there any effects on the lateral line from exposure to man-made sounds?
Can damage to the lateral line be repaired and does function return?

Can appropriate assays for stress be applied without causing stress?

NS kWD

What are the effects of stress?
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8. What types and levels of sound may result in mortality? Are there differences among life
stages?

9. Do physostomous fishes respond differently to sound than physoclistous fishes?

10. Are there effects on non-auditory tissues?

The slate is mostly blank with respect to studies on the potential for various sources of sound to
affect delayed mortality or irreparable sub-lethal injury in invertebrates. The information gap on
invertebrates makes it all but impossible, in most instances, to pass informed scientific opinion
on que stions r elated t o pot ential r isks a ssociated w ith s ounds f rom s eismic s urveying, pi le
driving, sonar, or vessel traffic. There is a need to develop dose-response relationships for the
effects of sound on t he health of commercially important invertebrates taking into account the
species and sound source in the area of concern. H ealth e ffects c an be manifested in various
ways and parameters for consideration would include effects on behavior, as well as effects that
could i nvolve bi ochemical, hi stopathological, a nd ove rt pa thological e ndpoints. F undamental
research is required on sensory s ystems in invertebrates in relation t o s ounds t ransmitted by
sediments as well as water. Detrimental effects need to be determined, which could then afford
linkage to animal fitness.

Equally, as for invertebrates, there is a need to develop dose-response relationships for fishes,
taking into account species and sound source in the area of concern. In some cases, proxy species
would pr obably ne ed t o be ¢ onsidered s ince w ork ¢ annot always b e d one on 1 arge, hi ghly
mobile, or endangered species. There may be a need to investigate the effects of sound on prey
species f or f ishes and i nvertebrates o r at 1 east f or k eystone ecologically o r co mmercially
important species. A ssessment of health effects on fishes and invertebrates in the laboratory or
similar | ocales s hould g ive a ttention t o pos sibly confounding f actors s uch a s ¢ hemical a nd
parasite loading. Fundamental research is required on the potential effects of sound on the lateral
line s ystem in fishes. A Ithough a s ubject o f ¢ onsiderable a ttention t o date, thereisneedto
separate the sensitive physiological (biomarker) response of TTS from other effects such as the
production of m ajor or gan pa thologies w hich c an be m ore va luable f or de fining a dverse or
irreparable bi ological da mage. T here w as also i mportant di scussion as to whether TTSisof
significance to fishes, particularly the shift is small.

To model masking, three pieces of information are needed, the critical ratio (CR), the directivity
index (DI) of the animal, and knowledge of the ambient noise field. However the production of
empirical i nformation t hrough t he d esign of a ppropriate b ehavioral as says ( as ap propriate)
should also be considered.

Notwithstanding th e d ifficulty o f ¢ onsidering d ifferent s trata o f w ater (or s ediment) w here
animals may occur, modeling of the total energy budget in an area of concern could have value
in assessing risk.

The t erm s tress 1 s c ommonly us ed i n ph ysiology i n ¢ onjunction w ith ne urohormonal 1 inked
activation of t he br ain-adrenal-medulla a xis o r th e b rain-pituitary-interrenal ax is w hich can

involve altering such functions as oxygen uptake, mobilization of energy reserves, reallocation of
energy a nd i mmunocompetence. T his de finition of s tress de notes di sturbance t o hom eostatic
mechanisms which can set in motion a set of adaptive behaviors or physiological responses to
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remediate the stress. However if an animal is exposed to intense chronic stress, the response may
lose its adaptive value and become maladaptive or dysfunctional resulting in effects on growth,
reproduction, disease resistance, etc. Thus, there can be a continuum of responses ranging from
mild forms of stress that may be adaptive (“eustress™) to “distress”. Given this continuum, it can
be difficult to define the border between eustress and distress.

This aspect of stress is quite different from the more popular concept of “any” stress or factor
that may compromise an organism’s ability to live out its normal lifespan as well as reproduce
normally. For instance, production of severe organ pathologies or injurious effects on be havior
may have little or no linkage to neurohormonal disturbance yet have a much greater effect on
animal health and fitness.

Over the past years there has been increasing emphasis on the use of biomarkers to assess effects
in organisms, with the term biomarker (or health e ffect indicator) being generally defined as a
change in the biochemical, or cellular component of a process, structure, or function. In addition
to their use as screening tools in laboratory studies (or similar), biomarkers can be especially
valuable for determining the degree and extent to which health effects may be occurring in the
environment. T his 1 s ne cessary s inceitisa Il but i mpossible t 0 m easure popul ation 1 evel
reductions or 1oss of productivity i n t he e nvironment ( except pos sibly microscale effects on
populations such as in a small cove).

It is important to note that all biomarkers are not of equal value. For instance major pathological
or histopathological changes in hair cells in the ears of fishes, the internal organs or musculature
of fishes, or similarly the internal organs of crustaceans, would generally be considered to be
potentially more adverse than a transient change in a blood or hemolymph parameter.

Biomarkers which might be “too sensitive” for assessing adverse health effects may be powerful
tools for providing advice and guidance on whether effects might occur in the environment. For
instance t he s ensitive bi omarker s tudies on f ishes carried out i n ¢ onjunction w ith s eismic
programs in the McKenzie River in Canada and in offshore Australia - where little or no effects
were observed — were quite important for providing advice to regulators in relation to extensive
seismic surveys being carried out on the east coast of Canada. Simply put, if little or no effect is
observed on sensitive biomarkers in the environment it can be difficult to make a case for more
injurious higher level effects. Thus documentation of sensitive as well as more injurious effects
in | aboratory s tudies or similar | ocales, ¢ an pr ovide i mportant t ools for a ssessing risk in the
environment.

2.2.5 Session Five: Conclusions
Chair: Dr. Jennifer Miksis-Olds, Penn State University

Session Five summarized the topics presented in each session, along with details from each
breakout session, and final concluding remarks.

Rapporteurs from S essions T hree and F our pr esented s ummaries o f't opics di scussed w ithin
breakout groups, a s p reviously de scribed i n S ections 2.2.3 a nd 2.2.4. F or d etails of t hese
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presentations, refer to Appendix B. Information needs and data gaps that emerged from each
topic are detailed in the Data Gap Analysis (Section 3).

Information Needs and Data Gaps Identified at the Workshop (presentation: Appendix B, p.
99)
Dr. Anthony Hawkins, Loughine Limited

Dr. Hawkins presented a summary of each Workshop session along with data needs i1dentified
within that topic.

Session One reiterated that information on the effects of underwater sound is needed to enable
BOEM t o pr edict, a ssess, a nd m anage i mpacts f rom of fshore e nergy a nd m arine m ineral
exploration, a nd de velopment, a nd pr oduction a ctivities on hum an, m arine, and c oastal
environments. The information is used by BOEM to direct future research, assist with NEPA
and ot her environmental a nalyses, de velop m onitoring a nd m itigation m easures i n lease
stipulations and provide information to lessees. The priorities of the BOEM study program are
established on the basis of mission relevance, scientific merit, technical feasibility, timing and
applicability. It is evident that some noise sources will have greater impact than others, and help
is needed in identifying those impacts that are most important and which uncertainties should be
taken in to a ccount. F inally, mitig ation r equires c lose examination to e nsure th at it p rotects
marine resources.

Session Two a ttempted to de fine t he fish a nd i nvertebrate s pecies, ha bitats, a nd fisheries of
concern i n r egards t o i mpacts f rom noi se-generating act ivities. Impacts o n en dangered an d
threatened species are a major concern, because the Endangered Species Act requires BOEM to
ensure that authorized activities are not likely to damage protected species or critical habitats.
One of the largest knowledge gaps is the lack of data on the acute and cumulative responses of
fishes and invertebrates (individuals, s ubpopulations, a nd popul ations) t o s ound, be cause t his
information is necessary for the quantification of any impacts resulting from sound-generating
activities. Fisheries m anagers need clear guidance regarding what information is needed from
them to h elp fill s uch gaps i n know ledge, w hich i ncludes a ccess t o data a nd i nformation
regarding life-history and reproductive periods for vulnerable species.

Session Three identified issues related to the assessment of sound sources, as well as quantifying
sound exposure. There is an urgent need to identify international standards for underwater sound,
and to agree on t erminology as the current use of terminology is inconsistent and not always
appropriate. B ecause of't his, a n a uthoritative a nd c ritical g lossary of i nternational te rms
currently used is required. There are issues in the descriptions of marine soundscapes, including
quantification, i dentification of trends, identifying i mpacts, and uni ts us ed for presentation of
noise budgets. The current descriptions of marine soundscapes lack ecological sound data, and
there is need to identify which measurements need to be made to help fill this gap in knowledge.
There is a clear need for future measurements to focus on assessing the impacts on animals rather
than meeting the priorities of the sound-makers.

Session F our focused on the e ffects on s ounds on f ishes and invertebrates, and identified the
great diversity, both within and between species, of these animals as an important consideration
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when t rying t o ge neralize. A dvancing our kno wledge of t he h earing abilities of fishes and
invertebrates, t he e ffects of m asking, and e ffects on be havior and bi omarkers is critical, and
should be accomplished through research-driven studies.

Final Comments/Summary from BOEM
Dr. Alan Thornhill, Bureau of Ocean Energy Management

The Workshop was attended by over 150 pe ople representing nine c ountries w ith collectively
well over 2000 years of experience.

The objectives and desired outcomes of the meeting were restated to reflect on the outcomes of
the Workshop:

1. Objectives
a. Identify gapsin our unde rstanding of t he e ffects of noi se on m arine f ishes,
fisheries, and invertebrates.
b. Identify feasible studies that could help plug those gaps.
2. Outcomes
a. A thorough review of the questions posed to the breakout groups.
1. Are these the right questions?
ii. Do we already have a start to answering them?
b. A path forward!

Industry will continue moving forward, and we need to ensure that management de cisions are
science-informed, rational, and non-arbitrary. This will be accomplished thorough aggressively
seeking know ledge, w hich will require partnership between s cience-driven researchers and the
applied i ndustry s ide. B OEM r equires t hat r esearch f unded b y BOEM be a pplicable t o
environmental analyses for making decisions.

Numerous examples of Environmental Impact Statements (EIS) and their supporting documents
clearly show that there is a large gap in our knowledge of how underwater sound affects fishes
and invertebrates. It was requested of the Workshop participants that any identified information
gaps be communicated to BOEM.

The obj ectives of t he Workshop w ere put i ntot he ¢ ontext of t he p rocess of t he BOEM
Environmental Studies Program (ESP). W orkshop participants can help with the first step: to
identify gapsin our unde rstanding, a nd i dentify t opics t hat c an be s olved t hrough t argeted
research. This research will be vetted through government review, and the applicability will be
assessed along with identifying who should be involved in the research. This process only works
when researchers are actively engaged with BOEM.

3. GAP ANALYSIS

The goal of the Gap Analysis is to define the present state of knowledge, the desired or “target'
state of knowledge, and the gaps between them. The analysis asks:

O Where are we now?
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0 Where do we want to be?
0 What must be put in place or must happen so that the desired target state can be reached?

Gap analysis helps bridge any gaps by highlighting those requirements that are being met and
those that are not. It provides a foundation for deciding what is required to achieve a particular
outcome.

For each topic considered at the meeting an attempt has been made to:

Define BOEM’s needs

Consider which of those needs are currently being met

Examine those needs that are not being met and how they might be met
Suggest priorities for research that BOEM might consider for future funding
Suggest priorities for areas in which BOEM may want to partner with other
organizations to either support research, develop policies, or gather data

O O0OO0OO0Oo

Information assembled in the Literature Synthesis (Appendix E), presented in plenary sessions at
the Workshop, and discussed during the breakout sessions was reviewed to identify the missing
pieces o four unde rstanding of t he effects of m an-made s ounds on f ishes, f isheries, and
invertebrates. Missing information was evaluated in terms of what it could contribute to BOEM’s
ability to as sess i mpacts to these resources under NEPA as well as the ease with w hich this
information could be obtained.

In performing this analysis, it became apparent that words were being used in different ways by
different people. Such varied usage could alter how material is understood and interpreted. In
order to try and bring some “sense” to word usage, an attempt has been made to ensure that word
usage has been consistent in this document and the Literature Synthesis.

Of these words, the most critical appear to be “impact” and “effect.” These words are often used
synonymously, but it is clear that there are subtle differences in meaning by different presenters
at the BOEM meeting, and by different authors in the literature. Thus, a more specific usage has
been adopted. The word “impact” refers to a causal agent, such as the sound from a seismic
operation or the wake from a ship. The word “effect” means the resultant response of or on an
animal or population. In other words, “impact” is the causal agent and “effect” is the response.

3.1 Information Gaps ldentified During Literature Review and
Workshop Discussions

The information gaps that were identified through the Literature Synthesis and the discussions at
the Workshop are presented below, divided into the major topics covered at the W orkshop. The
left-hand column (“Drivers for Information A cquisition™) describes the underlying concerns or
actions t hat r aise t he q uestions f or w hich an swers ar e n ot r eadily available f rom ex isting
research. The right-hand column (“Information Gaps”) articulates the types of information that
would be needed to fulfill each driver. The complexity of this subject matter is evidenced in the
fact that there are a number of recurrent themes — questions that arise under more than one topic.
In order to make things easier to follow, and to allow for the fact that many Information Gaps are
important to deal with several Drivers, there is some repetition of areas of research within the
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Information Gaps. This was done rather than have extensive cross-referencing within the Gap
Analysis.

While it is imp ortant to retain the breadth ofthe data gaps and i nformation ne eds i dentified
during this study, it is also important to c onsider these needs in terms o f BOEM’s mandates.
Clearly r eaders w ith d ifferent b ackgrounds o r d ifferent r esearch i nterests ar e 1 ikely t o h ave
varied opinions as to what the most important gaps are to fill. BOEM, how ever, has s pecific
needs i n or der t o a dvance 1 ts m issions. B OEM m ust ¢ onduct unbi ased, s cientifically-based
impact assessments throughout its decision-making, regardless of the specific mission.

In order to help resolve this concern, a list of priorities for research and development, prepared
with the assistance of the Science Review Panel, is presented at the end of the Gap Analysis in
Section 3.2. Priorities on this list have been defined in terms of those that are achievable, have
the most relevance to BOEM, and have the greatest potential to advance our understanding of the
impact issues in the reasonable future. At the same time, the far broader research questions listed
in the Gap Analysis itself provide a picture of where, over the next decade, the field should go.
Addressing t hese br oader r esearch que stions m ay, how ever, have to b e the responsibility o f
many groups around the world.
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A. Strategic Requirements

Drivers For Information Acquisition

Information on t he e ffects of unde rwater s ound
isneeded to enable agencies to predict, as sess,
and manage the impact of man-made sounds in
marine and coastal environments. It is especially
important to a cquire s ufficient in formation to
make s cientifically s upportable as sessments o f
the effects on fishes, fisheries, and invertebrates
resulting from sound-producing activities.

A.l. Assessing and P

Drivers For Information Acquisition

An imp ortant me chanism f ord emonstrating
BOEM’s adherence toi tse nvironmental
responsibilities is th rough ¢ areful imp act a nd
effect analysis in the NEPA process. The NEPA
analysisi ncorporates al 1r elevant federal
regulations, 1 ncludingt he E SAa ndt he
MSFCMA. C ritical to d etermining whether
information is sufficient is an unde rstanding of
what de fines a significant e ffect. T he de finition
may d iffer b etween s pecies co vered under t he
ESA a nd ot hers pecies. A n effectm ay be
significant at the level o fthe individual animal
for ESA species, whereas for a non-ESA species
the s ame f actor m ay b e co nsidered s ignificant
only if a popul ation-level ef fect w ere ex pected.
Even at the non-ESA species level, the definition
of significant i mpact may b e de pendent on t he
type of popul ation s tructure a nd be havior of a
givens pecies. F ora s peciesw ithi solated
populations or s ensitive | ife s tages, a 1 ocalized
impact ¢ ould ha ve m uch g reater c onsequences
than it w ould for a s pecies w here popul ations
extend over large areas.

Information Gaps

The priority is to seek information to:

e Support assessments of impacts from
different sound sources.

e Predict effects of such impacts on
marine biota.

e Monitor human, marine, and coastal
environments for evidence of these
effects.

e Identify mitigation strategies.

redicting Impact

Information Gaps

Progress must be made in defining
significant impact versus negligible impact
and in examining the gradient of effects
that might result from different levels of
exposure to man-made sound.

A.2. Mitigation

Drivers For Information Acquisition

Actions to mitig ate th e imp act a nd e ffects o f
man-made s ounds a re i mportant t o i ndividual

Information Gaps

Proposals for mitigation must be

accompanied by evidence that the
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animals a nd, i n s ome c ases, popul ations. The
need to present mitigation measures depends on
defining th e a ctual imp act. S ome mitig ation
measures, S ucha se ffortst or educe s ound-
generation or create ba rrierst os ound
transmission, ma y h ave w ide a pplicability a nd
effectiveness. O therm easuresm ay bel ess
efficacious for some organisms. It is desirable to
define criteria f or ev aluatingt he s uccess o f
mitigation, in terms of effect reduction, and to
demonstrate that mitigation works whenever it is
proposed.

mitigation will actually work. Many of the
mitigation measures adopted for the
protection of marine mammals (e.g. PAM,
Protected Species Observers, Ramp-up) may
be less effective for fishes and invertebrates.

Where mitigation measures have been
implemented to overcome or reduce the
effects of exposure to sound, their efficacy
should be monitored and assessed.

A.3. Cumulative and Aggregate Effects

Drivers For Information Acquisition

For the purposes of this discussion, we are
defining cumulative effects ast hose t hat ar ise
from the temporal repetition and accumulation of
effects fro m a p articular s ource—for ex ample
the repeated strikes of a pile driver. By contrast,
in-combination ef fects, s ometimes d escribed as

synergistic or aggregate effects, arise from the
accumulation of e ffects from di fferent t ypes of
stressor—for example, f roms oundsf rom
different sources or from the combined effects of
sound e xposure, w ater ¢ ontamination, a nd
fishing.

Currentlyt herei sa ni nabilityt o conduct
appropriate cumulative a nd a ggregate i mpact
assessments. M orer igorous m ethodsa re
required t o as sess t he cumulative i mpacts o f
offshore energy by i tselfa nd i n ¢ ombination
with other human activities that co-occur with it
in the marine environment.

Information Gaps

Assessment of sound-producing activities
has to assess both cumulative and aggregate
effects. The challenge is to compare the
effects of repeated exposure to single and
multiple  stressors and to examine
interactions between multiple stressors
(both natural and anthropogenic).

There is a need to refine approaches that
assess total exposure from all regulated
activities, rather than evaluate individual
developments while ignoring other approved
and ongoing projects. The concept of total
allowable exposure may have some value in
this context.

B. Priority Habitats, Species and Fisheries

Drivers For Information Acquisition

ESA-listed Species and Habitats

Ins etting p riorities in te rms o ff ishesa nd
invertebrate s pecies, h abitats an d f isheries o
concern to regulators, it is clear that endangered
or threatened species are high priority. The ESA
requires BOEM and other agencies to ensure that

Information Gaps

ESA-listed Species and Habitats

One major need is information on the
responses of endangered and threatened
fish and invertebrate species to sound
exposure, in terms of either mortalities or
other effects that result in changes in
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authorized act ivities a re n ot lik ely to d amage
protected species or critical habitats.

For E SA-listed s pecies, i nformation is r equired
on any action |l eading to mortality or injury, or
which causes a change in behavior or habitat use
that has the potential to reduce the fitness, life
span, or reproductive po tential of an individual.
Information ont her esponses of E SA-listed
species to s ound h as 1 imited u tility if th ose
responses cannot be linked to one of these two
assessment endpoints:

e Increases in mortality
e Decreases in fitness, for which
reproductive success is a good measure.

Non-listed Species and Habitats

Other species of concern include:

e Those which are commercially fished,
particularly those whose populations are
below optimal levels;

e Those exposed to pollutants or other
stressors; and

e Vocal species that may be especially
vulnerable to sound exposure.

Evaluation of e ffects o nnon -ESA s peciesi s
typically based on factors such as:

e The ecological, commercial, recreational,
or scientific importance of the resource;

e The proportion of the resource that would
be affected;

e The s ensitivity of t he resourcet ot he
proposed activity;

e The duration of the impacts; and
e Additional impacts from other sources.

Some species (and life stages) may be especially
vulnerable to man-made sounds.

Vocala nimalsma y bew orthyo fs pecial
consideration and there is a need to identify and
catalogue these s pecies and t heir s ounds. Man-
made s ounds can also a ffect non-vocal animals

fitness.

Note t hat ¢ onsideration of e ndangered a nd
threatened s peciesi nevitablyi nvolves
consideration of effects upon their predators,
competitors, any symbiotic species and prey.

In many instances there may be too few
individual animals of the endangered and
threatened species to conduct valid studies
or the necessary permits would not be
provided by the regulatory agencies. In such
instances, studies on other species (i.e,
surrogates) that have similar characteristics
may be appropriate.

Non-listed Species and Habitats

It is important to establish those taxa and
habitats that are most at risk from exposure
to man-made sound, and on what spatial
and temporal scales.

Better  means  are required  for
characterizing the effects of sound on
marine animals, linking responses to man-
made sound to the survival and current and
expected future reproductive success of the
fishes and invertebrates that are exposed to
it.

More information is required on the
characteristics of the sounds produced by
vocal species, the range over which the
sounds may be detected, their seasonal
patterns, their behavioral context, and their
ecological significance. Seasonal changes
may provide a basis for mitigation of any
effects. Key habitats including spawning
areas may be investigated by listening for
sounds.

The susceptibility of animal calls to
masking by man-made sounds needs to be
investigated.

More research is needed to establish the
validity and importance of larval attraction
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as well however and research should be directed
to these potentially important effects.

Recent studies have suggested that the larvae of
fishesan di nvertebratesm ayd irectt heir
movementst owardst hes oundsof t heir
particular ha bitat, although t he di stances ove r
which t his be havior oc curs i s unknow n. M an-
made sound may exacerbate the ecological status
of these species by interfering with the attraction
and settlement of larvae.

Past s tudies pr esented during t he W orkshop'
have demonstrated different behavioral effects of
sound exposure on c atchability for fishing gears
that d iffer in th e c apture me chanisms th ey
employ (e.g., trawls, gillnets, long lines).

Impacts t o non -ESA s peciesarel ikelytob e
considered m ajor i f i mportant r esources w ould
be adversely affected over large areas relative to
species di stribution a nd di versity w ithint he
project area. Such impacts would cause:

e Substantial reductions in popul ation size
or ¢ hanges i n di stribution of 1 mportant
species;

e Substantial | ong-term 1 oss o f existing
habitat;

e Substantial d eteriorationo fe xisting
habitat;

e Substantial interference with the
movement, range, spawning, or nursery
site of resident or migratory species; or

e Changes to a fishery by:

(1) Changing the geography of fishing
effort either as a result of changes in
fish distribution or restricting or
reducing access of areas to fishing,

(2) Reducing the catchability of a
species to a particular gear as a result
of behavioral responses to sound
exposure,

(3) Reducing the population available to
the fisheries, and

to sounds, and those features of the
soundscape that attract or are especially
important to different life stages.

Information on the behavioral responses of
fishes and invertebrates to different sound
sources is a major knowledge gap in
assessing the effects of man-made sound on
fishes and fisheries. Experiments using new
technologies  (e.g., active  acoustics,
tagging), at an appropriate scale, for a
variety of these sound sources in relation to
fish and invertebrate behavior and the effect
on catch should be encouraged. Further
development of some of these new
technologies is also needed, so that sound
exposure and behavioral responses of
individuals can be measured more readily.

Assessment of e ffects upon popul ations and
habitats r equires ¢ onsiderable know ledge of
the e cology and popul ation d ynamics o f the
key species. Much work is already underway
on those fishes and invertebrates exploited by
the ma jor f isheries. However, f isheries
managers ar ¢ al ready busy m anaging t heir
particular fisheries, which are often in a poor
state, ha ve a hi gh publ ic pr ofile, a nd f ace
numerous f uture t hreats. Withr estricted
resources they are limited in their ability to
assessp ossiblef utureef fects from
development of the energy industry.

Liaison with fishery managers, especially in
sharing catch and population data is
imperative for assessing the impact of man-
made sounds upon fishes and invertebrates.
Any direct mortality associated with sound
exposure can be evaluated in the context of
current fishery models used for stock
assessment, and compared with mortality
from other sources.

Fishery managers already have very
detailed time-series of populations and
distributions that could be vital in
informing potential effects of sound

! See the Workshop Presentation on the “Effects of Noise on Catches” by Svein Lokkeborg

44



Gap Analysis

(4) Causing substantial economic loss or
social effects as a result of loss of
fishing or reduced catch.

B.1. Priorities in

Drivers For Information Acquisition

Endangered and t hreatened s pecies of fishes in
the Atlantic include: Atlantic salmon, shortnose
sturgeon, A tlantic s turgeon, a nds malltooth
sawfish.

Critical h abitath asb eend esignated f or
smalltooth s awfish and is be ing considered for
Atlantic s turgeon. Offshore w aters ad jacent t o
mouths o fr ivers an d estuaries ar e ar easo f
particular concern for sturgeon.

Fori nvertebrates,n os peciesar ecu rrently
designated en dangered. The t hreatened s pecies
include: elkhorn coral, staghorn coral; additional
coral s pecies ar e ¢ andidates for listing. Critical
habitat ha s be en de signated f or e lkhorn a nd
staghorn coral.

Priority h abitats in th e A tlantic in clude ‘ live

bottom’ ar eas w ith co rals, i nvertebrates, an d

production at the population level. The
commercial fishing community may also be
forthcoming with information when it feels
it is in its best interests to cooperate.

Data on fishes and fisheries required for
use in regulating development of offshore
energy and assessing the effects of sound-
producing activities include:

e Maps which locate and characterize
vulnerable species and habitats

e Maps locating fisheries activities by
gear type

e High-resolution catch data for
evaluating long-term trends near a
project or using catch statistics for
assessing biological, economic, or
social effects of man-made sound on
fishes and fisheries

e Calendars identifying critical life
history, especially reproductive
periods

e Information on behavior, especially
of vocal fishes.

the Atlantic

Information Gaps

In addition to information being required on
the 1 mpact of s ound on e ndangered a nd
threatened species, interest in the Atlantic is
also especially focused on e ffects of sounds
upon the valuable commercial fisheries.

The A tlantici s al soa nar ea wheren ew
renewables, aggregate extraction, and oil and
gasd evelopmentsa reor w illbe unde r
consideration.

The F ishery M anagement C ouncils ha ve
designated E ssential Fish Habitat (EFH) and
Habitat A reaso f Particular C oncern
(HAPCs) f or m anaged s peciest o ad dress
fishinga nd non -fishingi mpacts. O ther
spatial management measures are in place to
protects peciesan da reaso fp articular
concern.
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fouling communities (grouper, snapper, porgies).
These areas support the offshore fisheries and a
wide diversity of marine fishes, birds, mammals
and 1 nvertebrates. Other 1 mportant ar eas are
those ¢ ontaining Occulina deep-water co rals
(together w ith g olden crab, s hrimp); a nd inlets
and coastal areas <5Sm offshore (croaker, drums).

Other s pecieso fco ncernb ecause o ft heir
vulnerability t o f isheriesa nd other factors
include: Atlantic bluefin tuna (Thunnus thynnus),
dusky shark (Carcharhinus obscures), porbeagle
shark ( Lamna nasus), and rainbow s melt
(Osmerus mordax).

In the South Atlantic, commercial fisheries target
many s pecies, including the snappers, groupers,
herring, s had, m enhaden, bl ack-seab ass,
porgies, A tlantic c roakera ndw eakfish/red
drum/other S ciaenidae, t una, and m igratory
species in cluding b illfish, dolphin, w ahoo a nd
tilefish. V aluable in vertebrates in clude s piny
lobster, penaeid shrimp, squid, golden crab, and
deep-water s hrimp. T here ar ¢ m any s oniferous
speciesi ncluding s nappers, groupersa nd
croakers.

Int he N orth A tlantic ave ry wider ange of
federally and state managed fish and invertebrate
species. P riority s pecies in te rms o f risks from
exposure to high level sounds are:

o ESA-listed species

e Acoustically-sensitive clupeids (herrings)
(e.g., A tlantic m enhaden [ Brevoortia
tyrannus] and A tlantic herring [ Clupea
harengus],f ort heirco mmercial
importance. R iver  herring (  Alosa
aestivalis and A. pseudoharengus) a re
candidates for ESA listing.

e Fishes (e.g., A tlantic ¢ od, ha ddock a nd
cusk Brosme brosme) that use sound to
communicate or 1 ocate pr ey and are
overfishedor a rec loset obe ing
overfished.

e Fishes (e.g., elasmobranchs and sturgeon)
whose popul ations are r educed and t hat

The development of ecosystem support tools,
including mapping facilities, are important
for future management and are the
responsibility of a number of agencies.

Fisheries scientists have identified the need
for:

e Enhanced species and
oceanographic monitoring;

e Pelagic/benthic habitat mapping
and characterization where existing
data are insufficient; and

e Focus on managed species and their
prey (priority to address overfished
species)

Specific requirements are to identify critical
habitats and reproductive periods. Passive
acoustics is one tool for monitoring the
presence and reproductive behavior of
fishes and invertebrates. Larval surveys and
other conventional techniques of fisheries
science also have a part to play. These types
of data are important for other sources of
impacts besides man-made sounds.
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are s low-growing, la te maturing s pecies
with low fecundity

e Commercially valuable invertebrates
(e.g., American lobster (Homarus
americanus), blue crab (Callinectes
sapidus), and white shrimp ; Atlantic sea
scallop (Placopecten magellanicus), and
squid, that may be vulnerable to sound.

B.2. Priorities in the Arctic

Drivers For Information Acquisition

There arenom arine, a nadromous, or
catadromous f ishes or 1 nvertebrates currently
listed or proposed for listing a s e ndangered or
threatened in the Arctic Region.

Priority s pecies f roma f isheries s tandpoint
include: Arctic cod, saffron cod, snow crab.

Essential Fish Habitat (EFH) areas in the Arctic
OCS have been described for Arctic and saffron
coda nds nowc rab. NoH abitat A reas of
Particular Concern (HAPCs) have been declared
for the Arctic.

Fisheries for pink and chum salmon may also be
significant. Subsistence f ishingin th e A rctic
OCS i s e conomically a nd ¢ ulturally i mportant
for many Alaskans.

There is potential for a shift of fisheries into the
Arcticas w atert emperature r ises. E xpected
changes in environmental ¢ onditions m ay ha ve
enormous ¢ onsequences f or t he fish s tocks i n
polar a nd s ub-polar r egions. A n a ssessment of
sound-producing a ctivities a ssociated with
energy de velopmenti nt hisr egion ¢ ould be
incorporated i nto the U .S. A rctic Fishery
Management Plan.

B.3. Biological

Drivers For Information Acquisition

Biological mitigation involves choosing a season
or time of day or location w here i mpacts upon
fishes fro mm an-mades oundsw ill be

minimized. Such mitigation requires a thorough

Information Gaps

As with the Atlantic, information is required
on the impact of sound on any especially
vulnerable species or habitats.

Exploration for minerals, oil and gas is new
tot hisa rea andw aysm ustbe foundt o
acquire key information quickly to deal with
foreseen or potential development.

Baseline information is required in advance
of development on those species and
habitats likely to be vulnerable to sound
exposure, to aid future decisions.

The Fisheries Management Plan for the U.S.
Arcticw ill pr ovidea va luablet ool f or
assessing t he i mpact of future de velopment
in the area.

Mitigation
Information Gaps

To facilitate biological forms of mitigation,
information is required on those periods in
the lives of marine animals, or those critical
locations, when they might be especially
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knowledge o f't he bi ology and ecology o ft he
animals concerned.

affected by exposure to man-made sound.
Such information requires close
coordination with fisheries biologists.

C. Sources and Exposure

Drivers For Information Acquisition

The major issues regarding sounds and exposure
relate to the need to:

Explain and demystify terminology of
underwater sound;

Achieve a better understanding of the
current acoustic environment (the
soundscape) in areas of concern; and
Understand how man-made sources
change the acoustic environment.

C.1. Metrics and

Drivers For Information Acquisition

A w ide r ange o f'i nstruments an d m etrics ar e
usedt om easure,d escribe,an d analyze
underwater sounds. However, to date, sounds are
normally de scribed in terms of s ound pressure,
whereas m any o rganisms r espond t o pa rticle
motion.

Increasingly, bi ologists a nd ot hers w ithout
specialist knowledge of acoustics are conducting
measurements and applying di fferent metrics to
different t axa, of ten w ithout guidance ont he
most appropriate metrics.

Information Gaps

The marine soundscape was altered by
human activities long before man-made
sound was recognized as a pollutant and
there is no real way to measure the effect of
this change — the dilemma of the shifting
baseline. An important, but probably
unanswerable, question is how much man-
made sound the environment can receive
before changes in ecological status (e.g.,
biological population or community
structure) occur. What constitutes ‘good
environmental status’ with respect to
sound? Perhaps the closest scientists can
come to answering this is to examine
geographic areas that are physically similar
and within the same biogeographic region
but have been exposed to different levels of
man-made sound. How do they differ
biologically?

Information is required to evaluate and
rank any deleterious effects of different
sources upon natural soundscapes and the
animals living there.

Terminology

Information Gaps

There is a requirement for agencies to come
to a consensus on the adoption of relevant
and universally acceptable metrics that
describe sounds appropriately and enable
comparison of the effects of sounds of
different types on different taxa. This has to
be done for both sound pressure and
particle motion.

A common terminology needs to be
developed for sound measurement and

exposure that is useful and understandable
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Much of the literature concerned with the effects
ofunde rwaters oundus esdi fferinga nd
confusing t erminology. T here arenow idely
accepted definitions or terminology applicable to
underwater s ound f or u niversal u se. E ven t he
common term sound pressure level is defined in
different ways by ANSI and ISO, the two main
standards or ganizations. T herei snow idely
accepted definition of source level. The lack of a
standard te rminology creates a mbiguities in
interpretation of data and effects.

to the whole community — from acousticians
to biologists to regulators. An authoritative
and critical glossary of terms in current use
is required.

There are a number of different organizations
around t he w orld a ttempting t o rationalize
terminology for use in underwater acoustics,
and yet it is not clear that there is sufficient
collaboration or ¢ ooperation be tween t hem.
Current e fforts ¢ ould r esult i n “ competing”
metrics — a situation that would help no one.

C.2. Background Levels of Sound in the Sea

Drivers For Information Acquisition

Therei ss trong interesti nde scribing and
analyzing t he ch aracteristics o f s oundscapes i n
different pa rts o f t he o cean, i ncluding i nshore
waters as w ell as o ther aq uatic en vironments.
How dot hese vary by locale, s eason, t ime of
day, w eatherc onditions,e tc.? A quatic
soundscapes are the result of:

e Ambient sounds generated by physical
factors;

¢ Biological sounds;

e Man-made sounds; and

e The local sound transmission regime.
The new field of Acoustic Ecology examines the
relationship—mediated through sound—between
organisms and their environment. Ambient noise
is site specific, and more data are required on the
soundscapes as sociated w ith d ifferent h abitats
and ecological niches.

Appropriate m ethods fort he m easurement,
description and analysis of soundscapes will be
critical in the future and for identifying trends in
level an dch aracteristicso ft heaco ustic
environment. T here is currently no archive for
recordings and analyses of natural s oundscapes,
performed to specified standards.

Monitoring of s oundscapes be fore, du ring, a nd
after the new developments, like the construction
and ope ration of wind farms, is needed, but is
not be ing carried out . M ost obs ervations on

soundscapes h aveb eeni ncidentalt o ot her

Information Gaps

There is a need to develop and define those
physical quantities and metrics that are
most useful for describing aquatic
soundscapes.

More information is required to assess the
contribution to sound levels in aquatic
environments from natural  sources,
including biological sources.

Information is required on the overall
contribution to sound levels in aquatic
environments from man-made and other
sources. There is a need for agreement on
how measurements of the outputs from
different sources should be measured and
compared.

Methodologies that provide a common way
to prepare inventories or budgets of the
contribution of different sources to the
overall aquatic soundscape are required.

There is a particular need to develop
scientific programs that monitor trends in
soundscapes through the acquisition of
long-term data sets. It is especially
important to monitor soundscapes now in
areas of future change and/or critical
habitat.

There are currently only a few ocean
observing stations dedicated to ‘ecological’
sound measurements. A  long-term
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activities. C ommercial co mpanies car ry o ut
some m onitoring, but t her esultsa re not
generally m ade available t o o thers w ho m ight
have need for such data. Thereis a need fora
repositoryo fda taon s oundscapesa ndt he
sharing of such data.

Presentation of noise budgets can be misleading
depending on the units used to derive them.

commitment is  required for the
establishment of such stations and to

C.3. Characterizing Man-Made Sources

Drivers For Information Acquisition

The nature of the sound field (spectral, temporal,
and s patial) g enerated b y v arious m an-made
sound s ources 1 s ¢ rucial t o unde rstanding t he
effects of s ound e xposure. T here a re c urrently
few agreed upon s tandards f or m easuring t he
output of di fferents ounds ources. P article
motion, w hich i s a n i mportant ¢ omponent of
sound de tection for fishes and i nvertebrates, i s
seldom m easured. P article m otionneedstobe
accounted for and it requires v ector ra ther than
scalar measurements.

There 1 s ¢ urrently no archive of s ound f iles,
recorded to an a greed-upon s tandard, providing
examples o f't he s ounds g enerated b y d ifferent
sources.

Sounds of di ffering c haracteristics ( e.g.,
impulsive vs . ¢ ontinuous; s hort vs . 1 ong t erm)
have different effects upon animals. We need to
know how we can r educe t he i mpact o 't hose
sound ch aracteristicst hatar e especially
damaging.

The oi 1 and g as i ndustry has ¢ onducted s ome
research t hat de scribes the out puts of s eismic
sources. Little research has been done on ot her
potentially d amaging s ources, 1 ncluding pi le
driving w here substrate borne vibration may be
especially important to fishes and invertebrates.

Of ¢ onsiderable concerni s how w es hould
measure t he out putof s ounds ourcesan d
quantitatively as sesst he ef fects o fd ifferent
sound s ources on f ishesa ndi nvertebrates.
Currently, t he pa rticle m otion g enerated b y

programs to survey different ocean
soundscapes.

Information Gaps

Information is  required on  the

characteristics of the sounds generated by
different sources, in terms of particle

velocity as well as sound pressure.
Measurements are done to achieve
compliance, but not always to agreed

standards or with appropriate metrics.

The characteristics of man-made sources
need to be more closely defined, using a
common terminology, especially in terms of
those features that might especially affect
marine animals.

There is scope for funding research on the
outputs of different sources, in partnership
with industry. Some sound sources, for
example pile drivers, where sediment
transmission may be important, have not yet
been adequately characterized in terms of
the sound fields they produce, and in terms
of sound pressure, particle motion, and
other characteristics (rise time, degree of
kurtosis etc.).

Information is especially required on the
particle motion associated with interface
waves and ground roll that may affect fishes
and invertebrates, especially from pile
driving and seismic sources.

What are the characteristics of impulsive
sounds that make some sources more
damaging than others? Is it the peak
amplitude, the total energy, the rise-time,
the duty-cycle, or all of these features that
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sources is seldom measured or estimated, though
thisis th e p arameter that ma ny f ishes a nd
invertebrates r espond to. S ound s ources a nd
their out puts m ust be monitored a nd a nalyzed
from t he p erspective o f't he af fected an imals i f
we a re t o unde rstand f ully t heir i mpact a nd
effects.

There is particularly strong interest in describing
sounds appropriately in terms of their cumulative
and a ggregate e ffects upon aquatic animals (see
section D on Effects).

What f uture t rends s hould w e e xpecti nt he
development of s ound s ources? A re a quatic
animals lik ely to b e s ubjected to la rger p ile
drivers, m ore extensive s eismic s urveys an d
wider s wathes o fdr edging anda ggregate
abstraction in the future as technology develops?

determines whether tissues are damaged?

Which characteristics of continuous sound
are most likely to have effects on animals?

Are the effects on fishes and invertebrates
similar to one another, or are different
metrics and response characteristics needed
for different groups?

C.4. Sound Propagation

Drivers For Information Acquisition

As s ounds t ravel a way f rom t he s ource t heir
characteristics ch ange. E xaminationo ft he
changes accompanying sound pr opagation a re
important for interpreting measurements made in
the field and require the application of models to
assist in estimating effects upon animals.

The propagation of s ounds through the sea and
seabed can greatly influence the sound received
by fishes and invertebrates. P ropagation models
are av ailable for specific oceanic en vironments
(i.e., s hallow, deep, ice c overed, and t emperate
waters). H owever, those m odels ha ve primarily
beend evelopedb yi ndustry fort heirow n
purposes. F or a ssessing t he e xposure t o w hich
animals ar e s ubjected an d p redicting ef fects,
researchers an d r egulatorsneedtobeableto
estimate t he r eceived 1 evels of s ound pr essure
and particle motion to which aquatic animals are
exposed in t he w ater column and closetothe
seabed. Current models have not been designed
specifically to do that.

Withr espectto th e maskingo fb iological
sounds, t here is ¢ oncern t hat i mpulsive s ounds

Information Gaps

Models of sound propagation are required
that are specifically tailored to estimate the
exposure to which fishes and invertebrates
will be subjected, expressed in terms of
sound pressure and particle motion, for
animals in the water column, close to the
sea surface, or close to the seabed.

How might the characteristics of man-made
sounds change with propagation over larger
distances from the source, rendering them
likely to mask biological sounds?

There is a particular need for more
information about propagation of sound
and vibration through the seabed by means
of interface waves—this is especially
relevant to benthic fishes and invertebrates.

What are the effects over large ocean basins
of multiple or continuous activities that
alter the soundscape? What, for example, is
the effect over the whole Gulf of Alaska of
simultaneous seismic studies, even when
they are not near one another?
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might merge with one another over distances as
a result of reverberation and other e ffects. How
might th e ¢ haracteristics o f ma n-made s ounds
change w ith pr opagation ove r | arger di stances
from the source?

Some s ound s ources, i ncluding s eismic a irguns
and pi le drivers, s end energy into t he s eabed,
creating s ubstrate v ibrations th at ma y affect
benthic organisms.

C.5. Masking

Drivers For Information Acquisition

Man-made s ounds ha ve ¢ onsiderable pot ential
forma skingth ed etectiono fb iologically
relevant s ignals by animals. P rolonged s ounds,
such as those from vibroseis, shipping, drilling,
dredging, a ggregate extraction, vi bratory pile
driving a nd f ixed pl atforms f oroi la nd ga s
operations a re especiallyl ikelyt om ask
biologically 1 mportant s ounds. T herei s a Iso
potential f or di screte b ut r epetitive s ounds t o
merge t ogether a s a r esult of pr opagationt o
produce s oundsth at will e ffectively ma sk
sounds. M oreover, some man-made sounds may
resemble the s ounds of animals themselves and
may give rise to confusion.

Information Gaps

More information is required on the overall
variations in background sound levels
(ambient noise) created by man-made
sources and the effects of propagation upon
them in terms of their risk of masking
biologically important sounds.

C.6. Source Mitigation

Drivers For Information Acquisition

For some sources there may be potentially useful
mitigation me asures applied to the source its elf
that might d ecrease the exposure o fanimals to
sound.

Mitigation is o ften s tipulated in is suing le ases
but there is still a substantial need to demonstrate
that s ource mitig ation is a ctually e ffective. In
some c ases, s uch a si np ile d riving, little is
known about how sound radiates from the pile
through the water and through the substrate, and
there is s ubstantial v ariation f rom s ite to s ite
(and evenpileto pile) on the e ffectiveness o f
mitigating devices such as air bubble curtains.

In c onsidering s ource mitig ation it is imp ortant

Information Gaps

Research is needed to establish the means
for reducing unwanted and damaging
sound from a range of sound sources.

Industry should look especially closely at
alternative technologies to air guns and
impact pile driving.
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to e xamine t hose ¢ haracteristics of t he s ounds
that mig ht make them e specially lik ely h armful
to f ishes a nd i nvertebrates ( in t erms o fle vel,
duration rise time, repetition, kurtosis etc.).

Can o ther | ess d amaging s ources r eplace t hose
sources in current use? Are there technological
alternatives? Are there ways of avoiding the use
of hi gh-level s ound s ources or r eplacing t hem
with other less damaging sources?

C.7. Sound Measurements

Drivers For Information Acquisition

Some s ound m easurementsi nw ater cannot
readilyb em adeb ecause appropriate
instrumentation is not commonly available. This
applies especially to the measurement of particle
motion.

Measurements cl ose to sources are o ften in the
non-linear por tion of the s ound field e specially
for pi le d rivers and explosions, a ndt o s ome
degree for seismic sources. It is in these regions
that d amage t o f ishes and i nvertebrates m ay
occur. There is a requirement for instrumentation
that ¢ an ope ratei nt hene ar field, w ithout
damage, t o m easure bot h pr essure a nd pa rticle
motion.

Knowledge of pa rticlem otiona mplitudes
generated b y a nthropogenic s ources is required
close to the water surface or close to the seabed
where the physics of the adjacent media must be
taken into account.

Ina ddition,m easurementsa nd analysis
techniques a re required t hat can be applied in
complex a coustic e nvironments, s uch as rivers,
lakes and estuaries.

A substantial issue is the need to obtain, in the
laboratory or inthe field, dataont he h earing
abilities of animals, the effects of sound on their
physiology, etc. in terms of both sound pressure
and particle motion. The development of special
wave t ubes a nd ot her ¢ ontainers i s r equired
where fishes and invertebrates can be maintained
and the characteristics of presented sound stimuli

Information Gaps

Inexpensive instrumentation, which does
not require specialist skills, is required for
the measurement of underwater sound both
in the laboratory and in the ocean.

Measurement of particle motion is a
particular priority. ldeally, it should be as
easy to measure particle motion as it is to
measure sound pressure.

Instrumentation is also required to
characterize sound sources in the acoustic
near field.

Instrumentation is required to measure the
directional and other characteristics of
sounds in complex acoustic environments,
both in the field and in the laboratory.

Special acoustic facilities are required that
will enable investigators to present sounds
to aquatic animals in the laboratory, or in
the field, with full specification of the
signals presented both in terms of sound
pressure and particle motion.
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fully described. One example of such a system is
the HICI-FT that has been used in a number of
BOEM-supported s tudies t o e xamine e ffects of
exposure to pile driving sounds on fishes.

D. Effects of Sound on Fishes and Invertebrates

Drivers For Information Acquisition

The gr eat di versity of fishes a nd i nvertebrates
poses m ajor p roblems i nunde rstandingt he
effects of s ound upon t hem. Itis n otju st
diversity of species within each taxonomic group
but also diversity of animal size and life history
status w ithine achs pecies. A ni mportant
question i s w hetheri t is pos sible to i dentify
particular “types” of animals that may serve as
models for other species and life history stages.
Canw em aker eliable b road g eneralizations
about effects of sound on such diverse groups?

In ¢ onsidering f ishesitis imp ortantth at
cartilaginous s pecies ( sharksa ndr ays) be
considered along with the bony fishes.

Knowledge of the hearing abilities and behavior
of fishes and invertebrates with respect to sound
isn otju sto fa cademicin terest. H earing
threshold curves or audiograms are already being
usedi ne nvironmental s tatementst oa ssess
whether animals are potentially affected by man-
made s ounds. S ubjective m etrics for i mpact
assessment, an des peciallyt hoseb asedo n
weighted f requency r esponses, r equire r eliable
measurement of hearing abilities.

The us e of ph ysiological m ethods t o measure
hearing abilities is less satisfactory than the use
of be havioral m ethods. P hysiological m ethods
(e.g., auditory evoked p otentials) onl y m easure
detectable responses fromt heear o rl ower
portions of the brain. T hey do not fully reflect
the ability of the brain of the animal to process
and extract information, or whether there will be
a behavioural response by the animal.

Information ont he m asking o fbi ologically
important s ounds by ‘ real’ s ounds — including

Information Gaps

Because of their great diversity, there is a
need to divide both fishes and invertebrates
into categories based on their anatomy,
relative sensitivity to sound, and ecological
associations. We may then be able to make
generalized predictions about responses to
sounds within these different groups.

Well-equipped field sites, where the
response of animals can be examined under
approximate ‘free-field” acoustic conditions,
are required to extend knowledge of the
hearing by fishes and invertebrates.
Conditions are required where animals can
be examined at appropriate depths, under
quiet ambient noise conditions, and where
sound stimuli can be precisely measured.

Measures of hearing must be made using
behavioral analysis since physiological
measures (e.g., auditory evoked potentials)
do not give an accurate indication of the
detection ability of animals.

Specially designed tanks can also play a
role in enabling precisely controlled and
measured sound stimuli to be presented to
fishes and invertebrates so that their
detection abilities can be determined.

Appropriate instrumentation is required to
accompany  these  special  acoustic
conditions. Then representative species
might be examined to obtain valid data that
may be applicable to a range of similar
animals.

Similar conditions are required for
experiments to evaluate injury and
physiological damage to aquatic animals
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man-made sounds is also critically important.

Currently, despite strong interest in d etermining
how fishes and invertebrates use s ound and the
soundscape and r espond t 0 m an-made s ound,
there a re r emarkably f ew ex perimental d ata.
There are almost no obs ervations obtained from
fishes a nd i nvertebrates e xposed t 0 m an-made
sounds unde r controlled or f ield ¢ onditions.
Valid au diograms ar e o nly av ailable f ora
handful of s pecies. M any studies ha ve be en
carried out unde ri nappropriate a coustic
conditions w here th er eliability o fa coustic
measurements has been open to doubt. There is a
lack of facilities in which sound signals can be
presented t o f ishesa ndi nvertebrates unde r
carefully controlled ¢ onditions. If a ppropriate
acoustic ¢ onditions ¢ an be pr ovidedt heni t
should be pos siblet o investigate f urther t he
thresholds or cr iteria fort he o ccurrence o f
different e ffects f rom e xposure t o s ound, the
nature of any effects and how they change with
different s ound t ypes and l evels. It should also
be pos siblet ode terminet hoses ource
characteristics t hat cau se d etrimental ef fects;
e.g., m agnitude, r ise t ime, dur ation, kur tosis,
duty-cycle.

D.1.

including assessment of the relative
importance of factors like rise-time and
kurtosis, and to assess cumulative effects,
recovery from injury and other important
aspects of sound exposure.

Sound Production, Sound Detection and Exposure to Man-made Sounds -

Invertebrates

Drivers For Information Acquisition

Almost nothing is known about the detection of
sound a nd vi bration b yi nvertebrates. S ome
invertebrates s uch as snappings hrimps a nd
lobsters are know n t o p roduce s pecific s ounds,
butt her ole of t hese soundsr emainst o be

determined. T he role of sound in lives of these
animals ha sha rdlybe ene xplored,a nd
information on t he impact of man-made sounds
is almost totally lacking. T here is a p articular
lack of controlled e xposure e xperiments on

invertebrates. In p articular, t he s late i s b lank
with respect to studies of the potential of sound
exposure to affect delayed mortality or sub-lethal
injury in invertebrates. The few s tudies c arried

Information Gaps

There is a need to establish which
invertebrates are of most concern with
respect to exposure to man-made sound.

More information is
importance of sound to  selected
invertebrates. Can we monitor and
catalogue the sounds they produce?
Determine how well they can detect sounds?
Examine how vulnerable they are to
masking or suppression of calling following
exposure to man-made sounds? Are they
engaging in acoustic and other activities
related to their long-term fitness, such as
spawning? Do they use sound during their

required on the
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outi ndicatea pot entialf ors ub-lethal
biochemical, ph ysiological, or hi stopathological
responses.

Inthis s tate o fignorance thereneedstobea

focus 0 n ex amining t hose s pecies t hatar e o f
greatest1 nterest, ei therb ecauseo ft heir
ecological importance, or their role in supporting
commercial f isheries, orbe causes oundi s
suspected of being important to them. Especially
important a nimals mig ht in clude C rustaceans
(crabs, | obsters, s hrimps), M ollusks ( scallops,
clams) a nd C ephalopods ( squid, oc topus), a nd
those organisms making up the zooplankton.

Having s elected p riority species, itw illb e
sensible to investigate how well they can detect
sounds, and examine how they use sound in their
everyday lives. D os omeor allof t hese
invertebrates c ommunicate by m eans of sound?
Is s ound i mportant f or vi tal | ife functions 1 ike
reproduction, m igration, f eeding, or ¢ hoice of
habitat? Aret hes oundsi mportantt o
invertebrates likely to be suppressed or masked
by man-made sounds that alter the s oundscape?
How does exposure to sound affect invertebrate
physiology a ndt heir be havior? A ret here
biomarkers th at mig ht indicate e ffects? What
amplitudes of s ound and vi bration pot entially
cause e ffects, and can d ose/response curves be
developed?

The effects of exposure of invertebrates to man-
made sounds has been examined in only a few
species, but s ufficient w ork ha s be en done t o
indicate that there may be tissue injury and other
physiological effects from exposure to high level
sounds.

There is a particular 1 ack of know ledge on t he
behavior of invertebrates in r esponse t o s ound.
Do any invertebrates show substantial behavioral
reactions t hat p otentially a lter f itness (e.g.,
reductions in s ettlement w 1ithin f avorable
habitats, altered reproductive behavior)?

migrations or in selecting suitable habitats?

There is especially a lack of information on
the ability of invertebrates to detect sound
and vibration. There is particularly a lack of
knowledge with respect to:

Whether invertebrates are
responsive to sound pressure or
particle motion;

The sound and vibration receptors
and their sensitivity;

Whether high level sounds damage
these receptors and/or other tissues;

Whether the receptors regenerate if
they are damaged;

Whether some invertebrates are
especially sensitive to substrate

vibration;

Whether they can distinguish
between sources at different
distances or from different
directions;

Whether they can distinguish

between sounds of differing quality;

Whether sound detection is masked
by man-made sounds and whether
invertebrates can detect signals in
the presence of biological maskers;
and

Whether hearing loss occurs as a
result of exposure to sound.

Information is almost totally lacking on the
effects upon invertebrates of exposure to
man-made sounds and substrate vibrations.
There is a requirement to investigate the
effects of these sounds in terms of injury
and effects upon their physiology and
behavior.
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D.2. Sound Production - Fishes

Drivers For Information Acquisition

Some fishes make s ounds that are i mportant in
their ev eryday lives. C ommercially imp ortant
vocal f ishesi nclude thef amilies G adidae
(codfishes), S ciaenidae ( croakers a nd d rums),
and Serranidae (groupers).

Therei s c onsiderable s copef or m an-made
sounds t o s uppress or m ask t hose s ounds w ith
deleterious effects upon vital functions such as
spawning.

Information Gaps

More information is required on the sounds
fishes make, and the role of sound
production in their lives. It would be
especially useful to acquire knowledge of
seasonal, demographic, situational or
species differences in calling behavior.

How vulnerable are the sounds to
suppression or masking by man-made
sounds? Which fishes are engaging in
acoustic and other activities related to their
long-term fitness, such as spawning, and
where do aggregations of them occur?

Can fishes compensate for changing noise
conditions by changing their calls?

There is a need for a library of sounds
produced by marine and freshwater fishes
and invertebrates. Its absence hinders use
of passive acoustics as a tool for
determining effects of sound on behavior,
as well as research on the role of the
soundscape in fish ecology. There is also a
need for new tools that use multiple
modalities of observation in combination
with passive acoustics to identify unknown
biological sound sources and document
associated behavior. Better software tools
are needed to automate measurements of
sound characteristics (such as number,
duration, and frequency of knocks, etc.) and
to identify particular sounds. Without such
software tools, ecologists are extremely
limited in statistical analysis of temporal
and spatial differences in sounds as well as
correlations between sounds and
environmental factors, all of which require
large sample sizes from each sampling unit.
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D.3. Sound Detection — Fishes

Drivers For Information Acquisition

Increased k nowledge o f t he h earing ab ilities o f
fishes is r equired to a ssistin e xamining th e
effects of man-made s ound upon t hese animals,
bothint erms of s ound pr essure and pa rticle
motion.

An immediate question is whether fishes can be
sorted 1 nto di fferent functional he aring groups,
obviating t he n eed t o examine ev ery s pecies.
What do w eneedtoknow to de fine t he m ain
groups?

There ar e s evere m ethodological d ifficulties t o
be ove rcome in c onducting experiments on t he
hearing of f ishes. T hene ed f or a ppropriate
acoustic ¢ onditions f or t he pr esentation a nd
measurement o f sounds in terms of both s ound
pressure an d p article m otion h as al ready b een
emphasized. T here i s a lsoa ne ed t o pe rform
experiments on he aring against d ifferent le vels
of background noise to examine any effects from
masking. There are distinct differences between
the audiograms derived using different methods.
In general, those obtained from Auditory Evoked
Potentials ( AEP) me asurements s how lo wer
sensitivity but w ider bandwidtht hant hose
obtained from be havioral techniques. Currently,
impact a ssessments a re be ing ¢ onducted us ing
data o n th e h earing abilities o f fishes th at h as
been determined under less than optimal acoustic
conditionsa ndw hich maynot be t ruly
representative of the natural environment. Better
data are required.

We know t hat fishes can d iscriminate b etween
sounds of differing quality and can determine the
direction and distance o f s ound s ources. It also
seems | ikely t hat s ome ¢ an de tect s ubstrate
vibrations. T he full e xtent of t heir he aring
capabilitiesr emainst ob e explored. T he
discrimination and recognition of sounds may be
especially affected in the presence of noise.

Information Gaps

More carefully derived information is
required on the sensitivity and frequency
range for both sound pressure and particle
motion in different species and different life
stages. Can fishes be grouped into
categories with respect to their hearing
abilities and can the hearing characteristics
of fish within these groups be described
adequately by generalized weighting
functions?

Methodological difficulties in presenting
measurable sounds to fishes and then
determining thresholds to different types of
sound need to be resolved. The current
plethora of data obtained under
unsatisfactory conditions require more
critical appraisal.

How sensitive are fishes to substrate
vibrations?

How well can fishes discriminate between
sounds of differing quality coming from
different directions and distances and how
does man-made sound affect these abilities?
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D.4. Masking

Drivers For Information Acquisition

From information we have on masking with
pure tone signals it seems likely that man-made
sounds will mask detection of the soundscape
and/or biologically relevant sounds in some (if
not all) species of fish. However, we have data
for only a handful of species and additional
research is required to examine the masking of
sounds important to fishes (their own calls, and
sounds important to them for navigation,
habitat detection, prey and predator detection)
by changes in ambient noise. It should be
possible to predict the extent of masking by
man-made sounds based on improved
knowledge of hearing capabilities of fishes and
of the types of sound generated by different
sources under different conditions.

The e ffects o f m asking can b e o f co nsiderable
significance. T his i ssue i s not c urrently be ing
given s ufficient a ttention i n t he pr eparation of
impact as sessments. T he presence o f man-made
sound ha s t he pot ential t o 1 nhibit or s uppress
vocal behavior and may interfere with vital life
functions. As mentioned earlier, it is important to
gain aw ider general know ledgeof t he
importance of sound to fish behavior so that the
population 1 evel ¢ onsequences of m asking ¢ an
be assessed.

Periodic a nd i ntermittent s ounds m ay a ffect
masking i f they are merged together as ar esult
of 1 ong di stance pr opagation and r everberation.
The masking potential of repetitive sounds from
seismic surveys and pile driving operations has
yet to be assessed.

D.5.

Drivers For Information Acquisition

Little i s know n a boutt he m agnitude of t he
effects of man-made sounds on the physiology of
fishes. It is not yet clear whether death, injury, or

Information Gaps

Information is required on the masking of
sounds both by natural noise and by man-
made noise. Experimental studies need to
concentrate on sounds of real importance to
fishes.

With additional information it should be
possible to model the degree of masking of
particular sounds by different man-made
sounds under different conditions in the
sea.

More general information is required on
the importance of sound in the lives of
fishes before the impact of masking can be
fully assessed.

The masking potential of intermittent
sounds from seismic surveys and pile
driving operations remains to be assessed.

Effects of Sound in Terms of Injuries and Effects upon Physiology

Information Gaps

There is a need to develop a broader
understanding of any injuries or
physiological effects that result from
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physiological effects only occur when fishes are
close to the sound source or whether such effects
are also evident at a distance. Instant mortality is
not of pa rticular concernsinceitislikelyto
occuri nonl ya s mallf ractionof af ish
population t hat i s ¢ losest t 0 a n i ntense s ound
source. R ather, t herei1 si nteresti ns ublethal
effects and the potential for delayed mortality.

There arean umber ofw ayso fas sessing
physiological effects, in cluding tis sue d amage
(including da mage t o t he a uditory t issues), t he
use of bi omarkers ( measures of ¢ hanges inthe
physiology of t he a nimal),a nd changesi n
auditory s ensitivity, f or ex ample T emporary
Threshold Shift (TTS). The importance of these
measures needs to be critically assessed. W hich
injuries can be regarded as potentially lethal, and
which a re unlikely to a ffect th e animal in the
long term?

Which bi omarkers are indicative o far eal and
lasting c hange to the p hysiology o f the animal,
affecting vital life functions, and which are more
transient? E ffects ha ve be en obs erved f rom
sounds on bl ood proteins, blood enzymes, blood
calcium, f ood ¢ onsumption r ates, g rowth r ates
and the s tate o f t he h epatopancreas (liver)in a
variety of animals. Free radical damage has been
observed in relation to sound exposure.

Is TTS an important indicator of damage? What
levelo fh earingl ossan dp ersistence h as
significant implications for behavior?

In terms of injury and tissue da mage it w ould
appear t hat s ome f ishes, an d es pecially t hose
possessing ga s-filled s wim b ladders o r o ther
cavities, mig ht b e mo re s usceptible to d amage
than ot hers, and t hat t he r ate of e quilibration
with depth is important.

The de velopment anda pplication of

physiological t rauma i ndices f or fish, w hich
quantify a q ualitative a ssessment o fin juries,
ranking the physiological costs of impairment, is
important as a means for assessing the injuries to
an animal. A slight change in an enzyme or a
hormonal r esponse m ight not be a ccorded t he

exposure to different sound sources and
sound levels.

Are there particular injuries, physiological
parameters or biomarkers that might
provide evidence of deleterious effects from
sounds, and which might be incorporated
into trauma indices and applied in
determining dose/response relationships?

Are some fish more susceptible than others
to injury or tissue damage?

What are the characteristics of man-made
sources that cause detrimental effects; e.g.,
magnitude, rise time, duration, duty-cycle?
What is the role of anatomy (e.g., the
presence of the swim bladder and other gas
spaces) in producing physiological effects?
How are physiological effects affected by
depth, size, age, season etc.

Is temporary threshold shift of importance
when considering effects of some or all
man-made sounds? If so, how should TTS
be determined and what degree and
duration of TTS is most likely to alter
behavior?

What are the physiological effects of
repeated exposure to sound? Which metrics
are most appropriate for expressing the
accumulation of sound energy? Is there a
better descriptor than sound exposure level
(SEL), which is now expressed in two
forms: the single strike SEL or the
cumulative SEL?
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same s tatus as a c hange in hi stopathology of a
vital organ.

Anissue o fgreati mportancei st he ef fecto f
intermittent e xposure. Many ma n-made s ounds
are repeated, both through repetition of a single
source and the recruitment of additional sounds
from ot her s ources. Are t here c umulative and
aggregate effects from these repeated exposures?
Is there full recovery of function after damage?
Is there is a period of healing if sufficient time
passes between sound exposures?

Assessingt heef fectso fcu mulativean d
aggregate ¢ xposure ha s i mplications bot hi n
terms of dos e/response relationships a nd m ore
broadlyin te rmso fd esigning mitig ation
measures.

As mentioned earlier, comparison of the relative
impact of exposuret o di fferent dut y cycles
(patterns o f p resentation) al so h as relevance t o
them etricsus edt o describea nd m easure
cumulative effects from multiple pulses from the
same source.

D.6. Effects of Sounds upon Behavior

Drivers For Information Acquisition

The p otential imp act o fma n-mades ounds
extend well beyond the distance for physical or
physiological imp acts, a nd a ma jor ¢ oncern is

whether t hese s ounds a ffect b ehavior, i nt urn
affecting vi tal f unctions s uch a s r eproduction,
migrations or  choice of ha bitat. B ehavioral
impactsma yr angef roms mall (and
inconsequential) a wareness of t hes oundst o
fishes ¢ hanging t heir m igratory r outes, 1 eaving
favored s ites f or f eeding a nd/or br eeding, or

failing to detect appropriate high-quality habitat.

Experiments on captive fishes, whether in tanks
in the laboratory or cages in the sea are unlikely
to yield va lid r esults. F ishes s how ¢ hanges i n
behavior a nd r estrictions1 nt heir be havioral
repertoire in captivity. Currently we have only
poor know ledge o fbe havioral r esponses a nd
how they change with different types and levels

Information Gaps

There is a dearth of field studies on fishes,
where the free-swimming fish are exposed
to relevant sounds and their behavior
observed in detail.

Is it possible to grade the significance of
different behavioral responses for a given
species? To distinguish between
inconsequential responses and responses
that will affect vital functions? Such
knowledge is important for defining
dose/response relationships for behavior.

The effects of chronic exposure over long
periods to low level sounds on behavior
need to be evaluated.

What is the role of habituation, and how
does this affect behavioral responses?
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of s ound. M oreover, i mpacts f rom m an-made
sound on f ishes 1 eading t o ¢ hanged b ehavior
must be unde rstood i n a s pecies s pecific, s ize
specific, b iological s tate s pecific an d s easonal
context.

Different t ypes o fs ound s ources m ay elicit
different kinds of behavioral r eactions or result
in ons et of be havioral r eactions a t di fferent
sound I evels. R esponses m ay vary greatlyb y
species, m otivation of a nimals,a nd ot her
behavioral a nd ph ysiological ¢ onditions. A n
important que stioni sw hether a n obs erved
response results i n i mpaired a ccess t o es sential
habitat f or f eeding, r eproduction, ¢ oncealment,
territoriality, c ommunication, 0 ro therlif e
processes.

It is imp ortant to consider which aspects of'the
sound a re responsible fora given be havioral
response ( i.e., € xposure | evel, pe ak pr essure,
frequency c ontent, etc.). T he e ffects of chronic
exposure over long periods to low level sounds
may be asi mportant a s e Xxposure t o1 solated
high-level sounds.

Itis k nownt hatf ishesm aych anget heir
behavioral responses af tert he repeated
presentation of s ounds. Ins ome c asest heir
reactions may diminish and they may eventually
ignore t he s ound. T he f ull r esponse m ay b e
restored after an interval without sound.

D.7. Effects of Sounds upon Catches

Drivers For Information Acquisition

The di stributions of b oth pe lagic f ishes a nd
ground fishes, observed by means of sonar and
the comparison of catches can change as a result
of exposure to man-made sound. There are also
indications th at there may b e long term e ffects
froms ounde xposure,r esultingi nhi ghly
migratory fishess ucha sh erring and bl ue
whiting leaving or avoiding areas w here sound-
producing a ctivities a re t aking pl ace. O ther
studies have shown that distributions may return
to normal some days after exposure has ceased.

Information Gaps

More information is required on the effects
of man-made sounds on the distribution of
fishes and their capture by different fishing
gears. There may be different effects on
different species, on different fishing
grounds and habitat types. The relationship
between sound level and source types and
their effects requires examination.
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Effects u pon c atches may d iffer fo r d ifferent
types of fishing gear (bottom trawls, 1 ong-lines,
gill-nets) s incet he ef ficacyo ft hese gears
depends on di fferent be havior pa tterns. E ffects
may also differ on different fishing grounds.

Overall, comparison o f catch data is o f limited
utility i nunde rstandingi mpacts of s ound,
because o f't he s patial a nd t emporal r esolution
and va riability. S pecific, pl anned, | arge-scale
experiments are necessary to compare catches in
the pr esence a nd a bsence of s ound, s imilar t o
those conducted in Norway.

D.8. Effects of Sounds

Drivers For Information Acquisition

The ultimate goal is to understand the population
consequences of acoustic exposure on fishes and
invertebrates. M odelingt ools aren eededt o
understand population risk from exposure.

A major unanswered question is whether there is
a significant impact on the fitness of individuals
within popul ations that j eopardizes the viability
of't hose popul ations. The N ational R esearch
Council (NRC) a ddressed t his que stionini ts
2003 report on marine mammals and ocean noise
(see NRC 2003), but the principles apply equally
to all forms of aquatic life.

There 1 s 1 ncreasing recognition t hat s ublethal
impacts ( e.g., communication m askinga nd
significant be havioral r esponses) f rom chronic
exposure t o s ounds a re pe rhaps a mongst t he
most important considerations for populations of
animals, p articularly as they interact with o ther
stressors s ucha sf ishing, ha bitatl oss,
entanglement, and pollution.

upon Populations

Information Gaps

What evidence is there for man-made
sounds affecting vital life functions,
including feeding, reproduction, leading to
effects upon populations?

Information is required to enable the effects
of sound exposure upon populations of
fishes to be modeled effectively. It may be
possible to modify the population models
developed by fisheries biologists for this
purpose.

D.9. Avoidance Of Effects

Drivers For Information Acquisition

Currently, the exposure of m arine m ammals to
potentially deleterious man-made sounds can be
avoided by detecting their presence followed by

modification of t he noi se-making p rocedures.

Information Gaps

Can PAM or other monitoring systems be
developed for use with fishes?

Is there scope for using sonar to detect the
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Passive Acoustic Monitoring (PAM) systems are
routinelyu sedto d etectth ea nimalsb y
registering their natural calls. PAM systems have
not yet been developed to detect the presence of
fishes, p erhaps b ecause t here a re f ewer v ocal
species and the calls are often low in amplitude.
Moreover, unl ike m arine m ammals, fishes a nd
invertebrates do not make their presence known
by surfacing at regular intervals.

For marine mammals P AM is o ften augmented
by the presence of human observers to detect the
presence of vulnerable animals. Fishes cannot be
observed from the sea surface, but they may be
detected through the use of sonar systems.

presence of fishes and avoid their exposure
to man-made sounds?

D.10. Forms of Behavioral Mitigation

Theu seo f° ramp-up’ or ° soft-start,” o rt he
applicationo fa versives timuli,is o ften
suggested as a mitigation m easure for avoiding
exposure of fishes to man-made s ounds, and it
could pot entially b e us eful for i nvertebrates a s
well. It is assumed that initial exposure to low-
level s ounds m ay i nduce fishes t o m ove a way
from the area, avoiding injury and physiological
damage. T he efficacy of t hism ethod of
mitigation w ith r espect to fishes has yetto be
demonstrated. Many fishes and invertebrates live
within di screte, f avored a reas. O thers ha ve
limited s wimming c apabilities. C learly, o nly
those species that are able, or are likely, to move
beyond the area of potential effect would benefit
from ‘ramp-up’ procedures.

Studies are required to examine the efficacy
of ramp-up, soft-start and other aversive
techniques. Can fishes and invertebrates be
induced to move away from an area in order
to allow potentially damaging sounds to be
broadcast? What proportion of the local
population of a sensitive species must move
away for mitigation to be considered
effective?
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3.2 Priorities for Research Derived from the Gap Analysis

A long list of information needs are listed in the Gap Analysis. Some issues of higher priority for
future r esearch t hat ar e especially r elevant t o BOEM h ave em erged from t he an alysis. N ew
research 1 n t hese a reas w ould m ove s cience further f orward s ince 1 t w ould pr ovide b etter
understanding of t he e ffects of s ound on f ishes a nd i nvertebrates. Based on i nput from t he
Science Review Panel for this project, and focusing on gaps identified in the Gap Analysis, a
shorter list of recommended research priorities for BOEMis presented below. (Note that the letter
following each paragraph indicates the section in the Gap Analysis (Section 3.1) in which the
issue is raised and, often, discussed in more detail.)

3.2.1 Describing soundscapes within the U.S. Arctic and Atlantic OCS

Information is required on the overall contribution made to sound levels and sound quality in
aquatic environments in the U.S. Arctic and Atlantic OCS regions from all sources (C.2).
These particularly include examining baseline ambient conditions, how they change over time
and space, and how they will be affected by additional human activities.

There is a need to develop scientific programs that monitor trends in soundscapes through the
acquisition of | ong-term d ata s ets. Itis e specially imp ortantto b egin th ¢ monitoring of
soundscapes in areas of future change and/or critical habitat (C.2). There are currently only a few
ocean obs erving s tations de dicatedt o ¢ ecological’ s ound m easurements. A 1 ong-term
commitment is r equired f or t he e stablishment of's uch s tations a nd t o pr ograms t o s urvey
different o cean soundscapes (C.2). Priority locations for ocean observing stations include areas
where BOEM anticipates activities in the foreseeable future, e.g., offshore energy development
in the Arcticand Wind Energy Areas or marine min erals extraction areas in the Atlantic. An
important que stion i s h ow m uch m an-made s ound t he e nvironment c an t olerate w ithout i ts
ecological status being changed (C).

There is an eed for al ibrary o fsounds produced by fishes and invertebrates. Lack ofsucha
library hinders use o f passive acoustics as a tool for determining e ffects of sound on be havior
and examining masking of communication by man-made sounds.

New tools are required to identify unknown biological sound sources and document associated
behaviors. B etter s oftwaret oolsa rea lsone ededt o a utomate m easurements of s ound
characteristics (D.2).

In addition to reporting real-time measurements of underwater sound, monitoring stations should
be capable of collecting and storing raw data at sufficient frequency and duration to adequately
describe sound levels at various temporal scales. Storage ofraw data enables a t ime series of
measurements to be calculated at a later time in different metrics, for either comparing results to
other studies or to comply with regulatory thresholds.

Maps o f'th e s ound me trics a nd th eir s tatistics ¢ ollected b y lo ng-term studies us ing pa ssive
acoustic monitoring networks may provide useful information for marine spatial planning, site
evaluation, and impact assessments. B ecause s oundscapes vary at di fferent 1 ocales w ithin the
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regions of ¢ oncern, s ite-specific s tudies of pa ssive a coustic m onitoring s hould be pe rformed
before, during, and after s ound-generating activities r elated to th e e nergy in dustry (e.g., s ite
evaluations using seismic air guns, construction and operation of a energy production site).

3.2.2 Impacts of particular sound sources

What are the main characteristics of the sound fields generated by energy-industry activities;
expressed in terms that will enable their effects upon marine organisms to be assessed?

Information is required on the characteristics of the sounds generated by different sources (C.3).
Some sound sources, and in particular pile drivers, where transmission through the seabed may
be i mportant, ha ve not yet b een adequately characterized i nterms of the s ound fields t hey
produce (C.3).

In addition, those characteristics of man-made sources that cause detrimental effects on animals
need to be defined (D.5). Better knowledge of the propagation of sounds (in terms of both sound
pressure and particle motion) is also required, especially for those sounds relevant to fishes and
invertebrates ( C.4). T here i s a pa rticular ne ed t o 1 nvestigate t he pr opagation of s ound a nd
vibration through the seabed as this is especially relevant to benthic fishes and invertebrates and
for exposure to both pile driving and seismic airguns.

Thereis an eedto describe and fully evaluate the ef fects o f the s ound fields ( nearfield and
farfield) produced by explosions, seismic airguns, pile driving, dredging, wind farm operation,
vessel noise, fishing activities, and sonar systems. Some research has already been performed by
the oil and gas industry to characterize the sound fields generated by seismic airguns and that
work should serve as a example for other industries to follow. Research related to the impacts of
vessel noise, fishing, activities, and sonar may have lower priority for BOEM, but these areas
could potentially be advanced through collaboration with such organizations as the Navy and
National Marine Fisheries Service, as well as with the industries concerned.

Sound fields s hould be expressed in terms of metrics that may b e most us eful in de scribing
effects upon m arine or ganisms. ( See presentation by Ainslie in Section 2.2.3). As many fishes
and invertebrates are s ensitive t o particle m otion, r ather t han s ound pressure, itis e specially
importantt o m onitor particle m otion a long with s ound pr essure. The de velopment o f
instrumentation and software for this purpose should receive a high priority.

Studies s hould pr ovide raw datato allow for different m etrics t o be a pplied s ubsequently,
particularly if a standard terminology is later established.

3.2.3 Effects of man-made sounds on marine animals

What effects do sounds generated by the energy industry, have upon fishes and invertebrates?

More information is required on t he e ffects of sound on fishes and invertebrates, especially in
terms of changes to their survival and reproductive success. Experiments are required to evaluate
the levels of injury and physiological damage that are experienced by aquatic animals as a result
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of exposure to sound, including assessment of the relative importance of acoustical factors like
frequency, rise-time, and duty cycle.

Such studies may be performed under controlled laboratory conditions or under field conditions
(e.g., cages, pens) but in either case the experiments must include precise measurements of sound
pressure and pa rticle m otion r eceived b y t he animal. T hereis a ne ed to de velop a br oader
understanding of any injuries and/or physiological effects that result from exposure to different
sound sources, sound levels, repetition rates, and number of events. Are there particular injuries,
physiological parameters or biomarkers that might provide evidence of deleterious effects from
sounds, a nd w hich m ight be 1 ncorporated i nto t rauma i ndices a nd a pplied i n de termining
dose/response relationships (D.5)?

Assessment of effects has to include both cumulative and aggregate effects of sound exposure.
The ef fects o f repeated ex posure t o s ingle an d m ultiple s tressors an d 1 nteractions b etween
multiple stressors (both natural and anthropogenic) must be considered (A.3). There is a need to
decide w hich m etrics are m ost a ppropriate for expressing t he a ccumulation of s ound e nergy
(D.5).

Key components of experimental research for advancing our knowledge of effects of man-made
sounds on fishes and invertebrates are: 1) laboratory or field experiments with adequate controls;
2) animal s ubjects r epresentative of t he di fferent g roups d efined b y s ound de tection a bility,
anatomy, ecological associations, commercial importance, and conservation status; 3) treatment
groups exposed to sound stimuli over different temporal scales, and either over different spatial
scales from the source or simulated le vels and characteristics s ufficient to quantify mo rtality,
physiological da mage, t emporary t hreshold s hift, m asking, a nd be havioral r esponses; 4)
appropriate instrumentation to precisely measure a suite of sound characteristics (e.g., spectral
density, s ound e xposure | evel ( single s trike a nd ¢ umulative), r ms s ound pr essure | evels,
measures o f p eakiness, rise time, p article m otion, etc.) presented to treatment gr oups; and 5)
processed and raw data should be adequately archived.

More e xtensive and de tailed know ledge of the he aring a bilities of fishes and invertebrates is
required. H earing t hreshold c urves ( audiograms) a re be ing us ed 1 n e nvironmental imp act
assessments an d/or i nt he p reparation o f w eighting cu rves t o as sess whether animals ar e
potentially af fected by m an-made s ounds. M uch of the c urrent data do not give an accurate
indication of the detection ability of the animals concerned since they were obtained either under
unsatisfactory acoustic conditions or by means of physiological measurements (D). Audiograms
should be de veloped us ing be havioral a nalysis i n ¢ arefully de signed e xperiments t hat ¢ an
adequately r eplicate t he s ound c¢ haracteristics o f ma n-made s ound s ources ( e.g., pile dr iving,
dredging, s eismic ai rguns, et c.) u nder “f ree-field” o r “f ar-field” a coustic ¢ onditions. W ell-
equipped field sites, where the response of animals can be examined under approximate  free-
field’ a coustic ¢ onditions, a re r equired t o extend know ledge of t he hearingb y fishes a nd
invertebrates. C onditions are r equired where a nimals c an be e xamined at a ppropriate de pths,
under qui et a mbient no ise ¢ onditions, a nd w here s ound s timuli ¢ an b e pr ecisely m easured.
Specially d esigned t anks can al so play arole in enabling p recisely co ntrolled an d m easured
sound stimuli to be presented to fishes and invertebrates so that their detection abilities can be
determined.
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The s usceptibility of animal he aring t o m asking by man-made s ounds e specially ne eds t o be
investigated ( B). T he c onsequences for fishes and invertebrates of changes to the s oundscape
need to be assessed in terms of the effects this will have on their ability to detect sounds (C).
Information on the behavioral responses of fishes and invertebrates to different sound sources is
also n eeded in ordert o as sess t he ef fects o f man-made s ounds. Information i s r equired on
responses ove r t ime ( for e xample t o r epeated exposure) a nd ove r 1 ong di stances. H ow do
animals respond when they encounter a sound? Do they leave an area? Do they return later? Is
their fitness impaired? Experiments exploiting new technologies (e.g., active acoustics, tagging),
at an appropriate scale, for a variety of sound sources should be encouraged (B). It is important
to note that such studies cannot be carried out in the laboratory or even in large cages, but require
detailed observations on the behavior of animals in the ocean.

More information is required on the effects of man-made sounds on the distribution of fishes and
their capture by different fishing gears. There may be different effects on different species, on
different fishing grounds and habitat types (D.7). Access to fisheries statistics at fine spatial and
temporal scales collected by the National Marine Fisheries Service may provide useful insight,
but fishery-independent surveys using multiple gear types following before-after-control-impact
study d esign may provide better in formation on the e ffects o f p articular man-made s ounds to
catch r ates a nd di stributions ( vertical a nd ho rizontal) of fishes a nd c ommercially i mportant
invertebrates.

Selection of appropriate species for further study must be done carefully. Although ESA-listed
and can didate s pecies f or w hich h abitat o ccurs i n ar eas t hat w ould b e af fected by B OEM’s
missions are of great interest, practically-speaking these species are o ften not readily available
for ex perimentation. S pecies t hat are r epresentative o fthe v arious anatomical and ecological
associations i mportantt ot he A rcticor Atlantic O CS's hould r eceive hi gh p riority for
examination. Fishes could be grouped by their swim bladder morphology and life stage (eggs,
larvae, juvenile, adult) so that emphasis can be placed on species for which sound is likely to be
important. Invertebrates selected for study should represent the major taxonomic group and those
species of greatest commercial and ecological importance should be prioritized such as bivalves
(e.g., scallops, clams), cephalopods ( e.g.,s quid), ¢ rustaceans ( e.g.,l obsters, s hrimps),
echinoderms ( e.g., s ea urchin), a nd c orals ( e.g., c oral | arvae). Fishes and i nvertebrates t hat
should be considered for study based on their high commercial importance (top ten in landings or
value) in the Atlantic OCS region (B.1).

While the research que stions pos ed in this s ection relate directly to BOEM’s missions, ot her
users of t he O CS w ould be nefit f romt he be tter unde rstanding of t he e nvironmental
consequences o f unde rwater noi se. D esign of field s tudies is particularly difficult and would
benefit from collaboration among those interested in their outcome.

3.2.4 Mitigation of effects

Can mitigation measures reduce sound exposure and reduce and/or eliminate detrimental
effects from sound-generating activities by the energy industry?
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To facilitate biological forms of mitigation, information is required on those periods in the lives
of marine fishes and invertebrates, or those critical 1 ocations, w hen they might be e specially
affected by exposure t o man-made s ound ( B.3). S pecific r equirements are to id entify critical
habitats, migration r outes, and r eproductive periods s o that e xposure might be avoided ( B.1).
Such information requires close cooperation with fisheries biologists.

For some sources there may be potentially useful mitigation measures applied to the source itself
that might de crease the exposure of fishes and invertebrates to sound. R esearch is needed to
establish the means for reducing unwanted and damaging sound from a range of sound sources.
Industry must 1ook closely at making changes to those sources or seeking alternatives to them
that w ill c ause 1 ess harm. S ound s hielding t echnologies ¢ apable of effectively and v erifiably
reducing h arm from e xisting s ources s hould also be investigated (C.6). In c onsidering s ource
mitigation it is important to examine those characteristics of the sounds that might make them
especially likely to be harmful to fishes and invertebrates (in terms of level, duration, rise time,
duty cycle etc.).

Studies are especially required to examine the efficacy of ramp-up, soft-start and other aversive
techniques. Can fishes and invertebrates be induced to move away from an area by using ramp
up in order to allow potentially damaging sounds to be produced subsequently (D.10)?

Passive Acoustic M onitoring (PAM) systems are routinely used to detect marine mammals by
registering their natural calls. PAM systems have not yet been developed to detect the presence
of fishes and invertebrates, perhaps because there are fewer vocal species and the calls are often
much lower in amplitude than those of marine mammals, making it h arder to detect fishes and
invertebrates. T here is a pos sibility t hat a ctive a coustic m onitoring, by means of s onar, m ay
detect the presence of some fishes and invertebrates without disturbing them. The application of
active acoustic monitoring should be further explored.

It is recommended that BOEM work directly with the industries (e.g., oil and gas exploration;
wind farm siting) responsible for the sound-generating activities to investigate potential changes
to procedures be cause these have implications to the ability to collect reliable information for
future decision-making.

3.3 Priorities for Other Forms of Action

3.3.1 Evaluating mitigation measures

Where mitig ation measures h ave b een i mplemented t o o vercome o r reduce t he effects o f
exposure to sound, the efficacy of those measures should be monitored and assessed (A.2).

In all cases, the value o f mitigation me asures that may result in a reduction o fthe execution
performance of t he op eration be ing ¢ onducted s hould be w eighed againstt he pos sible
exacerbation o f imp acts due to the lengthening o fits duration. F or example, if th e mitigation
measures require a reduction in the level of an impulsive sound, but this leads to a larger number
of imp ulses (for example if a pile must be struck more times with a weaker force), will the
prolongation of exposure lead to stronger effects?
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3.3.2 Work in liaison with others

Liaison with fishery managers in the preparation of Fishery Management Plans and sharing catch
and popul ation data is imperative for assessing the impact of man-made sounds on fishes and
invertebrates. Concurrence on d efinitions of significant impacts is important to shape permit or
mitigation requirements and understand potential cumulative e ffects (A) and can feed into (or
from) Fishery M anagement Plans. Any direct mortality associated with sound exposure can be
evaluated in the context of current fishery models used for stock assessment, and compared with
mortality from other sources (B). It may be possible to modify the population models developed
by fisheries biologists to enable the effects of sound exposure upon popu lations of fishes to be
examined more effectively (D.8).

The de velopment of ecosystem s upport to ols, in cluding ma pping facilities, a re imp ortant f or
future management and are the responsibility of a number of agencies. These tools might include
enhanced s pecies a nd oc eanographic m onitoring; pe lagic/benthic habitat m apping and
characterization where existing data is insufficient; with focus on managed species and their prey
(priority to address overfished species).

3.3.3 Measurement and description of sounds and the conduct of acoustic
experiments

There is ar equirement for a gencies to come to a consensus on t he a doption of relevant and
universally acceptable metrics that describe sounds appropriately and enable comparison of the
effects of sounds of different types on different taxa. This has to be done for both sound pressure
and particle motion (C.1).

A common t erminology ne eds t o be de veloped for s ound m easurement a nd e xposure that i s
useful and understandable to the whole community — from acousticians to biologists to regulators
(C.1).

Inexpensive i nstrumentation, w hich doe s not r equire specialist s kills, is r equired f or th e
measurement of und erwater s ound, both in the laboratory and in the oc ean. M easurement of
particle motion is a particular priority (C.7).

Special acoustic facilities are required that will enable investigators to present sounds to aquatic
animals in the laboratory, or in the field, with full specification of the signals presented both in
terms of s ound pr essure a nd pa rticle m otion ( C.7). S uch field s ites a re r equired t o e xtend
knowledge of the hearing by fishes and invertebrates, as well as their behavioral responses.

3.4 Conclusions

The Workshop and Literature Synthesis both demonstrated that our knowledge of the effects of
noise on fish, fisheries, and invertebrates in the Arctic and Atlantic Oceans (and, likely, the Gulf
of Mexico as well) is far from complete. However, sufficient information is available to confirm
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that man-made sources of noise can and do affect some of these resources adversely. There may
be w ays o fr educing an d m itigating t hese i mpacts. B OEM c an o vercome d eficiencies in t he
current s tate o f t he s cience in s everal ways: ¢ ontinued c oordination w ith r esource m anagers;
participation i n a dditional r esearch; a nd, ¢ oordination w ith t he of fshore e nergy and m arine
minerals industries.

Continued contact with other a gencies and r esource ad vocates c an keep BOEM aw are o fthe
changing status of knowledge of the species of concern, as resource agencies are continuing to
identify i mportant h abitat areas and a cquire information a bout the s pecies for w hich they are
responsible. This will enable BOEM both to make environmentally s ound decisions about the
activities unde rt heir p urview a nd t o he Ip focusr esearch ons ound i mpact. In addition,
discussions with resource managers can clarify which responses to sound constitute significant
impact.

BOEM’s ne ed to conduct rigorous i mpact assessments p uts them in a position to s eek b etter
information about how sound affects fish and invertebrates. Through their Environmental Studies
Program, BOEM is able to identify key research areas to help define the impacts. The Workshop
and Literature Synthesis have helped to identify those research questions and some of the critical
experimental conditions that must be met.

Finally, BOEM h ast o b alance t he a ctivities o f't he o ffshore energy an d m arine m inerals
industries with the need to protect the environment. By explaining the concerns of the resource
agencies to th ese in dustries, BOEM w ill enable th ese in dustries to b e active p articipants in
reducing any environmental effects.
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Effects of Noise on Fish,
Fisheries, and Invertebrates
A BOEM Workshop on Data
Gaps and Research Needs
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Ann Pembroke
MNormandeau Associates, Inc.
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Ms. Alexis Hampton, Normandeau

ES

Tuesday

Session 1 Introduction & overview
Session 2 Priority Habitats, Species & Fisheries
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Define the organisms of concern to regulators,
managers, and the fishing community
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* Education and Outreach

BOEM

= SE million cubic yards of DS $ana comvieyed trough 31
negalizted nonsompatibve Bgreements

8 Pygpects comgleled n Flonda, Loussana, Marylans, South
Carcina and Virgirea

* 180 milcs of the Mabon's shorcine have boen
replershecdreaioned

B‘O‘E M Studies Program: Take Home Messages
[ - T

® The ESP Is Mission-focused

" Clear Goals & Chear Slrategy

® Highly Farticipatory

® Frequent Intemal b External Raview

® Coordination, Collaboration, and Leveraging
® Quality Schence for the Bureau Mission

" The Landscape s Contimsally Evolving

Renewable Energy Frogram

= Enargy Policy ACt 2005 gave autharty
?awl and Secratary delegated to
EM

= Final Rule puddished in April 2009

= First Commaercial Lease Issued - Cape
wind - in 20010

= Moving forward in Maryland, Vieginia,

New Terwey, Delaware Rhode Tsland and
Massachnsells

BOEM

B o Ol e e

Marine Minerals Program: 20 Years

N T il ol o) Erevrgdir anial Faiders
Pors WS &0 sludios T s e
Siw Spwail; ot Progammis

B Oegoing programn et c shakes

Hve et nefaenied o FEF LSS

© Wdemationel Sy
Plataroidde T dfies
Pewr Reviewes Joumal Afichn
UEACE &nabyiv amd Revwarnt:
IPAENFS Sotun s
larster sl and Pl desvertaioms
Cordeiewe Preser laliraProceslngs
EREREE RN o

BO'E M BOEM: S0, why do we care aboul nolse?

I !

Exghorabon Consinction, Developeant, Dparatons
Mairt=rarme, Cemummissianing - 28 make nosel
o L BMKIT BT SAMGESE NE] SR FESEN AT [RITE BUNIE]
= Burvaying I aand oo (mull-beam sondi Suiveyd)
+ BN TP WA PSS B S04 SNAR
= Burveying fa manine acieckogical sies
+ [raagieg noss
+ Pl drvng
+ Eupmoaive remowal of plasioma

Ve neos 1o undarsng the postasal meacts of 8l of this or vanaia

tacs and the Sysiems.
».
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BOE M Why this Workshop? Objectives L Outcomes
B i o M

= DIEENEE!

= [genity QM in Qur Understanding of e eMects of noSe on manne Tah,
Isheres. and sverieonien

+ lanntdy dmasibie shdies traf 2auld heip plug mase gaps
= ] WWNEEN GBOGTARREET WA TG VIRET 1S 8N 3N sEnnn
s akes®

= DUAEASEN
= Ageough review of the questora we @08 posng in brealiout groans
o At Hursem Tl gl quenstons?
+ Do we aimady have a st o anewes hem?
+ A poh fersmmi

o

9.

OCS Lands Act
Congresslonal Mandate

"It Is hereby declored to be the policy of the United Stotes
that ... the Outer Continental Shelf is a vital natianal
resource held by the Federal Government for the public,
which should be mode avoiloble for expeditious and
arderly development, subject to environmental
safeguards, in o manner which is conslstent with the
maintenance af competition and other national needs.”

Outer Cantinental Shelf Lands Act of 1954
43U5.C. 1332{3)

BOEM OCS Regions and Activities

206 and Gas Tapdoralbon snd Produdiion

3 BOEM

Environmental Impact Statements
and Regulatory Requirements for
Offshore Developments

Kimberly Skrupky
Bureau of Ocean Energy Management
March 20, 2012

The BOEM Strategy to Address Noise and
Effects on the Environment
* Repulate and comply
* Address data gaps
* Reduce Impacts

* Collaborate with partners and stakeholders
(domestic and international)

* Be transparent

Integrate Environmental Consultations
and Coordination with NEPA

B-7
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Environmental Protection —
an Ongoing Integrated Process

Monitoring and Mitigation Measures

* Hiring Protected Specles Observers to work on
the vessel(s)

Monitoring exclusion zones
Passive Acoustic Monitoring (PAM)
Sound Source Verification (S5V)
Ramp-up

Shut-down

Time-of-Year closures

But most of these don't work for fish!

-

-

Funding Studies

. Tangrnvide the information neaded to predict, assess,
and manage impacts from hore energy and marine
mineral exploration, development, and production
activities on human, maring, and coastal emvironments,

* ~230 million*

= =540 million on ground-breaking protected species

research and acoustic issues

~52 milllon provided annually through USGS

~ B0 % for ongoing

~ &0 % available for New starts annually

Ower 50 new projects for FY12

Currently managing mose than 300 active studies

= BOEM's FTE's not supported by ESP funds

& & & & &

Noise Regulated by BOEM

= Within the three program areas, noise js produced in
several ways

* Geological and Geophysical sources

— alr guirs, hoamers, sparkers, chirpers, sub-botiom profilers, depth
sounders, gravity, side-scan sonar, and magnetic/electromagnetic

« Construction, Drilling, Production and
Decommissioning

~ pile driving, operational nokse from rigs and platlorms, vessel notse,

dynamic positioning sysiems, explosives, dredging, ice breaking
[Aretic)

Environmental Studies Program

* BOEM develops, conducts and oversees world-class
scientific research specifically ta infarm policy decisions
regarding development of Quter Continental Shelf
energy and mineral resources

* Research covers:

= Piwsical oceanography

— Atmospheric sciences

= Biology

= Protected species

~ Social sciences and economics

= Submerged cultural resources

= Enwviranmental fates and effects

Questions?

B-8
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Relationship Between Noise Levels,
Distance, and Potential Effects

quictest i i | |
[ Behavioral Responses
. Sound
Ternporary Threshold Shift | Inaudible
ml |

Relative Distance from Noise St . Vopor L
Source

Noise Source

loudest

ara0an g Al Lote bt o
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Protected Fish and Invertebrates
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Protected Fish and Invertebrates
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Atiantis OCS
MNolse and corals
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Generalized Assessment Model
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Emerging Challenges
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\ Arctic Fisheries and
Habitat

«a Development of the Arctic
Fishery Management Plan

MNarth Pacit
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oy Development of the Arctic Fishery
Management Flan

Database for MSY and QY Calculations

Fishery Criteria
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oy Development of the Arctic Fishery
Management Plan

] e
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Research
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Managed Species to address fishing and
man-fivhing impacty
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S e i ) s 1o Semthi

et

= Gerveral Habitsts — artificial reefs,

marine resources of the South Atlantic region.

Tish uarsery areas, saginss,

mangroves, salt manih, tidal flars
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¥ . E

mm‘ﬂmmmmﬂﬂ Deeptee Corsl
HAPRC, Marine Frotecbet finee, Spse il Manspsment fofm, sndthe Coulng CHARD ie
wisihie.

* Habicer service ks Aorihcomang

+ boun e o the continental shelf U eceral State and s Trrisorial + OceunEnergy and Habitat Servicas—Under development
+ Fcospecies online spacies life history data system. Under development
* features custcen query for SEAMAR species catch date for 2000 = = i o b L2
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Atlantc surdf clam

Spisula solidissima

Stripec pass

Aorone sanaTiis

g 1 b B

Summer flounder

Paralichtiys dentotus
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=
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Vaar

Hipue AL Spavemy

Summer flouncer

Parglichthys dertatus
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Aggregate crabs Jonah crabs

Rock crabs

Ganthic
Crganisms

Habitet = Dynarmic Aspecls Temperature

[ —— [T ——

Zooplankion

[T A R—T—

3 Knowledge of ecological requirements of key fisheries and forage
specios, are thene any {potontially) critical habitat areas

Hatut st — Stahic Aspacts

Hahbitar - Cynamic Aspacts Productivity

B-30




Appendix B: Presentations

Jarm Smaemparan sma fmsemss ap i e T

a b b o AL P i B b Bt et B
[p—————

Tom G W

i ol Cam

frtjigy Yoy

s lEgh

Allank dudgera A capriachun s fu

asm

42N

Ak

BN

TEW  TIW W oW

Bed d & 2004

Alawi dumgrun Ay amben gl

v Wt Eiral
W W
Tiold Water Coraly

| A R

ATk ARIONE Tuna JRimeus sfaloge

B-31




Appendix B: Presentations

Afgrtr oo Tuns fafseorn péiomn

Adare usfin Tine  Thavmes e

S ot ol 2004

Sanghist Shack [mantsl tharia] Concturfunn stmdvin

Eormomme  fowwterims s |
| == T T
Bgrm = o s

i Pteer ey L
LA T R - w

7 ¥

T
i P
S = 3
Hl ahay g T 5 RO £l
el e ®
[Pt iz han Ty
Bitn e T e
| =y o i % ¥ f [
i'l a1t i X —
[P P 5 ey  Bll o)

Figmrr Gah i il Dlatime Aises of Fariunier § sarsrs b s odhek

4 Surrmary of iSSues WMeCteeg he hshenes, Rclkitng &mempng Gaees (8 EM
Bihoe Skt (gl sharks]  Praonaes o “’:mfl"'” L ] k h ] NG SR (8., g

ChEngs in e Darmal kb
Flankion Comimungy she
Hisbaat empscis of fishing

Eutriptecaien

Sen level ms

Wil
Frecy £¥eon
Phenplogesl ERecti
Ewirame Weather Events
Thisrohalne Crtulabon
Cartion Dicickes Concentration

P 1.l Bl o i et e i

B-32



Appendix B: Presentations

Tema Senes of B83 FUMacs Mparaiures In eoo-rageona of the Nonhaast
Sheil Large laing Eoosysiomwiih projecied emperature Based on an

ansemdie of climate projection modeis.

G
wi

550 s wegerstar T

Crate of @rrival sprng ransiion seasurtace lempenduie (in
backanal montha)lof eto-regions of he Not®e asl Shell Laige

Maring Ecasysiam
‘1’"\“\;"‘
e W ™
I oM
it .,
J""-.-" —= e B
-y .{_‘w::‘_' I
= s
Rigsburins

MEFSC Fish anaFighenes infomalion
fifty sl Aogs whi

NEFSLE Diata Wal-4arang and Caogln e an Intefacs
Devpbepmaial

Exsenbal FishHatdal Mapper

AHanlic Highly Megialory Spedes
RO mis. i A o awis lammsEFHANS L m

Changs in Chstnbuticn - RedHaks

Tydal e 0%

FINAL 53 IDF

Pressntalionname: Rorfh ABanlic Fishanes and HabsEal
Favin Fraedland NWFS, Nasragans Rl
Bullgladiataf infarmation nesEs BN dF18 CIRE

el BY -

= MEFEC (01 gerang outside Te Drewall lor mamtamed dalases.

Coninuation o FECOMON ouises provicing a platform for mammal

@i Bird sunveys

= Relfinemen of essential lish hatdsl definiton and information on
fine scale movernents of pelagicicoastal speces

& ARSASSMENE Sl CoMmmunity change wilh i addabion o fned
STucLEes.

Acknowdedgernants. C. Keith, J. Nye, 5 Lucey, B Gamdss M
Fogafy, M. Koblei & McCandless. | Hoey, R Langlon, D Packer

[ ] =
T e
o THO ==
Terminology b Underaator Sound
A Ainate

PRI B A S PRY PR SR GBI LRI TVONEREE B8 (0GRl

Fomewrn® Howde 30 0 Wen® W50 Tewe i Doenfiy Smarl e Dege G

EvR) SCRN0E FEUUed 3 30608
PO DM SUsD ry BLTvse
haa ds onwn ideaa. 1! seems el
O GLQRT 0 B By COMBOATG
iy language. UTEE0pie bagin &y
SpRaking AT ening and Mme
laraguage revnaing o be composed .

Frisrens Ransas s Toaaddise (1713 17780

B-33



Appendix B: Presentations

THO -

Overview

Otpecirey and exampies

Progemies of Sound
Fungamantal peoparbes
Terminolagy ol undetwated sound
Logarithnic madsures
Tarmindalagy of radiated sSund (Source propemiag)

SuUMmany and conthusn

“Inilpimabion Needs and Dala Gaps’

b THO -

Objective

o introduce, explain arnd demryssly lermmology of underaaber Sound,
with particular altention o soundraciated by Al guns, shipping
vessEla, Chemical meplosions andimpad pile deding

§ | e

Some acoustical terminology used in regulation
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Some acoustical terminology used in a “randomily
chosen" publication®

Amtisninoise, pd Peak source level, pd3
Background rise, pd Peak SPL, pd5

Mlivan poak level, phs ‘Bound seposurs level, p51. 69
Maan soundpressurs, pa0 Sound pidsuns, paa

Paricle accelersion pdl Soundpressurs bevel pdS
Paricls Saplacement p40  Source level, pa7 47, 67
Paibcle veladily, p4% E0UITE pEAR-10-pEak Sourd phesae level, pIT)
Feak lavel, pis
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THO -

Logarithmlc measures of sound exposure and
RM3 sound pressure

Sound eaposung el (EEL)
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Conclusion: Need for international terminology
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BOEM: Information needs and data gaps
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1. The Marine Soundscape Overview

a] Ambient [physical)
Sounds

b} Blological Sounds
c] Anthropogenic Sounds
d} Lol sound transmission
regime [critical)
2. Quantification &
Characterisation

3. Trends?

o

4. Conclusion: Hew much
is too much?

THOER CIMIEN |
BURE FUEI UF TIE AMBIENT SOCHK

MLLE MaARSal s

How do we measure

soundscapes?
CRITICAL to understand
what cne is to measure,
instrument nature &

artefacts - otherwise get
misleading results

Natural
Ambient
Sound

[Wier 1902 JASA
2412y 1036-1956]

JFaTz]

#1

pRcrum Dersty Ll [255

[
Fregueney [He]

Soundscope:

* an acoustic environment consisting of natural
sounds (including animal vocalizations and the
sounds of weather) and anthropogenic sounds

* In the ocean very dependant on environment
for sources & transmission

Acoustic Ecology:

« the study of the relationship—mediated
through sound—between organisms and their
environment

2. Quantification: a/ Spectrograms; 2/ search; 3/ interprat

f P4 BEUE FRAR

IIll|!!!|'!l1

Gl nolee 01 Mz
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Light gbe @ 2lm Australian examples seanoise sources (spectra are most
- useful and should be mandatory in noise studies)
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Pile Driving
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Example high loss seabed type impacting wind &
seismic survey signals

Aif Qg
hiamphacis figh

Al

n i ¥ swaisting' due
timis Froem 00 b v THI0 to 8T How2007 o anergy

WnhS Phadr wives

dE re P s’ Hr

Mir guns
wind Rit gurd

Large Vessels

Propelier coviinton noise doménani whan underasy
amall nusbar noiEy Shine GAMiIRE GEERN NOME

Ievlarnabional #Mon ke gukrlen shigsng

[Erpe & Farmar, DEHE MIEA 1998, 2000|

Importance of sound transmission
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| Coupled

Naarby s8s ROT S ocesn coupled
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Enérgy (98]
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[Amdrew e i 2002, Chapman & Prigs 2011 3 ___'-j
3. Trends raraeep saund channel eaupiea wanh reem: WHICH, Cape Leeuwin increase in ‘noise’ o
e IS NOT EVERYWHERE 1111 !
]
PR
i e Sl S T APL LW 184-0001
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I 026 esuyr
i: gt U515 gShr
g i : BUT THIS SITE DOES NOT
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o e e e e [Gavemiers w4 i 3043]
. "
4. Conclusion “- "
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g, Sppamns Status" i s
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i ; Chwisting Erbe & Roben McCiubey
ThE Mﬂfll’lﬂ' - Covairy fov Mavioe Fciance £ Techmalogy
Soundscape Crarmin Linkvarsity, Perth, Weaserm Aisersils

L Evtpiuirfive. i o

+ Characterising Soundscapes: Need a consistent way (&
metrics) to characterise soundscapes, e.g. power
spectrum density budgets (spectra) [le. Cato Curves]

+ Trends: Need long-term datasets to determine trends

{210 yrs); trends will differ by location

Medelling Soundscapes: Very difficult to predict

soundscapes (into the future or past), due to number of

sources & variahbility, and sound propagation specifics

* Measuring Soundscapes: IOOE Science Plan suggests
manitoring soundscapes now in areas of future change
andfor eritical habitat = needs long term commitment

= Ocean observatories: fe, EU & Australian IMOS

SEISMIC.SOURCES

—_

Early Calibration Measurements - SERES

Apea s | < pagriahire
e il badiaid

. W rsgarss T
Canrtety — LZ—'Z:

Qutlina

= [Early calibration measuraments & source modeling

+ [Early near and far field measurementis

* New studies = QOGP Sound and Marine Life (SAML) JIP
= 3D sound source characterization of an air gun array
= Single alr gun and cluster measurements

= Mear field vs. far fisdd measuremeants

 JASCO/OGP soft start modeling study

* Marine vibroseis
= Marnng vibroseis JIP
= Marine vibrator characteristics

» Infarmation needs and data gaps

Historical Review — Near & Far Field measurements

o i pold B Cuieib

FASAMBIIA JSASTT £F MASAR ST &7 Al
AUDUN Bl 13 Scanaininaan Eymposurm oo
Physcs Aosusisy 2000

o rmovaloing prograns = Fechons I
Bovchen W menis. Lid dor LKOOA. 3501

APl SCTLM Of wBSEE! 1hr-SaR] EORatne Fom &
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SECE0T - 3D Bource Chirmcienization Siudy SCE0T - Experimenial Design

Angular Coverage - All Depths- 25 (37.5) m 5P Interval Analysis of Closest Shot Point Spectrogram
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Air Gun Calibration Frame Amplitude Spectrum of 60 in? air gun & Backgrownd {50 KHz)
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= Mo instances were found where the threshold levels for hearing
njury lor celaceans wene reached
L = BAnimals are thenefore nol al significantly greater risk of harmwhen
#’ = il 2 s0ft stan ks infliated in low visitdlity conditions
A e i = The threshokd of pinnipeds was approached in the worst case model
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Impulsive or Swept Sources — Marine Vibroseis JIP

Hy draulic vibrator -
Norway 1996

Q ¥
Ex¢onMobil @ Torat Satoil

Seismic Sound Sources and Marine Mammal Audiograms

Environmental Assessment of Manne Vibroseis, J Richardson, W.Ellison etal, OGP
3‘\3th F 2011

Marine
\ibroseis

195

Alr gun amay
{3000 in%)

B 3

B Referenced igu PaHz st im
i
]
=

.3 3 3 8

Frequency (Hz)

PILE DRIVING
Underwater Sounds

James Reyff

PGS Vibrator

~| Volume change creates a
| propagating pressure field

2 or 3 frequency bands

LR RLLLI]
=~ g — A,
.[___'_"_"L'__'_'_' L

R AT T .
b — e -
-+ Luw 14 DRUL Oy

i

Each vibrator has 2 resonances controlied '

by the shell and driver s : 11 L

Harmonics can be attenuated by a control _] Vi : i
L

system with an efficient all electric driver o I l'l,':'. l L“.:_L'J

i RIS

Information Needs and Data Gaps

Title:  Seismic Sources
Author: Mike Jenkerson - ExxonMobil Exploration Co.

Data Gaps

* Update current air gun modeling codes
+ Increase model frequency range to 25+ kHz
+ Testaccuracy of modeling codes at higher frequencies
+ Continue to acquire calibration data for new air guns
« Improve particle velocity measurements

= Complete analysis of 3D air gun array (SC307T)

= Evaluate marine vibroseis transducers
+ Geophysical & environmental testing of prototype

transducers

+ Conduct particle velocity measurements

Basic Sound Descriptors
for Impact Pile Driving

—Peak Pressure

—Root Mean Square (RMS) — over
pulse duration

—Sound Exposure Level (SEL) —over
pulse and accumulated
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PronILe ()

Pile Driving Sounds

Richmend Bridgs Pil= Oriving
30 Inch Pile

—snmn2- ms2 A

o ns 1 15 2 25 a as . 5 s s5 &
Tma (rsc)

Sound Pressure
(pPa)

Peak Sound Pressure

1.0E+10

5.0E+08

0.0E+00

1 =
<0609 - Peak Sound Pressure Level: Macimun absolute
L valie of the instantaneous sound pressure that occurs

during a specified time interval (ANSI 512.7)
A0E40 4= . ) . ) . ‘ . .
0p0 0p2 004 OO 00 010 012 014 016 018

Time (sec)

Interim criteria for fish = 206 dB

Sound Pressure
(HPa)

Sound Pressure Level,
effective

1.0E+10

peak . i , ||
5.0E+08 [Prons = T;-T; fp e =
7 1

)

0.0E+00 ‘

Sound Pressure Level: Decibel measure of the square
S.0B+03 = root of mean square (RMS) pressure. For impudses, the —
average of the sguared pressures over the time that comprise
[ that portion af the waveform containing from 3% ta 85%
| percert of the “effective “sound energy of the impulse

oo 0.0z 0.04 0.08 0.0s 010 012 014 016 o1g
Time (sec )

-1.0E+10

Single Pile Driving Impulse

g wemeiom

1.0E+10
S0E+03
@
Tl ]
iz
E g oo - }NMU unwﬂlv_vl"\n\i\vnv N
P
S0E+08
S1.0E+10
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Sound Pressure
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1
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Sound Pressure Level: Decibel measure of the square root

[ of mean square (RMS) pressure. For impuises, the average of the ||

 Geeto | sguared pressures aver some time period |

o0 002 004

Criteria for marine mammals

006 008 040 042 044 046 048
Time(sec)

= 1901180 dB injury
= 160 dB (impact)/120 dB (continuous)

Sound Exposure Level

SEL

Sound Exposure: tine
integral af frequency weighted
squared nstantaneous sound
pressure (ANSIS12T).
Proportional to Acoustic
Energy

oem |

Sound Prv taury
(wP1)

TImA 1)

Sound Enarg; A

!
[
{
2
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Interim criteria for fish = 187 / 183 dB accumulated

B-46




Appendix B: Presentations

Accumulated SEL

L e dipPar e

Accumulated SEL

1. 3:Meter Diameter Stesl Piles
SEL Measured at 10 Matoers

[ S

-
#

g, e
(7] L oo S et ..+ e |
FIELSEIIILILLILI SIS IS S

Vibratory Pile Driving

* Much lower amplitude
sounds than impact pile
driving (20 to 30 dB lower)

* MNoise tends to be more
continuous

+ Higher Frequency sounds

Vibratory Pile Driving
Potential Impacts

+ Mo restrictive levels identified for fish
— Mo Peak or SEL levels

+ Potential injury thresholds for marine
mammals unlikely (i.e., levels generally
less than 180 dB RMS near source)

+ Harassment to marine mammals likely to
extend many kilometers from pile based
on 120 dB RMS level

Computing RMS Level

Wilautory Pis Doiving i 9 Meisrs - ICE - 88 Dviv

-1 y Sy
ry . g
g F i "‘I,‘*"’“f"“'
- g, S .
- ‘:“""f"d.d :
(. —
i

How Much Sound Does Pile
Driving Make?

Dependson ...

* Type and size of File

* Type of Driving Method

* Hammer Size and Energy

* Atftenuation methods

* Substrate Conditions

* Sound propagation conditions
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Different Types of Hammers

Diesel Impact

Different Types of
Conditions
! On Land Near Water

Different Types of Conditions
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Summary Table — Impact Driving

Avrrage Seand Fremure
Blramred is
Pile Type and Size St | Pea | - | mL
0.0 st Soeed H-type - Thin A m—— L] 175 160
Ofm e AL Steel Dhew 'I_:-'“ b (1] 130
AL meter Conrrets Fils =15 mrters 5] 1% 166
(136 st Soeed Fipe File =1F e b 184 174
AL mee Sneel Fipe Pl 15w o7 i 1™
0.8 mwier Steel Figs Piln =M —— 20 19 183
15 mwier Sresl CIRS o8 m——— 210 195 185
14 meier Steel CI55 Amwn | 1m0 | E | 198
gl el
L Fer | wrmel of reaies d i bng

Minimization Measures

= Air bubble curtains/Dewatered casings
= Confined / unconfined

» Dewatered cofferdams

+ Avoid in water driving
= Move footings out of water

= Use Vibratory Drivers???

» Construction windows
- Avoid times when species are present

Reducing Sounds

Ty

Air Bubble Curtain

Summary Table — Vibratory

Driving
Average Seand

PAPRRI S ¢ —

Waier L
HI-'I'E--IWA--.-E- Tiepih Peak | HMS® | SEL
0.4 m #ter Sreel Hotype “Bmewry 168 | 1% 150
0.M)-m wier Stowl Pipe Pile “Fer 17 155 i=-]
08w rter Sarel Pige File ~Smram | 1™ 1
DE-meter AT Steel Khest i 1= 160 &0
1 -mieter Sneed Pipe Pile - Losdes S (1.5] [ -] 1™
1.5-meter Steel Fige File et IR | 1™ 17
* L AMS
L fer | el e i iy

RMS levels based on 1-sec RMS

Reducing Sounds

[EC

Reducing Sounds

Dewatered
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Reducing Sounds
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Offshore wind power in UK

+ United Kingdom world's 8 biggest producer of
wind power, unique wind resource

= Currently G000 MW, 321 operational wind farms
and 3,500 wind furbines

+ British electricity suppliers required by law to

provide proportion of ther supply from renewables

Further 5 wind farms, 1,300 MW becoming
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= Round 3; 2,000 MW installed per year for the next
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Environmental effects of noise biggest
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B nepmiucﬂvemamribr could also have an effect
— Larger, developed ovaries or testes could also be more
susceptible to damage

Sizofthe fis—Whale st

 — Rapid change in state of gasses in blood, tissues, etc..
— Production of stress hormones or other stress SORGIERT

- HowW | lﬂlﬁrﬂ is the auditory scene between different

reannnLE

* See Halvorsentalk on Injury and Effects on Fish e cen dlfcrent Nie et
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Enboratory forrdtons can el e produced i GE-n Bnwron e,

- Gefindnes iy understand if Bhese Bnimal &he more sensive 10 pamicle mdan
BF BERUTIC PRESIING, OF R0 3 ComBinaTon of oth.

Futute slsirog s F oy Rt DT | il g
echnigues ane rsed ed oo densrmine the Toleranc e to notse Threshoids of

-

B-64




Appendix B: Presentations

Injury and Effects on Fish
Physiology

Michele B. Halvorsen

Underwater Noise - Components Underwater Noise Effects

» Sourd is energy thal can do work — thus, il can cause = Energy development in Mannge emironments
damage » Installabion
u Frequency » Decommissioning
= Intengily = Explofing
= Specirm » Concern for aquabic animals
= Two components of any sound wave » Behavoral responses
. ::t:‘:' » Onset of effects
" tion » Barotrauma
= Mear field (pressure & pariche motion) » Auditory - TTS
® Farfield (mostly pressure, but some mabon) » Pile diiving exposures in the laboratory
» Blasting exposures
[ =D = Tidal lurbsne exposures e
e S - ] Pt rirre
‘:-'-:-u—u-m' g - P e o P B Ay et A S WU e G S Pt 1 ot i e Y Pt

Underwater Noise Effects - Auditory Underwater Noise Effects - Barotrauma

R PR S TR e = Contracton and expanson of free gas in body
= Change in state of gas from soluble o free-form
* Swim bladder - (buoyancy state, heanng)
= Ruplure
= Damagée sumounding tissuns
= Natural blood-gases
u Solubilty changes
w Gas comes oul of solution
» Bubblas form in blsod and Besuss
» [Damage Lo basues, vesaels, ogans
* Equalibration state i very imgortant
® Meutrally busyant Ash
u Tisus-gas equilibration wath sumounding water
s i 3000 e ik s, 0 w Physwologeal slate ol fah al exposure s crtical

g 00N, Do Dt Chingemuien & Sand 7821, 5 i Frasch mar
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Exposure and Assessment

= Expose frsh o mpulsiee sounds

Physiological Assessment

= Sound Exposure Level ,E,‘ » Expose fish
» Barolrauma njury assessments of = Biclogical exam aof fish
neutrally buoyant frsh £ m [ealh
(™

= Audiory system - TT3
= Tisswe damage- Barotrauma
= Utimately, reported data difficull to mberpret and extrapodate
« what doas " number of injuring mean to fish 7
» Tool assessment of the biological response
& Frsh index Trauma (FIT Model)
» Quantifies a qualitatree assessment
® Addresses meanmg’ of inuries
m Manitoring [ effects criberia

= Examples of inpines

l.;‘ r';".lj- AT r—

R
-
P it Bhra®inaaqF

B e A P e Cagn ST e e

Barotrauma Effects Response Model RWI = £ oy » Weight

Fish Index Trauma - FIT
Fesporse Wisighted Indes (HWI}

RMI=FTWal)

ierae Dy

Feretiag gl dawllerw i i e iHghE 3 5
R PR calc(lz W)  3x1 511
iy side Frrsira se—blaide Product 3 &
= Hanked by phyeiological costs of mpainmands z i=5
v Grouped by Modsl, oty Ui R L
™
]
U R e D etk BLE L] U U U S 2

Tissue Damage - Barotrauma Brief Summany

= Defined trauma threshokd:
SEL. 210 dB re 1yPa = SELye 211 dBre 1uPat 5
SEL,y 181 dBre 1pPai-s SELyy 17948 re 1pPat-s
980 number of mpulses 1920 number of impuises

= FIT model has been apglied 1o vanoaes sound sources
& Pile Drving (Habvorsen of al 2011)
» Rock Blastng (Cartsonet al 2011)
® Telal Turbine (Hakorsen etal 2011)

(Esgs
[

. U SOEN! B Dage 100 ot e b1 Pl o 5 b 8 BOEU B D 307 ot b B e b T
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Injury and Effects on Fish Physiology

Michele B. Halvorsen Sanalle, Pacsic Horhwest National Labsemtony
Dala Gaps.
= Zinury pathways, Hearing and Barotrauma

= Define a level of detimental TTS, probably specific to
heanng semsinaly group

= Combining TTS with Barotrauma? — Barotrauma may be
mare sensitive

* Funher development of the FIT Model

* Pefomance testing on fish afler ensonfication

* TTS and Barolrauma

L L]

ke U BOEN N Dwge 00 ot 1 it b P i ey

A FEW WORDS ABOUT SOUND AND
INVERTEBRATE INJURY

Dr, Jerry Payne
Fisheries and Oceans
Canada

Injury and Effects on Fish Physiclogy
Heeds Gaps
= Effects of depth on fish response (depth might be profectve)
= Extrapofation of hiclogical responses to other signals
= Testing vanous size classes within a species

= Different groups, Physochsiows, physostomous, no swim
bkevdcher

» Understand process of i
“restant” for accumulation

accrual {do silent breaks =

» Exploration of assays to detect the presence of speafic
protedns (biomarkers) in blood

= Appropriale metnc of group of metnces
= Received sound levels presswe and parlicke malion

P it Bhra®inaaqF

ke 8 BOEV e Dego 307 PR [ S -
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Areas of Interest

fon of Propeller-lnduced Mortality on Farly i i i
Life Stages of Selected Fish Species Biochemical Injury
K Jaew Knooowr snp STovn T Mavieinn Cellular Injury
HA drmp Evgrnves Remmch wod Desslipmuent Usmier, Wisneways £ rperient Sl .
JWH fits Fevry Woimd Vo hsiweg, Miisabssippl 30180, 154 Organ Injury
Marriew D. Chan

Vergmi Podinsy buic fiitaty amd Suie &mieveraivr,
Dheparmmet vif Fiskeries wnd WA Scuncen. Blackabarg, Vingimio 24081 LX4

Reproductive Injury

Ravsonn P MorGax 11 Behavioral Injurv

Liniverait sof Marylamd Comer for & Sopmes. Ap Late
H05 Brukit Raad Frowbeg. Morphwt 205322307, U540

SOUND SPECTRUM FROM HUSKY
SEISMIC SURVEY - IN OFFSHORE
NEWFOUNDLAND (2010)

HIGH LEVEL EXPOSURES

The airgun was deployed at 2m depth from a fishing
with caged animals positioned 2m below the gun.
s received were ~227dB, peak-to-peak.
-« -
9
| * ACOUSTIC RECORDER - 1KM AWAY

* MID WATER — 100 METERS
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Instant Mortality is Not a Concern with Seismic — It's
the Question of Important
Sub-lethal Effects.
Codfish
Crab
Lobster
Smelt
Jellyfish
Shrimp
Cunners
Capelin

UNDERSTANDING ENVIRONMENTAL
STRESSORS
“THE APPARENT PARADOX IS THAT IT IS THE

HARD TO DETECT SUB-LETHAL EFFECTS
WHICH ARE THE CHIEF CAUSE OF CONCERN.”

Animals were maintained in aquaria at
DFO for long term observation and
sampling.

OR AS DICK CHENEY MIGHT SAY “IT'S THE
UNKNOWN UNKNOWNS.”

EFFECTS INVESTIGATED

EFFECTS WERE OBSERVED ON

Lobster survival
Turnover rales

Blood proteins
Blood enzymes

Leg loss Blood calcium

Blood (hemolymph) proteins
Blood enzymes
Blood calcium

Food consumption
Hepatapancreas (liver)

Food consumption
Tissue damage
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RESULTS DEMONSTRATED THE VALUE OF BIOMARKERS ANR FROVISIONAL
STUDIES Rl CUIS T ADVICE FOR HIGHER ORDER EFFECTS

WITH THE UNDERSTANDING THAT SERIOUS LOBSTER MORBIDITY

INJURY IS NOT NECESSARILY IMPLIED EGG DEVELOPMENT IN SNOWCRAB

ASLGHT CHANGEIIE | BB E OF 0 REGULATORS WOULB HAVE BEEN “COLORED"
HORMOMAL RESPONSE WOULD NOT BE = i

ACCORDED THE SAME STATUS AS

HISTOPATHOLOGY LIKEWISE, BIOMARKER STUDIES ON FISH HAVE

BEEN IMPORTANT FOR ADVICE

WEIGHT OF EVIDENCE APPROACH REQUIRED E.G. STUDY BY SONG. MAN. COTT. HANNA
POPPER (SEISMIC IN A CANADIAN RIVER).
HASTINGS (SEISMIC OFF AUSTRALIA)

Snow Crabs Seismic
CAN ANIMALS HABITUATE TO
SOME EXTENT TO THE POTENTIAL
INJURIOUS EFFECT OF NOISE

s P W W TN 11 4125 S 008 R

Increased resistance to free radical damage induced by
low-level sound conditioning.

v T B v B i 1
mhw-:awm—-u—wq-mhhmnnuum
haaas o 0d

Aceoptas U fumary NI | Publiibed sslie 1 Fbrmary 301
© Sprnger Vil 001
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BIG ISSUE: CRUSTACEAN BEHAVIOR
AND FISHERIES

+ NO OVERT SIGNS OF SCARING IN EITHER
SNOWCRAB, LOBSTER OR SHRIMP

GUIDANCE FROM OLD TESTAMENT

“ASK THE FISH OF THE SEA AND THEY WILL
DECLARE UNTO THEE"

BOOK OF JOB 12:8

HOW GOOD WILL THEIR ADVICE BE?

Effect af Seivmic Energy o
S € raby (Cinniecetes opilin]

SCARING RADIUS FOR COMMERCIAL
CRUSTACEANS: IF SCARED

—> 0.02km

—— 0.2 KN
B —————— T

—— e DT
#DIFFICULT TO ANSWER IN ANY QUANTITATIVE
SENSE

»FIRST ROUGH CUT: STUDY ON CORRELATION
BETWEEN SEISMIC TRACKS AND CATCH

The eflect of seismic surveys on catch rates of rock
lohsters in western Victoria, Australia
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New marine noise research to
inform offshore wind farm rollout

30 November 2011

A raw stwdy of the impact of nolss on U behaviour of fish and
crustaceans is 1o inform the development of offshore wind farms around
he UK.

CALANUS FINMARCHICUS: A
KEYSTONE CANDIDATE

ONE OF THE MOST COMMONLY FOUND
SPECIES IN THE NORTH SEA AND NORWEGIAN
SEA, AS WELL AS IN ARCTIC AND SUB-ARCTIC
WATERS OF THE N.W. ATLANTIC

PROVIDES FOOD FOR A VARIETY OF MARINE
ORGANISMS — FISH, WHALES, SHRIMP
AMENABLE TO LAB AND FIELD MESOCOSM
STUDIES: BEHAVIOR, INJURY

WHAT ABOUT POTENTIAL EFFECTS ON
SEDIMENTARY INVERTEBRATE
COMMUNITIES

* SEISMIC
= MULTIBEAM - SOUNDERS

WHAT ABOUT ZOOPLANKTON?

* MAJOR KNOWLEDGE GAP ALL AROUND

* FOLLOW THE FOOT STEPS OF SUCH AGENCIES
AS PARCOM AND ICES IN TOXICITY
ASSESSMENTS WHEREBY FOCUS IS ON A FEW
REPRESENTATIVE SPECIES, E.G. A COPEPOD IN
THE CASE OF AN INVERTEBRATE?

* SCARING OF ZOOPLANKTON ASSEMBLAGES

Sghal A SEET a4 e 1T
Hostg = V3TNV Arowtaabatand « TPmem b #8411 Dot 3607

SQUID: HIGH PROFILE SPECIES

= THE STUDY NOTING EFFECTS ON EXPOSURE
TO SOUND/VIBRATION INDICATES NEED FOR
FURTHER INVESTIGATION.

* ALSO RELEVANT FOR CONCERNS ABOUT FIELD
OBSERVATIONS ON GIANT SQUID
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CHIDING BY ROYAL SOCIETY

MO SCIENTIST IS EVER AT A LOSS FOR MORE
S5TUDIES THAMN HE THIMKES CAN BE DOME TO
DEFINE THE TOXICITY OF A CHEMICAL. IN
COMPMITTEE ONE SOMETIMES GETS THE
FEELING THAT NO ONE WITHOUT A DEGREE IN
TOXICOLOGY SHOULD BE ALLOWED TO TAKE A
BAIH.

RLAL SOCIETY

U the altraction of larval fishes lo reel sounds

Dyl &, bl . et b0 Cangar, Rally % Biyh”, Thiselly U Trisi’

Py VA ——

T i g ot b bt S e ey o b w — e o ———

GROWTH OF AQUACULTURE SHRIMP

THE STUDY NOTING EFFECTS OM CHROMNIC
EXPOSURE TO LOW LEVELS OF
SOUNDAVIBRATION INDICATES NEED FOR
FURTHER INVESTIGATION

SEAHORSE AS SUPPORTING EVIDEMCE

INVERTEBRATE BEHAVIOR: THE HERD
OF ELEFHANTS IN THE ROOM

* HOW CAN WE APPROACH DICK CHENEY'S
“UNKNOWN UNKENOWMNS" WITH RESPECT TO
POTEMTIAL EFFECTS ON COMMUNICATION,
FORAGING, NAVIGATION, PREDATCR-
AVOIDANCE, REPRODUCTION AND HARITAT
SELECTICN 7

WHEN THE "FORCE™ IS MAINLY FOR RESEARCH
MEEDS OF KEY CLIEMTS.

SOUND AND INVERTEBRATE INJURY
DR. IERRY PAYME

FISHERIES AND OCEANS, CANADA
COMNCLUSIONS (1 SLIDE)

RECOMMENDATIONS (2 SLIDES)
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CONCLUSIONS

erdly blank with respect Lo sl
real for various sources of sound to effect
nlity or sub-lathal injury in inpertebratas,
thal have besn carmied out with ciu
pad indicate a potential Tor sound i
chemical (physiological fhistopathological r
partant to note that such b

e Exbend bo which field
s anirmal

o, o obitain by
ks i relation to pile driving o

emblages b
ismmhe srrveys. Carry out dos
ub-lethal and petentially inju

uidiees 1o grappde aath e dillicul s
¢ important effects onanimal
v be regionslly driven in rel)

.

Importance of Sounds for Animals—
Sound Production and Sound Detection

David Mann

ERSITY O

I'H FLORIDA

RECOMMENDATIONS

pathology which could ewelve brochemical.
ogical and histopatholegical endpoints,
, mapacinl attempt should be made
relatiorehips, includ
% ol expoiime
harctual sources of sound or souncd
ent feasible,

RECENT LEGAL RULINGS

» Environmentalists failed to establish that
there was a probabllity of Irreparable harm
1o marine mammals — Justice Michael
K.elen

= * | am satisfied that the Inuit will suffer
ireparable harm if an injunction is not
granted” — Justice Sue Cooper

Sound Pre tion

* Snapping shrimp—generate a
itation bubble to Juee

r—associated with
st clear it is audible
to the lo

No known sounds from squids
or octopi
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Commercially Important Soniferous Gadidae
Fish Families (cods and haddock)

S5

* Gadidae (cods) « Pulsed sounds well-known "]l'nITt?\J?"IIJ?‘LEI- I‘T"t&

* Sciaenidae (croakers and drums) from cod (Gadus morhua) and
- haddock (Melanogrammus
* Serranidae (groupers) aelshinis)

* Walleye pollock likely
produce sound, but it has not
been documented

= Sound pro
haddock

LEO-15 Ocean Obgervatory Sciaenids (CI’OE]}(EFS)

ons By: Diane Rome

Red Grouper (Epinephelus morio)
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Deckally Drougs

£

Characteristics of Fish Sounds

Tend to be stereotyped

Sounds by different members of same family
can be similar

jﬂﬁ_
JohHA— -

E.g. loadfish, cusk-eels, groupers

= But, not a . LR * sciaenids

+

T

w254

: Some Unknowns
Large-5cale M

+ = 300 Hz harmonic
* Glider with hydrophone

B-76
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Some Unknowns

Some Unknowns

e ~400 Hz frequency modulated
‘harmonic’ .

Fraqaamcy #r

Glider Deployment Glider Deployment

Start 7114
—— end 7121

Red Grouper Distribution on West FL Shelf

Needs and Data Gaps

Loggerhe:

Invertebrates: Little is known about how sound is used in
communicati r hearing sensitivity.

Library of soun

— This hinders use of p:
sound on behavior,

[etestsons by Hour

o New methods t

- Con
environment
Der

What are impacts of
behavior Jawnil

Do we care about all fishes?

B-77



Appendix B: Presentations

How Fish Hear
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Richard R. Fay
Marine Biclogical Laboratory
Woods Hole, MA

Masking — Criginally described aspects
of human hearing performance
(e.g., Fletcher, 1840)

r human hearing

— pure tone
— white noise

Masking Fundamentals and Assumptions

FlltEl' bal'lk of hypothetical detection channels

R bs knwen

f Hlyparhetiead Miner bundwidnh (1W)

Masking — definition: the reduction in the
detectability of a signal of interest due to the
presence of another sound = usually noise

E'-.|1+:I|I:t:|r3.r Scene Analysis (ASA)

by which the hurn=1n

These are related conce
the hearin ocess of human beings and all
other anirm

ver is the human ear composed of many
independent, Irtqur: y-selects annels (filters).
grial tone uses a detection channel or
on the signal frequel
!-.r:: a finite bandwidth that admits
s components falling

he tr:'ar':e Is at masked thres!
power equals th
=A] the dele thir
& sign
H.zl can I:-r'

«For Humean listeners, the width of the detection fifers
increases with center frequency according to a linear
function (Glasberg & Moore, 18

«Masking will be in effect for all noise levels thal can be
detected (i.e. from the threshold of hearing the noise)

«Masking is a linear function of no

masking ha' e been confirmed in a
|nr|u :Ir-q marine

asking function ilarky im all
ERIT [T vortobrales
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The usual or "natural” ambient nolse already causes
masking for most fishes in most emdronments:

& noise levels by anthropogenic
sources will most likely cause additional masking

Masking effects are analogous to a hearing impairment
in that, while the masking noise 15 present, the
thresholds for detecting the uswal sources will be
raised (e, all sources will be harder lo detect)

Conseque of masking for the filness of fishes

There i no research on this question, sowe don't
know whal effects on fitness and survival might occur
caused by anthropogenic nolse

In the environment could
tion (social and reproductiv
predator and prey mteractions, and orentation to
environmental featuras

-Render all sound sources less «
*Reduce the distance al which sound sources can
be de

Auditory Scene Analysis

The abilty lo segregale Sounds from différent sources,
and to assign sounds lo independent sources

distinct perceptual entities
ams) is useful because

physical obj and events in
the world that we humans nhabit. Theref

*However, most of whal we know about masking applies only o pure
tone signals against a flat-spectrum (white) noise masker

R eal signals and noises are more complex than this, with both
signals and noise having arbitrany spectral shapes and bandwidths

sThere has been very litte research on this aspect
of masking in fishes, and no certain w

predictions about the masking effects ¢

arbirary signals

e cod cannct be pred
n be sure of is that only the no
of the communication sound spectrum cause the

Masking Effects on Distance of Source Datection

Sphenical and Cylindrical Sprasdng

T i
HH i

1|

)

“adistance reduction / $dB
3206 distance redudion ' SdB

Ihere [s no threshold - any nolse increment = distance redoction

Bregman -
2 types of ASA -

on cognition or attention, automatic, and | would sa
e hared with all animals

from leaming and

2 further types

EMTIAL = Th
8 temporal stream

scund that distinguish
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sequential scene analysis

Frinciples of Gestalt Psychology (visual analogy),
including PRCXIMITY and SIMILARITY, - "an

Lo guts] ncy of brain lissue,” and | would

, one of the primary purposes of the brains of

The question is, "do you hear one sounce of twa?

Simultaneous Scene Analysis —

The “hearing out” two or more sources
that operate simultaneously, and assign
the acoustic components of each sound
to its proper source -

E.g., Vibropiling and cod communication
sounds. Each source must be analyzed
and perceptually segregated for the
vocalization to have its intended meaning.
Without ASA, this combination of sounds
would be a "chimeric” conflation of the

2 simultaneous sounds.

Al N& ARGEIYSIS Ca|
demon d 5o farin

=Human beings

hat all vertebrate animals

this mea

Miller and Helse (19:50): The "Trill* Threshold and stream segregation

Periodic Tene Pulse Train - 1 Etream

ASA — simultaneous sources
«Nol the mere réecognition of species-specific sounds n
in the presence of

*Nol dependent on directional hearing - (e.g. asin
individual instruments in an orchestra

hearing oul

Equences of m
fiments have b

0. we don't know =

One thing we do know, however, is that in order for
any sound to be useful as information or perceived
propéry, it must first be segregaled from all
simultaneous sounds sothat its source can be

y determined

gainst & notse b

higher than that required for mere detection

required for
will be dis
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Scene analysis assumptions

SN raspiiirel T done At (insdking 1)

Arditinna reqqulred for sspce sed racatinm

Conclusions
“We know a lot about tone-in-white noise masking

Behavior of Pelagic Fish in
Response to Man-made Sources

Joahn Dalen
Institute of Marine Research,
MNorway

Effects of Nolse on Fish, Fisheries, and Invertebrates
A BOEM Workshop on Data Gaps and Research Needs
San Diego, 20-22 March 2012

* IRITIRRYE OF HARINE MELEALEH
B AT AR R LA MR PRI

What to include What to include, cont
= Species
Trua “emall” Eelag:'. and masopalagic ones (na bentho- Sources
pelagic ones = Dnly sources producing sound energy within the
- hemring (Clupea harengus) frequency ranges of hearing in actual fish species,
mackerel { Scomber scombis) i at low and very low frequencies < 1000 Hz
Blue whiting (Micromasishius pofassou) - hammers {pEng)
sandesl (Ammodyles sp. H_I.-'pg.rq:lu’s 5P =+ = lishing gear - trawis
mesopelagic s pecies (Myctophida, ++) - explosives — blasting (constructian and damalition)
salmon and trout [xx, Salmo salar, 8, frulla) . sparker [seismic)
- alrgun (selemic)
" 4-_-#-—..,__( H‘h‘h"ﬂ- very low frequency sonar (mostly military — 3 few
wilhin geophises)
e ,-—‘-—1‘_'
(2 e = e
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What to include, cont

Surroundings and habitats

Fee swimming fish - shoalslschools. or single speamen

caged Fih Puve 3 olen undedred and iarely knien retliciond in
BEMmADIE rESpRRART ol pOTEmS
w5 ik s maal

Frem hammers - piling

A potential relevant studies are gither on caged Nsh andlor on
werrer sl al bentho-pelagic species

Swimming behaviour of herring during
acoustic surveying and pelagic trawl
sampling

A sbady showing herring Eearviour refaled bo pelagic rawling in the Norh Sea
bt Bhe meponses to the rawd are rather diffeult fo distinguish from the response
o T ship = re Alex D Robertis "Responses of Fah 1o Ship Nose”
= Major Indings. The heming avoided the brarsd by
inerensng the hariraninl ssmming specd
unederlook vt al magration Eowards e boflom

Misumd, O.A, & Aglen, A 18532, Swimming bebavious of lish schoals
in tha Moerth Sea during acoustic survaying and palagic trawd
ﬂnlﬂlnﬂ. ICES J Mar. 3¢l 4% J2%-1.

Overall recognition

* Studying behaviour of free swimming pelagic
fish species is a very challenging task with
regards to:

- observation methodology
- instrumentation
- data analysis and interpretation

There is no general fish species in this context!

All impaets from man-made sound on fish and such
stimull leading to changed behaviour must be
understood in a species specific, size specific and
ﬂbiologmnl stale specific context, and seasonal

context!

From fishing gear - trawls

2 relevant kinds of trawl
derrersal brawbs ! bollom lrawls
= pelages trawls

Pelaglc Fish Behaviour during Trawl
Sampling off Angela

|Sardinella sp. - Sardineis modereesis and 5. aurin)

.
B e - =

Eyrkjebs, E, & Misund, OA 2011, Pelagic Fish Behavicur during
.EH Sampling off Angola. OpsnOcsaniaur 2001, 5, 2229

B-83
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Pelagic Fish Behaviour - Trawl Sampling - Angola,
cont

Echeogram from B braed 6ond (#cho tounder on the head ropi kodlong
Eﬂuﬂlﬂi]—lﬁh antenng T rawl

Froem explosives

Most studies are ezher cn eaged fish andinr sn demersal and berntha-pelagle
species

Cited study: exposng bus whiing 1o small charges of axplossms just
Ehind a fishing vessel 1o "force” B Taf 10 the bottom o B2 mone
exposedicichable to the botlom bawl dnoesse calches)
» Dephy of fish; 160-200 m
+ Minating: Tha San sartaniraesd and mmad i s Bamam — emped
Wowra b 10-10 ey ared Wi hfieed agam o phwvrows prafeired dudile
= Thu biuer whitng gol habiuated after 5-8 blads wih 6-10 min bebawen wach
aimulnbonblasr

Daken, J. 1973, Comroling behaviour of blus whiting In relation o
ﬁum, Exparimants in the Norh Sea, SNTEF Working Repont 13-
K, SINTEF, Db, 48, NTHL,

Investigations of impacts on herring in a bay, cont

a2 Shoal rapedar Fom
L = limon! prosibion +1
L=3 2 rEspOnss
angle 4= 50+ B
Sishoal B:boal
with sonar

Pelagic Fish Behaviour - Trawl Sampling - Angola,
cont

Main outcome of shoal behaviour
+ Depanding on the inensity and type of reactions, the

altered behaviaur patterrs were classified into b

CAlGQONGS:

- Achirs! Resobors: did nol ead 1o @ swedden disimegraton
of the school srganisation but caused the whole school
gradually to change swimming direction and move closer
ta ane side ar ta the bottam of the trawl

- Fright Reactions: Characterised by a sudden
SIMURANCOUS Mass response, with individual fish
swirmmimg i diffenenl dinections and the collective
school crganisation collapsing for a few seconds.

From sparkers (seismic)

Investigations of impacts on herring in a nearly

closed bay
The bay hoiding heming
shoak g, vessel and
feabures of e posdioning

¥ d_._,_,.,- Syl

Draler, J, 1972, Fimelalirg

herring shioals with sourd.

Report 1o the Narwegian

Reseach Council of

Tewhralogy and Natural
£ Behences.

Investigations of impacts on herring in a bay, cont

Mar resuts 1o changes i simming igeed, ¥, Bnd Felmmng dewecion, o, pnor
I andl afley slicmalinn

Plot Average Variance
v Imis] [vImis]| a1 | v[mis] [vims][

prior | after | after | prior | after

&

1-7 037 | 033 Bl 015 o1

4 |y (3

813 | 041 | 040 | S0

043 | 012

* Mo BQNACENE Changes in semming tpeed
= Sigrelcant changes in swmming desdon

- 1
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From airgun(s) - seismic

* Studies based on 3D seismic surveys

+ Based on experimental studies

Pl stiscy 1084; 30 selsmic survey Horth Sea (S00), cont

— o
[I= Seismic area: B x 9 natical
L o | b mides {11 5 17 kamd
Ohservation area: 34 ¢ 18
nstical miles (85 x X3 kmj

Estimabed SPEL:

210 dBU P sl 100 m 204
el iPA at F00 m 200 dRH
[iPa al 300 m

———

Bcheich of fish behaviowr duning sefsmio
Bl sting

&

Pilat study: 3D seismic survey North S2a (S00), cont

Specific observation:

Changes of h 16h disibubons and behaviour pattems of Tha fich along the
course lnes of the seismic vessel from immediately bedore 1o just atter argun
shcoting prowed that the fsh were afecied

Pilat study 1884: 3D seismic survey North Sea (S0O0)
System set-up

Source. 1 argan aray (44 x 57 m). 40 arguns
! Towing depth. & m

Chamber walume 77 032 em® (4750 ewin )
B C 1 Soures levelt 2400 SRR re 1 m
- (calbrabed)
| Supply pressune. 138 Bar (2000 pui)

Firimg ineervad 1057 2 =

Dnlen, J, & Knamesn, G 1007, Searing affects in fish and hamiul
alects on egqs. larvae and Iry by oMshore selsmic explorations.

arklingar; Proc. 3yme "Progress in underwater acouslics™, 1387,
5=50, Haliax 1986

b3t shucy THIE: IO SeEMIc survey Morth Sea |S00)

Maln cutcome: The horizontal and vertical distributions of
bath pelaghc fish and groundfish ae obaarved by
mydroacaustic methods and trawling within the
obrservabion anea surroundeng e sesmes operabons
argd, were consistently changed aller 8 days of airgun
cperations compared to the distributions pnior to the
ocperations

= Blue whiting Changes in disirhution were ohasnmed
naigizal mies frem te sentre of Bie setamis prea

ot o 1T

== Blue whiting: The echo abundance in T GHEMIC area  was reduced by 54
% ofter 8 days of ar gun operafions  compared o that prior 1o the operabons.

&

Pelagic fish distribution and abundance in
relation to a seismic shooting off the
Norwegian west coast (300) -1999

System set-up

= Sowce: I argun avays Sip-flop operaled
A0 sEreamers

= Towing deplh: Bm
Firing inderval: 10 8/ 25m
&1 puwallel irarest, Fach 51 len lang,
Adjacent Iraniects ssparaled by S00m

Slotte, A, Hansen, K., Daken J. & Ona, E. 2000, Acoustic mapping of
palagic figh dlswibuiion and abundance In relaion 1o & salemie
ﬁmlnu arsa off the Morswegian west coast. Fishfes 67 (004) 143
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Pelagic fish and seismic shooting off the
Norwegian west coast (300), cont.

—
| iy Ringhasme

poikiEd 4 i

U I Dome, Survey
lirees, arwl

- Ve e —

r " "

Svismic ava Ringhone Dome off ihe Herwegian

ﬁ wesl cowsd.

" .. Pelagic fish and
seismic shooting
off the Norwegian
west coast (S00),
cont.

; “st Bred echo abundsncs (5. of
+ pelagic BEh Inceased
significantly bath In western
wnd eastemn drechion from

| Ele aPeeding o survey 1108

darys J B Hnes), survey 2 (4%

= e o days!9linesl
* 0L bl not insurvey 3 (1% day 7 4
TR S— T

< G,

ap— __:'1_'=.
Fuwry 1
E Temuiegy e
Fishermen's stories
(anecdotal expressions)
Mackerel

Vhen a seismic vessel comes into the area the fish

"gets wild” {echo sounder observabions):

=> more difficult to catch by purse-seining

=> for trolling the catches are strongly reduced
and stay low as long as the seismic

Sandeel

VWhen a seismic vessel comes into the area the

catch rales are strongly reduced

- 1

Pealagic fish and seismic shooting off the
Nerwegian west coast (S00), cont.

Tierm Enes of seismic blasling and e Dvee scouslic survys (31-330
&1 B lines, 57: 9 line=s, 51 4 lires

Pelagic fish and seismic shooting off the
Merwegian west coast (S00), cont.

Main outcome
* The study indicates there could be a long term effect of

the seismic shooting: i.e. that highly migratory fish like
herming and blue whiting tends to leave andlor avoid
seismic blasting areas.

The figh distribution were found at larger depthe during
seismic blasting than with no blasting.

= The study indicates that the fish distributions may turn

back to “normal” within some days after the blasting
CEASES,

&

Experimental studies: From airguns

Investigations of impacts on herring in a nearly
closed bay
The hay hokiing hering
ghaalis), wessal and
Feataies of Bhe posldicning

- sysiem

Duaden, J, 1903, Sinlating
hesring shoals with souml.
e 1o the Nenssgian
Resparch Council of

ﬁ Testnology and Natural

Soiencey
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Investigations of impacts on herringin a bay,
cont

Shoal trapector
i=1 from timea/
: position i-1 to
142,
response angle
a = Aa + BSi
ol g S shoal
. ) B: boat with
w SONAT

Knowledge gaps

* Perform studies on "seismicsand herring™
=> impact distances, behaviour studies, impact on
catching effort,
"prior to — during — after the seismic activity”

+ Perform studies on "seismicsand mackersl”:
=» impact distances, behaviour studies, impact on
catching effort,
"pricr to — during — after the seismic activity”

* The studies should not be undertaken in relation
to seismic surveys of opportunity

&

Responses of Fish to Ship Noise

[A perspective from lishetes sooustics)

Alew D Robermy
Alasin Fisher e Scierce (omer, NOAA

Impacts on herring in a bay, cont

Main results of changes in swimming speed, v, and
swimming direction, a, prior to and after stimulation

Plot Average Variance
vmia] v[mis] | @[] |v[mis]| v[mis] | al]
prior | after | after | prior | after | after
1-4 058 0,80 75 0,06 020 26
59 032 0,59 8 | o 0.24 3T

* Significant changes in swimming spead
* Significant changes in swimming direction

ban, L 1973, Stmulatng herring shoals with sound, Repon wo the
ian Aesearch Council of Technology and Matural Sciences.

- -
Thank you for your attention

Ships are loud
Their sounds propagate long distances

B Bl Cirrine 08 BST [T.4 meT]

16T m,
16000 tons
SO0 e

Kl &5 poer® & mooroach {CFR) = JEm
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Ships can dominate low frequency noise

This is a major concern for auditory masking

Figh movement consistent with vessel directivity

Sy Eackon of Bah
szhaaly i front of weael

e Lk ]
ettt A ]

Noise reduced vessels emit
substantially less sound

Crmmoriisrial vesasts [11kei]
i TR "

R. Mitson

Fish react to approaching vesssls,

SIrengm of 1 response is highly [
variable X e B
Respanses e sinmeosyped I
=dire i s seafloor
*acouslic aburdance Jdeceases

l.‘ _,.:

* 0 phh-dtgrendent

_ |.- 1 . Iq" -
gs b N A
THE , M
' -.
f N

The ICES recommendation for
research vessel noise

103000 - Mindmize fish avaidance,

AL rarmges = 31 L vrsse! noier shadl nul
enoerad 30 dB abowe [nressa had) Seaning
tanrshaid o Aerring and cod

[ = B0 d By e 30 m)

So, what is the impact on
fish avoidance ?
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Side by side measurement on pollock:

Lessons learned @
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“Location dependert
*Time of day dependert
SRz by R S Loy P e e

Noize-guisting it largely about fish decizian making, not

percaption.
_ [==== i ] i
ill » - | i = Sounds lrom ships can be reduced
i - 'I""" B B ] »  Stimdus i for reactions is unclear
] | 11 ii *  Behavioral rule of >30 dB abowe pressure-based hearing
§ 2] %= I threchold owerty simplistic
i th * l { i Behavior is complex [day/night). location, physiological state

i Bt el W, TS

Fish are sensitive to low-frequency

pam'cle motion Responses Lo trawling vessels
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Flow-induced particle mation at short
ranges may explain herring observations

Large vessel (70 m, 4000 10es | Ercpimrvecen (10m. 1000 )

Lowmase g nus,
Lot Tlow Bl = Dol g

L L

Sreualbn Ml Bl & 5 imiadier

imaction T
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Candiel » TN

Controlled exposures :

in gemeral, these sound iwilos elizit
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= puder
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Information needs: =Y IE
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Parichs molion, pafcuady in neal feld Ee

sLimderstand the link Benween perseplian snd reae
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Cheani afects o e el exposunt o Mneer?
Effecs £f auinry masking?
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“Ehip nolse £an be reduces- ks it worth deing?

Presentaiion; Respomses of Fiuh 1o Ship Nolse
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Y
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Acoustic methods ?

Think like a fish
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Gear-Specific Effects

+ Bottom trawls: fish at the bottom
= Longlines: food search behaviour

* Gillnets; swimming activity

Different catching principles

Trawls and Longlines
Cod and Haddock

el oD T

§

s

Loeginm J ||

TR
yn

S armd
3xilnm

e

(Engas et al. 1996)

Aznualic denely

Cod and Haddock:
Seismic Scunds Scare Them Away

B by e

o
thill
W

nan
w55l lag (nmi)

(Engds et al 1896)

Species-Specific Effects

+ Hearing ability
« Swimming capacity
+ Habitat preference/site fidelity

* Fredator avoidance behaviour

Different behaviour patterns

Trawls/Longlines — Cod/Haddock:

Seismic Sounds Cause Catch Reductions

oD = W Beres
B Do

[ |

500

300 o

Catch (kg/haul)
5

Cenbee 1-3 L]

1818

Dhistance (nmi)

F= (Enpds ef al. 1994)

Conclusions:
* Trawls and longlines: decreased calch rates
+ Cod and haddack: avoidance responses

Conclusions supported by three
peer review studies:

+ 50 = 70% for cod and haddock (Engas et al. 1986)
+ 55 — B0% for cod (Lokkeborg and Soldal 1883)
« 52% for rockfish (Skalski et al, 1992)

sk
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However, things change and develop

Gillnets and Longlines
Haddock. Redfish, Greenland halibut

| Seismic area.

g | |
-, 1|
I | |

"o P
L T . |
| : |
i s { |
& i 1 |

1

(|

Catching principle:
= Gillnet swimming activity
* Longline: feeding motivation

Hearing ability:
» Greenland halibut: no swim bladder
» Haddeck: swim bladder close to ear

A new study in 2009
Whal did we learn?

Salemic araa:
8 x 45 nmi

AT

wre woe wre

Four chartered fishing vessels

Gillnets:
¥ Greenland halibut
# Redfish (Sebastes)
Longlines.
= Graanland halibut
= Haddock

Gillnet catch rates increased

10 - 137% 144 » B # Buloap

@ During
Wil

&0 L]
-~ 255
E o o

]
5 o 150
£ 106
= o &
o i
Eitasblnud hal il -|l||1
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CPUE (Surrbem)

Longline catch rates decreased

0 = = Baloie
80 wCaming
= LR

1

ERrssarilnnd bbb

r.ﬂ*‘-«

Catch rates vs. Distance

a
=0

Balow 15-20 H)-16 &
Drstnnce{nm}

r=0.56
p=005

Cﬂch rabes

How do we explain these results?

* Gillnet catches increased:
» increased swimming activity

+ Longline catches decreased:
» decreased feeding motivation

+ Differences between species
+» differences in hearing and behaviour

Longline: Greenland Halibut and Haddock

WL [ W

Stomach content - Haddock

. . __"'
i
ﬁ Brl::lll Du:'ng .I'-'\I-ur

Vesteralen vs. Nnrdkappbanken

gas of &l 1396]

PO O
M of Sachages o
day andnmé; 12w, 235

0" 3N
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Effects of noise on catches depend on:

# Type of fishing gear - Catching principle
# Fishing ground (topography, depth)

# Hearing ability

= Swimming capasity

# Habitat preference/site fidelity
 Fright/avoidance response (hide or flee)

e # Sound source characteristics

Conclusions:
"Effects of Moise on Catches”

Sveln Lokebarg
Irotibute of Warne Reseaich Bergen, Morsay

Fish respond to air guns and may show:
* increased swimming
- decreased feeding motivation
» displacement away from fishing grounds
+ species-specific differences in behaviour
+ decreased longline and trawl catches
£ +increased gillnet catches

1l aames

Effects of Sound on Fish Catches:
Statistical Approaches & Consideralions

DR, Aoy = e Brp e Fdone

Steve Murows ki March 71,2017
Unieresity al Sauth Flarldan b
College ol Marime Science

Thus: Extrapolation between
species, gear and hahitats?7??

Information needs and data gaps:

“Effects of Moise on Catchas”
Svein Lokkeborg
Irestitute of Marine Rescarch, Boergen, Norway

« Effects on pelagic and schooling species, but
also on more demersal species:

* i.e. species-specific differences
« The impacts of topography and habitat type
« Relationship between sound level and effect
= Effects of different sound sources

A

snalyzing fish caich data

Collection & statistical properties of catch data

aome examples of analysis of spatial catch data

Considerations in the design of studies analyzing
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Nomenclature for Fish Catch Data

Fiahery infepandent Tat Fishery Dependant Do Lo D | | | 1

Fishery Independent Data
Age 3 Haddock
kcelandic groundfish survey
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Are Catches Proportional to Abundance?
Generally, NO, tend to “ratchet” in declining populations
' i BEsse|f=reported logbooks

= ].rﬁsh ‘dealer records
£'port "agent” interviews
- at-sea observers (the "best”)
- recent advent of satellite
tracking for effort (high
accuracy)

. Vellewfin o carch and CPLE
4 T

A & Worm. 2003
Pacific Ooean

G/ E
CPUE; = &t N, Limits of resolution depend on gear,

ability to collect data

Mulli-species Trawler Calch Data = haul by hauk

From ohsaners Single-Species CPUE

influsnced by both high
Mominal oy proportion of zero catches
and a few very high catches
-
= What type of “zera” is it?
o " - o ey
Mo zefo catches } ) T
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Practical Limifts to the Spatial Precision of
Fishery Catch Data
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The Sound Problem is Essentially a Gradient Analysis

— 5 A
g Hysteresis post-exposure| 7 3

! Behavior

= Masking

E Theeshalds

= Death Physiclogy

Distance from Source
Depends on nature of source: single-event,
intermittent, continuous
«  Temporal aspects of how quickly gradients form and
degrade
*  Threshold effects?

Log Haddock CPUE (kg/hour)

log Distance to CA-I k)

The Sound Problem is Essentially a Gradient Analysis

Pre-Sound Source

During or Post Exposure

Abundance

Distance from Source
* Depends on nature of source: single-event,
intermitteént, continwous
= Temporal aspects of how quickly gradients form and
degrade
*  Thrashaold effects?

¥t kg par hour

Ty T

=TT T T FTEef

o1 ' 10
Kilometers from Closed Area |
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Information Needs and Data
Gaps

Anthony D. Hawkins
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Michael Ainsle
Senior Scientist at TNO- The Hague, Netherlands
Visiting Professor at ISVR -University of Southampton, UK

Dr. Ainslie graduated in ph ysics from Imperial C ollege ( University of London)a ndin
mathematics from the University of Cambridge. He carried out his PhD research at the Institute
of Sound and Vibration Research (University of Southampton) on the interaction of underwater
sound w ith t he s eabed. Dr. A inslie has 2 5 years’ ex perience i n u nderwater acoustics, w ith
special interest in its application to sonar performance modeling, the impact of underwater sound
on marine life and the international standardization of acoustical terminology. He retains strong
ties with ISVR, w here he currently hol ds the p osition of V isiting P rofessor. H is publ ications
include t he book ¢ Principles of S onar P erformance M odeling’ ( Springer, 2010) and 32 pe er
reviewed journal articles. Heis a fellow ofthe Acoustical Society of America and ofthe UK
Institute of Acoustics (I0OA), and in 1998 was awarded the IOA’s A B Wood medal for his work
on seabed interactions and sonar performance modeling.

Michel Andre
Professor at the Technical University of Catalonia (BarcelonaTech, UPC)
Director of the Laboratory of Applied Bioacoustics (LAB)

Dr. André is an Engineer in Biotechnologies graduated from the Institut National des Sciences
Appliquées, INSA, T oulouse, F rance. He hol ds a M aster de gree i n B ioquemistry, a M aster
degree in Animal Physiology from the Université Paul Sabatier de Toulouse, France and a PhD
on sperm whale acoustics from the University of Las Palmas de Gran Canaria (Spain).

His research involves the development of acoustic technologies for the control of noise pollution
in the marine environment; the study of the biological and pathological impact of noise pollution
on cetacean acoustic pathways and marine organisms; the mathematical, physical, morpho- and
electro-fisiological me chanisms o fth e ¢ etacean b i0-sonar, as w ell as t he ex traction o ft he
information from their acoustic signals.

Thomas Carlson

Program Manager

Marine Sciences Laboratory

Department of Energy Pacific Northwest National Laboratory

D.r. C arlson ha s ov er 30 years of e xperience w orking i n unde rwater a coustics a nd r isk
assessment. Current activities are investigation of the effects of anthropogenic sound on fish and
marine mammals and de velopment and application of active and p assive aco ustic s ystems for
detection, c lassification, and lo calization o f fish and marine mammals. H e is also currently
active in the development of models to quantify the exposure and assess the risk of barotrauma
and he aring s ystem i mpacts to fish and marine mammals and laboratory and field s tudies to
obtain data required for risk assessment.
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Brandon M. Casper
Department of Biology
University of Maryland

Dr. Brandon M. Casper is a postdoctoral research scientist in the A quatic Bioacoustics Lab of
Dr. Arthur Popper at the University of Maryland, College Park. Dr. Casper’s research interests
have centered on t he structure and function of auditory systems in aquatic vertebrates. He has
published a number of peer reviewed scientific papers and has authored several review chapters
on the auditory system of sharks, rays, and other aquatic animals. Dr. Casper’s recent work at the
University of Maryland has been exploring the physiological responses to impulsive pile driving
stimuli in fishes. These experiments, currently in the data analysis and manuscript writing stages,
will provide some of the first qualitative and quantitative controlled studies of the effects of pile
driving on f ishes. He h as be en an invited s peaker a t s everal A coustical S ociety o f A merica
annual meetings and the Second International C onference on t he E ffects of N oise on A quatic
Life in Cork, Ireland. He also recently returned from an international collaboration focusing on
shark h earing abilities in P erth, A ustralia with 1abs from University of Western A ustralia and
Dartmouth College. Dr. Casper received his Biology degree from Ohio University, his Master’s
degree in M arine Biology from Boston University, and his Ph.D. in Biological O ceanography
from the University of South Florida.

John Dalen
Principal Research Scientist
Institute of Marine Research, Bergen, Norway

Dr. Dalen conducts a variety of fisheries research including hydro-acoustic abundance estimation
and size classification of fish and plankton, developing methods for direct in situ observations of
fish, and assessing impact of the behaviour of single fish and shoals on assessment methods. He
has specific ex pertise in long range o mni-directional and multibeam sonars, fish behaviour vs.
anthropogenic sound, lethal impact on fish vs. seismic investigations, and blasting. Other work
interests include total quality management and organizational development.

Jaclyn Daly
Fisheries Biologist
NOAA National Marine Fisheries Service

Jaclyn Dalyis a f isheries b iologist w ith N OAA's National M arine Fisheries S ervice in
Charleston, S outh C arolina. She h as ex tensive experience i n as sessing i mpacts t o m arine
mammals from a nthropogenic noi se under the Marine M ammal P rotection A ct and c urrently
works within NOAA's Office of Habitat Conservation to protect fisheries and their habitat in a
regulatory capacity. Jaclyn specializes in working with action agencies to minimize and mitigate
for ad verse 1 mpacts f rom co astal co nstruction activities s uch as p ile d riving and r enewable
energy development.
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Alex De Robertis

Research Fisheries Biologist

National Marine Fisheries Service's Alaska Fisheries Science Center
Seattle, Washington

Dr. D eRobertis is a research fisheries b iologist w ith th e N ational M arine F isheries S ervice's
Alaska F isheries S cience C enteri n S eattle, W ashington. His interests ha ve be en s lowly
increasing in latitude and up the food chain; he started as a zooplankton ecologist working off the
west ¢ oast a nd now w orks pr imarily on fish in A laska. His w ork i s f ocused on fisheries
acoustics, and involves the application of sonar to understand the abundance, distribution and
behavior of marine or ganisms. H e has a 1ongstanding interest in s ensory biology and animal
behavior, and has worked extensively on t he reactions of fish to approaching research vessels.
He enjoys messing around in boats both when at work and play.

Christine Erbe
Centre for Marine Science & Technology, Curtin University
Perth, Western Australia

Dr. Erbe holds an MSc in physics (University of Dortmund, Germany) and a PhD in geophysics
(University of British C olumbia, C anada). S he accidentally 1 anded i n marine bi oacoustics in
1994 and has never looked back. Having grown up in Germany’s coal belt, she relished Canada’s
sea breeze, yet discovered she got terribly seasick, hence chose to train captive beluga whales for
masked h earing ex periments. C hristine w orked f or t he C anadian G overnment ( Fisheries &

Oceans) from 1994-2001 on underwater noise, effects on marine mammals and noise regulation.
She worked as a private consultant performing bioacoustic impact assessments until she joined
JASCO as Director of Australian Operations in 2006. In 2011 she couldn’t resist the temptation
to get back into academia, and became Director of the Centre for Marine Science & Technology
at C urtin U niversity in Perth, W estern A ustralia. C hristine’s in terests are u nderwater s ound
(ambient, anthropogenic & biological), sound propagation and effects on marine fauna. Dr. Erbe
was unable to attend the Workshop but was instrumental in preparing the paper presented by Dr.
Rob McCauley

Richard Fay
Adjunct Scientist
Marine Biological Laboratory

Richard R. Fay graduated from Bowdoin College with a BA (1966), Connecticut College with an
MA (1968), and from Princeton University with a Ph.D (1970), all in experimental Psychology.
He held a poat-doctoral position with Georg von Bekesy at the Laboratory of Sensory Sciences,
Honolulu, HI from 1972-1974. Dr. F ay spent one year ( 1974-1975) as Assistant P rofessor of
Otolaryngology at t he B owman G ray S chool of M edicine be fore be ing a ppointed A ssociate
Professor of Psychology at Loyola University Chicago in 1975. He stayed at Loyola, reaching
the rank of P rofessor and D istinguished R esearch P rofessor, D irector o f t he Interdisciplinary
Neuroscience Minor, and Director of the Parmly Hearing Institute until 2011. He began summer
research at t he M arine Biological Laboratory, Woods H ole, M Ain 1993 w here he was a
Whitman Investigator until 2010. Dr. Fay was appointed A djunct Scientist at the MBL in 2011
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and retired from Loyola University Chicago with Emeritus status in 2011. His entire academic
career has focused on hearing mechanisms in vertebrates, and especially the hearing and sensory
behavior of goldfish, oyster toadfish, and plainfin midshipman fish. Dr. Fay’s research has been
continuously supported by the NIH and the NSF since 1975, and he has over 140 publications in
peer-reviewed j ournals. He is the founding c o-editor of the S pringer H andbook of A uditory
Research, with 43 volumes appearing so far and is an Associate Editor for Animal Bioacoustics
for the Journal of the Acoustical Society of America.

Kevin Friedland
Researcher, National Marine Fisheries Service at the Narragansett Laboratory
Rhode Island, USA

Dr. Friedland is a researcher with th e N ational M arine F isheries S ervice at the Narragansett
Laboratory in Rhode Island, USA. He holds a bachelors degree in ecology from Rutgers College
in N ew J ersey and a doc torate f rom t he C ollege of W illiam a nd Maryin V irginia. H is
dissertation research was on the distribution and feeding ecology of Atlantic menhaden. During
his professional career he has done research on menhaden, bluefish, sea herring, sturgeon, eel,
haddock, and salmon. His publications cover a range of topics including: estuarine ecology of
fishes, functional morphology, feeding ecology, recruitment processes, fisheries oceanography,
stock 1 dentification, ecosystem ecology, and climate ch ange. H is cu rrent r esearchison t he
effects of growth ont he e arly m aturation a nd s urvival of A tlantic s almon a nd t he f actors
controlling th e r ecruitment of ha ddock. He has served as chair o fseveral ICES co mmittees
including the North Atlantic Salmon W orking Group, the Study Group on Stock Identification,
and the ICES standing committee on Anadromous and Catadromous Fishes.

Roger Gentry
Special Advisor to the Joint Industry Program
President, ProScience Consulting LLC

Roger L. Gentry was born in 1938, ¢ ompleted a M aster’s de gree in 196 6 in marine m ammal
acoustics, a Ph. D. in animal behavior at the University of California, Santa Cruz in 1970, and in
1971 a postdoctoral fellowship on fur seals at the University of Adelaide, South Australia. He
worked as a field biologist at the National Marine Mammal Laboratory in Seattle from 1974 to
1998 c onducting field r esearch on whales, p enguins a nd m any s pecies o f s eals. H e h elped
pioneer T ime-Depth r ecorders, publ ished pa pers a nd books on f ur s eals, a nd ¢ onvened a n
international symposium on fur seal biology. From 1995 through 2005 he created an acoustics
program for NOAA in Silver Spring, Maryland that advised regulators on marine acoustic issues
including A TOC, 1ow- and mid-frequency s onar, seismic air guns, and e xplosions. T here he
convened expert panels to write noise exposure criteria for marine mammals (published 2007)
and for fish and t urtles ( being w ritten). H e 1 ed w orkshops on a coustic r esonance, r ectified
diffusion, s hipping noi se, and m onitoring und erwater ambient noise. H e has also worked on
acoustics from legal (Department of Justice) and treaty (Department of State) standpoints. From
2006 t 0 2009 he w as Program M anager f or t he J oint Industry P rogram, a London-based
consortium of oil companies funding research on the effects of underwater noise on animals to
meet the needs of international regulators. Presently he is an advisor to that group, speaks for it
in international meetings on acoustics, and continues to publish about marine mammals.

C-4



Appendix C: Biosketches of Invited Participants

Christopher Glass
Research Professor
University of New Hampshire

Dr. Glass is Director of the northeast Consortium and Research professor in the Ocean Process
Analysis Laboratory of EOS. A specialist in animal behavior and marine biology, Dr. Glass has
along record o f c onservation ge ar r esearch in New E ngland’s fisheries. P rior to joing T he
Northeast C onsortium, he served for 9 years as Director of M arine C onservation at M anomet
Center for Conservation Sciences where he specialized in the study of fish behavior and applying
knowledge of this subject to develop more selective fishing gears directed at reducing bycatch
and discard in commercial fisheries. Previously he worked for 14 years at the marine Laboratory
in A berdeen, S cotland and ha s w orked extensively on b ycatch r eduction a nd ¢ onservation
engineering programs t hroughout E urope and N orth A merica. Dr. Glass has been a f eatured
lecturer on sustainable fisheries topics at numerous international conferences and has published
extensively in scientific journals. H is education includes a B.SC in Zoology (Marine Biology
and Animal Behavior) from The Queens University, Belfast and a Ph.D. from The University of
Glasgow.

Michele B. Halvorsen

Senior Scientist

Battelle — Pacific Northwest National Laboratory
Sequim, WA

Dr. Halvorsen has been conducting research in neuroethology and neurophysiology of mammals
and fish since 1997. Since 2004 she has studied the impacts of anthropogenic underwater noise
on marine animals. Her current research focus involves the effects of anthropogenic sound on the
physiology and behavior of freshwater and marine fish and development of the tools needed to
assess t he e nvironment and t he animals. Dr. H alvorsen has been P and C o-PI fo r p rojects
involving the effects of noise on fish, these projects were funded by Naval Operations (ERD),
BOEMRE, C ALTRANS, N CHRP, S nohomish P UD, and D OE. Recent r esearch co mpletions
include a ssessment of t he ba rotrauma r esponse of juvenile s almon t o high e nergy i mpulsive
sounds generated by pile driving and the effect of the US Navy’s low- and mid- frequency sonar
on the hearing of several fish species. Current research underway addresses the barotrauma and
hearing r esponse o f m arine f ish s pecies t o n oise g enerated b y t idal p ower el ectric p ower
generators, a nd de velopment of a nalysis m odels t o obt ain r esponse m etrics f rom di verse
physiological observations of animal condition. Additionally, she is involved with oversight of a
team on the development of sound recording tools and software (called aquatic acoustic metrics
interface- AAMI), along with the development of a passive acoustic tetrahedral array system for
monitoring areas around tidal turbine power generators.

Anthony Hawkins
Loughine Limited and University of Aberdeen UK

Dr. A nthony H awkins is ¢ urrently t he M anaging D irector of Loughine Limiteed, a s mall
company carrying our research and providing advice for a variety of clients including the UK
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government, t he S cottish G overnment, a nd t he E uropean C ommission. H is interests i nclude
marine fisheries a nd t heir m anagement; unde rwater a coustics, i ncluding the sounds made by
marine organisms and the imact of man-made sounds on a quatic or ganisms; fish behavior and
fish migrations; and the marine environment and its e valuation and conservation. H is 46-year
research career has focused on t he behavior of fish, including the sensory abilities of fish, fish
migrations and movements, the response of fish to pollutants, and the management of marine and
freshwater fisheries. He is the author of a series of key papers on the hearing abilities of fish —
conducted on an acoustic range in the sea. He is a member of the Advisory Board of the sound
and Marine Life Joint Industry Programme (JIP) run by the International Association of Oil and
Gas producers (funding research into the impact of underwater noise).

Mike Jenkerson
Geophysical Advisor
ExxonMobil Exploration Company

Mike Jenkerson has worked in geophysical operations for the past 33 years; for the last 15 years
he has specialized in the environmental evaluation, acoustic analysis and mitigation of sound
generated by oil and gas exploration and production operations. Mike Jenkerson has worked on
the environmental program for western gray whales offshore Sakhalin Island since 2001. Mike
Jenkerson has also been the research category chair for the category on sound source generation
and propagation for the OGP sound and marine life JIP. Mike Jenkerson has been researching
alternative marine s ources for over 1 5 years and has b een evaluating marine v ibrator s eismic
sources. He has been the ExxonMobil representative on the marine vibroseis JIP project for the
last 4 years.

Craig Johnson

Fishery Biologist

National Marine Fisheries Service
Endangered Species Division

Mr. J ohnson ha s w orked on f ish a nd w ildlife ¢ onservation i ssues f or t he pa st 34 years,
specializing in assessing the effects of human activity on endangered and threatened species. Mr.
Johnson ha s s tudied b owhead w hales i nt he B eaufort S ea, furs ealsint he B ering S ea,
anadromous fish throughout coastal Alaska, wolves in northern Canada, and wetlands throughout
North America. Mr. Johnson supervised the U.S. Fish and Wildlife Service’s endangered species
program in the Great Lakes Region and Upper Mississippi River; was an advisor to the Assistant
Secretary for F ish and W ildlife and Parks in t he D epartment of t he Interior on e ndangered
species, marine mammals, and biodiversity; and supervised the U.S. Fish and Wildlife Service’s
South Florida Office, which was responsible for fish and wildlife protection associated with the
effort t o r estore t he E verglades. S ince 1998, Mr. J ohnson has ove rseen t he N ational M arine
Fisheries Service’s interagency consultation program.
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Svein Lgkkeborg

Principal Scientist

Research Group Fish Capture

Institute of Marine Research, Bergen, Norway

Dr. Lokkeborg obtained his PhD at the University of Bergen in 1990. H e has conducted many
behavioural field i nvestigations us ing und erwater ¢c amera a nd t elemetry t echnology t o s tudy
swimming pattern, activity rhythms and foraging strategies in fishes and crabs. Dr. Lekkeborg
has been involved in numerous fishing-gear related studies including most fishing gears, and he
has s tudied pr oblems s uch a s m ethods f or f ish a bundance e stimation, ha rvest s trategies,
selectivity and b ycatch. He has been working on three as pects related to ecosystem effects of
fishing activities: mitigation measures to reduce bycatch of seabirds in longline fisheries, impacts
of trawling on be nthic c ommunities and l ost fishing gears ( ghost fishing). Dr. Lekkeborg has
also b een working w ith is sues r elated to in teractions b etween fishing activitiesand the ol
industry, in particular effects of seismic activity on fish behaviour and fisheries. Dr. Lokkeborg
has published 50 p eer-review papers based on his scientific research activities. During his two
sabbaticals, h e worked as v isiting s cientist a t Hatfield M arine S cience C enter i n N ewport
(Oregon, USA) and at the Fishing T echnology Service (FIIT) of the Fisheries D epartment of
FAO (Rome, Italy). He is member of ASA Standards W orking Group on E ffects of Sound on
Fishes and Sea Turtles, ICES-FAO Working Group on Fishing Technology and Fish Behaviour,
ACAP S eabird Bycatch W orking G roup, and Referral G roup of S outhern S eabird S olutions
Trust.

Joseph Luczkovich

Associate Professor of Biology and an Associate Scientist
Institute for Coastal Science and Policy

East Carolina University

Joseph L uczkovich i s a n A ssociate P rofessor o f B iology and an A ssociate S cientistin t he
Institute for Coastal Science and Policy at East Carolina University. He was educated at Lehigh
University ( B.S. B iology), Rutgers University ( M.S. E cology), T he Florida S tate U niversity
(PhD B iological S ciences), a nd ¢ ompleted pos t-doctoral f ellowship a tt he H arbor B ranch
Oceanographic Institute, in Ft. Pierce, Florida. It was at Harbor Branch that he was introduced to
the sound production of drums and croakers (Family S ciaenidae) by R. Grant Gilmore. A fter
this post-doc, he worked at Humboldt State University and NC State University, and then joined
the faculty at East Carolina U niversity. He has published e xtensively on the use of passive
acoustics in monitoring sound-producing fishes. Dr. Luczkovich has used the passive acoustic
approach t o d etermining s pawning areas of S ciaenidae, w hich m ake s ounds dur ing t heir
spawning activities, with males making the sounds as advertisement calls to attract females. By
recording s ounds of captive s pecimens of e ach of the four s pecies (silver pe rch, Bairdiella
chrysoura, weakfish, Cynoscion regalis, spotted seatrout, C. nebulosus, and red drum, Sciaenops
ocellatus), Dr. Luczkovich and colleagues w ere able to id entify th e s pecies making the calls
simply b y 1 istening t o captive fish a nd ¢ omparing t hese s ounds t o field r ecordings. T hese
recordings were an alyzed for t heir s pectral p roperties an d co rrelated w ith p lankton s amples,
which lead to the maps of spawning areas for each species. One sound recorded in this study was
difficulty t o i dentify: *“the c hatter” s ound. P revious r esearchers h ad m isidentified it a s be ing
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produced by weakfish, but the ECU group realized that it was produced instead by striped cusk
eels ( Ophididon marginatum). F rom t hese r ecordings, Luczkovich a ndthe E CU S ciaenid
Acoustics R esearch Team ( SART) d iscovered t hat s ilver p erch b ecame aco ustically i nactive
when bottlenose dolphins (Tursiops truncatus) making signature whistles were in the area. He
has recently be ing us ing a coustic d ata l oggers t o monitor the i mpact of anthropogenic noi ses
from vessels on fish sound production and is interested in role the species-specific sounds may
play in reproductive isolation of the Sciaenidae, which could lead to speciation events within this
group. Dr. Luczkovich continues to study the sound production of fishes and marine mammals
in Pamlico Sound, Atlantic Ocean and the Caribbean Sea.

Steve A. MacLean
Protected Species Coordinator/Fishery Analyst
North Pacific Fishery Management Council

Stephen A hgeak M acLean is t he P rotected S pecies C oordinator and Fishery A nalyst for t he
North P acific Fishery Management C ouncil. Mr. M acLean joined the C ouncil staff in M ay,
2011. B efore joining the Council staff, he spent six years as the Bering Sea and Polar Marine
Program D irector for T he N ature C onservancy w here he w orked c losely with B ering S ea
commercial fishing interests to reduce p otential impacts to protected species and habitat. Mr.
MacLean has also worked for a private e cological ¢ onsulting firm and S tate a nd U niversity
wildlife ma nagement d epartments. He has e xtensive e xperience 1iving and w orking in r ural
Alaska. Mr. MacLean received a Bachelor of Arts degree in Biology from Whitman College in
Walla W alla, W ashington and a M aster o f S cience d egree in W ildlife an d F isheries S ciences
from Texas A &M University. His MS thesis concerned the occurrence, behavior, and genetic
diversity of bowhead whales in the Sea of Okhotsk in the Russian far east.

David Mann
Associate Professor
University of South Florida

Dr. Mann is Associate Professor of Biological Oceanography at the University of South Florida.
His la boratory s tudies marine bioacoustics with a focus on he aring a nd s ound pr oduction in
fishes a nd m arine m ammals. L aboratory s tudies ut ilize ne urophysiological t echniques t o
investigate the neural mechanisms of hearing and sound production. His lab also uses SCUBA
dividing with underwater video to identify and study sounds produced by fishes during courtship
and spawning. Recent work has focued on sound production by sciaenids (croakers and drums)
in the e stuaries o f F lorida. N ew research is aimed at s tudies on s pawning a ggregations o f
groupers. One major thrust over the next few years is the deployment of a large, sparse passive
acoustic array on the West florida Shelf to track the locations of cetaceans relative to physical
oceanography. H is labe is also involved in studies o f't he h earing ab ilities o f m anatees an d
dolphins with both captive trained marine mammals, and wild and stranded cetaceans. Dr. Mann
received his Ph.D. from MIT/Woods Hole Oceanographic Institution.
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Rob McCauley
Associate Professor
Centre Marine Science and Technology, Curtin University, Western Australia

Dr. McCauley has been studying sound in the ocean since 1987, ha ving amassed an extensive
and s trategic c ollection of A ustralian a mbient s ea noise. His p rimary research interest is the
study of the production, reception and use of sound and of the impacts of sound on marine fauna.
Dr. McCauley has long term sampling regimes using passive acoustic technology developed at
Curtin, s pread be tween north W estern A ustralia, a round t he s outhern A ustralian ¢ oast to t he
central N SW co ast. Since 1 994 h e has carried out r esearch p rojects s tudying t he i mpacts o f
vessel and oil exploration noise (seismic) on humpback whales, on impacts of seismic on turtles,
fish and invertebrates and in elaborating marine fauna habits, migratory routes and abundance
using passive acoustics.

Jennifer Miksis-Olds
Research Associate and Assistant Professor
Penn State University

Dr. M iksis-Olds i s a R esearch A ssociate, Applied R esearch Laboratory; A ssistant P rofessor,
Graduate Program in A coustics, College of Engineering; and A ssistant Professor, Wildlife and
Fisheries S ciences, C ollege o f A greiculture at Penn S tate U niversity. Interms o fcu rrent
research, D r. M iksis-Olds’ r esearch employes acoustic m ethodologies t o an swer b iological
questions in both the marine and terrestrial environments. Her primary interests include animal
behaviour a nd ¢ ommunication, t he e ffect of a nthropogenic a ctivities on a nimals a nd t heir
environment, a ndt he de velopment of t echnologyt oobs ervea nimalsi nt heirn atural
environment. A spects of a coustics, bi ologiy, oceanography, ecology, a nd engineering a re
combined to create the interdisciplinary approach necessary to extend the study ofanimals in
their natural environment beyond where it is today. Dr. Miksis-Olds received her Ph.D. from the
University of Rhode Island, Graduate School of Oceanography.

James H. Miller
NATO Undersea Research Centre
University of Rhode Island

James H. Miller earned his BSEE in 1979 from Worcester P olytechnic Institute, his MSEE in
1981 from Stanford University, and his Doctor of Science in Oceanographic Engineering in 1987
from M assachusetts Institute of T echnology and W oods Hole O ceanographic Institution. D r.
Miller was on the faculty of the Department of Electrical and Computer Engineering at the Naval
Postgraduate S chool from 1987 t hrough 1995. Since 1995 he has been on t he faculty of The
University of R hode Island w here he hol ds the rank of P rofessor of O cean E ngineering a nd
Oceanography. Dr. Milleris currently onleave from URI at the N ATO U ndersea R esearch
Centre in La Spezia, Italy. H e has more than 100 publications in the area of sonar, acoustical
oceanography, signal processing and marine bioacoustics. In 2003, Dr. Miller was elected Fellow
of the Acoustical Society of America.
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Steven Murawski
Professor, St. Petersburg Downtown- Peter Betzer Endowed Chair
University of South Florida

Dr. Steven Murawski is a Population D ynamics/Marine E cosystem Analysis Professor and the
St. P etersburg D owntown - Peter B etzer Endowed C hair i n B iological Oceanography atthe
University of South Florida’s College of Marine Science. Dr. Murawski is currently engaged in
research c ontributing t o i mproved unde rstanding of t he i mpacts of hum an a ctivities on t he
sustainability o f o cean ecosystems. H e s erves as D irector an d P rincipal Investigator o ft he
Center for Integrated M odeling and A nalysis of Gulf E cosystems (C-IMAGE), whichisa 13
institution c onsortium i nvestigating th e Gulf o il s pill imp acts. H is current areas o f in terest
include unde rstanding t he G ulf of M exico Large M arine E cosystem i n t erms of m ultiple,
simultaneous s tressors t hrough t he a pplication of i ntegrated ecosystem a ssessments. S pecific
research 1 ncludes unde rstanding t he pr evalence of fish di seases i nrelation to the D eepwater
Horizon spill, and work on new assessment techniques for Gulf reef fishes.

From 2005t 02010, D r. M urawski s erved as the D irector o f S cientific P rograms and C hief
Science A dvisor for N OAA F isheries S ervice. In addition to t hese d uties, he w as al so t he
NOAA E cosystem G oal T eam Lead. As Goal T eam Lead, h e w as r esponsible f or o ut-year
strategic planning and budget development for all of NOAA's ecosystem activities which amount
to $1.2 bi llion in 2008. Prior to this, he was the Director o f the NOAA F isheries O ffice o f
Science and T echnology and s erved a s C hief S tock A ssessment S cientist f or t he N ortheast
Fisheries Science Center in Woods Hole, Massachusetts (1990-2004).

During h is car eer, D r. M urawski h asb eenak ey representative o n's everal n ational a nd
international ¢ ommittees a nd ¢ ouncils. H e roles in cluded: o fficial U.S. d elegate to th e
International Council for the Exploration of the Sea, NOAA representative and co-chair of the
White House interagency Joint Sub-Committee on Science and Technology, and member of the
US steering committee for the International Institute for Applied Systems Analysis. He received
his Ph.D. from the University of Massachusetts-Amherst in 1984.

Jeremy Nedwell
Director
Subacoustech Ltd.

Dr. Jeremy Nedwell was from 1984 the Admiralty Research Lecturer in Underwater Acoustics at
The Institute of Sound and V ibration R esearch, S outhampton U niversity, s ettingup the A B
Wood 1 aboratory. In 1993 he lefttosetup Subacoustech Ltd, a s pecialist ¢ onsultancy i n
underwater acoustics. For the last 30 years, he has been interested in underwater bioacoustics,
from the subtle be havioural e ffects of noise on the environment up to the e ffects of blast on
divers. He has first-hand experience of und erwater sound, having acted as an investigator and
diving experimental subject for many military trials. In 1998 he proposed the dBy; metric, which
has become the chief means by which the environmental effects of windfarms are estimated and
regulated in the UK.
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Jerry Payne
Department of Fisheries and Oceans
Newfoundland, Canada

Jerry Payne has considerable experience in ecotoxicology and has carried out a variety of sub-
lethal effect studies on issues related to oil and gas as well as pulp-mill and mining e ffluents.
More recent work has involved pilot studies on t he sublethal effects of sound. He has received
awards for his contribution to environmental science.

Ann Pembroke
Vice President
Normandeau Associates, Inc.

A graduate from the University o f D elaware’s College o f M arine Studies, Ann P embroke has
studies marine resources and impacts on coastal and OCS ecosystems for over 30 years. Her role
as a n e nvironmental ¢ onsultant s upporting i mpact a ssessment a nd pe rmitting f or of fshore
projects brings the applied research perspective to this workshop. Ann has recent and on-going
experience w ith de epwater por ta nd of fshore w ind de velopment pr ojectsi n M aine,
Massachusetts, R hode Island, N ew Y ork, N ew J ersey, a nd D elawate. P ermitting f or t hise
projects r equired a n u nderstanding of t he activities dur ing s ite e xploration, de velopment,
construction, and operation that affect marine resources. Ann’s background is in marine benthic
and pl ankton e cology, specializing i n i mpact a ssessment. S he ha s managed e nvironmental
impact as sessments for m ajor ¢ oastal a nd of fshore pr ojects, w ith a pa rticular e mphasis on
energy, d redging, dr edged m aterial di sposal, port de velopment, and o ffshore wind. A nn also
recently co mpleted an e valuation o f't he ef fects o f E MF from u nderwater cab les o n m arine
species for BOEM.

Arthur N. Popper
Professor
University of Maryland

Associate Dean of the Graduate School and a Professor of Biology, Dr. Popper’s work for many
years h as be en di rected t owards unde rstanding ba sic s tructure a nd function of t he a uditory
system in vertebrates, with particular interest in the ear of fishes and its sensory hair cells. These
investigations frequently involved a wide num ber of teleost s pecies (e.g., goldfish, z ebrafish,
cichlids, A merican shad, sleeper gobies) and the use of the comparative approach in order to
understand the function of the ear as well as its evolution. More recently, the focus of his work
has become redirected to apply our expertise on fish bioacoustics to more applied questions that
examine the effects of human-generated (anthropogenic) sound on fish. Dr. popper received his
Ph.D. from the C ity University of New Y ork and hi s unde rgraduate de gree from N ew Y ork
University.
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Roger Pugliese
Senior Fishery Biologist
South Atlantic Fishery Management Council

Roberto Racca
President
JASCO Applied Science

Dr. Roberto Racca has been for many years at the senior management level of JASCO Research
(V.P. for Research and Development since 1992 and President since 2000), and has extensive
experience i nt he coordination a nd running o fc¢ omplex r esearch pr ojects. D r. R acca’s
communication and leadership abilities have been formed and demonstrated in years o scientific
work both in academia and in the private sector, including active participation in many scientific
symposia. Although his current professional activities are primarily in acoustics, he has worked
with distinctionin orther fields including medical physics and electro-optics. In 1994 Dr. Racca
was awarded the Hubert Schardin Gold Medal of the german Physical Institute in recogniction,
among ot her w ork, of hi si nnovativeus e of C CDi magersi nhi gh-speed v ideography
applications. In his long professional relationship with JASCO Research Dr. Racca has played a
major role in many acoustics-related projects. His research interests, along with acoustic source
detection a nd 1 ocalization, i nclude pr opagation m odeling a nd m onitoring of unde rwater a nd
airborne sound. Hisis active in the de velopment of methods and standards for assessment of
acoustic impact on marine species. Dr. Racca received his Ph.D. (Physics — Electro-Optics) from
the University of Victoria.

James A. Reyff
Project Scientist
Illingworth & Rodkin, Inc.

Mr. Reyff is a nationally known expert in the measurement and evaluation of underwater sounds
from marine construction projects. He has led investigations on numerous projects that involved
underwater s ound impacts. He has been the lead acoustical investigator on num erous projects
studying impacts to marine mammals and fish. He provided testimony to the national Fisheries
and Hydroacoustic W orking Group, as well as resource agencies and blue ribbon commissions
investigating these issues. His work in this field has been recognized by the Federal Highway
Administration, California Department of Transportation and the American Association of State
Highway and T ransportation O fficials. M ore i mportantly, his e xpertise, flexibility and timely
efficient work h ave assisted pr ojects i n s ensitive a gency consultations r egarding unde rwater
noise 1 mpacts t o a quatic s pecies. H is ex pertise i n t his ar ea i ncludes t he m easurement o
underwater s ound, evaluation of m ethodst o reduce unde rwater ¢ onstruction s ounds, a nd
prediction of underwater sound levels from marine pile driving. Mr. Reyff has authored several
papers ont his subject and s ubmitted ma ny p apers a t n ational a nd in ternational s cientific
conferences.
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Kimberly Skrupky
Marine Biologist
BOEM

Ms. Skrupky holds a Bachelor of Science degree in Environmental Science with a concentration
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1 Background and Overview

1.1 Introduction

The Bureau of Ocean Energy Management (BOEM) Environmental Studies Program convened a
workshop i n M arch 20 12 ( hereafter referred a s t he W orkshop) to identify the most critical
information needs and data gaps on the e ffects of various man-made sound on fish, fisheries,
and invertebrates resulting from the use of sound-generating devices by the energy industry. To
help focus t he W orkshop a nd m aximize t he contributions o f th e p articipants th is L iterature
Synthesis (or Synthesis) was prepared to summarize current knowledge of the topic as of January
2012.

While the focus of this Literature Synthesis and Workshop is on fish, fisheries, and invertebrates
of U.S. Atlantic and Arctic Outer Continental Shelf (OCS), the findings have a bearing on related
activities around the world. Because of limited available data focused on species in the regions of
interest, much of the literature reviewed and many of the species discussed are not taken directly
from United States sources or locales. However, in most cases, the findings can be extrapolated
to, and are fully relevant for, the species, sources, and regions of interest.

The W orkshop considered renewables, including offshore wind development, as well as oil and
gas, and all the operations needed to imp lement these activities and d ecommission them a fter
their t ermination. T he Workshop a Iso ¢ overed e xploration, i ncluding the us e of de vices for
monitoring habitats, like boomers and multi-beam sonars, and sand and gravel (mineral) mining
(dredging). While BOEM has jurisdiction to issue leases, easements, and rights-of-way for wave
and tidal e nergy de velopments, t he F ederal E nergy R egulatory C ommission ( FERC) has the
primary regulatory responsibility for these d evelopments. W ave and tidal energy d evelopment
activities w ere not , t herefore, given pr ominence a tt he W orkshop, a Ithough t his Literature
Synthesis is informed by appropriate studies and findings with respect to those developments.

The Workshop itself served as the basis for a final report identifying information needs and data
gaps. The final document from the W orkshop (the R eport) comprises this Literature S ynthesis
(which has been updated since the meeting), a Meeting Report, and a Gap Analysis.

This Literature Synthesis summarizes existing recent literature through January 2012. It picks up
where pr evious s yntheses ( e.g., P opper a nd H astings 2009) 1 eft of f a nd pr ovides a n i nitial
identification of information needs and data gaps for the Workshop. This Synthesis was intended
to be read by all participants prior to the Workshop and to serve as a jumping off point for all of
the pr esentations. T hus, t his L iterature S ynthesis w as pr epared t o e nable a 1l s peakers a nd
participants at the Workshop to focus on ne w data and ideas rather than review older material.
The W orkshop i tself w as i ntended t 0 g o be yond t he t hinking of e arlier g roups a nd t ake
knowledge forward.

Information needs and data gaps identified in this Synthesis are given in italized bullets. For the
purpose of this Literature Synthesis, the authors have provided these lists without prioritization.
Moreover, the lists in this Synthesis are not complete and are also far too extensive to provide
BOEM, a ny U nited S tates o r in ternational o rganization, o r th e s cientific c ommunity w ith
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guidance on i nformation ne eds and d ata gaps. During t he W orkshop, pa rticipants de veloped
revised lists of information gaps and data needs and provided guidance on priorities for agencies
and researchers. Indeed, the lists were modified during the W orkshop and then underpinned the
Gap Analysis presented as part of the overall Report to BOEM.

1.2 Additional Literature Reviews and Syntheses

This Literature Synthesis provides a comprehensive, though by no means complete, listing of the
literature on the effects of sound on fish, fisheries, and invertebrates. It includes citations of the
most relevant | iterature, a nd hi ghlights t hose s tudies t hat a re m ost i mportant for c urrent and
future understanding of the topic at hand. Additional literature, and many more citations, can be
found in the following sources:

e Vander Graaf etal. (2012) — A report of atechnical W orking Group on unde rwater
sound, prepared to inform Member States of the European Union on good environmental
status for underwater noise and other forms of energy.

e Popper and Hawkins (2012)—The outcome of a 2010 conference on Effects of noise on
aquatic life, including over 150 papers on numerous topics.

e Le Prell etal. (2012)—A set of comprehensive reviews on effects of man-made sound on
humans. T he principles discussed in this book are hi ghly relevant for all animals, and
there are valuable discussions of metrics.

e Bingham (2011)—Proceedings on a 2009 W orkshop titled ““Status and Applications of
Acoustic Mitigation and Monitoring Systems for Marine Mammals” and published by the
Bureau of O cean E nergy Management R egulation a nd E nforcement ( BOEMRE; t he
predecessor bureau to BOEM). Much of the material is relevant to fish and invertebrates.

e Small et al. (2011)—A final report of the Chukchi Sea Acoustics Workshop that reviews
acoustic m onitoring s tudies i nt he A laskan A rctic a nd de termines pr iority r esearch
objectives for monitoring natural and anthropogenic underwater sounds.

e Slabbekoorn et al. (2010)—A paper calling for a better understanding of the ecological
impact of anthropogenic sounds.

e Olso and Paris Commission (OSPAR) (2009)—An overview of the impacts of man-made
underwater sound in the marine environment by a European environmental commission.

e Popper and Hastings (2009)—A comprehensive and critical review of pile driving and
other sources and their effects on fish.

e Webbetal. (2008)—A book that reviews fish hearing, s ound pr oduction, and r elated
topics. Reviews cover anatomy and physiology of the auditory system as well as behavior
and physiology of hearing and sound communication.

e Boydet al. (2008)—A review b y t he E uropean S cience Foundation of e ffects upon
marine mammals, which develops a framework for risk assessment.

e Hawkins et al. (2008)—The proceedings of a 2007 conference on the effects of noise on
aquatic life.
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e Southall et al. (2007)—A comprehensive review of effects of sound on marine mammals.
The ba sic i deas a re i mportant f or t hinking a bout e ffects of s ounds, with pa rticular
emphasis on physiology and physical damage.

e Nowacek etal. (2007)—A review of the e ffects of sound on m arine mammals from a
behavioral perspective.

e Wahlberg and Westerberg (2005)—A p aper e xamining p otential e ffects o f wind farm
sounds on fish.

e Inter-Agency C ommittee on M arine S cience a nd T echnology ( IACMST) ( 2006)—A
summary report of a United Kingdom working group on the effects of underwater sound
on marine life.

e National R esearch C ouncil ( NRC) ( 2005)—A r eview b y t he N ational A cademies o f
Science (United States) on effects of sound on marine mammals, but many of the issues
raised are highly relevant to fish and invertebrates.

e Popper et al. (2003)—A paper examining what is known about hearing and use of sound
by invertebrates.

1.3 Animals of Interest

A number of di fferent terms are us ed inthis documenttorefertothe animals of interest,
following biological convention. The major groups being dealt with are generally referred to as
fish and invertebrates. Fishis a general term that will be used, unless otherwise specified, to
refer t o m embers of t wo t axonomic c lasses: O steichthyes ( bony fishes) a nd C hondrichthyes
(cartilaginous fishes; also often referred to as elasmobranchs). Two groups of jawless vertebrates
also r egarded as fish, t he | ampreys (class A gnatha) an d h agfishes ( class M yxini),> are not
included in this s ynthesis due to a paucity of information on t heir hearing or use of sound. A
general discussion of fish biology can be found in the text by Helfman et al. (2009).

The C hondrichthyes ha ve cartilaginous s keletons a nd i ncludes s harks, s kates, r ays, a nd
chimaeras. As will be discussed, very little is known about hearing, use of sound in behavior, or
how m an-made s ound m ay affectt hese animals ( Casper etal .2 012a). H owever, s ince
elasmobranchs are c ritical p arts o f't he m arine eco system, t hey are s pecies o f co nsiderable
interest (Carrier et al. 2004; Hueter et al. 2004).

The Osteichthyes make up the vast majority of species referred to as fishes. These bony fishes
include a number of more primitive species (e.g., sturgeon [Acipenser sp.], paddlefish, and gars)
as well as the teleosts, which are the largest of all vertebrate groups. The teleosts include most of
the species one thinks of when referring to fish, including most of the major commercial species
such as herring, cod, tuna, and salmon.

By convention in the community of fish biologists, the word “fish” will generally refer to one or
more members of a single species. “Fishes” refers to more than one species.

* The taxonomic position of the clade Myxini, or hagfishes, is controversial and it is not clear if they are considered
true vertebrates or a sister group to the vertebrates. Since these animals are not mentioned further in this survey, we
will not consider their vertebrate relationships any further.
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Invertebrates are animals that do not have backbones. Since very little is known about hearing,
use of sound, or effects of man-made sound on these species, not much will be discussed about
them in this review, other than to point out the few things that are known (Sections 5.2 and 8.1).
At the same time, since many invertebrates, including crustaceans, mollusks, and cephalopods,
are of considerable e conomic i mportance, questions will be raised about potential e ffects, and
what 1 s n eeded t o as sess s uch ef fects. S pecific i nvertebrate g roups w ill be di scussed a t
appropriate parts of this Synthesis.

1.4 Definitions

In this section a number of concepts and terms will be defined that are critical for understanding
this S ynthesis and the o utput of the W orkshop. Moreover, to facilitate understanding of w hat
may be new terms for some readers, a glossary is included in Appendix A to define many of the
terms used in this Synthesis. Individuals needing a wider background on the basics of underwater
acoustics and marine bioacoustics should look at the website from Discovery of Sound in the Sea
(www.dosits.org) or the A quatic A coustic A rchive ( oftenr eferredt oa sA 3)
(http://aquaticacousticarchive.com).

Data are a collection o f o bservations or measurements. D ata can be used to generate reports,
graphs, a nd s tatistics. Whent hose da taa re processedt op rovide outputs,t her esultant
information allows decisions to be taken, conclusions to be drawn, or hypotheses and theories to
be proposed and t ested. In ¢ onsidering information needs, t he ¢ oncern i s w ith i nformation
required to s upport future m anagement de cisions or operations by BOEM and by the e nergy
industry. In c onsidering data gaps, t he priority i sto seek any a bsence of obs ervations a nd
measurements required to support those information needs. Such data gaps may provide a basis
for deciding on future research priorities.

Not all data are of the same quality or collected according to appropriate protocols. Care must be
taken in evaluating the value of data from di fferent s ources. In the field of und erwater s ound
effects, w here information is used to underpin management decisions, itis generally better to
seek data and information from peer-reviewed published papers by independent authors and from
other primary sources rather than rely on reviews or third party reports.

The term noise is often used colloquially to describe unwanted sound, or sound that interferes
with de tection of any other sound thatis of interest. However, noise is also used to describe
background levels of sound in the sea, including the naturally o ccurring and s patially uni form
sounds generated by distributed biological sources, weather events, or physical phenomena like
ice ridging, some of which cannot be assigned to individual sources. In this Literature Synthesis
the term sound, rather than noise, is used both to refer to identifiable man-made sources, such as
individual s hips or oiland gas pl atforms, or t o di stant m an-made s ources, which ¢ annot be
located or identified. W here others have used the term ambient noise or background noise to
describe naturally oc curring s ounds from di stributed s ources then that usage will be respected
and followed.

The term soundscape is used in this Literature Synthesis to describe the physical sound field at a
particular time and place. The term does not consider the sound field as experienced or perceived
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by any organism living there. The acoustic environment of an animal or population of animals
will be referred to as its acoustic habitat.

In considering e ffects of sound (or any stimulus) on or ganisms, reference is made to acute or
chronic effects. Acute effects generally result in mortal or potentially mortal injury to animals.
Death may occur immediately upon exposure to a stimulus, or at some time afterwards due to the
actual damage imposed or reduced fitness that leads to predation on the affected animal. Chronic
effects r efer t o 1 ong-term ¢ hanges i n t he ph ysiology and/or be havior of a n a nimal. T hese
generally do not lead to mortality themselves, but they may result in reduced fitness that leads to
increased predation, de creased reproductive potential, or other e ffects. With respect to sound,
acute effects are generally the result of very intense (often called loud) sounds. Exposure to the
individual sounds is often of short duration, whether the sources are seismic airguns, pile driving,
or sonars. In many instances these sounds are repeated. Acute effects may also arise from large
changes in the hydrostatic pressure generated by e xplosions and ot her s ources. S uch adverse
effects may be described by the term barotrauma (see Stephenson et al. 2010; Carlson 2012).

Chronic effects result from exposure to both continuous sound and intermittent sound over long
time periods, not ne cessarily at hi gh 1evels, and may r esult from increased s hipping or ot her
human activities. The sounds resulting in chronic effects are often continuously generated over
large areas (e.g., a harbor, in the vicinity of a shipping lane, around an oil rig, or around an LNG
[liquefied natural gas] port), where the overall background level of sound in the area is higher
than the natural background level.

In this Synthesis, a distinction is drawn between cumulative effects and in-combination effects.
Cumulative effects arise from the temporal repetition and accumulation of effects from a single
type of source—for example the repeated strikes of a pile driver. By contrast, in-combination
effects, s ometimes d escribed as  synergistic effects or aggregate effects, a rise fro mt he
accumulation of effects from a number of different types of stressors—for example, from sounds
from different sources or from the combined effects of sound exposure, water contamination, and
fishing (e.g., Johnson 2012). National Environmental Policy Act (NEPA) analyses consider both
cumulative and in-combination effects, as defined here, as cumulative impacts.

Finally, this Literature Synthesis uses the term man-made to refer to the activities of concern and
the s ounds t hey p roduce. T hist ermistobe seenass ynonymous w ith human-made and
anthropogenic as used in other literature and reports and is gender-neutral.

1.5 Natural Sounds in the Sea

The sea abounds with natural sounds, some of which are produced by physical processes such as
wind on the surface, rain, water moving over reefs, and tidal flow (e.g., Bass and Clark 2003).
There are also numerous sounds of biological origin produced by marine mammals (Richardson
et al. 1995; Tyack 2000; Southall et al. 2007; Erbe 2012), fishes (Tavolga 1971; Myrberg 1978,
1980; Hawkins and Myrberg 1983; Popper et al. 2003; Bass and Ladich 2008), and invertebrates
(Popper et al. 2001). Such sounds are of great biological significance to the species that make
them since they are o ften used for communication of reproductive state, 1 ocation, presence of
predators or competitors, or for finding other members of the same species. These sounds are




Appendix E: Literature Synthesis

also of ten i ntercepted where on e s pecies he ars t he s ounds of a nother a nd m ay us e s uch
information as a warning of the presence of predators or to track down prey (Myrberg 1981).

These s ounds of na tural or igin a re i mportant t o t he a nimals ¢ oncerned a nd t hroughout t his
Literature Synthesis emphasis will be placed on the need to gain wider knowledge of sounds of
biological origin and to monitor existing levels of natural sound and their trends.

1.6 The Big Questions

BOEM has the authority under the Outer Continental Shelf Lands Act (OCSLA), as amended by
the Energy Policy Act of 2005, t o issue leases for various energy and minerals mining related
activities. Issuance of a lease, whether for exploration or production, is a federal action and as
such r equires t hat B OEM ad here t o al | r elevant f ederal r egulations. O f p articular r elevance
among t hese r egulations a re t he N EPA, t he Magnuson-Stevens F isheries C onservation a nd
Management A ct ( Magnuson-Stevens A ct), a nd t he E ndangered S pecies A ct ( ESA). U nder
NEPA, BOEM is required to identify and address environmental impacts associated with their
actions. In the formal NEPA process, this impact assessment includes consultation and review by
any agencies whose resources of concern could be affected or who have the authority to issues
permits g overning pa rts of t he pr oject. Inthe Outer C ontinental S helf ( OCS), fisheries an d
threatened o r en dangered m arine s pecies are t wo o ft he r esources t hat could be affected by
BOEM a ctivities. A mong ot hert hings,t he Magnuson-Stevens A ctg ivest he N ational
Oceanographic and A tmospheric A dministration (NOAA) t he a uthority t o € xamine pot ential
impacts to the habitat considered essential to fish and invertebrate species (i.e., Essential Fish
Habitat [ EFH]) that are federally managed for the purposes of commercial fishing. Changes in
the soundscape could be construed as a change in habitat value for some of these species if such
a change reduces the ability of these species to perform their normal life functions.

Similarly, NOAA has the authority to e¢valuate p otential impacts, or taking, on marine s pecies
and their critical habitats that are protected under the ESA. For ESA-protected species, the term
taking applies to impacts that can range from harassment that cau ses individuals to v acate an
area to physical damage including mortality. In relation to exposure to man-made sound, NOAA
guidelines define two levels of harassment for marine mammals: Level A harassment with the
potential to injure a marine mammal in the wild (SPL of 180 dB re 1 pPa for cetaceans and 190
dBrel pPaforpinnipeds) and Level B harassment w ith t he pot ential to di sturb a m arine
mammal in the wild by causing disruption to behavioral patterns such as migration, breeding,
feeding, and s heltering (SPL of 160 d By, re 1 pPa for impulse s ound such as pile driving,
averaged over 90% of the pulse energy and SPL of 120 dB re 1 pPa for continuous sound such as
vessel thrusters). Similar guidelines have not yet been established for other ESA marine species,
but effects of sound must still be considered during the NEPA process. This Literature Synthesis
is g eared t owards identifying t he know ledge ga ps t hat r emain s o t hat B OEM c¢ an ¢ onduct
thorough and scientifically based assessments of impacts on fish, fisheries, and invertebrates.

Under the O CSLA, BOEM w as given t he m andate t o co nduct s cientific r esearch t o address
impact is sues associated with the o ffshore o1l and gas le asing and min erals mining programs.
Under the Energy Policy Act of 2005, this mandate was extended to offshore renewable energy
development and alternate use of existing structures. The Environmental Studies Program (ESP)
was established in 1973 with three general goals:
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e Establish t he i nformation ne eded f or assessment a nd m anagement of e nvironmental
impacts on the human, marine, and coastal environments of the OCS and the potentially
affected coastal areas.

e Predict impacts on the marine biota that may result from chronic, low-level pollution or
large s pills a ssociated w ith O CS production, or impacts on t he m arine bi ota t hat may
result from d rilling f'luids a nd c uttings d ischarges, p ipeline e mplacement, or ons hore
facilities.

e Monitor human, marine, and coastal environments to provide time series and data trend
information for 1dentification of significant c hanges in the quality and p roductivity o f
these environments, and to identify the causes of these changes.

Information developed under the ESP is used to address the ESA, Marine Mammals Protection
Act (MMPA), Clean Air Act, Magnusen-Stevens Act, and the Clean Water Act, among others, in
order to ensure that BOEM meets its long-term goals of environmentally sound development of
the Nation’s energy and mineral resources of the OCS. Alteration to the soundscape in the OCS
is one of the questions being addressed under this program.

The issues relating to the effects of underwater sound are extensive and complex. Humans gain
many benefits f rom activities t hat g enerate s ound, w hether i ti st he t ransport of goods,
availability of energy, fishing for food, or defense provided by navies. It is not the intention of
those pursuing these activities to produce sounds that could have an adverse impact, but sound is
often the inevitable result o f their activities. T he benefits o f those activities must be balanced
against the adverse effects they may be having on the animals that share the seas with us.

Initial Questions in Relation to the Generation of Underwater Sound by Man, and Its Effects

These que stions provide a basic background on the soundscape, and i nform unde rstanding of
more specific issues as discussed later in this Literature Synthesis.

e What are the levels and characteristics of sound in different parts of the ocean? Are
levels of sound in the sea, and variations in levels, changing as a result of human
activities? If so, how are they changing? Which developments, natural and man-made,
are having the largest effect on ocean sound levels and characteristics? What are the
main man-made sound sources? Is human activity affecting the long-term background
level of sound in the oceans (either directly or indirectly — for example through climate
change)?

e Does man-made sound in the sea harm marine fishes and invertebrates? Do man-made
sounds have a significant and detrimental effect upon the fitness of fishes and
invertebrates, affecting their welfare and/or their survival? What are the chief sound-
related risks to these animals?

e Is there evidence that intense sound can have acute impacts on fishes and invertebrates
or that lower levels of continuous sound may lead to chronic effects?

e If man-made sounds do affect fishes and invertebrates adversely, then what can and
should be done about it? How might the levels of man-made sounds be reduced or their
impact mitigated? Can these sounds be reduced in level, or replaced by alternative




Appendix E: Literature Synthesis

sources or methodologies? Can adjustments to the timing of these activities limit their
impacts?

e Which energy industry sound-generating activities are most damaging to fishes and
invertebrates?

e What research should receive priority in answering the above questions and is feasible to
conduct?

Man-made sound-producing activities, alone or in combination, become biologically significant
when they affect the ability of an individual animal to survive and reproduce. Such effects on
individuals can then cascade into popul ation-level consequences and affect the s tability o f an
ecosystem. In N EPA analysis, imp acts generally must result in p opulation-level e ffects to be
considered significant. Impacts to species protected under the ESA are treated differently; in this
case, effects on individuals can be considered significant. A major unanswered question in many
circumstances will be whether there is a significant impact of sound exposure on t he fitness of
individuals within populations that jeopardizes the viability of those populations. This is the ‘so
what?’ question:

e Does a response to man-made sound by an individual fish or invertebrate, or even by
large numbers of these animals, really matter?

2 Decision-Making Framework

Geographical e xpansion o f the energy in dustry will similarly e xpand th e p otential imp acts o f
exploration and production activities on fishes and invertebrates, and also upon the fisheries for
those animals. Environmental impact assessments of proposed activities will be necessary as part
of the p ermitting p rocess. T hese a ssessments will i nvolve e valuation o f't he e ffects of s ound
sources in causing physical injury, b ehavioral di sturbance, and popul ation 1evel i mpacts upon
marine animals. Information needs and data gaps will inevitably be identified.

Two main strands of information® are required to assess adverse effects of sound at a particular
locale. First, knowledge is required on the species of fish and invertebrates present and the nature
and importance of the fisheries upon them in the given area. The identified species may then be
screened and evaluated for particular vulnerabilities or for any protection they may receive under
the Magnuson-Stevens Act, ESA, and NEPA. That knowledge will in turn lead to evaluation of
the likely responses of those animals to sound and consideration of the effects upon t hem from
their exposure to sound.

Second, knowledge is required on the proposed sound-generating activities, the associated sound
sources, their characteristics, and the circumstances of their deployment, including time of year.
Together with knowledge of the propagation conditions, the degree of exposure of animals to the
sounds can be estimated and expressed in metrics (magnitude, duration, and timing) that properly
reflect any detrimental effects.

? The current NOAA Cetacean & Sound Mapping initiative follows this approach. While targeted upon whales
rather than fish, the methodology of this United States Exclusive Economic Zone (EEZ)-wide study embodies two-
strand information gathering (species distribution and sound mapping) followed by subsequent synthesis. For more
information, see the website http://www.st.nmfs.noaa.gov/cetsound/.
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These t wo s trands of information are then br ought together in an assessment of any adverse
effects. Given the inherent uncertainty of attempting to evaluate the impact of man-made sounds
on fishes and invertebrates, one useful approach is to conduct a risk assessment. Risk analysis
systematically evaluates and organizes data, information, assumptions, and uncertainties to help
understand and predict t he r elationships be tween e nvironmental s tressors and their ecological
effects. The likelihood that an adverse effect upon biological receptors may occur as a result of
exposure t o pot entially harmful s ounds i s e valuated, and a ¢ onclusion is r eached a bout t he
severity of the e ffects. Risk assessment can be used to construct w hat-if s cenarios to evaluate
new and existing technologies for effective prevention, control, or mitigation of impacts, and to
provide a scientific basis for risk-reduction strategies (EPA 1998; Suter 2007; Defra 2011).

When di fferent r esponses occur atd ifferent ] evels o fex posure ( i.e., w heret herei sa
dose/response relationship), a variety of methods can be used to provide a quantitative estimate
of risk, often with associated confidence intervals. However, such relationships are not always
evident. T he i nherent v ariability i n a r eceiver’s r esponse a nd | imited understanding of t he
ecosystem, its components, and their functional interdependencies may result in a complex or
poorly understood dos e/response relationship. If that is the case, then ecological risk mustbe
assessedin am ore general w ay. S emi-quantitative me thods in volving s coring s ystems o r
qualitative ranking schemes may be developed to provide a qualitative level of risk.

The
— Development
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The Animals

Time of
Location =
year

. i
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Characteristics
’ Knowledge l
e ge i ical
Propagation of the :m nn[:::
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Mitigation it Criteria
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of Adverse é " r-ufbnr
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Figure 2—-1. The decision-making process to assess adverse effects and perform a risk analysis to

inform the regulatory outcome.
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Risk assessment can be used to identify vulnerable species and flag areas and times of the year
where there is high risk of a population level effect upon particular species. Regulatory decisions
can then be taken. Figure 2—1 illustrates the steps that may be followed and shows the wide range
of 1 nformation t hat i s r equired t o a ssess a dverse e ffects and t hen pe rform a r isk an alysis to
inform the eventual regulatory outcome.

There are four main steps to the risk assessment itself:

Formulating the problem
Carrying out an assessment of the risk
Identifying and appraising the management options available

Addressing the risk with the chosen risk management strategy

A mass of information is required to perform a risk assessment for fishes and invertebrates in the
context of noise in the marine environment so that management decisions can be made.

Questions for the Main Information Requirements

Which are the key species and fisheries likely to be affected in the areas under
consideration? Does the distribution and behavior of the key species change at different
times of the year? Is there sufficient information on the distribution of the animals and
their use of key habitats? Are there times of the year when the animals are more
vulnerable? When and where do the main fisheries take place?

What are the current conditions in the area of interest, especially with respect to sound
levels? Is the area of interest an acoustically pristine environment where the only sounds
are from natural sources? What other stressors might already affect the area (e.g.,
chemical, electromagnetic)? Is the area likely to be subject to climatic or other changes
in the future?

What are the main energy-related developments taking place in the area? Which sound
sources will be deployed—distinguishing between primary sources (i.e., airguns, pile
drivers, dredgers) and secondary sources (i.e., support vessels, multi beam sonars)?

How can sound exposure best be assessed? What metrics should be used?

What is known about the effects upon the species of interest at different levels of sound
exposure*(e.g., intensity, duration)? Can dose response relationships be derived for
different effects?

What are the risks to individuals and populations from sound exposure? Can population
level effects be determined from the data available? If not, what additional data are
needed? Can cumulative or in-combination effects be integrated into the risk assessment?

Is it possible to mitigate risk by changing the timing of sound-generating activities,
reducing their spatial extent (e.g., reducing the area of a seismic survey) in relation to

* Here, sound exposure is used in a general sense to describe the dose of sound received by an animal in terms of
both its level and its duration. A number of metrics are in use, which will be described in Section 6.
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what is known of the biology of key species or by employing other mitigation measures to
reduce the received sound levels?

3 lIdentification of Priority Habitats, Species, and Fisheries

3.1 Introduction

Considering the scale of development planned in the Atlantic and Arctic Oceans by the energy
industry, which are the habitats, species, and fisheries most likely to be affected? And which are
the key habitats, species, and fisheries that warrant priority treatment? This section identifies the
habitats, species and fisheries that need to be prioritized as those most likely to be exposed to
sound-generating activities by the energy industry. Two main regions of interest are covered: the
Arctic Outer Continental Shelf (OCS) Region, and the Atlantic OCS Region. Each of these has
its own physical and biological characteristics, along with a host of species and fisheries that are
both e cologically a nd e conomically 1 mportant. T hese ¢ haracteristics a re di scussed be low b y
category and region.

3.2 Habitat and Ecosystem Characteristics
3.2.1 Arctic OCS Region

General Description

The Arctic OCS region is adjacent to the state of Alaska and includes United States waters of the
Chukchi Sea and t he Beaufort S ea ( Figure 3 —1). T he A rctic O CS h as t hree p lanning areas
designated b y BOEM: B eaufort S ea, C hukchi S ea, an d Hope B asin ( see F igure 3 —1). A's
described in the Fishery Management Plan (FMP) for Fish Resources of the Arctic Management
Area (NPFMC 2009a), bot h of these are dom inated b y t he ¢ lockwise, wind-driven B eaufort
Gyre, which carries water and ice and leads to westerly and south-westerly currents along the
Alaska coast. The Chukchi Sea has an area of about 595,000 km? and depths ranging from 30 to
3,000 m, with the majority of the shelf being a shallow depth of 30 to 60 m. Ice cover dominates
the C hukchi S ea for m ost of the year, w ith c omplete c over generally obs erved from e arly
December t o mid-May. Even in the height of summer, the C hukchi S ea r emains a bout 20%
covered in ice. At 476,000 km? in area, the Beaufort Sea is slightly smaller than the Chukchi Sea.
The average depth is just over 1,000 m and the maximum depthis 4,683 m. Ice coverageis
greater in the Beaufort Sea than in the Chukchi Sea, with only a narrow pass op ening in the
Beaufort Sea during August and September near its shores.

The breakup and formation of sea ice are variable and dynamic processes that cause gouging in
the sea floor and generate ambient noise. In the Beaufort Sea, sea ice motion is correlated with
noise under the ice at 10, 32, and 1000 Hz, with low frequencies dominating during autumn and
multiple frequencies dominating during summer when ice flow is high (Lewis and Denner 1988).
The final report for the Chukchi Sea A coustics Workshop held on February 9 and 10, 2009, in
Anchorage, A laska, reviews a coustic m onitoring s tudies and underwater noise in the A laskan
Arctic and creates objectives for monitoring natural and anthropogenic noise (Small et al. 2011).
There 1 s also ev idence to s uggestt hat changes i n am bient n oise i n A rctic w aters mayb e
generated by climate change (Lewis and Denner 1988; Small et al. 2011). Increased numbers of
predatory sea mammals may be present in the future.
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Figure 3—1.  U.S. Arctic Outer Continental Shelf (OCS) region showing the Bureau of Ocean
Energy Management P lanning A rea bounda ries, t he U .S. E xclusive E conomic Zone ( EEZ)
boundary, approximate areas of potential claims of the U.S. OCS, and the Eastern Special Area
that lies beyond 200 nautical miles (nmi) (370.4 kilometers [ km]) and less than 200 nmi (370.4
km) f rom R ussiabut with U .S. E EZ j urisdiction g ranted b y t he S oviet U nioni n 1990
(International Boundaries Research Unit 2011).
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Seaice in the Arctic affects distribution and mo vement o f animals, and melting ice promotes
primary productivity during the spring and summer months. Productivity is low during the long
winters with low light penetration. Nutrients flow into the Chukchi Sea from the Pacific Ocean
and Bering Sea, fuelling phytoplankton production during the open water season (Codispoti et al.
1991; Carmack et al. 2006).

Essential Fish Habitat in the Arctic OCS

The Magnuson-Stevens Act defines Essential Fish Habitat (EFH) as those waters necessary for
fishes t o br eed, s pawn, feed, or grow to m aturity. E FH areas in t he A rctic O CS ha ve be en
described for Arctic and saffron cod (Boreogadus saida and Eleginus gracilis, respectively; adult
and late juvenile stages), and snow crab (Chinoecetes opilio; adult, late juvenile and egg stages)
(Table 3—1). T hese three s pecies are targeted in fisheries el sewhere and ar e the only s pecies
considered to existin sufficient b iomass to s upport a ¢ ommercial f ishery in th e A rctic
Management Area. In addition, a host of other key species with potential for commercial harvest,
should conditions change, were analyzed in the Environmental A ssessment for the Arctic FMP
and Amendment 29 to the FMP (NPFMC 2009b; see Table 3—1).

Table 3—1

Essential Fish Habitat and ecologically important species with potential fishery importance in the
Arctic Outer Continental Shelf Region.

Common Name

Scientific Name

Alaska plaice Limanda aspera
Arctic cod* Boreogadus saida
Blue king crab Paralithodes platypus
Capelin Mallotus villosus
Flathead/Bering Pleuronectes
flounder quadrituberculatus

Rainbow smelt

Osmerus mordax

Saffron cod*

Eleginus gracilis

Snow crab*

Chionoecetes opilio

Starry flounder

Platichthys stellatus

Yellowfin sole

Pleuronectes asper

* EFH has been designated for this species in the Arctic OCS.

The Arctic F MP outlines procedures for establishment o f Habitat A reas o f Particular C oncern
(HAPCs) to protect areas that are sensitive to human impacts, ecologically important, and/or rare
habitat types. These help in focusing and implementing conservation priorities and are de fined
by the Regional Fishery Management Councils (NPFMC 2010). Currently no HAPCs have been
established in the Arctic Management Area.
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3.2.2 Atlantic OCS Region

General Description

The Atlantic OCS region is divided into four planning areas: North Atlantic, Mid-Atlantic, South
Atlantic, and Straits of Florida (Figure 3-2). In the North and Mid-Atlantic regions, the shelf
extent generally coincides with the 100-m isobaths. A dominant feature of the North-Atlantic is
Georges Bank, a b road, s hallow pl atform a pproximately 67,000 km 2 inar eat hat1eads t o
complex current structure and high biomass production. The North and Mid-Atlantic areas are
separated by the Georges Bank Basin in the north and the Baltimore Canyon Trough in the south.

The South Atlantic Region is dominated by three physical features: the Florida-Hatteras S helf
and Blake Plateau, and the Florida-Hatteras Slope between them. The Straits of Florida connects
the Atlantic Ocean to the Gulf of Mexico and its physiography is influenced by reef structure and
sediment along with the Florida Current (part of the Gulf Stream). A detailed summary of the
characteristics o fth e A tlantic O CSi s f oundi nt he P rogrammatic E nvironmental Impact
Statement for Alternative Energy Development and Production and Alternate Use of Facilities on
the Outer Continental Shelf (Chapter 4 in MMS 2007).

Essential Fish Habitat in the Atlantic OCS

The A tlantic O CSr egion pr ovides ha bitat t hat s upportsa w ealth of s pecies i ncluding
commercially and recreationally important fishes and shellfish and endangered and threatened
species. Regional Fishery Management Councils are required to describe, identify, conserve and
enhance a reas de signated as E FH ( NEFMC 19 98). In addition, t he ¢ ouncils m ust m inimize
adverse effects of fishing on EFH. These actions taken by the councils are to be informed by
recommendations from National Marine Fisheries Service (NMFS).

EFH descriptions currently exist for 28 s pecies in the New England region, 14 s pecies in the
Mid-Atlantic region, 73 species in the South A tlantic, and an additional 23 hi ghly migratory
species (sharks, tunas and billfish) (Table 3—2). Species designated with an asterisk (*) on t his
table are known or suspected to be soniferous or sound-sensitive. Many HAPCs exist for certain
habitat, s pecies o r life stages in th e A tlantic OCS: from r iver mo uths in D owneast M aine’
(Hancock and W ashington c ounties) for s pawning A tlantic s almon ( Salmo salar), t o juvenile
Atlantic c od (Gadus morhua) habitat on t he N orthern e dge of Georges Bank and the O culina
Bank HAPC off Florida (Figures 3-3 to 3-5). Table B—1 in A ppendix B lists HAPCs for the
Atlantic OCS.

3.3 Fisheries

3.3.1 Fisheries in the Arctic OCS Region

The low productivity and difficulty of access in the Arctic contribute to a relatively short list of
biological r esources t hat ar e co mmercially exploitable. Table 3-3 lists species d esignated as

target an d eco system ¢ omponent s pecies i n t he A rctic F ishery M anagement P lan ( NPFMC
2009a), as well as a few other key species and families of fishes and invertebrates. The Arctic

> A region in Maine that encompasses the rural communities of Hancock and Washington counties.
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Figure 3-2. U.S. Atlantic Outer Continental Shelf region showing the Bureau of Ocean Energy
Management Planning Area boundaries and the U.S. Exclusive Economic Zone (EEZ)
boundary.
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Table 3-2

Species for which Essential Fish Habitat (EFH) has been defined in the Atlantic OCS by the
National Marine Fisheries Service. *soniferous or sound sensitive; (*) potentially sound sensitive

Common Name

Scientific Name

Common Name

| Scientific Name

New England Species
American plaice Hippoglossoides Pollock
platessoides Pollachius virens
Atlantic cod* Gadus morhua Red hake Urophycis chuss
Atlantic halibut Hippoglossus hippoglossus |[Redfish Sebastes spp.

Atlantic herring

Clupea harengus

Rosette skate

Leucoraja garmani

Atlantic salmon

Salmo salar

Silver hake*

Merluccius bilinearis

Atlantic sea scallops

Placopecten magellanicus

Smooth skate

Malacoraja senta

Barndoor skate Dipturus laevis Thorny skate Amblyraja radiate
Clearnose skate Raja eglanteria White hake Urophycis tenuis
Deep-sea red crab Chaceon quinquedens Whiting Merluccius spp.

Haddock*

Melanogrammus aeglefinus

Windowpane flounder

Scophthalmus aquosus

Little skate

Leucoraja erinacea

Winter flounder

Pseudopleuronectes
americanus

Monkfish Lophius americanus Winter skate Leucoraja ocellata
Ocean pout* Zoarces americanus Witch flounder Glyptocephalus cynoglossus
Offshore hake Merluccius albidus Yellowtail flounder  |Limanda ferruginea

Mid-Atlantic Species

Atlantic mackerel

Scomber scombrus

Ocean quahog

Arctica islandica

Black sea bass* Centropristis striata Scup Stenotomus chrysops
Bluefish Pomatomus saltatrix Spiny dogfish Squalus acanthias
Butterfish* Peprilus triacanthus Summer flounder Paralichthys dentatus
Tilefish Lopholatilus Illex squid* Illex illecebrosus

chamaeleonticeps
Surfclam(*) Spisula solidissima Loligo squid* Loligo pealeii
Monkfish Lophius americanus

South Atlantic Species

Almaco jack* Seriola rivoliana Nassau grouper* Epinephelus striatus
Atlantic spadefish*  |Chaetodipterus faber Ocean triggerfish Canthidermis sufflamen
Banded rudderfish*  [Seriola zonata Pink shrimp(*) Farfanteoenaeus duorarum
Bank sea bass* Centropristes ocyurus Queen snapper* Etelis oculatus
Bar jack Caranx ruber Queen triggerfish Balistes vetula
Black grouper* Mycteroperca bonaci Red drum Sciaenops ocellatus
Black margate Anisostremus surinamensis |[Red grouper* Epinephelus morio
Black sea bass* Centropristes striata Red hind* Epinephelus guttatus
Black snapper* Apsilus dentatus Red porgy* Pagrus pagrus
Blackfin snapper* Lutjanus buccanella Red snapper* Lutjanus campechanus
Blue striped grunt Haemulon sciurus Rock hind* Epinephelus adscensionis
Bluefish Pomatomus saltatrix Rock sea bass* Centropristis philadellphica
Blueline tilefish Caulolatilus microps Rock shrimp (*) Sicyonia brevirostris
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Common Name

Scientific Name

Common Name

Scientific Name

Blue runner* Caranx crysos Royal red shrimp (*) |Pleoticus robustus

Brown shrimp(*) Farfantepenaeus aztecus  |Sailfish Istiophorus platypterus

Cobia Rachycentron canadum Sailor’s choice* Haemulon parra

Coney* Cephalopholis fulva Sand tilefish Malacanthus plumier

Cottonwick* Haemulon melanurum Saucereye porgy* Calamus calamus

Cubera snapper* Lutjanus cyanopterus Scamp* Mycteroperca phenax

Dog snapper* Lutjanus jocu Schoolmaster* Lutjanus apodus

Dolphinfish Coryphaena hippurus Scup* Stenotomus chrysops

French grunt Haemulon flavolineatum  |Sheepshead Archosargus
probabtocephalus

Gag grouper* Mycteroperca microlepis  |Silk snapper* Lutjanus vivanus

Golden crab(*) Chaceon fenneri Snowy grouper* Hypothodus niveatus

Golden tilefish Lopholatilus Spanish mackerel Scomberomorus maculatus

chamaeleonticeps

Goliath grouper* Epinephelus itajara Speckled hind* Epinephelus drummondhayi

Gray snapper* Lutjanus griseus Spiny lobster(*) Panulirus argus

Gray triggerfish* Balistes capriscus Tiger grouper Mycteroperca tigris

Graysby* Cephalopholis cruentata  [Tilefish Lopholatilus
chamaelionticeps

Greater amberjack*  [Seriola dumerili Tomtate* Haemulon aurolineatum

Hogfish* Lachnolaimus maximus Vermilion snapper*  |Rhomboplites aurorubens
Jolthead porgy* Calamus bajonado ‘Wahoo Acanthocybium solandri
King mackerel Scomberomorus cavalla Warsaw grouper* Hyporthodus nigritus
Knobbed porgy* Calamus nodosus Weakfish Cynoscion rgalis

Lane snapper™ Lutjanus synagris White grunt* Haemulon plumierii
Lesser amberjack* Seriola fasciata White shrimp(*) Litopenaeus setiferus
Little tunny Euthynnus alleteratus Whitebone porgy* Calamus leucosteus
Longspine porgy* Stenotomus caprinus Wreckfish Polyprion americanus
Mahogany snapper*  [Lutjanus mahogoni Yellowedge grouper* |Epinephelus flavolimbatus
Margate* Haemulon album Yellowfin grouper*  |Mycteroperca venenosa
Misty grouper* Hyporthodus mystacinus  [Yellowmouth grouper*|Mycteroperca interstitialis

Mutton snapper®

Lutjanus analis

Yellowtail snapper*

Ocyurus chrysurus

Highly Migratory

Species and Billfish

Albacore tuna Thunnus alalunga Longfin mako Isurus paucus

Atlantic angel shark  [Squatina dumeril Porbeagle Lamna nasus

Atlantic bigeye tuna  [Thunnus obesus Sand tiger shark Odontaspis Taurus
Atlantic bluefin tuna [Thunnus thynnus Sandbar shark Carcharinus plumbeus

Atlantic sharpnose

Rhizoprionodon terraenovae

Scalloped hammerhead

Sphyrna lewini

Atlantic skipjack Katsuwonus pelamis Shortfin mako Isurus oxyrhinchus
Atlantic swordfish Xiphias gladius Silky shark Carcharhinus falciformis
Atlantic yellowfin tuna[Thunnus albacores Thresher shark Alopias vulpinus
Basking shark Cetorhinus maximus Tiger shark Galeocerdo cuvier

Blue marlin Makaira nigricans White marlin Tetrpturus albidus

Blue shark Prionace glauca White shark Carcharodon carcharias
Dusky shark Carcharhinus obscurus
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Figure 3-3. U.S. Atlantic Outer Continental Shelf region showing the Habitat Areas of Particular

Concern within the Bureau of Ocean Energy Management North Atlantic Planning
Area.
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Figure 3-4. ~ U.S. Atlantic Outer Continental Shelf region showing the Habitat Areas of Particular
Concern within the Bureau of Ocean Energy Management Mid-Atlantic Planning Area.
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Figure 3-5. U.S. Atlantic Outer Continental Shelf reion swing the Habitat Areas of Paicular
Concern within the Bureau of Ocean Energy Management South Atlantic Planning
Area.
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Table 3-3

Major fishes and invertebrates of commercial and ecological importance found in the Arctic
Outer Continental Shelf region.

Common Name

| Scientific Name

Fishes
Arctic cod Boreogadus saida
Pacific herring Clupea pallasi
Saffron cod Eleginus gracilis

Pacific cod

Gadus macrocephalus

Arctic staghorn sculpin

Gymnocanthus tricuspis

Bering flounder

Hippoglossoides robustus

Yellowfin sole

Limanda aspera

Canadian eelpout

Lycodes polaris

Marbled eelpout Lycodes raridens
Capelin Mallotus villosus
Warty sculpin Myoxocephalus verrucosus
Rainbow smelt Osmerus mordax
Starry flounder Platichthys stellatus
Alaska plaice Pleuronectes quadrituberculatus
Greenland turbot Reinhardtius hippoglossoides
Walleye pollock Theragra chalcogramma
Snailfishes Liparidae
Pricklebacks (shannies) Stichaeidae
other sculpins Cottidae
other eelpouts Zoarcidae

Invertebrates
Snow crab Chionoecetes opilio
Circumboreal toad crab Hyas coarctatus
Notched brittlestar Ophiura sarsi
Red king crab Paralithodes camtschaticus
Blue king crab Paralithodes platypus

Fishery M anagement P lan in itially p rohibits ¢ ommercial fishing in th e A rctic waters o fthe
Chukchi a nd B eaufort Seas unt il s ufficient i nformation i s ga thered t o s upport s ustainable
fisheries management.

Subsistence f ishing in th e A rctic O CS is e conomically a nd c ulturally i mportant f or m any
Alaskans, and is federally managed by the U.S. Fish and Wildlife Service® and managed in state
waters by the Alaska Department of Fish and Game (ADFG).” The ADFG defines subsistence
fishing as “the taking of, fishing for, or possession of fish, shellfish, or other fisheries resources

% For information on federal management of subsistence fishing in the Arctic OCS, see
http://alaska.fws.gov/asm/index.cfml.
7 For information on state management of subsistence fishing in the Arctic OCS, see http://www.adfg.alaska.gov/.
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by a resident of the state for subsistence uses with gill net, seine, fish wheel, long line, or other
means de finedb yt he B oard of F isheries.” S ubsistence us ei st ypicallyde finedb y
noncommercial, customary, and traditional uses (e.g., personal or family consumption as food,
fuel, clothing, tools, and nonedible products). According to the ADFG Community Subsistence
Information S ystem,® the 2007 ha rvest by s ubsistence fishing in the S tate A rctic region w as
estimated at 163,182 pounds (1b) (74,018 kilograms [kg]) of salmonids, 5,463 1b (2,478 kg) of
saffron cod, 690 1b (313 kg) of Arctic cod, and 87 1b (39 kg) of king crab (Paralithodes spp.).
The s pecies fished for subsistence pur poses |l isted in th e A rctic F ishery Management P lan
includes Pacific herring (Clupea pallasii), Dolly Varden (Salvelinus malma malma), anadromous
whitefishes (Coregonus spp.), Arctic and saffron cod, and sculpins ( Cottidae). King and snow
crabs are fished for subsistence purposes in the southeastern Chukchi Sea.

Currently very little fishing occurs in the Arctic OCS. The small commercial fisheries that exist
are generally restricted t o s tate w aters, and s ubsistence an d r ecreational f isheries are also
conducted close to shore. Sound from energy-related activities in nearby F ederal waters could
propagate to state waters. Shifting ice, warming temperatures, and migrating stocks could lead to
more productive and/or accessible fishery resources in the Arctic OCS. T hese changes w ould
have t he pot ential t o a llow fisheries t o de velop. F or t his r eason, t he North P acific Fishery
Management C ouncil ( NPFMC) ha s a dopted an F MP t o be pr oactive i n r egulating na tural
resource ha rvest i n t he A rctic b efore a n unr egulated fishery and t he p otential f or r esource
overexploitation develops.

3.3.2 Fisheries in the Atlantic OCS Region

There is a great difference between the inaccessible resources and low productivity of the Arctic
OCS region and the abundant historical fisheries in the Atlantic OCS region. The wide range of
environments and species has led to fisheries that span the entire coast from Maine to Florida.
Table 34 lists the many primary species of commercial importance in the Atlantic OCS and
their scientific names.

The fisheries and species of the A tlantic O CS provide a significant amount of revenue to the
United S tates. S ome s pecies a re a vailable i n great qua ntities a nd s old f or 1 ow pr ices ( i.e.,
menhaden; Table 3—-5; Table B-2 in Appendix B), and others are harvested sparingly and fetch
high prices (i.e., Atlantic sea s callops; Table 3—6; Table B-3 in A ppendix B). M ost often the
revenue is somewhere in between. A majority of fisheries in federal waters of the Atlantic OCS
are managed by R egional F ishery M anagement C ouncils: N ew E ngland F ishery M anagement
Council (NEFMC), the Mid-Atlantic F ishery M anagement C ouncil (MAFMC), and the S outh
Atlantic F ishery M anagement C ouncil ( SAFMC). O ther s tocks a nd s pecies are m anaged b 'y
states, multi-state commissions, international fishery organizations, or a combination of bodies.

8 See http://www.adfg.alaska.gov/sb/CSIS/index.cfm? ADFG=main.home.
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Table 3—4

Common and scientific names of major commercial species of fishes and invertebrates in the
Atlantic Outer Continental Shelf region.

Common Name

Scientific Name

Common Name

Scientific Name

Alewife

Alosa pseudoharengus

Pollock

Pollachius virens

Amberjack

Seriola spp.

Pompano, African

Alectis ciliaris

Amberjack, greater

Seriola dumerili

Pompano, Florida

Trachinotus carolinus

Amberjack, lesser

Seriola fasciata

Porgy, jolthead

Calamus bajonado

Bass, striped

Morone saxatilis

Porgy, knobbed

Calamus nodosus

Bluefish

Pomatomus saltatrix

Porgy, red

Pagrus pagrus

Butterfish

Peprilus triacanthus

Pout, ocean

Zoarces americanus

Clam, arc, blood

Anadara olivaris

Redfish, Acadian

Sebastes fasciatus

Clam, Atlantic
jackknife

Ensis directus

Salmon, Atlantic

Salmo salar

Clam, Atlantic surf

Spisula solidissima

Scallop, bay

Argopecten irradians

Clam, northern quahog

Mercenaria mercenaria

Scallop, sea

Placopecten magellanicus

Clam, ocean quahog

Arctica islandica

Scamp

Mycteroperca phenax

Clam, quahog

Mercenaria
campechiensis

Scup

Stenotomus chrysops

Clam, softshell

Mya arenaria

Scups or porgies

Sparidae spp.

Clams or bivalves

Bivalvia spp.

Sea bass, black

Centropristis striata

Cobia

Rachycentron canadum

Sea bass, rock

Centropristis philadelphica

Cod, Atlantic

Gadus morhua

Seatrout, sand

Cynoscion arenarius

Crab, Atlantic

Limulus polyphemus

Seatrout, spotted

Cynoscion nebulosus

horseshoe
Crab, Atlantic rock Cancer irroratus Shad, American Alosa sapidissima
Crab, blue Callinectes sapidus Shad, gizzard Dorosoma cepedianum

Crab, florida stone

Menippe mercenaria

Shad, hickory

Alosa mediocris

Crab, golden deepsea

Chaceon fenneri

Shark, Atlantic sharpnose

Rhizoprionodon
terraenovae

Crab, green Carcinus maenas Shark, blacknose Carcharhinus acronotus
Crab, jonah Cancer borealis Shark, blacktip Carcharhinus limbatus
Crab, spider Libinia emarginata Shark, blue Prionace glauca

Crabs Cancer spp. Shark, bonnethead Sphyrna tiburo

Croaker, Atlantic Micropogonias undulatus |Shark, bull Carcharhinus leucas

Dogfish, smooth

Mustelis canis

Shark, common thresher

Alopias vulpinus

Dogfish, spiny

Squalus acanthias

Shark, dusky

Carcharhinus obscurus

Dolphinfish Coryphaena hippurus Shark, finetooth Carcharhinus isodon
Drum, black Pogonias cromis Shark, great hammerhead |Sphyrna mokarran
Drum, freshwater Aplodinotus grunniens  |Shark, lemon Negaprion brevirostris
Drum, red Sciaenops ocellatus Shark, makos Isurus spp.

Eel, American

Anguilla rostrata

Shark, porbeagle

Lamna nasus

Flounder, fourspot

Paralichthys oblongus

Shark, sand tiger

Odontaspis taurus

Flounder, southern

Paralichthys lethostigma

Shark, sandbar

Carcharhinus plumbeus
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Common Name

Scientific Name

Common Name

Scientific Name

Flounder, summer

Paralichthys dentatus

Shark, scalloped
hammerhead

Sphyrna lewini

Flounder, windowpane

Scophthalmus aquosus

Shark, silky

Carcharhinus falciformis

Flounder, winter

Pseudopleuronectes
americanus

Shark, smooth
hammerhead

Sphyrna zygaena

Flounder, witch

Glyptocephalus
cynoglossus

Shark, spinner

Carcharhinus brevipinna

Flounder, yellowtail

Limanda ferruginea

Shark, tiger

Galeocerdo cuvier

Flounder,American

Hippoglossoides

Sharks

Chrondrichthys

plaice platessoides
Gag Mycteroperca microlepis [Shrimp, brown Farfantepenaeus aztecus
Goosefish (monkfish) |Lophius americanus Shrimp, dendrobranchiata |Dendrobranchiata spp.

Grouper, black

Mycteroperca bonaci

Shrimp, marine, other

Caridea

Grouper, red

Epinephelus morio

Shrimp, pink

Farfantepenaeus duorarum

Grouper, Snowy

Hypothodus niveatus

Shrimp, rock

Sicyorzia brevirostris

Grouper, yellowedge

Hyporthodus
flavolimbatus

Shrimp, royal red

Pleoticus robustus

Grouper, yellowfin

Epinephelus cyanopodus

Shrimp, white

Litopenaeus setiferus

Groupers Serranidae spp. Skate, barndoor Dipturus laevis

Haddock Melanogrammus Skate, little Leucoraja erinacea
aeglefinus

Hagfish Myxine glutinosa Snapper, blackfin Lutjanus buccanella

Hake, Atlantic, Urophycis spp. Snapper, cubera Lutjanus cyanopterus

red/white

Hake, offshore silver |Merluccius albidus Snapper, gray Lutjanus griseus

Hake, red Urophycis chuss Snapper, lane Lutjanus synagris

Hake, silver Merluccius bilinearis Snapper, mutton Lutjanus analis

Hake, white Urophycis tenuis Snapper, red Lutjanus campechanus

Halibut, Atlantic

Hippoglossus
hippoglossus

Snapper, silk

Lutjanus vivanus

Herring, Atlantic

Clupea harengus

Snapper, vermilion

Rhomboplites aurorubens

Herring, Atlantic thread

Opisthonema oglinum

Snapper, yellowtail

Ocyurus chrysurus

Herring, blueback Alosa aestivalis Snappers Lutjaninae spp.
Herrings Clupea spp. Spot Leiostomus xanthurus
Hind, red Epinephelus guttatus Squid, longfin Loligo pealei

Hind, rock Epinephelus adscensionis [Squid, northern shortfin |llex Illex illecebrosus
Hogfish Lachnolaimus maximus  |Squids Squid spp.

Tilefish, blueline Caulolatilus microps Swordfish Xiphias gladius
Lobster, American Homarus americanus Tautog Tautoga onitis

Lobster, Caribbean
spiny

Panulirus argus

Tilefish, golden

Lopholatilus
chamaeleonticeps

Lobster, slipper

Scyllarides aequinoctialis

Tilefish, sand

Malacanthus plumieri

Mackerel, Atlantic

Scomber scombrus

Tilefishes

Malacanthidae spp.

Mackerel, chub

Scomber colias

Triggerfish, gray

Balistes capriscus

Mackerel, king

Scomberomorus cavalla

Tuna, albacore

Thunnus alalunga

Mackerel, king and

Scomberomorus spp.

Tuna, bigeye

Thunnus obesus
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Common Name

Scientific Name

Common Name

Scientific Name

CCro

Mackerel, Spanish

Scomberomorus
maculatus

Tuna, blackfin

Thunnus atlanticus

Mako, shortfin

Isurus oxyrinchus

Tuna, bluefin

Thunnus thynnus

Menhaden

Brevoortia tyrannus

Tuna, skipjack

Katsuwonus pelamis

Mullet, striped (liza)

Mugil cephalus

Tuna, yellowfin

Thunnus albacares

Mullet, white Mugil curema Tunas Thunnus spp.

Mullets Mugil spp. Tunny, little Euthynnus alletteratus
Opyster, eastern Crassostrea virginica ‘Wahoo Acanthocybium solandri
Opyster, European flat  |Ostrea edulis Weakfish Cynoscion regalis

Wolffish, Atlantic Anarhichas lupus

Table B—4 in Appendix B lists the status of the fishery for the managed stocks in the Atlantic
OCS region.

3.4  Species of Importance

3.4.1 Arctic OCS Region

There are no fish species protected under the ESA in the Arctic OCS region. Little is known
about t he popu lations of f ishes i n t his por tion of t he C hukchi a nd Beaufort s eas due to
inaccessibility of the area. None of the species observed in this area have been seen in enormous
numbers, and no known species are indigenous only to the area described in Figure 3-2.

Canadal istst he no rthern w olffish ( Anarhichas denticulatus) an d b lackline p rickleback
(Acantholumpenus mackayi) as species of special concern that may inhabit this area. Background
information on t he s pecies ¢ haracteristics, di stribution, a nd 1 ife history o f A rctic fishes a nd
invertebratescan b e foundf roms everal webr esources: A rcticO cean D iversity
(www.arcodiv.org), FishBase ( www.fishbase.org),a nd Fisheriesa nd O ceans Canada
(http://www.dfo-mpo.gc.ca/Science/publications/uww-msm/index-eng.asp). A r eview o ft he
knowledge of the species found in the Arctic OCS is provided in NPFMC (2009b).

3.4.2 Atlantic OCS Region

Several s pecies on the Atlantic O uter C ontinental S helf ar e 1isted as en dangered, t hreatened,
candidates for | isting, o r s pecies of concern. Atlantic s almon, f our p opulations of A tlantic
sturgeon (Acipenser oxyrinchus oxyrincus), and shortnose sturgeon (Acipenser brevirostrum) are
the onl y currently e ndangered s pecies f ound int he A tlantic O CS. Allt hree s pecies a re
anadromous, living much of their adult lives in the ocean but returning to rivers to spawn. Other
species have been proposed for endangered status and not deemed candidates or are currently
candidates for listing and the status d etermination has not been made yet. These species along
with species that NMFS does not have enough information to make a determination on are all
identified as species of concern. Table 3—7 gives all fish species identified by the NMFS Office
of Protected Resources as endangered, threatened, or species of concern in the Atlantic OCS
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Table 35

Landings™* of species of commercial importance in the Atlantic OCS region in 2010, sorted by
volume. All species are included that make up greater than 1% of the whole. See Table B-2 in
Appendix B for list of species that make up greater than 0.1% of the whole.

Percentage
of Atlantic
OCSs
Metric Tons | Pounds fisheries
Common Name | Scientific Name | (thousands) | (millions) landings
Menhaden Brevoortia 2296 506.25 35.61%
tyrannus
Crab, blue Cal]mectes 70.8 156.04 10.97%
sapidus
Herring, Clupea o
Atlantic harengus 65.2 143.73 10.11%
Lobster, Homarus 527 116.25 8.18%
American americanus
Scallop, sea Placopec'_[en 5.9 5705 4.01%
magellanicus
Clam, Atlantic | Spisula 17.0 37.47 2.64%
surf solidissima
Squid, northern | llex Illex o
shortfin illecebrosus 158 34.88 2.45%
Clam, ocean Arctica o
quahog iclandica 14.4 31.70 2.23%
Mackerel, Scomber o
Atlantic scombrus 9.9 2177 1.53%
Haddock Melan'ogrammus 9.3 21.63 1.52%
aeglefinus
Hake, silver I\/_Ie_rlucc_lus 2.1 1781 1.25%
bilinearis
Cod, Atlantic Gadus morhua 8.0 17.72 1.25%
Croaker, Micropogonias o
Atlantic undulatus 7.3 16.17 1.14%
Goosefish Lophius o
(monkfish) americanus 7.3 16.08 113%
Squid, longfin Loligo pealei 6.7 14.81 1.04%

*Data from http://www.st.nmfs.noaa.gov/stl/commercial/. See

http://www.st.nmfs.noaa.gov/st1/commercial/landings/caveat.html for caveats related to NMFS
commercial landings data.
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Table 3—-6

Landings* of most commercially important species in the Atlantic OCS region in 2010, sorted by
value in U.S. dollars. All species are included that make up greater than 1% of the whole See
Table B-3 in Appendix B for list of species that make up greater than 0.1% of the whole.

Percentage
Average | of Atlantic
$USD price/lb OCS
Common Value (price per Fisheries
Name Scientific Name | ($million) | kg) ($USD) Value
Scallop, sea Placopecten 450.97 | 7.91(17.40) | 28.56%
magellanicus
Lobster, Homarus 399.48 | 3.44(757) | 2530%
American americanus
Crab, blue Callinectes 158.67 | 1.02(224) | 10.05%
sapidus
Menhaden Brevoortia 4111 0.08 (0.18) 2.60%
tyrannus
Clam, northern Mercenar_la 33.57 7.79 (17.14) 213%
quahog mercenaria
Flounder, Paralichthys 0
summer dentatus 28.63 2.18 (4.80) 1.81%
Cod, Atlantic Gadus morhua 28.14 1.59 (3.50) 1.78%
Shrimp, white Litopenaeus 0
setiferus 27.28 2.15(4.73) 1.73%
Clam, Atlantic | Spisula 0
surf solidissima 25.95 0.69 (1.52) 1.64%
Opyster, eastern | Crassostrea 10.76 o
virginica 2449 (23.67) 1.55%
Haddock Melan_ogrammus 2172 1.00 (2.20) 1.38%
aeglefinus
Herring, Clupea o
Atlantic harengus 21.08 0.15(0.33) 1.33%
Clam, ocean Arctica o
quahog iclandica 20.01 0.63 (1.39) 1.27%
Clam, softshell | Mya arenaria 19.97 5.94 (13.07) 1.26%
Goosefish Lophius o
(monkfish) AMEricanus 19.23 1.20 (2.64) 1.22%
Bass, striped Morone saxatilis 16.86 2.27 (4.99) 1.07%
Squid, longfin | Loligo pealei 15.76 1.06 (2.33) 1.00%

*Data from http:/www.st.nmfs.noaa.gov/st1/commercial/. See

http://www.st.nmfs.noaa.gov/st1/commercial/landings/caveat.html for caveats related to NMFS
commercial landings data.
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Table 3—7

Endangered, threatened, and species of concern (fish) in the Atlantic Outer Continental Shelf
region (NMFS 2011).°

Common
Name Scientific Name Range Status; Date listed
Alewife Alosa pseudoharengus | Atlantic: Newfoundland to Species of concern; 2006

North Carolina

and candidate Species

American eel

Anguilla rostrata

Atlantic Ocean: Greenland to
Brazil

Under status review; 2011

Atlantic Thunnus thynnus Atlantic Ocean and adjacent | Species of concern; 2010
Bluefin tuna seas
Atlantic Hippoglossus Atlantic: Labrador to Species of concern; 2004
halibut hippoglossus southern New England
Atlantic Salmo salar Atlantic: Gulf of Maine Endangered; 2000
salmon (other populations in streams
and rivers in Maine outside
the range of the listed Gulf
of Maine DPS); anadromous
Atlantic Acipenser oxyrinchus North America, Atlantic Endangered (New York
sturgeon oxyrinchus coastal waters; anadromous | Bight, Chesapeake Bay,
Carolina, and South Atlantic
DPS), Threatened (Gulf of
Maine DPS); 2012
Atlantic Anarhichas lupus Atlantic: Georges Bank and | Species of concern; 2004
wolffish western Gulf of Maine
Barndoor Dipturus laevis Atlantic: Newfoundland, Former species of concern;
skate Canada to Cape Hatteras, 2007
North Carolina.
Blueback Alosa aestivalis Atlantic: Cape Breton, Nova | Species of concern; 2006
herring Scotia, to St. John's River, and Candidate Species
Florida
Cusk Brosme brosme Atlantic: Gulf of Maine Species of concern; 2004
and candidate Species
Dusky shark | Carcharhinus obscurus | Western Atlantic Species of concern; 1997
Nassau Epinephelus striatus Atlantic: North Carolina Species of concern; 1991
grouper southward to Gulf of Mexico
Night shark Carcharinus signatus Western Atlantic: Gulf of Species of concern; 1997
Mexico, South Atlantic and
Caribbean
Porbeagle Lamna nasus Atlantic: Newfoundland, Species of concern; 2006
Canada to New Jersey
Rainbow Osmerus mordax Atlantic: Labrador to New Species of concern; 2004
smelt Jersey; anadromous
Sand tiger Carcharias taurus Atlantic; Gulf of Mexico Species of concern; 1997
shark

? See http://www.nmfs.noaa.gov/pr/species/fish/.
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Common
Name Scientific Name Range Status; Date listed
Scalloped Sphyrna lewini Western Atlantic Candidate species; 2011
hammerhead
Shortnose Acipenser brevirostrum | Western Atlantic: New Endangered; 1967
sturgeon Brunswick to Florida;
anadromous
Smalltooth Pristis perotteti Atlantic: New York to Brazil | Endangered, U.S. distinct
sawfish population segment; 2003
Speckled hind | Epinephelus Atlantic: North Carolina to Species of concern; 1997
drummondhayi Gulf of Mexico
Striped Bairdiella sanctaeluciae | Western Atlantic: Florida Species of concern; 1991
croaker
Thorny skate | Amblyraja radiata Atlantic: West Greenland to | Species of concern; 2004
New York
Warsaw Epinephelus nigritus Atlantic: Massachusetts Species of concern; 1997
grouper southward to Gulf of Mexico

Box 1: NOAA Definitions of Designation Titles

Endangered: Defined under the ESA as "any species which is in danger of extinction throughout all or a
significant portion of its range."

Threatened: Defined under the ESA as "any species which is likely to become an endangered species within
the foreseeable future throughout all or a significant portion of its range."

Candidate Species: any species that is undergoing a status review that NMFS has announced in a Federal
Register notice. Thus, any species being considered by the Secretary (of the Department of Commerce or
Interior) for listing under the ESA as an endangered or a threatened species, but not yet the subject of a
proposed rule (see 50 CFR 424.02). NMFS' candidate species also qualify as species of concern. "Candidate
species" specifically refers to--

e species that are the subject of a petition to list and for which we have determined that listing may be
warranted, pursuant to section 4(b)(3)(A), and

e species that are not the subject of a petition but for which we have announced the initiation of a
status review in the Federal Register.

Proposed species: Those candidate species that were found to warrant listing as either threatened or
endangered and were officially proposed as such in a Federal Register notice after the completion of a status
review and consideration of other protective conservation measures. Public comment is always sought on a
proposal to list species under the ESA. NMFS generally has one year after a species is proposed for listing
under the ESA to make a final determination whether to list a species as threatened or endangered.

Species of Concern: species about which NMFS has some concerns regarding status and threats, but for
which insufficient information is available to indicate a need to list the species under the ESA. This may
include species for which NMFS has determined, following a biological status review, that listing under the
ESA is "not warranted,” pursuant to ESA section 4(b)(3)(B)(i), but for which significant concerns or
uncertainties remain regarding their status and/or threats. Species can qualify as both "species of concern”
and "candidate species."
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region. Box 1 ¢ ontains the de finitions provided on t he N MFS O ffice o f P rotected R esources
website to explain the difference between designation titles.

The life histories of the economically and ecologically important species have been described in
detail by Gabriel (1992) for d emersal fishes b etween C ape H atteras and N ova S cotia, R obin
(1999) for fishes of US Atlantic waters, Bowman et al. (2000) for diets of northwest A tlantic
fishes and squid, Collette and Klein-MacPhee (2002) for fishes in the Gulf of Maine, and Love
and Chase (2007) for marine diversity of Mid- and South Atlantic bights. Life history and habitat
information of E FH-managed s peciesi nt he N orth A tlantic a nd M id-Atlantic r egions a re
provided in EFH source documents and the EFH Mapper. '

Elkhorn (Acropora palmata) and staghorn (A. cervicornis) are both listed under the ESA as
threatened. An additional 82 coral species (some of which may occur within BOEM’s Atlantic
regions) are under review as candidate species for protection under the ESA.

35 Priorities

Both fish species (Arctic cod and saffron cod) for which EFH has been designated in the Arctic
OCS are related to Atlantic cod, and may use sound to communicate. Global warming has the
potential t o al ter t he n oise en vironment i n the Arctic b ecause r eductions inice cover w ould
increase the access by vessels, as recognized b y fisheries m anagers in the A rctic. T hese two
species s hould t herefore be ¢ onsidered p riority species. P riority should a Iso be pl aced on
evaluating any noi se i mpacts on ki ng and snow crabs given their e conomic value in A laskan
waters, value for subsistence purposes in the Chukchi Sea, and that climate change could lead to
favorable conditions for developing a crab fishery in nearby Arctic waters.

Examples of fishes in the Atlantic OCS that might be regarded as priority species in terms of
risks from exposure to high level sounds are:

e Clupeids ( herrings), s uch a s A tlantic m enhaden ( Brevoortia tyrannus) and A tlantic
herring (Clupea harengus), for their commercial importance based on value and volume
of landings

e Fishes,s ucha s Atlanticc od,h addock (Melanogrammus aeglefinus), s napper
(Lutjanidae), and grouper (Epinephelinae), that use sound to communicate or locate prey
and are overfished'' or are close to being overfished

e Fishes, such as elasmobranch and sturgeon, whose populations are reduced and that are
slow-growing, late maturing species with low fecundity

9 EFH source documents are available at this website: http://www.nefsc.noaa.gov/nefsc/habitat/efh/. Additional
information, including an interactive EFH mapper, for other managed species can be found here:
http://sharpfin.nmfs.noaa.gov/website/EFH_Mapper/map.aspx.

" Overfished: When the size of a fish stock is smaller than the sustainable target set by the National Marine
Fisheries Service. Overfishing: When a fish stock is being fished at a fishing mortality rate that exceeds the
overfishing threshold set by the National Marine Fisheries Service. (Source:
http://www.nmfs.noaa.gov/pr/glossary.htm)
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e Fori nvertebrates, noi se i mpacts ont he ¢ ommercially va luable de capods, s uch as
American 1 obster (Homarus americanus), b lue crab ( Callinectes sapidus), a nd w hite
shrimp ( Litopenaeus setiferus), A tlantic s ea s callop ( Placopecten magellanicus), a nd
squid (Teuthida), should be evaluated

e Fishes protected under the ESA

4 Naturally Occurring Sounds in the Sea

4.1 Background Levels of Sound in the Sea

Existing environmental conditions must be considered in those sea areas likely to be affected by
developments that generate underwater sound. In particular, the existing levels of sound in these
areas should be investigated, together with information on any trends in those overall levels of
sound.

There are few historical records of levels of sound in the sea. Systematic measurement of sound
in the sea has rarely taken place, and when it has it has often been at local sites and the records
are of ten i ncomplete or unpubl ished. S everal s tudies ha ve i ndicated t hat ove r t he p ast few
decades a mbient noi se 1 evels i n bus y s hipping lanes ha ve i ncreased by as much as 12 dB
(Andrew et al. 2002; Hildebrand 2009; Cato 2012; Stocker and Reuterdahl 2012). It is likely that
part of this increase comes from shipping, with perhaps other contributions from other sources
including baleen whales and seismic airguns.

A significant num ber of ambient noise m easurements w ere obtained in deep water during the
first half of the 20th century. Knudsen et al. (1948) made an especially important contribution by
showing that at frequencies between 200 Hz and 50 kHz the level of ambient noise is dependent
upon sea-state. The underlying physical processes that result in this variation are incompletely
understood, but flow noise from surface wind, breaking waves, and bubble formation is thought
to be important.

Wenz (1962) e xtended our know ledge of sound levels in the sea.'” He confirmed that in the
frequency region above 100 Hz, the ambient noise level de pends on w eather c onditions, with
wind a nd w aves c reating s ound. T he 1 evel 1 s related t o t he w ind s peed a nd de creases w ith
increasing frequency above approximately 500 H z, falling with a slope of between 5and 6 d B
per octave (doubling of frequency; see glossary in Appendix A). At frequencies around 100 Hz,
distant shipping makes a significant contribution to ambient noise levels in almost all the world's
oceans. Int he m id-frequency r ange ( around 1 0 kH z) s ediment t ransport noi se m ay be a

significant noise source especially where strong currents and turbulence exist due to wave action
or tidal flow. Mellen (1952) showed that at frequencies from 50 kHz upwards, molecular motion
of water (thermal noise) contributes to the noise level at an increasing rate.

12 Additional information on ambient noise and other related topics are available at the DOSITS.org web site,
specifically for noise: http://dosits.org/science/soundsinthesea/commonsounds/.
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Ambient noise from 1 to 10 Hz mainly comprises turbulent pressure fluctuations from surface
waves and the motion of water at the b oundaries. T his ambient noi se d epends on bot h wind
strength and water currents, especially in shallow water (e.g., below 100 m). Turbulent pressure
changes are not generally acoustic in nature and do not propagate as sound waves. However,
hydrophones'® (underwater m icrophones)a re ass ensitivet ot hese p ressure changes as
propagating sound waves, and measurements represent a combination of both. Low frequency
propagated sound does exist at low frequencies and can be measured where turbulent noise does
not dominate. Wenz (1962) conjectured that this very low frequency noise includes sound from
distant seismic disturbances, earthquakes, and explosions.

At frequencies between 10 and 100 H z, distant man-made sounds be gin to dominate the sound
spectrum, w ith the greatest ¢ ontribution be tween 20 a nd 80 H z. S ound in this r egion of the
spectrum is not attributable to one specific source but a collection of sources at a distance from
the receiver, with distant shipping traffic as the greatest contributor. This is also the region of the
spectrum w here voc alizations from 1 arge whales m ay dom inate ba ckground s ound l evels a t
certain times of the year, generating higher levels than man-made sound in some regions.

The data from W enz (1962) and Knudsenetal. (1948) are generally a ccepted as providing
overall indication of the range of sea noise levels and the source of the dominant noise in each
frequency r ange. H owever, t heir m easurements w ere und ertaken ove r 50 years agoandin
relatively deep water environments. Fewer data have been published for shallow coastal waters
and estuarine environments. A recent review of underwater noise by Hildebrand (2009) cites the
data of Mazzuca (2001), which suggests an overall increase of 16 dB in low frequency noise
during the period from 1950 to 2000, corresponding to a doubling of noise power (3 dB increase)
in every decade for the past five decades. In some parts of the ocean it is known that man-made
sound ha s be en i1 ncreasing a cross m uch of t he f requency spectrum ( Andrew eta l. 2002 ;
McDonald et al. 2008), especially at lower frequencies (<500 Hz) (Frisk 2007). Indeed, at these
frequencies, the level of sound above background may serve as an indicator of the de gree of
industrialization of t he ocean. T he vol ume of c argo t ransported b y sea ha s be en doubl ing
approximately every 20 y ears,'* and it is likely that this has resulted in an overall increase in
sound 1l evels at m any | ocations. O ffshore oil and g as e xploration a nd pr oduction, as well as
renewable energy developments, have also expanded over the same period.

In deep water, low frequency sounds generated by seismic airguns and other sources can travel
long distances. S ound from seismic surveys o ff Nova S cotia, western A frica, and northeast of
Brazil has be en recorded on a h ydrophone array m oored a long t he M id-Atlantic R idge o ver
3,000 km away (Nieukirk et al. 2004).

An e specially imp ortant in formation need in considering the imp act o f man-made sound in a
given area is therefore the prevailing level of sound in that area from all sources. A description of
the oc ean ba ckground s ound 1 evel and i ts ¢ haracteristics i s required. Thenitis ne cessary to
determine w here that sound is coming from and the c ontribution from different s ources, both
natural and man-made.

13 For information on hydrophones, see this website: http:/dosits.org/science/soundmeasurement/measure;/.
" For specific data, see: http://www.marisec.org/shippingfacts/worldtrade/volume-world-trade-sea.php.
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Sound levels at one 1ocale will most likely be di fferent from other (and even nearby) locales.
Thus, e xtrapolation is not possible ata detailed 1evel, but it may b e po ssible t o m ake br oad
generalizations of the kind(s) of sounds and likely acoustic environment for particular areas (e.g.,
if there is a shipping lane in an area, the mix of sounds may have particular characteristics; if
wind farm construction is underway, the mix of sounds will be different).

Many energy developments, and es pecially wind farms, take place in relatively shallow w ater
compared t o t hose e xamined by W enz ( 1962) and ot hers (e.g., l ess than 100 m ). I n c oastal
waters, in addition to other sources of ambient noise (which includes distant s hipping traffic),
local shipping traffic, pleasure craft, oil and gas platforms, other me chanical installations, and
local marine life may alladdto thelevel of sound. Coastal s ound | evels m ay t herefore b e
significantly higher than those in the deep ocean.

It may be argued that since coastal waters are already noisy the impact of any additional man-
made sounds may be reduced since fishes and invertebrates in the area may have adapted to these
sounds. H owever, it is important to c onsider w hether further de velopments, in de ep w ater or
coastal areas, may have detrimental en vironmental impacts and affect fishes and invertebrates
adversely.

Given knowledge of the spatial and temporal complexity and variability of all sound sources, the
relative contribution from man-made sources can be distinguished from that of natural sources.
Sound i nventories ( sometimes ¢ alled s ound budg ets)”> canbe pr oduced—showingt he
quantitative ¢ ontributions from di fferent s ources a t di fferent 1 ocations a nd a t di fferent t imes
(Miller et al. 2008). And these inventories can be projected forward into the future as the oceans
become more developed.

To pr epare s ound i nventories, t he di fferent s ources of und erwater s ound a re e xamined a nd
characterized and their contributions modeled. Defining the position and main characteristics of
the contributing sources (in particular man-made ones) relies on ‘ accurate’ modeling of sound
propagation from the source to the measurement location based on ‘representative’ modeling of
oceanographic features affecting s ound pr opagation such as wind s peed, w ave he ights, s ound
velocity profiles, water depth, ocean bottom characteristics, etc.

Currently, there are insufficient m easurements o f oc ean s ound I evels to understand how they
have changed over the past decades, nor are there enough measurements to adequately describe
or quantify ocean noise on a global scale. The l ong-term variation of sound inthe oceanisa
fundamental knowledge gap: is there a trend in the sound level over time? Trends, if they exist,
are likely to depend on the particular frequency bands of interest and the locations in the ocean.
At frequencies below 1 kHz where the sound level is usually dominated by man-made sources,
such as shipping, seismic surveys, and marine construction, any trend may be related to changes
in these activities. To what extent does the ambient sound level in the deep ocean reflect the level
of activity in international trade carried by merchant ships? In any sea basin what is the likely
effect upon t he l evels o f s ound of c onducting a s eries of s eismic surveys, or constructing a
number of wind farms?

13 See a description of sound budgets at this website: http://www.dosits.org/science/advancedtopics/noisebudget/.
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Essential Questions Relating to Background Conditions and How They Might Change
e What physical quantities and metrics are most useful for describing ocean soundscapes?

e \What are the levels and characteristics of natural and man-made ocean sound in the
areas of interest?

e What is the contribution to sound levels in the area from natural sources, including
biological sources?

e What is the contribution to sound levels in the area from man-made sources?
e What would sound levels be like in the absence of man-made sources?

e What are the likely future trends in sound levels from man-made sources in the areas of
interest?

To answer these questions, m easurements o f sound levels are required at a r ange o f 1 ocations
including not only those exposed to increasing levels of man-made sound but also areas that are
representative of quiet conditions or are dominated by sounds of biological origin.

At least 30 global sites or networks are routinely collecting data on ocean noise, but in almost all
cases t he m onitoring s tations i nvolved ha ve b een e stablished t o p erform s pecific functions.'®
Thisisreflectedbya disparity o f's ensor d esigns and o fda ta c ollection a nd t ransmission
protocols. M any other isolated m easurements of ocean noise have been made in the course of
specific s tudies f or m ilitary pu rposes or f ort he pr eparation of e nvironmental s tatements.
However, there is no central repository for these data, nor are there any standards or protocols for
data co llection. Is there an eed for a G lobal O cean A coustical O bserving S ystem t hat m ight
define standards and protocols for sensors and for the analysis, storage, and distribution of data
across a global research community? What additional measurements might be included (such as
wind speed and wave height) to make sense of the measurements and aid prediction?

Is there a need to r outinely m onitor oc ean s ound? In the E uropean C ommunity, t he M arine
Strategy Framework D irective o £2 008'" now r equires me mber s tates t o d efine q ualitative
descriptors for determining good environmental status'® and to monitor these over time. One of
the de scriptors i s unde rwater e nergy, w hich i ncludes unde rwater s ound ( Descriptor 11). T he
Directive is stimulating the development of ocean observing stations to monitor sound levels and
how th ey ¢ hange w ith time , w ith th e o verall a im o f d etermining a ny departure f rom g ood
environmental status.

4.2 Conserving Acoustic Environments with Special
Characteristics

Are there soundscapes in the areas of concern that have special natural characteristics and are
likely to change through exposure to man-made sound? Such areas might include biogenic and

' Some of these sites are given, and can be listened to at http://www.listentothedeep.com/acoustics/index.html.
17 See this website for the Directives:
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=0J:L:2008:164:0019:0040:EN:PDF.

'8 For more information on good environmental status, see this website:
http://ec.europa.eu/environment/water/marine/ges.htm.

E-34


http://www.listentothedeep.com/acoustics/index.html
http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2008:164:0019:0040:EN:PDF
http://ec.europa.eu/environment/water/marine/ges.htm

Appendix E: Literature Synthesis

other reefs or areas where s ound-producing fishes and invertebrates are gathered. And should
some of these areas be conserved or protected because of their particular acoustic characteristics?

Particular soundscapes may be characterized by their ambient sound characteristics and by the
particular sound sources, including biological sound producers, which live there. Some animals,
such as the larvae of coral reef fishes and crabs, may seek out particular habitats in which to
settle on t he basis of their noi se ¢ haracteristics (e.g., Jeffs et al. 2003; T olimieri et al. 2004;
Stanley et al. 2012 ). Animals may us e other a coustic features o f the m arine e nvironment for
navigation, to facilitate foraging, and to seek shelter from predators. S ome s oundscapes, and
their associated habitats, animal communities, and ecosystems, may be vulnerable to change and
might be damaged by the imposition of man-made noise.

Should ¢ ertain s oundscapes b e ¢ hosen for closer s tudy andt he a doption of ¢ onservation
measures? This might be done on the grounds that they are:

e Rare or unusual

e Representative of soundscapes that are disappearing

e Likely to change for natural (climatic) reasons

e Areas containing species at risk

e Significant a coustic h abitats dominated by biological s ounds or containing pa rticular
acoustical features important to animals

e Indicative of high biodiversity
e Used for key activities like spawning

o Likely to facilitate e xamination of c onditions be fore and a fter e xposure t 0 m an-made
sounds

e Of particular interest to the general public

e Representative of sounds that are particularly unusual

If s 0, w e ne ed t o m ake c oncerted e fforts t o 1 dentify t hese s oundscapes a nd t heir a ssociated
acoustic habitats before extensive noise-making activities begin.

This aspect of ocean noise has hardly been explored. There are isolated measurements of noise
from d ifferent ar eas an d at d ifferent t imes o f year—sufficient to s how th at s ome a coustical
features are special and may be under threat (e.g., Cato 1992). There have been few attempts to
classify soundscapes or to define acoustic habitats for particular species.

Setting out to describe di fferent s oundscapes and the s ounds that contribute to their particular
characteristics in a p articular ocean basin can fill this information need. Special attention might
be paid to describing soundscapes dominated by particular natural features, like the breakup of
ice, or which are especially quiet and therefore likely to change through the imposition of man-
made noi se. Ort o s oundscapes dom inated b y bi ological s ounds—where t here m ay b e an
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opportunity to define acoustical habitats for key species and subsequently to examine the impact
of additional sound upon these.

5 Biological Sources of Sound in the Areas of Interest

5.1 Invertebrates

At some locations in the ocean a substantial contribution to sound levels comes from invertebrate
sources ( €.g., snapping s hrimp [members of the family A Ipheidae]; Au and Banks 1998). The
significance of these sounds is poorly understood for many species and itis not knownifthe
sounds serve a function in the lives of the animals or whether they are purely incidental. The role
of t hese s ounds i n ¢ ommunication be tween individuals ha s ha rdly be en e xplored. T he
characteristics of the acoustic habitats these animals inhabit or seek out have rarely been defined.

Many invertebrates, and especially those with hard body parts, can generate sounds. Anyone who
has placed a hydrophone close to the seabed will be aware of the many clicks, snaps, and rustles
generated by aquatic animals. S ome of these s ound producers h ave be en identified but m any
have not. Some of the sounds may be purely incidental but others may be communication sounds
that have significance for the animals emitting them.

Amongst the crustacean sound producers are barnacles (Fish 1954; Busnel and Dziedzic 1962),
decapods like the spiny lobsters (Palinuridae; Dijkgraaf 1955; Moulton 1957; Latha et al. 2005;
Buscaino et al. 2011), prawns (Dendrobranchiata; Dumortier 1963), snapping shrimps (Johnson
etal 1947; Fish 1954; H azlettand W inn 196 2; A uand Banks 1998 ), t he m antis s hrimps
(Stomatopoda; H azlett and W inn 1962; D umortier 1963; S taaterman et al. 2012) and c rabs
(Dumortier 1963). Amongst the mollusks, populations of the common mussel Mytilus give rise
to a crackling s ound, while s quid e mit a pop ping s ound ( Iversen et al.1963). S ea ur chins
(Echinoidea) can produce a sustained frying sound (Fish 1954).

Some of the invertebrates that produce s ounds have no clearly de fined vocal or gans, and the
sounds they generate may well be incidental. However, a number of crustaceans make sounds
that are species-specific and involve particular sound-producing mechanisms. The spiny lobsters
have a pair of stridulating organs, each comprising a series of fine parallel ridges lining a surface
on t he ba se of t he s econd a ntenna ( Moulton 1957). C alifornian s piny lobsters ( Panulirus
interruptus) produce pulsatile rasps when interacting with potential predators (Patek et al. 2009).
Frictional vibrations, similar to rubber materials sliding against hard surfaces, produce the rasp.
The rasps from field recordings typically have a distinct narrow peak below 500 Hz and another
broader peak around 1.5 to 2 kHz. Other decapods, like the ocypodid (ghost crabs) and pagurid
(hermit) c rabs, s tridulate ( scrape ha rd pa rts of t he bod y t ogether) ( Guinot-Dumortier a nd
Dumortier 1960; Field et al. 1987), while astacid crayfish squeak with their abdomen (Sandeman
and W ilkens 1982) . T he C alifornia m antis s hrimp ( Hemisquilla californiensis) produces a
rumble (Patek and Caldwell 2006) when physically handled or approached by a stick. Recently,
Staaterman et al. (2012) demonstrated that the sounds produced by California mantis shrimp in
the sea are very variable; different individuals produce rumbles that differ in dominant frequency
and number of rumbles per bout. The rumble may play a role in establishing territories and/or
attracting potential mates.
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King crabs pr oduce i mpulsive s ounds dur ing feeding that appear to s timulate mo vement by
other 1 ndividual c rabs, including a pproach b ehavior ( Tolstoganova 20 02). K ing ¢ rabs a Iso
produce discomfort sounds when environmental conditions are manipulated.

The s harp, e xplosive c lick or s nap p roduced by the v arious s pecies o f's napping s hrimp is
generated by a plunger mechanism on t he enlarged claw (Johnson etal. 1947). The soundis
caused by the collapse of a cavitation bubble, which is formed when the shrimp snaps its claw
shut (Lohse et al. 2001). The bubble emits not only a sound but also a flash of light—indicating
extreme temperatures and pressures inside the bubbles before they burst. It is suggested that the
shrimp uses its cavitation bubble to damage, stun, or kill its prey. The high incidence of sound
production by these shrimp suggests that the s ounds may also serve other functions—perhaps
facilitating s ocial i nteractions. T he c ombined s napping w ithin a large p opulation of s napping
shrimp m ay generate a c ontinuous c rackle or frying s ound t hat of ten 1 nterferes w ith s onar
apparatus and with passive listening for ships and other sound sources. Reported peak-to-peak
source levels for snapping shrimp are 183 to 189 dB re 1 pPa m over a frequency range of 2 to
200 kHz (Au and Banks 1998). Versluis et al. (2000) report that the snapping sound reaches peak
to peak source levels as high as 190 to 210 dB re: 1 pPa m.

The prevalence of sounds from aquatic invertebrates, and especially crustaceans, suggests that
sounds are important for communication between individuals and that conspecifics are capable
of detecting them. As the sounds may fulfill important functions for the animals of interest, there
must be concern that man-made sounds may interfere with their detection, through the process of
masking (see Section 10.6).

Questions on Critical Information Needs for Invertebrates

e What is the best way to monitor and catalogue the sounds made by invertebrates and to
characterize sounds from key marine species?

e What information might allow prediction of seasonal, demographic, situational, or
species differences in calling behavior?

e How vulnerable are different calls to masking or suppression by man-made sound
sources?

e Which invertebrates might be engaging in acoustic and other activities related to their
long-term fitness, such as spawning, and where do concentrations of them occur?

5.2 Fishes

Since there are s o many species of fish (>32,400 known to date),” itis still not clear how
widespread s ound production is, althoughitis likely to be far more e xtensive t han c urrently
known. The behavior of fishes is often suppressed under aquarium conditions unless very special
measures are taken to provide a quiet and appropriate environment. Even where particular sound-
producing species have been examined, and it is evident that sound is important to the species, it
has not always been possible to examine the full range of their acoustical behavior. In particular,
the spawning behavior of many sound-producing species has yet to be described, and the role of

' For an up-to-date count see www.fishbase.org.
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such sounds in the reproductive process is not known. Nevertheless, sound production is found in
awiderange of families and s pecies and it ap pears to h ave ev olved i ndependently i n m any
groups (e.g., Tavolga 1971; Myrberg 1978, 1981; Zelick et al. 1999; Bass and Ladich 2008).

Sound plays an important role in the lives of many fishes, and many species are themselves
vocal. Over 800 species of fish from 109 families are known to make sounds and this is likely to
be a substantial unde restimate ( Kaatz 2002). O f these 800, ov er 150 species are found in the
northwest A tlantic (Fish and M owbray 1970). A mongst the vocal fishes are some of the most
abundant and important commercial fish species, including Atlantic cod, haddock (Gadidae), and
drum fishes (family S ciaenidae). Aristotle reported h earing sounds from fish (see Volume IV,
Chapter 9 in Historia Animalium),” and Pliny the Elder discussed fish ears and hearing around
2000 years ago (cited in Popper and Dooling 2004). Fish (1954) and Fish and Mowbray (1970)
summarized the earliest work in this field, and this was updated by Moulton (1963) and Tavolga
(1965, 1971) ,bot h o f whom t raced a hi story of t he fieldt hatisn ow know na s M arine
Bioacoustics (Tavolga 1964, 1967). Myrberg (1981), Zelick et al. (1999), and Bass and Ladich
(2008) ha ve pr oduced m ore r ecent r eviews. F ishes pr oduce s ounds w hen t hey a re f eeding,
mating, or fighting and they also make noises associated with swimming. They use a wide range
of mechanisms for sound production, including scraping structures against one another, vibrating
muscles, and a variety of other methods (Tavolga 1971; Zelicketal. 1999; Bass and Ladich
2008).

Behavioral studies have indicated that fishes discriminate be tween calls produced by di fferent
species by means of the pulse interval and pulse number, rather than the frequency (Winn 1964,
1972; Myrberg and Spires 1972). Within a family of fish, such as the cod family, the sounds of
different s pecies of ten differ i nt heir t emporal ¢ haracteristics ( Brawn 1961; H awkins a nd
Rasmussen 1978; Midling et al. 2002). It has been suggested that fish sounds encode information
through temporal patterning since, with few exceptions; they show weak frequency modulation
and are made up of brief low frequency pulses (e.g., Myrberg and Spires 1972; Bass and Ladich
2008). This is consistent with the belief that fishes are specialized in extracting in formation in
the time domain (Fay 1980). However, it is important to remember that changes in the temporal
structure are also accompanied by changes in frequency related to the sound pulse repetition rate.
Recent studies (reviewed by Bass and Ladich 2008) have examined the relevant features of the
calls to conspecifics and have confirmed the importance o f the temporal characteristics of fish
calls.

Fishes p roduce s pecies-specific s ounds ( Hawkins and R asmussen 1978 ; M yrberg and R iggio
1985; Lobel 1998) and individual-specific sounds (Wood et al. 2002). The sounds are often loud
and may dominate sea noise. Fishes of the drum family Sciaenidae may interfere with military
operations that involve passive listening (Fish and M owbray 1970; R amcharitar et al. 2006).
Other s pecies, like the d amselfishes ( Pomacentridae), w hich live on coral reefs, or the gobies
(Gobidae) produce weak sounds that are barely detectable by man but have important biological
significance for the species (Tavolga 1956; Mann and Lobel 1997).

2 The English translation can be found here: http://etext.virginia.edu/etcbin/toccer-
new2?id=AriHian.xml&images=images/modeng&data=/texts/english/modeng/parsed&tag=public&part=4&division
=div2

E-38


http://etext.virginia.edu/etcbin/toccer-new2?id=AriHian.xml&images=images/modeng&data=/texts/english/modeng/parsed&tag=public&part=4&division=div2
http://etext.virginia.edu/etcbin/toccer-new2?id=AriHian.xml&images=images/modeng&data=/texts/english/modeng/parsed&tag=public&part=4&division=div2
http://etext.virginia.edu/etcbin/toccer-new2?id=AriHian.xml&images=images/modeng&data=/texts/english/modeng/parsed&tag=public&part=4&division=div2

Appendix E: Literature Synthesis

Sounds produced by spawning fishes, such as cod, haddock, and sciaenids, are sufficiently loud
and characteristic for them to be used by humans to locate spawning concentrations, and, more
importantly, f or females t o find m ales ( Mok and G ilmore 1983; R amcharitar et a 1. 2006;
Luczkovitch etal. 200 8). T hereisstill a I ack of d etailed know ledge of t he 1 ocation a nd
characteristics of spawning sites of many species and it is not known whether many fish species
return to the same sites each year, or whether site choice is more variable. It is currently difficult
to assess whether spawning sites need special protection from activities such as fishing or high
levels of man-made noise.

Currently, although the characteristics of the sounds, spawning locations, and sound levels are
known for a small number of species, there is a lack of information on the characteristics of the
sounds made by many fishes, their functions, the distances over which the sounds travel, or the
effects of ambient s ound ( both na tural and m an-made) on t heir p ropagation. Itis not known
whether fishes can compensate for high background sound levels by changing the characteristics
of their calls (known as the Lombard Effect, as found in many terrestrial vertebrates; Brumm and
Zollinger 2011 ). H owever, it is know n t hat s ome of t he m ore c ommon ¢ ommercial s pecies
communicate by means of sound. There is a need to identify significant aggregations of sound
producing fishes and consider w hether they need protection, be fore further de terioration takes
place innoise levelsin the sea. There is also a need to identify concentrations o f fishes t hat
might be engaging in acoustic and o ther activities related to th eir long-term fitness—such as
spawning grounds.

As with invertebrates, an e ffort should be made to sample and de scribe sounds made by key
marine fish species. In the first instance, more recordings and observations on a wider range of
species are needed. Some of these studies might be carried out on captive fish, under appropriate
conditions, to allow sound producing behavior to be examined in detail. However, studies are
also required in the wild, where fishes are more likely to show their full range of behavior, and
where behavior may vary in different contexts. Particular families that would benefit from closer
study would include members of the cod family, grunts, drums, herring, shad, and menhaden.

Itis also important t o e xamine the us e of sounds by fishes in order to d efine th e p articular
characteristics of their sounds that are of interest to them and examine the effects of changes in
their a coustic ha bitats. M any f ishes e ngage i n ¢ ommunal s ound pr oducing, givingriseto
choruses. It is most important to examine the impact upon fish choruses and fish communication
of man-made sounds, whether this is through masking the detection and recognition of sounds or
through induced changes in behavior (see Section 10).

Information should be also gathered that might allow prediction of efficacy of detection, such as
seasonal, de mographic, situational, or species di fferences in calling b ehavior. V ulnerability o f
different calls to masking by different sources should be examined (see Sections 10.3 and 10.6).

Questions on Critical Information Needs for Fishes

e What sounds do fishes make and what is the role of sound production, including
descriptions of the sounds from key marine species?
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e What information might allow prediction of efficacy of detection, including seasonal,
demographic, situational, or species differences in calling behavior?

e How vulnerable are different calls to masking or suppression by man-made sound
sources?

e Which fishes might be engaging in acoustic and other activities related to their long-term
fitness, such as spawning, and where do aggregations of them occur?

e Do fishes have the ability to compensate for changing background sound conditions? If
so, how?

6 Sources of Man-Made Sound

To adequately describe sound fields in the areas of interest requires quantitative descriptions of
the kinds of sources of sound that exist, their frequency spectrum, waveform, level, and variation
in both space and time. Such measurements can span a broad frequency range.

Underwater noise also needs to be understood and modeled in terms of the spatial and temporal
fields g enerated b y di fferent s ound s ources, bo th na tural a nd m an-made. T ogether w ith t he
propagation characteristics, such information enables us to provide an inventory—to contribute
to the building of soundscapes for an area. Comprehensive numerical models of the sound field
are r equired, b ased on knowledge and m easurements of t he s ources and of t he pr opagation
environment. Such models can be used to explore the relative significance of different sources,
guide design of further measurements, and provide tools for planning mitigation e fforts where
necessary.

Many fishes (including sharks) and invertebrates are insensitive to sound pressure but sensitive
to particle motion and perhaps also to motion of the substrate. One major issue is the extent to
which p articular s ources g enerate p article m otion t hat m ay be d etected o r af fect fishes an d
invertebrates and at what distances from the source. It is important in modeling sound fields to
consider the particle motions generated as the pressure component (e.g., Sigray and Andersson
2012). This is generally not done and is a major information need.

To model sound fields it is necessary to know the distinctive characteristics of individual sources
in order to examine their effects upon animals and habitats. As discussed in Section 6.1, there are
many different man-made sound sources in the sea, and they can be quite complex in their design
and c¢ haracteristics. It isa lsoi mportantt o unde rstand t he pot ential ¢ hangesi n's ound
characteristics w hen there are multiple s ources o f the same or different types o ccurring at the
same time in the same area.

6.1 Different Man-Made Sound Sources and their Characteristics

6.1.1 Explosions

Explosives are used und erwater in a wide range of applications including the c onstruction or
removal of installations such as offshore oil platforms. A literature synthesis report was produced
for BOEM on the explosive removal of offshore structures (Continental Shelf Associates 2004).
Structure removal typically in volves the use of explosives to s ever platform legs s everal feet
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below the seafloor and in OCS waters it is carried out according to regulatory requirements set
by BOEM. For example, observers must monitor areas around the site before, during, and after
the detonation of explosives.

Explosions differ in a number of ways from | ow-amplitude poi nt s ources of s ound ( Weston
1960). During an underwater explosion a spherical shock wave is produced along with a large
oscillating gas bubbl e t hat r adiates s ound. C onsiderable h eat i s | iberated. M any ex plosives
require prior detonation. At detonation a physical shock front rapidly compresses the explosive
material and advances significantly faster than the sonic velocity of the material. As this front
passes through the explosive, it triggers the release of chemical energy and thus realizes a self-
sustaining wave that builds up to a stable limiting rate of propagation that is characteristic of the
detonating ma terial. T his s elf-sustaining wave, known as a d etonation w ave, di ffers from the
shock wave. A s hort di stance be yond t he e xplosive bl ast, g enerally t aken to be three to ten
diameters of the explosive’s charge, thermal and direct detonation effects from the explosion can
be ignored; the main sources of impact outside this distance are the shock wave and the sounds
generated by the expanding gaseous reaction products.

The pressure wave of underwater explosive detonations is composed of a shock or primary pulse
followed by a series of bubble pulses. The shock pulse has rapid rise time and exponential decay.
Near the source, the pressure rise time for high explosives, such as TNT, is nearly instantaneous
with an e xponential d ecay a fter the initial impulse. In c ontrast, the imp ulse rise time to peak
pressure w ith e xplosives such as bl ack pow der is around a millisecond ( Urick 1983) and the
decay of the impulse following pe ak p ressure is slower. T his rise time a ffects t he frequency
content in the signature of the explosion, with longer rise times lacking the highest frequencies.
There are hundreds o f commercially av ailable e xplosives and many v ariations in the chemical
mixtures of particular types of explosives. Each of them will differ with respect to features like
rise time.

In w ater, explosions from single c harges ha ve b een ex tensively s tudied and are d escribed by
Cole (1948) and Urick (1983). In some instances explosive charges are fired successively, rather
thanina s ingle de tonation, t o m inimize da mage. S haped charges a re c ommonly us ed i n
underwater structure removal to focus the blast energy toward the surface of the component to be
severed.

There are several guidelines for the protection o f aquatic life during the use of explosives in
water (Young 1991; Keevin and Hempen 1997; Wright and Hopky 1998). Yelverton et al. (1975)
looked a t t he r elationship be tween fish s ize a nd t heir r esponse t o unde rwater bl asting. T he
literature s ynthesis r eport f or BOEM on t he e xplosive r emoval of of fshore s tructures i s
especially i nformative o n pr ocedures t o be followed in O CS w aters ( see C ontinental S helf
Associates 2004).

The original shock wave is thought to be the primary cause of harm to aquatic life at a distance
from t he s hot poi nt; t he s ound generated b y t he pul sating bubbl e may also ¢ ontribute
significantly to d amage (Cole 1 948). E xplosions be neath t he s ubstrate may generate s eismic
waves, t ravelling al ong the interface, w hich m ay be d etected b y t hose an imals w ith p article
motion detectors, including benthic fishes.
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The sounds g enerated by und erwater e xplosions may travel g reat d istances. E xplosions w ith
energy yields equivalent to less than 40 kg of TNT can be detected at hydrophones in the deep-
sound channel at distances up to 16,000 km (Prior et al. 2011).

6.1.2 Seismic Airguns

The airgun is the basic sound source used for seismic exploration by the oil and gas industry for
surveys of subsea structures and for general geological exploration. Airguns work by producing
an air bubble from a compressed air supply (e.g., Mattsson et al. 2012).?" The air bubble initially
rapidly expands creating an impulsive signal with a slower rise time to the peak sound pressure
than in e xplosions. T he bubbl e t hen os cillates with de creasing di ameter until it vents to the
surface. The oscillating bubble creates a s eries o f smaller pulses that follow the primary pulse
created by the initial formation of the bubble. The sound impulse generated by a single airgun is
omnidirectional, with greatest energy at low frequencies typically on t he order of 20t0o 50 Hz
with declining energy at frequencies above 200 Hz. Arrays consisting of several air guns, usually
of different sizes, are commonly towed behind vessels during a seismic survey. The interaction
of multiple guns fired simultaneously enhances the primary pulse over the trailing bubble pulses
and, through suitable geometric arrangement, results in vertical focusing of the sound energy.
During the survey, the array is fired at regular intervals (e.g., every 10 to 15 s econds), as the
towing vessel moves ahead. The sound pulse is directed downwards to enter the seabed and the
reflected sound is detected by 1ong h ydrophone arrays s treamed be hind the ve ssel ( streamers)
(Caldwell and Dragoset 2000).

There are two types of seismic survey: 2D and 3D. With 2D surveys, a single streamer and one
or m ore a irguns is de ployed. S ingle a irgun s ources a re us ed oc casionally f or s hallow w ater
geotechnical work (aimed at detecting surficial and shallow sub-bottom features rather than deep
hydrocarbon deposits), though small arrays of a few guns are usually preferred for better pulse
shaping and focusing. Such surveys are used to provide initial images of an area and to indicate
the pr esence o foi landgas. In contrast, 3D s urveys, w hile m ore complicated a nd t ime-
consuming, employ multiple streamers of hydrophones, often spanning a width of many tens of
meters, to give a three-dimensional image of the seabed. The airguns typically cover an area of
tens of s quare m eters, towed a di stance of s everal hundr ed m eters be hind t he s urvey v essel.
These signals are processed to produce a three-dimensional image of the seabed. The spacing of
adjacent survey lines is generally much wider in 2D (sometimes kilometers) than in 3D (usually
a few hundred meters) as the latter requires overlap of adjacent swaths of sea bottom imaging.

The main impulse generated beneath the airgun is the sum of the direct pulse and a very strong
reflected pulse from the sea surface. C onsiderable sound energy is also projected horizontally
from t he airguns. T he source | evel of an airgun a rray m easured i n the far field and b ack
calculated to a point source is up to a zero to peak source level of 260 dB re 1 p Pam but can
vary greatly with the design of an array and the airguns in the array (Richardson et al. 1995).
However, airgun arrays are not point sources but are distributed sources. As such the exposure of
animals very near the array is more likely to be more closely related to the acoustic output of a
single airgun than the whole array (Duncan and McCauley 2000). Most of the energy produced is

*! Images and a further discussion of air guns can be found at
http://www.dosits.org/technology/observingtheseafloor/airgun/.
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inthe 10to 120 Hz bandwidth (Richardson et al. 1995), but higher frequencies do pr opagate
horizontally.

Because of their common use for seismic surveys there is a great deal of information about the
mechanics of airguns, t heir de ployment and ope ration, and the characteristics o f't he aco ustic
signals they generate (e.g., Dragoset 2000; Laws 2012; Mattsson et al. 2012).

When acoustic energy in the water encounters the ocean bottom, a variety of transmission modes
can occur, including both body waves (shear and longitudinal) as well as interface waves such as
head w aves. T he i nterface w aves ¢ an g enerate large v ertical an d h orizontal p article m otion
components w ithin t he seabed atl evelsthatc anb e d etected b y f ishes an d p erhaps s ome
invertebrates.

6.1.3 Impact Pile Driving

Impact pile driving is commonly used for the construction of foundations for a large number of
structures including of fshore wind turbines and offshore structures for the oil and gas industry
(reviewed in Popper and Hastings 2009). The pile is a long tube, stake, or beam that is driven
into the seabed by means of a hydraulic hammer. Sound is generated by direct contact of the pile
with the water as well as by shear and longitudinal ground-borne pathways within the seabed or
through the ground if the pile is on land adjacent to water (e.g., Hazelwood 2012). The substrate
can contribute via direct propagation or interface (Sholte-like) waves. The latter originate at the
water s ediment interface and h ave large v ertical v elocity co mponents that d ecay rapidly with
vertical distance from the interface ( Brekhovskikh and Lysanov 1982). Such waves are much
more lik ely to a ffect b ottom-living fishes t han t hose i n t he w ater ¢ olumn. S hear w aves and
interface waves travel slower than sound waves in the seabed and their peak energy is at lower
frequencies (Dowding 2000).

Of particular c oncern are high energy i mpulsive s ounds generated by i mpact driving of large
diameter steel shell piles (Illingworth & Rodkin 2001, 2007; Reyff 2012). The impulsive sounds
generated by impact pile driving are characterized by a relatively rapid rise time to a maximal
pressure value followed by a decay period that may include a period of diminishing, oscillating
maximal and minimal pressures. See Popper and Hastings (2009) for an extensive review of the
literature on the biological impact of impulsive sound on fish.

Impulses from impact driving of large diameter steel shell pile, such as the 2.44 m (8 ft) steel pile
may have at zero to peak sound pressure levels on the order of over 210 dB re 1 pPa, generally
measured a bout 10 m from t he s ource ( Illingworth & R odkin 2001, 2 007; Laughlin 2006;

Rodkin and Reyff 2008). However, the actual peak sound pressure levels vary substantially and
depend on num erous factors such as pile diameter, hammer size, substrate, etc. The energy in
pile impact impulses is at frequencies below 500 Hz, within the hearing range of most fishes,
with much less energy above 1 kH z (Laughlin 2006; R odkin and Reyff 2008). M oreover, itis
possible t hat t he p ressure 1 evels at s ome d istance fromt he d riven p ile a re greater t han at

locations closer to the pile when sub-surface w aves, generated by the pile, re-enter the water
column and combine with the water-borne signal (Popper and Hastings 2009).
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6.1.4 Dredging

Dredging or mining of materials from the seabed can be conducted by mechanical means or by
suction (see NRC 2002 for a review of marine dredging). Mechanical dredging involves the use
of a grab or bucket to loosen the seabed material and raise it to the sea surface. A bucket dredger
has a co ntinual ch ain o f buckets that s crape the seabed, raise the material to the surface, and
empty the material into the hold of a barge or self-propelled ship. A grab dredger has a large
mechanical grab that is lowered to the seabed to pick up material, lift it, and deposititinto a
barge. A backhoe dredger is a mechanical excavator equipped with a half-open bucket on the end
of an hydraulic arm. In contrast, suction dredging involves raising loosened material to the sea
surface by way o fap ipe and c entrifugal pum p. F irm m aterial m ay r equire pr ior | oosening
through the use of water jets or by a cutter. Suction dredging is most effective for the abstraction
of relatively fine materials like sand and gravel. As large quantities of water are removed there is
a need to remove the excess water at the surface.

Bucket dredges produce a repetitive s equence of sounds generated by winches, bucket impact
with the substrate, bucket closing, and bucket emptying (Dickerson et al. 2001; Robinson et al.
2012). Grab and backhoe dredgers are also characterized by sharp transients from operation of
the m echanical p arts. Suction dr edgers pr oduce a c ombination o f's ounds f rom relatively
continuous s ources including engine and propeller noise from the operating vessel and pum ps
and the sound of the drag head moving across the substrate.

Sound production during excavation is strongly influenced by sediment properties—to excavate
hard, cohesive and consolidated sediment, the dredger must apply greater force to dislodge or
entrain th e m aterial. S ometimes it is necessary to break up the substrate using e xplosives or
hammering before dredging is possible. Underwater sounds due to the use of explosives and rock
breaking b y m echanical act ion can b e co nsiderably s tronger t han those of r outine dr edging
activities (CEDA 2011).

De Jong et al. (2010) reported measurements of radiated noise from Dutch dredgers involved in
the extension to the Port of Rotterdam. Robinson et al. (2011) carried out an extensive study of
the noise generated by a number of trailing suction hopper dredgers during marine a ggregate
extraction. Source levels (a measure of the acoustic noise output) of six dredging vessels were
estimated and an investigation undertaken into the origin of the radiated noise. Source levels at
frequencies below 500 Hz were generally in line with those expected for a cargo ship travelling
at modest speed. Levels at frequencies above 1 kHz were elevated by additional noise generated
by t he a ggregate ex traction p rocess. T he el evated br oadband noi se w as de pendent ont he
aggregate type being extracted with gravel generating higher noise levels than sand. There were
significant differences between source level measurements reported by de Jong et al. (2010) and
Robinson et al. (2011), especially at high frequencies. Both reports estimate the dipole source
levels.

Very little research has been carried out on the effects of sound from dredging on marine life and
information is sparse. Behavioral reactions and masking effects are to be expected, with possible
negative consequences.
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6.1.5 Operating Wind Farms

Sound generated by a wind farm is considered to be much lower during the operational phase
than during construction (Madsen et al. 2006; Thomsen et al. 2006). The greatest source of sound
from wind farms c omes during c onstruction w hen pile driving is used to lay foundations (see
Section 6.1.3). However, whereas construction might affect marine animals for a relatively short
period of t ime, ope rational s ound ha s t he pot ential t o ¢ ause di sturbance ove r m uch | onger
periods.

The pr incipal s ources o f's ound f rom a n op erational w ind f arm a re t he t urbine noi se a nd
maintenance vessel noise (OSPAR 2009). Noise from the turbines is thought to originate in the
nacelle machinery, primarily in the gearbox, and to propagate into the tower and foundations that
couple the sound into the water and seabed. M ost of the noise appears to be generated below
about 700Hz and is dominated by narrowband tones (Wahlberg and Westerberg 2005; Madsen et
al. 2000).

Sound pressure levels within wind farms are not significantly higher than the background noise
(Nedwell etal. 2007a). T he hi ghest 1 evel noted by W ahlberg and W esterberg ( 2005) w as a
narrow band tone at approximately 180 Hz. There is also a particle motion component to sounds
generated by wind farms, the sound c omponent detected by all fishes and sharks ( Sigray and
Andersson 2012).

6.1.6 Vessel Noise

While a complete understanding of the relative contributions of various sources of sound in the
marine environment is lacking, a significant portion of human noise results from the increasing
number of 1 arge and increasingly | arger ¢ ommercial s hips ope rating ove r w ide-ranging
geographic a reas. M ost ve ssels, but pa rticularly 1 arge s hips, pr oduce pr edominately 1 ow
frequency sound (i.e., below 1 kH z) from onbo ard machinery, h ydrodynamic flow around the
hull, and from propeller cavitation, which is typically the dominant source of noise (Ross 1987,
1993). Radiated vessel noise relates to many factors, including ship size, speed, load, condition,
age, and engine type (Richardson et al. 1995; Arveson and Vendittis 2000; NRC 2003). Source
levels of vessels can range from < 150 dB re: 1 pPa m to over 190 dB for the largest commercial
vessels ( Scrimger & H eitmeyer 1991; Richardson et al. 1995; A rvenson and V endittis 2000;
Wales & Heitmeyer 2002; Hildebrand 2009; M cKenna et al. 2012). Note that it is not always
clear whether authors are reporting estimated source levels or radiated noise levels.

Low frequency sounds from ships can travel hundreds o f kilometers and can increase ambient
noise levels in large areas of the ocean, interfering with sound communication in species using
the s ame f requency r ange ove rr elatively 1 arge a reas ( see S outhall 2005, 2012) . T ens of
thousands of large commercial vessels are typically under way at any point in time, concentrated
in hi gh-traffic and port areas and presenting an effectively c ontinuous noise s ource in certain
ocean areas.

Background s ounds ha ve s teadily i ncreased as shipping a nd ot her a nthropogenic us es o f'the
oceans and inland w aters ha ve increased. For instance, in much of the northern he misphere,
shipping noi se is the do minant s ource of und erwater noise b elow 300 Hz (Ross 1987, 1993) ;
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vessel operations have increased over time and as a result have increased low-frequency ambient
noise levels in some areas (see Curtis et al. 1999; Andrew et al. 2002; McDonald et al. 2006).

The number of commercial ships has doubled between 1965 and 2003 t o nearly 100,000 I arge
commercial ve ssels, and s hipping industry analysts forecast that the amount of cargo s hipped
will again double or triple by 2025, w ith an attendant increase in the amount of ambient noise
entering the ocean from commercial shipping (NRC 2003). One of the most serious implications
of this increase in shipping noise is the impact it may have in terms of masking sounds of the
soundscape, including sounds of biological origin, affecting communication between fish.

An Ocean Observing S ystem for l arge-scale monitoring and mapping of noi se throughout the
Stellwagen Bank N ational M arine S anctuary i s ¢ urrently mo nitoring noise f rom s mall a nd
medium sized vessels and other sources and e valuating the impact upon marine mammals and
fishes like the haddock.?”

A report p roduced b y t he International C ouncil f or E xploration of t he S ea (Mitson 1995)
describes t he cr iteria f or r adiated n oise 1 evels t hat m ust b e ach ieved by r esearch v essels,
specifically t hose u sed in fisheries a coustics. T he r eport p rovides at arget s ource 1 evel an d
spectrum t hat has been cited by a n umber o f o ther r esearchers as criteria for avesseltobe
regarded as quiet.

There also may have been a substantial increase in sound levels in coastal waters as a result of an
increase in t he number of s maller p leasure an d r ecreational fishing v essels. H owever, t hese
vessels are not associated with the energy industry, and as they tend to operate close to shore or
in harbors the sound levels are unlikely to have a substantial effect upon offshore waters.

6.1.7 Fishing

Fishing by means of towed fishing gears involves a vessel dragging a net fitted with spreading
and bottom contact devices across the seabed. There is potential for damage to the structure of
the seabed and also to vulnerable or ganisms living on or close to the seabed. These issues are
discussed in a report from the NRC (2002).

Sound is generated both by the towing vessel and by the fishing gear being dragged across the
seabed. Chapman and Hawkins (1969) gave early consideration to the e ffects of these sounds.
The greatest contribution from fishing gears comes particularly from bottom trawls, which are
fitted w ith c hains, rollers, and m etal bobbins that generate i rregular s ounds as they come in
contact with one an other and with the seabed. There are also low frequency (below 100 Hz)
sounds from the warps or cables connecting the trawl to the ship, the trawl doors or spreading
devices, and c ontact with the s eabed. N o publ ished i nformation on a bsolute l evels or typical
spectra is currently available.

Itis evident that many fishes will detect these sounds from fishing gears. H owever, the role
played b y t he di stributed s ounds from a fishing gearinterms of h erding or di recting t he
movements of fishes is poorly understood (Wardle 1983).

22 See http://www.onr.navy.mil/reports/FY 10/npclark.pdf.
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There has long been interest in how the sound radiated by fishing vessels affects fishes (e.g., De
Robertis et al. 2012). There has been particular concern over the reactions of pelagic fishes to
research v essels co nducting ab undance surveys. T hrought he International C ouncil f or
Exploration of the Sea (ICES), low-frequency (1 to 1000 H z) l1imits for the underwater sound
radiated by research v essels w ere r ecommended t o m inimize v essel av oidance (ICES 1995).
Noise-reduced research v essels conforming to these recommendations are substantially qui eter
than their conventionally designed (i.e., not noise-reduced) counterparts over a broad frequency
range (Mitson a nd K nudsen 2003) . H owever, O nae t al. ( 2007) s howed t hat ¢ ontrary t o
expectations, herring showed a stronger behavioral reaction when approached by the G. O. Sars,
a noise-quieted ve ssel, compared to the Johan Hjort, a conventional vessel, with much of the
reaction o ccurring after vessel p assage (see al so D e R obertis et al. 2012). De Robertisetal.
(2008) analyzed de pth distributions of walleye p ollock ( Theragra chalcogramma) d etected by
both conventional (Miller Freeman) and noise-quieted (Oscar Dyson) vessels and found that in
daytime s urveys, s imilar a coustic a bundances w ere obs erved from bot h ve ssels. H owever, a
different depth distribution pattern was observed from the two vessels. In both cases the noise-
quieted vessels were larger than the conventional vessels they replaced. An ICES Study Group is
currently reporting on these and other similar observations.

6.1.8 Sonar

Sonariswidelyus ed by fishing and ot her v essels, i ncluding s hips u sed f or t he s iting of
renewable e nergy de velopments. T ypical s onars i nclude e cho s ounders, f ish-finding s onars,
fishing ne t ¢ ontrol s onars, s ide-scan s onars, mu Iti-beam s onars, and a variety o f's onars f or
mapping t he t opography of't he s eabed. T he p rinciples of s onar op eration a re de scribed b y
Ainslie (2010). Sonars work at frequencies from 10 to 800 kHz with source levels up to and even
exceeding 240d Bre 1 pPa m. Many of them direct their energy downwards, but there is
significant energy travelling horizontally either from the side lobes of the transducer or by scatter
off t he s eabed. S ome s onars are trained hor izontally on t o fish s chools. A Ithough ul trasonic
frequencies are attenuated over short distances by absorption, the contribution to ambient noise is
significant due to the large numbers of such units.

Sonars are generally operated at frequencies well above the hearing ranges of most fishes and
invertebrates, with the exception of some clupeid fishes, including shads and menhaden, which
can detect and respond to ultrasonic frequencies (Dunning et al. 1992; Nestler et al. 1992; Ross
et al. 1995; Mann et al. 1997) (see Section 8.2).

6.1.9 Other Continuous Sounds

Vibratory pile driving produces a continuous sound with peak sound pressure levels lower than
those observed in impulses generated by impact pile driving. The principle of operation is that
counter-rotating, out-of-balance masses rotate in an enclosure attached to the top of the pile. The
rotating masses generate a resultant vertical vibratory force that slowly forces the pile into the
substrate. Sound signals generated by vibratory pile driving usually consist of a low fundamental
frequency characteristic of the speed of rotation of the revolving mass in the vibratory hammer,
typically on the order of 30 Hz, and its higher harmonics (e.g., Laughlin 2006).

E-47



Appendix E: Literature Synthesis

6.2 The Relevant Stimuli

Sound can be measured not only in terms of sound pressure but also in terms of acoustic particle
motion (see glossary in Appendix A) (see also Rogers and Cox 1988; Ellison and Frankel 2012).
As a ve ctor qua ntity with bot h m agnitude a nd di rection, pa rticle motion is th e o scillatory
displacement ( m), v elocity ( m/s), o r a cceleration ( m/s?) of fluid particlesina s ound field.
Although s ome fishes are s ensitive t o s ound p ressure, m ost f ishes a nd 1 nvertebrates de tect
particle motion. It is therefore es pecially important t o e xamine the m agnitudes of both s ound
pressure and particle motion generated at different locations by man-made sound sources.

With some s ources, including both pile drivers and s eismic airguns, it is likely that i nterface
waves, consisting of large particle motions close to the seabed (ground roll), are set up that travel
at speeds different from the speed of sound.

Particle mo tion may b e o f p articular in terest in te rms o f th eir e ffects on b enthic fishes and
invertebrates. These particle motions may act in different directions. While there has been great
interest in the last few years in developing vector sensors for navy applications, particle motion
is not a standard output from propagation models. A clear need is to develop easily used and
inexpensive i1 nstrumentation a nd m ethodologies t o ¢ haracterize pa rticle m otion f rom va rious
sound sources, perhaps concurrent with measures of sound pressure at the same locations.

6.3 Characterization of Man-Made Sound Sources
Questions in Relation to the Characterization of Man-Made Sound Sources

e How can the contributions to the mix of sound in different sea basins from different
sources be compared? What is the best way to draw up meaningful sound inventories?
How does man-made sound affect long-term background sound levels in the oceans?

e Which sound sources have been adequately characterized in terms of the sound fields
they produce? What is already known? Information is required on the characteristics of
the full range of man-made sources and their modification as a result of propagation so
that risk to animals can be assessed, mitigation objectives achieved, and the requirements
for impact assessment met.

e What is the nature of the sound field (spectral, temporal, and spatial) generated by
various industry sound sources, in terms of particle motion as well as sound pressure?
There is a need for more information about propagation through the seabed by means of
interface waves—this is especially relevant to benthic fishes and invertebrates. What is
known about ground roll?

e Are better propagation models required for specific oceanic environments (i.e., shallow,
deep, ice covered, and temperate waters)? Seismic propagation models used by the
industry concentrate on determining bottom characteristics, whereas researchers/
regulators need to know the received levels of sound pressure and particle motion to
which marine animals are exposed in the water column and close to the seabed.

e What are the overall variations in background sound levels (ambient noise) created by
man-made sources that must be incorporated into propagation models? Which
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background sounds are important when considering the masking by that noise of sounds
of interest to animals?

e What is the role of reverberation in the propagation of signals, especially in ice-covered
areas and other confined-space environments where it may exacerbate the potential for
masking?

e How well do sounds from human activities under BOEM’s purview mask biologically-
important signals for fishes and invertebrates? In particular, can the masking effect of
prolonged signal noise sources such as vibroseis, ship noise, dredging, and fixed
platforms for oil and gas extraction be quantified? How can knowledge of the masking
potential of different types of sound be improved?

e What are the diel and seasonal variations in propagation and which regions may have
major effects, particularly in relation to what is known about the behavior of fishes and
invertebrates, many of which show diel and seasonal changes in behavior?

e What are the characteristics of man-made sound sources in the marine environment,
including amplitude and other characteristics (e.g., bandwidth, kurtosis [Henderson and
Hamernik 2012], particle motion, impulse, sound exposure level). How might the
characteristics of these sounds change with propagation over larger distances from the
source?

e What are the appropriate standards for measuring man-made sounds that may have an
impact on fishes and invertebrates, particularly for particle motion?%

7 Sound Exposure Metrics

A variety of metrics exist for the physical description of underwater sounds (e.g., Ellison and
Frankel 2012). It is important to consider the utility of these metrics for investigating the effects
of sounds upon aquatic animals.

7.1  Acoustic Measures and Terminology

Measurement parameters are not well defined for underwater s ounds, e specially for impulsive
sounds. T he D utch r esearch i nstitute, T NO, ha s r ecently publ ished a s et of s tandards f or
measurement and monitoring of underwater sound (see TNO 2011). The document is intended to
provide an a greed upon t erminology and conceptual de finitions for us e i n t he m easurement
procedures f or m onitoring of und erwater noi se, i ncluding t hat a ssociated w ith w ind f arm
construction.

Measurements close to sources are often in the non-linear portion of the sound field especially
for pile drivers and explosions and to some degree for seismic sources. It is in these regions that
damage to fishes and invertebrates may occur. There is a requirement for the following:

e Instrumentation that can operate in the near field, without damage, and used to measure
particle motion as well as sound pressure

3 Subgroups are currently being established by ISO to develop standards for underwater sound sources, including
sounds radiated by ships. An ANSI standard is also currently available.
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e Sound source characterization in the near field
e Identification of the transition point from the near field to the far field.

¢ Information on particle motion amplitudes generated by anthropogenic sources especially
close to the water surface or close to the seabed where the physics of the adjacent media
must be taken into account

¢ Information on the particle motions associated with interface waves and ground roll that
may affect fishes and invertebrates, especially from pile driving and seismic sources

e Measurement a nd a nalysis t echniques a pplicable t o ¢ omplex e nvironments s uch a s
streams, lakes and shallow water

e Investigation of the acoustics of small open tanks of various characteristics

e Development of special wave tubes and other containers where fishes and invertebrates
can be maintained and the characteristics of presented sound stimuli fully described

e Development of f ield sites f ora coustica nd animal te sting th ata re a coustically
comparable t o oc ean s ettings a nd t horoughly ¢ haracterized a nd un der s ubstantial
experimental control

e Simple in strumentation f or me asuring a coustic p article mo tion; p erhapsa s eto f
equipment that can measure all the relevant p arameters that may affect fishes (particle
motion, sound pressure, SEL, root-mean-square [rms], sound pressure level [SPL], etc.)

7.2 Measurements Applicable to Fishes and Invertebrates

There is a particular need to consider which sound metrics are most appropriate for predicting
the effects of sound exposure on fishes and invertebrates (e.g., Ellison and Frankel 2012). Some
sounds are more damaging than others, and for determining the effects of different sounds itis
important to describe the sounds in terms of those features that relate to the damage caused. It
may be appropriate to develop metrics based on the functional hearing groups of fishes (e.g.,
fishes with swim bladders mechanically linked to the ears, fishes with swim bladders not linked
tot he e ars, a nd f ishes w ithout s wim bl adders). M etrics f or f ishes with s wim bl adders
mechanically linked to the ears will likely be referenced to sound pressure, while those without
swim bladders will likely be referenced to particle motion. It is possible that metrics for fishes
with s wim b ladders th at are n ot lin ked to th e e ars mi ght b e b est ¢ haracterized in te rms o f
acoustic pressure and acoustic particle motion, but to a different extent in each species, perhaps
depending upon the position of the swim bladder relative to the ears (Popper and Fay 2011).

Weighting functions need to be defined and refined for a number of fishes or fish categories, as
has been done for marine mammals (Southall et al. 2007; Southall 2012). W eighting functions
are intended to reflect the d egree o fresponse o fthe animal to ar ange of frequencies and to
exclude frequencies that the animal cannot detect. A weighting curve evaluates the importance of
different sound frequencies to the fish. Currently, any weighting functions utilized are based on
fish and invertebrate he aring s ensitivity curves (plotting the 1 owest s ound I evels de tectable at
different frequencies) over the animals’ bandwidth of hearing (this is known as an audiogram;
see glossary in Appendix A). Many audiograms have been obtained under far from satisfactory
acoustic ¢ onditions, of ten us ing a uditory evoked pot ential ( AEP) t echniques. Indeed, m ost
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measures to date do not distinguish between sensitivity to sound pressure and particle motion.
Moreover, the AEP approach does not give actual measures of hearing sensitivity and bandwidth
(frequency range of hearing) since it only registers responses to sound at the ear or in some cases
in the initial points of sound analysis in the brainstem of the central nervous system. The only
true measures of hearing capabilities are those using be havioral techniques, w here the animal
demonstrates that it heard the sound through some behavioral response.

Although audiograms, properly obt ained, ¢ an be used to e stimate how w ell particular s ounds
might be detected under given conditions they do not provide an indication of the responses that
might be elicited or the damage that might be done to the auditory system by particular sounds.

7.3 Sound Exposure Criteria

Studies ar e n eeded t o d ocument a nd qu antify a ny i mpacts upon f ishes a nd i nvertebrates b y
sounds of differing characteristics as well as on the injury caused by noise of equivalent energy
by differing temporal and frequency characteristics.

Questions in Relation to the Impacts of Sources with Differing Characteristics

e What are the characteristics of impulsive sound that make some sources more damaging
than others? Is it the peak amplitude, the total energy, the rise-time, the duty-cycle, or all
of these features that determines whether tissues are damaged? Which characteristics of
continuous sound are most damaging?

e How can we best specify the sound fields generated by particular sources (e.g., sonar,
pile driving) in terms of their effects upon fishes and invertebrates?

e How do we measure and take account of substrate vibration that may affect fishes and
invertebrates close to the seabed?

e How should we deal with cumulative effects from multiple pulses from the same sources
and deal with recovery and the inter pulse interval?

e How do cummulative effects accumulate over time? Do successive presentations increase
damage? Is there is a period of healing if sufficient time passes between sound
exposures?

e What metric is the most appropriate metric to help in understanding the accumulation of
sound energy? Is there a better descriptor than sound exposure level (SEL) that is now
expressed in two forms: the single strike SEL or the cumulative SEL?

e How do we consider in-combination effects from different sources and activities?

8 Effects of Man-Made Sounds: An Overview

A good understanding of the impacts of man-made sound on m arine life is essential to rational
decision making and is an important goal. There are a wide range of potential impacts on fishes
and 1 nvertebrates ( and ot her a quatic a nimals a s w ell), r anging f rom d eath ( mortality) to

behavioral responses. There is no set pattern to when one or another potential impact will occur,
and this may vary depending on m any things, from the source acoustics to the distance of the
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animal from the source (and c onsequent s ound I evel and s pectrum), as well as the state and
motivation of the animal.

Figure 8—1 suggests this kind of relationship, and makes the point that the potential impacts are
overlapping. Thus, close to a sound, where it is of highest intensity, the impact on an animal may
include death, physiological effects, temporary hearing shift, masking, and behavioral responses.
As the animal gets further from the source, the number of potential types of impact decrease. At
greatest distance from the source where the signal is still audible, the only responses may be
behavioral. And, indeed, even within any one class of impact, there may be different responses
depending on the sound level of the man-made sound, what the animal is doing at the time that
the sound is detected, the experience of the animal with that type of sound, and any number of
other factors.

Relationship Between Noise Levels,

Distance, and Potential Effects
quietest

Q
&)
—
=
@ Sound
w Inaudible
Q
X I
Q
=
Relative Distance from Noise Sarthur b Pappes. 2011
Source
Figure 8-1. Relationship between sound levels and potential effects on animals (see text for

discussion).
In ot her w ords, there m ay b e num erous consequences of exposure t o m an-made s ounds t hat
range from no response at all to immediate death. And, in understanding the impact of man-made
sounds on animals, it is critical to take all of these factors into consideration.

Of particular i mportance is the issue of w hen fishes will respond toa sound, assumingitis
detected. Indeed, even ifthere is detection of a sound, there are still questions as to w hether
animals will respond to that sound and w hether the response is significant. In e ffect, one can
consider several levels of detection (R. Dooling, pers. comm.).
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e Detection—the sound is just audible about the background noise (the masker—whether
this be nor mal ambient and/or m an-made). T he relationship be tween s ignal and noi se
(signal-to-noise ratio; SNR) is lowest, meaning that the signal is minimally greater than
the noise.

e Discrimination—the s ound i s s ufficiently  oud above b ackground ( a s ufficiently hi gh
SNR) t hat t he an imal can d iscriminate be tween t wo di fferent s ounds ( e.g., s ounds of
conspecifics versus predators).

e Recognition—the animal can actually determine what the sound is (that is, the animal can
understand the context of the sound).

e Comfortable C ommunication—animals can communicate, fully und erstand signals, and
use sounds normally.

Thus, even 1f an animal de tects a sound, it may not be able to decide w hether the soundis
important or not, and even if that is possible, the animal may not be able to determine if it should
respond. And, above all else, whether an animal may respond or not may very much depend on
the motivational state of the animal. If an animal is feeding or spawning it may not pay as much
attention to an external source as it would if it were at rest.

And, finally, one must take into consideration whether animals will habituate to a sound. In other
words, i fa n a nimal e ncounters a s ound m ultiple t imes a nd 1 earns t hat t he s ound ha s no
immediate consequence, it may raise the threshold for when it will respond to that sound.

As di scussed e arlier, na tural s oundscapes ha ve changed as a r esult of a nthropogenic s ound-
generating activities in the ocean. This may in turn have changed acoustic habitats and may be
having an adverse impact upon invertebrates and fishes.

There is a need to examine what is known about the abilities of fishes and invertebrates to detect
sound. How well can they hear, and how important is sound to them in their everyday behavior,
or for vital activities such as spawning and reproduction?

Key Questions for the Effects of Man-Made Sounds on Species

e Can we identify thresholds for the occurrence of different effects for different species and
be in a position to predict how increasing anthropogenic sound will increase the effects?

e What is the nature of such effects and how do they change with different sound types and
different sound levels?

e Is it possible to develop a broad understanding of physiological effects that are
applicable to different sound sources?

e What are the characteristics of man-made sources that cause detrimental effects; e.g.,
magnitude, rise time, duration, duty-cycle (see Section 6)?

e What is the role of anatomy (e.g., the presence of the swim bladder and other gas spaces
in fishes) producing physiological effects and do animals without air spaces show such
effects?
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The ul timate goal should be to understand the population c onsequences of acoustic e xposure.
Modeling tools are needed to understand population risks from exposure.

Questions for Modeling Tools

e What are the cumulative and in-combination effects of repeated exposure to sounds from
different sources?

e What is the role of habituation, masking, and recovery?

A m ajor un answered q uestion i s w hether t here i s a s ignificanti mpactont he f itness o
individuals within populations that jeopardizes the viability of those populations. The National
Research C ouncil (NRC) addressed t his que stion in its 2003 r eport on m arine m ammals a nd
ocean noise (see NRC 2003), but the principles apply equally to all forms of marine life.

There 1 s 1 ncreasing r ecognition t hat s ub I ethal i mpacts ( e.g., c ommunication m asking a nd
significant behavioral responses) from chronic exposure to sounds are perhaps amongst the most
important ¢ onsiderations f or popul ations o f a nimals, pa rticularly as t hey interact w ith o ther
stressors such as fishing, habitat loss, and pollution.

9 Hearing and Sound Detection

Sound i s i mportant t o fishes a nd ot her a quatic or ganisms. M any fishes, and a t1 east s ome
invertebrates, de pend on sound to communicate w ith one another, detect prey and pr edators,
navigate from one place to another, avoid hazards, and generally respond to the world around
them. In this section, we present a background on sound detection in invertebrates and fishes that
is sufficient for unde rstanding the kind(s) of que stions that must be asked if we are to be tter
understand the effects of man-made sound on these organisms. There are a number of very broad
general questions to ask (listed here) and then there are also more specific questions that deal
with various groups of animals (listed in subsequent sections).

Broad Questions on Hearing and Sound Detection
e Do we know enough about the hearing abilities of fishes and invertebrates?

e How can increased knowledge of their hearing abilities assist us in reducing the effects of
man-made noise?

e How do marine organisms derive information from their acoustic environment? Many
fishes and invertebrates detect particle motion and they may be especially interested in
determining the direction of sources in the horizontal and vertical planes.

Our basic knowledge of the way in which marine or ganisms detect sound and then respond to
different sound stimuli is rudimentary for many invertebrates and fishes.

The i dea t hat animals m ay us e s omething analogous to a coustic daylight (Buckinghametal.
1992) t 0 g ain a n 1 mage of t heir s urroundings 1 s g aining m omentum, but 1itisdi fficultto
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demonstrate empirically in fishes, though it is well known for mammals (Bregman 1990). The
properties of sound in water and the low levels of light penetration below the surface in many
circumstances mean that for some species sound may have replaced light as the principal source
of environmental information.

One of the fundamental problems in most studies of effects of noise on fishes and invertebrates,
and indeed on basic studies of hearing and general bioacoustics, is that the sound field in which
studies are done is often very complex and unlike the sound field that an animal would encounter
in a normal aquatic environment. T he problems arise from the num erous perturbations in the
sound field that results from wall and air interfaces surrounding test tanks, no m atter how large
the tanks might be (see Parvulescu 1964 for a classic discussion of this issue; see also Akamatsu
et al. 2002). As a result, much of the data on responses, behavior, and physiology from otherwise
well-designed studies, leave open questions as to the actual nature of the sound field to which the
animals were exposed, and the stimuli to which they responded.

The ex tent t o w hich the introduction of hi gher background s ound | evels masks the ability o f
marine animals to detect and interpret sound signals from their environment is largely unknown,
as is their r eaction to man-made s ounds. T he better t he know ledge o ne has of hearing a nd
auditory behavior in a species, the better one can define its acoustic habitat. It is evident that for
many species such detailed knowledge is not yet available. Further, for some species, these data
are unlikely to be available in the foreseeable future. Many of the most valuable studies of the
hearing abilities o f aq uatic an imals h ave b een carried outin the free field or at s pecialized
facilities designed to provide appropriate acoustic conditions. Thus, studies have been carried out
in very specialized tanks (Hawkins and M acLennan 1976; Popper et al. 2007; Halvorsen et al.
2011, 2012b; Casper et al. 2012b) or in mid-water in the sea (e.g., Hawkins and Chapman 1975)
where free field conditions exist and sound fields can be mapped. Thus, a prerequisite for studies
intended to resolve the issues raised in this report is that they be done under appropriate acoustic
conditions, where both sound pressure and particle motion can be monitored.

Experimental facilities are required and should have the following characteristics:

e The ¢ haracteristics o f underwater s ounds s hould be r eadily c ontrollable, a nd t he
magnitudes, direction and s patial c haracteristics of particle motion and s ound pressure
should be capable of being manipulated and measured.

e Underwater sounds of high amplitude can be generated.

¢ Quiet a mbient noi se ¢ onditions ¢ an be obt ained a nd di fferent ba ckground noi se
conditions simulated and manipulated.

9.1 Invertebrates

Although there is evidence that a range of invertebrates are sensitive to low frequency sounds it
is not yet clear whether any of them are sensitive to sound pressure, or whether they show the
same level of sensitivity to sounds as other aquatic or ganisms like fishes. M oreover, there has
been v ery little w ork on th e significance o fh earing for i nvertebrates: whether t hese animals
communicate with one another by means of sound, or whether they use sound detection to avoid
predators or capture prey.
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Marine i nvertebrates a re ex tremely ab undant a nd i mportant t o aq uatic eco systems, but ou r
knowledge of their hearing capabilities is relatively poor. We do not know how well many of
them can detect sounds. Offutt (1970) claimed to have measured hearing in American lobster to
pure tones from 10t o 150 H z. The animal was e specially s ensitive to frequencies within the
range of 18 to 75 Hz. More recently, Pye and Watson (2004) reported that immature lobsters of
both sexes detected sounds in the range 20 to 1,000 Hz, while sexually mature lobsters were said
to exhibit two distinct peaks in their acoustic sensitivity at 20 to 300 Hz and 1000 to 5000 Hz.

Although there is a lack of experimental evidence, Pumphrey (1950), Frings and Frings (1967),
and ot hers h ave s uggested t hat m any aquatic invertebrates ¢ an de tect s ounds. T he s ound
receptors m ay be m any and varied, but t wo c lasses of or gan ha ve be en s uggested a s | ikely
candidates. One includes the wide range of statocyst or otocyst organs found in aquatic animals;
the second includes the water flow detectors found in marine invertebrates.

Statocysts are found in a wide range of aquatic invertebrates (Janse 198 0; Laverack 1981). In
these organs, sensory hairs are attached to a mass of sand or calcareous material. Statocysts are
undoubtedly s timulated b y gravity and b y | inear a ccelerations a nd i n m any c ases s erve an
equilibrium function (Schone 1975). However, they are remarkably similar to the otolith organs
in fishes ( though not e volutionarily hom ologous) a nd m ay also s erve to de tect t he pa rticle
motions associated with sound or vibration. E ssentially, it is suggested that the tissues ofthe
animal m ove back and forth as a sound passes t hrough, but the de nse s tatolith 1 ags be hind,
stimulating t he s ensory cilia. C ohen ( 1955) ha s r eported t hat t he s tatocystin t he 1 obsteris
especially sensitive to vibrations of the substratum.

Lovell et al. (2005, 2006) reported that the prawn Palaemon serratus is capable of detecting low
frequency sounds from 100 up to 3,000 Hz. However, there is to date no behavioral evidence of
prawns responding to sounds.

Squid, c uttlefish ( Sepiida), and t he o ctopus ( Octopoda) ha ve complex s tatocysts ( Nixon a nd
Young 2003). Again, because they resemble the otolith organs of fish, it has been suggested that
they m ay also de tect s ounds ( Budelmann 1992 ). It has also b een s uggested t hat t he p aired
statocysts are functionally similar to the vertebrate vestibular s ystem (Williamson 2009). They
may detect both linear and angular a ccelerations, giving the animal in formation on its s patial
orientation a nd r otational m ovements. T he s tatocysts m ay also be involved in he aring. E arly
reports suggested that s quid were attracted to 600 H z tones (Maniwa 1976) and that common
cuttlefish ( Sepia officinalis) ga ve s tartle responsest o 180 Hzs timuli ( Dijkgraaf 1963) .
Behavioral ¢ onditioning e xperiments ha ve ¢ onfirmed t hat E uropean s quid ( Loligo vulgaris),
common oc topus ( Octopus vulgaris) an d co mmon cu ttlefish ¢ an d etect p article a cceleration
stimuli within the range of 1 to 100 Hz, perhaps by using the statocyst organ as an accelerometer
(Packard et al. 1990; Kaifu et al. 2008).

Hu et al. (2009) suggested that bi gfin reef s quid ( Sepiotheutis lessoniana) c ould de tect s ound
pressures using their statocyst organs, but their evidence was weak. More recently Mooney et al.
(2010) obt ained e lectrical r esponses f rom t he s tatocyst or gans of t he 1 ongfin i nshore s quid
(Loligo pealeii) at frequencies between 30 and 500 Hz with lowest evoked potential thresholds
between 100 and 200 H z. T he range of r esponses s uggested t hat t he s tatocystactedasan
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accelerometer. It was suggested that squid might d etect a coustic p article mo tion s timuli from
predators and pr ey as well a s 1 ow-frequency e nvironmental sound s ignatures t hat m ay aid
navigation (see also Mooney et al. 2012).

There are some differences between fish otolith organs and invertebrate statocysts. The chitinous
sensory hairs in crabs are very much larger than the sensory cilia within fish otolith organs (by at
least one order of magnitude), and the attachment and a natomical pos itioning of the hairsis
rather di fferent. M oreover, although de capod statocysts may contain a number of sand grains,
these do not resemble the m assive c alcified ot oliths found in most fish ears. It islikely that
statocysts are less sensitive than otolith organs to the small particle accelerations associated with
propagated sound waves.

Various flow detectors are found in invertebrates. T hey include s ensory cilia, either naked or
embedded within a gelatinous cupula, projecting into the water or situated in pits on t he body
surface, as well as a great variety of other hair-like and fan-like projections from the cuticle,
articulated at t he b ase and co nnected t o t he d endrites o f's ensory cel Is. M ost o ft hese ar e
considered t o b e receivers o fw ater-borne vi bration be cause t hey a re hi ghly s ensitive to
mechanical de formation a nd i n ¢ lose ¢ ontact with t he s urrounding w ater. E xperiments w ith
decapod crustaceans and other invertebrates have shown a wide range of cuticular hair or gans
that are sensitive to oscillatory motion of the water (Laverack 1981; Popper et al. 2001).

Many cephalopods have lines of ciliated cells on their head and arms. In the common cuttlefish
and t he s quid Lolliguncula, e lectrophysiological r ecordings b y Budelmann a nd B leckmann
(1988) have identified these epidermal lines as an invertebrate analogue to the mechanoreceptive
lateral 1 ines of fishes a nd a quatic a mphibians and t hus a s a nother e xample of c onvergent
evolution between a sophisticated cephalopod and vertebrate sensory system. Stimulation of the
epidermal lines with local water displacements generated by a v ibrating sphere causes receptor
potentials that have many features that are known from lateral line microphonic potentials.

It is lik ely that the receptors found in in vertebrates will be mo st s ensitive to low frequencies
(below 100 H z) and that they are especially stimulated in the close vicinity of a sound source
(within the so-called near field, see Section 2) (Mooney et al. 2010, 2012). Whether they respond
to low amplitude sounds, at higher frequencies, from distant sources, must remain in doubt in the
absence o fcl ear ex perimental ev idence. T he t hresholds t hat h ave b een d etected f or t hese
detectors are much lower than those observed from the otolith organs of fishes and seem to fall
short of the sensitivity necessary in a true auditory receptor. No physical structures have yet been
discovered in aquatic invertebrates that are stimulated by sound pressure. We must conclude that
many 1 nvertebrates a re s ensitive t o 1 ocal w ater m ovements and t o 1 ow f requency p article
accelerations ge nerated b y s ources i nt heir ¢ lose vi cinity. S ome i nvertebrates, i ncluding
crustaceans, may be especially sensitive to substratum vibrations. A number of aquatic decapod
crustaceans produce sounds, and P opper etal. (2001) concluded that many are able to d etect
substratum vibration at sensitivities sufficient to tell of the proximity of mates, competitors, or
predators. H owever, w hether t hese i nvertebrates r espond t o pr opagated s ound w aves a t a

distance from the source remains uncertain.
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There is a particular lack of knowledge on the response of plankton and the smaller nekton (free-
swimming organisms showing movements that are largely independent of currents and waves) to
sounds. Such organisms are present in large numbers in the sea and form important components
of marine food chains. Any adverse effects upon the plankton will have effects upon the animals
that graze upon them. Shipping routes and oil and gas developments are moving into waters of
high biological production, where their impact upon plankton and nekton should be examined.

Questions for Hearing in Invertebrates

e Which invertebrates can detect sounds? How well can they detect sounds, and over what
range of frequencies?

e Which organs detect sounds (which are the receptors)?

e Are invertebrates responsive to sound pressure or particle motion?
e Do high level sounds damage these receptors and/or other tissues?
e Can the receptors regenerate if they are damaged?

e Are some invertebrates especially sensitive to substrate vibration?

e Can invertebrates distinguish between sources at different distances or from different
directions?

e Can they distinguish between sounds of differing quality?

e Does hearing loss occur as a result of exposure to sound?

9.2 Fishes

The pr esentation of m easured s ound s timuli t o fishes unde r e xperimental ¢ onditions pr esents
great di fficulties. T he r elationship be tween sound pr essure and pa rticle ve locityi na n
experimental tank is extremely complex, and there is no reliable way of calculating the relative
levels o f'th e tw 0 quantities ( Parvulescu 1964) . B oth pa rameters s hould be m easured, but

calibrated particle motion detectors are not widely available and this measurement is rarely done.
Audiograms (measures of hearing s ensitivity versus frequency) and s ound pressure thresholds
presented in the literature must be treated with great skepticism unless the sound field has been
carefully specified. R elatively few ex periments on the hearing o f fishes have been carried out
under appropriate acoustical conditions and the results from many of the measurements made in
tanks, and expressed solely in terms of sound pressure, are unreliable.

Because of these difficulties, we have provided audiograms only for a few species of fishes, like
the A tlantic cod (Chapman and Hawkins 1973), dab (Limanda limanda), p laice ( Pleuronectes
platessa) (Chapman and Sand 1974), Atlantic salmon (Hawkins and Johnstone 1978), goldfish
(Carassius auratus), and several elasmobranch species (Casper and Mann 2009), which have had
their h earing a bilities e xamined under a ppropriate a coustic ¢ onditions. W e a re s till | argely
ignorant of the abilities of most fish species to detect sound.

Figure 9—1 provides audiograms, expressed in terms of particle displacement, for two species of
flatfish, and for the A tlantic s almon. T he flatfishes do not have a swim bladder or other gas
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bubble t hat w ould increase he aring b andwidth a nd provide s ensitivity t o s ound pr essure. A 1l
studies on flatfishes, to date, demonstrate that they have a relatively narrow bandwidth of hearing
(up to perhaps 300 to 500 Hz), and their sensitivity to sounds at any particular frequency is likely
to be poorer than fishes that have a swim bladder (Chapman and Sand 1974; Casper and Mann
2009).
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Figure 9-1. Audiograms for plaice (Chapman and Sand 1974), dab (Chapman and Sand 1974), and
Atlantic salmon (Hawkins and Johnstone 1978). Acoustic thresholds for all three species
were obtained by cardiac conditioning to pure tones against a natural sea noise
background.

Some fishes ha ve adaptations that give them s ensitivity to s ound pressure as well as p article
motion. These adaptations are gas bubbles near the ear or swim bladder that functionally affect
the ear. One such species is the Atlantic cod, shown in Figure 9-2. At low frequencies (below
110 Hz), hearing in the Atlantic cod is dominated by particle motion, but at higher frequencies
the cod is sensitive to sound pressure. Not all species with swim bladders are sensitive to sound
pressure. For example, there is substantial evidence that Atlantic salmon, shown in Figure 9—1, is
sensitive t o pa rticle m otion ove r t he w hole of i ts f requency range, e ven a t t he i nfrasonic
frequencies below 50 Hz (Hawkins and Johnstone 1978; Knudsen et al. 1992, 1994, 1997).

Some fishes have special structures mechanically linking the swim bladder, which is located in
the abdominal cavity just below the spinal column and kidney, to the ear (e.g., Weberian ossicles
in g oldfish, c atfishes ( Siluriformes), a nd r elatives, f ew o f w hom a re marine) ( Weber 1820;

Popper et al. 2003; Popper and Fay 2011). In other cases, the swim bladder has extensions that
come close to, or may actually contact, portions of the inner ear (e.g., Popper et al. 2003; see
Braun and Grande 2008 for review).
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Figure 9-2. Audiogram for blotcheye soldier fish (Coombs and Popper 1979), goldfish (Jacobs and
Tavolga 1967), and Atlantic cod (Chapman and Hawkins 1973) . The thresholds for
Atlantic cod were obtained by cardiac conditioning to pure tones against a natural sea
noise background. Thresholds for the soldier fish and goldfish were obtained using an
operant conditioning paradigm in a small tank in a sound shielded room.

In s pecies having a gas bubbl e or s wim bl adder, t he bubbl e ¢ hanges v olume in r esponse t o
fluctuating s ound p ressures. T his pr oduces pa rticle m otion at t he e ars t hat, in turn, has t he
potential to cause the sensory epithelium to move relative to the otolith. Fishes with mechanical
connections be tween t he s wim bl adder ( or ot her gas bubbl e) and ear g enerally ha ve 1 ower
thresholds and wider hearing bandwidths than species without such adaptations. This is because
the particle motion is generated much closer to the ear than in species without such connections.
The actual level of the signal when it reaches the ear is sufficient to move the otolith and result in
sound detection.

Fishes w ith t hese ki nds of ¢ onnections 1 nclude s ome of t he s quirrelfishes ( Holocentridae)
(Coombs and Popper 1979), drums, and croakers ( Sciaenidae) (reviewed in R amcharitar et al.
2006). In addition, there is evidence that similar connections may occur in many deep-sea fishes,
including lantern fishes (myctophids) that may use sound, rather than light, to communicate and
find mates (Popper 198 0; Buran et al. 2005; Deng et al. 2011). Indeed, there is e vidence that
mechanical connections between the swim bladder (or other gas bubble) and the inner ear has
evolved 1 ndependently many t imes i n f ishes, and t here i s s ubstantial e vidence t hat s uch
enhancements, as the Weberian ossicles, increase the hearing bandwidth and sensitivity of such
fishes (e.g., Coombs and P opper 1979; Fay and P opper 1999; Popper et al. 2003; Ladich and
Popper 2004).
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The clupeiform fishes (herrings, shads, sardines, anchovies, and menhaden) have a unique and
complex linkage between gas-filled spaces in the head and one region of the ear, the utricle (all
other species that have specialized connections have them with another ear region, the saccule)
(O’Connell 1955; P opper and P latt 1979) . E nger ( 1967) obt ained a t entative a udiogram f or
Atlantic herring (Clupea harengus) in a small tank indicating that the fish was sensitive to pure
tones over the range 30 to 1,000 H z, falling off steeply above 2 kH z (Figure 9-3). AEP studies
on the spotlined sardine (Sardinops melanostictus) in a shallow tank showed a rather narrower
and much less sensitive audiogram ( Akamatsu et al. 2003). Other studies suggested that some
clupeid fishes, i ncluding s hads and m enhaden, c an de tect ul trasound ( sound w ith frequencies
higher than 100 kHz) (Dunning et al. 1992; Nestler et al. 1992; Ross et al. 1995).

Actual hearing sensitivity was determined for the American shad (Alosa sapidissima) by Mann et
al. (1997) (Figure 9-3). American shad showed relatively poor sensitivity to frequencies below 1
kHz (although the authors acknowledged that the thresholds may have been masked by noise)
but found sensitivity to high level sounds at ultrasonic frequencies, to over 180 kHz (see Figure
9-3). Similarly, it has been shown that the menhaden Brevoortia is capable of detecting sound
frequencies from 40 kH zto atleast 80 kH z(Mann etal. 2001). In c ontrast, P acific h erring
(Clupea pallasii) in a shallow tank with immersed sound projectors showed AEP responses up to
5 kHz but never to ultrasonic frequencies (Mann et al. 2005). Responses at frequencies up t o
several kH z w ere found in ot her s pecies o f C lupeinae; t he b ay anchovy ( Anchoa mitchilli),
scaled sardine (Harengula jaguana), and the Spanish sardine (Sardinella aurita) detected sounds
at frequencies up to about 4 kH z (Mann et al. 2001). It seems that within the Clupeidae, only
members of the subfamily Alosinae, which include the shads and menhaden, detect ultrasound.

In some of the earlier literature, a distinction was made between hearing generalists and hearing
specialists. S ome fishes, such as the Atlantic cod, do not fit neatly within either category and
many of those fishes that are sensitive to particle motion may be specialists of a different kind.
This classification has recently been rejected since it does not take into account fishes like the
Atlantic cod, and because of the realization that there is likely to be a gradation in the extent that
fishes use particle motion and pressure in sound detection (Popper and Fay 2011).

Most a udiograms do no t pr ovide r esults for frequencies b elow 20t o 3 0 H z be cause of the
difficulty in obtaining sound projectors that produce undistorted sounds at very low frequencies.
Sand and Karlsen (1986), working with a specially designed tank, have shown that Atlantic cod
are able to detect low frequency linear accelerations, or infrasound, extending below 1 Hz. The
threshold v alues m easured as p article acceleration d ecline ( i.e., s ensitivity i ncreases) at
frequencies be low 10 H z, r eaching the 1 owest value at 0.1 H z. T he authors put forward t he
hypothesis th at f ishes may u tilize in formation a bout th ¢ infrasound patternint hes ea f or
orientation dur ing m igration, a Ithough be havioral r esponses h ave onl y b een s hown when the
source is within a few body lengths ofthe fish. There is also a possibility that infrasound is
being detected by the lateral line as well as the inner ear.

E-61


http://en.wikipedia.org/wiki/Herring
http://en.wikipedia.org/wiki/Shad
http://en.wikipedia.org/wiki/Sardine
http://en.wikipedia.org/wiki/Hilsa
http://en.wikipedia.org/wiki/Menhaden

Appendix E: Literature Synthesis

180
160 ~
N
o
3 140 -
-
et
m
3B 120 +
E v
o
<
§ 100 -
<
—&— Anchoa mitchilli (Bay Anchovy)
80 ~ Alosa sapidissima (American Shad),
Harengula jaguana (Scaled Sardine
—A— Clupea harengus (Atlantic Herring)
60 T L LI | T T T T T T T T T T T T
10 100 1000 10000 100000 1000000

Frequency (Hz)
Figure 9-3. Audiograms for clupeid fishes. Thresholds for the Atlantic herring (Enger 1967) were
determined by monitoring microphonic potentials in the laboratory. Thresholds for
American shad (Mann et al. 1997) were obtained using classical conditioning of heart-
rate in a quiet tank, whereas thresholds for bay anchovy and scaled sardine (Mann et al.
2001) were obtained using AEP methods, also in a quiet tank.

Knudsen et al. (1992, 1994, 1997) later examined juvenile Atlantic salmon and several species of
Pacific salmon and concluded that, close to the source, frequencies in the infrasound range (5 to
10 Hz) were the most efficient for e voking both awareness reactions and avoidance responses.
Similar avoidance responses to infrasound were also shown by downstream migrating European
eels (Anguilla anguilla) (Sand et al. 2000). More recently, Sand et al. (2008) have suggested that
near-field particle motions generated by the moving hull of a ship are mainly in the infrasonic
range, and infrasound is particularly potent in e voking directional avoidance responses. Large
vessels, in particular, may generate especially extensive particle motion fields.

Within th eir r elatively restricted frequency r ange s ome fishes a re qui te s ensitive t o s ounds.
Indeed, in the seathe A tlantic cod is o ften not limited by its a bsolute s ensitivity but by its
inability to detect sounds against the background of natural ambient sea noise. Only under the
quietest sea conditions do Atlantic cod show absolute thresholds (see glossary in Appendix A)
(Chapman and Hawkins 1973). Any increase in the level of ambient sea noise, either naturally as
a result of an increase in wind and waves or precipitation, or from the passage of a ship, results
in an increase in the auditory threshold (a decline in sensitivity). The ability of some fishes to
detect bi ologically i mportant s ignals ( e.g., s ounds from a pr edatororthe s oundsmadeby
conspecifics) will be affected not just by variations in natural ambient noise but will alsobe
masked by any extraneous sounds that raise the level of background noise. It should be noted
that many o f th e d ifferences in s ensitivity s een in th e audiograms o f d ifferent s pecies mig ht
result from variable noise levels prevailing under experimental conditions.
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The hearing abilities of many of the extant species (and entire taxa) of fishes remain completely
uninvestigated. P riority s pecies f or e xamination i nclude t he he rring ( to be r epeated), t he
mackerel, s kates and rays, and j awless fishes like the lamprey.”* Behavioral au diograms are
required for these species under natural and varied noise conditions. Information is especially
lacking on the h earing abilities o f 1arval fishes and on the ch anges that may take place with
growth a nd age. T he i nformation r equirements a re considered be low unde r a num ber o f
headings.

9.3  Anatomy and Mechanics of Sound Detectors in Fishes

There is extraordinary diversity in the structure of the ears of fishes, especially for the regions of
the ear most associated with sound detection—the saccule, lagena, and utricle (Weber 1820; 25
Retzius 1881; Popper et al. 2003; Popper and Schilt 2008). This diversity is well documented in
a classic anatomical study by Retzius (1881), which shows that the size and shapes of these end
organs ( called ot olith o rgans) v aries widely be tween s pecies. T his v ariation e xtends t o t he
internal structures of the end organs including the sensory epithelia and the otoliths themselves
(Popper and Schilt 2008).

Of considerable interest is how the inner ear functions in sound detection. The excitation of the
sensory hair cells on the otolithic end organs is related to relative motion between the epithelia
and the very dense overlying otoliths. There are few recent experimental data to show the nature
of this movement, though a number of studies, some using models, suggest that the motions are
relatively complex, with different patterns related to the frequency and direction of the incident
sound (reviewed by Sand and Bleckmann 2008; Rogers and Zeddies 2008). Factors that certainly
affect ot olith m ovement include the pathway by which the sound gets to the ear—directly as
particle motion or indirectly as particle motion generated by sound pressure acting on the swim
bladder.

There are still numerous questions to be asked about the ears of fishes and how they respond to
sound. It is very likely that the answers will be complicated by the extraordinary interspecific
variation in ear structure (see Retzius 1881; Popper and Schilt 2008) since it is likely that this
variation r eflects, at 1 eastt o s ome d egree, d ifferent r esponse p atterns i n d ifferent s pecies.
However, it is also possible that the differences are not significant in terms of hearing by fishes
since it is possible that the variation reflects different experiments or evolutionary approaches to
sound processing by the ear and each leads to the same ultimate result. Still, without far more
data on aspects of ear function such as the movement patterns of the otoliths, the importance of
the membrane between the sensory epithelium and the otolith, the role of ciliary bundles on the
hair cells of di fferent 1 engths, a nd num erous ot her que stions, it will not be possible to fully
understand the biomechanics of fish ears.

** There is no evidence to suggest whether lamprey and hagfish can hear or not. Both groups have ears that resemble
the ears of other vertebrates (e.g., Popper and Hoxter 1987), but there are sufficient differences in structure that need
substantial testing before it is even clear if these species hear sounds and then use sounds to glean information about
their environment.

* Images from Weber can be seen at http://popperlab.umd.edu/background/index.htm.
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These questions are not critical for understanding the effects of man-made sounds. What is much
more important is the degree of damage that might be done to the auditory system by man-made
sounds (considered in Section 10).

9.4  Additional Questions on Fish Hearing: Fish Functional Hearing
Groups

Understanding effects of sounds on fishes is crucial to evaluating the impact of sound-generating
activities by the energy industry. T hus, in addition the important general que stions m entioned
above, there is also a wide range of additional questions on fish hearing and use of sound that
need to be considered, though not all have the same importance, nor do all give the same broad
amount of information.

One o fthe critical i ssues t o co nsider i s t he i mportance o ft he di versity in t he m orphology,
hearing physiology, and behavior of fishes. However, further study of even a small portion of the
32,000 known species of fish, or even a substantial portion of those in the areas of interest, is
unlikely in the foreseeable future. Thus, it will be important to ask whether sufficient data can be
obtained from a smaller number of species that represent various characteristics found in fishes
and us ed t o m ake hi ghly informed de cisions a bout ot her s pecies. A number of s pecies have
already s hown great p romise a s e xperimental s ubjects i n he aring and s ound e xposure
experiments, but they do not represent a wide and diverse enough range of fishes. Thus, to obtain
the kind(s) of data needed, it is probably best to attempt to delineate the main morphological
characteristics of fishes from a range of different habitats.

Specifically, data are needed for both physostomous and physoclistous species (see glossary in
Appendix A), species living at different depths, species that have different relationships between
gas bubbles and the inner ear, and species with and without swim bladders. Sharks and rays must
be included in future studies.

Questions for Hearing by Fishes

e Can fishes be sorted into different functional hearing groups? And, if so, what are the
main groups?

e Can the hearing characteristics of fishes within these groups be described adequately by
generalized weighting functions?

e What data are needed to generate these weighting functions?

e Are the weighting functions for hearing the same as those for injury?

9.5 Additional Questions on Fish Hearing: Hearing Characteristics
of Fishes

Once fishes have been selected for studies, it is imperative to have far more extensive data on
hearing capabilities. However, as discussed earlier, data must be obtained in highly defined and
understood sound fields, and it may be best to do such studies under free field conditions where
boundaries do not alter the sound (e.g., Parvulescu 1964, 1967). And, most importantly, the data
needed s hould represent act ual h earing capabilities o f fishes rather t han t he k inds o fd ata
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obtained with AEP where data only reflect electrical activity within the ear and the initial stages
of processing of sound in the central nervous system and ignores the critical processing of sound
that takes place before the animal makes a r esponse to indicate that it heard, or did not hear, a
sound. Thus, behavioral audiograms are required for a wider range of animals, obtained under
quiet ¢ onditions, w here t he r atio of pa rticle m otion to s ound pr essure ¢ an be va ried a nd
measured.

Additional Questions about Hearing by Fishes

e What is the frequency range over which pressure and particle motion is detected by
different species?

e What are the behaviorally determined thresholds to sound pressure and particle velocity?
e What are the AEP thresholds to sound pressure and particle velocity?

e How do AEP thresholds differ from behaviorally determined thresholds?

e What are the thresholds and audiograms for different life stages?

e What are the thresholds to biologically relevant sound stimuli?

e How sensitive are fishes to substrate vibrations?

e What is the degree of masking of biologically relevant signals by sea noise and
anthropogenic sounds?

e What is the extent to which directional sensitivity reduces the effects of masking?
e How do fishes discriminate between sounds of differing amplitude and frequency?

e What is their directional sensitivity to sounds?

9.6 Sound Source Perception: Auditory Scene Analysis

Sound is a very critical source of environmental information for most vertebrates (e.g., Fay and
Popper 2000). While sound is often thought of in terms of communication (e.g., speech), perhaps
the most important use of sound is to learn about the surrounding environment. Indeed, humans
and all other vertebrates have auditory s ystems that listen to the acoustic scene and can, from
this, learn a great d eal about the environment and e vents within it ( Bregman 1990; B ass and
Ladich 2008). W hereas the visual scene is restricted by the field of view of the eyes and light
level, the acoustic scene provides a three-dimensional, long distance sense that works under most
environmental conditions. It is therefore likely that hearing evolved for detection of the acoustic
scene (Fay and Popper 2000), and that fishes use sound to learn about their general environment,
the presence of predators and prey, as well as for acoustic c ommunication i n m any s pecies.
Sound is important for fish survival, and anything that significantly impedes the ability of fishes
to detect a biologically relevant sound could lessen survival.

A fundamental concern with respect to man-made sound, therefore, is whether it interferes with
the ability of fishes to detect the acoustic scene, and signals of significance to the animal. Such
interference can lead to an inability to find mates, food, or detect the presence of predators until
it is too late, and survival of individuals and/or populations is therefore at stake.
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In essence, t he i nterference w ith d etection o f't he aco ustic s ceneisa consequence o fnoi se
interfering w ith th e ability o fa fish to hear a biologically relevant s ound. T his is g enerally
referred to as acoustic masking, and it can be thought of in terms of the well-known c ocktail
party effect whereby an individual in a room can hear the person they are speaking with, but the
ability to understand the sounds decreases as background noise at the cocktail party increases—
generally as a result of other speakers or the presence of music (see Section 10.6).

Since man-made sound has the potential to interfere with hearing in fish, it is necessary to better
understand its effects on behavior.

Questions in Relation to the Effects of Sound on Fishes Behavior

e Do fishes use sound other than for communication and sound production (e.g., for
navigation or finding prey)? Do they make use of the acoustic scene?

e How does fish behavior change in the presence of maskers that interfere with detection of
the acoustic scene, and particularly those produced by man-made sounds?

e Do intermittent sounds, such as those produced by seismic exploration or pile driving,
interfere with fish behavior and with the acoustic scene?

e Do sharks use the acoustic scene and, if so, how and can this be masked?

10 Effects of Sound on Fishes and Invertebrates

This s ection c onsiders effects o f m an-made s ound on f ishes a nd i nvertebrates. S ince a Imost
nothing is known about effects of man-made sound on invertebrates, only a very limited number
of studies can be considered here. There are even fewer data on the effects of man-made sound
on elasmobranch fishes, but, as pointed out by Casper et al. (2012a), at least some extrapolation
may be possible for these cartilaginous fishes from knowing about the bony fishes. Since sharks
and rays are a critical part of the ecosystem throughout the oceans of the world, it will be of great
importance to understand effects of man-made sounds on at least some of these species.

10.1 Effects of Sounds on Invertebrates

One q uestion th atis very hard to deal with is th e p otential e ffect o f man-made s ounds on
invertebrates. There are almost no data on he aring by invertebrates, and the few suggestions of
hearing indicates that it is for low frequencies and only to the particle motion component of the
sound field (e.g., Mooney et al. 2010, 2012) . There are no d ata that indicate whether masking
occurs i n invertebrates or to s uggest w hether man-made s ounds w ould ha ve a ny i mpact on
invertebrate be havior. T he one a vailable s tudy, on e ffects of s eismic e xploration on s hrimp,
suggests no behavioral effects from sounds from an air gun array with total capacity 635 in* (10
L) and pressure 2000 psi (13.8 MPa) (Andriguetto-Filho et al. 2005).

There are also no s ubstantive data on w hether high sound levels from pile driving would have
physiological effects on invertebrates. The only potentially relevant data are from a study on the
effects of seismic exploration on snow crabs on the east coast of Canada (Boudreau et al. 2009).
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The preponderance of evidence from this study showed no short or long term effects of seismic
exposure in adult or juvenile animals or on eggs.

Studies by (1982) and R egnault and (1983) de monstrated t he e ffects of
ambient noise (20 to 1,000 Hz) on the growth, r eproduction, a nd m etabolic 1 evel of s hrimp.
Results s howed increased m etabolic r ates and d ecreased food upt ake from e xposure t o noi se
leading t o de layed growth a nd de creased r eproduction i n a ssociation with t ypical | aboratory
noise conditions compared to acoustically isolated tanks.

See Section 10.12.1 for a discussion of potential effects of seismic airguns on invertebrates.

Some Critical Questions in Relation to the Effects of Sounds on Invertebrates

e Which of the key invertebrate species in the regions of interest detect and use sound in
behavior?

e How might man-made sound alter the behavior of these invertebrates?

e What are potential physiological effects of man-made sound on invertebrates, including
those that may not hear sounds?

10.2 Effects of Sounds on Sharks and Rays

There ha ve be en no s tudies ¢ oncerning how m an-made s ounds m ight affect e lasmobranchs,
either b ehaviorally o r p hysiologically. H owever, t hese s pecies h ave w ell-developed e ars and
there is substantial e vidence that they are able to detect and respond to sound, and that sound
plays a major role in their lives (reviewed in Myrberg 1978, 1990, 2001; Casper and Mann 2009;
Casper et al. 2012a). Studies of hearing show that elasmobranchs detect sounds from below 50
Hz to over 500 Hz even though they have no swim bladder or other gas bubble associated with
the ear. Since they have no internal gas chambers, the likelihood of physiological e ffects from
other than the most intense sounds is substantially lower than for fishes with gas bubbles, but
there are likely to be behavioral e ffects associated with masking and, p erhaps at hi gh chronic
sound levels, Temporary Threshold Shift (TTS).

Some Critical Questions on the Effects of Sound on Sharks and Rays
¢ How do elasmobranchs respond to the presence of man-made sound at different levels?
e Is behavior altered when the acoustic scene is masked?
¢ Do high intensity sounds have any physiological effects on elasmobranchs?

10.3 Fish Behavior in the Presence of Man-Made Noise

Perhaps t he m ost i mportant ¢ oncern i s how m an-made s ounds a Iter t he g eneral b ehavior o f
fishes. It is likely that fishes will respond behaviorally to man-made sounds at lower sound levels
than would result in physiological effects. Thus, fishes will show behavioral responses to sounds
at m uch greater d istances f rom t he s ource t han t hose w hich will r esult i n ph ysical i njury.
Changes in behavior could have a population level effect such as keeping fishes from migratory
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routes (e.g., salmon or shad). Issues not only involve detection but also questions of habituation
and how fish, in general, respond to a fright stimulus.

There are very few studies on t he behavior of wild (unrestrained) fishes, and these have been
only on a few species and the data are often contradictory. This lack of data includes not only
immediate effects on fishes that are close to the source but also effects on fishes that are further
from the source.

Several studies have demonstrated that man-made sounds may affect the behavior of at least a
few species of fish. Engas et al. (1996) and Engéas and Lekkeborg (2002) examined movement of
fishes during and after a seismic airgun study although they were not able to actually observe the
behavior of fishes per se. Instead, they measured catch rate of haddock and Atlantic cod as an
indicator of fish behavior. These investigators found that there was a significant decline in catch
rate of haddock and A tlantic c od that l1asted for s everal days a fter t ermination of airgun use.
Catch rate subsequently returned to normal. The conclusion reached by the investigators was that
the decline in catch rate resulted from the fishes moving away from the fishing site as a result of
the airgun sounds.

More r ecent w ork ( Slotte et al. 2004) s howed parallel r esults f or s everal a dditional pe lagic
species in cluding b lue whiting ( Micromesistius poutassou) a nd N orwegian s pring-spawning
herring. Slotte et al. used sonar to observe the behavior of fish schools. They reported that fishes
in the area of the airguns appeared to swim to greater depths after airgun exposure. M oreover,
the abundance of animals 30 to 50 km away from the ensonification increased, suggesting that
migrating fishes would not enter the zone of seismic activity. It should be pointed out that the
results of these studies have b een disputed by Gausland (2003) w ho, in a non -peer-reviewed
study, suggested that catch decline was from factors other than exposure to airguns and that the
data were not statistically different than the normal variation in catch rates over several seasons.

Most recently, Laokkeborg et al. (2012a, b) have reported similar experiments to those described
above, and obtained data that could be interpreted to suggest that some sounds actually result in
an increase in fish catch.

In similar studies, Skalski et al. (1992) showed a 52% decrease in rockfish (Sebastes sp.) catch
when the area of catch was exposed to a single airgun emission at 186 to 191 dB re 1 puPa (zero
to peak sound pressure level) (see also Pearson et al. 1987, 1992). They also demonstrated that
fishes would show a startle response to sounds at a level as low as 160 dB, but this level of sound
did not appear to elicit a decline in catch.

Wardle et al. (2001) us ed unde rwater vi deo and an a coustic tracking s ystem t o e xamine t he
behavior of fishes on a reef in response to emissions from a single seismic airgun, They observed
startle responses and some changes in the movement patterns of fish. Startle responses have been
observed in several fish species exposed to airgun sounds (Hassel etal. 2004; Pearson et al.
1992; Santulli et al. 1999)

In an evaluation of the be havior of free-swimming fishes to noise from s eismic airguns, fish
movement (e.g., swimming direction or speed) was observed in the Mackenzie River (Northwest
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Territories, Canada) using sonar. Fishes did not exhibit a noticeable response even when sound
exposure levels (single di scharge) were on t he order of 175 dB re 1 u Pa’sand zero to peak
sound pressure levels were over 200 dB re 1 p Pa (Jorgenson and Gyselman 2009; Cottetal.
2012).

Culik etal. (2001) and Gearinetal. (2000) s tudied how noi se may affect fish be haviorby
looking at the e ffects o f mid-frequency s ound produced by acoustic devices designed to deter
marine mammals from gillnet fisheries. Gearin et al. (2000) studied responses of adult sockeye
salmon (Oncorhynchus nerka) and s turgeon t o pinger s ounds. T hey found t hat fish did not
exhibit any reaction or behavior c hange to the onset of the s ounds of pingers t hat produced
broadband energy with peaks at 2 kH z or 20 kHz. This demonstrated that the alarm was either
inaudible to the salmon and sturgeon or that neither species was disturbed by the mid-frequency
sound (Gearin et al. 2000). Based on he aring threshold data (see Figure 9-2), it is highly likely
that the salmonids did not hear the sounds.

Culik et al. (2001) did a very limited number of experiments to determine catch rate of Atlantic
herring i n t he pr esence of pingers pr oducing s ounds t hat ove rlapped t he frequency range of
hearing of this species (2.7 kHz to over 160 kHz).*® They found no ¢ hange in catch rate in gill
nets with or without the hi gher frequency (> 20 kH z) s ounds present, although there was an
increase in catch rate with the signals from 2.7 to 19 kH z (a di fferent s ource than the hi gher
frequency s ource). T he r esults c ould m ean t hat t he fish di d not pay a ttention t o t he hi gher
frequency sound, or that they did not hear it, but that lower frequency sounds may be attractive
to fish. At the same time, it should be noted that there were no b ehavioral observations on t he
fish, and so how the fish actually responded when they detected the sound is not known.

Questions in Relation to the Effects of Sound on Fish Behavior
e Are migratory patterns, pathways, and schedules altered?
e Is feeding and/or reproductive behavior disrupted?

e Is access impaired to essential habitat for feeding, reproduction, concealment,
territoriality, communication, or other life processes?

e |s there masking of sounds involved in courtship, predator avoidance, prey capture,
navigation, etc.?

e |s there inhibition of vocal behavior?

e Can man-made sources keep fishes from feeding and/or reproductive sites, thereby
affecting population survival?

o Will fishes approaching migratory routes or feeding/reproductive sites wait for some time
and then continue on when sounds stop (or is there a gap in sound production), thereby
not being affected in the long term?

e Do fishes habituate to man-made sounds so that behavior is not altered?

26 Two different devices were used: one with a range of 2.7 to 19 kHz and another with a range of 20 to 160 kHz.
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e s it possible to predict the levels of man-made sounds that will alter behavior based on
knowing ambient and man-made sound levels and hearing thresholds, and predicting
detection of such sounds?

e What is the behavior of fish schools in the presence of sound sources?

e Are measures associated with only a limited time of day for use of sound sources suitable
ways of mitigation for broad behavioral effects?

e What are the long-term effects of low but detectable, man-made sound sources on
physiology and resultant stress (see Section 10.9)?

A number of questions relating to the masking of sounds are presented in Section 10.6.

Some changes in behavior may have major effects upon fish populations, reducing their feeding
rate and growth r ate, p reventing t heir r eaching s pawning areas at t he ap propriate t ime, o r
interfering with reproductive success. Changes in behavior may also affect fisheries by impairing
the ability of fishers to catch fishes (see Section 10.5).

It is not likely that a single threshold for onset of a behavioral response will be found because
behavior is so varied between and within species, including between fishes of different ages and
sizes, and t he m otivation of t he fishes e xposed t 0 m an-made s ound s ources w ill also vary.
Existing da ta on be havioral r esponses f or m any species do not pr ovide ¢ lear dos e/response
curves. Instead, studies should focus on how animals respond to intense sounds in the short and
long term and whether commercially important species show major behavioral changes during or
after exposure to sound.

A wide range of issues must be considered w hen planning studies of behavioral responses to
sound. Most importantly, the behavioral responses of wild animals to sound will vary widely by
factors i ncluding, but n ot 1 imited t o, s pecies, size a nd a ge ¢ lass w ithina s pecies, an imal
motivation, and the environment. Thus, analysis of behavior becomes very complex.

One of the fundamental truths about behavioral effects is that experiments on a nimals held in
tanks and even large enclosures are highly likely to yield equivocal results. Captive animals do
not show the wide range of behavior observed in wild animals; they tend to behave differently
when enclosed than when they are unrestricted, even when the enclosure is very large (Sara et al.
2007; Mueller-Blenkle et al. 2010; Thomsen etal. 2012). They may also be damaged during
capture, or their behavior may be affected by the circumstances under which they were reared.
Accordingly, to understand the behavior of animals in response to sounds, the responses must be
seen in the context of changes to the natural behavior, which varies from species to species, with
age, and with habitat.

Studying behavior in the field is generally very difficult and expensive, and the results are often
difficult to in terpret (e.g., compare Engds etal. 1996 w ith Lokkeborg etal.2012a,b). The
observations are often made indirectly with sonar or other techniques that cannot discriminate
between species or examine details of individual behavior. While some equipment may provide
more d etailed d ata ( e.g., video or the Dual-Frequency Identification S onar D IDSON, a hi gh
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definition imaging sonar that obtains near-video quality images), their range is often too small to
show the response of fishes over large bodies of water.

Those f ishes s howing more e xtensive mo vements w ill r equire th e d evelopment o f mo re
sophisticated t racking a nd s onar t echniques. T he ove rall a im m ust be t o study t he na tural
behavior patterns of fishes—to undertake long-term studies of the animals in their natural habitat
aimed at describing their normal activities. Then, the response of these animals to sounds can be
examined in their proper context, and in terms of their impact upon t he lives of the animals.
Before, during, and after studies may have particular relevance for examining the effect of new
developments in the a quatic e nvironment ( for e xample, in e valuating t he i mpact of installing
offshore wind turbines or wet renewables).

For be havior studies, carefully controlled tests of the relationship between responsiveness and
sound level—a dose/response curve—are often lacking. In addition to investigating the context
of responsiveness to sound, including the state of the animal, it is important to investigate others
factors, including social behavior, which might affect the response.

A particularly critical i ssue is how s ound e xposure a ffects be havior a nd ul timately s urvival.
Since behavior is species-specific, it will be difficult to generalize from one species to another.
For example, the behavioral e ffects of sound exposure on a schooling pelagic species, such as
herring, might be entirely different than on a territorial coral reef species, such as damselfish.
Pelagic species may avoid sound exposure by swimming away from the source (although, there
is currently no evidence for this for any species). In the case of the highly territorial damselfish,
the sound exposure is likely to result in the fishes retreating into its territory, even if that results
in extended s ound e xposure. J ust a s e xtrapolation from s pecies to species is not appropriate,
extrapolation from population to population is problematic. Behavioral effects will be specific to
the species and the habitat, and even time of year. For instance, a study on the impact of seismic
surveys on cod off of Nova Scotia will not necessarily be informative on the response of Atlantic
cod in the North Sea to seismic surveys. Fishes of different sizes (ages) within a single species
may show differences in behavior.

Other Questions on the Effects of Sound on Behavior and Survival

e Which aspects of the sound source are responsible for behavioral response (i.e., sound
exposure level, peak sound pressure level, frequency content, etc.)?

e What behavioral responses occur when animals are exposed to sound sources?

e Do sounds displace animals from favored habitats? Are the responses species-specific or
do they depend on the prevailing environmental conditions?

e Do long-term industrial operations have an impact on animal residency? If so, which
species are affected and to what extent?

e What is the impact of masking on animal behavior?
¢ Do animals habituate to repeated sound exposure, so that they no longer respond?

e Which species might be representative of other species and worthy of study in the area of
concern?
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10.4 Effects on Populations

Ultimately, it is often the effects upon populations of animals that will determine the outcome of
a risk assessment. The Population Consequences of Acoustic Disturbance model (PCAD model)
defines a rationale for d eveloping assessments of the significance of sub-lethal effects and for
identifying the most important gaps in our knowledge (NRC 2005). The greatest problem is to
attempt to define the functional relationships between behavioral or physiological responses to
sound and the subsequent effects upon populations. It will, however, be a long time before all the
information is acquired to run such models.

There are also important c aveats w hen one 1ooks at potential popul ation 1 evel i mpacts. S tock
assessments often have large inherent statistical variability and uncertainty making it difficult to
detect t rue ¢ hanges i n t he popul ation. F urther developments of m ethodologies for assessing
stocks, perhaps using a combination of visual and acoustic techniques, are required. In addition,
natural variability might confound any observation of man-made impacts on populations.

10.5 Effects on Fish Catches

As discussed in Section 10.3, there is evidence that man-made sound could have an impact on
fish catches. Indeed, catch statistics may provide insight on be havior in response to man-made
noise at relatively low cost. During seismic surveys in the Barents Sea, commercial trawl and
longline catches of Atlantic cod and haddock have been shown to fall by as much as 50% to 80%
(Engés et al. 1996; Leokkeborg and Soldal 1993). Reductions in Catch Per Unit E ffort (CPUE)
were observed for both types of fishing gear. Catch reductions of similar magnitude (52 %) have
also been demonstrated in the hook-and-line fishery for rockfish on the California coast (Skalski
etal. 1992). In contrast, c atches by ot her m ethods ( gill nets) have shown an increase during
exposure to seismic sound (Lekkeborg et al. 2012a, b). It is evident that both gear- and species-
specific e ffects m ay oc cur. T he effectiveness of di fferent fishing gear de pends on di fferent
patterns o f fish b ehavior. F ish cat ches m ay fall b ecause o f'b ehavioral changes a ffecting th e
vulnerability of fishes to capture, not just because fishes have left an area.

There are very few studies of the effects of seismic sounds on catches of invertebrates. Christian
et al. (2003) examined changes in CPUE for snow crab caught in traps and before, during, and
after exposure to an array of airguns. It was concluded that there was no detectable response in
terms of the trap CPUE.

The value of catch statistics in terms o f investigating s hort-term e ffects 1s unknown, but there
may be potential for using catch statistics for examining long-term effects on stocks, species, etc.
To maximize the potential gain of understanding of 1ong-term e ffects through c atch s tatistics,
statistical models such as General Linear Models (GLM) have been proposed because they take
into a ccount t he a ppropriate e nvironmental va riables i nherent i n t he s ystem. It m ay also be
necessary to consider catches from a range of fishing gear for the reasons discussed above. There
has been concern about how the noise or natural variability in the system may be greater than
any seismic impact, which points to a critical need for baseline information in any area. There is
aneed to understand the overall acoustic environment (soundscape) and its natural variability.
Without this knowledge it becomes impossible to provide an accurate context of potential sound
impacts because there is a 1 ack of knowledge of the variability the fishes encounter on a d aily
and s easonal b asis. C hanges i n commercial cat ches a re n ot n ecessarily a good i ndicator of
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population changes because so many different variables can affect them including ocean climate,
regulatory measures applied to the fishery, discarding of fish, and misreporting by fishers. Catch
statistics n eed to b e in terpreted in te rms o f changes t o t he e ntire e cosystem (biological a nd
acoustic). This requires a team o f people with different expertise in catch statistics, aco ustics,
sound propagation, and behavior.

10.6 Effects in Terms of Masking

There is always a background level of sound in the sea, and these normal background (ambient)
sounds w ill ha ve a n i mpact upont he 1 owest s ound I evels t hat a n a nimal ( fish) can he ar.
Interference with the detection of one sound ( generally called the signal) by another sound is
called masking, and the sound that does the masking is generally called the masker. M asking
essentially refers to an increase in the threshold for detection or discrimination of one sound in
the p resence o f an other. In ef fect, t he m asker 1 nterferes w ith t he d etection o f't he s ignal by
increasing the threshold for its detection. The degree of masking is the amount that the threshold
of hearing for the signal is raised by the presence of the masker (see Fay and Megela-Simmons
1999 for a complete review of masking in fish).

There are several levels of masking, as discussed in Section 7, t hat depend on t he level of the
masker and the s ound o f bi ological r elevance to t he r eceiving animal. We can also think of
masking as Energetic or Informational, both of which can have an impact on the behavior of the
listener:

e Energetic masking occurs when the signal is not detected in the presence of a m asker.
An ex ample o f energetic masking would take place in a t rain s tation w here the s ound
from a n onc oming t rain m akes i t i mpossible t o he ar t he s ounds f rom th e s tation
announcer. In this case, the masking sound from the train raises the threshold of detection
for the signal to a point where it is not even detected by the listener.

e Informational masking is where the signal is detectable by the listener, but the presence
of the masker makes it hard to understand the signal (Clark et al. 2009; Dooling et al.
2009), with the difficulty in understanding the signal dependent on the relative levels of
signal and masker (see Section 7).

The s ame m asker can result i n e ither i nformational or e nergetic m asking, d epending on t he
sound level of the masker. In terms of a man-made source, if the source is sufficiently far from a
fish, hearing may not be interfered with at all. If the fish is closer to the man-made source (or the
source gets louder), the fish may first show informational masking where it cannot make out the
content of asignal, e veni fthe fish know st he s ignalis pr esent, a lthough t he d egree of
interference with signal content will depend on the levels of the masker and the sound of interest.
Finally, a very loud man-made sound might cause energetic masking and the signal is no longer
detected. Communication gets more difficult as background sounds increase for all vertebrates
that ha ve be en s tudied, i ncluding fishes and a mphibians ( see di scussion in F ay and M egela-
Simmons 1999), birds (e.g., Dooling et al. 2009), and marine mammals (e.g., Clark et al. 2009).

The bottom line is that to be detected, and to potentially elicit a behavioral change, the sound of
interest must be detectable within the background noise. In general, this means that the sound of
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interest has to be hi gher inlevel t han a mbient noi se (or pe rhaps at a s ubstantially di fferent
frequency) for it to be detectable (e.g., Fay and Megela-Simmons 1999).

There are important caveats as to whether one sound will mask another. For most vertebrates the
greatest amount of masking occurs when the masker is of a similar frequency range to the signal
(see Clark et al. 2009 and Dooling et al. 2009 for summaries of this topic). Thus, a 500-Hz signal
is most heavily masked by a 500-Hz sound or by a signal that is on either side of 500 Hz. Much
less masking o f the 500 -Hz signal will occurifthe maskeris 1,000 H zandevenlessifthe
masker is 2,000 H z. In other words, the bandwidth of the masker, and the energy it has in the
same frequency range as the signal of interest, is critical in determining the amount of masking
that will occur.

For e xample,ifa soundrelevanttoa fishisat600H zandthe threshold ina totally qui et
environment for that frequency is 10 d B, the presence of a 20-dB masker at the same frequency
would result in the hearing threshold of the fish being raised to 30 dB or higher. However, if the
maskerisat 1,500 Hzat the same sound Il evel, there may only be a few dB increase in the
hearing threshold for the signal. T he d egree o f masking d epends on t he frequency difference
between the stimulus and masker and their relative levels.

Investigations of hearing in many vertebrate groups, including fishes, have demonstrated that to
detect a s ignal when it is being masked by ambient noise, the signal has to be a cer tain level
above ambient (Fay 1988). In other words, the likelihood of a fish detecting a signal depends on
its a bility to separate t he s ignal from ba ckground noi se ( the di fference in 1 evel be tween t he
masker and the signal is often referred to as the signal-to-noise ratio).

Realistic masking experiments are required using natural sounds of interest to fish. The maskers
to be used should include sound from anthropogenic sources, including both continuous sound
and 1 nterrupted s ound 1 n di fferent t emporal pa tterns a nd a t di fferent amplitudes. A be tter
understanding is needed of the effects of masking by anthropogenic sources in different fishes.
Experiments should also be done to evaluate the longer-term consequences of masking for fish
behavior and survival.

Masking Questions

e How does masking affect communication in sound producing fishes (and invertebrates),
and are there population level consequences from masking?

e Are models of masking from other systems, such as birds, applicable to predict the level
of masking and detection of anthropogenic sources in fishes?

e At what levels above detection thresholds (masked thresholds) do fishes show responses
to man-made sources?

e How is the detectability of temporal and other patterns that allow fishes to identify and
act upon sounds affected by increased levels of both natural and man-made sound?

e How are discrimination and recognition of sounds affected in the presence of noise?

e How do periodic and intermittent sounds affect masking?
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e What are the biologically relevant sounds, other than communication sounds, that might
be masked?

10.7 Auditory Threshold Shift

Effects on h earing are generally classified as p ermanent o r t emporary. Permanent T hreshold
Shift (PTS) is a permanent loss of hearing and may be a consequence of the death of the sensory
hair cells of the auditory epithelia ofthe ear. To date, there is no evidence that PTS resulting
from intense sound occurs in fish, and it is considered unlikely since fishes are able to repair or
replace sensory hair cells that have been lost or damaged (e.g., Lombarte et al. 1993; Smith et al.
2006). Temporary Threshold Shift (TTS) is a transient reduction in hearing sensitivity caused by
exposure to intense sound.

TTS and masking are temporary hearing impairments of variable duration and magnitude. A fter
termination of a sound causing TTS, normal hearing ability returns over a period that may range
from m inutes t o da ys, depending on m any f actors, i ncluding t he i ntensity and dur ation of
exposure (e.g., Popper and Clarke 1976; S cholick and Y an 2001, 2002; A moser etal. 2004;
Smith et al. 2004a, 2004b, 2006; Popper et al. 2005, 2007). TTS itself is not considered to be an
injury (Richardson et al. 1995; Smith et al. 2006; Southall et al. 2007), although during a period
of TTS, animals may be at some risk to survival in terms of communication, detecting predators
or prey, and assessing their environment. The effects and significance of various levels of TTS
on free-living fishes have not been examined.

TTS has been demonstrated in a range of fish species (e.g., Popper and Clarke 1976; Scholick
and Yan 2001, 2002; Amoser et al. 2004; Smith et al. 2004a, 2004b, 20 06; Popper et al. 2005,
2007) to a diverse array of sounds. However, in all cases TTS was only found after multiple
exposures to very intense sounds (e.g., SPL well over 190 dB re 1 pPa) or long-term exposure
(e.g., tens of minutes or hours) to somewhat less intense sounds. Even when one signal source
caused TTS in some fish or some species, it did not occur in other specimens or other species
(e.g., Popper et al. 2005, 2007; Hastings et al. 2008; Hastings and Miksis-Olds 2012). In most
cases, normal hearing returns within a few hours to several days. There is also evidence that,
given the same type and duration of sound exposure, a much louder sound will be required to
produce TTS in fishes that do not hear well (e.g., striped bass [ Morone saxatilis], sturgeon, and
flatfish) c ompared to fishes that do he ar well (e.g., catfish and goldfish) (Smith et al. 2004a,
2004b).

Current thinking is that since TTS arises from prolonged exposure to sound (though this is not
always so), it is not likely to be of great significance for fishes that pass by a source (or where
the source moves past the fish—e.g., Popper et al. 2007) since the duration of exposure would be
very short. Far greater concern is that when there is chronic noise exposure—where fishes are in
an area where there is a long-term increase in sound level, there may be masking, and in addition
the ability of fishes to hear may also be impaired (e.g., Scholick and Yan 2001, 2002; Smith et
al. 2004a, b, 20006).

While data are limited, it appears that long-term ex posure to moderate increases in man-made
sound may not have any impact on hearing capabilities in fishes that do not have specializations
that enhance their hearing capabilities (e.g., Wysocki et al. 2007).
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Questions on TTS Resulting from Sound Exposure

Is TTS an important consideration in examining the effects of man-made sounds? What
level of hearing loss has significant implications for behavior?

How long does TTS persist after exposure and what is the level of the shift?

What is the best way to measure, present, and interpret TTS? What are the most
appropriate metrics?

Do measures of TTS obtained from behavioral experiments differ from those obtained by
AEP methods?

How relevant is the intermittency of exposure on hearing loss and recovery (e.g., stops
between pile drives)

Are there cumulative and in-combination effects?

Is there full recovery of function after damage (by species)?

Is there ever permanent hair cell loss or PTS after sound exposure?
What is the morphology of TTS (tip link damage, hair cell loss, etc.)?

Does the equivalent of TTS occur in invertebrates that hear?

Questions on Damage to Sensory Hair Cells from High Sound Levels

What is the extent of hair cell loss from various levels and types of sound, and which end
organs are affected?

Is there damage or death of the hair cells?

How long does it take for hair cells to die and recover after exposure?

Does a loss of hair cells correlate with hearing loss (i.e., TTS)?

What percentage of hair cell loss is necessary to generate TTS?

What is the time line of recovery from TTS in relation to hair cell regeneration?
Does damage result from sound pressure or particle motion?

What is the trade-off between time and level for damage?

10.8 Effects on the Lateral Line

The lateral line is a s eries o f'sensory hair c ells?” along the body of the fish that de tects 1 ow
frequency s ounds and w ater motion and i nforms t he fish of objects and other animalsinits
immediate vi cinity (Coombs and M ontgomery 1 999; S and and B leckmann 2008; Webb etal.
2008). T hel ateral 1 ine i s c ritical i n s chooling be havior, i ncluding i n f eeding f or m any

27 These are very similar to the sensory hair cells found in the ears of fishes and all other vertebrates and are
considered to be evolutionarily very closely related in genetics, form, and function (Coffin et al. 2004).
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(Montgomery and Coombs 1996). Thus, short- or long-term damage to the lateral line could have
an impact on fish fitness and survival.

There has been only one study on t he effects of high intensity man-made sounds on t he lateral
line and this showed no damage (Hastings et al. 1996). However, this was to pure tones, which
are unlike mo st man-made sounds, and so the relevance to sounds of concern is not direct. In
addition, a study by Denton and Gray (1989) suggested that very strong water motions near the
lateral 1ine can damage the cupula that overlies the hair cells, and this could result in 1 oss of
lateral line function. However, this study used a mechanical and not an acoustic stimulus and it is
therefore not clear if the results have any relevance to effects of man-made sounds.

At the same time, since the lateral line is so critical to fishes, and since it is a mechanosensory
system that is based on sensory hair cells, there is the p otential that man-made s ounds might
affect it. Investigations of lateral line responses to man-made sounds are thus an imperative.

Some Questions on the Effects of High Sound Levels on the Lateral Line
e Are there any effects on the lateral line from exposure to man-made sound?

e Does the equivalent to TTS occur in the lateral line? And, if so, what is the nature of the
damage and recovery?

e Are there hydrodynamic effects from wakes and pressure gradients?

e |f there is damage, do the hair cells and cupulae regenerate and does function return?
What is the time line of recovery and regeneration?

e Is there full recovery of function after damage?

10.9 Effects in Terms of Stress and Arousal

Animals may show no overt sign o f responding to an environmental stimulus like a chemical
contaminant or anincrease i nnoise but may n onetheless s how ph ysiological ¢ hanges (e.g.,
Slabbekoorn et al. 2010; Kight and Swaddle 201 1). They may, for example, show changes in
heart r ate or br eathing rhythm, or the I evels of pa rticular hor mones i n t he bl oodstream a nd
tissues may change. T his response is often termed stress. There is a need for consistency and
clarity in d escribing s tress. S tress is o ften a n ormal p art o f lif e, in tegral to s timulating a nd
maintaining he althy ne uroendocrine r esponses a nd i mmune s ystem a ctivity ( homeostasis).
Predicting when stress becomes excessive or damaging to the animal remains difficult. Moreover
the very acts of capture, handling, and the taking of samples from an animal may induce the
stress response that is being monitored.

Whether the stress response is beneficial or deleterious depends on the magnitude and duration
of the response and the condition of the animal exposed to the stressor. Prolonged exposure to
stress may result in immune system suppression, reproductive failure, accelerated aging, damage
to D NA, and s lowed growth ( Kight and S waddle 2011) . Various bi omarkers m ay pr ovide
indicators o ft he cas cade o fef fects1 eading f rom b ehavioral ch angest o al terationsi n
reproduction and survival.
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Interpreting s ingle m easurements of e ndocrine r esponsest oa s tressorr equiresa good
understanding of the natural variation in hormones associated with the stress response. In free-
ranging a nimals, where bl ood i s di fficult o r i mpossible t o s ample, i t m ay be ne cessary t o
examine other tissues such as scales or tissue samples. Although levels of stress hormones such
as cortisol in the bloodstream provide relevant information, accumulation in other tissues may
provide s uperior m easures of c hronic s tress b ecause t hey p rovide i ntegrated m easures of the
magnitude and duration of physiological stress responses.

It is clear that fishes may experience acute e ffects to noise, but it is much less certain that it
results in long-term chronic effects (e.g., reviewed in Slabbekoorn et al. 2010). It is the chronic
effects, t hough, t hat m ay be m ore s ignificant. T he t erm allostatic lo ad is a pplied to th e
physiological ¢ onsequences of chronic exposuret o f luctuating or heightened ne ural or

neuroendocrine response that results from repeated or chronic stress. Normally, the body's stress
response, essential f or managing a cute t hreats, 1 s es sential for adaptation, m aintenance o f
homeostasis, and survival. However, repeated responses may damage the body in the long term
(creating t he al lostatic load). T he ef fects c an b e m easured as chemical i mbalances i nt he
autonomic nervous system, central nervous system, neuroendocrine, and immune systems as well
as ¢ hanges 1 n gr owth r ate, pe rturbations in diurnal r hythms, and changes in be havior. T hese
changes may introduce risks to individual fitness including 1oss in reproductive capacity. It is
important t o d istinguish be tween nor mal or tolerable variations in r esponse t o e nvironmental
stress from those changes that will have consequences for survival and reproduction. At present,
critical examination of these long-term changes in fishes as a result of sound exposure is lacking.

Questions for Information Requirements on the Effects of Stress
e Can appropriate assays for stress be applied without causing stress?
e What levels and kinds of sound cause stress in fishes, (level, duration, etc.)?
e What are the effects (chronic, acute) of stress on fishes (level, duration, etc.)?
e What are the effects of stress upon fitness and survival?

10.10 Effects in Terms of Death or Injury

Death and injury are probably the m ost e asily observed and dr amatic end-points in terms o f
responses to sound for fishes (and invertebrates). Strandings are far more likely to be observed
for m arine m ammals, a nd a re not c onsidered here. T here i s onl y t he m ost | imited da ta on

mortality i n f ish. T here ha ve be en s everal r eports f rom C altrans ( 2001) doc umenting f ish
mortality very close to pile driving sources, and there is also documentation that explosions will
kill nearby fish (e.g., Yelverton et al. 1975; Keevin et al. 1997; Govoni et al. 2003, 2008; also
reviewed in Popper and Hastings 2009). However, death has not been documented for exposure
to other sound sources including seismic airguns, dredging, vessel noise, etc. Investigations of
exposure of fish to very high intensity s onars below 1 kH z and from 2 to 4 kH z showed no

mortality (Popper et al. 2007; Halvorsen et al. 2012a). It is highly likely that immediate mortality
will only o ccur in response to ¢ ertain s ound s ources, p erhaps those w ith the m ost r apid rise
times. A dditional information is needed to understand if immediate death is a substantial issue
for fishes exposed to the sounds used in energy-related work.

E-78



Appendix E: Literature Synthesis

Questions for Information Requirements on Sound-Induced Death or Injury
e Which types and levels of sound may result in mortality?
e What physiological effects are the actual causes of mortality?
e Which levels of pressure and particle motion cause mortality?
e s there evidence of any latent or indirect (delayed) mortality?

o Are fish eggs and larvae more susceptible to death or injury than adults?

Since the swim bladder and other gas-filled spaces are likely structures to be damaged, or cause
damage to nearby structures, there are a number of specific questions related to potential effects
of man-made sounds on these structures.

Questions on the Potential Effects of Sound on the Swim Bladder and Other Tissues

e What are the effects of depth and volume of the swim bladder on the degree of injury to
fishes from exposure to intense sounds?

e \What are the effects of sounds with different rise times on the swim bladder and other
organs?

e How do the responses of physostomous fishes compare with those of physoclistous fishes?

e Are there other responses, such as the development of gas bubbles in the blood and other
body tissues?

10.11 Damage to Non-Auditory Tissues

The greater likelihood is that fishes and invertebrates will be injured by high intensity sounds,
and that some of these injuries could result in fatalities over the short term or over a longer term
if animal fitness is compromised. If an animal is injured it may be more susceptible to infection
because of open wounds or compromised immune systems than uninjured animals. In addition,
even if the animal is not compromised in some way, it is possible that the damage will result in
lowered fitness, reducing the animal’s ability to find food or making it more subject to predation.

The actual nature of injuries from exposure to intense sounds is not well understood. With fishes
injured b y explosives t he m ost ¢ ommonly i njured or gani st he gas-filled s wim b ladder
(Yelverton et al. 1975; Keevin and Hempen 1997; Keevin et al. 1997). The swim bladder is a
gas-filled s ac t hat functions as a h ydrostatic or gan allowing the fish to control its buo yancy.
When pressures oscillate rapidly as they do w hen an explosive shock wave passes through the
fish, the s wim bl adder will e xpand a nd ¢ ontract r apidly t o t he point of r upturing. T here i s
evidence that damage to proximate organs, particularly the kidneys (which lie just dorsal to the
swim bladder in most species), can occur (Keevin and Hempen 1997).

Investigations us ing i ntense 1 ow a nd m id-frequency s onars ha ve s hownnot issue da mage
(Popper etal. 2007; Kane etal. 2010; Halvorsen et al. 2012a), and s imilar results have been
found for at least several species of fish after exposure to seismic airguns in a river (Popper et al.
2005; Song et al. 2008).
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In contrast, investigations of salmon exposure to barotrauma have demonstrated a wide range of
effects ( Stephenson et al. 2010). A n abbreviated s et of these e ffects w ere e ncountered w hen
exposing several different species to high intensity simulated pile driving signals (Halvorsen et
al. 2011; Casper etal. 2012b.; Halvorsen etal. 2012b.). T hese e ffects ranged from a s mall
amount of hemorrhage at the base of fins to severe bleeding of various internal organs near the
swim bladder and actual damage to the swim bladder itself. Halvorsen et al. (2011, 2012b) (see
Section 10.12.2) found a clear correlation between the magnitude of the injury and the intensity
of the s ound e xposure. Significantly, C asper et al. (2012b) ha ve de monstrated t hat fish w ill
recover from many of the less severe injuries, suggesting that a single or small injury is not
tantamount to mortality.

Questions about Injury to Non-Auditory Tissues

e Are there effects upon the tissues and organs of animals, other than the ear (for example
to gas volumes or the blood vascular system) from sounds of different levels, spectral
characteristics, and/or rise times?

e What are the differences in injuries between physostomous and physoclistous fish, and
between fishes with and without swim bladders?

e Are these injuries lethal immediately or over time or is there recovery from injury?

e s it possible to discriminate between injuries that are potentially lethal from those that
are not likely to be lethal?

e What are the implications for survival during the recovery process? Is fitness
compromised?

e How long are the recovery periods when fitness is lowered?

10.12 Effects of Specific Sources

10.12.1 Airguns

Christian et al. (2003) concluded that there were no obvious effects from seismic signals on crab
behavior and no s ignificant effects on t he health of adult crabs. They recommended that future
studies should concentrate on egg and larval stages, which might be more vulnerable. Pearson et
al. (1994) had previously found no e ffects of seismic signals upon crab larvae for exposures as
close as I m from the array, where the mean value of the peak sound pressure was found to be
high as 3.51 bar (351 kPa, which corresponds to a zero to peak sound pressure level of 231 dB re
1 pPa). It was concluded that any reduction in zoeal survival as a result of sound exposure was
low.

Payne et al. (2007) examined the effects of seismic sounds upon American lobsters. Exposure of
lobster to very high as well as low sound levels had no effects in terms of immediate or delayed
mortality o r d amage to me chano s ensory s ystems a ssociated with a nimal e quilibrium a nd
posture. H owever s ub-lethal ef fects w ere o bserved w ithr espectt o f eedingan ds erum
biochemistry w ith e ffects s ometimes b eing o bserved w eeks t o m onths a fter e xposure. A
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histochemical c hange was also noted in the he patopancreata of animals e xposed four m onths
previously, which may have been be linked to organ stress.

Andriguetto-Filho et al. (2005) measured bottom trawl catches from a non-selective commercial
shrimp fishery comprising the Southern white shrimp (Litopenaeus schmitti), the Southern brown
shrimp (Farfantepenaeus subtilis), and the Atlantic seabob (Xyphopenaeus kroyeri) (Decapoda:
Penaeidae), before and after the use of an array of four synchronized airguns, with total capacity
6351n® (10 L) and pressure 2000 ps i (13.8 M Pa)No significant de leterious impact of seismic
prospecting was observed for the studied species.

André et al. (2011) suggested, based on s tudies of captive animals, that low frequency sounds
can induce acoustic trauma in cephalopods including permanent and substantial alterations of the
sensory hair cells of the statocysts, the structures responsible for the animals’ sense of balance
and position. The authors concluded that the relatively low levels and short exposure applied in
their study can induce severe acoustic trauma in cephalopods, but this work needs to be repeated
with additional controls.

Studies that have examined the behavior of caged fish have concluded that exposure to airguns
does not cause immediate fish mortality nor obvious short-term deleterious effects (Boeger et al.
2006). Some fishes have shown changes in swimming behavior and orientation, including startle
reactions (Wardle et al. 2001). These startle reactions are brief and transient, and the response
may habituate with repeated presentation of the same sound. Sound can however result in more
pronounced r esponses i ncluding changes i n s wimming be havior, s chooling, a nd di stribution
(Pearson et al. 1992). The horizontal and vertical distributions of both pelagic and ground fishes
have changed during and after airgun operations (Engas et al. 1996; Engas and Lekkeborg 2002;
Slotte et al. 2004; also see Section 10.3).

Reductions in catches of fishes have been observed in commercial line and trawl fisheries both
during and after seismic surveys (Skalski et al. 1992; Lekkeborg and Soldal 1993; Engés et al.
1993, 1996), and these were reviewed in Section 10.3.

McCauley et al. (2003) determined the effects of exposure to an airgun on the sensory hair cells
of fish ears. They found that exposure to multiple shots over several hours produced damage to
the sensory epithelia of the saccule, the major auditory end organ of the ear, in a group of caged
pink s napper ( Pagrus auratus). E vidence for d amage s howed up a s early as 18 hour s pos t-
exposure and was very extensive when fish were examined 58 days post-exposure as compared
to controls.

Popper et al. (2005) investigated the effects of exposure to an airgun array on the hearing of three
fish s peciesi nt he M ackenzie R iver D elta: n orthern p ike ( ESox lucius), br oad w hitefish
(Coregonus nasus), and lake chub (Couesius plumbeus) (see also Cottetal. 2012). Fish were
placed in cages in shallow water and exposed to five or 20 airgun s hots, while c ontrols w ere
placed in the same cage but without airgun exposure. Hearing in both exposed and control fish
were then tested using an AEP response. Threshold shifts were found in exposed fish compared
with c ontrols in the northern pike and lake chub, with recovery within 18 hour s of e xposure,
while t here w as no t hreshold s hift in t he br oad w hitefish. It was concluded t hat t hese t hree
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species w ere not likely to be substantially affected by ex posure to an airgun array in seismic
surveys conducted in rivers as the fish would be exposed to only a few shots.

There has been particular concern over the impact of seismic airguns on the eggs and larvae of
fishes because of their small size and physical fragility. However, there are very few data on the
effects of sounds on fish eggs and larvae. Kostyuchenko (1973) and Booman et al. (1996) found
indications of effects on fish eggs when exposed to an airgun shot at a close distance. Saetre and
Ona ( 1996) o bserved effects of s eismic s ignals on f ish 1 arvae. D alen a nd K nutsen ( 1987)
concluded that so few eggs and fry were present within the very small danger zone around the
airgun t hat t he da mage ¢ aused w ill ha ve no negative ¢ onsequences for f ish s tocks. T hey
calculated that the mortality caused by airguns might amount to an average of 0.0012% a day. In
comparison t o the natural m ortality rate of 5% to 15% a day, the e ffects of seismic-induced
damage would be insignificant.

10.12.2 Pile Driving

There are no substantive data on w hether the high sound levels from pile driving or any man-
made sound would have physiological effects on invertebrates. The only potentially relevant data
are from a study on the effects of seismic exploration on snow crabs on the east coast of Canada
(Boudreau et al. 2009). The preponderance of evidence from this study showed no short- or long-
term effects of seismic exposure in adult or juvenile animals, or on eggs.

The lack of any gas bubbles (such as the fish swim bladder) that would be set in motion by high
intensity sounds may suggest that there would be little or no impact on invertebrates (although,
like fish, if the invertebrates are very close to the source, the shock wave might have an impact
on survival).

The literature on effect of pile driving has been reviewed recently (Popper and Hastings 2009).
Pile driving is a critical issue since it is being encountered more widely and in deeper waters as a
result of construction of wind farms, all of which require driving one or more piles to support
each wind turbine.

Until recently, the bulk of the data on pile driving has come from a series of studies of caged fish
in which animals were exposed to actual pile driving operations and the fish then evaluated for
effects on physiological systems (e.g., Abbott et al. 2005; Caltrans 2010a, 2010b; also reviewed
in P opper and H astings 2009) . T he results of t hese s tudies ha ve be en equivocal due to the
extreme difficulties doing field studies. It is often not possible for the investigators to control the
sound source (e.g., onset, number of strikes, sound level). Moreover, there is a concern that since
virtually all of these studies were done on s almonids, the fish may not have been given time to
acclimate and fill their swim bladders with air before being lowered to depth. Thus, the swim
bladder may not have been full of gas, and this might substantially de crease the likelihood of
effects occurring (Stephenson et al. 2010; Halvorsen et al. 2011, 2012b).

Most recently, Halvorsen et al. (2011, 2012b) reported on a s tudy that examined the effects of
exposure of Chinook salmon (Oncorhynchus tshawytscha) in a laboratory-based tank that is able
to duplicate very high intensity pile driving sounds under acoustic conditions similar to those a
fish would encounter if it were outside the acoustic near field of the sound source. Animals were
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fully acclimated and had full swim bladders be fore testing. T he investigators found that there
was a close 1ink be tween t he e xtent of ph ysiological damage and the intensity of the s ound
source. There were virtually no physiological effects to sounds below an SEL;, of 210 dB re 1
uPa’s,andatthislevel t he onl y effects w ere m inor h emorrhaging that t he i nvestigators
predicted would not have even a minor effect on fish fitness. At an SEL.,, that was a bit higher
(but with sounds given over the same time period), internal injuries started to show up, and when
the level reached 219 dB re 1 uPaz-s there were massive internal injuries that would likely result
in death.

The 1 nvestigators ha ve subsequently extended the study to examine recovery and found t hat
Chinook salmon would have recovered after a number of days even when the SEL,, was as
high as 213 dB re 1 pPa’'s (Casper et al. 2012b). Studies with additional species have shown that
while there is some variation in timing o f the onset o f physiological e ffects, this is always at
SELcum of greater than 203 dB re 1 pPa’s. In flatfish species without a swim bladder, there was
no effect with an SEL,, as high as 216 dB re 1 uPaz-s.

10.12.3 Vessels

Chan et al. (2010) designed a playback experiment to test the effect of vessel noise on predation
risk assessment. They found that in response to playback of boat noise Caribbean hermit crabs
(Coenobita clypeatus) allowed a simulated predator to approach closer to the crabs before they
hid. They concluded that anthropogenic sounds distracted prey and made them more vulnerable
to predation. This is an important finding, as it suggests that quite subtle responses to sound by
an animal may affect its survival. These experiments also point to the importance of examining
particular and significant behavior patterns, rather than simply describing changes in movements
or simple startle reactions.

Vessel noi se pr oduces s ounds i n t he ge neral he aring range of fishes ( Amoseretal. 2004 ).
Continuous exposure (30 minutes) to boat noise has been shown to increase cortisol levels (stress
response) in fishes (Wysocki et al. 2006). TTS has been associated with long-term, continuous
exposure (2 hours), and masked hearing thresholds have also been recorded for fishes exposed to
noise f rom s mall boa ts a nd f erries ( Scholik a nd Y an 2001; V asconcelose ta 1.2007) .
Additionally, vessels (i.e., trawlers, ferries, small boats) can change fish behavior (e.g., induce
avoidance, alter swimming speed and direction, and alter schooling behavior) (Engés et al. 1995;
Engés et al. 1998; Sara et al. 2007). The sounds produced by motor-driven ships cause herring to
dive and swim away from the vessel (Mitson and Knudsen 2003). Paradoxically, research vessels
specially designed to reduce noise can result in an even greater behavioral reaction (Ona et al.
2007). Sand et al. (2008) pointed out that passing ships produce high levels of infrasonic and low
frequency noise (>10 to 1000 H z) and that infrasonic frequencies may be responsible for the
observed avoidance reactions.

11 Current Exposure Criteria

Beyond knowing the potential effects of sound on or ganisms, it is also critical for BOEM, and
other a gencies, to gain knowledge of the l evels of sounds that may b e of potential harm to
animals, as w ell as 1 evelst hat ar e 1 ikely o f no co nsequence. D eveloping s uch criteria o r
thresholds for harm is not possible until there are sufficient data about the effects of sounds, but
once s uch know ledge i s a vailable, s uch c riteria ¢ ould be of 1 mmense va lue. Importantly,
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developing criteria is not limited to fish, or to sounds. There are regulatory criteria for many
man-made s timuli. There are also extensive sets of regulations and criteria to protect humans
from exposure to sounds that could be detrimental (see Rabinowitz 2012 regarding United States
regulatory in formation) and an extensive body of literature on t he ov erall e ffects of noise on
humans (see papers in Le Prell et al. 2012).

In c onsidering effects o fnoi se on fish, t here are t wo a pproaches of i mportance. Oneisthe
development of criteria for behavioral effects—changes in behavior that are perceived as being
potentially harmful to fishes and fish populations in the long term. The behavior may involve
animals moving from feeding sites, changing migration routes, not hearing potential predators,
and other effects likely to be detrimental. The second is effects on physiology and the onset of
some kind(s) of physiological responses (e.g., external or internal bleeding) that has the potential
of harming i ndividual a nimals and popul ations. T he criteria for be havior and ph ysiology are
likely to be very different. Developing these criteria is problematical since there may have to be
different criteria for species that differ in behavior and/or physiology and within a single species
depending on animal size (see Popper et al. 2006; Carlson et al. 2007; Popper and Hastings 2009;
Halvorsen et al. 2011, 2012b).

In d eveloping criteria for p hysiological effects on fish, the critical factors to define are those
sound c onditions t hat r esult i n ons et of ph ysiological effects (Stadler and Woodbury 2009;
Popper and Hastings 2009; Woodbury and Stadler 2008; Halvorsen et al. 2011, 2012b). This is a
point that is much easier to ascertain and quantify than some other point after onset, such as the
amount o f damage that results in 50% of fish dying or some other such statistical value (e.g.,
Yelverton et al. 1975).

At the same time, the problem is more complex than simply looking for onset of physiological
effects. It may be necessary to focus on the onset of those physiological effects that are likely to
be detrimental to animals (e.g., lower fitness). Just as a small scratch on the skin of a human has
little l1ikelihood of any impact on fitness (even without benefit of band-aid and disinfectant), a
small hemorrhage on the skin of a fish or shark may have no bearing on fitness.

As documented in a recent pile driving study (Halvorsenetal. 2011, 2012b) there are wide
ranges of physiological effects ranging from very minor bleeding externally to massive internal
hemorrhaging. Many of these effects do not appear to have any impact on fish survival, and there
may be complete recovery from them (Casper et al. 2012b).

11.1  Current Criteria for Onset of Physiological Effects

The only current criteria in use for onset of physiological effects on fishes are interim criteria
developed on t he United S tates west c oast by the Fisheries H ydroacoustics W orking G roup?®
(see reviews in Stadler and Woodbury 2009; Woodbury and Stadler 2009).%° The interim criteria
are:

% A history of the Fisheries Hydroacoustics Working Group can be found at
http://www.dot.ca.gov/hg/env/bio/fisheries_bioacoustics.htm.

% The actual agreement discussed in this paper can be found at
http://www.dot.ca.gov/hg/env/bio/files/thwgcriteria_agree.pdf.
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e Zero to peak sound pressure level: 206 decibels dB re 1 pPa
e SEL.m:187dBrel uPa2 -s for fishes above 2 grams (0.07 ounces).
e SEL.m:183dBrel uPaz-s for fishes below 2 grams (0.07 ounces).

While these criteria are being used today (see Caltrans 2009), it should be noted that they are
based on very limited experimental data, and they were significantly criticized even before they
were announced (e.g., Hastings and Popper 2005; Popper et al. 2006; Carlson et al. 2007; Popper
and Hastings 2009) because they did not rely on best available science and were based on
incomplete studies of the effects of pile driving.

More recently, controlled studies on the effects of simulated pile driving on Chinook salmon
(Halvorsen et al. 2011; 2012b; Casper et al. 2012b) and other species demonstrated that onset of
physiological response occurs at least 16 dB above the levels being used in the current interim
criteria, and are probably over 23 dB higher (SEL.,,). Unlike current criteria, these data are
based on exposure of fishes to controlled sound, with similar temporal periods for exposure at
different sound levels. One of the significant issues to consider from pile driving or exposure to
any relatively long-duration, intense, man-made sound is whether there is a recovery from
accumulation if there is some period of time between sound exposure. In other words, if a fish is
accumulating an effect over time and there is then a long period of quiet, does the accumulated
effect restart at zero? The only relevant data are from studies of exposure to seismic airguns
where it was shown that there was complete recovery from TTS in several species within 18
hours of exposure (Popper et al. 2005). As part of the current interim criteria for pile driving, a
quiet period of 12 hours is considered to be sufficient for full recovery and the restarting of
accumulation (Stadler and Woodbury 2009).

While there are fewer data for eggs and larvae from pile driving, a recent study examined effects
on flatfish larvae at life stages including a very short period when these fishes have a swim
bladder (the swim bladder is lost after the larval stage in flatfish). Using a device similar to the
one used by Halvorsen et al. (2011, 2012b), Bolle et al. (2012) found no damage to different
larval stages even at an SEL;, of 206 dB re 1 uPaZ-s.

11.2 Behavioral Criteria

The problem in setting behavioral criteria is that there are almost no data on those sound levels
that result in behavioral effects other than startle responses. Moreover, such levels are likely to
vary de pending on nu merous f actors. T hese 1 nclude w hether t he animal de tects t he s ound
(determined by its he aring t hreshold and w hether the s ound is masked by ambient noise; see
Section 10.6), the m otivation of the animal to respond, t he di fferent w ays in w hich di fferent
species respond to a fright stimulus, and even perhaps on s pecies and size (age) of a particular
species. The NMFS (see Caltrans 2009) in their regulation of impact of sound on fishes states
that behavioral impact starts at a sound pressure level of 150 dB re 1 pPa in the form of startle
responses, but tracing the origin of this suggestion has not proved possible (e.g., Hastings 2008).
However, there are almost no be havioral studies that provide guidance, and in even those few
cases w here d ata are available, t he w ork was generally d one w ith fishes i n ca ges o r o ther
enclosures, where in many cases it w as imp ossible to know if the stimulus was the measured
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sound pressure or actually particle motion arising in complex tank acoustics (Parvulescu 1964).
Moreover, animals in such circumstances do n ot be have no rmally and so itisimpossible to
extrapolate from any caged behaviors to wild animals.

Nedwell et al. (2006) have argued that strong avoidance responses by fish start at about 90 dB
above the hearing thresholds of fish. Mild reactions in a minority of individuals may occur at
levels between 0 and 50 dB above the hearing threshold, and stronger reactions may occur in a
majority o findividuals at 1evels be tween 50 a nd 90 dB above t he he aring t hreshold. T hese
figures are largely derived from data available from the application of a fish avoidance system at
a nuclear power station, supplemented by observations from the testing of a fish guidance system
in s hallow r aceways ( Nedwell et al. 2007b) . T here are s ome additional field data from wild
fishes under different conditions to support these assumptions, but few tests have been done at
sound levels sufficiently intense to determine how fishes respond at 90 d B above their hearing
threshold. Exposure was also for a short time and the effects of habituation were not addressed.
Nedwell et al. (2007b) suggested that the best available methodology for evaluating behavioral
effects such as avoidance lies in observations made under actual open water conditions, w here
the movement of individuals is not inhibited by the experimental conditions. Such observations
might be made, for instance, during offshore piling or seismic surveys.

In proposing criteria for several types of sound sources, only the cases where data are available
onr eceived s ound | evels ha ve be en ¢ onsidered. W hen r eceived s ound 1 evel da ta a re not
available, as is the case for many studies, no criteria can be discussed.

Many o f'the questions to be asked about be havior have been discussed at other points in this
document.

Questions about Behavior

e At what sound levels do wild fishes start to show behavioral reactions to man-made
sounds? How does this vary by species, motivation, and other behavioral and
physiological conditions?

e At what sound levels do fishes start to show substantial behavioral reactions that
potentially alter fitness (e.g., change migration routes, move fishes from feeding sites,
alter reproductive behavior)?

e Do different types of sound sources (e.g., seismic versus air gun) elicit different kind(s) of
behavioral reactions or result in onset of behavioral reactions at different sound levels?

e How is fish behavior altered in the presence of masking sounds? How loud does a masker
need to be to impact fish acoustic behavior?

e Are there differences in behavioral responses of sound by fishes of different ages and sex
within a single species?

e How does fish behavior change when there is a maintained increase in the sound level in
an environment?
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12 Noise Regulation

It may in some circumstances be necessary to introduce regulation designed to reduce the impact
of sound on m arine life (e.g., J ohnson, 2012; L ewandowskietal. 2012; T asker 2012). Such
action can be expensive and place penalties upon development. R egulation must therefore rely
on r obust s cientific j ustification. M oreover t he r esults of s uch und erstanding ne ed t o be
effectively communicated to the public so as to foster rational discussion and public support.

An initial important question is whether all proposed noise-making activities are necessary. For
example, are some seismic surveys simply repeating observations made in earlier surveys? How
best can duplication be avoided or prevented? Should noise-making activities be rationed or their
incidence regulated?

Understanding the cumulative and in-combination e ffects of repeated exposure to sounds from
different sources is important in considering noise regulation.

Legislation is moving rapidly to embrace maritime spatial planning and it may be necessary in
the future to set standards for underwater sound production, perhaps on a precautionary basis. In
Europe, t he M arine S trategy Framework D irective al ready r equires E U M ember S tates t o
monitor unde rwater sound an d r egister t he use of s elected m an-made s ources o f u nderwater
sound. B ut c urrently t here i s i nsufficient i nformation t o bui Id a ny rationale f or t he s patial
management of sound-making activities to reduce their impacts on sensitive species or habitats.
The development of sound inventories may enable administrations to refine their knowledge of
the noise being generated and help them to define the threshold values that managers may need
to set legally binding conditions on the generation of sound in the ocean.

13 Mitigation

There are two kinds of mitigation. One involves changes to the sound source to minimize effects.
The other involves the use of biological information to minimize effects.

13.1 Physical Mitigation

Simply min imizing th e n oise a ssociated w ith h uman a ctivities is o ften p ossible, lo gical, and
beneficial. For e xample, e fforts a re ¢ urrently underway w ithin th e International M aritime
Organization to e ngage th e in ternational s hipping in dustry in imp lementing v essel-quieting
technologies.

Questions Related to Physical Methods of Mitigation

e Are there ways of avoiding the use of high level noise-making sources or replacing them
by other less damaging sources? What are the characteristics of sounds that make them
especially damaging to marine life? Can sources be redesigned to make them less
damaging?

e Are there technological alternatives to airguns for oil and gas exploration? Can
alternative sound sources be developed, such as marine vibrators (vibroseis)?
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e What can be done to existing sound sources to reduce unwanted sound? What research
and development might result in quieter sources?

13.2 Biological Mitigation

Knowledge is required of the numbers and distribution of fishes and invertebrates in an area that
will be exposed to man-made sound. If there are vulnerable marine organisms in an area, then
one way of avoiding adverse effects upon them is to avoid sound production when they are there.
This is the basis of the Passive Acoustic Monitoring (PAM) systems that are used for observing
marine mammals (e.g., Mann et al. 2008).

Passive listening to detect the presence o f vulnerable s pecies may b e es pecially i mportant for
mitigation. R ecent de velopmentsi nt heus e ofpa ssivea nda ctive a coustic m onitoring
technologies a round of fshore 1 ndustrial a pplications w ere r eviewed i n an i nteractive f orum
convened in November 2009 by the BOEMRE.*’

However, PAM systems are currently designed for marine mammal detection.

Questions on Passive Acoustic Monitoring Systems
e Can PAM or other similar monitoring systems detect sound-producing fish?

e Is the use of sonar and fish capture techniques more appropriate than PAM for
monitoring the presence of vulnerable fish and shellfish in an area?

e Can fishes and invertebrates be induced to move away from an area, without subjecting
them to stress or injury, in order to allow sounds to be broadcast?

A ¢ ommon pr ocedure for a voiding da mage t o m arine m ammalsi st he us e of r amp-up
procedures, where the sound levels of the sources (airguns or pile drivers) are gradually raised so
that animals have a chance to avoid them by m oving a way. E valuating w hether t he r amp-up
procedure is effective in removing fishes or invertebrates from an area prior to airgun operation
is imp ortant because it is often the only form of operational mitigation applied. It is uncertain
whether ramp-up is effective, given that some fishes and invertebrates may occupy home ranges
and may be reluctant to move, or may be disadvantaged by doing so, while others can move only
slowly—if they can move at all.

Planning th e timin g o f operations ma y b e c ritical in e nsuring effective mitig ation o f n oise
making activities. Indeed, this is likely to be the most effective form of mitigation.

Questions on Biological Mitigation

e Can the efficacy and consequences of ramp-up procedures be evaluated, as well as
signals that produce an aversive alarm response, compared to controls?

3% For examples, see www.acousticmonitoring.org.
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e How do fishes and invertebrates respond to ramp-up or soft-start procedures? Do they
vacate the area where detrimental effects may occur? What are their swimming
capabilities? How long should the ramp-up last to avoid detrimental impact?

e Can spawning seasons or times of the day or night when fishes and invertebrates are
more or less likely to be affected by sound be defined?

e |s there enough information on the biology of the fishes and invertebrates that may be
affected adversely by sound exposure?

14 Coordination

Current s cientific kno wledge m ustbe a pplied ¢ onsistentlyi ns upporting ¢ onservation
management decisions, and the basis for those decisions must be transparent.

There i s an i ncreasing n eed f or i ntegrated a nd r elevant research and d ata s ynthesis an d
coordination.

Access t o ¢ entral | ibraries of recorded and i dentified s ounds c an be o f great he Ip. S haring
experience in this context is essential as, in some cases, an unknown sound at a given site in a
given context may have already been recorded and identified by others.

Automatic d etectors and classifiers can be used for streamline analysis of data. D atabases and
libraries s hould be regularly upd ated on a central s ystem in order to avoid the duplication of
efforts. Int his f ramework, t he 1 mportance of t he w ork of t he D etection-Classification-
Localization W orking G roup must be e mphasized. T his group is e xchanging i nformation t hat
advances understanding of acoustic methods to detect, classify, locate, track, count, and monitor
animals in their natural environment. Currently the emphasis is entirely upon marine mammals.
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Appendix A: Glossary

Absolute t hreshold — the min imum le vel at w hich an acoustic s ignal ( e.g., a p ure to ne) is
detectable by the listener, in a specified fraction of trials (conventionally 50%). The term
implies quiet listening conditions: that is, it represents the irreducible absolute threshold.
In t he p resence of a m asking s ound or noi se, the t erm ° masked t hreshold’ i s m ore
appropriate.

Acoustic intensity — The work done perunitareaand perunittime by a sound wave on t he
medium as it propagates. The units of acoustic energy flux are joules per square meter per
second (J/(m” s)) or watts per s quare meter (W/m?). T he aco ustic energy flux is also
called the acoustic intensity.

Acoustic threshold — See Threshold.

Active acoustic space - In animal communication the acoustic active space is the area over which
a sound from a real-life source remains above detection threshold

Ambient noise — Background noise in the environment, some of which comes from identifiable
sources but some of which does not. Some authors limit the term ambient noise to the
noise background that has no distinguishable sources

Arterial air embolism — Blockage of an artery created by the entrance of air into the circulation
as a result of trauma. Death can occur if an embolus of air obstructs the brain or heart
circulation.

Audiogram — The m easurement of he aring s ensitivity (or lowest s ound 1 evel detectable — see
Threshold) at a number of different frequencies in the hearing bandwidth of an organism.

Auditory Evoked Potential (AEP) — A physiological method for determining hearing bandwidth
and sensitivity of animals without training. Electrodes (wires) are placed on the head of
the animal to record electrical signals (emitted by the ear and central nervous system) in
response to sounds. These signals are low in level and are averaged to raise them above
the ba ckground e lectrical noise. It is not possible to determine auditory thresholds for
fishes which are comparable to behavioral thresholds using this method but it is possible
to gain an idea of the frequency range and to compare the effects of various treatments,
such as exposure to high levels of sound.

Bandwidth — The r ange of frequencies ove r which a s ound i s pr oduced or received. T he
difference between the upper and lower limits of any frequency band.

Continuous s ound — a s ound f or w hich t he m ean s quare sound pr essure is a pproximately
independent of averaging time.

Critical b and — one of a num ber of ¢ ontiguous ba nds of frequency into w hich t he a udio-
frequency range may be notionally divided, such that sounds in different frequency bands
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are heard independently of one another, without mutual interference. An auditory critical
band can be defined for various measures of sound perception that involve frequency.

Critical ratio — The d ifference b etween s ignal s ound pr essure 1 evel (SPL) and noi se s pectral
density level at which the signal is just heard above the noise

Cumulative pressure s quared — The time -integrated value of the s quare of the s ound pressure
over a certain time period.

Decibel (dB) — A logarithmic s cale most commonly for reporting levels of sound. T he actual
sound measurement is compared to a fixed reference level and the numerical value of a
power ratio expressed in decibels is 10 1 0gjo (actual/reference), where (actual/reference)
is a power ratio. Because sound power is usually proportional to sound pressure squared,
the decibel value for sound pressure is 20log;o (actual RMS pressure/reference pressure).
As noted above, the standard reference for und erwater sound pressure is 1 m icropascal
(uPa). The dB symbol is followed by a second symbol identifying the specific reference
value (i.e., dB re 1 p Pa). A difference of 20 dB corresponds to a factor of 10 in RMS
sound pressure.

Ensonification — The words, insonify and ensonify, are often used as synonyms but, in fact, they
have subtle but different meanings. Sonify is a verb that simply means, “to add sound.” It
is traditionally used when sound is added for an effect, either to interpret scientific data
(e.g., a G eiger counter) or to enhance an ex perience (such as to sonify a video game).
When “en” is used as a prefix to a verb to form another verb, then it means “so as to
cover thoroughly” as in enwrap. In contrast, the prefix, “in,” means “within” or “into.”
Examples of “in” added to a verb to form another verb are inlay and input. Likewise
insonify means “to add sound into.”

With r egards t o e xposure t 0 s ound, e mission r efers t o s ound f rom t he s ource a nd
immission refers to sound received by a person or animal. If we are intentionally putting
sound into an animal (or other target) to determine its e ffects on be havior, annoyance,
hearing, etc., then we are insonifying that animal or target. But if sound is being emitted
into a region, for example from a fog horn, then it is ensonifying as far its emission will
travel and it may not insonify anything.

Fall time — The amount of timeittakesto go from the pe ak s ound pr essure t o e ither z ero
pressure or the minimum sound pressure in an impulsive sound wave.

Far field — A region far e nough a way from a source t hat t he s ound p ressure b ehavesin a
predictable way, and the particle velocity is related to only the fluid properties and exists
only because of the propagating sound wave (see Near field).

Frequency spectrum — See Spectrum.

Gas bladder — See Swim bladder.
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Hertz — The units of frequency where 1 hertz = 1 cycle per second. The abbreviation for hertz is
Hz.

Impulse — See Impulse sound.

Impact sound — Transient sound produced when two objects strike each other and release a large
amount of mechanical energy. Impact sound has very short duration but relatively high
peak sound pressure.

Impulse or impulsive sound — Transient sound produced by a rapid release of energy, usually
electrical or chemical such as circuit breakers or explosives. Impulse sound has very short
duration a nd hi gh pe ak s ound pr essure r elative to a ¢ ontinuous s ound of ¢ omparable
mean level

Impulse length — Impulse length can be specified in many ways; an often used definition is the
time between the accumulation of 5% and 95% of the total acoustic energy of a s ingle
impulse event..

Impulse width — The time required to go from a minimum or zero pressure to the peak sound
pressure and then back to the minimum or zero again.

Infrasound — Sound at frequencies b elow t he h earing r ange of hum ans. T hese s ounds ha ve
frequencies below about 20 Hz.

Insonification — Irradiation with sound energy. See ensonification for complete di fferentiation
between insonification and ensonification.

Kurtosis — A statistical measure of the peakedness in a signal or other random variable. In terms
of an impulsive signal, kurtosis gives an indication of how the signal changes over the
duration of the signal. Signals with a high kurtosis tend to have a single peak near the
beginning and a long tail of lower energy, whereas signals with very low kurtosis would
have a uni form di stribution of e nergy. ( See Henderson and H amernik 2012 f or a
discussion of kurtosis as it relates to hearing.)

Lagena — One of the three otolithic end organ of the inner ear of fishes. The precise role of the
lagena i s not de fined, butitislikelythatitisinvolvedin sound detectionin m any
species. The lagena is also found in all terrestrial vertebrates other than mammals, where
it may have evolved into the mammalian cochlea.

Lateral line — A series of sensors along the body and head of fishes that detects water motion.
The lateral line uses sensory hair cells (identical to those in the ear) for detection. The
cells are located in neuromasts that lie either in canals (e.g., along the side and head of
the fish) or freely on the surface in a widely distributed pattern.

Near field — A region closeto asound s ource t hat h as e ither i rregular s ound p ressure or
exponentially increasing sound pressure towards the source, and a high level of acoustic
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particle velocity because of kinetic energy added directly to the fluid by motion of the
source. T his a dditional kinetic e nergy doe s not pr opagate w ith t he s ound w ave. T he
extent of the near field depends on t he wavelength of the sound and/or the size of the
source.

Octave — A doubling of frequency. One octave above 440 H z is 880 H z, whereas one o ctave
below 440 Hz is 220 Hz. Thus, the ratios of frequencies in different octaves is 2:1.

Otolith — Dense calcareous structures found in the otolithic end organs (saccule, lagena, utricle)
of the ears o f fishes. T hey are l ocated nextto sensoryhaircellsoftheear andare
involved in stimulation of the ear for detection of sound or head motion.

Particle acceleration — a time derivative of particle velocity.

Particle velocity — The time rate of change of the displacement of fluid particles created by the
forces exerted on t he fluid by acoustic pressure in the presence of a sound wave. The
units of velocity are meters per second (m/s).

Population Consequences of Acoustic Disturbance Model (PCAD model) — Model that defines a
rationale f or de veloping a ssessments of t he s ignificance of s ub-lethal effects and for
identifying the most important gaps in our knowledge.

Peak am plitude — The ma ximum d eviation b etween t he s ound pr essure a nd t he a mbient
hydrostatic pressure. Sometimes described and measured as half peak to peak.

Peak sound pressure — The highest pressure above or below ambient that is associated with a
sound wave.

Peak o verpressures — Overpressure is t he p ressure ab ove the ambient 1 evel that o ccurs in an
impulse sound such as an explosion. The peak overpressure is the highest pressure above
ambient.

Permanent threshold shift (PTS) — A permanent loss of hearing caused by some kind of acoustic
or other trauma. PTS results from irreversible damage to the sensory hair cells of the ear,
and thus a permanent loss of hearing. A threshold shift that shows no recovery with time
after the apparent cause has been removed.

Plane-traveling wave — A plane wave is an idealized s ound wave that propagates in a single
direction along its longitudinal axis. Theoretically the sound pressure is the same over an
infinite plane that is perpendicular to the direction of propagation.

Physoclists — See Physostomes.
Physostomes — Fish species in which the swim bladder is connected to the oesophagus by a thin

tube. Air to fill the swim bladder is swallowed by the fish and is directed to the swim
bladder. A ir removal from the s wim bl adder is by expulsion through t his tube to the
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esophagus. P hysoclistous fishes have no s uch c onnection. Instead, they add gas to the
swim b ladder using a highly specialized gas s ecreting s ystem called th e rete mirabile,
which lie s in the w all of the s wim b ladder a nd e xtracts g as from th e b lood us ing a
counter-current s ystem, much like that found in the kidney, to remove wastes from the
blood. Removal of gas from the swim bladder occurs by reabsorption into the blood.

Pulse — A transient sound wave having finite time duration. A pulse may consist of one too many
sinusoidal cycles at a single frequency, or it may contain many frequencies and have an
irregular waveform.

Resonance frequency — The frequency at which a system or structure will have maximum motion
when excited by sound or an oscillatory force.

Rise time — The interval of time required for a signal to go from zero, or its lowest value, to its
maximum value.

Saccule — One of the three otolithic end organs of the inner ear. It is generally thought that the
saccule is involved in sound detection in fishes, although it also has roles in determining
body position relative to gravity, its primary role in terrestrial vertebrates.

Shock wave — A propagating sound wave that contains a discontinuity in pressure, density, or
particle velocity.

Sound attenuation — Reduction of the level of sound pressure. Sound attenuation occurs naturally
asa wave travelsina fluid or solid t hrough di ssipative pr ocesses (e.g., friction) t hat
convert mechanical energy into thermal energy and chemical energy.

Sound energy metric — A value that characterizes a sound by some measure of its energy content.

Sound exposure — The integral over all time of the square of the sound pressure of a transient
waveform.

Sound e xposure level (SEL) — The constant s ound level acting for one second, which has the
same amount of acoustic energy, as indicated by the square of the sound pressure, as the
original sound. It is the time-integrated, s ound-pressure-squared level. SEL is typically
used to compare transient sound events having different time durations, pressure levels,
and temporal characteristics.

Sound e xposure s pectral density — The relative energy in each narrow band o f frequency that
results from the Fast Fourier Transform (FFT, a mathematical operation that is used to
express da tar ecorded in the time dom ain as a function of frequency) of a transient
waveform. It is a measure of the frequency distribution of a transient signal.

Sound pressure level (SPL) — The sound pressure level or SPL is an expression of the root mean
square ( RMS) s ound pr essure us ing t he d ecibel (dB) s cale and the s tandard r eference
pressures of 1 u Pa for water and biological tissues, and 20 p Pa for air and other gases.
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The force per unit area exerted by a sound wave above and below the ambient or static
equilibrium pr essure i s ¢ alled t he a coustic pr essure or s ound pr essure. T he uni ts of
pressure are pounds per square inch (psi) or, in the ST system of units, pascals (Pa). In
underwater acoustics t he s tandard r eference i s o ne-millionth o f a p ascal, ¢ alled a
micropascal (1 pPa). The conventional definition of sound pressure level is in terms of
root mean square sound pressure.

Source 1 evel — characterizes t he s ound pow er ( or R MS s ound pr essure) r adiated b y an
underwater sound source expressed in decibels. It is often expressed as the SPL referred
to a standard r eference distance from a point monopole, placed in a 1ossless uni form
medium and extending to infinity in all directions. See Ainslie (2010) for definitions of
zero to peak source level and peak to peak source level.

Spectrum — A graphical display of the contribution of each frequency component contained in a
sound.

Swim bladder — A gas (generally air) filled c hamber found in the abdominal c avity of many
species of bony fish, but not in cartilaginous fishes. The swim bladder serves in buoyancy
control. In many species the swim bladder may also serve as a radiating device for sound
production and/or as a pressure receiving structure that enhances hearing bandwidth and
sensitivity.

Temporary t hreshold s hift (TTS) — A hearing threshold s hift that shows a recovery with the
passage of time after the apparent cause has been removed. Temporary loss of hearing as
a result of exposure to sound over time. Exposure to high levels of sound over relatively
short time periods will cause the same amount of TTS as exposure to lower 1 evels of
sound ove rl ongert ime pe riods. T he m echanisms unde rlying T TS a re not w ell
understood, but there may be s ome temporary damage to the s ensory hair cells. T he
duration of TTS varies de pending on t he nature of the stimulus, but there is generally
recovery of full hearing over time.

Threshold — The hearing threshold generally r epresents the 1 owest signal 1evel an animal will
detect in some statistically predetermined percent of presentations of a signal. Most often,
the threshold is the le vel at which an animal will in dicate d etection 50% o fthe time.
Auditory thresholds are the lowest sound levels detected by an animal at the 50% level.

Total energy dose — The total cumulative energy received by an organism or object over time in
a sound field.

Transient sound — a sound of finite duration for which the sound exposure becomes independent
of integration time when the integration time exceeds that duration.

Utricle — One of the three otolithic end organs of the inner ear of fish (the others are the saccule
and l agena). T he utricle is probably involved in de termining h ead pos ition r elative to
gravity as well as in sound de tection. Itisthe primary s ound d etection r egion in the
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Clupeiform fishes (herrings, shads, sardines, anchovies, and relatives). A utricle is found
in all vertebrates, including humans.

Waveguide — A device for guiding the propagation of waves, such as an air duct.

Weberian o ssicles — A series of bones found in the ot ophysan fishes (goldfish, catfish, and
relatives) that connect the swim bladder to the inner ear. It is generally thought that the
Weberian os sicles act to c ouple the motions of the s wim bladder walls in response to
pressure s ignals to the inner e ar. T hus, t he os sicles are functionally a nalogous to t he
mammalian middle ear bones as acoustic coupling devices.

Zero to peak sound pressure level — Ten times the base ten logarithm of the ratio of the zero to
peak sound pressure to the reference pressure.
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Appendix B: Supplemental Tables for Section 3

Appendix Table B-1

Summary of the Habitat Areas of Particular Concern (HAPC) designated™® in the Atlantic OCS as

shown in Figures 33 to 3-5.

Number of | Average Area |Cumulative Area
Site Name Species HAPCs | Coverage (km?) | Coverage (km?)
10 Fathom Ledge Dolphin Wahoo 1 432 432
Atlantic Cod Atlantic Cod 1 1,125 1,125
Big Rock Dolphin Wahoo 1 103 103
Biscayne Bay 46 19 879
Biscayne National Park 1 880 880
Card Sound Spiny Lobster 1 82 82
Charleston Bump Complex |Dolphin Wahoo 1 82,204 82,204
Coastal Inlets Penaeid Shrimp 40 708 28,337
Continuous Seagrass Snapper Grouper | 2278 2278
complex
Discontinuous Seagrass Snapper Grouper ) 303 605
complex
Dry Tortugas National Park 1 318 318
Florida Bay Spiny Lobster 1 2,820 2,820
Florida Keys National Marine 534 2 11,673
Sanctuary
Gray's Reef National Marine | 79 79
Sanctuary
Hardbottom Spiny Lobster 81 <1 15
Hoyt Hills Snapper Grouper | 1,720 1,720
complex
Islamorada Hump Dolphin Wahoo 1 198 198
Lydonia Canyon Tilefish 2 39 77
Mangroves Snapper Grouper 2874 <1 400
complex
Marathon Hump Dolphin Wahoo 1 406 406
Norfolk Canyon Tilefish 1 58 58
Oceanographer Canyon Tilefish 1 144 144
Patch Reef Spiny Lobster 1565 <1 45
Perm Sec Nursery Areas Penaeid Shrimp 48 4 212
Permanent Secondary Penaeid Shrimp 43 4 212
Nursery Areas
Phragmatopoma (worm reefs) 112 58 6,464
Platform Margin Reef Spiny Lobster 754 1 388
Primary Nursery Areas Penaeid Shrimp 767 1 471
SEAMAP Hard Bottom Snapper Grouper 42 62 2,601
complex
SEAMAP Nearshore Hard 42 62 2,601
Bottom
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Number of | Average Area |Cumulative Area
Site Name Species HAPCs | Coverage (km?) | Coverage (km?)
SEAMAP Offshore Hard 450 1 4,747
Bottom
SS Nursery Areas Snapper Grouper 63 4 279
complex
Sandbar Shark Sandbar Shark 5 4,029 20,147
Special Management Zones |Snapper Grouper 5 10 571
complex
Special Secondary Nursery  |Snapper Grouper 63 4 279
Areas complex
The Point Dolphin Wahoo 1 3,805 3,805
The Point/Amberjack Lump |Dolphin Wahoo 1 10 10
The Wall off the Florida Keys|Dolphin Wahoo 1 48 48
Tortugas Marine Reserves 2 9 17
Veatch Canyon Tilefish 1 45 45
Yellowmouth Grouper Snapper Grouper ) 432 432

Spawning

complex

* 21 October 2010, http://sharpfin.nmfs.noaa.gov/HAPC/EFHI/dd/hapc.zip
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Appendix Table B-2

2010 landings* of species of commercial importance in the Atlantic OCS region, sorted by
volume. All species are included that make up greater than 0.1% of the whole.

Percentage
of Atlantic
OCS
Metric Tons | Pounds Fisheries
Species (thousands) | (millions) | Landings

Menhaden 229.6 506.25 35.61%
Crab, blue 70.8 156.04 10.97%
Herring, Atlantic 65.2 143.73 10.11%
Lobster, American 52.7 116.25 8.18%
Scallop, sea 259 57.05 4.01%
Clam, Atlantic surf 17.0 37.47 2.64%
Squid, northern shortfin 15.8 34.88 2.45%
Clam, ocean quahog 14.4 31.70 2.23%
Mackerel, Atlantic 9.9 21.77 1.53%
Haddock 9.8 21.63 1.52%
Hake, silver 8.1 17.81 1.25%
Cod, Atlantic 8.0 17.72 1.25%
Croaker, Atlantic 7.3 16.17 1.14%
Goosefish (monkfish) 7.3 16.08 1.13%
Squid, longfin 6.7 14.81 1.04%
Shrimp, marine, other 6.2 13.68 0.96%
Flounder, summer 6.0 13.16 0.93%
Shrimp, white 5.8 12.68 0.89%
Dogfish, spiny 5.7 12.67 0.89%
Pollock 5.2 11.37 0.80%
Crab, jonah 4.9 10.72 0.75%
Scup 4.7 10.39 0.73%
Skate, little 4.2 9.27 0.65%
Bass, striped 34 7.42 0.52%
Bluefish 3.3 7.26 0.51%
Clams or bivalves 3.2 6.99 0.49%
Shrimp, brown 3.1 6.77 0.48%
Mackerel, Spanish 2.0 4.51 0.32%
Clam, northern quahog 2.0 4.31 0.30%
Mackerel, king and cero 1.9 4.25 0.30%
Hake, white 1.8 3.98 0.28%
Dogfish, smooth 1.7 3.84 0.27%
Redfish, Acadian 1.6 3.63 0.26%
Flounder, winter 1.6 3.50 0.25%
Crabs 1.6 3.46 0.24%
Mullet, striped (liza) 1.6 343 0.24%
Swordfish 1.5 3.38 0.24%
Clam, softshell 1.5 3.36 0.24%
Flounder, Atlantic, plaice 1.4 3.11 0.22%
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Percentage
of Atlantic
OCS
Metric Tons | Pounds Fisheries
Species (thousands) | (millions) Landings
Flounder, yellowtail 1.3 291 0.20%
Crab, Atlantic rock 1.1 2.43 0.17%
Tilefish, golden 1.1 2.40 0.17%
Oyster, eastern 1.0 2.28 0.16%
Spot 1.0 2.20 0.16%
Sea bass, black 0.9 2.09 0.15%
Shad, gizzard 0.9 2.01 0.14%
Flounder, southern 0.8 1.69 0.12%
Flounder, witch 0.8 1.67 0.12%
Tuna, yellowfin 0.6 1.42 0.10%
Hake, red 0.6 1.36 0.10%

*Data from http:/www.st.nmfs.noaa.gov/st1/commercial/. See

http://www.st.nmfs.noaa.gov/st1/commercial/landings/caveat.html for caveats related to
NMFS commercial landings data.

E-125


http://www.st.nmfs.noaa.gov/st1/commercial/
http://www.st.nmfs.noaa.gov/st1/commercial/landings/caveat.html

Appendix E: Literature Synthesis

Appendix Table B-3

2010 landings™* of species of commercial importance in the Atlantic OCS region, sorted by volume. All

species are included that make up greater than 0.1% of the whole.

Percentage of
Average Atlantic OCS
$USD Value Price/lb (price Fisheries

Species (million) per kg) ($USD) Value
Scallop, sea 450.97 7.91 (17.40) 28.56%
Lobster, American 399.48 3.44 (7.57) 25.30%
Crab, blue 158.67 1.02 (2.24) 10.05%
Menhaden 41.11 0.08 (0.18) 2.60%
Clam, northern quahog 33.57 7.79 (17.14) 2.13%
Flounder, summer 28.63 2.18 (4.80) 1.81%
Cod, Atlantic 28.14 1.59 (3.50) 1.78%
Shrimp, white 27.28 2.15 (4.73) 1.73%
Clam, Atlantic surf 25.95 0.69 (1.52) 1.64%
Opyster, eastern 24.49 10.76 (23.67) 1.55%
Haddock 21.72 1.00 (2.20) 1.38%
Herring, Atlantic 21.08 0.15(0.33) 1.33%
Clam, ocean quahog 20.01 0.63 ((1.39) 1.27%
Clam, softshell 19.97 5.94 (13.07) 1.26%
Goosefish (monkfish) 19.23 1.20 (2.64) 1.22%
Bass, striped 16.86 2.27 (4.99) 1.07%
Squid, longfin 15.76 1.06 (2.33) 1.00%
Shrimp, brown 11.91 1.76 (3.87) 0.75%
Swordfish 11.33 3.35(7.37) 0.72%
Squid, northern shortfin 11.29 0.32 (0.70) 0.71%
Hake, silver 11.04 0.62 (1.36) 0.70%
Croaker, Atlantic 10.14 0.63 (1.39) 0.64%
Pollock 9.53 0.84 (1.85) 0.60%
Tuna, Bluefin 9.22 7.04 (15.49) 0.58%
Shrimp, marine, other 7.95 0.58 (1.28) 0.50%
Mackerel, king and cero 7.57 1.78 (3.92) 0.48%
Flounder, winter 6.96 1.99 (4.38) 0.44%
Scup 6.91 0.67 (1.47) 0.44%
Tilefish, golden 6.19 2.57 (5.65) 0.39%
Sea bass, black 6.04 2.90 (6.38) 0.38%
Bloodworms 5.87 11.03 (24.27) 0.37%
Crab, Jonah 5.58 0.52 (1.14) 0.35%
Clams or bivalves 5.29 0.76 (1.67) 0.33%
Flounder, American, plaice 4.50 1.44 (3.17) 0.28%
Mackerel, Atlantic 4.40 0.20 (0.44) 0.28%
Flounder, yellowtail 4.19 1.44 (3.17) 0.27%
Hake, white 4.12 1.03 (2.27) 0.26%
Flounder, witch 3.77 2.26 (4.97) 0.24%
Flounder, southern 3.70 2.19 (4.82) 0.23%
Tuna, yellowfin 3.62 2.55(5.61) 0.23%
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Percentage of
Average Atlantic OCS
$USD Value Price/lb (price Fisheries

Species (million) per kg) (3USD) Value
Mackerel, Spanish 3.49 0.77 (1.69) 0.22%
Tuna, bigeye 3.37 3.99 (8.78) 0.21%
Clam, quahog 3.32 6.98 (15.36) 0.21%
Crabs 3.27 0.95 (2.09) 0.21%
Bluefish 3.13 0.43 (0.95) 0.20%
Lobster, Caribbean spiny 2.82 5.88 (12.94) 0.18%
Snapper, vermilion 2.76 2.96 (6.51) 0.17%
Dogfish, spiny 2.59 0.20 (0.44) 0.16%
Eel, American 2.46 2.89 (6.36) 0.16%
Skate, barndoor 2.33 2.81 (6.18) 0.15%
Redfish, Acadian 1.96 0.54 (1.19) 0.12%
Gag 1.79 3.76 (8.27) 0.11%
Spot 1.76 0.80 (1.76) 0.11%
Mullet, striped (liza) 1.71 0.50 (1.10) 0.11%
Shrimp, rock 1.61 1.45 (3.19) 0.10%
Dogfish, smooth 1.58 0.41 (0.90) 0.10%
Shrimp, dendrobranchiata 1.55 4.71 (10.36) 0.10%
Scallop, bay 1.53 11.96 (26.31) 0.10%

*Data from http://www.st.nmfs.noaa.gov/stl/commercial/. See
http://www.st.nmfs.noaa.gov/st1/commercial/landings/caveat.html for caveats related to NMFS

commercial landings data
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Appendix Table B—4

Fishery management plan, stock, jurisdiction, and status information for primary Atlantic OCS Region
stocks. From 2010 Status of U.S. Fisheries Report to Congress.31

Overfishing?
(Is Fishing
Fishery Mortality Overfished? (Is | Approaching
Management above Biomass below | Overfished
Plan Stock Jurisdiction | Threshold?) Threshold?) Condition?
Atlantic Atlantic herring | NEFMC
Herring - Northwestern No' No' No
Atlantic Coast
Atlantic Sea Sea scallop - NEFMC
Scallop Northwestern No No No
Atlantic Coast
Deep-Sea Red | Red deepsea NEFMC
Crab gg?tlrlwes tern No® Unknown Unknown
Atlantic
Northeast Acadian redfish | NEFMC
Multispecies - Gulf of Maine / No No - Rebuilding No
Georges Bank
American plaice | NEFMC
- Gulf of Maine / No No - Rebuilding No
Georges Bank
Atlantic cod - NEFMC Ves Ves N/A
Georges Bank
Atlantic ood - | NEFMC Yes No - Rebuilding No
Atlantic halibut - | NEFMC
Northwestern No Yes N/A
Atlantic Coast
Haddock - NEFMC
Georges Bank No No No
Haddock - Gulf | NEFMC No No - Rebuilding No
of Maine
Ocean pout - NEFMC
Northwestern No Yes N/A
Atlantic Coast
Offshore hake - | NEFMC
Northwestern Undefined No Unknown
Atlantic Coast
Pollock - Gulf of | NEFMC
Maine / Georges No Rebuilt No
Bank

3! The report is available at http://www.nmfs.noaa.gov/sfa/statusoffisheries/SOSmain.htm.
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Fishery
Management
Plan

Stock

Jurisdiction

Overfishing?
(Is Fishing
Mortality

above

Threshold?)

Overfished? (Is
Biomass below
Threshold?)

Approaching
Overfished
Condition?

Northeast
Multispecies

Red hake - Gulf
of Maine /
Northern
Georges Bank

NEFMC

Unknown

No

No

Red hake -
Southern
Georges Bank /
Mid-Atlantic

NEFMC

Undefined

Unknown

Silver hake -
Gulf of Maine /
Northern
Georges Bank

NEFMC

White hake -
Gulf of Maine /
Georges Bank

NEFMC

Yes

Yes

N/A

Windowpane -
Gulf of Maine /
Georges Bank

NEFMC

Yes

Yes

N/A

Windowpane -
Southern New

England / Mid-
Atlantic

NEFMC

Yes

No - Rebuilding

Winter flounder
- Georges Bank

NEFMC

Yes

Yes

N/A

Winter flounder
- Gulf of Maine

NEFMC

Unknown’®

Unknown’®

Unknown

Winter flounder
- Southern New
England / Mid-

Atlantic

NEFMC

Yes

Yes

N/A

Witch flounder -
Northwestern
Atlantic Coast

NEFMC

Yes

Yes

N/A

Yellowtail
flounder - Cape
Cod / Gulf of
Maine

NEFMC

Yes

Yes

N/A

Yellowtail
flounder -
Georges Bank

NEFMC

No

Yes

N/A

Yellowtail
flounder -
Southern New
England / Mid-
Atlantic

NEFMC

Yes

Yes

N/A
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Fishery
Management
Plan

Stock Jurisdiction

Overfishing?
(Is Fishing
Mortality

above

Threshold?)

Overfished? (Is
Biomass below
Threshold?)

Approaching
Overfished
Condition?

Barndoor skate - | NEFMC
Georges Bank /
Southern New

England

Northeast
Skate
Complex

No

No - Rebuilding

No

Clearnose skate - | NEFMC
Southern New
England / Mid-

Atlantic

Little skate - NEFMC
Georges Bank /
Southern New

England

Rosette skate - NEFMC
Southern New
England / Mid-

Atlantic

Smooth skate - NEFMC

Gulf of Maine

Yes

N/A

Thorny skate - NEFMC

Gulf of Maine

Yes

N/A

Winter skate - NEFMC
Georges Bank /
Southern New

England

Monkfish Monkfish - Gulf
of Maine /
Northern

Georges Bank

NEFMC /
MAFMC

No

No

No

Monkfish -
Southern
Georges Bank /
Mid-Atlantic

NEFMC /
MAFMC

No

No

No

NEFMC /
MAFMC

Spiny Dogfish | Spiny dogfish -

Atlantic Coast

Atlantic MAFMC
mackerel - Gulf
of Maine / Cape

Hatteras

Atlantic

Mackerel,
Squid and
Butterfish

Butterfish - Gulf
of Maine / Cape
Hatteras

MAFMC

No

N/A

Longfin inshore | MAFMC
squid - Georges
Bank / Cape

Hatteras
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Overfishing?
(Is Fishing
Fishery Mortality Overfished? (Is | Approaching
Management above Biomass below Overfished
Plan Stock Jurisdiction | Threshold?) Threshold?) Condition?
Northern MAFMC
Atlantic shortfin squid -
Mackerel, Northwestern No Unknown Unknown
Squid and Atlantic Coast
Butterfish
Atlantic Atlantic MAFMC
Surfclam and | surfclam - Mid- No No No
Ocean Quahog | Atlantic Coast
Ocean quahog - | MAFMC
Atlanti(cl Coa§ No No No
Bluefish Bluefish - MAFMC
Atlantic Coast No No No
Summer Black sea bass - | MAFMC
Flounder, Mid-Atlantic No No No
Scup and Coast
Black Sea Scup - Atlantic MAFMC No No No
Bass Coast
Summer MAFMC
flounder - Mid- No No - Rebuilding No
Atlantic Coast
Tilefish zltllzf;:}:; _Cl\(:[;i_ MAFMC No No - Rebuilding’ No
Shrimp Brown rock SAFMC
Fishery of the | shrimp -
Southr}llktlantic Southlérn No No No
Region Atlantic Coast
Brown shrimp - | SAFMC
Southern No No No
Atlantic Coast
Pink shrimp - SAFMC
Southern No Yes’ N/A
Atlantic Coast
White shrimp - SAFMC
Southern No No No
Atlantic Coast
Snapper Black grouper - | SAFMC
Grouper Southern No No No
Fishery of the | Atlantic Coast
South Atlantic | Black sea bass - | SAFMC
Region Southern Yes Yes N/A
Atlantic Coast
Gag - Southern SAFMC
Atlintic Coast Yes No Yes
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Fishery
Management
Plan

Stock

Jurisdiction

Overfishing?
(Is Fishing
Mortality

above

Threshold?)

Overfished? (Is
Biomass below
Threshold?)

Approaching
Overfished
Condition?

Snapper
Grouper
Fishery of the
South Atlantic
Region

Gray triggerfish
- Southern
Atlantic Coast

SAFMC

No

Unknown

Unknown

Greater
amberjack -
Southern
Atlantic Coast

SAFMC

No

No

No

Hogfish -
Southern
Atlantic Coast

SAFMC

Unknown

Unknown

Unknown

Red grouper -
Southern
Atlantic Coast

SAFMC

Yes

Yes

N/A

Red porgy -
Southern
Atlantic Coast

SAFMC

No

Yes

N/A

Red snapper -
Southern
Atlantic Coast

SAFMC

Yes

Yes

N/A

Scamp -
Southern
Atlantic Coast

SAFMC

Unknown

Unknown

Snowy grouper -
Southern
Atlantic Coast

SAFMC

Yes

Yes

N/A

Speckled hind -
Southern

Atlantic Coast

SAFMC

Yes

Unknown

Unknown

Tilefish -
Southern
Atlantic Coast

SAFMC

Yes

No

No

Vermilion
snapper -
Southern
Atlantic Coast

SAFMC

Yes

Warsaw grouper
- Southern
Atlantic Coast

SAFMC

Yes

Unknown

Unknown

White grunt -
Southern
Atlantic Coast

SAFMC

Unknown

Unknown

Wreckfish -
Southern
Atlantic Coast

SAFMC

Unknown®

Unknown
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Overfishing?
(Is Fishing
Fishery Mortality Overfished? (Is | Approaching
Management above Biomass below Overfished
Plan Stock Jurisdiction | Threshold?) Threshold?) Condition?
Coastal Cobia - Gulf of | SAFMC/
Migratory Mexico GMFMC No No No
Pelagic
Resources of | King mackerel - | SAFMC /
the Gulf of Gulf of Mexico | GMFMC No No No
Mexico and
South Atlantic | King mackerel - | SAFMC /
Southern GMFMC No No No
Atlantic Coast
Little tunny - SAFMC/
Gulf of Mexico | GMFMC No Undefined Unknown
Spanish SAFMC/
mackerel - Gulf | GMFMC No No No
of Mexico
Spanish SAFMC/
mackerel - GMFMC No No No
Southern
Atlantic Coast
Dolphin and Dolphinfish - SAFMC/
Wahoo Southern GMFMC
Fishery of the | Atlantic Coast/
Atlantic / Gulf of Mexico
Coastal
Migratory No No No
Pelagic
Resources of
the Gulf of
Mexico and
South Atlantic
Snapper Goliath grouper | SAFMC/
Grouper - Southern GMFMC
FisheII)‘y of the | Atlantic Coast / No Unknown Unknown
South Atlantic | Gulf of Mexico
Region / Reef | Yellowtail SAFMC /
Fish snapper - GMFMC
Resources of | Southern No No No
the Gulf of Atlantic Coast /
Mexico Gulf of Mexico
Spiny Lobster | Caribbean spiny | SAFMC /
in the Gulf of | lobster - GMFMC
Mexico and Southern No Unknown Unknown
South Atlantic | Atlantic Coast /
Gulf of Mexico
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Overfishing?
(Is Fishing
Fishery Mortality Overfished? (Is | Approaching
Management above Biomass below Overfished
Plan Stock Jurisdiction | Threshold?) Threshold?) Condition?
Red Drum Red drum - Gulf | GMFMC
Fishery of the | of Mexico No Undefined Unknown
Gulf of
Mexico
Consolidated | Albacore - North | HMS
Atlantic Atlantic Yes Yes N/A
Highly Atlantic Large HMS
Migratory Coastal Shark Unknown Unknown Unknown
Species Complex’
Atlantic HMS
sharpnose shark No No No
- Atlantic'®
Atlantic Small HMS
Coastal Shark No No No
Complex''
Bigeye tuna — HMS ool
Atlantic No No - Rebuilding No
Blacknose shark | HMS
- Atlantic'® Yes Yes N/A
Blacktip shark - | HMS
Gulf of Mexico'? No B No
Blacktip shark - | HMS
South Atlantic'? Unknown Unknown Unknown
Blue marlin - HMS
North Atlantic Yes Yes N/A
Blue shark - HMS
Atlantic" B B No
Bluefin tuna - HMS
Western Atlantic Yes Yes N/A
Bonnethead - HMS
Atlantic'® No No No
Dusky. shark - HMS Yes Yes N/A
Atlantic
Finetooth shark - | HMS
Atlantic' No No No
Porbeagle - HMS
Atlantic! No Yes N/A
Sailfish - HMS oy
Western Aflantic Yes No - Rebuilding N/A
Sandbar shark - HMS
Atlantic'? Yes Yes N/A
Shortfin mako - | HMS
Atlantic! Yes No Yes
Swordfish - HMS
North Atlantic No B N/A
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Overfishing?
(Is Fishing
Fishery Mortality Overfished? (Is | Approaching
Management above Biomass below Overfished
Plan Stock Jurisdiction | Threshold?) Threshold?) Condition?
White marlin - HMS
North Atlantic Yes Yes N/A
Yellowfin tuna - | HMS
Western Atlantic No No Yes

! Although this stock is currently listed as not subject to overfishing and not overfished, the most recent stock assessment
conducted for Atlantic herring (2010) could not determine the overfishing or overfished status. Stock status is based on a stock
assessment conducted in 2009 (TRAC).

% Although the red crab stock is currently listed as not subject to overfishing and unknown for overfished, the most recent
assessment (2006) could not provide conclusions about overfishing and overfished status. The status of this stock is based on an
earlier assessment and status will remain unchanged in this report until the stock is assessed again.

3 Due to the large degree of uncertainty in the GARM III assessment, the status of winter flounder - Gulf of Maine has been
changed to unknown. However, it is likely that the stock is overfished and overfishing is occuring, based on calculated reference
points.

* Although this stock is currently listed as not subject to overfishing and not overfished, the most recent stock assessment
conducted for Atlantic mackerel (2010) could not determine the overfishing or overfished status. Stock status is based on the
assessment conducted in 2005.

> Although the butterfish stock is listed as overfished, the most recent assessment (2009) was unable to provide conclusions
about overfished status. Though the butterfish population appears to be declining over time, the underlying causes for population
decline are unknown. Despite considerable uncertainty in the recent assessment, no evidence suggests the status of the butterfish
stock has improved since the previous assessment (2003). The status of the butterfish stock will remain as overfished in this
report until biological reference points can be determined in a future assessment.

8- Although the most recent B/Bmsy = 1.04, this stock has not been declared rebuilt. SARC 48 (2009) notes the following: “The
biomass estimates for recent years from the ASPIC model are likely over-optimistic because trends in commercial VTR CPUE
declined recently in a manner consistent with the passage of the strong 1999 cohort through the population (an interpretation
further supported by the length frequency data). The current assessment model (ASPIC) does not account for those factors. Much
of the confidence interval around the 2008 biomass estimate falls below the updated BMSY listed above. Based on these
considerations there is no convincing evidence that the stock has rebuilt to levels above BTARGET.” The rebuilt status will be
re-evaluated when the stock is assessed next.

’The Shrimp Review Advisory Panel concluded that the apparent decline in pink shrimp abundance does not appear to be due to
overfishing. Based on both the SEAMAP data, and the effort and landings data from the North Carolina and eastern Florida pink
shrimp fishery, the Shrimp Review Panel recommended that no management actions are necessary at this time. The Shrimp
Review Panel concludes that the pink shrimp stocks in some areas along the Southeast coast are depleted due to factors other
than fishing such as environmental and climatic factors. Since shrimp are essentially an "annual crop", it would not be
appropriate to develop a rebuilding plan for this stock.

8- Although the overfished determination is not known, landings are at extremely low levels and there are only two participants in
the fishery.

° In addition to Sandbar Shark, Gulf of Mexico Blacktip Shark, and Atlantic Blacktip Shark (which are assessed individually),
the Large Coastal Shark Complex also consists of additional stocks including Spinner Shark, Silky Shark, Bull Shark, Tiger
Shark, Lemon Shark, Nurse Shark, Scalloped Hammerhead Shark, Great Hammerhead Shark, and Smooth Hammerhead Shark.
In addition, several LCS species cannot be retained in commercial or recreational fisheries, including Bignose Shark, Galapagos
Shark, Night Shark, Caribbean Reef Shark, Narrowtooth Shark, Sand Tiger Shark, Bigeye Sand Tiger Shark, Whale Shark,
Basking Shark, White

10 This stock is part of the Small Coastal Shark Complex, but is assessed separately.

11 Tn addition to Finetooth Shark, Atlantic Sharpnose Shark, Blacknose Shark, and Bonnethead Shark (which are assessed
individually), the Small Coastal Shark Complex also consists of: Atlantic Angel Shark, Caribbean Sharpnose Shark, and
Smalltail Shark; these 3 species cannot be retained in recreational or commercial fisheries.

'2- This stock is part of the Large Coastal Shark Complex, but is assessed separately.

' This stock is part of the Pelagic Shark Complex, but is assessed separately.
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